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Abstract

Fabricio SAGGIN

Robust Control for MEMS Gyroscopes

Micro-electro-mechanical systems (MEMS) gyroscopes are micromachined devices used to
measure the angular rate of objects. They are ubiquitous in many applications thanks to their
low cost, low power consumption, and ease of integration into electronic devices. However,
when compared to traditional gyroscopes, MEMS gyroscopes have degraded performance.
To improve their performance, feedback control loops are widely used.

MEMS gyroscopes are composed of two perpendicular vibrating modes: the drive mode
and the sense mode. The working principle is based on the transfer of energy between
these modes caused by the Coriolis force, which is proportional to the angular rate. Then,
by controlling the drive mode oscillations with an excitation frequency and by estimating
the Coriolis force, the angular rate can be recovered. Moreover, the better the drive mode
oscillations are controlled and the Coriolis force is estimated, the better is the measure.

The control architectures are usually optimized in terms of cost and simple implementation.
Most of them are based on the complex envelope (amplitude and phase) of the signals, such
that simple PI controllers can be used to independently regulate the amplitude and phase of
the oscillations along each axis. To extract the complex envelope of the oscillating signals,
nonlinear elements are introduced in the control loops. Moreover, the couplings between the
drive and sense modes, as well as the dependence on environmental conditions, are not taken
into account. The associated methods do not provide guarantees of stability or performance
for the closed-loop system.

An alternative approach is to consider the classical feedback control architecture, referred to
as the direct control architecture, based on the signals themselves instead of their complex
envelope. For this architecture, advanced control techniques have been developed for
vibration control of mechanical systems. The potential interest is to explicitly take into
account the different couplings and the dependence on the environmental condition, with
formal guarantees of stability and performance. Nevertheless, their applicability to MEMS
gyroscopes, including implementability, is still an open question. A possible reason is the
inherent complexity of the controllers.

In this thesis, we aim to propose design methods for both control architectures, guaranteeing
stability and a certain performance level for the MEMS gyroscope, and to experimentally
validate the obtained controllers.

In the first part, we review the literature on MEMS gyroscopes and define the key performance
indicators of the sensor, which are not usually connected to the closed-loop performance



specifications. Then, by using an input-output approach, we establish the relationships
between the performance indicators and the closed-loop behavior. These relationships are a
valuable tool for the control design and constitute the first contribution of this thesis. Based on
these relationships, we then propose design methods for the direct control architecture. First,
we consider the case where the MEMS gyroscope works with a fixed operating condition and
the excitation frequency, which is set to the drive-mode resonance one. In this context, the
control objectives include the tracking of a sinusoidal signal and standard H., synthesis is
applied for the controller design. The excitation frequency, however, may vary over time. A
control objective is then to track a “time-varying-frequency sinusoidal” signal. We reveal
that this particular problem can be formulated as a weighted £, criterion with a new class of
weighting functions modeling “time-varying-frequency sinusoidal” signals.

We then revisit the theory of complex envelopes, which allows us to define a formal frame-
work for the analysis of the envelope-based control architectures. If the complex envelope
is ideally measured in real time, we establish links between the direct control approach
and the envelope-based ones. These links reveal that the performances achieved with both
strategies are equivalent. When the signal envelope cannot be ideally measured, the same
framework allows us to precisely model the nonidealities and to design controllers with
formal guarantees of stability. These results are also an important contribution of this thesis.

The last part is dedicated to the controller design for their digital implementation on two
platforms: a flexible one, which can implement complex control architectures; and a plat-
form designed for the so-called electro-mechanical ~A, which is a very particular control
architecture. For both platforms, the practical results validate the proposed methods.
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Résumé

Fabricio SAGGIN
Robust Control for MEMS Gyroscopes

Les gyrometres MEMS (de l'anglais, micro-electro-mechanical system) sont des dispositifs
micro-usinés utilisés pour mesurer la vitesse de rotation des objets. Ils sont omniprésents
dans de nombreuses applications grace a leur faible cott, leur faible consommation d’énergie
et leur facilité d’intégration dans les dispositifs électroniques. Cependant, par rapport
aux gyrometres traditionnels, les gyrometres MEMS ont une performance dégradée. Pour
I'améliorer, des boucles de commande sont largement utilisées.

Les gyrometres MEMS sont composés de deux modes de vibration perpendiculaires : le
mode drive et le mode sense. Le principe de fonctionnement est basé sur le transfert d’énergie
entre ces modes causé par la force de Coriolis, qui est proportionnelle a la vitesse angulaire.
Ainsi, en asservissant les oscillations du mode drive avec une fréquence d’excitation et en
estimant la force de Coriolis, la vitesse angulaire peut étre récupérée. De plus, mieux les
oscillations du mode drive sont asservies et mieux la force de Coriolis est estimée, meilleure
est la mesure.

Les architectures de commande sont généralement optimisées en termes de cotit et de
simplicité d'implémentation. La plupart d’entre elles sont basées sur 1’enveloppe complexe
(amplitude et phase) des signaux, de sorte que de simples correcteurs PI peuvent étre utilisés
pour réguler indépendamment I’amplitude et la phase des oscillations le long de chaque axe.
Pour extraire ’enveloppe complexe des signaux oscillants, des éléments non linéaires sont
introduits dans les boucles de commande. De plus, les couplages entre les modes drive et
sense, ainsi que la dépendance aux conditions environnementales, ne sont pas pris en compte.
Les méthodes associées ne fournissent pas de garanties de stabilité ou de performance pour
le systeme en boucle fermée.

Une autre approche consiste a considérer 1’architecture classique de rétroaction, appelée
architecture de commande directe, basée sur les signhaux eux-mémes plutot que sur leur
enveloppe complexe. Pour cette architecture, des techniques d’automatique avancée ont été
développées pour le contrdle des vibrations des systemes mécaniques. L'intérét potentiel est
de prendre en compte explicitement les différents couplages et la dépendance aux conditions
environnementales, avec des garanties formelles de stabilité et de performance. Néanmoins,
leur applicabilité aux gyrometres MEMS, y compris leur implémentation, reste une question
ouverte. Une raison possible est la complexité inhérente des correcteurs.

Dans cette these, nous avons pour objectif de proposer des méthodes de conception pour les
deux architectures de commande, garantissant la stabilité et un certain niveau de performance
pour le gyrometre MEMS, et de valider expérimentalement les correcteurs obtenus.



xii

Dans la premiére partie, nous révisons la littérature sur les gyrometres MEMS et définissons
les indicateurs clés de performance du capteur, qui ne sont généralement pas liés aux spécifi-
cations de performance en boucle fermée. Ensuite, en utilisant une approche entrée-sortie,
nous établissons les relations entre les indicateurs de performance et le comportement en
boucle fermée. Ces relations sont un outil précieux pour la conception de la commande et
constituent la premiere contribution de cette thése. Sur la base de ces relations, nous pro-
posons ensuite des méthodes de conception pour I'architecture de commande directe. Tout
d’abord, nous considérons le cas ot le gyrometre MEMS fonctionne avec une condition de
fonctionnement fixe et une fréquence d’excitation qui est fixée a la fréquence de résonance du
mode drive. Dans ce contexte, les objectifs de controle incluent la poursuite d'un signal sinu-
soidal et la synthese H., standard est appliquée pour la conception du correcteur. Cependant,
la fréquence d’excitation peut varier dans le temps. L’objectif de la commande est alors de
suivre un signal “sinusoidal a fréquence variable”. Nous révélons que ce probleme particulier
peut étre formulé comme un critere £, pondéré avec une nouvelle classe de fonctions de
pondération modélisant les signaux “sinusoidaux a fréquence variable”.

Nous revisitons ensuite la théorie des enveloppes complexes, ce qui nous permet de définir
un cadre formel pour 'analyse des architectures de commande basées sur 1’enveloppe. Si
I'enveloppe complexe est idéalement mesurée en temps réel, nous établissons des liens entre
I'approche de commande directe et celle basée sur I'enveloppe. Ces liens révelent que les
performances obtenues avec les deux stratégies sont équivalentes. Lorsque l'enveloppe
du signal ne peut pas étre idéalement mesurée, le méme cadre nous permet de modéliser
précisément les non-idéalités et de concevoir des correcteurs avec des garanties formelles de
stabilité. Ces résultats constituent également une contribution importante de cette these.

La derniére partie est consacrée a la conception des correcteurs en vue de leur implémentation
numérique sur deux plateformes : une plateforme flexible, qui permet d’implémenter des ar-
chitectures de commande complexes, et une plateforme congue pour le XA électromécanique,
qui est une architecture de commande particuliere. Pour les deux plateformes, les résultats
pratiques valident les méthodes proposées.
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Resumo

Fabricio SAGGIN
Robust Control for MEMS Gyroscopes

Os giroscopios MEMS (do inglés, micro-electro-mechanical system) sdo dispositivos micro-
maquinados usados para medir a velocidade angular de objetos. Eles sdo onipresentes
em muitas aplicagdes gragas a seu baixo custo, baixo consumo de energia e facilidade de
integragdo em dispositivos eletronicos. Entretanto, quando comparados aos giroscopios tradi-
cionais, os giroscopios MEMS tém desempenho degradado. Para melhorar seu desempenho,
malhas de controle sdo amplamente utilizados.

Os giroscopios MEMS sdo compostos de dois modos de vibragao perpendiculares: o modo
de atuagdo e o modo de detecgdo. O principio de funcionamento é baseado na transferéncia
de energia entre esses modos causada pela forca de Coriolis, que é proporcional a velocidade
angular. Entdo, controlando as oscilagdes do modo de atuagdo com uma frequéncia de
excitagdo e estimando a forca de Coriolis, a velocidade angular pode ser calculada. Além
disso, quanto melhor forem controladas as oscilagdes do modo de atuagdo e estimada a forga
de Coriolis, melhor sera a medida.

As arquiteturas de controle sdo normalmente otimizadas em termos de custo e simples im-
plementacdo. A maioria delas é baseada no envelope complexo (amplitude e fase) dos sinais,
de modo que simples controladores PI podem ser usados para regular independentemente a
amplitude e fase das oscilagdes em cada eixo. Para extrair o envelope complexo dos sinais
oscilantes, sdo introduzidos elementos ndo lineares nas malhas de controle. Além disso,
ndo sdo levados em conta os acoplamentos entre os modos de atuagdo e de detec¢do, nem a
dependéncia nas condi¢gdes do ambiente. Os métodos associados ndo oferecem garantias de
estabilidade ou desempenho para o sistema em malha fechada.

Uma abordagem alternativa é considerar a arquitetura cldssica de controle, chamada de
arquitetura de controle direto, baseada nos préprios sinais em vez de seu envelope complexo.
Para esta arquitetura, foram desenvolvidas técnicas avangadas de controle para o controle
de vibragdo de sistemas mecanicos. O interesse potencial é levar em conta explicitamente
os diferentes acoplamentos e a dependéncia nas condi¢des do ambiente, com garantias
formais de estabilidade e desempenho. No entanto, sua aplicabilidade aos giroscépios
MEMS, incluindo a implementabilidade, ainda é uma questdao em aberto. Uma razdo possivel
é a complexidade inerente dos controladores.

Nesta tese, propomos métodos de sintonia de controladores para ambas arquiteturas, garan-
tindo estabilidade e um certo nivel de desempenho para o giroscépio MEMS, e validamos
experimentalmente os controladores obtidos.

Na primeira parte, revisamos a literatura sobre os giroscopios MEMS e definimos os prin-
cipais indicadores de desempenho do sensor, que normalmente ndo estdo associados as
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especificagdes de desempenho em malha fechada. Depois, usando uma abordagem entrada-
saida, estabelecemos as relacdes entre os indicadores de desempenho e o comportamento
do sistema em malha fechada. Estas relacdes sdo uma ferramenta valiosa para o projeto de
controle e constituem a primeira contribuicdo desta tese. Com base nestas relagdes, propomos
métodos de projeto para a arquitetura de controle direto. Primeiro, consideramos o caso em
que o giroscépio MEMS trabalha com uma condi¢do de operagao fixa e uma freqiiéncia de
excitacdo definida pela frequéncia de ressondncia do modo de atuagdo. Neste contexto, os
objetivos de controle incluem o seguimento de um sinal sinusoidal e a sintese H, ¢ aplicada
para o projeto do controlador. A frequéncia de excitacdo, entretanto, pode variar ao longo do
tempo. Um objetivo de controle é entdo rastrear um sinal “sinusoidal de frequéncia varidvel”.
Revelamos que este problema particular pode ser formulado como um critério £, ponderado
com uma nova classe de fung¢des de ponderacdo modelando sinais “sinusoidais de freqiiéncia
varidvel”.

Revisitamos entdo a teoria dos envelopes complexos, o que nos permite definir uma base
formal para a andlise das arquiteturas de controle baseadas em envelopes. Se o envelope
complexo for medido idealmente em tempo real, estabelecemos ligacdes entre a abordagem
de controle direto e a abordagem baseada em envelopes. Estas ligagdes revelam que os
desempenhos alcangados com ambas as estratégias sao equivalentes. Quando o envelope
de sinal ndo pode ser medido idealmente, a mesma base nos permite modelar com precisdao
as ndo idealidades e projetar controladores com garantias formais de estabilidade. Estes
resultados também sdo uma contribui¢do importante desta tese.

A dltima parte é dedicada ao projeto do controlador para sua implementagdo digital em duas
plataformas: uma flexivel, que pode implementar arquiteturas de controle complexas; e uma
plataforma projetada para o chamado XA eletromecanico, que é uma arquitetura de controle
bastante particular. Para ambas as plataformas, os resultados praticos validam os métodos
propostos.
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Chapter 1

General Introduction

1.1 Context and Motivations

For the last years, micro-electro-mechanical (MEMS) inertial sensors have become ubiquitous
(but usually unnoticed) in our daily life. Indeed, most of the smart phones are equipped
with accelerometers and gyroscopes, which are very useful for image stabilization, health
monitoring (e.g., pedometers), navigation, gaming, etc. Actually, the field of application
of MEMS inertial sensors is much wider. They are also found in drones and autonomous
vehicles, in automotive safety systems (e.g., airbags, electronic stability control, roll-over
detection and prevention), in consumer electronics (e.g., gaming systems, wearables, white
goods), in guidance and navigation systems, in numerous industrial applications, in medical
devices, and so on [AS09, Kem11, Shal3]. To illustrate their relevance in the modern society,
in 2019, MEMS inertial sensors! represented a US$ 3.19billion market; and despite the
COVID-19 pandemics and the economic crisis, this market is still expected to grow about
10% by 2025 [Yol20].

Inertial sensors make use of the effects of inertial forces to determine the dynamic behavior
of objects. They can be classified as accelerometers if they are sensitive to linear inertial forces
or as gyroscopes if they are sensitive to rotational inertial forces [Kem11]. Accelerometers
measure the linear acceleration? of objects. On the other hand, gyroscopes measure the
angular rate and/or orientation of objects. In this thesis, we focus our attention on the
gyroscopes.

We can classify the gyroscopes into three main categories, depending on their working prin-
ciple: rotary, optical and vibratory. Rotary gyroscopes represent the conventional mechanical
gyroscopes, whose working principle relies on the gyroscopic effect of a spinning mass.
Although this type of gyroscope presents an impressive accuracy, they are cumbersome
and expensive. Nowadays, rotary gyroscopes are mainly represented by the dynamically
tuned gyroscopes (DTG) [Apol6]. The optical gyroscopes take profit of the Sagnac effect to
measure the angular rate (see, e.g., [PCVT17] for further details on this technology). The main
examples of this category are the fiber-optic gyroscope (FOG) and the ring-laser gyroscope
(RLG). Optical gyroscopes are also very accurate and have the advantage to have no moving
parts. However, they are also cumbersome and expensive.

Finally, we have the vibratory gyroscopes, which are also mechanical. Nevertheless, in con-
trast to the rotary ones, they do not have any rotating element. Indeed, vibratory gyroscopes
rely on the oscillations/vibrations of a proof mass and on the so-called Coriolis force. For

1Gyroscopes, accelerometers and inertial combos.
2 As consequence, we can also determine the velocity and displacement, vibration, shocks or tilt (inclination).
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FIGURE 1.1: Picture of a commercial GYPRO® MEMS gyroscope exposing its

internal components: the micro-electro-mechanical part of the sensor at left,

and the electronic part (ASIC) at right. Source: www.electronics-lab.com/
gypro-high-performance-mems-gyroscopes.

Price

o
e

Potential
MEMS in R&D

>

Performance/Accuracy

FIGURE 1.2: Price versus accuracy of different gyroscope technologies.
Adapted from [LM14].

this reason, they are also known as Coriolis vibrating gyroscopes (CVG). Since the CVGs
do not have rotating parts, they can be easily miniaturized through MEMS manufacturing
techniques [AS09, Kem11, PCV*17]. Other types of CVG exist (see, e.., [Apo16]), however,
in this thesis, we focus on the MEMS (Coriolis vibrating) gyroscopes.

MEMS gyroscopes have numerous advantages over other types of gyroscopes. They are
much smaller (see Figure 1.1), cheaper, they consume much less energy and can be easily
integrated into electronic devices. Nevertheless, because of their reduced size, MEMS devices
are highly sensitive to fabrication imperfections, to environmental changes (e.g., temperature,
pressure) and to different sources of noise, what can quickly degrade their performance.
For instance, in Figure 1.2, we present a comparison of price versus accuracy of different
technologies, based on [LM14]. Thus, motivated by their low cost, a lot of effort has been put
into enhancing the performance of MEMS gyroscopes, making them competitive with other
technologies.

In this context, the project Next4MEMS was created with the main objective of developing
a new generation of high-performance MEMS inertial sensor, enhancing the competitive-
ness of the French industry in the sector. This 20 M€ project was launched in 2016 and
is supported by BPI France (the French bank for public investment) within the Projets de

Spvge*
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The consortium is composed by the French leaders of the inertial sensor industry and two
French research laboratories. This thesis is part of the project Next4MEMS and has a close
collaboration with some of the industrial partners. Further details on this project will be
given in Section 1.3.

As mentioned earlier, MEMS gyroscopes rely on Coriolis forces to measure the angular
rate. The Coriolis forces are inertial forces that act on moving objects within a rotating
reference frame. The gyroscope itself defines this reference frame. It is composed of a proof
mass that is attached to the sensor by springs, which allow the mass to move along two
perpendicular directions: the primary or drive direction, and the secondary or sense one.
Micro actuators apply a force F, on the proof mass, putting it into movement along the
primary direction. Then, if the reference frame (gyroscope) is subjected to an angular rate (),
which is orthogonal to the primary and secondary directions, a Coriolis force appears and
produces oscillations along the secondary direction. This Coriolis force is given by

Feory(t) = —2mO, (D)% (t), (1.1)

where m is the mass of the moving object and x corresponds to its position along the primary
axis. Now, if the proof mass describes a simple harmonic oscillation along the drive direction,
x can be described by

x(t) = Ay sin (Wexct) (1.2)

with amplitude A, and a given frequency w,., which is referred to as excitation frequency.
This frequency has to be as close as possible to the resonance frequency of the spring-mass
system along the primary direction, minimizing the required effort to put the proof mass

into oscillation. Moreover, if A, is equal to a given reference amplitude A, (1.1) can be
rewritten as
Feory(t) = —2mAY wexe Qi (1) - €08 (Wexct) (1.3)

In this case, Fcr,y is an amplitude-modulated signal with carrier frequency wy. and ampli-
tude proportional to (),. Therefore, (), can be obtained by estimating and demodulating
Fcor,y- One way to estimate Fc,,,, is by applying a force F, that counteracts the effects of Fc,y,y,
compensating for the oscillations in the secondary direction. In this case, the estimation of
Fcor,y becomes a disturbance rejection problem.

The performance of MEMS gyroscopes depends on how well controlled the primary oscilla-

tions are (ideally, Ay = A;ef ) and how well the Coriolis force Fc,, is estimated. Obviously, if
there are no disturbances and the dynamic model of the MEMS gyroscope is perfectly know,
the first goal can be achieved by inverting the model and applying the force F, such that x
tracks a reference signal

e (1) = AL sin (wexct) ; (1.4)

and the second goal is achieved by measuring the secondary oscillations and computing Fc,y,y
that produces these oscillations. However, MEMS devices are highly sensitive to fabrication
imperfections and to environmental changes. Therefore, to produce high-performance
gyroscopes, the use of control loops is crucial [GBKN91, OAL ™05, Zur15]. The main objective
of these control loops is hence to ensure that the primary oscillations have a controlled
amplitude and that the Coriolis force is precisely estimated. After obtaining the Coriolis force
estimate, a post-processing stage is needed to recover the angular rate.

The entire MEMS gyroscope has two parts: the micro-electro-mechanical part and the elec-
tronic one. The former one corresponds to the MEMS itself, which constitutes the sensitive
element of the sensor. For the sake of simplicity, we will refer to this part simply as mechanical
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part. The electronic part is usually implemented in an application-specific integrated circuit
(ASIC), which is usually mounted together with the MEMS in the same package, as shown in
Figure 1.1. The ASIC has two main purposes: control the oscillations of the proof mass and
estimate Fc,,; and process the estimate of Fc,,y, providing the angular rate measure.

The mechanical part of the MEMS gyroscope can be modeled as two high quality-factor (very
underdamped) resonators: one corresponding to the spring-mass system in the primary
direction, and another corresponding to the spring-mass system in the secondary direction.
These systems are respectively referred to as primary or drive mode and secondary or
sense mode. In the ideal case, these two modes are only coupled by the Coriolis forces.
Nevertheless, it is important to stress that a minor misalignment between the primary and
secondary axes is enough to produce a mechanical coupling between drive and sense modes.

In the MEMS literature, the control architectures are usually based on the complex envelope
(i.e., amplitude and phase or in-phase and in-quadrature terms) of the oscillating signals. Since
these envelopes are constant signal in steady state (while the oscillating signals are sinusoidal),
simple PI or PID controllers can be employed to regulate, for instance, the amplitude and the
phase of the oscillating signals [EMK12]. This solution has been widely used since the first
MEMS gyroscope, presented in 1991 [GBKN91]. Indeed, the control architecture adopted
nowadays in the commercial products of Zurich Instruments, see [Zur15], is basically the
same as the one proposed by Lynch in 1998 [IEE04, Annex B], which is quite similar to the
one presented in [GBKNO91]. This fact points to the strength and acceptability of this control
architecture in the MEMS industry. The drawback of the envelope-based architectures is that,
in general, to measure the signal envelope, nonlinear elements have to be introduced in the
control loop. Moreover, the dynamical couplings between amplitude and phase (or direct and
quadrature terms), the couplings between the drive and sense modes, and the dependence on
environmental conditions can be very hard to model and to take into account. Therefore, it is
hard to provide, a priori, guarantees of stability and performance for the closed-loop system.

An alternative approach is to consider the classical feedback control architecture, which we
refer to as direct control architecture, where the controller works directly with the harmonic
signals instead of their complex envelope. For this architecture, advanced control techniques
have been developed for vibration control of mechanical systems, see e.g., [Wan19]. The
potential interest is to explicitly take into account the different couplings and the dependence
on the environmental condition, with formal guarantees of stability and performance. Never-
theless, their applicability to MEMS gyroscopes, including implementability, is still an open
question. A possible reason is the inherent complexity of the controllers. Furthermore, in
contrast to the design of PID controllers, which MEMS engineers are familiar to, the design
of advanced controllers usually require an expertise in advanced control theory. This aspect
might constitute an obstacle to the introduction of novel control strategies in the industry.
Thus, an additional effort of making advanced control techniques more accessible is required.

1.2 Scope and Contributions

In this thesis, we aim to propose design methods for direct and envelope-based control archi-
tectures, and to experimentally validate the obtained controllers with real MEMS gyroscopes.
The methods are expected to provide guarantees of stability and a certain performance level
for the sensor. To achieve this purpose, we have to tackle four main problems, as follows.

The performance indicators of MEMS gyroscopes are related to the quality of the measure,
they are not directly linked to the closed-loop behavior. Indeed, there is a post-processing
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stage that uses the Coriolis force estimate to deduce the angular rate. Then, the first problem
is: how to relate the global performance specifications to specifications for the closed-loop system? To
answer this questions, we review the literature on MEMS gyroscopes and define the key
performance indicators of the sensor. Then, by using an input-output approach, we establish
the relationships between the performance indicators and the closed-loop behavior. These
relationships are a valuable tool for the control design and constitute the first contribution of
this thesis.

Based on these relationships, the problem is now: how to design a controller for the direct
control architecture? First, we consider the case where the MEMS gyroscope works with a
fixed operating condition and the excitation frequency w,. corresponds to the drive-mode
resonance one. In this context, the control objectives include the tracking and rejection of
sinusoidal signals, and the standard H, synthesis is applied for the controller design. The
excitation frequency, however, may vary over time. Therefore, the control objectives of
tracking /rejecting sinusoidal signals become the tracking/rejection of frequency-modulated
signals, that is, the reference signal of (1.4) becomes a “time-varying-frequency sinusoidal”
signal of the type

5 (1) = ALfysin (peelt)) - with uaclt) = [ T+ g (L5)

where w,y(t) ranges arbitrarily in the interval [wey. 1, Wexc2] and ¢2,. € R. We reveal that
this particular problem can be formulated as a weighted £, criterion with a new class of
weighting functions modeling the frequency-modulated signals. This result constitutes a
second important contribution of the thesis.

In a third part, we consider the question: how to design a controller for an envelope-based control
architecture such that guarantees of stability and performance can be given? To cope with this
problem, we revisit the theory of complex envelopes, which allows us to define a formal
framework for the analysis of the envelope-based control architectures. If the complex
envelope is ideally measured in real time, we establish links between the direct control
approach and the envelope-based ones. These links reveal that the performances achieved
with both strategies are equivalent. When the signal envelope cannot be ideally measured,
the same framework allows us to precisely model the nonidealities and to design controllers
formally guaranteeing, at least, the stability of the closed-loop system. These results are also
an important contribution of this thesis.

In the last part, the problem is: how to properly design a controller for digital implementation? Two
cases are treated here. First, we consider a flexible platform developed by Asygn, which can
implement complex control architectures, allowing to validate in practice different control
strategies. The second case consists of a dedicated platform designed with the so-called
electro-mechanical XA (EM-XA), which is a particular control architecture that can be easily
implemented in ASICs for MEMS gyroscopes. For both platforms, the practical results
validate the proposed methods.

What is not treated in this thesis
Other aspects are also relevant, but are beyond the scope of this thesis.

Although the understanding of the working principles of the MEMS gyroscope is necessary
for the controller design, the technological details concerning the design and fabrication of
MEMS gyroscopes are not discussed in this document. Similarly, the design of the electronic
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circuits and hardware needed for the implementation of the control loops, are also beyond
the scope of this thesis.

In general, when designing a control system, three main stages are considered: (i) the mod-
eling/identification of the to-be-controlled system, (ii) the controller design, and (iii) the
analysis and performance validation of the closed-loop system. Along this document, we
touch some basic aspects related to the modeling/identification, and analysis and perfor-
mance validation in the MEMS gyroscope context. However, these subjects are treated with
more details in other thesis within the scope of the same project, see [Col20, AC21].

Further than the closed-loop ensuring the proper operation of a MEMS gyroscope, external
control loops or additional algorithms can also be used to estimate the drive-mode resonance
frequency, as in [Mor21]; to compensate for mechanical couplings (see, e.g., [Zur15]); or to
change the behavior of the MEMS device (see, e.g., [AOPB09]). For some results of this thesis,
we consider that the drive-mode resonance frequency is known via the strategies of [Mor21],
without presenting any fundamental details. Other external control loops are not considered
in this work.

1.3 Project Next4MEMS

This thesis is within the scope of the project Next4MEMS, whose main objective is to develop
a new generation of high-performance MEMS gyroscopes. Due to the complexity of the
domain, the consortium is composed by French leaders of the inertial sensors industry —
Tronics Microsystems, iXblue, Asygn —, and two French laboratories - Ampere and ONERA.
ONERA and iXblue contribute with their expertise in the use of MEMS gyroscopes in
high-performance applications. Tronics Microsystems and Asygn develop, respectively, the
electro-mechanical part and the electronic circuits that compose the MEMS gyroscope. Finally,
the laboratory Ampere collaborate with an expertise in Control Theory and its applications.

Within the scope of the same project, four theses were concomitantly developed at the labo-
ratory Ampere, approaching the different facets of Control Theory in the MEMS gyroscope
context. Further than the present thesis, the other three thesis are briefly described below.

¢ “Data informativity for the prediction error identification of MIMO systems: identifica-
tion of a MEMS gyroscope” by Kévin Colin [Col20], who proposes a systematic method
for modeling and identifying the MEMS gyroscope. This method is based on the Pre-
diction Error identification framework [Lju98], which, based on input and output data
obtained through experiments, provides a model of the system. The main advantage
of this framework is that, further than providing the system model, it also provides
validation tools and uncertainty bounds, such that, with a certain (high) probability, we
are sure that the obtained model is close enough to the real one. The model obtained
through this method is used in the present thesis.

* “Performance validation of MEMS gyroscopes using uncertain and time-varying mod-
els” by Jorge Ivan Ayala Cuevas [AC21], who proposes a computationally efficient
method for the performance validation and stability analysis of the closed-loop sys-
tem. This method adopts the p-analysis [ZDG96] and integral quadratic constraints
(IQC) [MR97] frameworks. Then, based on the model and uncertainties estimated by
the method of [Col20] and on the controller design proposed in the present thesis, the
method of [AC21] provide a worst-case estimation of the sensor performance. More-
over, it also indicates how the model accuracy and/or the controller design have to be
improved to achieve a desired performance level.
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* “Optimal identification experiment design: contributions to its robustification and to its
use for dynamic network identification. Resonance Frequency Tracking” by Federico
Morelli [Mor21]. The variation of the drive-mode resonance frequency is one of the ma-
jor problems for MEMS gyroscopes. Therefore, [Mor21] proposes different techniques
to track the variations of the drive-mode resonance frequency in real time. They are
based on the Extremum-Seeking approach [ZO12] and Recursive identification [Lju98].
In some approaches proposed in the present thesis, the estimated resonance frequency
is used to adapt the reference signal as well as the controller parameters.

Other works were also developed within the scope of the project Next4dMEMS. A first
bibliographic study on MEMS gyroscopes and traditional control architectures was realized
by Roman Bohoslavets and Thomas Dehaeze within the scope of their undergraduate thesis
at the beginning of the project, in 2017.

Later, and with the supervision of the author, other undergraduate thesis were also realized. A
detailed study on the EM-XA architecture of the Tronics” dedicated platform (see Section 2.3.2)
was realized by Eva Markiewicz and allowed the development of a suited control design
method (see Chapter 8). Thibault Vergez implemented, in a real MEMS gyroscope, a phasor-
based controller, confirming some results of Chapter 6. Cécile Pernin set up a rotating table,
proposed a test protocol and performed batteries of tests with the (flexible) Asygn’s platform
(see 2.3.1), refining the identification and control design methods, and contributing to the
practical results presented in Chapter 7.

Moreovoer, two research assistants/engineers also participated in the project and had the
supervision/collaboration of the author. Anthony El Hajj realized practical tests with the
EM-XA design method proposed in Chapter 8 and applied the same method to the design
of the EM-XA architecture of MEMS accelerometers. At the time of writing, Cécile Pernin
works on the implementation of traditional control architectures in the Asygn’s platform.

Finally, at the time of writing, Sarah Schimidt and Florian Coissac start their internship
also with the supervision of the author. Sarah works toward the validation of the proposed
EM-XA design method for MEMS accelerometers. Florian also works on the implementation
of the traditional control architectures in the Asygn’s platform.

1.4 List of Publications and Collaborations

Conference Papers:

(i) K. Colin, F. Saggin, C. Le Blanc, X. Bombois, A. Korniienko, G. Scorletti. “Identification-
Based Approach for Electrical Coupling Compensation in a MEMS Gyroscope”, IEEE
International Symposium on Inertial Sensors and Systems Proceedings, 2019 (Ref.
[CSL*19]).

(ii) J. Ayala-Cuevas, F. Saggin, G. Scorletti, A. Korniienko. “Stability Analysis of Time-
Varying Systems with Harmonic Oscillations Using IQC Frequency Domain Multipli-
ers”, IEEE Conference on Decision and Control (CDC), 2019 (Ref. [ACSKS19]).

(iii) F. Saggin, G. Scorletti, A. Korniienko. “A Novel Phasor Control Design Method: Appli-
cation to MEMS Gyroscopes”, American Control Conference (ACC), 2020 (Ref. [SSK20]).

(iv) F. Saggin, J. Ayala-Cuevas, A. Korniienko, G. Scorletti. “Parameter-Dependent Hoo
Control for MEMS Gyroscopes: Synthesis and Analysis”, IFAC World Conference, 2020
(Ref. [SACKS20]).
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(v) E Saggin, A. Korniienko, G. Papin, E. Markiewicz, Y. David, A. El Hajj, G. Scorletti.
“H-infinity Design of an EM-XA Feedback for MEMS Gyroscopes”, DGON Inertial
Sensors and Systems (ISS), 2020 (Ref. [SKP*20]).

(vi) F. Saggin, C. Pernin, A. Korniienko, G. Scorletti, C. Le Blanc. “Digital Control of MEMS
Gyroscopes: a Robust Approach”, IEEE International Symposium on Inertial Sensors
and Systems Proceedings, 2021 (Ref. [SPK*21]).

Project Reports and Softwares:

(i) F Saggin, K. Colin, J. Ayala-Cuevas, F. Morelli, A. Korniienko, G. Scorletti, X. Bombois.
“Livrable 2.4 : Développement de Méthodes pour la Conception”, 2018 (Confidential).

(ii) F. Saggin, K. Colin, ]J. Ayala-Cuevas, F. Morelli, E. Markiewicz, A. Korniienko, G.
Scorletti, X. Bombois, A. El Hajj. “Livrable 2.6 : Résultats Expérimentaux d’Application
des Algorithmes de Conception sur la Plate-forme Considérée (Tronics/TDK)”, 2020
(Confidential).

(iii) F. Saggin, K. Colin, J. Ayala-Cuevas, F. Morelli, C. Pernin, A. Korniienko, G. Scorletti, X.
Bombois. “Livrable 2.7 : Logiciel de Conception et Rapport Final sur les Algorithmes de
Conception et Résultats Expérimentaux ”, 2021 (Confidential).

(iv) F. Saggin, A. Korniienko, A. El Hajj, G. Scorletti. “Software Hinf_ EMSD”, 2020. Software
for the design of the EM-XA parameters for a MEMS gyroscope.

Journal Papers (submitted/in preparation):

(i) F. Saggin, G. Scorletti, A. Korniienko. “Tracking and Rejection of Signals with Time-
Varying Frequency: a Weighted £, Criterion”.

(ii) F. Saggin, J. Ayala-Cuevas, A. Korniienko, G. Scorletti. “Phasor Control in a Variable-
Frequency Framework”.

(iii) F. Saggin, A. Korniienko, A. El Hajj, G. Scorletti. “H-infinity Design of EM-XA Feed-
backs: a Unified Approach for MEMS Accelerometers and Gyroscopes”.

(iv) J. Ayala-Cuevas, G. Scorletti, A. Korniienko, A. Perodou, E. Saggin. “A Frequency Do-
main Integral Quadratic Constraints Approach for Robustness Analysis of Continuous
Harmonically Time-Varying Systems”.

1.5 Organization of this Document

The remainder of this thesis is organized as follows.

Chapter 2 First, we give a background on MEMS gyroscopes. We start by presenting the
working principles and the operation of an ideal MEMS gyroscope. Then, step-by-step,
we introduce the nonidealities that are present in a real gyroscope and analyze how these
nonidealities affect the measure of the angular rate. This analysis allows us to present the main
performance indicators. Following this, we review the main control architectures reported
in the literature, pointing to the strengths and limitations of each one. Then, we present
the experimental setups in which the proposed solutions are to be implemented. All these
ingredients are then used to formulate the research questions that guide the development of
this thesis.
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Chapter 3 Having presented all the blocks constituting a MEMS gyroscope as well as the
main performance indicators in Chapter 2, we can now analyze how the behavior of the
closed-loop system impacts the global performance indicators. This analysis is realized in
a linear time-invariant (LTI) framework, which allows establishing frequency constraints
on the closed-loop transfer functions. Further than the performance specifications, the
frequency constraints are also used to enforce the robust stability of the closed-loop system
against different types of uncertainties. These frequency constraints define the closed-loop
specifications considered for the controller design.

Chapter 4 In chapter 3, we show that the desired performances indicators can be translated
into frequency constraints on the closed-loop transfer functions. In chapter 4, we present a
design method that allows obtaining controllers satisfying these frequency constraints. The
design method is based on the H, synthesis. Thus, we start the chapter by reviewing the H,
synthesis, and, progressively, we propose different control strategies. Each proposed solution
is followed by a numerical example. At the end of the chapter, the most interesting solutions
are validated and illustrated through numerical simulation.

Chapter 5 In this chapter, we present one of the main theoretical contributions of this work:
the definition of time-varying weighting functions that describe frequency-modulated signals.
After presenting this interesting result, we apply it to design a MEMS gyroscope controller.
The controller design is based on the standard linear parameter-varying (LPV) synthesis, in a
polytopic approach. Numerical simulations demonstrate the effectiveness of the proposed
approach.

Chapter 6 In this chapter, we revisit the theory of the complex envelopes, and we show that,
although nonlinear elements are introduced in the control loops, the complex envelopes of the
to-be-controlled system can be modeled as the signals of a linear system. This is true under
the assumption that the complex envelopes could be perfectly measured in real time (ideality
assumption). In this case, we establish links between the direct and the envelope-based
control approaches, revealing that both approaches achieve exactly the same performance
level. In reality, however, this ideality assumption is not satisfied and nonidealities are
introduced in the control loop. Then, we propose a control design method that takes these
nonidealities into account, providing guarantees of stability. Part of these results were
published in [SSK20].

Chapter 7 One of the messages of Chapter 6 is that, if possible to implement, the direct
control architecture would be a better (linear) choice for the closed-loop operation of MEMS
gyroscopes. Therefore, in Chapter 7, we detail the steps required for a digital implementation
of the controller, still providing guarantees of stability and performance. The implementations
results validate the proposed method and prove the implementability of the direct control
architecture. Some results presented were published in [SACKS20] and [SPK"21].

Chapter 8 Here, we present a study case where the H, synthesis is applied to design the
controller of a EM-XA architecture. Although the EM-XA can be almost considered as a direct
control architecture, the particularity here is that, due to implementation constraints, only
some parameters of the controller can be tuned. The controller is then said to be constrained.
Therefore, we adapt the control method of Chapter 4. This method was implemented in
the dedicated platform and allowed to enhance the performance of the sensor up to 40%,
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compared to the current solution adopted by the partner. The results of this chapter were
presented in the conference paper [SKP*20] and are the core of the software Hinf EMSD.

Chapter 9 Finally, in the last chapter, we draw the main conclusions of this thesis and
indicate interesting directions for future works.
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Chapter 2

MEMS Gyroscopes and the
Control Challenges

MEMS gyroscopes are micromachined inertial sensors used to measure the angular rate
of objects. They are composed of a tiny proof mass, which is able to move along two
perpendicular axes. The proof mass is then driven to oscillate with a controlled amplitude
along one axis. When subjected to an angular rate (), part of the energy of these oscillations
is transmitted to the other axis through the Coriolis force, provoking oscillations along the
second axis. The amplitude of the Coriolis force is proportional to the angular rate. Therefore,
based on the secondary oscillations of the proof mass, one can estimate the Coriolis force and
the angular rate.

It is important to note that to provide an accurate estimation of the angular rate, the pri-
mary oscillations has to be precisely controlled and the Coriolis force have to be accurately
estimated. In general, these objectives are achieved through the use of control loops. Never-
theless, due to the reduced size of the MEMS devices and their sensitivity to environmental
changes, the design and implementation of the control loops is very challenging. The main
objective of this work is then to propose a systematic method to design controllers for MEMS
gyroscopes, achieving high performance.

In this chapter, we aim to state the research questions that guide the development of this
thesis. We start the chapter by presenting the MEMS gyroscopes, their main performance
indicators and the importance on operating these devices in closed loop. Then, in Section 2.2,
we review the most relevant control architectures that are found in literature and in industry,
evaluating their strengths and the potentials for improvement. These control architectures
allow us to introduce, in Section 2.3, our experimental setups, which are used to validate
the proposed methods. Finally, in Section 2.4, we state the research questions, fulfilling the
objectives of this chapter.

2.1 A Background on MEMS Gyroscopes

In this section, we aim to provide some background on the multidisciplinary field of MEMS
gyroscopes. Indeed, this fascinating subject borders the domains of Mechanics, Microelec-
tronics, Signal Processing, Control Theory and Measurement, to cite a few [Kem11]. This
thesis is mainly focused on the aspects related to the control of MEMS gyroscopes. However,
before tackling the control problems, it is essential to provide a global view of the system
to understand its capacities, limitations, and the role of the controller(s) in this complex
framework.
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In Section 2.1.1, we show that micro gyroscopes behave like a Foucault pendulum in micro-
scopic scale, where, instead of measuring the rotation of Earth, MEMS gyroscopes measure
their own angular rate. Moreover, instead of having a massive weight suspended by a string,
micro gyroscopes have a tiny proof mass attached to their structure by springs, allowing the
proof mass to oscillate.

In Section 2.1.2, the mechanical model of an ideal MEMS gyroscope is established. Based
on this model, we discuss the closed-loop operation of the sensor. Obviously, to implement
control loops, actuators and instrumentation are required. Thus, in Section 2.1.3, we describe
the principles of actuation and instrumentation in micro scale. We also model their behavior
and introduce the gyroscope model. Finally, we introduce the model of a MEMS gyroscope
that will be used along with this thesis to illustrate our examples.

Most of the signals transiting in a MEMS gyroscope are quasi-sinusoidal. Indeed, these
signals are related to the proof mass oscillations. However, the useful part of the information
is contained in the amplitude and phase of these signals. For instance, “the amplitude of
the Coriolis force is proportional to the angular rate”. Then, synchronous demodulation is
employed to extract the amplitude (and phase) from this signal and to estimate the angular
rate. Details on this important element are given in Section 2.1.4.

In Section 2.1.5, we introduce the main nonidealities that may appear in a real MEMS
gyroscope. We also discuss how these nonidealities affect the operation of the device and its
accuracy. Finally, in Section 2.1.6, the main performance specifications are presented. They
are essential indicators of a real-sensor accuracy.

A wide literature on these topics is available. We base our review mainly on some textbooks,
such as [AS09, AL10, Kem11, Apol6], the thesis [Sau08] and the rich literature review of
[YAN98]. The aspects linked to the performance specifications are mainly based on the current
IEEE (Institute of Electrical and Electronics Engineers) standards [IEE04, IEE06, IEE09, IEE19].

2.1.1 Working Principle: a Foucault Pendulum in a Chip

Let us introduce a bit of history to present the working principle of MEMS gyroscopes.
For further details on this fascinating history, the curious reader is referred to the recent
paper [Som17]. Since ancient times, philosophers and astronomers had suggested that Earth
rotates on its own axis once every 24 hours. This suggestion was reinforced by Nicolaus
Copernicus in his celebrated heliocentric theory. One century later, by the time of Galileo,
even with no direct evidences, the academy was already convinced that Earth rotates on its
axis. However, that was only in 1851 that Léon Foucault could demonstrate the rotation of
Earth through the oscillations of a pendulum in his seminal work [Fou51]. This experiment
is known today as Foucault pendulum.

To illustrate this interesting experiment, let us consider an oscillating pendulum on the North
Pole, as shown in Figure 2.1. Note that the oscillations describe an oscillation plane, which
is static in the space. Therefore, when the earth rotates on its axis from left to right, for an
observer placed on the earth, the oscillation plane seems to rotate from right to left, as if there
was an invisible force rotating that plane. This inertial — or virtual, or apparent — force is
known as the Coriolis force. After 24 hours, the observer can note that the oscillation plane
completes one rotation around the axis of the pendulum. Now, if the pendulum is placed in
an intermediate latitude, the oscillation plane takes more time to complete a rotation (from
the observer point of view). This period is proportional to the cosecant of the latitude in
which the pendulum is placed. Indeed, if the pendulum is placed over the Equator Line (the
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FIGURE 2.1: The Foucault pendulum on the North Pole, in an intermediate
latitude and on the Equator Line. The (blue) arrow on the pendulum indicates
the rotation of the oscillating plane from the observer point of view.

axis is perpendicular to the axis of Earth), there is no rotation of the pendulum around its
own axis (always from the observer point of view).

That dependence on the cosecant of the latitude made hard for the public to understand
the experiment. However, obsessed to demonstrate the rotation of Earth in a clearer way,
Foucault used a device composed of a spinning wheel inside gimbals, which he named
gyroscope [Fou52a], from the Greek roots “gyros” (rotation) and “scope” (to observe). Since
the rotation axis of a rotating wheel is also static in space, it should rotate with respect to an
observer on Earth. This fact was confirmed and published in Comptes rendus hebdomadaires
des séances de I’ Académie des Sciences in 1852 [Fou52b, Fou52a]. This description underlies the
working principle of the mechanical high-precision gyroscopes discussed in Section 1.1.

Now, if we want to miniaturize high-precision gyroscopes, an important technological
difficulty arises: the creation of rotating motion in MEMS devices [Kem11]. However,
oscillating /vibrating motion can be easily produced in microdevices. Therefore, MEMS
gyroscopes are built as mass-spring systems such that the mass can oscillate along two
perpendicular axes: the primary (or ¥-) axis, and the secondary (or ij-) axis. Figure 2.2
illustrates this description. Other designs can be considered, but different MEMS gyroscopes
rely on the same principle: the Coriolis force. Thus, these gyroscopes are also classified as
Coriolis vibrating gyroscopes (CVG). For further details, we refer the curious reader to one of
the several textbooks on MEMS design [AS09, Kem11, Apo16] or microfabrication [AL10].

Coriolis vibrating gyroscopes can be classified into angle (Type I) or rate (Type II) gyroscopes.
Type I CVGs are used to measure the angular position while Type II CVGs measure the
angular rate of an object. Both types rely on the same principle — the Coriolis force — and can
be built similarly. The main difference resides on the gyroscope operation. For Type I CVGs,
the proof mass oscillates freely, just like a Foucault pendulum; thus, when the gyroscope
rotates, the proof mass trajectory rotates in the opposite direction (always from the “structure”
point of view). For Type II CVGs, the oscillations are always driven on the same direction. We
describe this operation in the sequel. For a richer discussion on Types I and II CVGs, please
refer to [Shk06, PZTS11]. The gyroscopes considered in this work are of Type II (angular
rate).

Let us open a parenthesis and consider again the Foucault pendulum on the North Pole.
Imagine now that the observer pushes the pendulum, such that the weight leaves and comes
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FIGURE 2.2: Mechanical representation of a MEMS gyroscope.

back to its hands. If we suppose that Earth does not rotate, he has to apply a minimum
force in the forward direction, just enough to keep the oscillations with the same amplitude,
compensating for energy losses (friction with the air, for instance). Now, if Earth starts
rotating, the observer has to apply a perpendicular force to compensate for the Coriolis force.
The Coriolis force is proportional to the angular rate (),. Thus, based on this compensating
force, the observer can estimate (),.

MEMS gyroscopes work in the same way. Actuators apply a force Fy, driving primary
oscillations of the proof mass along the ¥-axis. Thus, when the device is subjected to an
angular rate (), (perpendicular to the ¥ij-plane), an oscillating Coriolis force appears along the
secondary axis. The amplitude of the Coriolis force is proportional to the angular rate (),, the
amplitude and frequency of the primary oscillations, respectively A, and wey.. Therefore, if
we can apply a force F, that compensates for the Coriolis force - i.e., avoids oscillations along
the ij-axis —, we can estimate the angular rate through the synchronous demodulation [Sau08].
Because of its role, the oscillation mode along the ¥-axis is commonly called drive mode.
Similarly, the oscillation mode along with the ij-axis, which is rather used to detect or sense
the Coriolis force, is referred to as sense mode.

Note that for an accurate estimation of (), it is required to keep controlled oscillations on the
drive mode, i.e., the amplitude A, and frequency of the primary oscillations wey. have to be
regulated. Moreover, the Coriolis force has to be precisely compensated /estimated in the
sense mode. Hence, the use of control loops is essential to design high-performance MEMS
gyroscopes. In the sequel, we describe the model of an ideal MEMS gyroscope and introduce
the closed-loop operation.

2.1.2 Ideal MEMS Gyroscope and Closed-Loop Operation

As discussed above, MEMS gyroscopes are conceived as mass-spring systems. Then, based
on the second law of Newton, the dynamic behavior of an ideal gyroscope is described by
the differential equation [Sau08]

mg(t) +dq(t) + kq(t) = F(t), (2.1)
X F, im0 _ldxx O |k O .
where q = [y] ,F = |:Py:| ,m — [0 m] ,d= [ 0 dyy] and k = [ 0 kyy:| . The variables

x and y are respectively the positions of the proof mass in the ¥- (drive mode) and jj-axes
(sense mode) (see Figure 2.2), m represents the mass, F is the vector of applied forces, d is the
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mechanical damping matrix, and k is the stiffness matrix. The indices x and y are associated
with the drive and the sense modes, respectively.

Usually, MEMS resonators are characterized by their resonance frequency wy and their quality
factor Q. These parameters are related to the mechanical damping and stiffness coefficients,

as follows!:
Vkiim
dii
with i = {x,y}. Therefore, by applying the Laplace transform to (2.1), the mechanical model
of the MEMS gyroscope can be given by the transfer matrix

.
wp; = # and Q; =

Gmech (S) 0
mech _ X
G (S) - I: 0 G;nech(s)

with -
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MEMS resonators are conceived to present a very high quality factor, usually ranging from the
order of hundreds (e.g., [CCD™09]) to some millions (e.g., [PTS13]). This fact allows obtaining
high gain around the resonance frequency, improving the performance of the device (signal
to noise ratio, sensitivity, resolution, etc.) [YAN98]. On the other hand, the value of the
resonance frequency ranges from some hundreds of hertz (e.g., [MV99]) to some hundreds of
kilohertz (e.g., [IWSNS*16]). Furthermore, typical MEMS gyroscopes are conceived such that
the resonance frequencies of the drive and sense modes are very close [Sau08].

It is worth emphasizing that, despite the existence of different mechanical designs, the second-
order behavior presented in equations (2.2) and (2.3) generalizes the dynamics of most of the
(ideal) CVGs [Apo16, Chap. 2].

Let us go back to the mechanical model. When the MEMS gyroscope is subjected to an
angular rate (), (in rad s~ !) perpendicular to the ¥ij-plane, the Coriolis forces appear. They

are given b
B R | PR

Thus, by including Fc,, into (2.1), the following expression is obtained [Sau08, Apo16]:

mij(t) + dq(t) + kq(t) = F() + Feor(t) (2.5)

ICalling wy the resonance frequency is an abuse of language. Indeed, if we denote the resonance frequency by
wy, the natural frequency by w; and the damped natural frequency by w;, we have

1\2 1\2
Wy = wy 1—(5) and Wy = Wy 1—2(E>.

However, because the quality factor of MEMS resonators is very high (i.e., Q >> 1), we can consider wy = w; =
wr = wy (similar to an undamped oscillator).
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Since the Coriolis force appears as an additional force over the proof mass (see (2.5)), this
force is commonly interpreted as a disturbance at the input of the mechanical system. Even
if it is not the case, this disturbance is typically considered to be exogenous, such that the
drive and sense modes can be considered as independent systems. For the moment, let us
also make this assumption. In Section 2.2.3, we discuss the consequences of this hypothesis.

Remark 2.1 (On the effects of other forces on the MEMS gyroscope). Besides the Coriolis force,
other forces could also be considered in (2.5), such as the centrifugal force or linear forces.
However, traditional MEMS gyroscopes are designed to be mainly sensitive to the Coriolis
forces, such that other contributions can be ignored, see, e.g., [SHS799].

After having modeled an ideal MEMS gyroscope, let us discuss its operation. Note that the
matrices m, d and k in (2.5), as well as the transfer matrix G™ech are diagonal. Then, the only
coupling between the drive and sense modes is through the Coriolis forces.

Drive-Mode Operation As discussed earlier, the main objective of the drive mode is to
allow the creation of a Coriolis force by keeping oscillations of the proof mass along the
¥-axis. To this end, we apply a force Fy, producing steady-state oscillations of amplitude A,
and with excitation frequency wey, i.e., the signal x is of the form

x(t) = Ay sin (wWexct) -

Obviously, the drive mode could operate in open loop. However, due to the disturbing
Coriolis force Fc,,x and modeling errors, to regulate the amplitude Ay, a feedback loop
and a controller, which we denote Kp, are required. Based on the measures of x and on a

given reference amplitude A% such controller computes the force Fy to be applied so that

Ay = A;ef , despite the presence of Fc,, . This feedback loop is depicted in Figure 2.3. Then,
under ideal operation of the drive mode, we consider

x(t) = A% sin (wexct) . (2.6)

Moreover, to minimize the applied force, it is also desired to use weyx, ~ wo,x, taking advantage
of the high gain of GI'ech at its resonance frequency. The excitation frequency can be automat-
ically set by an external loop, by the user or even implicitly by Kp itself (see Section 2.2.1
for further details).

Aref FCor,x
X
—* E +YT x = Ay sin (wexct)

(wexc) Kpm G;ZWCh [
—>
A

FIGURE 2.3: Closed-loop operation of the drive mode.

Sense-Mode Operation In its turn, the main objective of the sense mode is to estimate the
Coriolis force acting on the sense mode, Fc,,, allowing for the computation of (), (see (2.4)).
The sense mode can be operated in two different modes: in open loop or in closed loop.

When operating in open loop, F,(t) = 0 and, for an ideal MEMS gyroscope, only the Coriolis
force (Fcor,y) produces oscillations on the sense mode. Then, based on the measures of y and
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on the model G;"“h, Fcory can be estimated as I?COW(S) = G;"“h(s)fly(s), where I?CDW is the
estimate of Fc,,,. This approach is the simplest one to implement, since it is based only on
the measurements of the position y and on posterior processing. However, the dynamics of
the sense mode exclusively depends on its mechanical characteristics, which are often very
slow due to its high quality factor. Therefore, this operating mode is better suited for low-cost
and low-performance applications.

On the other hand, the main idea behind the closed-loop operation is to implement a con-
troller, Ksys, that computes the force F, that, by keeping y(t) = 0, compensates for Fc, . In
this case, Fy(t) ~ —Fcory(t) and we define the estimate of the Coriolis force on the sense
mode, ﬁcow, as fcor,y(t) = —F,(t). Figure 2.4 illustrates this description with two equivalent
schemes: one with the controller before the plant, as in a classical closed-loop system; and
one with the controller after the plant, as commonly used for the closed-loop operation with
the architecture known as electro-mechanical ZA (EM-XA), see Section 2.2.2.

E -
Cory lFCor,y . Feory
KSM F, + Cory + mech Yy o
y +I O N G]r/nech y —:_(T)_> Gy > KSM Fy
A

(A) Controller before plant. (B) Plant before controller.

FIGURE 2.4: Closed-loop operation of the sense mode.
This closed-loop control strategy is also known as force-to-rebalance control and has two
huge advantages over the open-loop operation.

(i) The dynamics of the closed-loop system are determined by the sense mode and the
controller, which can be designed to increase the bandwidth of the sensor [YANO9S].

(ii) Minimizing y implies the minimization of Fc,, x, reducing disturbances on the drive
mode. In addition, minimizing y also allows avoiding saturation on the sense-mode
instrumentation circuits and reduce nonlinearities [RCRW09, CGZ11].

Consequently, it is clear that, to design a high-performance gyroscope, the sense mode
also has to operate in closed loop. Hence, in the remainder of this work, we focus on the
closed-loop operation of the sense mode.

Finally, under ideal closed-loop operation, we consider that the controller Ks)s produces
Feory(t) = Foory(t) = —2mQ (£)x(t). 2.7)

Then, by plugging (2.6) into (2.7), we obtain
Fory(t) = =04 (t) - 2mAY Were €08 (Wexct) - (2.8)

Please note that, because the sense-mode closed-loop operation also keeps y(t) = 0, we can
neglect the Coriolis force acting on the drive mode, Fc,x. Then, even under a nonnull angular
rate, we can still consider that (for ideal MEMS gyroscopes) the only coupling between the
drive and sense modes is the Coriolis force acting on the sense one, i.e., Fcor(f) = 0 and
Feory(t) = —2mQ (t)x(t).
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From the Coriolis Force to the Estimation of (2, Having estimated the Coriolis force,
the last step consists in obtaining an estimate of (),, which is denoted Q.. Note that ﬁCor,y
(see (2.8)) is a harmonic signal whose amplitude is modulated by ), (t). Therefore, to compute
the angular rate, it suffices to demodulate the signal I?COW. In general, the synchronous
demodulation (SD) is used to this purpose [Sau08]. This important element is presented
in Section 2.1.4. This operation needs to know the phase of the signal to correctly determine
the sign of 0,2 The phase wext can be obtained through x (or x) or directly from wex.
Figure 2.5 synthesizes the general scheme used for the closed-loop operation of ideal MEMS
gyroscopes.
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FIGURE 2.5: Closed-loop operation of an ideal MEMS gyroscope.

2.1.3 Actuation and Instrumentation

In the previous section, we described the mechanical part of the MEMS gyroscopes and its
closed-loop operation. However, to operate in closed-loop, we need to use actuators and
sensors. The present section aims at briefly describing the principles of actuators and sensors
of MEMS devices, and how they impact the model and operation of the gyroscope.

Actuators are devices that convert an electrical signal (typically, a voltage) into a force.
In MEMS devices, several technologies can be used for this purpose, such as electrostatic
(capacitive), piezoelectric or electromagnetic mechanisms [Sau08, Kem11]. Similarly, sensors
are elements that convert the position of the proof mass into an electrical signal. Here,
the most common methods used for MEMS gyroscopes are capacitive, piezoelectric and
piezoresistive detection [Sau08, Kem11].

In this work, we focus on the electrostatic actuation and capacitive detection, and on their
simple modeling, which is sufficient for the control purposes. A deeper discussion on
actuation and detection technologies can be found in [Kem11], for instance.

Electrostatic or Capacitive Actuation

Electrostatic or capacitive actuators rely on the attractive force created by an electric field
between two electrodes. These electrodes form a capacitor of capacitance C,;, which depends
on the geometry of the electrodes. These two electrodes can be conceived as a simple parallel-
plate capacitor, as shown in Figure 2.6a, or as two comb structures that slide between each
other, forming a comb-drive capacitor. This later structure is illustrated in Figure 2.6b. In
both cases, one of the electrodes is built on the (fixed) base of the sensor, while the second
one is built on the (moving) proof mass.

2This reason explains the adjective “synchronous” in the name of this particular demodulator.
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Proof mass | Proof mass
Vin lFes delT 0, O ddL E.
Base
1 2 Base
Cop djl F,s jg 2
C, xdy Fos x v,

(A) Parallel-plate capacitor.
(B) Comb-drive capacitor.

FIGURE 2.6: Capacitive transducers.

The electrostatic attractive force, denoted F, is given by

_1 aCel (del) 2

Fes = 5 Telvm,

where v;,, is the voltage between the electrodes and d,,; is the gap between them in the case of
parallel-plate capacitors or the variable dimension of the overlapping surface in the case of
comb drives® (see Figure 2.6).

As mentioned earlier, the capacitance C,; depends on the geometry of the electrodes, the
electrical properties of the dielectric and on d,;. Let us then consider a constant k,.;, which
encapsulates all these contributions, except for d,;. In the case of parallel-plate actuator, the
capacitance is given by 2k, /d,;. Therefore, the electrostatic force F is given by kactvz-zn / d?l
and has a clear nonlinear dependence on d,;. If the displacements are small, this dependence
can be linearized, providing a good approximation. Nevertheless, if the displacements are
important, this approximation introduces nonnegligible errors, which can deteriorate the
performance of the sensor.

The nonlinear dependence on d,; is eliminated by using comb-drive capacitors. In this case,
the capacitance is given by 2k,.d,; and the electrostatic force is given by

Fes(t) = kactvin(t)Z' (29)

Note that the force F,; of (2.9) is always positive (attractive). Then, to produce an “oscillating”
force, two solutions can be considered [Sau08, AS09].

(i) An offset voltage Vpc is added to a time-varying voltage u, i.e., v, (t) = Vpc + u(t). In
this case, the electrostatic force is given by

Fos(t) = ket (Vpe + u(t))? = koot (VBe +2Vpcu(t) +u(t)?) . (2.10)

(ii) Electrodes are built on the two sides (left and right, for instance) of the proof mass and
a voltage Vpc + u(t) is applied in one side, while a voltage Vpc — u(t) is applied to the
other side, as presented by the scheme of Figure 2.7, which is known as balanced or

3In the case of the comb drive, the sign of F,s changes due to the modification on the sense (of the direction) of
de;. The electrostatic force is always attractive.
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differential actuation scheme. In this case, the resulting electrostatic force is given by

Fus(t) = kuet ((VDC +u(t)? = (Ve — u(t))2> = dkoet Vpcu(t). 2.11)

L

I - Vbc

FIGURE 2.7: Balanced-actuation scheme [AS09].

Note that the electrostatic actuation introduces a square nonlinearity in the model: F,; =
kuctvizn (see (2.9)). Different methods can be considered to linearize this nonlinearity. The use
of differential actuation (see Figure 2.7 and (2.11)) is one of the common methods to tackle
this problem during the design of the MEMS device. However, when this solution is not
implemented, which is the case in our work, other techniques can be used to linearize (2.10).
We present one of these techniques in Section 7.2.3 (page 179). Regardless of the adopted
method, we can therefore establish a linear relation between u and the electrostatic force:

where kj;,, is the linearization gain. Obviously, in the case of a balanced actuation (see (2.11)),

kiin = 4Vpc. For other linearization techniques, this constant can take other values, see
Section 7.2.3 (page 179).

Capacitive Detection and Charge Amplifiers

Similar to the electrostatic actuation, by building electrodes on the fixed structure of the
sensor and on the moving mass, we can measure the distance between them through the
capacitance formed by them.

Let us consider a constant kg,;, whose value depends on the shape of the electrodes and
on the electrical properties of the dielectric separating them. Then, if the electrodes form a
parallel-plate capacitor, the capacitance is given kg, /d,;, which is nonlinear with respect to
d.. Again, if the displacement amplitude is small with respect to the initial position, this
nonlinear relation can be linearized with small error. Nevertheless, as the displacement
amplitude becomes larger, the approximation error also gets larger. Now, if the electrodes
form a comb drive, the capacitance is given by k,.;d,;, which is linear with respect to d,;. In
general, the parallel-plate configuration is used for the sense mode (small displacement),
while the comb-drive structure is used for the drive mode (large displacement) [AS09].

Finally, to convert a capacitance into voltage, electronic circuits known as charge amplifiers
are employed [Sau08]. These circuits are also usually modeled as constant gains, which
we denote kc4. Therefore, the relation between d,; and the output voltage is given by
Vout = koutde, where kout = kcaKet-
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Mechanical Model with Actuation and Instrumentation

Based on the above discussion, each mode of the MEMS gyroscope can be modeled by its
respective mechanical model with the gains k;,, and k,, at the input and output, modeling
the actuation and instrumentation. Figure 2.8 illustrates the overall model of the drive
mode. We also include the signal n,, which represents the process and measurement noises,
(see Section 2.1.5, page 32, for a deeper discussion on the noise), defining the signals

X (£) = kout xx(t) and X (1) = xpm(t) + ny(t). (2.13)
kin,x FCor,x l kagt,x My l
Uy Fr +Y+ X Xm+YA+ Xn

—> klz’n,x > kact,x —VCD—> G;nech kdet,x > kCA,x _>O_>

Y

FIGURE 2.8: Overall model of the drive mode with actuation and instrumenta-
tion. For the sense mode, replace x by y.

The overall model can also be represented in the compact form of Figure 2.9, where

o FCor,x (t)

UcCorx(t) = ki (2.14)
in,x

is the image of Fcyy » in volts. Therefore, the model of the drive mode of a MEMS gyroscope
can be given by the transfer function

2
X (S ko, xw
Gols) = 2m8) _ - S T (2.15)
Ux(8) S +w0,x/Qx'S+w0,x
where ko, = kout,xkgfffhkm,x.
UCor,x l ”xl
Uy +:+ Gy Xm Jr:Jr Xn
FIGURE 2.9: Compact linear model of the drive mode with actuation and
instrumentation. For the sense mode, replace x by y.
When considering the ideal closed-loop operation, the output voltage x,, is given by
X () = AL sin (wexct) (2.16)

where A;e{; = kout,xA;ef (see (2.6)).

Similarly, for the sense mode (see Figure 2.8 and Figure 2.9 replacing x by y), we define the
measurement noise 7, and the signals

Ym(t) = koutyy(t) and Yn(t) = ym(t) +ny(t). (2.17)



22 Chapter 2. MEMS Gyroscopes and the Control Challenges

Hence, the model of the sense mode can be given by

2
Y (s) koywo,y
G = = , 2.18
y () wy(s) 2+ woy/Qy-s+ w%/y (2.18)

where ko, = kout,ykgf;hkin,y.

Through this process, we also define

Feory(t)
Ucory(t) = —2=2, (2.19)

kin,y

which is an image of the actual Coriolis force Fc,y,y. For the closed-loop operation of a MEMS
gyroscope, the controller does not apply directly F, to compensate for Fc,, . It applies the
signal u, that compensates for uc,,,. Then, rather than working with I?Cor,y, we use the signal
ticor,y for the estimation of the angular rate (),. In the ideal case, iic,y,, is given by (see (2.8)
and (2.16))

B P\Cor,y(t) -, (1) -ZmA;e,{;wexc 08 (Wexct)

. _ _ 2.20
Cor,y( ) kin,y kout,xkin,y ( )

In the sequel, we introduce the models of the drive and sense modes which are used to
illustrated the examples along this thesis.

Example 2.1 (Drive-mode model). The behavior of the drive mode, including actuation and
instrumentation, can be described by the transfer function Gy, presented in (2.15), with wo, =
27r-11500rad s, Q, = 100000 and ko , = 2 - 107>, These values correspond to the typical values
presented in Section 2.1.2. In particular, they correspond to the nominal characteristics of the MEMS
gyroscopes of the family GYRO I (see Table 2.2).
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FIGURE 2.10: Bode diagram of the drive mode.

The Bode diagram of this model is presented in Figure 2.10. Observe that the magnitude presents
a very narrow resonance peak at 11.5kHz. That is, if we consider a frequency w = wo = 27T -
11500 rad s, we have |Gy (jw)| = 2 ~ 6 dB; however, a slight change of w drastically modifies
|Gy (jw)|. For instance, with w = 27t - 11499rads™!, |Gy (jw)| ~ 0.15 ~ —19dB.

Note that, for frequencies around the resonance frequency, the phase passes very quickly from close
zero to around -180°, passing by -90° right at its resonance frequency. It is worth mentioning that
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some control strategies take advantage of this property to identify or track the resonance frequency
(see Section 2.2.1 for further details).

Finally, the ratio between the gain at the resonance frequency and the static gain corresponds to the
quality factor. Indeed,
|Gy (jwon)| 2

GO 21075 — 100000,

Example 2.2 (Sense-mode model). For the sense mode, we consider the plant given by (2.18) with
woy = 27-11550rads™!, Q, = 10000 and ko, = 4-1073.

The Bode diagram of this model is presented in Figure 2.11. Similar to the previous example, G, has
important gains around the resonance frequency, wo,,. However, due to a smaller quality factor, the
resonance peak is wider for the sense mode. For instance, for w = wy, = 27 -11550rads™!, we
have |G, (jw)| = 40 ~ 32dB; and for w = woy = 27 -11500rad s, the magnitude of G, is
close to 0.5 (or —6 dB). For bigger mismatches, the loss of gain becomes more important. That is why
MEMS gyroscopes are typically designed to have wy,, close to wy .
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FIGURE 2.11: Bode diagram of the sense mode.

2.1.4 Ideal Synchronous Demodulation and Angular Rate Estimation

After estimating the Coriolis force, the angular rate is determined through the synchronous
demodulation (SD), which is presented in this subsection. It is worth mentioning that
the synchronous demodulation (also known as quadrature demodulation or synchronous
detector) is an essential element in the operation of MEMS gyroscopes. Further than its use
to compute the angular rate from the Coriolis force estimate, the synchronous demodulation
can also be used to compute the amplitude and phase of a modulated signal. These features
are very useful for some control architectures, see Section 2.2.

In this subsection, we introduce the synchronous demodulation in a general manner. Then,
we apply this operation for the estimation of the angular rate of a MEMS gyroscope. Finally,
we discuss how to use the synchronous demodulation to compute the amplitude and phase
of a modulated signal.
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2 cos (Wexct) 51 SIf
FLp —>

Sm

—2sin (wexct)

S
FLPﬁ,

FIGURE 2.12: Block diagram of the synchronous demodulator.

Ideal Synchronous Demodulation: a General Case

Let us start by considering a quadrature amplitude-modulated signal s,,(t) € R of the form
Sm(t) = s1(t) cos(wexct) — sg(t) sin(wexct), (2.21)

where the signals s;(t) € R and sg(t) € R define respectively the amplitude of the terms in
phase and in quadrature (90° of phase shift) with cos(wexct). The signal s, is also assumed to
be a band-pass signal of bandwidth 2w, centered at w,y.. This means that its power spectral
density (PSD), S;,,, is such that,

v ‘CU’ Z ZC(Jexc, Ssm (w) - O al’ld Ssm (0) - O. (2.22)

It is important to mention that any signal s;, that verifies (2.22) can be decomposed into
in-phase and in-quadrature terms, as in (2.21). This decomposition is unique if s; and sg are
low-pass signals, i.e., if their PSDs are such that

V|w| > wexe, Ss,(w) =0 and Ssq

(w) =0. (2.23)
See, for instance, [Lat98, Sec. 11.5] for further details.

The synchronous demodulation of a modulated signal s, corresponds to the extraction of
the in-phase and in-quadrature terms, respectively s; and sg [Sau08]. This operation can be
performed by using the block diagram presented in Figure 2.12, where Fy p represents ideal
low-pass filters, i.e., filters whose frequency response is given by

1, V|w| < wexc

Frp(w) = {0, otherwise (2.24)

By plugging the signal s, of (2.21) at the input of the synchronous demodulator, we have
s1(t) = 25(t) cos(Wexct)? — 250 (t) sin(Wexct) cOS(Wexct)

s1(t) = s1(t) (14 cos(2wexct)) — so(t) sin(2wexct)

and
s2(t) = —2s1(t) cos(Wexct) sin(wexct) + 250 (t) sin(cuexct)2

Sa(t) = —sp(t) sin(2wexct) + 5o (f) (1 — cos(2wexct)) .

Hence, after filtering out the high-frequency terms with F; p, we obtain

sir(t) = si(t) and  sgf(t) =sq(t),
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fulfilling the objective of extracting the in-phase and in-quadrature terms. This is only
possible because the low-frequency condition for the signals s; and sg avoids the overlap
between the spectra of the high-frequency terms (those with cos(2weyct) and sin(2wexct))
and the low-frequency terms. A detailed analysis of the synchronous demodulation in the
frequency domain is provided in Appendix A.1.

Remark 2.2 (On the linearity of the synchronous demodulation). The synchronous demodula-
tor is a linear time-varying (LTV) system, where the products by 2 cos(wexct) and —2 sin(wexct)
can be interpreted as time-varying gains. In general, the time-varying nature of the system
could make the analysis in the frequency domain untractable or laborious. However, for the
particular case where wey, is constant over time, an interesting property arises: multiplying
a signal by cos(wexct) or sin(wexct) corresponds to the replication of its spectrum with a
frequency shift of 4+weyxc and —wey.. For instance, if we consider the signal

s1(t) = 2cos(wWexct) - Sm(t)
and the Fourier transform of s,, given by F s, the Fourier transform of s;, F[s1], is given by
Flsi](jw) = Flsm](jw + jwexe) + Flsm] (jew — jewexc)-

Therefore, despite its time-varying nature, the frequency-domain analysis of the synchronous
demodulation (and systems with synchronous demodulation) is still possible.

Estimating the Angular Rate Through the Synchronous Demodulation

Let us consider again the ideal operation of a MEMS gyroscope. When subjected to an angular
rate (), the Coriolis force acting on the sense mode can be determined through (2.20), which
is recalled below:

Qz(t) ) zmAZ{f{nwexc
kaut,xkin,y

ﬁCor,y(t) = - COos (wexct)
We assume that (), is a low-pass signal, i.e.,
V|w| > Wexe, Sa.(w) = 0.

Therefore, by connecting iic,,,, which is a pass-band signal (consequence of the assumption
above), at the input of the synchronous demodulator (s, = iicoy,,), We obtain

S]f(t) = ksp : Qz(t) and SQf(t) =0 (225)
ref
ksp = _2mAx,mwexc’ (2.26)
kout,xkin,y

where kgr is referred to as the scale factor (SF) of the sensor.

It is worth mentioning that, in practice, the constant kg is not perfectly known, i.e., cannot be
accurately computed analytically because of the fabrication dispersion and modeling errors,
and can vary as function of (),. Hence, to obtain an accurate estimate for the scale factor,
ksr, a calibration step is needed: the gyroscope is placed on a rotating table and different
angular rates are applied; for each (), the value of s; 7 is read; then, 755 r can be determined
as the slope of the best line fitting the measured data (see Section 2.1.6 for further details).
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Therefore, ks allows computing O, from s; f as follows:

Using the Synchronous Demodulation to Compute the Amplitude and Phase of a Signal

Let us come back to the general case of the synchronous demodulation. Please note that the
signal s;; (2.21) can be rewritten in the form

Sm(t) = Sm(t) cos (wexct + ¢s(t)), (2.27)

where S,,(t) € R" is the instantaneous amplitude or envelope of s,,, and ¢s(t) € (-7, 7] is
the instantaneous phase shift with respect to the phase w,y.t. Then, the correspondence of S;,
and ¢ with s; and sg can be established through trigonometric identities, as follows.

si(t) = Sy (t) cos(¢s(t)) (2.28)
so(t) = Su(t) sin(gu(1)) (229)
In the other direction, we have
Sm(t) = \/s1(t)* +so(t)? (2.30)
and
¢s(t) = arctan2 (sg(t), si(t)), (2.31)

where arctan? corresponds to the 2-argument arctangent function and returns a value in the
interval (—7t, 7t]. This function is defined, for two real scalars s; and s, as

s
arctan2 (sg, 1) £ 2. arctan (Q) . (2.32)

\/ST+sg +s1

Hence, we can use the synchronous demodulator to extract the amplitude and phase shift of
sy (see (2.27)) as presented in Figure 2.13. That is, given a modulated signal s,, in the form of
(2.27), or equivalently in the form of (2.21), the synchronous demodulator allows computing
sy and sq (s;r and sqy, respectively). These signals are then used to compute the amplitude,
Smf, and phase shift, ¢ fr of the signal, as follows:

Suf(t) = \/slf(t)z +s0f(t)>  and  ¢sf(t) = arctan2 (sgp(t), sif(t)) . (2.33)

Please note that, while spectral conditions on s; and sg of (2.21) can be easily established to
ensure s;; = sy and sgf = s, simple conditions for S, and ¢s of (2.27) cannot be established
to ensure S;,;r = Sy and ¢psr = ¢s.
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FIGURE 2.13: Block diagram of the synchronous demodulation for the compu-
tation of amplitude and phase of s,.

2.1.5 Real (Nonideal) MEMS Gyroscopes

Up to this point, we have considered the gyroscope as ideal. In this section, we aim to
present the main nonidealities found in real MEMS gyroscopes and discuss their effects on
the angular rate estimation. These nonidealities can be splitted into some groups: mechanical
coupling, error on the synchronous demodulation phase, noises, environmental sensitivity,
parasitic electrical coupling, and nonlinearities.

To evaluate the impact of each group of nonidealities on the angular rate estimation, we
consider a closed-loop operation in which:

(i) Kpum enforces x(t) = A;ﬁf;/ Kout,x - SIN (wexct) or, equivalently, x,, (t) = A;e{; Sin (Wexct);
(ii) Ksm enforces y(t) = 0 by applying a control signal u,(t);

(iii) the synchronous demodulator, based on LTCor,y(t) = —uy(t) and the phase weyt, com-
putes s;¢(t), which is used afterward to determine 0..

It is important to highlight that the controllers and synchronous demodulation are assumed

to perfectly ensure the above requirements. Hence, we can isolate the effects of the gyroscope

nonidealities from the effects of the operation nonidealities. The effects of the operation
nonidealities are detailed in Chapter 3.

Mechanical Coupling: Anisoelasticity and Nonproportional Damping

During the fabrication process, a misalignment between the X- and j-axes (drive and sense
modes) may occur. This imperfection gives origin to anisoelasticity and nonproportional
damping effects. These effects appear in the model as nondiagonal terms in the matrices k
and d, respectively (see [PSPT06, Sau08, Kem11] and references therein for further details).
Thus, the dynamic behavior of the MEMS gyroscope is now described by the equation below:

m 0 X dxx dx X kxx kx x| Px 0 m ¥
[0 m} M - [dyx dyﬂ [y] * [kyx kyﬂ M = [Fy} +Q, [_M 0] M (2.34)

Note that we can define a coupling force vector Feoyp

reio= [l -2 18] 1G] e
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and rearrange (2.34) as

m 0 x dXX 0 x kxx 0 X FX PCO]" x:| |:FCUMP X:|
|+ |+ - + ’ + s 2.36
[0 m] [y} [ 0 dyy} [y] [ 0 kyy] [y] [F y] [P Cory Feoup,y (2:36)

which corresponds to (2.5), adding F.o,p on right-hand side of the equation.

Therefore, the anisoelasticity and the nonproportional damping effects can be interpreted as
the inclusion of a new force at the input of the drive and sense modes, mechanically coupling
them. It is important to mention that, similar to the Coriolis forces, the coupling forces are
sometimes interpreted as exogenous disturbances [Sau08, EMK12], despite their dependence
on the internal signals (states). Let us now discuss the effects of the mechanical coupling on
the operation of the sensor. In this nonideal framework, if the drive-mode controller works
properly, it ensures the oscillation of x with the desired amplitude. In its turn, if the controller
of the sense mode ensures y(t) = 0, we have Feyp,x(t) = 0 (see (2.35)) and

F,(t) = —Fcory — Feoupy = (2mQ () + dyx) %(£) + kyxx(t) (2.37)

(see (2.36)). Now, by considering the actuation and instrumentation gains, we replace x(t) =
A;% sin (Wexct) /kout,x into (2.37) and with u,(t) = F,(t)/kiy,, we obtain

2mO () + dyx) Ahw kyx ALS
uy(t) = ( Z(]z sz) T 08 (Wexct) + T = kxm sin (wWexct) - (2.38)
out,xRin,y out,x"in,y
Then, with ii¢,,, (t) = —uy(t) (ideal closed-loop operation), we have
~ 2mQ (1) + dye) Al w kyx AL
tcory(t) = — ( = Iz Zx) A cos (Wexct) — kyx% sin (Wexct) - (2.39)
out,xin,y out,xMin,y

Therefore, after demodulating iic,,,, through the synchronous demodulation, we obtain

(2mQ% (£) + dyy ) Alhiexc

sif(t) = — Kok (2.40)
and y
kyx A
sof(t) = 2.41
Qf( ) kout,xkin,y ( )
We can then rewrite s;¢ as
sip(t) = sp(t) + sps(h), (2.42)
where s§f is proportional to () and s? f Is a constant value, that is,
S%f(t) = ksp : Qz(t) and S(I)f(t) = kZRO (2.43)
d Aref
with ks given in (2.26) and kzro = —w.
kout,xkin,y

Note that, although the synchronous demodulation allows distinguishing part of the coupling
force contributions present in iic,,y, the estimate sy is still perturbed by the nonproportional
damping dy, (term s? f(t) = kzro). This nonideality is one of the main contributors of what
is called a zero-rate output (ZRO) or bias. With the force-to-rebalance control, even under
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ideal operation, this term is always present. The good news is that, even if kzro may be
not perfectly known, if its value is constant during the sensor operation, an estimation
EZ RO = kzro can be obtained in a calibration step and compensated afterward. Therefore,
we can define a compensation function feomp as

a sie(t) — kzro

a , (2.44)
ksr

fcomP(SIf(t>)

such that ﬁz(t) = feomp(si¢(t)), and assuming Esp = kgr and EZRO = kzro, we obtain
Qz(t) = Qz(t).

Finally, it is worth mentioning that (2.41) can be useful to estimate the anisoelasticity term
kyx. In general, sor can also be divided by ksp, producing the so-called quadrature error (g,
also given in °/s, as in [RCRW09], for instance.

Synchronous Demodulation with a Phase Error

In Section 2.1.4, we considered that the synchronous demodulation uses the same phase w,xt
to demodulate the signal s,,. However, it is possible that there exists a difference §y between
the phase used by the synchronous demodulation and that of s,,, [SAHO07], i.e., for s,, given in
(2.21), the synchronous demodulation uses 2 cos (wexcf + 5¢) and —2sin (wexct + (54;) (instead
of 2cos (wWexct) and —2sin (wexct)) to obtain sy and sg. Let us evaluate the consequence of
this error on the angular rate estimation.

In this case, we have
s51(t) = 257(t) cos(Wexct) COS(Wexct 4 8p) — 250 () sin(wWexct) cos(Wexct + d¢)
s1(t) = s1(t) (cos(2wexct 4 6¢) + c0s(8y)) — so(t) (sin (2wexct + 6) — sin(Jp))
and
S2(t) = —251(t) cos(wWexct) sin(wWexct + 0p) + 250 (t) sin(Wexct) Sin(wWexct + dp)
s2(t) = —s1(t) (sin(2wexct + 6¢) +sin(dy)) — so(t) (cos(2wexct + 4) — cos(dy)) -
Thus, after filtering out the high-frequency terms, we obtain

[Slf(f)} — R(6,) [Sz(t)],

SQf(t) SQ(i’)

where R(Jy) is a rotating matrix given by

(6p) sin(dy)
R(éy) = [_CCS)ISH&P) sos(ﬁz)] '

Now, by considering 5 # 0 for the computation of s;r and Q, from licor,y (see (2.39)), we end
up with

(2mO (1) + dye) Alhwexe cos(dy) + ke AL,

sif(t) = — sin(dy). (2.45)

kout,xkin,y kout,xkin,y
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Again, sj¢ can be rewritten as in (2.42) and (2.43). However, the phase error modifies the
values of ksr and kzrp, as follows:

7 Aref
ksp = M B xmDexe cos(dg) (2.46)
kout,xkin,y
dyr A ky ALY
kzro = — 45 cos(8y) + " sin(dy). (2.47)
kout,xkin,y kout,xkin,y

Finally, we can conclude that, if there exists a phase error on the synchronous demodulation,
this error will produce a loss on the scale factor and an amplification on the bias. For this
reason, it is always desired to have dp = 0. Nevertheless, if this error is constant during the
gyroscope operation, the actual values of ksr and kzro can be determined through calibration
and compensated afterward with feoup.

Environmental Sensitivity

In general, MEMS devices are very sensitive to environmental variations, such as variations
of temperature, pressure or mechanical stress. These variations may produce an impact on
the quality of the measure.

Temperature plays an important role on the mechanical properties of the MEMS gyroscope,
modifying the resonance frequency and the quality factor of the resonators [XCWL09]. In
practice, the sensitivity of the resonance frequency to the temperature is so clear that this
property can be used to precisely measure the temperature of the chip [PTS13]. Similarly,
ambient pressure and external mechanical stress may also modify the mechanical properties
of MEMS resonators [XCWL09, TMF17].

Even if the variations of resonance frequency are not huge, because of the high quality factor,
small drifts of the resonance frequency may cause enormous loss of gain, as illustrated
in Example 2.1. This fact reinforces the need to maintain wey. as close as possible to wy y,
which, in practice, varies during the operation of the sensor. On the other hand, variations on
the quality factor are not so critical.

Please note that these nonidealities alter the mechanical properties of the MEMS gyroscope,
hence the model of the to-be-controlled system. If the controllers are robust against these
model variations, we shall not have problems related to the operation of the gyroscope itself.
Nevertheless, even under ideal operation, the estimate ﬁz is biased by the parameter dyx,
and this parameter may vary with temperature, pressure and/or mechanical stress. Then, it
may turn out that the bias compensation can be less effective under environmental variations,
degrading the quality of the measurement. Similarly, the scale factor compensation can also be
degraded by those variations. Therefore, it is important to adapt the compensation function
feomp With respect to the environmental changes. In general, one of the major contributors for
the variations of bias and scale factor is the temperature. Then, if the behavior of the bias and
scale factor as function of the temperature is known, by measuring the temperature, fcomp
can be adapted accordingly, see, e.g., [TWY17].

Parasitic Electrical Coupling

The wires linking the controller(s) to the MEMS gyroscope form distributed parasitic ca-
pacitances, creating alternative circuits for the electrical current. Then, part of the control
signal may be fed through the detection circuits. These parasitic capacitances also appear
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between the drive and the sense modes, electrically coupling them. This effect is known
as parasitic electrical coupling, capacitive feed-through or crosstalk and can be modeled by
a linear system E,,,, connecting the input voltage to the input of the charge amplifier, as
presented in Figure 2.14 (in solid lines) [AS05, CSL*19].

> Ecoup
l nl
4] F q +Y+ +Y+ n
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lemmmm e - »:Ecoup:'""_""_""'!

_____

FIGURE 2.14: Model of the parasitic electrical coupling and compensation.

Concerning the presence of an electrical coupling in a MEMS gyroscope, two main problems
can be listed.

(i) This disturbing signal may saturate the charge amplifiers [CSL™19].

(ii) The electrical coupling modifies the transfer between the input voltage and the measured
signal. Thus, the closed-loop system may have its performance quickly deteriorated or
even become unstable.

Therefore, it is essential to capture the behavior of E.y,, and compensate for its effects [LS09,
KAG™17]. In general, this compensation is made through the use of compensation capacitors,
which mimic the parasitic capacitances and provide an alternative path for the current,
minimizing the effect of this nonideality. For a better compensation, a digital filter can also
be used, as discussed in our paper [CSLT19].

Nonlinearities: Spring Hardening and Spring Softening

In a real MEMS gyroscope, there exist several sources of nonlinearities, affecting the dynamic
behavior of the system. However, most of them have in common the fact that, as consequence
of the nonlinearity, the resonance frequency will depend on the amplitude of the input or
output signal.

For some nonlinearities, the resonance frequency will increase when the signal amplitude
increases, as if the stiffness coefficient (k;;) had also increased. This is the case when the
amplitude of oscillations is such that the nonlinear hardening of the silicon springs starts to
appear. Hence, augmentation of the resonance frequency caused by a nonlinearity is usually
called the spring hardening [Youll]. On the other hand, nonlinearities provoking a reduction
of the resonance frequency are said to soften the structure, the so-called spring-softening
effect. This is typically the case of the nonlinearities linked to the electrostatic actuation and
detection [AOPB09]. In general, when considering these nonlinear effects, the behavior of
MEMS resonators (the drive and sense modes) can be described by the so-called Duffing
equation [Youll].

The spring-softening/hardening effects may be beneficial or not. In some specific cases,
this feature is used to modify the resonance frequency of the device, compensating for
changes due to temperature variations, for instance [AOPB09]. Nevertheless, in general, the
spring-softening /hardening effects are avoided.
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Concerning the estimation of the angular rate, the spring-softening /hardening effects can be
considered as modifications on the model, similar to what happens with the environmental
sensitivity.

For further details on the nonlinearities of MEMS devices, we refer the curious reader to the
works [ABLN16, EKT"11, BRLS07, Youl1], for instance.

Noises

As any physical device, MEMS gyroscopes are also contaminated by noises from different
origins or natures. We can cast as the principal sources of noise in MEMS gyroscopes the
mechanical-thermal and electronic noises.

Due to their tiny dimensions, the moving parts of MEMS devices are susceptible to colli-
sions with agitated molecules of a fluid (gas), provoking a random motion of these moving
parts [Gab93]. This behavior is modeled by a random force, the mechanical-thermal noise,
which appears at the input of the drive and sense modes. The power spectral density of
this force (in N2/Hz) is proportional to T;,;/Q; [Gab93, Sau08], where T;,,; is the absolute
temperature (in K) and Q; is the quality factor (Qr and Q, for the drive and sense modes,
respectively). This relation justifies the necessity to conceive MEMS resonators with high
quality factor to achieve a low-noise measure.

Similarly, electrical-thermal noises are generated in the components of the electronic circuits.
Moreover, in the case of digital control implementation, analog-to-digital and digital-to-
analog converters insert quantization errors, which are usually modeled as additive noise,
disturbing the signal of interest [KM13].

From a system point of view, all these noises can be modeled as a single noise on the
measures of the drive and sense modes. We call this noise the process noise and denote
it n = [ny, ny]. This definition coincides with the one presented in Section 2.1.3 (see (2.13)
and (2.17)). Moreover, we can define two linear systems, Ny and N, such that the PSD of n,
and n,, respectively S, and Sny, are given by

Sn (@) = IN:(j) S, (@) and Sy (@) = [Ny (j)[* S, (@), (248)

Y

where S, and S, correspond to the PSD of unit-variance zero-mean white-noise signals ey
and ey.

As consequence of the presence of noise in the closed-loop system, the output of the syn-
chronous demodulator is also disturbed by an additive noise [KM13]. Therefore, by taking
into consideration the effects of the noise and of the others nonidealities, we can rewrite the
output of the synchronous demodulator (2.42) as

sip(t) = spe(t) + 57, (t) + (1), (2.49)

where the term 57, encapsulates the contribution of the different sources of noise.

Overall Model of a Nonideal MEMS Gyroscope

Having discussed the effects of the main nonidealities, we can now establish the overall
model of a nonideal MEMS gyroscope.

The anisoelasticity and nonproportional damping produce a mechanical coupling between
drive and sense modes. Then, the mechanical part of the MEMS gyroscope is a multivariable
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system with two inputs and two outputs. In addition, the mechanical parameters of the gyro-
scope depend on the operating conditions, such as its temperature, pressure and mechanical
stress. Therefore, the mechanical part of the gyroscope with actuation and instrumentation
can be modeled by a linear parameter-varying (LPV) system G%?, whose parameters depend
on 6 and p. The vector 8 € IR represents the known variables, while the vector p € IR"
represents the unknown ones. That is, 6 encapsulates the variables that can be measured in
real time, as the internal temperature T;,,;, for instance; and p englobes the variable that are
not measured in real time, e.g., the mechanical stress and pressure. In general, those variables
vary slowly, such that we can consider that, for each operating condition (8, o), G%* is a linear
time-invariant (LTT) or a frozen LPV system.

Similarly, the Coriolis force, which depends on the angular rate, also couples the drive and
sense modes (see (2.34)). The dependence on (), can be represented by a feedback loop (more
details on this derivation are given in Appendix A.2), as illustrated in Figure 2.15a (see the
mechanical part in the figure), where the matrix Cc,, ();) is given by

0

U
Ceor (Q) = 2mQ). [ o e W] . (2.50)

kin,ykout,x

We denote G¥©= the whole mechanical model (with actuation and instrumetation), indicat-
ing the dependence on the parameters 6 and p as well as on the angular rate ().

Besides the mechanical part of the gyroscope, the parasitic electrical coupling also has
to be considered. In general, the electrical coupling is compensated. However, the com-
pensation is not perfect and a residual coupling AE,,, may exist. Therefore, the overall
multivariable model of a nonideal MEMS gyroscope can be represented by the scheme of Fig-
ure 2.15a, where we recall that u = col (i, uy), ticor = €Ol (Ucor,x, Ucory), Gm = Ol (X, Ym),
qn = col (xn, yn), n = col (ny, ny) and e = col (ey, €y). The measurement noise model is
represented by N = diag (N., Ny).

In general, the Coriolis force is considered to be exogenous and the dependence of the me-
chanical model on (), is neglected. This simplification if often required to analyze the whole
system in a tractable way. Moreover, the uncertainties related to the unknown parameters p
and possible modeling errors of the mechanical part and electrical coupling can be encapsu-
lated with AE,, defining an uncertain system AE. The overall model of the system is then
simplified into the system presented in Figure 2.15b.

f oo e e
Mechanical part: G%

—e—>()—» Y
+ G +T+
AE

(A) Coriolis force as endogenous signal. (B) Coriolis force as exogenous signal.
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FIGURE 2.15: Overall model of a nonideal MEMS gyroscope.

The uncertain system AE can be defined through System Identification techniques [Lju98,
BSG104, Col20]. Qualitatively, since the signal-to-noise ratio (SNR) is better around the
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resonance frequencies, the uncertainties are small in this frequency range and very important
for low and high frequencies [Col20, AC21].

In the sequel, we present a multivariable model of a MEMS gyroscope, coupling the drive
and sense modes of the examples 2.1 and 2.2.

Example 2.3 (Multiple-input multiple-output (MIMO) model). In this example, we consider the
drive and sense modes of the examples 2.1 and 2.2, adding anisoelasticity terms (ky, = k) such that
the quadrature error is of Qg = 30°s~'. The nonproportional damping terms (dx, and dy.), usually
negligible, are set to 0.

Two cases are studied here. First, we consider (), = 0. Then, we consider different values of
Q. € [—300, 300]°/s, evaluating the changes on the system behavior for different angular rates. In
both cases, we consider the nominal system (with no uncertainties).

The magnitude frequency response of this model is presented in Figure 2.16 and Figure 2.17 (zoom).
First, we note that the diagonal transfers correspond to the drive and sense modes of the previous
examples. However, the mechanical coupling introduces off-diagonal transfers, which present two
resonant peaks: at w x and at wo . It is important to note that these cross-coupling transfers globally
present magnitude smaller that the diagonal ones.

Concerning the variations of Q) on the system, increasing |Q),| mainly changes the gains of the
cross-coupling terms around the resonance frequencies and in high frequencies. For this example,
variations on the diagonal terms are negligible.
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FIGURE 2.16: Bode diagram of the MEMS gyroscope for different values of ().



2.1. A Background on MEMS Gyroscopes 35

) 0 0
)
[+F]
el
£  —50f —50
=
o0
[
= _100f ~100
11.45 115 11.55 11.6 11.45 115 11.55 11.6
x10% x103
507 507
)
)
'%) or 0 ;//\
B
g
¥ —50[ 501 —Q, #0
= — 0. =0
—100 : : - —100 . . j
11.45 115 11.55 11.6 11.45 115 11.55 116
Frequency (Hz) x103 Frequency (Hz) x 103

FIGURE 2.17: Bode diagram of the MEMS gyroscope for different values of ().
Zoom around wp y.

Model of the Angular Rate Estimate for a Nonideal MEMS Gyroscope

Recall that the scale factor and the bias depend on the parameters of the MEMS gyroscope.
Now, if these parameters depend on 6 and p, the scale factor and bias will also depend on 6
and p. We denote them respectively kg’g and kez’lp{O. Therefore, the estimate (), is computed
through the 0-dependent compensation function ffomp, which is defined as

~

t) — ko
£ (51 (1)) W .51
SF

1>

with E‘;F and E%RO being respectively the estimates of kg’le and k%ﬁo. It is important to
highlight the k%, and k%, can depend only on the known parameters 6 (o represents the
unknown parameters).

Let us now rewrite (2.49) as
0, 0,
sip(t) = kgp O (1) + ko + 875 (8). (2.52)

Therefore, we can compute 0. through the compensation function ffomp of (2.51), obtaining

_ KPP () + Kooy + 87 (F) — Koo

QO.(t) = =F Z’%‘Z If ZR (2.53)
SF

~ str(t)

Q.(t) = (1 + e@';’) O.(t) + €50 o+ %fT (2.54)

SF
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9, . .
where ¢ Fp defines the relative error on the scale factor

6o 70
89 0 _ kSF - kSF

SE = T 7 ’ (2.55)
Ksr
and s%%o defines the residual bias, which is given by
0, kg?zo keZRO
€0 = T (2.56)

Hence, the whole MEMS gyroscope can be represented by an operator With input (), and
output ﬁz, as depicted in the scheme of Figure 2.18. Here, Hgym =1+ ESF and O/ (t) =

ek + 57 (1) /KE (see (2.54)).

Q7

Qz ~0,0 +Y+ ﬁz
’ Hg’yro

FIGURE 2.18: Model of the angular rate estimate Q..

2.1.6 Global Performance Indicators of MEMS Gyroscopes

In the previous section, the main nonidealities of MEMS gyroscopes are introduced and
their effects on the final estimation of the angular rate are discussed. We show that, due
to the presence of these nonidealities, the output of the synchronous demodulator is given
by (2.52) or, after applying ffomp, the angular rate estimate can be given by (2.54). Obviously,

if sesg = 892%0 =0, (2.54) can be rewritten as

(2.57)

In this case, the only difference between Q. and Q, is due to the noise (s” )- Nevertheless,

there might exist nonnull error on the scale factor and on the bias (z e., & SF 7é 0and €’ 7 RO £ 0).
Indeed, because of the uncertainties on the parameters defining kSP and kZ ro- the values of
k% and kY . are often determined through calibration and can only depend on 6. Therefore,

the behavior of e%’g and “3%{0 through all the operating conditions determines how accurate
the MEMS gyroscope is and define its global performance indicators, which we discuss in
the sequel.

Scale Factor Performance Indicators
The scale factor is defined by standard as

“The ratio of a change in output to a change in the input intended to be measured.
Scale factor is generally evaluated as the slope of the straight line that can be fitted
by the method of least squares to input-output data.” [IEE19]
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In general, the output of the synchronous demodulator is considered to be the gyroscope
output, that is, the signal s¢. Then, considering s;¢(t) = kz’lf Q. (t) (see (2.52) with s?f(t) =0

and k%zo = 0) as the output signal for a given input (), the constant kg’ﬁ determines that
slope, defining the scale factor.

The main scale factor error specifications include.

* Scale Factor Nonlinearity (SFNL): the systematic deviation from the straight line that
defines the nominal input-output relationship [IEE19]. It is usually given in ppm of
the full scale (FS). The SENL indicates how far from (), the estimate Q. can be. This
indicator is often evaluated at a given operating condition and for Q, € [-Qf®, Qf],
where Qf® is the full scale or dynamic range of the sensor. Therefore, we adopt the
definition R

, 0. -0,
SENL = QZE[%?S(, o] ars . (2.58)

* Scale Factor Over Temperature (SFOT): indicates the scale-factor temperature sensitivity,
that is, the change in the scale factor resulting from a temperature change [IEE19]. The
SFOT represents the variation of the scale factor kg’}” over the whole temperature range
of operation Tyt € [Tintmin, Tintmax), With respect to the scale factor at the nominal
room temperature, T;,; o. Thus, we adopt the definition

e - e
SFOT £ max 1. (2.59)

T.
Tint S [Tint,minr Tint,max] ksllgt’o

Bias Error

If the gyroscope is at rest, i.e., (2, = 0, its output should remain null. However, due to the
process noises, fabrication imperfections, numerical errors, aging and environmental changes
(mainly linked to the temperature), the sensor produces a non-null output. The average of
this measure over time is the bias or zero-rate output (ZRO). For further details, refer to
[SASH06, SAHO07], for instance.

The bias or ZRO is often compensated after calibration [TMF17]. Nevertheless, the problem
is its sensitivity with respect to environmental variations and its stability over time. We
consider the indicators below.

* Bias Instability (BI): in this context, the stability is defined as “a measure of the ability of
a specific mechanism or performance coefficient to remain invariant when continuously
exposed to a fixed operating condition” [IEE19]. Obviously, if the sources of this
instability can be measured and the relationship with the ZRO is known, compensation
can be considered. However, if the sources are unknown or cannot be measured, they
cannot be compensated and define the bias instability (BI). Due to its random (rather
unknown) nature, this important performance parameter is related to the noise term
(1), being presented with the noise indicators in the sequel.

* Bias Over Temperature (BOT): indicates the bias temperature sensitivity, i.e., the change
in the bias resulting from a temperature change [IEE19]. Similar to the SFOT, the BOT
represents the variation of the residual bias e??{o over the whole temperature range
of operation Tyt € [Tintmin, Tint,max], with respect to the bias at the nominal room
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temperature, T;,; 0. Hence, we adopt the definition

A Tint _ Tint/O
BOT = max (‘SZRO €70

Tint S [Tin[,min/ Tint,max]

) . (2.60)

Noise Performance Indicators: RMS Noise and Allan Variance

Giving sequence to the previous discussion, even when no angular rate is applied and the
ZRO is compensated, the gyroscope produces a random signal at its output. This erratic
output, after integration, may produce significant positioning/navigation error. Then, to
characterize the performance of a MEMS gyroscope with respect to the different noises, some
performance indicators are usually evaluated [IEE19], as follows.

* RMS noise: the power of the noise measured in the frequency range of interest.

* Angle random walk (ARW): the angular error buildup with time that is due to white noise
in angular rate and is typically expressed4 in°/vh.

* Bias instability (BI): the random variation in bias as computed over specified finite
sample time and averaging time intervals. This nonstationary (evolutionary) process is
characterized by a 1/ f power spectral density. Typically expressed in °h~!.

While the interpretation of the RMS noise is straightforward, the interpretation of the other
specifications is not. These last two parameters result from the Allan variance of the measured
noise, which is a popular tool used to characterize the noise of inertial sensors [Frel5]. The
Allan variance of the MEMS gyroscope is computed through the following steps [IEEOQ6,
Frel5].

(i) The signal Q. (see (2.54)) is measured with the gyroscope at rest (i.e., ();(t) = 0) and
sampled with a sampling period 7.

(ii) A moving average filter of order m € IN is applied to the sampled signal. The order of
the moving average filter defines the number of samples or the time 74 = mT) of the
sample window.

(iii) The variance of the averaged signal for a given T4 is the Allan variance of O, for an
average of length 74, denoted ¢ (74).

(iv) Steps (ii) and (iii) are repeated for different T4 (or m).

(v) The Allan deviation 04 (T4) is then computed and plotted, producing a curve similar to
the one presented in Figure 2.19.

This plot is interpreted as the standard deviation (of variance) of the noise after applying a
moving average of length 74 on (AZZ. The minimum value of 04 (74) defines the BI, which
gives an idea on the minimal noise contribution on the measure. For the example of the figure,
the standard deviation of the averaged noise samples can be as low as 0.8 >h~!. To achieve
this value, a moving average of length of about 200 h has to be used. The ARW is defined as
the value of a straight line for T4 = 1h. This line corresponds to the line that best fits 04 (74)
with slope equal to —0.5 in a log-log scale [Fre15]. In this example, ARW ~ 9°/+/h.

4In general, the measures of a MEMS gyroscopes are expressed in °s~!, but they can also be expressed in
°h~1, being 1°s~! = 3600°h 1.
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FIGURE 2.19: Example of Allan deviation plot (adapted from [Tro19]).

Dynamic Performance Indicator: the Bandwidth

The previous indicators determine how accurate are the measures of a gyroscope for a con-
stant (),. However, it is also important to characterize the behavior of the sensor to measure
time-varying angular rates. The MEMS gyroscope can be seen as a dynamic operator whose
input is the angular rate ), and that produces the measure (), at its output (see Section 3.2.1
for further details). The frequency range in which the attenuation is smaller than 3dB is
defined as its bandwidth [IEE04].

2.2 Control Architectures in the Literature

In the previous section, a background on the MEMS gyroscopes was presented. At that
point, it was shown how essential are the control loops for the operation of high-performace
MEMS gyroscopes. However, no details on the control strategies were discussed. This section
aims at reviewing the control architectures most used in the literature, theirs strengths and
weaknesses.

In general, the drive and sense modes are considered to be independent single-input single-
output (SISO) systems, and most of the control architectures have been developed under
this assumption. Therefore, we start by reviewing the classical control architectures adopted
to operate the drive and sense modes in closed loop in Section 2.2.1 and in Section 2.2.2,
respectively. Then, in Section 2.2.3, we discuss the limitations of the “independence assump-
tion” and present some recent works that consider a multiple-input multiple-output (MIMO)
framework, integrating in a single controller the operation of the drive and sense modes.

2.2.1 Drive-Mode Control Architectures

The drive mode principal objective is to keep the proof mass oscillating so that in the presence
of an angular rate, part of the oscillating energy is transferred to the sense mode through the
Coriolis force. Because of the strong relationship between the Coriolis force and x (or ), it is
essential to control the amplitude of x, Ay, or of its velocity. Furthermore, if one can provoke
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oscillations exactly at the resonance frequency, the power needed to keep the proof mass
oscillating with a reasonable amplitude is minimal, and, most importantly, the signal-to-noise
ratio (SNR) of the measure is maximized.

Note, however, that the resonance frequency of the drive mode can shift (due to temperature
changes, for instance). Besides the issues related to the fluctuations of temperature, the
performance of the gyroscope can be immensely degraded due to coupling effects, environ-
mental variations, or aging. Therefore, the problem of the drive-mode control can be stated
as follows.

Problem 2.1 (Drive-mode control problem). To design a control system capable of producing and
sustaining the proof mass oscillations with controlled amplitude and a frequency close to the resonance
one, despite the disturbances and model changes.

Thus, two main control objectives are pursued: regulate the amplitude of the oscillations,
and track the resonance frequency. In the literature, different strategies are proposed to cope
with this problem. We present the most common approaches in the sequel; their advantages
and drawbacks are also discussed.

Automatic Gain Control (AGC) with Phase-Locked Loop (PLL)

Historically, to achieve the two control objectives above, two independent control loops are
employed. One loop is conceived to control the oscillations amplitude: the automatic gain
control (AGC) loop. The second one is based on the celebrated phase-locked loop (PLL)
circuits, which allows to track the drive-mode resonance frequency by controlling the phase
shift between the input and output signals. This strategy is motivated by the frequency
response of a second-order resonator, as follows.

Let us consider the model of the drive mode, Gy. If we apply at the input a sinusoidal signal
of amplitude Uy, i.e.,
ux(t) = U, sin ((Uexct) ;

in steady-state, the output of the system is given by
Xm(t) = AX,m sin (wexct + q)x,m) ’

where A, ,, is the amplitude or envelope of x,,, and ¢, , is its phase shift with respect to the
phase w,yct (phase of the input signal). They are respectively given by

Ax,m = |Gx (].wexc)‘ U, and Gxm = arg (Gx (jwexc)) .

Note that the amplitude of the input signal (Uy) has influence only on the amplitude of the
output signal (Ay ), while the excitation frequency wey, alters both A, ,, and ¢y ,,. Even so,
the excitation frequency is used to regulate ¢, ,, and the input amplitude regulates the output
one. Then, two (independent) control loops are designed to regulate the amplitude and phase
shift of x,,.

For the amplitude control loop, the idea is to design a controller K, that, based on A, and

a given reference amplitude A;%, computes the amplitude U, such that A, ,, = Agffn, see, for

instance, [AH10, Sau08]. Note that the amplitudes (A;%, Ay m and Uy) are constant signals
when Gy is in (sinusoidal) steady-state. Hence, PI controllers are typically employed for this
task.
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For the phase loop, remember that the phase shift of G, is equal to —90° or —7t/2 rad when
it operates at its resonance frequency, that is, arg (G (jwexc)) = —7/2 rad (see Example 2.1).
Moreover, this is the only case where a phase shift of —7/2 rad can be obtained. Thus,
the idea here is to design a controller K, that, based on the measures of ¢, ;, computes
Ow and Weye = O + w?xc such that ¢, = —7t/2 rad [KCV08, Sau08, RCRW09]. Note that,
similar to the amplitude loop, when Gy is in steady-state, the input and output signals of the
controller (respectively, —71/2 — ¢y,» and weyc) are also constant signals, justifying the use of
a PI controller to close the phase loop.

Finally, the ideal synchronous demodulation (SD) can be employed to feedback the ampli-
tude and phase shift of x,,, as presented in Section 2.1.4. The whole scheme of the control
architecture with AGC and PLL is then presented in Figure 2.20.

Aref i Ax,m
: — u U, X >
%O > Kamp il =E|—Y> Gy m= SD Ox,m
ngc A
—7/2 ) l w,
/2 + T Kph w ‘:_: exc f (Pexc= sin( )

FIGURE 2.20: AGC+PLL architecture for the drive-mode operation.

This control strategy is very popular among the commercialized MEMS gyroscopes [Zur15],
and even used as reference in the IEEE standard [IEE04]. Its success can be due to the
simplicity behind its working principles and to the simplicity of the controllers (PI-like
controller), providing an interesting solution for the drive-mode control problem. Moreover,
as mentioned earlier, although the drive mode operates around its resonance frequency, the
controller works with low-frequency signals (constant in steady-state). This fact may be very
useful in the case of digital implementation of the controllers, for instance. In a certain extent,
the modulation (product at the input of G;) and the synchronous demodulation bring the
dynamics of the plant from high-frequency range (w ~ wy ) to low-frequency range (w ~ 0).
Then, if the modulation and demodulation processes (high-frequency) are implemented in
hardware, the controllers can be implemented in a processor and operate with a sampling
frequency that can be less than wy . A deeper discussion on this topic is drawn in Chapter 6.

In addition to these interesting features, the architecture AGC+PLL presents several nonlin-
earities in the loops, making the to-be-controlled plants nonlinear. To design the controllers,
the models are usually linearized around a particular operating point [EMK12]. The lineariza-
tion does not allow to model the couplings between amplitude and phase. Hence, no formal
guarantees of performance or stability are given a priori.

Nonlinear Automatic Gain Control (AGC) Architecture

A popular alternative to the AGC+PLL control architecture is the nonlinear AGC loop,
which is presented in [MVGO01]. Similar to the AGC+PLL architecture, the nonlinear AGC
architecture presents two loops: one for regulating the amplitude of the oscillations and
another for tracking the resonance frequency through the phase shift introduced by the drive
mode. We call this strategy nonlinear AGC because the oscillations are not induced by a
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PLL (as in the previous case), but by using a nonlinear control law (u,(f) = U () - X, ()), as
depicted in Figure 2.21, simplifying the phase loop. A synchronous demodulation (SD) is
used to compute the amplitude of x,;, Ay, and the amplitude controller K, computes the

signal U, such that A, ,, tracks the reference AZ%

ref .
Av,m + Uy Uy Xm d Xm

4>O—> Kamp —V Gx

IAW
SD |«

FIGURE 2.21: Nonlinear AGC architecture for the drive-mode operation.
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Y

The understanding of its principles is rather intuitive. Let us consider the differential equa-
tions of Gy (from (2.15))

" wWo,x |,
Xm () + Qo,x X (1) + Wi xm (1) = ko] c1ix (). (2.61)
X
Then, with the nonlinear control law 1, (t) = U(t) - %, (f), we obtain
" 1 ,
Xm(t) + <Q - kolxwolxllx(t)) wo,xkm(£) + w§ wxm (t) = 0. (2.62)
X
2€Ff

At this point, we can define the effective damping factor ¢, as

1 ko, xwo,xUx (1)
Cef - - .

20y 2
The central idea of this architecture is to manipulate the effective damping factor ¢, such
that the oscillations resulting from a nonnull initial condition converge to a sinusoidal
signal with a desired amplitude [MVGO1]. The amplitude controller K, computes the

signal Uy so that ¢, > 0 when A, > A;e,{;, dampening the system and reducing the

amplitude of the oscillations. On the other hand, when A, ,, < AZ%, the controller computes

a signal U, such that {,; < 0, what makes the system (transitorily) unstable, increasing the
amplitude of the oscillations. To sustain oscillations with constant amplitude, the effective
damping must by set to 0 by Uy. This conditions is known in the literature as Barkhausen’s
condition [OAL"05]. In this case, the frequency of the oscillations, wey., tracks the resonance
frequency wox.

The above description justifies the use of x,, rather than x,, to control the system. Moreover,
recall that the Coriolis force is proportional to (), only if the product w,y.Ay is constant
(see Section 2.1.2). This product corresponds to the amplitude of the signal x. Therefore,
controlling x,, rather than x,, allows maintaining the Coriolis force always proportional to ),
despite the variations of w,x.. Nevertheless, an important issue arises. In general, there are
some noises on x,,, which are amplified by the time-derivative, specially in high frequencies,
and injected in the loop. Therefore, instead of using x,,, a phase shifter (all-pass filter) is used
to introduce the required phase shift, as in [AH10, CYC*14], and illustrated in Figure 2.22.
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FIGURE 2.22: Nonlinear AGC architecture with a phase shifter.

The nonlinear AGC architecture is considered by numerous authors, such as in [MVGO01,
CMTBO05, OAL"05, SSLT08, CCD"09, PSL*12]. In addition to provide a relatively simple
structure, this approach ensures at the same time the amplitude control and the resonance
frequency tracking. However, the nonlinearities present in the loop make it difficult to
rigorously analyze the performance of the closed-loop system. The general approach consists
in using averaging methods and linearization to analyze the equilibrium points and their
stability (see [MVGO01] and [CCD™09], for instance). Moreover, the resonance-frequency
tracking is demonstrated only through experiments or simulations.

Direct Control Architecture

It has to be stressed that in the previous approaches, the controller does not work directly
with x,, (nor x,,). The controllers from the previous strategies operate based on the amplitude
and phase of x,,. Moreover, these controllers do not compute the signal that is applied
to the drive mode; they compute its amplitude and phase (or frequency). As discussed
above, these approaches present interesting features for the operation of the drive mode;
however, from the Control Theory perspective, it is not usual to introduce nonlinear functions
(such as the synchronous demodulation) in the control loop. The major issue is that the
inclusion of these nonlinearities makes harder to formally ensure stability or performance of
the closed-loop system, even if the to-be-controlled plant G, is linear. Thus, some authors
have been proposing the use of classical control architecture for the drive-mode operation,
e.g., [SHS799, DA09, PHHNO7, PK14]. We call this approach direct control since there are
no modulation elements between the controller and the plant. Figure 2.23 illustrates this

control architecture, in which the controller K, based on x,, and xzf , computes u, such that
X tracks x) . The signal ¢ is of the form
ref _oaref .
X (1) = Ay SN (Wexct) . (2.63)
ref
X u X
m Kx X > Gx m

FIGURE 2.23: Direct control architecture for the drive-mode operation.

Since this architecture corresponds to the classical feedback loop, different control design
methods can be considered, providing some formal guarantees, under the assumption that
there are no interactions between the drive and sense modes. For instance, adaptive control
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is applied in [SHST99, PHHNO7], model predictive control is used by [PK14], sliding mode
control is employed in [BSK06] and active disturbance rejection control (ADRC) is the choice
of [DA09].

The drawback of this approach is that the controller works with signals with a frequency
content at least equal to w,yx.. Hence, in the case of digital implementation, the sampling
frequency has to be sufficiently high to ensure a proper operation. Moreover, except for the
ADRC solution, the effectiveness of the different control strategies is demonstrated only by
simulation. This fact may indicate some difficulties for the implementation in a real MEMS
gyroscope. The main drawback of the ADRC solution is that the controller is based on an
observer that must have a bandwidth much higher than the resonance frequency of the drive
mode. Hence, this solution may be suitable only for gyroscopes whose resonance frequencies
are small.

Finally, we also have to mention that the operating frequency w,x. is set by the reference
signal (see (2.63)), which is supposed to be close to the resonance frequency of Gy, wox.
Nevertheless, if wg » changes during the sensor operation, an external loop would be required
to make wey, track wy, automatically.

2.2.2 Sense-Mode Control Architectures

The sense mode can be considered as the main element of a MEMS gyroscope; it is where the
Coriolis force will mainly act on. To operate the sense mode in closed loop, we can state the
control problem as follows.

Problem 2.2 (Sense-mode control problem). To design a control system capable of estimating the
Coriolis force acting on the sense mode, despite the parasitic coupling forces, the variations of the
environment or the device parameters.

To tackle this problem in a closed-loop operation, the force-to-rebalance control strategy
is considered, and the following control objective is defined: keep y(t) = 0 by applying a
force F, that counteracts Fc,,y. As discussed in Section 2.1.2, Fy (or, equivalently, u,) can
then be used as the estimate of the Coriolis force in an ideal gyroscope. This estimate is
demodulated and allows computing the angular rate. From the Control Theory point of
view, this problem can be interpreted as a classical disturbance rejection problem. For the
case of a nonideal gyroscope, the same strategy is considered. However, we have to keep in

mind that, in this case, the estimate of the Coriolis force is perturbed by the coupling forces,

Feoup,y (o1, equivalently, ucoup,y(t) = F“‘#;yy(t), see (2.19)). The synchronous demodulation and

calibration/compensation are therefore needed to distinguish between those components
(see Section 2.1.5) and to fully solve the problem.

Similar to the drive-mode control, different architectures are found in the literature for the
force-to-rebalance control of the sense mode. In the sequel, we present the most important
ones.

Envelope-Based Control Architecture (I/Q)

The first approach we consider is the envelope-based control architecture. Similar to the
AGC+PLL architecture, two independent control loops are employed to achieve the control
objective. In this case, to keep y(t) = yu(t) = 0, the idea is to null the in-phase and
quadrature terms of the sense-mode displacement y, i.e., its complex envelope. This concept



2.2. Control Architectures in the Literature 45

became popular with the work presented by Lynch in 1998, which is reproduced in [IEE04,
Annex B].

To understand the idea behind the use of these two loops, let us consider that the drive and
sense modes have the same resonance frequency, i.e., wox = wp,y, and that the gyroscope
operates at sinusoidal steady state with frequency wey, = wo . In this case, all the signals
of the system are harmonic and can be decomposed into in-phase and quadrature terms
(see Section 2.1.4). Then, the input u,, and the output y,, can be respectively written as

wy(t) = 1,1 COS (Wexct) — y,0 SIN (Wexct) (2.64)

Ym(t) = Ym,1 €08 (Wexct) — Y, SIN (Wexct) . (2.65)

Recall that at w = wpx = wyp,, the phase shift added by the sense mode is equal to —90°. Thus,
the in-phase term of u,, u,, ;, produces oscillations at the output, which are in quadrature
with cos (Wexct). Similarly, the in-quadrature term of uy, u, g, produces oscillations in phase
with cos (wexct). This means that the term y,, o only depends on u,,1, as well as y,, 1 only
depends on u,, g. Therefore, to achieve the original purpose (maintain y,,(t) = 0), a controller
K, g is designed to compensate for the quadrature forces by keeping v,,1(t) = 0, and a
controller K, ; is designed to compensate for the in-phase forces by ensuring y,, o(t) =
0 [LRO2, Zur15]. The whole scheme of this control architecture is presented in Figure 2.24. In
the case where wy» # wo,, the phase shift added by the sense mode at w = wy x is equal to
—90° + 8¢, with 6¢, # 0. The additional phase shift 6¢, is introduced on the synchronous
demodulator such that the same reasoning holds when wq » # wo,y [Zur15].

cos (wo xt UCor,y + Ucoup,y
l l Ym,Q
0 - >

”J + Ym
_>C>_> Ky,l Gy > SD Ym,1

+ .

0 + T

—0— Ky,Q .—I wot + ¢y
T —sin wOXt T

FIGURE 2.24: Envelope-based architecture for the sense-mode operation.

In this control architecture, if y,,(t) = 0 and x,,(t) = A:f{; sin (wexct), we also obtain (2.38),
which is recalled below:

2mO, () + dyy ) ALY kyx ALY
(m ()+ yx) x,mWexc cos (wexct)+ yxxm

”y(t) =

sin (Wexct) -

kout,ka,y kout,xkin,y

Then, comparing this expression to that of (2.64), we obtain

(ZmQ (t )+dyx) xrfnwexc
kout,ka,y

re
kyxAx,a
kout,xkin,y

My,[(t) = and uy,Q(t) = —

Therefore, u,,; corresponds to —sjr in (2.40) and can be directly used to compute Q, as
O, (t) = feomp (—1ty,1(t)). Similarly, u, o corresponds to —sq in (2.41).
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This control strategy is also popular [LR02, CGZ"11, EMK12, HZH 15, Zur15]. Similar to
the AGC+PLL architecture, the simplicity of the controllers (PI-like controller) is an attractive
feature provided by this control architecture, offering a simple solution for the sense-mode
control problem. Moreover, the controllers also work with low-frequency signals.

On the other side, this architecture also presents several nonlinearities in the loops, making
the to-be-controlled plant nonlinear. Then, to design the controllers, the models are often
linearized around a particular operating point, and no formal guarantees of performance can
be given. Moreover, the in-phase and quadrature loops are considered to be uncoupled. This
case is found only under certain specific conditions, such as when the system is in steady
state and wo,x = wo .

Direct Control Architecture

An alternative architecture to operate the sense mode is the classical feedback loop, which we
also call direct control architecture and present in Figure 2.25. In this case, based on y,,, the
controller K;, computes the signal u, that compensates for the disturbances ¢, and tcoup,y
such that v, () = 0.

—UCory lucor,y + Ucoup,y

+ Ym
O— Gy

+
—K, >

t

FIGURE 2.25: Direct control architecture for the sense-mode operation.

Uy

With this architecture, different control design methods can be considered. For instance,
classical design methods are used in [PPK*04, SKL08] to obtain lead-lag compensator and
PID-like controllers. More advanced design methods are also found in literature. We can cite
some examples, such as the adaptive control used in [PHO03] or the Ho synthesis employed
in [SLSK04, HLZ " 15], obtaining controllers such that guarantees on the closed-loop system
stability and performance can be given, under the assumption that there are no interactions
between drive and sense modes.

EM-XA Architecture

Last but not least, we present the electro-mechanical XA (EM-XA) architecture. This archi-
tecture is inspired by the classical XA modulators [PB05, RRW08], which are widely used in
analog-to-digital converters (ADC) and whose block diagram is illustrated in Figure 2.26.
This circuit converts an analog signal at the input, IN, into a digital signal at the output,
OUT. The output signal is coded into a single bit through the 1-bit quantizer, and the filter
Fsa has three purposes:

(i) minimize the effects of the quantization error on OUT, at least in the frequency range of
the signal IN;

(ii) ensure that OUT =~ IN, at least in the frequency range of interest;
(iif) ensure the stability of the closed-loop system.

In the EM-XA architecture, which is presented in Figure 2.27, the filter Fy is replaced by a
mechanical element - the sense mode — and an electronic filter or controller K;,. Therefore, the
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FIGURE 2.26: Classical XA modulator.
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input signal is replaced by ucyr,y + tcoup,y- Then, if the controller works properly, the output
signal u, corresponds to the input one, at least in the frequency range of interest. For the case
of a MEMS gyroscope, this interval comprises the frequencies around wy .

UcCory t+ Ucoupy G, Ym K, —| %
——0- -

4

Y

FIGURE 2.27: EM-XA architecture for the sense-mode control.

Note that this control architecture is very similar to the direct control one. The only difference
between these two approaches is that, in the EM-XA architecture, there exists a relay between
the controller and the sense mode. This architecture is widely employed, see e.g., [PBO5,
ESAES09, RCRW09, EEET11, CYC'14, CLK16]. The use of a relay (1-bit quantizer) in the
loop brings some interesting advantages over the other architectures, as follows.

(i) The use of a bi-level actuation eliminates the problem with the nonlinear relationship
between voltage and force, which is inherent to the electrostatic actuators.

(ii) In the case of digital implementation of the controller, there is no need to use high-
resolution digital-to-analog converter (DAC), reducing the costs of the system.

(iif) The digital signal at the output is easily used by the signal processing stages (demodu-
lation and compensation).

One of the main drawbacks of the EM-XA architecture is the presence of the relay in the loop.
This relay is a strong nonlinearity. Hence, performance guarantees cannot be given [RRW08].

Another important drawback concerns the availability of design methods. In general, the
control design methods of the EM-XA architecture are adapted from the electronic filter
design of the classical ZA modulators [PB05, RRWO08]. The issue is that they are not fully
suited for the particular problems of the EM-XA architecture.

2.2.3 Multivariable Control Architectures

So far, we have supposed that the operation of the drive and sense modes are independent,
that is, the behavior of the drive-mode closed loop does not interfere on the behavior of the
sense mode and vice-versa. Assuming that the drive and sense modes are two uncoupled
SISO systems and that the Coriolis and coupling force are exogenous disturbance is con-
venient to understand the operation of MEMS gyroscope and to design simple controllers.
However, this assumption does not hold in reality. Indeed, these forces couple the oscillating
modes and, instead of a two-independent-SISO system, MEMS gyroscopes are MIMO sys-
tems. Therefore, to properly take into account the different interactions between the drive
and sense modes, multivariable control techniques have to be used for the control design.
Thus, we can define the following problem.
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Problem 2.3 (Multivariable control problem). To design a multivariable control system the solves,
at the same time, Problem 2.1 and Problem 2.2.

In the literature, works on the multivariable control of MEMS gyroscopes are rare. We
can mention the works [PHO04, YF13], tackling the problem through adaptive control; the
work [PK14], where model predictive control is employed; and [DZGO08], which proposes a
solution based on the ADRC. These approaches have a common point: all of them use a direct
control architecture. That is, based on the measures x,, and y,,, and on the reference signals

:;f and y:,sf , the (single) controller K computes the signals u, and u,, such that x,, = x,:ff and

re

Ym = ymf . This description is depicted in Figure 2.28.
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FIGURE 2.28: Multivariable direct control architecture for the gyroscope opera-
tion.

The works [PK14] and [DZGO08] adopt a conventional closed-loop operation of the gyroscope,
that s, x}/ is a sinusoidal signal and y:ﬁf is set to 0; the signal u, is then used to compute Q..

f

signal with a frequency different of that of ¢ This strategy allows directly estimating the
parameter ().

On the other hand, [PH04] proposes a mode of operation, in which y,,’ is also a sinusoidal

The biggest advantage of the MIMO approach is that the multivariable nature of the MEMS
gyroscope is properly taken into account and strong nonlinear components are not present
in the loop. Therefore, advanced multivariable control design methods can be applied, and
formal guarantees of stability and performance can be given.

Some drawbacks of the MIMO approach also have to be mentioned. An important drawback
is that these advanced methods require a certain expertise on Control Theory to design the
controller and to implement the solution. Therefore, besides the efforts to demonstrate the
interest on the use of MIMO approaches, further efforts have to be dispensed to make the
solution accessible to the MEMS designers. Finally, as well as for the drive-mode direct
control architectures, only works based on the ADRC solution present practical results.

2.2.4 Summary of the Control Architectures

Let us now summarize the main information on the control architectures presented in
this section and compare their advantages and drawbacks. Note that the different control
architectures can be regrouped into envelope-based, direct, and nonlinear architectures.

The control architectures based on the envelope of the signals comprise the AGC+PLL and
the I/Q approaches. The main advantage of these strategies is that instead of operating with
harmonic signals with frequency around wy x, the controllers can operate with low-frequency
signals. The problem of tracking or rejecting sinusoidal signals becomes a problem of tracking
or rejecting constant (or low-frequency) signals. Hence, simple PI controllers can be used to
regulate amplitude and phase or the quadrature terms of the harmonic signals.
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TABLE 2.1: Advantages and drawbacks of the main control architectures.

Control Architecture

Advantages

Drawbacks

Direct

* Mostly linear
* Multivariable approaches
* Formal guarantees

High-frequency signals
Complex controller
Implementation difficulties

Envelope-based

* Low-frequency signals
¢ Simple (PI-like) controllers
e Easy to design/implement

Nonlinearities in the loop(s)
Monovariable approaches
No guarantees a priori

* Low-frequency signal

Nonlinearities in the loop

Nonlinear AGC ¢ Simple (PI-like) controller Monovariable approaches
* Easy to design/implement | ® No guarantees a priori
¢ Based on XA modulators ¢ Relay in the loop

EM-XA ¢ Known design methods * Monovariable approach
¢ Implementation in ASIC * No guarantees a priori

One issue of the envelope-based approaches is that, even if the gyroscope model is (mainly)
linear, nonlinearities (modulation and demodulation) are included in the control loop, making
the overall system nonlinear. Moreover, the coupling between amplitude and phase, or
between the in-phase and the in-quadrature terms is neglected. Thus, no formal guarantees
of stability or performance can be given a priori.

Alternatively, the direct control architectures can provide those guarantees. Furthermore, this
is the only architecture used in the MIMO framework. Despite the rarity of implementation
results in the literature, the few practical results indicate that the direct control architecture
can be successful implemented in a real MEMS gyroscope.

We have to mention, however, that controllers for the direct approach are, in general, more
complex (higher order) than those used with envelope-based approaches, requiring more
resources for their implementation. Another drawback of this approach is that the resonance
frequency is not tracked. An external loop is needed to achieve this purpose. Finally, the
design of a direct controller usually requires the system designer to have a good expertise on
advanced control theory.

Finally, we have the nonlinear architectures AGC and EM-XA. The strengths and weakness
of these architectures are similar to those of the envelope-based ones. Globally, they are
well-suited for the implementation on integrated circuits with low resources, thanks to their
simplicity. Nevertheless, no formal guarantees of performance can be given due to the
presence of strong nonlinearities in the loop (product U, (t) X %, () in the AGC and relay in
the EM-XA architecture).

We summarize the main advantages and drawbacks of these control architectures in Table 2.1.

2.3 Experimental Setups

For the proper operation of a MEMS gyroscope, some auxiliary systems are needed. Indeed,
further than the MEMS itself, electronic circuits are used for actuation and detection, for the
implementation of the controller(s), and for signal processing to compute the angular rate.
In general, all these functionalities are implemented in an application-specific integrated
circuit (ASIC), interfacing the MEMS gyroscope with the outside world. A typical system
architecture, integrating MEMS and ASIC, is presented in Figure 2.29, where the variable
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capacitors represent the capacitive actuation and detection elements of the MEMS. In this
example, the control loops of drive (DM) and sense (SM) modes are independents. Both loops
are composed of: a charge amplifier (CA), which converts the varying detection capacitance
into voltage; an analog-to-digital converter (ADC); a configurable digital controller; and a
digital-to-analog converter (DAC). Then, based on the signals of the drive and sense modes,
the angular rate can be estimated and compensated in function of the temperature. The
estimation of the angular rate is then output through some communication protocol.

Configurable
——) Sense Loop
Control/ADC

( A
ASIC
MEMS —
# Configurable Management
——) Drive Loop
X Control/ADC
T% DM —
<_ Actuation Output
[ Angular rate
f estimation
A - \__/
5L—£ ctuation ]

\.

\.

FIGURE 2.29: Integration of MEMS and ASIC. Adapted from [EEET11].

It is worth mentioning that ASICs are integrated circuits conceived to execute some specific
task. Thus, the control loops implemented in an ASIC are often only configurable, that is, the
control architecture is fixed and only some parameters can be changed in order to optimize
the controllers to the different MEMS.

In some cases, the ASIC implements only the actuation and detection circuits. The controllers
and the angular rate estimation are deported to an external field-programmable gate array
(FPGA) or processor, where those elements are programmed in software, providing flexibility
for the implementation of different control loops and estimation algorithms. This architecture
is presented in Figure 2.30.

MEMS ASIC
C Processor
£ [ 2 e
ES Output
I’rogrammable Angular rate
DM ; Control Loops estimation
Actuation
oz
- DAC
]
4 DAC
] SM
Actuation
7£ SM Temp
NS CA ADC Sense

FIGURE 2.30: Integration of MEMS, ASIC and a processor.
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In this work, we consider both cases: the flexible architecture of Figure 2.30 and the dedicated
one of Figure 2.29.

2.3.1 AS3125-SDK: a Flexible Sensor Development Kit

Part of the experimental tests are realized on the AS3125-SDK (Sensor Development Kit),
which is conceived by ASYGN and whose picture is presented in Figure 2.31a. This devel-
opment kit presents a system architecture similar to the one of Figure 2.30 and is mainly
composed of:

(i) an FPGA (Xilinx Zynq), which includes a micro processor, for the digital implementation
of the control loop and estimation algorithms;

(ii) a front-end ASIC (AS3125 “Idyle”) and ADCs to interface MEMS sensors with the
FPGA,;

(iif) Universal serial bus (USB) ports for communication with external devices, e.g., a com-
puter.

The FPGA and the USB ports are on the bottom part of the development kit, being hidden in
the picture.

(A) Development kit with a MEMS gyroscope.

FIGURE 2.31: Pictures of the development kit and MEMS gyroscope.
The ASIC AS3125 “Idyle” is dedicated to interface the MEMS gyroscope to the FPGA and, in
summary, integrates:
(i) charge amplifiers with configurable gains (instrumentation circuits),
(ii) 10-bits DACs,
(iif) drivers or amplification circuits for actuation.

Moreover, the development kit also includes 18-bits ADCs operating at 1 MHz and second-
order anti-aliasing filters F,;. with 100 kHz cutoff frequency.

The FPGA implements a micro processor in which the control loops and the estimation algo-
rithms are coded in C++ language. The implemented processor allows the implementation
of digital control loops with sampling frequency F; = 62.5kHz. To reduce the sampling
frequency of the ADCs from 1 MHz to 62.5kHz, a digital filter F;; and a downsampling (or
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decimation) by a factor 16 are implemented in hardware (FPGA). The FPGA also configures
the ASIC and communicates with a computer through the USB ports.

The diagram of Figure 2.32 represents the overall control loop implemented in this develop-
ment kit, illustrating the above description.

~ MEMS Gyroscope
UCory > Ecoup
" ASIC ASIC
A;e{; Vin ) +Y+
> > DAC > () > kact > Gm“h > kdet kCA
K _‘
w, v
exe :out 116 [« Fis | ADC |« Foge [
u-Processor
FPGA DEVELOPMENT KIT

FIGURE 2.32: Overall control loop implemented in AS3125-SDK for the MEMS
gyroscope operation.

On this development board, we use the MEMS gyroscopes of the family GYRO I, whose
nominal main characteristics are listed in Table 2.2.

TABLE 2.2: Nominal characteristics of the MEMS gyroscopes of the family

GYRO L
Parameter Drive mode (i = x) | Sense mode (i = )
Resonance frequency (wy ;) 11500 Hz 11550 Hz
Quality factor (Q;) 100 - 103 10-10%

2.3.2 Tronics’ Platform with Dedicated ASIC

Another part of the experiments is realized on the platform of Tronics, which is a generic
development board used to interface the MEMS gyroscopes and dedicated ASIC with a
computer. The dedicated ASIC contains all the control loops and estimation process, and is
implemented in the same chip of the MEMS with the system architecture of Figure 2.29.

The drive mode operates in closed loop in a nonlinear AGC architecture with phase shifter
and a PI controller. An interesting feature of this platform is that the sampling frequency
is locked with the resonance frequency of the drive mode, such that F; = 36 - wpx/(271).
Then, when wy , changes during the gyroscope operation, the sampling frequency changes
accordingly, adapting the behavior of the digital elements.

The sense mode can operate in open or closed loop. As discussed in Section 2.1.2, we consider
only the closed-loop operation. In this platform, the EM-XA architecture of Figure 2.33 is
employed. We present, in the same figure, the elements of the actuation and instrumentation
(see Section 2.1.3), indicating the key signals of the loop, as the Coriolis force (Fc,r,,, which is
perturbed by the coupling force Feoup ), the input voltage (vi, ) and the output voltage (ym).
Some actuation and instrumentation gains, as well as the coefficients of the electronic filter,
are programmable. They are identified in gray. The ADC has a resolution of 13 bits, while the
DAC has a 1-bit resolution.
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Please note that, in opposition to the previous platform, the parasitic electrical coupling
(Ecoup) is not represented here. Two facts justify its omission. First, because the MEMS and
the ASIC are encapsulated in the same chip, the paths between them are short, reducing the
parasitic electrical coupling.

Fcoup,y
FCor,y + l—|—
—VCD_> G;n%h > kdet/y > kCA,y - ADC

vin,y
(-)? =—{DAC

A
A

kact,y

FIGURE 2.33: EM-XA architecture implemented in the dedicated ASIC. Config-
urable elements are represented in gray.

Finally, the angular rate estimation is implemented through the synchronous demodulation.
The output bias (or ZRO) and the scale factor are compensated in function of the temperature.

A picture of the Tronics’ platform with a MEMS gyroscope is presented in Figure 2.34. On this
development board, we use the MEMS gyroscopes of the family GYRO II, whose sense-mode
main nominal characteristics are wy, = 1.004 - wox and Q, = 25 - 10°.

MEMS + ASIC

FIGURE 2.34: Picture of the Tronics’ platform with a MEMS gyroscope.

2.4 Research Questions

In this chapter, the MEMS gyroscopes are presented and the most significant control architec-
tures are discussed. Now, taking into account the nonidealities, implementation constraints
and the different solutions considered in the literature, the main problem we want to address
is: how to choose a control architecture and design, in a systematic manner, a controller such that
stability and performance guarantees can be given?

Answering to that question is not an easy task. In Section 2.2.4, we can note that, regarding
the actual solutions, those which are typically implemented do not provide formal guarantees

5For confidentiality reasons, the frequencies are normalized to the drive-mode resonance frequency wy .
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of performance. Indeed, the control architectures are usually optimized in terms of cost and
simple implementation. Nevertheless, the couplings between the drive and sense modes,
the couplings between amplitude and phase (or in-phase and in-quadrature terms), as
well as the dependence on environmental conditions, are not taken into account. On the
other side, solutions based on the direct control architecture, for which formal performance
guarantees can be given, are very rare in the literature. For this architecture, advanced control
techniques have been developed for vibration control of mechanical systems, as in [Wan19],
for instance. The main interest of this approach is to explicitly take into account the different
couplings and the dependence on the environmental condition, with formal guarantees of
stability and performance. Nevertheless, their applicability to MEMS gyroscopes, including
implementability, is still an open question. A possible reason is the inherent complexity of
the controllers.

Note that the performance indicators of MEMS gyroscopes are related to the quality of the
measure and not (directly) to the closed-loop behavior. Indeed, the closed loop is a part of
the whole gyroscope, and has an final objective to provide an estimate of the Coriolis force,
which is treated afterward in a post-processing stage. Then, the first research question is:

(Q1) how to relate the global performance specifications to specifications for the closed-loop system?

Having defined the closed-loop specifications, the problem is: how to design a controller for
the direct control architecture that ensures the given closed-loop specifications? As discussed in
this chapter, the control objectives can be cast as to track of reject sinusoidal signals with
the excitation frequency w,yx.. However, this frequency may vary over time. Therefore, two
scenarios are considered, giving rise to the two research questions below.

(Q2) Assuming that wey. is constant over time, how to design a direct controller with guarantees of
stability and performance?

(Q3) Assuming that wey. varies over time, how to design a direct controller with guarantees of
stability and performance?

Although the traditional control architectures do not provide formal guarantees for the
closed-loop system, they present interesting features from the implementation point of view.
Then, we also want to find an answer to the question:

(Q4) how to design a controller for an envelope-based control architecture such that guarantees of
stability and performance can be given?

Finally, we want to implement the proposed solution(s) in the platforms presented in Sec-
tion 2.3: the flexible (see Section 2.3.1) and the dedicated one (see Section 2.3.2). In both cases,
the controller is implemented in the discrete-time domain. Therefore, the two following
questions arise.

(Q5) How to properly design a controller for digital implementation in a flexible platform?
(Q6) How to properly design the EM-XA controller of a dedicated platform?

The next chapters aim to answer each one of these research questions.
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Chapter 3

From Global Performance
Specifications to Closed-Loop
Specifications

In Section 2.1.5, we investigated how the gyroscope nonidealities impact the estimate of (),
under the assumption of ideal operation, that is, when the system operates with a controller
that ensures the perfect tracking of the reference signal and perfect estimation of the Coriolis
force acting on the sense mode. Obviously, this ideal controller cannot be implemented in
practice. However, that analysis gives important insights on how the quality of the measure
is impacted by the nonidealities of the MEMS gyroscope. In this chapter, we go a little deeper
in that direction. We consider that the gyroscope operates with a real (nonideal) controller.
Then, we aim to define the conditions that a real controller has to fulfill in order to ensure a
certain quality of the measure (e.g., a given SFNL and/or bandwidth). We highlight that this
is an interesting contribution of this work, since the controller is usually assumed to be ideal
in the literature.

At this point, it is important to recall that the gyroscope global performance specifications
pertain to the estimation of the angular rate, whereas the performance criterion of the control
loops pertain to the behavior of the closed-loop system, before the synchronous demodulation.
Therefore, it is crucial to translate the gyroscope global performance requirements into
specifications for the closed-loop system. These specifications will be used in the next
chapters to design the controller.

It is also worth recalling that the MEMS gyroscope is very sensitive to environmental changes
and to fabrication imperfections, hence its model is not completely known. Then, in addition
to pursue the performance specifications, we have to ensure that the closed-loop system is
stable despite the modeling errors or changes on the model due to environmental changes,
for instance. Based on this discussion, we can talk about four characteristics of a closed-loop
system, as follows [SP01].

(i) We talk about nominal stability when the nominal closed-loop system is stable. In this
case, the model uncertainties are not taken into account.

(ii) If the nominal system (with no uncertainties) achieves the performance specifications,
we talk about nominal performance.

(iii) Robust stability is the characteristic of the systems that are stable for all possible models
around the nominal one.
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(iv) Finally, we talk about robust performance when the closed-loop system achieves the
performance specifications for all possible models around the nominal one.

The main goal of this chapter is to define the closed-loop performance specifications such that
the MEMS gyroscope global performance indicators are achieved. Here, the focus is given to
the controller design. In general, we want this controller to ensure the robust performance of
the system. However, the design of a controller that ensures robust performance is a problem
reputed to be hard to solve [BYDM94]. On the other hand, the design of a controller that
ensures nominal performance and robust stability is a problem that can be efficiently solved.
We focus therefore on solving the latter problem. Once the controller is designed, the robust
performance can be assessed by an a posteriori analysis, see, e.g., [AC21].

Hereafter, when talking about performance, we are referring to the nominal performance
property; when talking about robustness, we are actually referring to the robust stability.

We start the chapter by presenting the main problem which we aim to solve here: determine
the closed-loop specifications that ensure the desired (nominal) performance specification and
robust stability. To tackle this problem, we first analyze the sensor output ﬁz under nonideal
operation. This analysis allows establishing the main links between the global and the closed-
loop specifications. Then, we quantify, when possible, the closed-loop specifications for
performance and robust stability. When it is not possible to quantify those specifications, we
qualitatively indicate where and how to act for enhancing the global specification in question.

3.1 Problem Statement

In this section, we define the main problem to be tackled in this chapter. To this purpose, we
start by recalling the closed-loop operation of the MEMS gyroscopes and the main control
objectives. Then, we make some assumptions to tackle the problem in a tractable manner.
Finally, the problem under investigation is stated.

3.1.1 System Description and Control Objectives

As intensively discussed in the previous chapter, to design a gyroscope that provides a
good quality of measure, the use of control loops is required. Then, we consider the general
multivariable direct control architecture of Figure 3.1. The plant G%*{% represents the me-
chanical part of the MEMS gyroscope and all circuitry needed for actuation and detection. As
discussed in Section 2.1.5 (page 32), the mechanical part of the gyroscope can be modeled by
G%F with a feedback loop, which represents the dependence on Q). The controller is denoted
by K%. The superscripts # and p indicate that the system parameters may depend on 6 and p.
The variable 6 corresponds to the known parameters, which can be measured and used by
the controller. In its turn, p represents the unknown parameters. The block AE,,, models
the residual electrical coupling.

In the considered control architecture, x; and y;if denote the reference signal for the signals

X, and y,, (which are an image of the proof mass position on the ¥- and the ij-axes, respec-
tively); ny (respectively n,) corresponds to the noise on x, (resp. ym); ticor,x (r€Sp- Ucor,y)
denotes the Coriolis force acting on the drive (resp. sense) mode; and finally, iic,,, is the
estimate of ucoy,y-

As discussed in Section 2.1, the demodulation of iic,,,, followed by the compensation function

( ffomp, defined in (2.51), page 35) leads to an exact estimate Q. of the angular rate (), if the
conditions below are verified.
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FIGURE 3.1: Control architecture for the MEMS gyroscope closed-loop opera-
tion.

(C1) Synchronous demodulation ideality condition: the synchronous demodulation (SD)
is ideal (i.e., the low-pass filters Fy p are ideal and have cutoff frequency w, = wexc).

(C2) Band-pass condition of iic,.,: the signal iic,,, is band-pass with bandwidth 2wy,
centered at w,y., that is,

V| w| > 2wWexe, Sitcory (w)=0 and SQCW(O) =0. (3.1)

(C3) Coriolis force estimation condition: the estimate of the Coriolis force acting on the
sense mode is given by

ﬁCor,y(t) = kspﬂz(t) COS (wmt) (32)
with ;
re
ksF _ —277/1Ax,mwexc (33)
kout,ykin,y

In this chapter, we focus on the behavior of the closed-loop system. Then, since the syn-
chronous demodulation is outside the control loops, we make the following assumptions,
regarding the conditions (C1) and (C2).

Assumption 3.1. The synchronous demodulation is ideal with filters whose cutoff frequency is
We = Wexc-

Assumption 3.2. The bandwidth of the signal (), which is defined as wq such that
Viw| > wa,  So.(w)=0, (3.4

is smaller than weyc, that is, wa < Wexe.
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The second assumption ensures that, if the condition (C3) is satisfied, the condition (C2) also
holds (see Section 2.1.4, page 23).

The condition (C3) is ensured in steady state if there is a controller that achieves the following
control objectives.

(O1) Drive-mode reference tracking: the signal x,, tracks the reference signal
ref _aref .
Xy (£) = Ay Sin (Wexct) , (3.5)

where A;% and w,,. are constant values.
(O2) Estimation of the Coriolis force: the signal iic,,, is an accurate estimate of uc,,,, that

iS/ ﬁCor,y(t) = uCor,y(t)'

(O3) Sense-mode disturbance rejection: the signal y,, tracks the reference signal yﬁf (t) =0,
rejecting the disturbances created by the Coriolis and coupling forces.

These control objectives are justified by the fact that the Coriolis force uc,,,, is defined as

—2mQ), (1) 3y, (t
uCOV,y(t) = k Z(k) m( ) : (36)
out,xMin,y

Hence, if the objectives (O1) and (O2) are fulfilled, the condition (C3) is promptly satisfied.

In order to improve the tracking of e by x,, — control objective (O1) —, it is also interesting
to have, in steady-state, ucoy () = 0. Since

_ 2mQ(H)ym(t)
uCor,x(t) - kout,ykin,x / (37)

this goal can be achieved if y,, tracks yxf (t) = 0, which corresponds to the third control
objective (O3).

In practice, however, its is not possible to implement a controller that perfectly achieves
the above objectives. Thus, we can define the tracking errors e,(t) = et (t) — xp(t) and
ey(t) £ —ym(t) as well as the estimation error ees;(t) = tcory(t) — ficory(t) to quantify the

closed-loop performance.

Remark 3.1 (On the amplitude of y,,). It is important to highlight that although we consider
the model of the gyroscope as a linear system, the real gyroscope is actually nonlinear.
Therefore, enforcing v, (t) = 0 plays two important roles. The first one, as discussed above,
is to eliminate (or at least attenuate) the disturbances on the drive mode provoked by uc,; x.
The second one is to keep the gyroscope operating in a region where its behavior is rather
linear.

It is also important to highlight that, in practice, the process noises also disturb the estimate
iicor,y- As discussed in Section 2.1.5, these noises are modeled by Ny, Ny and the signals e,
and e,, which are assumed to be as follows.

Assumption 3.3. The signals ey and e, are assumed to be uncorrelated white noises with zero mean
and unit variance, such that their PSD can be respectively given by

Se,(w)=1 and S, (w)=1. (3.8)
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3.1.2 Analysis Model

In general, even if G, K?, Frp, Ny and Nj, are linear systems, it can be hard to evaluate the
behavior of the whole system of Figure 3.1. This difficulty comes from:

(i) the dependence of G and K? on the parameters 6 and p,

(ii) the time-varying nature of the synchronous demodulation and of the to-be-controlled
plant (due to the dependence on (),),

(iii) the presence of the uncertain system AE.

As discussed in Section 2.1.5, the variations of the parameters 6 and p are very slow with
respect to the system dynamics. We can then make the following assumption.

Assumption 3.4. The operating condition does not vary over time.

This assumption implies that the parameters 6 and p are fixed and the LPV systems G%¢ and
K? are frozen. In this case, G and K? become LTI systems. Moreover, the uncertainties
represented by p can be encapsulated with those represented by AE.,,;, into the uncertain
system AE. Thus, we drop hereafter the dependence on 6 and p to alleviate the notation.

In Section 2.1.4, we saw that even if the synchronous demodulation is based on multiplications
by sinus and cosinus functions (modulation), in the special case where wy. is constant,
frequency-domain analysis tools can be used (see Remark 2.2, page 25).

On the other hand, regarding the time-varying nature of the to-be-controlled plant (due to
();), we consider that the Coriolis forces uc,r,x and uc,,,, are exogenous signals, which we
hereafter denote dc,r,x and dc,r,y to distinguish from the endogenous signals uc,r,x and ucoy,y-
Neglecting the presence of noise, they are of the type

2mQY, (1) Wexc A
deorx(t) = kZ( )kfm Y cos (Wexct) , (3.9)
out,yNin,x
—2mQ), (t A
dCor,y(t) = me( )]:)exc = Ccos (wexct> ’ (3.10)
out,xMin,y

where A, € [O, éyA;eH and Ay, € [(1 — &) A;‘f{n, (1+¢,) Agf{;} The tracking error
signals ¢, and ¢, are sinusoidal signals with frequency wey.. The variables &, € R, and

¢y € R4 bound the amplitude of ¢, and ¢, with respect to A;%, that is,

VieR,  |ex(t)] <&AY, and e, ()] < #,AL,.

The equations (3.9) and (3.10) follow from the definitions of uc,,, and uc,x (see (3.6) and
(3.7)) when

Xm(t) = ARh sin (Weret) —ex(t)  and  yu(t) = —ey(£).
Therefore, the scheme of Figure 3.1 can be simplified into the scheme of Figure 3.2, where the
closed-loop system is LTI. An additional assumption is made.

Assumption 3.5. If the LTI closed-loop system of Figure 3.2 is stable and achieves some performance
specifications (reference tracking and Coriolis force estimation), the system of Figure 3.1 is also stable
and achieves the same performance specifications.
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FIGURE 3.2: Simplified scheme of the closed-loop system under analysis.

With the assumption above, instead of analyzing the LTV system of Figure 3.1, we can
extrapolate the results of the LTI system of Figure 3.2 to the former one. The attentive reader
may be asking himself if we are not too optimistic. Indeed, this assumption carries a certain
degree of optimism. However, we will show that, at least for the gyroscopes considered
within the scope of this thesis, the level of optimism is very low.

Finally, remember that, in this chapter, we want to separately define the closed-loop specifi-
cations for nominal performance and for robust stability. Therefore, to evaluate the nominal
performance and establish the closed-loop specifications, we consider the case where there
are no uncertainties, i.e., AE = 0. The uncertainties (AE # 0) are taken into consideration in a
second time, establishing specifications for robust stability.

3.1.3 Analysis Problems

In Section 2.1.6, we claimed that a MEMS gyroscope can be modeled as a dynamic system
that produces a measure ﬁz of the angular rate (), under which it is subject. Obviously, the
measure is not perfect. Measurement errors can be introduced by the gyroscope itself. These
errors can be related to the different sources of noise, to some inaccuracy or dysfunctioning
of the sensor or to its dynamic response. Then, global performance indicators are used to
characterize the quality of the measure of a given sensor. Here, we focus in some of the key
indicators, as follows.

Accuracy: the accuracy of the sensor for a constant (), can be given by the scale factor
nonlinearity (SFNL). It indicates the maximum systematic error with respect to the full
scale (or dynamic range) ()f° that can be committed by the sensor. These systematic
errors can be originated from the nonlinearities of the system as well as by systematic
errors committed by the controller, for instance. Here, in an LTI framework, we are only
able to evaluate the second type of errors. We recall the SENL definition below

‘ﬁz—ﬂz

SFNL £ max

(3.11)
0.€[-Qf5,f] b
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Bandwidth: the bandwidth of a MEMS gyroscope, denoted wp, is the frequency range in
which its attenuation is smaller than 3dB (equivalent to a gain of V/2/2) [IEE04]. If
the sensor has frequency response given by Hgyy,(jw), we define its bandwidth as the
frequency wg such that

V2

Hgyro (jw) V4
—r L 5

3.12
Hayro (0) G12)

V|w| < ws, ‘1— ‘<1—

Noise sensitivity: the noise sensitivity of the sensor is related to the precision (repeatabil-
ity) of the measures. In general, different sources of noise are present in the system,
producing different consequences on the quality of the measure. To characterize them,
the Allan variation is usually used, defining different performance parameters. Here,
we focus on the angle random walk (ARW). This choice is justified in Section 3.3.4.

Based on the above global performance parameters, we can finally state the main problem
that we aim to solve in this chapter.

Problem 3.1. Let us consider the system of Figure 3.2 with input signals x,r,ff s dcor,x and dcoy,y given

in (3.5), (3.9) and (3.10), respectively; with y:fo (t) = 0; and with e, and e, satisfying Assumption 3.3.

Then, which closed-loop specifications allow one to ensure the global performance specifications below?
(i) The sensor SFNL is smaller than a given kspny, > 0.

(ii) The sensor bandwidth we is larger than a given wi® > 0, in rad s~ .

(iii) The sensor ARW is smaller than than a given karw > 0, in °/ vh.

Obviously, prior to achieve a desired performance, the controller has to ensure the proper
closed-loop operation of a real MEMS gyroscope. This means that the controller must fulfill,
at best, the conditions and control objectives of Section 3.1.1 (reference tracking, estimation of
the Coriolis force, disturbance rejection and band-pass condition). For a real controller, they
can then be rewritten as the specifications below.

(S1) Drive-mode reference tracking: the signal x,, tracks the reference signal 2, defined
in (3.5), with a tracking error ¢, such that, in steady state, |e,(t)| < éxAij; with 0 <
& < 1.

(52) Estimation of the Coriolis force: the signal iic,,, estimates dc,,, of the form of (3.9)

with an estimation error ¢, such that, in steady state, |e.s:(t)]| < ?:estA;% with 0 <
éest < 1.

(S3) Sense-mode disturbance rejection: the signal y,, tracks the reference signal y:,elf (tH)=0
re

with an error ¢, such that, in steady state, |, (t)| < &,Ax;, with 0 < &, < 1.

(54) Band-pass condition: the signal iic,,, is a band-pass signal centered at w,. with band-
width smaller than 2w,,..

(S5) Robust stability: the closed-loop system is stable against the uncertainties represented
by AE.

Therefore, solving Problem 3.1 also requires the definition of closed-loop specification fulfill-
ing the specifications (S1)—(S5). To solve this problem, we first need to compute the expression

of the signals iico,, xm and y, as functions of the input signals x,r,ff s dcor,xs dcory, €x and ey
— specifications (S1) to (54). To determine the accuracy and the bandwidth of the sensor —
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specifications (i) and (ii), respectively —, we have to demodulate LTCOW and compute ﬁz as
function of the input angular rate (),, neglecting the contributions of the different sources of
noise. For the noise sensitivity — specification (iii) -, we have to compute the PSD of (), Sa.
with the sensor at rest (i.e., (3, = 0). In this case, we consider the nominal system, i.e., with
AE = 0. The uncertainties are taken into account for the robust stability specification (S5),
being treated separately in an LTI framework in the end of the chapter.

3.2 Analysis of the Angular Rate Estimate (),

Before proceeding with the solution of Problem 3.1, we have to analyze how the estimate
of the angular rate, (), behaves under nonideal operation of the MEMS gyroscope. The
analysis here presented is used in the next sections to determine the closed-loop specifications
required to achieve the desired performance specifications.

Let us begin the analysis by defining e, dcor,x, dcory, €x and ey as the inputs of interest of
the closed-loop system of Figure 3.2, and x;,, v, and L?cgr,y as its outputs of interest. Then,
the frequency response of the closed-loop system can be given by (for the sake of clarity, the
dependence on w is omitted)

_ x:s £
Xm Tx;r::f—mm TdCor,x — Xy TdCor,y%xm Te"_m’” Tey—>xm dCor,x
Ym | = Txfﬁf Y L —— Tacory =y Tee—syn Tey=su dory |+ (3:13)
UCory TXI::J[ —icory T Corx—HCory TdCor/y —icory Tex —iicory Tey Hiicory e
Cy

where we adopt the notation T,_,; to indicate the transfer from a signal a to a signal b. Note
that the input signals xﬁf , dcor,x and dc,y,y are of deterministic nature, while the white-noise

signals e, and e, are of stochastic nature. Indeed, xrmef s dcor,x and dc,r,y are respectively given
by (3.5), (3.9) and (3.10). On the other hand, e, and e, are uncorrelated stochastic processes
with PSD given in (3.8) (see Assumption 3.3). Hence, we split this analysis into two parts,
according to the nature of the input signals: a noiseless analysis and an analysis with respect
to the noise.

3.2.1 Noiseless Analysis

Here, we present the main results regarding the noiseless analysis of the system. For the sake
of clarity, the (cumbersome) calculation details are given in Appendix B.1.

-~

Without the contributions of the different sources of noise, the estimated angular rate, (),
can be given, in the frequency domain, by

) k ) . )
O, (jw) = %Hgym(]w)QZ(]w) +éezr0 - 0(jw) (3.14)
SF

with 6 being the Dirac delta function (impulse at w = 0) and

ADS (T (jwere)) — kzro

f
Xm™ —UCory

ksr

€ZRO = , (3.15)
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where 3 (+) is the imaginary part of (-). We recall that ksr corresponds to the scale factor of
the sensor (see (3.3)), and ksr and kzgro are respectively the estimates of the scale factor and
of the bias. The transfer Hgyro reads as

. ki, o -
Hgyro (]C(J) = uzkaIy: m (TdCOr/x%ﬁCOW (]CU — ]CUexc) + TdCOr/x‘)ﬁC(zr,y (]C(J + ]wexc)> 616
.16
+ % (Tdc""y—}ﬁc""y (](U B jwexc) + TdCur,y%ﬁCar,y (](,U + jwexc)>
2Axm
. 2MWexc
with k,, = ———.
" kout,ykin,x

The equations (3.14) and (3.16) confirm the claim that, from the input-output perspective and

under the assumptions of Section 3.1, the MEMS gyroscope behaves as an LTI system. Its

frequency response is given by %Hgym (jw) added by a residual bias €zro, as depicted in

Figure 3.3. This frequency response determines the bandwidth and the accuracy (related to

the SFNL) of the sensor. Thus, we want to have ezgp =~ 0 and %Hgym (jw) =~ 1, at least in
SF

the sensor bandwidth, i.e., for |w| < wp.

EZROl
0 0
LN LS TN R Ul

ksk

FIGURE 3.3: Block diagram representing the whole gyroscope without noise.

Now, if we consider the particular case of a constant angular rate input Q,(t) = QF, its
estimate is given by (), (t) = QO with

00 k 0
OF = 22 Hoyo (0)O2° + £2z0, (3.17)
ksr
where
kuxAy,m . Axm .
Hgym(o) = ksr s (Td@r,x%ﬁc@w (]wexc)> + A:ﬁ; R (Tdcf,,,yﬁz?caw (]wexc)) ’ (3.18)

where R (-) denotes the real part of (-). In this case, the scale factor error egr is defined as

k
esp = == - Hgyro(0) — 1. (3.19)

ksr

It is important to note that the expression of Hg,,, depends on the closed-loop transfer
functions Tdmxﬁg@w and Tde’yﬁ,;Cw’y, and on the tracking error upper bounds &, and &,.

Indeed, we recall that A, € [O, éyAffH and Ay, € [(1 — &) A;%, (1+¢) A;%]

In general, we want Es r to be as close as possible to the real kgr (ideally, /k\g r = ksp). Thus,
the controller has to be designed such that &, < 1, &, < 1 and Tdc’w_)ﬁ@w (jwexc) =~ 1.
These conditions correspond to the drive-mode reference tracking, sense-mode disturbance
rejection and Coriolis force estimation objectives. In this context, (3.16) also shows that the
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sensor bandwidth mainly depends on the bandwidth of Ty, a,,,- In this case, the larger is
the bandwidth of Tde,yﬁﬁCOrry around w = wey, the larger is the bandwidth of Hgy, around
w = 0.

It is worth mentioning that the measure is disturbed by €20, given in (3.15). Although the
contribution of T et (jwexc) can be compensated by kzro, in practice, this compensation

/(jwexc) ~ 0/

L/‘\Cu
is not perfect and a re51dual appears. However, if the controller ensures T 2
Cor,

this residual tends to be smaller, producing a more accurate measure.

3.2.2 Analysis with Respect to the Noise

Here, in contrast to the previous section, we consider only the contributions of the stochastic
signals e, and e, on the output signals of interest. The other input signals are set to zero.
This point is justified by the fact that the noise effects on the gyroscope output are usually
evaluated with the device at rest, i.e., ();(t) = 0. Under this condition, the only contributors
for the noise on LTCOW are the signals e, and ey,.

Recall that e, and e, are assumed to be uncorrelated white-noise signals with PSD equal to 1
(see Assumption 3.3). Hence, we can write the PSD of iic,,,, as

2

2
|+ | Ty, o) (3.20)

Sitcry (W) = | Te,sac,,, (j0)| +

If the controller is such that the specification (S4) (page 61) is verified, the estimate ¢,y is
a band-pass signal centered at wey, and of bandwidth smaller than 2w,y.. Hence after the
synchronous demodulation and the compensation function fco, the PSD of ), reads as

SﬁCor,y (w“"wexr)"'sﬁcm’y (‘U_wel'f) V|w| < w
Sﬁz (w) = Ky ’ . exe (3.21)
0, otherwise.

The calculation details are presented in Appendix B.2.

This result shows that the PSD of the noise that is present on the final measure depends on
the closed-loop transfer functions T, 7., oy and Tey%uC ory? which depend on the process noise
models and also on the controller. Thus, if possible, the controller shall be designed to shape
these transfers, optimizing the noise sensitivity of the sensor, at least in the frequency range
of interest.

We recall that for the synchronous demodulation to work properly, its input signal (ﬁcor,y)
must be a band-pass signal (condition (C2) and specification (S4)). Then, in addition to
the previous requirements, the controller also has to ensure this condition, eliminating (or
attenuating) the components of frequency higher than 2w,y and at w = 0. If, for any reason,
the controller is not able to filter out these frequency components, a band-pass filter can be
introduced between the controller and the synchronous demodulation (outside the closed-
loop). This filter, however, may introduce a phase error on the synchronous demodulation
(see discussion in Section 2.1.5, specially in page 29).

3.3 Closed-loop Specifications for Nominal Performance

In light of the results of the previous section, we can finally establish the links between the
global performance specifications and the closed-loop ones. The specifications discussed in
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this section are only related to the (nominal) performance of the gyroscope — specifications
(51)—(S4) and (i)—(iii) of Problem 3.1. Those related to the robustness (robust stability) of the
system — specification (S5) — are discussed in the next section.

3.3.1 Closed-Loop Specifications for Conventional Closed-loop Operation

To ensure the conventional closed-loop operation, the controller has to fulfill the specifications
(51)—(S4). Globally, these specifications are expressed as the “size” of the estimation or
tracking errors for the input signals fof of (3.5), dcor,x of (3.9) and dc,y,, of (3.10). Then, we
compute €y, &, and & as function of the input signals in the frequency domain, as follows.

Sx(jCU) X:Sfﬁer (]CU) TdCar,xﬁsx (]CU) TdCov,yg)gx (](U) r f(]w)
gy (]w> = ref (]w) Tdcw,x —ey (]w) Tdc‘,,,y —ey (]w) dCor,x (]a)) , (3.22)
Eest (]CU) T Zf‘)“ies (](U) TdCor,X_>€€st (](U) TdCor,y_)gest (](U) dCOT,y (]CL))
where
Tx,rf,f—wx TdCU,,x%sx Tdcf,wﬁsx 1- Tx:,ffﬁxm - Tdct,y,x%xm - Tdct,r/y%xm
Tx;::fqu TdCor,x —E&y TdCor,y%gy - - Tx:ﬁf%ym - TdCor,x%ym - Tanr,y_>ym
Tx;ﬁfﬁsebt TdCur,x —Eest TdCor,y—>£est - Txfsf‘}qu v - TdCor,x HﬁCor,y 1- TdCor,yﬁi’\Cor,y
(3.23)

Drive-Mode Reference Tracking (S1)

In Section 3.2.1, we show that for the drive mode to operate properly, we have to ensure an
accurate sinusoidal reference tracking of the drive mode, i.e., €, < 1.

From (3.22), the tracking error signal ¢, is given by

ex(jw) = Tx;ffésx (]"‘J)xg;f (jw) + Tagy, c—e, (jw)dcor (jow) + Tacy,,—ex (jw)dcory(jw). (3.24)

In general, at w = Wy, the most important contribution comes from the product T e g xﬁf .

Then, we can consider

)T or  (jwere)| < &, (3.25)
‘ TdCov,x_>£x (jwexc) } ~ 0/ (3.26)

~ 0. (3.27)

‘ TdCor,y_wx (jwexc)

If there exists a controller that ensures the above conditions, it ensures a sinusoidal reference
tracking with error bounded by #, A% {,(1 and three closed-loop specifications are therefore
defined for specification (S1).

It is worth emphasizing that these specifications define constraints on the transfer functions
only at w = w,x, what is enough to ensure a good performance in steady state and with
a constant angular rate, since all the input signals are sinusoidal with the same frequency.
Now, if we want to extend this result to the case where (), is time-varying, the disturbance
signals dc,y,x and dc,r,, have a non-null PSD for |w| € [Wexe — W, Wexe + wq]. Then, rather
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than considering (3.26) and (3.27), we consider

V|w| € [Wexe — W, Wexe +wa], | Ty, cme, (jw)| =0, (3.28)

V]w| € [wexc — W, Wexe + wQ] ’ ‘Tdc‘,w—mx (]CU)’ ~ 0. (329)

Estimation of dc,;,, (S2)

One of the requirements for the MEMS gyroscope to operate properly in closed-loop is
that the controller is able to produce an accurate estimate of dcyy,y, i.e., licory ~ dcory O,
equivalently, &.s; < 1.

From (3.22), the estimation error signal e, is given by

Eest (jw) = T rs (jw>xrmef(jw) + Ty —eest (jew)dcorx(jw) + Tdcm,yﬁsest (jw)dCOr,y(jw)-

X" —7€est

(3.30)
In general, at w = W,x., the most important contributions for ¢, come from the terms

Tx:sfﬁggstx;ff and Tde/yﬁgestdCor,y. Then, we consider
Tx:sfﬁgest (jwexc) < Aest - Eest, (3.31)
‘ TdCor,x‘)'gest (jwexc) ‘ ~ OI (3.32)

. (1 - /\est)éestA;c%

‘ TdCur,y_>€est <]wexc) < |kSFQZ ’ (333)

with A.s € [0, 1].

Thus, if there is a controller ensuring the above conditions, we achieve the specification (52),
defining three closed-loop specifications in steady state and with a constant angular rate.

Now, if we want to extend this result to the case where (), is time-varying, rather than
considering (3.32) and (3.33), we consider

V|w[ € [wexc — wQ, Wexe + wQ] ’ ‘Tdct,,,xﬁsfst (]w)‘ ~ 0, (3.34)

(1 - /\est)éestAgce,L
|ksr Q|

V|a]| E [ngc - CUQ, C(Jexc + C(JQ] 7 ’TdCDr,y%EESt (]'CU)’ < (3.35)

Sense-Mode Disturbance Rejection (S3)

As discussed in Section 3.1.1, to enhance the reference tracking on the drive mode and to
reduce the effects of nonlinearities of the real gyroscope (see Remark 3.1), we have to ensure
a good disturbance rejection on the sense mode, i.e., &, < 1.

From (3.22), the error signal ¢, is given by

Sy (]CL)) = Tx:,‘;f_> (]w)xrme.f <](,U> + TdCor,xﬁsy (jw)dcor/x (]CL)) + TdCor,y—>5y <jw>dcm’/]/ (](U) . (336)

&y
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In general, at W = Wexc, the most important contributions for ¢, come from the products

Tx’r;f_my . fof and Tdcgwﬁey - dcor,y- Then, we consider
Toer e, ([@exe)| < Ay - &y, (3.37)
‘TdCar,x_)Sy (jwexc) ~ 0/ (338)

<
|kSFQZ‘

(3.39)

‘ Tchwﬁsy (jwexc)

with A, € [0,1].

If there exists a controller that ensures the above conditions, then the sinusoidal disturbance
rejection has error bounded by éyA;t:{; and the specification (S3) is achieved, establishing
three more closed-loop specifications.

Similar to the reference tracking case, these specifications are defined for w = wey., what is
enough to ensure a good performance with a constant (). If we want to extend this result to
the case where the angular rate is time-varying, instead of considering (3.38) and (3.39), we
consider

V|w‘ S [wexc — W, Wexe WO] ’ ‘Tde,Xﬁey (jwexc) ~ 0, (3.40)
, 1—A)E,AY
V\w\ S [wexc — wWQq, Wexe + CUQ] ’ ‘TdCO,y—my (]wexc) < w (3.41)
5 ’kSFQz‘

Band-pass condition of iic,,,, (S4)

For the synchronous demodulation to operate properly, its input signal, iic,,,,, has to be a
band-pass signal centered at wey, and with bandwidth smaller than 2wy, i.e., it satisfies (3.1).

Since the input signals e, dcor,x and dc,y,y are also band-pass signals with the required
characteristic and the closed-loop system is LTI, only the noise signals e, and e, can produce
frequency terms outside the allowed frequency range. Then, in this case, we evaluate the

contributions of these signals on the PSD of ii¢c,, ,,, Sng,y.

From (3.20), SﬁCOW is given by

2
] (3.42)

2
Sty (@) = |Teysii (je0) | +

Tlfy%il\c()rly (]CU)
Thus, if there is a controller ensuring

v ’CU| 2> 2Wexe,

T i, (jw)’ —0 and TeﬁﬁCor,y(o)‘ —0 (343

and

v ’(U| > 2Wexe,

Ty i, (j0)| =0 and  |T, g, (0)| =0, (3.44)

the specification (54) is fulfilled, defining two additional closed-loop specifications.
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3.3.2 Closed-Loop Specifications for SFNL

The nominal scale factor of a MEMS gyroscope can be given by ksr (see (3.3)). However,
systematic errors may appear, degrading the accuracy of the sensor. The scale factor non-
linearity (SFNL) indicates how far from (), the estimate ﬁz can be, giving a measure of
the sensor accuracy. This indicator is evaluated for a given operating condition and for
0, € [—Qf 5, Qfs |, where Q% is the full scale or dynamic range of the sensor. The definition
of the SFNL is given in (3.11).

The analytic computation of the SFNL can be very complicated or even impossible, since the
modeling of all the contributing phenomena may be complex. Its exact modeling is beyond
the scope of this thesis. Nevertheless, we discuss here how to analyze this performance
indicator in a simplified LTI framework.

First, we recall the definition of the estimation error ¢,;:

A ~
Eest = dCor,y — UCory, (345)

which can be computed, in the frequency domain, as

_ | . [ )
gest(]w) - [szf‘)f:esf (](U) TdCor,xﬁsest (]CU) TdCor,yﬁgest (]w)i| dCor,x (]CU) (346)
dCor,y (]w>
with [szffﬁeest Tdc(,,/x —>Eest TdCur,y *>8gst:| == |:_ Tx:tif%ﬁCar,y - TdCar,xg)ﬁCor/y 1- TdCar,yﬁi‘\Cor,y] .

Then, we rewrite the definition of the SFNL (see (3.11)), replacing ﬁz by ksrHgyro(0)Q);/ ES r
(the bias is supposed to be constant and known, such that ezro = 0):
) . (3.47)

Since the scale factor error esf is defined as Ww (see (3.19)) and |Q, |/ QL5 < 1, we
F

can compute an upper bound of the SFNL, as follows:

kSFHgyro (0) - /IESF
ksr

||
Qfs

SFNL = max
0.€[-0f5,0fF]

SFNL < max (lese]) = |esk|- (3.48)
0.€[-0f%,0ff]

Now, considering Eg r = ksr and a proper operation of the MEMS gyroscope (i.e., € < 1,
¢, < 1and ‘Td&r’yﬁsgst (jwexc)‘ < 1), we can approximate the absolute value of the scale
factor relative error, £5r, as

(3.49)

|£SF‘ ~ % (TdCOV,yA)SL’SI’ (jwexc)) + 1 -

Ax,m
A
and define the upper bound

+ &y, (3.50)

’ESF‘ < ‘TdCor,y—}Eesr (jwexc)

See the calculation details in Appendix B.1.5.
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Note that, in (3.48), |esr| itself defines an upper bound on the SENL. Therefore, by making

TdCor,y%Eest (jwexc) S kSFNL - gx (3.51)

with a constant kspnp, > 0, we can determine how accurate the estimation of dc,,, and
the reference tracking have to be such that the MEMS gyroscope achieves a given SFNL.
Indirectly, this constraint also imposes a condition on €, which has to be smaller than ksgn..
We can then respectively rewrite (3.25) and (3.51) as

< AseNLKsEnL (3.52)

‘ Tx;e,f e, (jewexc)

< (1 — AgpNL) ksene, (3.53)

where Agpne € [0, 1]. Therefore, if there is a controller that verifies (3.52) and (3.53), the
specification (i) of Problem 3.1 is satisfied.

) TdCor,yﬁgesf <jwexc)

We recall that in this analysis, we adopt an LTI framework and the nonlinearities of a real
gyroscope are not considered. Thus, the results in practice may differ from this theoretical
analysis. One of the ways to reduce the nonlinear effects is by reducing oscillations of the
sense mode.

Without a complete nonlinear model, it is impossible to establish precise constraints to ensure
a given SFNL. It is important to stress, however, that this analysis gives important insights
on how the constraints can be modified to improve the SENL, as follows.

(i) The better is the reference tracking (i.e., £, — 0), the smaller is the SFNL upper bound.
The tolerated tracking error £, has to be at most of the same order of magnitude as

kspNL-

(ii) The better is the estimation of dcoy,, (i.e., €st — 0 or ‘Tdc”r,yﬂgest (jtWexc) ‘ — 0), the smaller

is the SENL upper bound. The magnitude of Ty, e, (jwexc) has to be at most of the
same order of magnitude as the kgpnr..

(iii) The better is the sense-mode disturbance rejection (i.e., &€, — 0), the smaller is the SFNL
upper bound. Moreover, a good disturbance rejection also avoids nonlinear effects in a
real gyroscope.

3.3.3 Closed-Loop Specifications for Bandwidth

The bandwidth wg of the sensor corresponds to the bandwidth of the transfer Hgy, (see (3.16)),
which is defined as the frequency range in which the attenuation is smaller than 3 dB [IEE04].
This means that the bandwidth wg is such that,

_ Hgyro(jw) ‘ V2

1-——-. 3.54
Hgyro(0) = 359

VICU| < We, ‘1 5

Similar to the SFNL, it can be very difficult to compute analytically the bandwidth of the
whole MEMS gyroscope. The main difficulty here comes from the term on the left-hand side
of (3.54). However, a good approximation of this term can be obtained when we have a good

disturbance rejection (&, < 1) and an accurate estimation of dc,,y (i.e., TdCOw_,ges, (jwexe)| <
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1), as follows (see calculation details in Appendix B.1.6):

Hgyro(jw) 1 . . . .
1- I% ~ ‘2 (TdCor,yﬁgesr (]CL) - ]wexc) + TdC(W,y*)eest (]CU + ]('UEXC>> ’ .
gyro

Then, we can consider an upper bound on this term:

TdCor,yﬁgest (]CU - waXC)
2

TdCor,y_>Eest (]w + wa‘XC)
2

Hgyro (]w) <

Hgyro (O)

1—

7

such that, given wges € R, if

<1- ‘2@ (3.55)

TdCor,y"&)st (]CU + jwexc)
2

TdCor,yﬁgest (]CU - jwexc)
2

V|w| < wies,

the condition (3.54) holds with wg > wges. Finally, by considering equal contributions of the
two terms of the left-hand side, (3.55) is implied by

22
2\[ ~0.2929,,  (3.56)

v’w’ 6 [wexc - wgesl wexc + wges]’ ‘TdCar,y_)‘c:est (]C(]) ‘ <

defining a bandwidth wp larger than a given wd®. This inequality defines a frequency
constraint on Ty, ., Therefore, if there is a controller that ensures a good disturbance
rejection and (3.56), the specification (ii) of Problem 3.1 is fulfilled.

3.3.4 Closed-Loop Specifications Related to Noise

In general, the specification indicators related to the noise are evaluated through the Allan
variance 0% (or Allan deviation 04) of Q, for Q,(t) = 0. The interpretation of the Allan
variance or Allan deviation plot is recalled in Section 2.1.6. From the piecewise representation
of a typical Allan deviation, as the one presented in Figure 3.4a, some performance indicators
are deduced. For the sake of clarity, we also present its equivalence with the PSD of Q.,
presented in Figure 3.4b [IEE06]. The most important noise-related performance indicators
are listed below.

(i) Angle Random Walk (ARW) or rate white noise: corresponds to the value, at the
averaging time 74 = 1, of the straight line fitting the section of the Allan deviation with
gradient —0.5. It gives the minimum level of noise in the PSD of (2,.

(ii) Bias Instability (BI): corresponds to the flat region around the minimum value of the
Allan deviation plot and measures how the bias changes over a given period of time 74.
In general, these changes happen in the long-term (high 74). When looking to the PSD,
it has the behavior of a flicker noise (1/ f) and appears in the very-low frequency range.

(iii) Rate Random Walk (RRW): is a long-term (even slower than BI) phenomenon of un-
known origin [IEE06] and appears on the Allan deviation plot as a slope with gradient
+0.5.

(iv) Quantization noise (Q): is a short-term (or high-frequency) phenomenon that results
from the limited resolution of the sensor. It appears in the Allan deviation plot as a
slope of gradient —1 and is preponderant for for small values of 74. On the other hand,
the quantization noise effects appears on the PSD in the high-frequency range.
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FIGURE 3.4: Piecewise representation (adapted from [IEE06]).

It is important to note that, among the above indicators, the controller plays an important
role mainly for the ARW. Indeed, the quantization error depends on the choice of the sensor
resolution and sampling period T; and the Bl and RRW are rather related to the residual bias
error. Therefore, focusing on the controller design, we consider only the specification related
to the ARW.

Note that, by bounding the PSD of (A)z, an upper bound of the ARW can be obtained, that is,
the inequality
Vo R, Sp (w) < karw? (3.57)

ensures ARW < karw. This inequality (see (3.21)) is equivalent to

'~ 2
V|W| < Wexc, Sﬁcﬂ,,y (w + wexc) + Sﬁcgw (w - wexc) < (kSF : kARW) .

Then, if
1 /~ 2
V| € (0, 2wercl, Sy, (@) < 5 (Rsr - karw) - (3.58)

the inequality of (3.57) also holds. Finally, since S, (w) = S, (w) = 1 and through (3.20),
(3.58) can be recast as frequency constraints on the transfers T, Beory and T /s follows:

ey_H:‘\Cur,
2 A ~ 2
V‘(JJ‘ S (0/ Zwexc], TeX_HjCOr,y(]w)) < A2RW (ksp : kARW) (359)
2 (1= 5 2
V|w| € (0, 2wexc], Teﬁﬁw(]w)) < (2ARW) (kSF-kARW) (3.60)

with Aarw € [0, 1].

Therefore, if there is a controller that ensures (3.59) and (3.60), the ARW of the sensor is
bounded by karw, and the specification (iii) of Problem 3.1 is fulfilled.

3.4 Closed-loop Specifications for Robust Stability

Further than the closed-loop specifications related to the performance, the controller must
ensure the stability of the system, despite its inherent uncertainties. Here, we focus on dealing
with unstructured or dynamic uncertainties, represented by AE.

Similarly to the closed-loop specifications related to the performance, the specifications for
robust stability are also expressed in terms of upper bounds on the frequency response
magnitude of some transfer functions.
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FIGURE 3.5: Interconnection for the weighted small gain theorem.

3.41 Weighted Small Gain Theorem

Here, we describe the weighted small gain theorem, which is a fundamental tool for eval-
uating the stability of a multivariable closed-loop system against unstructured or dynamic
uncertainties. Further details on this important tool can be found in [ZDG96], for instance.

Let us first define an uncertainty set A:
A= {A(s) ‘A(s) — Wi (s)A(5)Wa(s) with HZH <1 } (3.61)

where W; and W, are stable transfer matrices. These matrices are used to determine the size of
the unstructured uncertainties A. The weighted small gain theorem [ZDG96] claims therefore
that, for a given stable transfer matrix T, , the system of Figure 3.5 is stable VA € A if and
only if

|WoTpgWi|, < 1. (3.62)

les

3.4.2 Robust Stability Against Additive Uncertainties

Now, if we come back to the closed-loop system of Figure 3.2, we can note that the whole
to-be-controlled system is G 4 AE, which is naturally different from the nominal model G.
In this context, the uncertain block AE represents thus an additive uncertainty. Here, we
focus our analysis on this type of uncertainty. However, other types of uncertainties could be
considered by following the same methodology.

Following the weighted small gain theorem, if we want the closed-loop system to be stable
against additive uncertainties AE € A,qq, Where, given stable transfer matrices W4, and

Wada 2,
Aggq = {AE(S) (AE(S) = Woga1(5)D(5) Waga2(s) with HZHoo <1 } (3.63)

the transfer T,_.,, must be such that
| Wadd 2 Tn—suWadi il < 1. (3.64)

Note that in the configuration of Figure 3.2, AE is in parallel with G (neglecting u¢,,), having
the same input signals u = col (uy, u,) and summing up with col (X, yu), at the same point
as n = col (ny, ny).

Therefore, if there is a controller that ensures (3.64), the closed-loop system is stable against
uncertainties AE € A,q4, finally fulfilling the specification (S5).
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Note that for (3.64) to hold, qualitatively, the & (T, (jw)) (reduces to | T, (jw)]| in the SISO
case) has to be small in the frequency range where the uncertainties are important. Therefore,
even if, a priori, we do not have constraints on the control signal(s), improving the robust
stability against additive uncertainties implies the limitation of the noise effects on the control
signal(s).

3.5 Summary of the Chapter

In this chapter, we first provide an analysis on the angular rate estimation of a MEMS
gyroscope when it is operated by a nonideal controller. This analysis allows us to establish
frequency constraints on the closed-loop transfer functions such that global performance
specifications are achieved. Furthermore, by means of the small gain theorem, we can also
determine frequency constraints on the closed-loop transfer functions that ensure the robust
stability of the system against unstructured uncertainties.

In the next chapter, based on these frequency constraints, we design some controllers for the
MEMS gyroscope. The most relevant frequency constraints are summarized in the sequel.

Global performance specifications (from Problem 3.1):

(i) For SENL < kgpni, see Section 3.3.2 (page 68), equations (3.52) and (3.53):

< AseNLKSENL,

T ref e (jwexc>

< (1 — AgenL) kseNt-

Moreover, reducing £, also improves the SFNL.

‘ TdCov,yg)gest (jwexc)

(ii) For a bandwidth wg larger than wges, see Section 3.3.3 (page 69) and equation (3.56):

V2

~ 0.2929.
2

) 2
V|CU| 6 [(ngc - wgesl wEXC + wges]/ ’TdCor/}/HSest (](U) ’ <

(iif) For ARW < karw, see Section 3.3.4 (page 70) and equations (3.59) and (3.60):

V|w]| € (0, 2wexc],

N N 2
TexaﬁcD,,y(]w)‘ < > (kSF'kARW>

(1 —Aarw)

T
2

2 ~ 2
Viw| € (0, 2wexc], ey—1iCory (]w)‘ < (kSF : kARW)

Specifications for conventional closed-loop operation:

(S1) Drive-mode reference tracking: the reference tracking of x,r,ff by x,,, see Section 3.3.1
(page 65), is mainly ensured by the constraints related to the SFNL. To improve the
reference tracking, the equations (3.25), (3.28) and (3.29) can be considered.

(52) Estimation of the Coriolis force: similarly, the estimation of dc,,,, by ticr,y, see Sec-
tion 3.3.1 (page 66), is mainly ensured by the constraints related to the SFNL. To enhance
the estimation, the equations (3.31), (3.34) and (3.35) can also be considered.

(S3) Sense-mode disturbance rejection: the tracking of yﬁf by ¥, see Section 3.3.1 (page 66),
is not a crucial specification in the LTI framework. However, it can be very useful to keep
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the real gyroscope operating in a linear region. To improve the disturbance rejection,
the equations equations (3.37), (3.40) and (3.41) can be taken into account.

(54) Band-pass condition of ﬁcOr,y! this condition, see Section 3.3.1 (page 67), is required to
ensure that the synchronous demodulation works properly. The related constraints are
given by equations (3.43) and (3.44):

v |w‘ > 2Wexc,

Tosiion, (i) =0 and [T, q,,,(0)] =0

V |w| > 2wexe, T

y‘“ﬁl\Cur,y

Tey—itcor, (jw) ’ =0 and

(0)| =0,

Closed-loop specifications for robust stability:

(S5) For additive uncertainties AE defined by W,4;1 and W,4;, according to (3.63), see
Section 3.4 (page 71), equation (3.64):

[Wadd 2 TnsuWadd 1|l o < 1.
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Chapter 4

Direct Control I: A Robust Approach

The main objective of this chapter is to propose a systematic method for designing a controller
for the closed-loop operation of MEMS gyroscopes.

As discussed in Chapter 3, for the gyroscope to achieve the desired performance specification,
the controller has to ensure that some key closed-loop transfer functions behave in a certain
way. This behavior is given by the closed-loop specifications, which are naturally expressed
as upper bounds on the frequency response magnitude of those key transfer functions.

In this context, the most suitable method for the controller design is the H., synthesis [SP01,
SF09]. Indeed, the Ho, synthesis is a flexible and powerful design method that allows for-
mulating the controller design problem as an optimization problem subject to mathematical
constraints. These constraints express upper bounds on the magnitude of the frequency
response of the closed-loop transfer functions, providing guarantees of stability and perfor-
mance for the system.

Here, we consider the direct control architecture under different configurations. For the sake
of pedagogy, we first consider the design of a SISO controller for the drive mode. Then,
we design a SISO controller for the sense mode. Firstly, they are assumed to be uncoupled.
Next, the mechanical coupling between these modes is also taken into consideration. Then, a
multivariable (MIMO) approach is proposed.

For the SISO approach, two important assumptions are made: the mechanical coupling forces
and the Coriolis forces are considered as exogenous input signals. When considering the
MIMO approach, the mechanical coupling is properly taken into account for the controller
design. However, the Coriolis force is still assumed to be exogenous. To validate the proposed
solutions, the quadratic stability is assessed and numerical simulations are performed.

In this chapter, we also consider that the to-be-controlled system is frozen, that is, the
operating condition, represented by 6 and p (see Section 2.1.5), is fixed. Therefore, the to-be-
controlled system is LTI For the sake of clarity, the superscripts 6 and p are hence omitted
along this chapter.

We start the chapter by presenting the principles of the Ho, synthesis in Section 4.1. Then,
we apply this technique to design some controller(s) for MEMS gyroscopes under different
configurations. Numerical examples are presented along the chapter and the most relevant
solutions are validated through simulations.
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4.1 H Synthesis: Principles

In this section, we present the principles of the celebrated H, synthesis. The discussions
drawn in this section are mainly based on the textbooks [ZDG96, SP01, SF09].

The beginning of the Ho, synthesis is often credited to the seminal paper [Zam81], in which
G. Zames shows that, for LTI systems, the control design problem can be tackled as the
optimization of a weighted H-norm criterion. The main strength of the H., synthesis
resides on the definition of the so-called H, criterion, which enforces upper bounds on
the frequency response magnitude of the closed-loop system. In a certain extent, it allows
shaping the closed-loop transfer functions. Therefore, in contrast to other modern control
design methods (e.g., LQG, H>), through the choice of an adequate H, criterion, the H,
synthesis allows to ensure the robustness of the closed-loop system against some classes of
uncertainties.

In the remainder of this section, we define the standard H, control problem, which is the
core of the method. To solve this optimization problem, an adequate Ho, criterion has to be
defined and an efficient optimization algorithm has to be used. These two key points are also
presented in the sequel.

4.1.1 Standard H. Control Problem

Before introducing the H, control problem, let us first recall the definition of the H« norm.

Definition 4.1 (H. norm [SP01]). The Ho norm of a proper stable system H is defined as

|H||, = sup @ (H(s)) = supv (H(jw)), (4.1)
R(s)>0 weR

where the notation ¢ (H(s)) indicates the largest singular value of H(s).

The Ho norm correponds to the maximum gain of the system for all frequencies. For the
particular case of SISO transfer functions, we have the property: 7 (H(s)) = ¢ (H(s)) =
|H(s)| with ¢ (H(s)) indicating the smallest singular value of H(s). Thus, for a proper stable
SISO system H, (4.1) can be rewritten as

|Hl|, = sup @ (H(s)) = sup |H(jw)]. (42)
R(s)>0 wER

Similarly to modern control design methods (e.g., LQG, H>), the general control configuration
of Figure 4.1 is considered for the H, synthesis [SP01]. In this configuration, P is the so-called
generalized or augmented plant, which admits the minimal state-space realization

Z(t) = szP(t) + Dyw ) + Dzyup ) (4.3)

{ X’p(t) = Apo(t) + BwZU(t) + Buup(t)
P (t (t
yp(t) = Cyxp(t) + Dyww(t) + Dyup(t)

with xp(t) € R", up(t) € R™r, yp(t) € R™r, w(t) € R™, z(t) € R": and matrices of
adequate dimensions. The vector w represents the exogenous inputs, z is the vector of
controlled outputs, and up and yp are respectively the control signals and measured outputs.
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The controller K is given by

[ () = Axax(t) + Brye(t)
o { MI;(t) = C11<<x11<<(t) + Diyl;(t) ’ (4.4)

where xg(f) € R"¢ with ng = np and the matrices have adequate dimensions. We can
therefore state the standard H., control problem.

w z
—>] —

up P yp

»
>

K

A

FIGURE 4.1: General control configuration.

Problem 4.1 (Standard H. control problem). Given a plant P in the form of (4.3) and a perfor-
mance level v > 0, compute a controller K in the form of (4.4), if there exists any, such that the
closed-loop system P x K is stable and

[P K| <7, (4.5)

where P % K denotes the Redheffer product of P and K, that is, the closed-loop system defined by (4.3)
and (4.4).

The equation (4.5) introduces the so-called H, criterion. It is important to emphasize that
this criterion is defined through the choice of the augmented plant P, which is composed of
the to-be-controlled system itself and weighting filters attributing different weights to the
signals of interest, w and z.

The choice of the H, criterion is one of the crucial points of the H, synthesis. Indeed, the
proper choice of the input and output signals and the design of the weighting functions
can enforce the desired specifications and provide formal guarantees of robust stability and
performance. Another crucial point is how to solve Problem 4.1, i.e., how to compute a
controller that ensures the stability of the closed-loop system and verifies (4.5). These two
aspects are discussed in the sequel.

4.1.2 Defining an H, Criterion

As discussed earlier, the choice of the H, criterion, directly linked to the augmented plant P,
is one of the most important steps of the H., synthesis. Indeed, properly defining the Hc,
criterion allows to enforce constraints on the frequency response of the closed-loop transfer
functions. This aspect is one of the biggest strengths of the H, synthesis. In this section, we
present then how to properly define an H, criterion.

In general, weights are attributed to the different signals of interest through the so-called
weighting filters (or weighting functions) Wi, and Wy, as illustrated in Figure 4.2 [SP01].
These weighting filters are often diagonal, i.e.,

Win = dlag (Win,l/ ceey Win,k/ ceey Win,nw)
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Wout = dlag (Wout,lf ey Wout,l/ sy Win,nz) ’

and define @ = Wi,w and Z = W__\z. In this case, the vector w represents the weighted or
normalized exogenous inputs and w corresponds to the input signals of the system, such
as the reference signal, disturbances and noises. Similarly, z represents the weighted or
normalized controlled outputs and z consists of the controlled outputs, e.g., the tracking and
the estimation errors. It is worth mentioning that the signals of interest w and z do not have
to be physical. They can, for instance, represent a non-measurable signal or a combination of

signals.

w w z z
—> Win > _ > Wout —
| 2 |
| -~ |
| P
L R R |
up yp

K |-

FIGURE 4.2: General control configuration with weighting filters.

Considering the weighting functions, the closed-loop system Ty,—,, = P x K can be rewritten,
in the Laplace domain, as

Tw—z(8) = Wout(s) T—z(S) Win(s). (4.6)

Then, if there exists a controller that ensures the stability of T;,—,; and ||Tw—:||,, < 7, the
stability of T;;_,z and the condition

[Wout Tig—+2Win|[ o < ¥ (4.7)

are also ensured. We highlight that the controller cannot stabilize the weighting functions in
(4.6). Hence, the chosen weighting functions are required to be stable.

At this point, it is important to recall that the H., norm of a matrix upper bounds the H
norm of each of its elements [SP01]. Hence, (4.7) implies that

Vie{l,...,n},Vke{1,...,ny}, | Wout, T, -z Winkl| o, < 7/ (4.8)

which is equivalent to

- v
Viel{l,...,n.},Vke {l,...,ny}, Vw €R, Tz 3 (jw)| < _ —. (49
{ Z} { w} ‘ Wr—2Z] (] )| |Wout,l (]w)wm,k(]w” ( )
Furthermore, if 7y <1, (4.7) implies that the frequency response magnitude of each transfer
T3,z is upper bounded by the inverse of the product Wi Win k, see (4.9). The adequate
choice of the weighting functions enforces therefore frequency constraints on Ty __,z and
expresses the desired closed-loop specifications.

Please note that these frequency constraints only act on the gain or magnitude of the frequency
responses. The H, criterion does not carry information on the phase of the frequency
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responses. Furthermore, only upper bounds on the magnitude of the frequency response can
be defined.

In this context, we always look for v ~ 1. Indeed, if the terms |Wout,lwin,k’_1 define upper
bounds on ]T@k%z , having v < 1 implies that all | T3, 3, ‘ are way below (by a factor ) the
given upper bounds and the desired closed-loop specifications are easily achieved by the
controller. In this case, the designer can optimize the closed-loop specifications (for instance,
constraining the control signal even further or enhancing the stability margins). On the other
hand, if 7 > 1, (4.7) does not imply that there is a transfer Ty, 3, that exceeds its upper
bound. It rather indicates that one of the transfers may exceed its upper bound by a factor
7. Then, even with < slightly larger than 1, the individual constraints may be satisfied'.
The individual transfers have then to be checked a posteriori by the designer. Finally, v > 1
indicates that the enforced frequency constraints cannot be achieved. The H criterion (or
the closed-loop specifications) has to be reviewed in this case.

The choice of an H criterion is nonunique. For instance, since the constraints on |T@k_>g, ‘ are
expressed through the product Wy, ; Wiy £, to obtain the same product, different combinations
of Wqyut; and Wiy x can be considered. Moreover, note that W, (resp. Wi, ) appears on all
the upper bounds of the transfers to the outputs z; (resp. from the inputs wy). Then, each
weighting function acts not only on a given transfer function, but on all the transfers related
to the given output (resp. input) signal.

Although very flexible, the choice of the H, criterion is nontrivial. Recall that, in general,
all the closed-loop transfer function are interlinked. Then, when constraining one of them,
we can be indirectly imposing some constraint on other transfers. We illustrate this point
through the following example.

Example 4.1 (Ho criterion and structural constraints). Let us consider the control scheme of
Figure 4.3, where the controller is represented by K and the to-be-controlled plant by G. The main
objective here is to qualitatively define an H, criterion enforcing:

(i) reference tracking of low-frequency signals, i.e., for |w| < wy, Tr—y(jw) = 1;

(ii) minimization of the control signal u.

-y

FIGURE 4.3: Control scheme for Example 4.1.

Y
()

First, we have to define the signals of interest as well as the control signal and measured output. Clearly,
the control signal is u and the measured output is €; then, under the general control configuration of
the figures 4.1 and 4.2, up = u and yp = €. In a first time, let us consider as signals of interest w = r
and zZ = col (g, u, y). Then, we compute the transfer Tg_,5:

Tr—e(s) S(s)
Toz(s) = | Tr—u(s)| = |K(s)S(s) |, (4.10)
Try(s) T(s)
ITo illustrate this statement, let us consider Wyt = 1, Win = b and Ty 5 = [0.8 j0.9] In this case,

[Wout Tg—zWin |l = 1.2042 = > 1.2042, || Tp, 2|, = 0.8 and || T, 2|/, = 0.9. Note that even if v > 1,
the individual transfers Tz, _,z and Tg;,_,5 are still smaller than their upper bounds (equal to one).




80 Chapter 4. Direct Control I: A Robust Approach

where S(s) = (14 K(s)G(s)) " and T(s) = K(s)G(s)S(s) = 1 — S(s).

Ome of the objectives is to make T (jw) ~ 1 in a given frequency range (reference tracking). As
discussed above, this constraint cannot be directly enforced through the He criterion, since lower
bounds cannot be directly imposed. Nevertheless, structurally, T = 1 — S. Then, enforcing |S(jw)| <
1 for |w| < wy implies that T(jw) = 1 in the same frequency range, as desired. The second objective
is to minimize T,_,,, wherever it is possible.

Let us now evaluate where and how these transfers can be minimized. Please note that the only
way to have |S(jw)| < 1is with |K(jw)G(jw)| > 1. However, |K(jw)G(jw)| > 1 implies that
[K(j)S(je)| ~ [Gjew)| . If [K(jeo) G (jeo)| < 1, we have that S(jew) ~ 1 and |K(je)S(jew) | ~
|K(jw)|. This means that, in the frequency range in which the reference tracking is required (|w| <
wy), the control signal cannot be minimized. In contrast, for |w| > wy, the control signal can be as
small as the controller gain. In the sequel, we see how these structural constraints can be taken into
account when defining the H, criterion.

Note that only the transfers T,—,, = KS and T, = S have to be upper bounded to achieve the
control objectives. Therefore, to define the H, criterion, we recast the output signals of interest as
z = col (¢, u) and include the weighting functions W,, W, and W, as presented in Figure 4.4.

Z1
We —>

Y

Z3
W, —

w1 r + Y
_>Wr_:T€ K i GT’

FIGURE 4.4: H criterion for Example 4.1.

The Heo control problem is thus to compute a controller K such that, for a given v > 0,

WfTHEWr] < 7. (4.11)

ol = | [t

[ee]

If there is a solution for this problem with v <1, (4.11) implies that, Vw € R,

1 . 1
<Wgowmge)] M Tl < oW Gyl

| Tr—e(jw)|

Therefore, |We(jw )W, (jw)| must be as large as possible for |w| < wy. Similarly, |W, (jw )W, (jw)]
should be as large as possible across all the frequency range. However, because of the structural
constraint presented above, |W,(jw)W,(jw)| can be large only for |w| > wy. For |w| < wy,
|Wy, (jw )W, (jew)| has to be smaller than |G (jw)].

Finally, each weighting function has to be defined, recalling that this choice is nonunique. In this case,
a possible choice would be W, (jw) = 1, and W, with high gain for |w| < wy, (similar to a low-pass
filter) and W,, with high gain for |w| > wy, (similar to a high-pass filter).

Finally, it is important to highlight that the order of the controller is equal to the order of the
to-be-controlled system added by the order of all the weighting functions. If the resulting
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controller has a high order, model reduction can be performed [SP01, SF09]. The issue is that
the stability and performance guarantees can be lost. Then, an a posteriori analysis is required
to check for those properties. So, to avoid unnecessary model order reduction, the weighting
functions should be as simple (low order) as possible.

4.1.3 Solving the Standard H., Control Problem

In general, the solution for the H. control problem can be obtained through two different
approaches: (i) one based on the solution of algebraic Riccati equations (ARE) [DGKF89],
and (ii) another one, based on linear matrix inequalities (LMIs) [GA94, IS94]. The Ho, control
problem has an analytical solution that can be computed through two coupled ARE. This
is the simplest and most reliable approach from the numerical computation point of view.
Nevertheless, the augmented plant has to present some specific properties, which are not so
restrictive, but limit the applicability of this approach [DGKF89, GA94]. On the other hand,
LMI-based approaches are based on the optimization of a convex problem with constraints,
being numerically more complex than ARE-based ones. However, no particular properties
are required for the augmented plant and efficient convex optimization algorithms are widely
available. Therefore, LMI-based approaches provide a general framework for the solution of
Problem 4.1. For this reason, in this thesis, we privilege the LMI-based approaches.

The LMI-based approaches compute the Ho, controller in two steps. First, the existence of
a solution for the problem is assessed. Then, if there exists a solution, a controller K that
stabilizes P x K and ensures || P % K||,, < 1y is computed.

In practice, the Robust Control Toolbox of Matlab® [BCPS20] can be employed to solve Prob-
lem 4.1 through the function hinfsyn.

We recall that in our application, the to-be-controlled plant (the drive and sense modes of
a MEMS gyroscope) is a resonant systems with very-high quality factor. Then, to reduce
numerical problems, the control synthesis is based on the frequency-normalized model of the
to-be-controlled plant, where w,. is taken as the normalization frequency. In this normalized-
frequency space, the operating frequency is then equal to the unity. Further details on the
frequency normalization will be given in Chapter 7.

41.4 *Ho Synthesis: Summary
Having presented the H., synthesis, we can now summarize the method in some steps.

(i) Given a control scheme and a to-be-controlled plant, define the signals of interest w
and z as well as the controller input and output vectors (respectively yp and up in the
general control configuration).

(ii) Compute, analytically, the closed-loop transfer functions, i.e., T3z, and check for
equivalent transfers and structural constraints.

(iii) Express the closed-loop specifications as upper bounds on the frequency response
magnitude of the transfer functions of interest.

(iv) Define the H criterion, according to the specifications and structural constraints.
(v) Solve the standard H, problem.
(vi) Check the solution. If it is OK, continue; otherwise, go back to steps (i), (iii) or (iv).

(vii) Implement the solution.
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The steps (i)—(iv) are illustrated in Example 4.1 and the solution for the standard H, problem,
step (v), is discussed in Section 4.1.3. When talking about checking the solution in step (vi),
we mean that the closed-loop specifications are OK either with y < 1 or withy ~ 1 and ana
posteriori analysis of the individual transfers is needed. A deeper analysis can be performed in
this step, see [AC21] for further details on the performance validation for MEMS gyroscopes.
Obviously, in step (vi), numerical simulations can also be considered.

4.2 SISO Control Architectures

In this section, we apply the Ho synthesis to design a controller for the closed-loop operation
of MEMS gyroscopes. For the controller design, we assume that there is no mechanical
coupling between the drive and sense modes. Therefore, the two control loops are indepen-
dent. We consider the direct control approach for the drive and sense modes. Thanks to
the flexibility of the Ho, synthesis, the procedure adopted in this section is extended to a
multivariable (MIMO) approach in Section 4.3.

We recall that the main objective of the drive-mode control is to ensure that the MEMS
gyroscope proof mass oscillates along the ¥-axis, describing a sinusoidal trajectory imposed
by the reference signal x (sinusoidal reference tracking). When the device is submitted to an
angular rate (., a Coriolis force, whose amplitude is proportional to (), appears on the sense
mode. Then, the main objective of the sense-mode control is to provide an accurate estimate
of the Coriolis force (estimation of a sinusoidal signal), which is afterwards demodulated to

obtain an estimate of ), (see Section 2.1).

For the drive mode, we consider two control configurations: with 1 degree of freedom (1DoF)
and with 2 degrees of freedom (2DoF). We will see that the 1DoF control configuration
presents some structural constraints linking the reference tracking and the noise rejection
properties of the closed-loop system. One of the main interests on using a 2DoF control
configuration is that this structural constraint can be avoided. For the sense mode, where the
reference signal to be tracked is null, we consider only the 1DoF control architecture.

42,1 Drive-Mode Control

Besides the reference tracking objective, the drive-mode controller has to fulfill secondary
control objectives so that the whole gyroscope achieves the desired global performance level.
In the SISO approach, the drive-mode controller must be such that the following performance-
and the robustness-related constraints are verified.

Drive-mode nominal performance constraints:

(i) SFNL and reference tracking: for the SFNL (see (3.52), page 69), which implies the
reference tracking, we consider

< ASENLASENL- (4.12)

Txﬁfﬁsx (jwexc)

(ii) Disturbance rejection: in the SISO approach, to improve the reference tracking, we
also reject the disturbance signal dc,, . Then, from (3.28) (page 66), we consider,

v |w‘ € (wexc — W, Wexc + WQ) ’ ’Tdc‘,r,xﬁsx (]CU)‘ < ky1, (4.13)
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where ky; € R is to be minimized.

Drive-mode robust stability constraint:

(i) Unmodeled dynamics: to enforce the robustness against additive uncertainties AEy, €
Aaaq, which is defined by W,4; 1 and W44, = 1 (see (3.63), page 72), we shall minimize
at best | Ty, -y, (jw)|, mainly in the frequency range where |W,4, 1| is important. Indeed,
the weighted small gain theorem ensures stability against this kind of uncertainty if

1
<
|Waaa (jw)]

In general, |W,441] is considered to be high in low and high frequencies, and small
around wgy. Indeed, because of the low gain of the drive mode in low and high
frequencies, the measurement noises hide the behavior of the system in these frequency
ranges.

Vw €R, |Tpou, (jw)| (4.14)

1DoF control configuration

Let us consider the classical 1 degree-of-freedom (1DoF) control configuration of Figure 4.5,

where K, represents the controller and Gy is the drive-mode model. The main objective
here is to ensure an accurate tracking of the sinusoidal reference signal, i.e., x,, (f) ~ e (1).
To quantify the tracking error, we define ¢, £ x:,ff — Xp. We also define the signals of
interest W = col x:,if , ACorxs nx> and z = col (e, Uy, vx). The transfer function matrix of

this closed-loop system can then be given by (dropping the dependence on s)

Tt vey  Tdcmamer  Tnemves Sy —GiSy Ty
Tx:ﬁfeux TdCoy,x—mx Tnxﬂux = | KiSx —TIx —KiSx|, (4.15)
T ref TdCOV,X*)’UX T”X%Ux KXSX SX _KXSX

where S,y = (1+ I(,(Gx)_1 is the sensitivity function, and Ty = 1 — Sy = K;G;Sy is the
complementary sensitivity function.

dCor,xl
Xﬁer Uy + Y+ 0Oy Xm
_tQ—> Ky ——>O—| Gy 7—»
T +O Mx
——
+

FIGURE 4.5: 1DoF control configuration for the drive-mode operation.

Please note that some of the transfers of (4.15) are equivalent. Indeed, Tx:;;fﬁsx = ‘wa/xﬁvx ,

}TdCUr,xg)ux = |Tnx*>€x| and )Tx::;f*)ux‘ = |Tnxﬁux| = ‘Tx:;l)f*)vx = |Tnx*>7]x" Let us fOCLlS on

the equivalence | Ty, | = ‘Txref*)u . To ensure a certain robustness level against additive
m X

uncertainties, T, ., has to be upper bounded, see (4.14). On the other hand, the upper
bound on the magnitude of the transfer T ., , ~implies limiting the control signal energy

Ux

that is available for tracking the reference signal. In general, the higher the ‘T ref is, the
Xy —rUx
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quicker the to-be-controlled system tracks the reference signal and higher the control signal
amplitudes can be (mainly during the transient state). With a 1DoF controller, the robustness
against additive uncertainties and the “available control signal energy” are expressed through
the same transfer: K, Sy. This structural constraint can be more or less restrictive depending
on the to-be-controlled system and on the closed-loop specifications. Later, we will see that
the 2DoF control configuration allows avoiding this structural constraint.

Also note that only three of the transfers of (4.15) have to be constrained to achieve the desired
performance: Tx:’ff_)‘gx, L —— and T, . Moreover, most of them are equivalent. Thus, to
express the performance- and robustness-related frequency constraints, we consider the block
diagram of Figure 4.6, where, because of the equivalence between the transfers, the signals
ny and vy are suppressed. Furthermore, without these signals, the tracking error coincides

with the signal at the controller input. This scheme can be represented in the general control

configuration of Figure 4.1 or Figure 4.2 with w = col (x:,ff , dCOr,x) and z = col (ey, uy),

Win = diag (W;, Wy), Wout = diag (We, W,,), up = uy, and yp = &,.

Z1
> W, —»
ﬂ» W z
2
d > W, —»

ref dCorx -

w X + LY+ Xm

_1> W, _mto—so-> Ky o Q—» Gy T
T X X

FIGURE 4.6: Block diagram for the 1DoF drive-mode control design.

The Ho problem is therefore recast as to compute the controller K, if there is any, such that

WeT rer . Wr WeTye,, e, Wa

T, = Xm —rEx <. 4.16
|| W—>ZHoo H [WMTx:::f_)uxWr WquCDr,X_med /)/ ( )

[ee]

Furthermore, if there is a solution for this problem with ¢ < 1, then (4.16) implies that,
Vw e R,

1 1
Tre 1 < . . s T, € ’ < { 1 ’
-0 U] < ey T U9 < amga)

, 1 . 1
T, )] < WG W) | Temeu )| < S G

The reference-tracking specification (see (4.12)) is achieved by constraining Tx:ﬁf%gx (jw)

to be small around w = wey,. This restriction is enforced via the product W,W,, which has
to present a gain larger than (Agpnpksenr) Tatw = Wexc. Similarly, for the specification of
disturbance rejection (see (4.13)), the product W, W; must present a gain larger than 1/k,4
around wey.. Finally, for the specification of robust stability against additive uncertainties
(see (4.14)), |W,W,| must be larger than 1/ |W,4,1| across all the frequencies. It is also

important to note that, since ‘Tdm,x%ux =1 =Ty, ‘ (|=Tx| = |1 — Sx|), when we enforce
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T s, (]w)’ < 1 for w = weye, we also have ‘TdCWﬁux ( ]w)] ~ 1. This structural constraint
has to be taken into consideration for the design of W, and Wj.

In general, the condition (4.14) is enough to ensure the robust stability of the system against
additive uncertainties. However, the designer may want to adopt more traditional stability
margins, as the gain and phase margins. In this case, the requirement of a minimum modulus
margin, which is closely related to the traditional stability margins [SP01], can be introduced
on the original specifications, enhancing the overall system robustness. A minimal modulus
margin AM can be enforced by constraining

1

185 = || Ty e || < 527

(4.17)

—€x

This constraint is also enforced through the choice of W, and W,.

As discussed in Section 4.1.2, the choice of the weighting functions is nonunique. In the
sequel, we present a numerical example to illustrate the H, synthesis for the closed-loop
operation of the drive mode of a MEMS gyroscope.

Example 4.2 (1DoF direct control of the drive mode). Let us consider the drive-mode plant of
Example 2.1 and the following specifications.

(i) SFENL and reference tracking: SFNL smaller than 500 ppm, i.e., reference tracking of a
sinusoidal signal with relative error £, < 0.5kspnr = 250 - 107 (Aspnr = 0.5) for Wexe = wox-

(ii) Disturbance rejection: minimize the disturbance effects, i.e., minimize kyq.

(iii) Robustness against additive uncertainties: minimize

Tx:sfﬁux ‘ where |Wogq 1| is important
(low and high frequencies).

(iv) Modulus margin (optional): additionally, ensure a modulus margin AM > 0.5.

Based on the H synthesis, we want to design a 1DoF controller to operate the drive mode ensuring
the above specifications. For this purpose, we consider the Hoo criterion defined by the scheme of
Figure 4.6 and weighting functions that enforce the upper bounds presented in the figures 4.7 and 4.8.
The weighting functions are first chosen to ensure the “hard” specifications — reference tracking and

modulus margin (see transfer from X to ey). The other weighting functions are iteratively chosen
to minimize ky1 and ’Txrefﬂ[ ‘, respectively enhancing the disturbance rejection and the robustness
against additive uncertainties. Their expressions and numerical values are given in Appendix C.2.

Then, by solving the standard Heo problem with v = 0.9745, we obtain the 6'"-order controller whose
Bode diagram is presented in Figure 4.9. Its numerical values are also given in Appendix C.2. Since
v < 1, all the specifications are satisfied. Indeed, all the closed-loop transfer functions satisfy the
upper bounds in Figure 4.7 and Figure 4.8.

Globally, the controller has high gains around wey. and small gains in low and high frequencies
(see Figure 4.9). These properties are indeed necessary to respectively ensure (i) that the transfer
Txﬁfﬁgx = Sy has small gain around wey. (see Example 4.1), and (ii) that the transfer Tx;‘:;f*)ux =
K Sy has low gains in low and high frequencies. Indeed,

¢ K@) Galje)| 3 1, [S4(je)| = 1/ [Ke ()G (o)
o if [Ki(jw)Gx(jw)| < 1, [Ky(jw)Sx(jw)| = [Ky(jw)].
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FIGURE 4.9: Bode diagrams of the controller obtained in Example 4.2.

Now, if we zoom the Bode diagram around wex. (see Figure 4.9b), we can note that the controller has a
salient resonance peak at wey., ensuring an accurate reference tracking. Moreover, the controller adds
at least 20° of phase lead for 0.98w,x. < w < 1.02wWexc, ensuring that, even with the 180° phase lag
of the plant, the closed-loop system has a sufficient phase to ensure good stability margins.

2DoF Control Configuration

We have just seen that the 1DoF control configuration imposes a particular structural con-
straint: ‘Txref_m ‘ = |Ty,—u, |- Now, we present the 2DoF control configuration, which allows
avoiding this constraint. The 2DoF control configuration is presented in Figure 4.10, where

the controller K, = [Ky1, Ky2] has two inputs (x,r,ff and x,) and one output (uy). That is,
the 2DoF controller is composed of a feedforward controller K, and a positive-feedback

controller K,,. The tracking error is still defined as e, = x;ff — x;; and the signals of interest
are w = col x:,ff , dCorxs nx) and z = col (&, Uy, vy). Now, the transfer function matrix of

this closed-loop system is given by

Tx:ﬁf—)gx TdCar/xﬁgx Tnx_>€x 1-— le GXSX —stx Tx
Tx;r::fﬁux TdCor,x—)Mx Tnx%ux = KX1 Sx _Tx szsx 4 (418)
Txn»f_w TdCor,:("vx Tnx—ﬂix le Sx Sx KxZSx

where S, = (1 — szGx)_1 is the sensitivity function, and Ty = 1 — Sy = —K,2G«Sy is the
complementary sensitivity function. Please note that, as claimed, there is no more equivalence

between the transfers T ., . ~—and Ty, u,. Then, |T s , | canbe different of | T, |-
dCor,x
ref
Xm Uy + Y+ Ux Xm
—»| K, Gy
f Xn + Ny

FIGURE 4.10: 2DoF control configuration for the drive-mode operation.
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To express the desired performance- and robustness-related frequency constraints, we con-
sider the block diagram of Figure 4.11, which can be represented in the general control

configuration of Figure 4.1 or Figure 4.2 with @ = col (x;i’f , ACorxs nx> and z = col (ey, uy),

Win = diag (W;, Wy, W), Wour = diag (We, W,,), up = 1y, and yp = col (xZif, xn>.

+ o &x Z1
O—> W, I—
w1 Ux 4 0y Xm
— W, Ky O— Gy
et +4&
m yy 27
d Xn > W, —
wo Cor,x
— Wy

w3 X
— W,

t
_|_
O
AJ+

FIGURE 4.11: Block diagram for the 2DoF drive-mode control design.

The H problem is then recast as to compute the controller K, = [K,1, Ky2], if there is any,
such that

WeT vy . Wi WeTy,, —eWa  WeTp,—e W,
I Twszlleg = || [y o 2ex 0 F e G | (4.19)
Wu Tx:'ff Sy Wr Wy TdCD,,x—mx Wd Wy Tnxaux Wi, o
If there exists a solution for this problem with ¢y <1, then, Vw € R,
1 1 1
T re < =, T, < = T, < oo
xmf%sx ‘Wswr‘ ‘ dcor,x—>€x |Wng| ’ Ny —>€x ‘ ’Wswn‘
1 1 1
T re < —, |T, < —, |T | < =
x,,,f%ux ‘Wu WI” ‘ dcorx—Ux ‘Wu Wd‘ ‘ Ny —>Uy ‘ ’WM Wn ’

As well as for the previous case (1DoF), the specification of reference tracking (see (4.12))

can be achieved by constraining ‘Txrefﬂs ‘ to be small around w = w,y.. This restriction is
m

X

enforced via the product W,W,, which has to present a gain larger than (/\SFNLkSFNL)fl at
W = Wexc. For the specification of disturbance rejection (see (4.13)), the product W, W; must
present a gain larger than 1/k,; around wey.. Finally, for the specification of robust stability
against additive uncertainties (see (4.14)), |W, W, | must be larger than |W,;;1|.

It is important to mention that we could opt to consider v, instead of u, as signal of interest.
This would allow us, if required, to upper bound the transfer T, ., = Sy, enforcing a
minimal modulus margin.

Example 4.3 (2DoF direct control of the drive mode). Let us consider again the drive-mode plant
of Example 2.1 and the following specifications.

(i) SENL and reference tracking: SFNL smaller than 500 ppm, i.e., reference tracking of a
sinusoidal signal with relative error &, < 0.5kspny = 250 - 107% (Aspnr = 0.5) for Wexe = wo x-

(ii) Disturbance rejection: minimize the disturbance effects, i.e., minimize kyq.
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(iii) Robustness against additive uncertainties: minimize | T, | where |W,441| is important
(low and high frequencies).

Based on the H, synthesis, we want to design a 2DoF controller to operate the drive mode ensuring
the above specifications. To this end, we consider the Ho, criterion defined by the scheme of Figure 4.11
and weighting functions that enforce the upper bounds of the figures 4.12 and 4.13. Similar to
Example 4.2, we start by choosing the weighting functions defining the “hard constraints” — in this

case, the reference tracking (see transfer from x:,ff to ex). The other weighting functions are iteratively
chosen to minimize ky1 and the magnitude of T, —,,, (mainly in low and high frequencies). Their
numerical values are given in Appendix C.3.

Please note that, in contrast to the 1DoF case, here, the transfers T o and Ty, ., have different
magnitude. Then, the upper bound on T ey, CAT be relaxed, allowzng to have a quicker reference
tracking (if needed). The transfer T,, s, is still used for the robust stability specification.

Then, by solving the standard Ho. problem with oy = 1.1634, we obtain the 8" -order controller whose
Bode diagram is presented in Figure 4.14 and numerical values are given in Appendix C.3. First, note
that in this case, oy > 1. By observing the obtained closed-loop transfer functions in Figure 4.13, we
can realize that | T, ¢ | is slightly higher than its upper bound. Similarly, | T, _, | is also slightly
higher than its upper bound. Even though, the main closed-loop specifications (reference tracking and
disturbance rejection) are fulfilled.

The modulus margin is verified a posteriori. We obtain ||Sy||, = 1.0347 ~ 0.2963 dB, which gives
AM = 0.9665 > 0.5.

Globally, K1 has high gains across all the frequency range. Since its input signal is X which is

a sinusoidal signal (spectrum concentrated around w,y.), the high gains in low and high frequency
ranges is not an issue. On the other hand, Ky, is similar to the 1DoF controller of Example 4.2,
that is, it has important gains around w.x. and lower gains in low and high frequencies, ensuring
low gain for T, __,,_ in these frequencies. Two main differences can be observed. Due to the positive
feedback, the phase of Ky presents an additional 180° phase lead, but it still ensures a sufficient phase
for stability. The second difference consists on the absense of the “salient” resonance peak. In the 1DoF
case, this resonance peak was needed to ensure an accurate reference tracking. Here, the feedforward
controller Ky1 also helps to achieve an accurate reference tracking, such that this resonance peak
becomes unnecessary.
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FIGURE 4.14: Bode diagrams of the controller obtained in Example 4.3.

4.2.2 Sense-Mode Control

Besides the main objective of estimating the Coriolis force, the sense-mode controller also has
to fulfill secondary control objectives so that the whole gyroscope achieves the desired global
performance level. In the SISO approach, the sense-mode controller has to be such that the
frequency constraints below are satisfied.

Sense-mode nominal performance constraints:

(i) SFNL and estimation of the Coriolis force: for the SENL (see (3.53), page 69), which
also implies an accurate estimation of d¢,,, we consider

Ticyry—sews (JWexc) | < (1 — AgeNL) kspNL- (4.20)

(ii) Disturbance rejection: in the SISO approach, for the minimization of y,, (or equiva-
lently, ,), we consider (3.41) (page 67):

V|w| € [Wexe — wWa, Wexe + wa), ‘TdCO,,,y—wm (]'w)‘ = ’Tdc‘w%y (jw)‘ <kyp, (421)

where k,p € R is to be minimized.

(iii) Bandwidth: to ensure a bandwidth wg larger than wges (see (3.56), page 70),

2-12

Viw| € [Wexe — wgesf Wexe + wges]/ Tdc»r,yﬁsest (]w)‘ < 5 ~ 0.2929. (4.22)

(iv) Angle random walk (ARW): in the SISO approach, Texﬁgw/y = 0 (no coupling between
the drive and sense modes); then, we rewrite (3.60) (page 71) with Aarw = 0 as

: , . V2
V’w| € (0/ 2wexc]/ Teyﬁﬁct,,,y(]w)‘ = ’Ny(]w)TnyaﬁcO,,y(]w)‘ < TkSFkARW (4.23)

and consider
V|w| € (0, 2wexc],

. ky,
Ty ey ()| < Nl (4.24)
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V2 - ksekarw

of the noise (see (2.48), page 32).

where k,, = is to be minimized and N, defines the power spectral density

(v) Band-pass condition of iic,, ,: in the SISO approach, to ensure the band-pass condition
of iicoyr,y, the controller has to ensure (see (3.44), page 67)

v ’w’ > 2Wexe,

Tyt )| €1 and

Teﬁ%w(o)‘ <1.  (4.25)

Sense-mode robust stability constraint:

(i) Unmodeled dynamics: to enforce the robustness against additive uncertainties AE,, €
A,44, which is defined by W41 and W,440 = 1 (see (3.63), page 72), we shall minimize
at best |Tny_>uy (jw)|, mainly in the frequency range where |W,441| is important. Indeed,
the weighted small gain theorem ensures stability against this kind of uncertainty if

1

R, | Ty siicn, (G0)| = [Tuyn, (j0)] < - 42
V(U € % n}/%ucg,,y(]w)‘ ‘ v v(]w)‘ < ’Awadd,l(]w)’ ( 6)

Similar to the drive mode, |W,4, 1| is assumed to be important in low and high frequen-
cies, and small around wy,» and wy,.

For the sense mode, we consider only the 1DoF control configuration. Since the sense-
mode control objective is rather a regulation (or disturbance rejection) problem, there are no
significant advantages on using the 2DoF control configuration. Here, we consider the control
scheme of Figure 4.15, where K,, represents the controller and G, is the sense-mode model.
The main objective is to provide an accurate estimate of the signal dc,, - This estimate is given
by #icory = —uy. Inaddition, we define the estimation error e.s; = dcor,y — ticory = dcory + Uy-
We also define the signals of interest @ = col (dc,r,y, 1y) and Z = col (eest, Hcor,y, Ym)- This
closed-loop system can then be given by the following transfer functions:

TdCor,y_%est T”yﬁgest Sy KySy
TdCor,yHﬁCur,y T”y%ﬁCor,y = T]/ _Kys]/ ’ (427)
TdCor,y —Ym Tny‘)ym GySy - Ty
where S, = (1— KyGy)_1 is the sensitivity function, and T, = 1 - S, = —K,G,Sy is the

complementary sensitivity function.

ny

dCor,y—|— Eest Ym +Y+ Yn Uy UCor,y

G K -1 —
T JT

FIGURE 4.15: 1DoF control configuration for the sense-mode operation.

Please note that the magnitudes of some transfer functions of (4.27) are equal:

Tn = }Ty“

y—HCory = ‘ Tnyaem

= ‘Kysy‘ and ‘ Tnyg)ym ‘ = ‘ Tde’,yHﬁCM,y

Then, to express the performance- and robustness-related frequency constraints, we consider
the block diagram of Figure 4.16, where, because of the equivalence between the transfer
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functions mentioned above, the signal LTCOW is not considered as a signal of interest. In this
case, W = col (dcory, ny) and Z = col (€est, Ym), Win = diag (Wy, Wy,), Wour = diag (We, Wy),
up = uy, and yp = yy.

Z1
> W, —>»
w»
— W, Z
> W, —»
"y
w1 dCor,y + +Y 4 Yn Hy

— Wy —;O—o—» Gy e>O— Ky
T Eest Ym

FIGURE 4.16: Block diagram for the 1DoF sense-mode control design.

The Ho problem is then recast as to compute the controller K, if there is any, such that

Ws Tdcgw —>E€est Wd We Tny*){':gsf Wn

T =
| Teo—z]| o H WdeCW/y%yde Wy T, —y,, Wn

‘ <. (4.28)

If the problem above has a solution with y < 1, then (4.28) implies that, Vw € R,

1 1

‘Tdc()r,yﬁsest < |Wng|’ ‘Tny—west < ‘W£Wn|/
1 1

‘TdCor,y‘)ym < W, ’Tny—ﬁym} < W

The specification for SFNL (accurate estimation) and bandwidth (respectively, (4.20) and

(4.22)) can be achieved by constraining )TdCW_mSS , ‘ These constraints are enforced through

the product W, W, which has to present a gain larger than ((1 — /\SFNL)kSFNL)fl at W = Wexe
and higher than 1/0.2929 for |w| € (Wexc — WB, Wexc + WB).

Similarly, for the disturbance rejection (or minimization of y,, — see (4.21)), the product
W, W; must present a gain larger than 1/k;» around wey.. Finally, the specifications for ARW,
band-pass condition of ¢, and robust stability against additive uncertainties (respectively
(4.24), (4.25) and (4.26)) are enforced through |W;W,,|, which must be larger than | Ny (jw)| /k»
(ARW) and larger than |W,4, 1| (robustness) across all the frequencies. Moreover, to fulfill the
band-pass condition, |IW,W,,| must present a very high gain at w = 0 and for |w| > 2wW,x..

<
= ‘Sy‘ and

}Tny—wm = |Ty|). This structural constraint has also to be taken into consideration for the
design of W, and W;,.

It is also important to note that, since T, = 1 — §,, when enforcing ‘Tdmyﬁgest (jw)

(1 — Agpnp) kspne << 1, we have ‘Tny_)ym (]w)} ~ 1 (recalling that ‘Tdcm,y%em

If needed, a minimal modulus margin AM can also be enforced by constraining Ty, e
through W Wy, to present magnitude smaller than 1/AM across all the frequencies, similar
to the drive mode.

Let us now present an example to illustrate the H, synthesis for the design of a controller for
the sense-mode closed-loop operation.



94 Chapter 4. Direct Control I: A Robust Approach

Example 4.4 (Direct control of the sense mode). Let us consider the sense-mode plant of Exam-
ple 2.2 and the following specifications.

(i) SENL and Coriolis force estimation: SFNL smaller than 500 ppm, i.e., estimation of a
sinusoidal signal with relative error €, < 0.5kspnp, = 250 - 107° (Agent, = 0.5) for Wexe =
(U(),x.

(ii) Disturbance rejection: minimize the displacement of the proof mass along the ij-axis, i.e.,
minimize ky.

(iii) Bandwidth: wp > wi®s = 271200rad s~ L.
(iv) ARW: minimize the ARW, i.e., minimize k,,.

(v) Band-pass condition: ensure the band-pass condition of ticoy.

(vi) Robustness against additive uncertainties: minimize | Ty, e, | where [Wyaq 1| is important

(low and high frequencies).
(vii) Modulus margin (optional): additionally, ensure a modulus margin AM > 0.5.

Based on the Ho, synthesis, we aim to design a controller for the sense mode that ensures the above
specifications. To achieve this objective, we consider the Ho criterion defined by the scheme of
Figure 4.16 and weighting functions that enforce the upper bounds of the figures 4.17 and 4.18.

40 dcory ‘4> Eest ‘ 40 ‘ ny ‘: Eest
1\
20 ] 20
— 1/AM
= EXAS SIS NS SRR EE11] O R
T 0 0Fr
[}
el
B —20f 1 —20
&
o —40+ 1 —40
p=
—60} . —60 |
—80 . . . —80 L . |
102 101 100 10! 102 102 101 100 10! 102
X Wexc X Wexce
dCor,y — Ym
50 | 50

Magnitude (dB)
“

100 | 100 r
—m Upper bounds
—CLTF
—150 ! . . —150 I . .
102 10~ 10° 10! 102 102 10~ 10° 10! 102
Frequency X Wexe Frequency X Wexc

FIGURE 4.17: Upper bounds and closed-loop frequency responses for Exam-
ple 4.4.
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FIGURE 4.18: Upper bounds and closed-loop frequency responses for Exam-
ple 4.4. Zoom around wey..
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As well as for the previous examples, the weighting functions are chosen first to enforce the “hard
constraints” — the accurate estimation (SFNL), the bandwidth and the modulus margin (all of them
related to the transfer from dco,,, to €est). In particular, we chose to place the dynamic weighting
function enforcing low gain for w = Wexc rather on the input signal (dc,,,,) than on the output signal
(gest). Putting this weighting function on €5 would impose an upper bound with low gain at w = Wex,

on the transfer Ty —eps- This constraint cannot be enforced because TdCW%m ( jwexc)’ < 1implies
}Ky(ngxc)‘ > 1, which, in its turn, implies that ‘Tnyﬁgm (jwexc)‘ = ‘Ky(ngxc)sy(jwexc)‘ ~
|Gy ( jwexc)‘_l. The same argument is used to justify a trade-off between the bandwidth and the
ARW: the larger (better) is the bandwidth, the higher (worse) is the ARW. Indeed, the transfer Ty, ..,
cannot be minimized by the controller in the frequency range where |K,(jw)Gy (jw)| > 1, which
is the case when ‘Tde_mm (]w)‘ =[S, (jw)| < 1 (eg., in the bandwidth). The other weighting
functions are iteratively chosen to enforce the rest of the specifications. Their numerical values are
given in Appendix C.4.

By solving the standard Ho, problem with v = 1.1422, we obtain the 6"™-order controller whose Bode
diagram is presented in Figure 4.19 and numerical values are also given in Appendix C.4. Similar
to Example 4.3, we also have <y slightly larger than 1. Note that, in Figure 4.17 and Figure 4.18,
the upper bound violations arise mainly on the transfer Ty, e, and correspond to the bandwidth
specification, which may be somewhat conservative. Thus, even with a small violation of the upper
bounds, the required bandwidth shall be observed?.

~ 100 —_
M M
T 501 T
T 3
g 0 2
& 50 )
o] r ]
=100 =
270
o 180f 0;, 90
& o0 2
< £ 0
B ol S
90 | ! ‘ - 0L .. =
102 101 10° 10 10% 098  0.99 1 1.01 1.02
Frequency X Wexc Frequency X Wexc
(A) Wide frequency range. (B) Zoom around weyc.

FIGURE 4.19: Bode diagrams of the controller obtained in Example 4.4.

Globally, the controller has high gains around wex. to ensure an accurate estimation of dc,y,y with
a given bandwidth, and low gain in low and high frequencies, ensuring the robust stability against
unmodeled dynamics in these frequency ranges (see Figure 4.19a).

When we zoom its Bode diagram around wey. (see Figure 4.19b), we can note the presence of an
important resonance peak at wey., which is followed by an antiresonance. The main role of this
antiresonance is to add a phase lead before the sense mode adds a 180° phase lag, ensuring a sufficient
phase for the closed-loop system stability. We recall that the sense-mode resonance frequency is equal

to 11.55 kHz ~ 1.004w,xc-

2As well as for the other specifications, a deeper performance analysis must be performed to validate the
proposed controller.
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4.3 MIMO Control Architectures

Up to this point, we have considered independent SISO controllers to operate the MEMS
gyroscope in closed loop. However, besides the coupling produced by the Coriolis force,
the drive and sense modes might be mechanically coupled through anisoelasticity and
nonproportional damping. Moreover, the design of SISO controllers for a multivariable
system does not provide any guarantee of stability nor performance. Therefore, in this
section, we aim to propose a multivariable approach for the closed-loop operation of MEMS
gyroscopes, properly taking into consideration the mechanical coupling between the drive
and sense modes. As well as for the SISO approach, we consider the Ho, synthesis for the
controller design.

Two different strategies are considered here. We start by considering a control configuration
that is inspired by the SISO approach presented in the previous section. In that configuration,
the estimate iic,, , is directly linked to the control signal u,, i.e., #icory = —uy. Then, thanks
to the fact that the controller acts on the drive and sense modes, we can introduce a novel
control configuration, where the controller is designed with a third output signal, which is
directly used as LTCOW, avoiding the direct links between the signals ﬁCOr,y and uy,.

4.3.1 MIMO 2DoF Control Architecture (with L?COW = —uy)

Let us first consider the 2DoF control configuration of Figure 4.20, in which we recall that u =
col (Mx/ “y); v = col (vx/ vy)/ qm = col (xm/ ym)/ qn = col (xn/ yn)/ dcor = col (dCOr,x/ dCor,y)
and n = col (nx, ny). Moreover, for the sake of symmetry, we define a reference vector
r = col (x:,ff , y,rﬁf ) Then, the tracking error vector is given by & = col (sx, sy) =71 —qn
The estimate of dc,,, is obtained through ic,,, = —uy, such that the estimation error can
be given by €5t = dcor,y + 1y, which is equal to v,. Similar to the SISO approach, the 2DoF
controller is given by K = [Kj, Ky|, where K; is a feedforward controller with r as input
signal, and Kj is a positive-feedback controller with g, = g, + n as input signal.

dCor
r u+Y+o Ym

qn + n

FIGURE 4.20: Multivariable 2DoF control configuration.

By defining the signals of interest w = col (7, dcor, 1) and Z = col (¢, u, v), the above closed-
loop system defines the following transfer matrix:

Trse Tagse Taoe] [I—SGKi —SG T
Ty Tdct,,au Thsu| = S1Kq =T K)S|, (4~29)
Tr—)v TdCD,—w Tn—)v SIKl SI KZS

where S = (I — GK;) ' is the output sensitivity function, T = [ — § = —SGK, = —GK;S
is the output complementary sensitivity function, S; = (I — K»G) s the input sensitivity
function and T; = I — Sy is the input complementary sensitivity function.
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To express the desired performance- and robustness-related frequency constraints of Chap-
ter 3, we consider the block diagram of Figure 4.21, which can be represented in the gen-

eral control configuration of Figure 4.1 or Figure 4.2 with w = col (x;;’f , dcor, n) and Z =

col (¢, u, vy), Win = diag (Wy1, Wy, W,,) with W,; = diag (Wy1, Wyp) and W, = diag (W1, Wi2),

and Woye = diag (We, Wy, West) with W, = diag (We1, Wep) and W, = diag (W,,1, W),
_ _ ref

up = col (uy, uy), and yp = col (xm , 0, x5, yn).

+ € {Wﬂ O} Z1
. 0

W, 0 Z2
wy | [wy 0 > [ 0“1 - } >
— > 0 Wdz u2
dCor g
w1 Wi > i_r\+ ¢ > n:
it Dl SRl

z
[O West] —3>

Y

w3 [Wnl 0 :| n +<g+
—> > <

FIGURE 4.21: Block diagram for the 2DoF MIMO control design.
The H problem is then to compute the controller K = [K;, Ky], if there is any, such that

W(C,T T

x,,‘,’f _>€er We TdC(,r%s Wy WeTy—eWn
H Ty Hoo = Wy Tx:ﬁf%uwrl Wy Tdco,,—mwd Wy Ty—uWhy <. (4.30)
West Txfﬁf—%est er West Td@rasest Wd West Tn—>eesf Wn

[e0]

In contrast to the SISO approach, where all frequency constraints are defined on SISO transfer
functions, in a MIMO approach, the frequency constraints can be defined on SISO or on
MIMO transfer functions. In our case, all the performance-related constraints are based on
SISO transfer functions, while the robustness-related frequency constraints are defined on
MIMO transfer functions.

Let us first consider the performance-related constraints. If there exists a solution for the
problem above with ¢ <1, then (4.30) implies that the ., norm of each individual element
of the matrix is also upper bounded by 1. Thus, Vw € RR,

T ref < #/ ‘Td ey | < #r ‘Td e | < #/
e e [We Wi | Cormmmx 7 [ W W | Crrm ] Wy W
T ref < #/ ‘Td ey | < #r ‘Td —ey | < #/
Y eyl [Wea Wi | Cr ] [ Wea W | CrmvL T [Wea W |
T res < #/ ‘Td —e < #/ ‘Td —e < #/
X —FEest |WestWr1| Conartest |Westh1‘ Coryrrest |Westwd2‘

1 1
’Tnxaspst| < ‘Westwn1|/ }Tnyﬁeest < ’Westwn2| .

Similar to the SISO approach, the performance-related specifications are enforced through
the choice of the corresponding weighting functions.
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Let us now consider the robustness-related constraints, which are based on the frequency
response of MIMO transfer functions. For instance, for additive uncertainties AE € A,q4,
defined by the matrices W44 1 and W4, 5, the closed-loop system has to present the following
property (see (3.64)):

|Wadd 2 Tn—suWaddi |l = sup & (Wada2 (jw) Tnsu (jw) Waaa (jw)) < 1. (4.31)

weR

Note that, if v < 1, (4.30) implies that |W,T,—yWy||, < 1. Therefore, if W, and W, are
such that ||Wagi2T—uWaid1llo < [[WuTu—uWa ||, (4.31) holds and the stability against all
AE € A,q4q is ensured.

Before to proceed with a numerical example, it is important to mention a limitation of this
control architecture. Demanding an accurate estimation of dc,,, is contradictory to the
minimization of the displacements along the i axis. To justify this claim, let us partition

G — |:GXX ny

} . In the frequency domain, its output vector can be given by
ny ny

] = ety St [oien]

Hence, if all the closed-loop transfers to e, = v, have small gains around w = wex,
(requirement for an accurate estimation) and x,, ~ x;‘;’f (accurate reference tracking), in
this frequency range, we have v, (jwexc) = 0 and vy (jwexc) ~ xrmef (jwexc) / Grx (jwexc ), which

leads to

. ny(jwexc) ref ;.
m\JWexc) = == Xm (JWexc)-
Ym(jwere) 2 G gy ot (ere)

. . . ref /. . . .
Since Tx;;;fﬁym (jwexc) = Ym(jwexc)/ Xm’ (jwexc), the accurate estimation and reference tracking
requirements impose

ny ( ] wexc)
Gxx (jwexc)

~

T ref (jwexc) ~

X" —Ym

T ref (jWQxc) ’ (4.32)

Xy —rey

showing that, under these conditions and for w ~ w,y., the controller cannot minimize

further than |Gyx/Gxx|. Obviously, by relaxing the requirements for reference

) Tx:::f%ym

tracking and accurate estimation, can be reduced and a trade-off can be made. In

T ref
o Xon %ym o . .
the next subsection, however, we show how to avoid this structural constraint.

Example 4.5 (2DoF multivariable control design for a MEMS gyroscope). Let us consider the
plant of Example 2.3 and the following specifications.

(i) SFNL (drive-mode reference tracking and estimation of the Coriolis force): SENL smaller
than 500 ppm, i.e., reference tracking of a sinusoidal signal with relative error smaller than
& < 0.5kgpnr. = 250 - 1076 and estimation of a sinusoidal signal with relative error €, <
0.5kspnt, = 250 - 10— (AspNL = 05)f01’ Wexe = Wo,x-

(ii) Sense-mode disturbance rejection: minimize the displacement of the proof mass along the
y-axis, i.e., minimize k,p.

(iii) Bandwidth: wp > wi®s = 271200rad s~ L.

(iv) ARW: minimize the ARW, i.e., minimize k,,.
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FIGURE 4.22: Upper bounds and closed-loop frequency responses for Exam-
ple 4.5.

(v) Band-pass condition: ensure the band-pass condition of ticy.

(vi) Robustness against additive uncertainties: minimize 7 (Ty, e, ) Where T (Wygq1) is im-
portant (low and high frequencies).

Based on the Hoo synthesis, we aim to design a multivariable controller for a MEMS gyroscopes that
ensures the above specifications. To this purpose, we consider the Heo criterion defined by the scheme
of Figure 4.21 and weighting functions that enforce the upper bounds of the figures 4.22 and 4.23.

As well as for the previous examples, the weighting functions are chosen first to enforce the “hard
constraints” — reference tracking, accurate estimation and bandwidth. The other weighting functions
are iteratively chosen to enforce the rest of the specifications. Their expression and numerical values
are given in Appendix C.5.

By solving the standard Hoo problem with -y = 1.7245, we obtain the 16"-order controller whose Bode
diagram is presented in Figure 4.25 and numerical values are also given in Appendix C.5. Concerning
the closed-loop frequency responses given in Figure 4.22 and Figure 4.23, let us focus on the transfer
from x:,sf to ey (see the second row of the first column in Figure 4.23). Even if the weighting functions
enforce this transfer to have a gain smaller than 1/60 ~ —36dB for w ~ wex. (we would like to
minimize even further), due to the structural constraint of (4.32), this value cannot be achieved.
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FIGURE 4.23: Upper bounds and closed-loop frequency responses for Exam-
ple 4.5. Zoom around weyc.
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FIGURE 4.24: Largest singular value of T},_,, for Example 4.5.

Indeed, in this example,

Gyx (jwexc) / Gxx (ja)exc)] = 0.02184 ~ —31dB, which also corresponds to

the value of ’ Tx:ﬁf%y (jtexc) ‘, confirming the discussion related to this structural constraint.

The robustness of the closed-loop system against additive uncertainties is optimized by reducing at best

Tnxﬁux Tnyaux

the magnitude of the individual transfers of Ty, = { ] in low and high frequencies

Tnxﬁuy Tnyﬁuy
through the choice of W,,. A measure of the robustness can be given by o (T, ), which is represented
in Figure 4.24 (see discussion in Section 3.4.2). Therefore, this controller ensures the stability of the
system even if the model uncertainties are important in low and high frequencies. However, the model
is required to be precise around the resonance frequency.

Finally, the Bode diagram of the controller is presented in Figure 4.25a and Figure 4.25b. Since
the second input of the controller is set to zero, we can eliminate this input. The controller is then
Kin K Kz
Ky Kz Ko
col (ux, uy). We can note that Ky1 and Ky, are similar to the drive-mode controller of Example 4.3
and Kps is similar to the sense-mode controller of Example 4.4. The other terms correspond to the
cross-coupling and allow the controller to properly take the gyroscope mechanical coupling into
account.,

partitioned as K = { ] with the input vector col <x;ff , Xn, yn) and output vector
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FIGURE 4.25: Bode diagrams of the controller obtained in Example 4.5.

4.3.2 MIMO 2DoF Control Architecture with Joint Estimation
We have just discussed that in the MIMO approach of Section 4.3.1, we cannot have a
controller that ensures at the same time an accurate reference tracking, a precise estimation
of dcor,y and the minimization of ‘Txref_)y ‘ beyond a certain value. In this subsection, we
present a novel control architecture that allows avoiding this constraint.

We consider the control configuration of Figure 4.26, which is similar to the control config-
uration of Figure 4.20. The difference is that now the controller has a third output: #c, -

The controller is now given by K = [ﬁl ﬁz] , where K; and K are still feedforward and
3 4
positive-feedback controllers, respectively; and K,s; = [K3, K4] behaves like a filter that, based
on the signals x,r,ff , yfﬁf , Xn and y, and on the plant model G, directly estimates dc, -
iZCor,y
—>
dCor
r u-—+Y+o qm
—» K G —I—>
qn + n
O

_|_

FIGURE 4.26: Multivariable 2DoF control configuration with joint estimation.

By defining the signals of interest @ = col(r, dcor, 1) and Z = col (g, u, v, €p5¢) With e =
r — qm and et = dcor,y — Ucor,y, the above closed-loop system defines the following transfer
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matrix:
T e TdCD,—m T—e I— SGKl =5G T
Tr%u Tdct,,%u Tnﬁu — SIKl _TI KZS (4 33)
Tr—w TdCD,—w Tn—>v SIKl SI KZS ’ )
Trseer  Tdepy—seess Tn—sees (KsSG+K3) Ky I —KySG —K4S

where the sensitivity functions are the same of (4.29). Moreover, we note that the difference
between (4.29) and (4.33), as claimed at the beginning of this section, is that in the latter
equation, the transfers to e (last line) are, in a certain extent, independent from those to v
(third line).

To express the desired performance- and robustness-related frequency constraints of Chap-
ter 3, we consider the block diagram of Figure 4.27, which can be represented in the gen-

eral control configuration of Figure 4.1 or Figure 4.2 with w = col (x:,ff , dcor, n) and 7 =
col (&, u, €est), Win = diag (W1, Wy, Wy,) with W; = diag (Wy1, Wyp) and W, = diag (W1, Wi2),
Wout = diag (We, Wy, West) with W, = diag (We1, We2) and W, = diag (W1, W), up =

col (ux, uy, ficery), and yp = col (x;?(, 0, X, yn>.

> € Wet 0 “1
QO { 0 ng —
(1%) Wy 0 dCor Cor,y
— 0 w — » [0 1]
“ UCory — Y+ Eest Z3
)
| > | West ——>
w1 {wﬂ} Aok u j_rv+ v G ‘ini
— 0 > > ——> >
r
L |:Wu1 0 :| 22
ws3 |:Wn1 0 :| n +$+ 0 WuZ
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FIGURE 4.27: Block diagram for the 2DoF MIMO control design with joint
estimation.

The Ho problem is then to compute the controller K, if there is any, such that

We Txi,ff e er Ws Tde, —e Wd Ws TreWy

| Tw—zlloo = WuTx’r;’f_mer WuTacp,—uWa WuTn—uWy <7, (4.34)
WESthyr:f—)&ster WestTdCO,%sesth WestTnases[Wn ~

Example 4.6 (2DoF multivariable control design for a MEMS gyroscope with joint estimation).
Let us consider the plant, noise models and the specifications of Example 4.5. Then, based on the Heo
synthesis, we want to design a multivariable controller with joint estimation for a MEMS gyroscopes,
ensuring the given specifications.

We consider the Hoo criterion defined by the scheme of Figure 4.27 and weighting functions that
enforce the upper bounds of the figures Figure 4.28 and Figure 4.29. The weighting functions are first
chosen to enforce the “hard constraints” — reference tracking, accurate estimation and bandwidth. The
other weighting functions are iteratively chosen to enforce the other specifications. Their expression
and numerical values are given in Appendix C.6.

By solving the standard Heo problem with v = 1.1037, we obtain a 14'"-order controller whose
Bode diagram is presented in Figure 4.31 and Figure 4.32. Its numerical values are also given
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FIGURE 4.28: Upper bounds and closed-loop frequency responses for Exam-
ple 4.6.
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FIGURE 4.29: Upper bounds and closed-loop frequency responses for Exam-
ple 4.6. Zoom around wex(= 1).
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in Appendix C.6. Concerning the closed-loop frequency responses given in Figure 4.28 and Figure 4.29,
the results obtained in this example are globally similar to those of Example 4.5. The main difference

appears on the transfer from x;ff to ey, whose magnitude at Wex is smaller than —120 dB, whereas in
the previous example, it cannot be made smaller than —31 dB.

The robustness of the closed-loop system against additive uncertainties can be verified through the

largest singular values of T, presented in Figure 4.30. The results here are, again, very similar to
those of Example 4.5.

50
m
=
[} 0 i
o)
=
=
g -50 -
<
=
-100 : :
102 107! 10° 10! 102
Frequency

FIGURE 4.30: Largest singular value of T},_,, for Example 4.6.

Finally, the Bode diagram of the controller is presented in Figure 4.31 and Figure 4.32. The main
difference of this controller, compared to that of Example 4.5, is that it presents a third output, which
directly produces the estimate of the Coriolis force iic,r,y. Otherwise, the other elements of the controller
are similar to the previous example. We recall that the second input of the controller is eliminated

since it is set to zero. Therefore, the input vector of the controller is col (x:,ff , Xn, yn) and its output

vector is col (uy, ty, icory)-
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FIGURE 4.31: Bode diagram of the controller of Example 4.6.
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4.4 Validation of the Proposed Solutions

Since Chapter 3, and in the present chapter, we have made the important assumption that the
Coriolis forces are exogenous to the MEMS gyroscope. This assumption is crucial to consider
LTI design methods for the controller design (as the Ho, synthesis). Nevertheless, it is known
that these forces are internal to the system and change its dynamics. In this section, we aim
to show that, even if the effects of the Coriolis forces are not fully taken into account for the
controller design, for the system under study, the designed controllers behave well when
the Coriolis forces are properly considered. This means that the stability and performance
obtained with the complete LTV model are the same as those obtained with the simplified
LTI model, verifying Assumption 3.5 (page 59).

In this section, we want then to validate and compare two of the approaches proposed in this
chapter.

SISO approach: the drive mode is in closed loop with the 2DoF controller of Example 4.3
and the sense mode with the 1DoF controller of Example 4.4. In this case, the overall
controller K is given by

_|Ky Ky 0
K= [ 0 0 Ky] (4.35)
and the estimate iic,,,, is defined as ¢,y = —uy.

MIMO approach: the drive and sense modes are in closed loop with the MIMO controller
with joint estimation of Example 4.6. In this case, the estimate ii¢,;, is directly computed
by the controller (third output).

For both approaches, the controller design is based on the nominal model of the gyroscope
(see the model of Example 2.1 and of Example 2.2 for the SISO approach, and that of Exam-
ple 2.3 for the MIMO approach).

The validation for each approach is realized in two steps. First, we assess the stability of
the closed-loop system. This analysis consists in solving a feasibility problem under LMI
constraints. Then, a numerical simulation is performed to confirm and illustrate the results.
Finally, we compare the simulation results of the considered approaches.

4.4.1 Assessing the Stability of the Closed-Loop System

Here, we want to assess the stability of the closed-loop system composed of an LTI controller
(SISO or MIMO controller) and the full nominal model of the MEMS gyroscope, which
depends on (),. For this purpose, we adopt a standard polytopic approach, as follows.

First, we compute the state-space representation of the closed-loop system. As discussed in
Section 2.1.5 (page 27), the MEMS gyroscope can be modeled (neglecting the dependence on
6 and p) by G*%, which admits the representation below

. %e(t) = Ac(Qz(t)xc(t) + Bou(t)
Gt { qncq(t) = ngc(t) ’ () € [, Q2] (4.36)

where Q) = —Qf 5, Qyp = Q§ 5 and the dependence of Ag on Q),(t) is affine. The state-space
matrices are detailed in Appendix C.7. In their turn, the LTI controllers (SISO or MIMO)
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admit the following state-space representation

[ k() = Axax(t) + Bi[r(t) qu(t)]
o { ’f(t) = CII<<x11<<(t)+D§ [r(t) qm(t)] (4.37)

Therefore, the closed-loop system can be written in the form

. xu(t) = Ap(Qu(t)) xu(t) + Bur(t)
s { inj(t) = ngH(t) ! § » (1) € [Qz1, Q2] (4.38)

with Xy = col (XG, XK),

A (@x(1)) = A0 100D * BoDxCe Beti]

The stability of this closed-loop system can be assessed through the following feasibility
problem: let a system H* be given by (4.38) with Q. () € [Q),1, Q),5]; if there exists a single
symmetric matrix X > 0 such that

A Q1) X+ XAp (Q21) <0 and Ay (Qu2)| X+ XAp (Q2,) <0,

then H is asymptotically stable for all Q,(t) € [Q),1, ), »]. This result follows immediately
from the definition of quadratic stability for polytopic systems [AGB95]. Further details on
the quadratic stability will be given in Section 5.3.1.

For the SISO and the MIMO approaches considered in this section, the above problem
has a solution, proving the quadratic stability of the closed-loop system for all O, (t) €
[—Qf5, QF%]. In the case of the SISO approach, this result also proves the stability of the
system with respect to the mechanical couplings (neglected for the controller desing).

4.4.2 Validation Through Simulation

In this section, we simulate the control scheme of Figure 4.33, where the to-be-controlled
system G is the same of Example 2.3 and the controllers are defined according to the chosen
(SISO or MIMO) approach.

For both approaches, the reference signal is given by x:,ff (t) = A;ef; - sin (Wexct) with Aff;; =
0.5 and wexe = wy x. The filters of the synchronous demodulation (SD) are implemented with
a 4-order low-pass filter with cutoff frequency® w. = 27 - 3000rad s~ .

We start the system at rest (i.e., Q,(f) = 0). Then, we check if the drive mode operates
properly. We apply the sinusoidal reference signal and observe the output x;,. This result is
presented in Figure 4.34, where we can observe an accurate tracking of the reference signal
for the SISO and MIMO approaches. Indeed, all the signals are superposed.

At 0.5s, we apply an angular rate Q,(t) = 300°s~! (which is also the full scale angular
rate) and observe the other signals of the system. These signals are presented in Figure 4.35
and in Figure 4.36 for the SISO and MIMO approaches, respectively. First, it is important
to note that, even when (), varies, the closed-loop system is still stable in both cases. The
first line of the figures presents the signals of the drive mode, where we can note that the

3Recall that, in contrast to an ideal filter (e.g., see (2.24), page 24), a real filter has a transition band. Then, to
properly attenuate the high-frequency terms of the synchronous demodulation, its cutoff frequency has to be
quite smaller than wexe.
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FIGURE 4.33: Control scheme considered for the simulations.

0.5
-
=
o
e
=
3
=)
=
& ol
]
Q
=
o
<&
Q
~
-0.6 : -0.5 : ‘ :
0 0.5 1 0.1 0.10005 0.1001 0.10015 0.1002
Time (s) Time (s)

FIGURE 4.34: Simulation results for reference tracking (drive mode).



4.4. Validation of the Proposed Solutions 113

control signal u, is practically not disturbed by the variation of (),. The tracking error &,
suffers a small disturbance, which quickly vanishes. Even if the tracking error of the MIMO
approach is bigger than that of the SISO one, both of them achieve the desired performance
(for A;ef; =05, |ex] < 1.25-107% = &, - A;e};). Moreover, it is interesting to note that the

amplitude of the control signal is slightly smaller for the MIMO approach. This is justified by
the fact that with a multivariable approach, the controller uses at the same time the signals

uy and u, to make x,, ~ x:,ff and to keep v, =~ 0.
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FIGURE 4.35: Signals of the closed-loop system for a variation of 2, for the
SISO approach.
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FIGURE 4.36: Signals of the closed-loop system for a variation of 2, for the
MIMO approach.

Now, when we observe the sense-mode signals (second line of the figures), we observe that
oscillations appear on y,; when there is a variation of the angular rate. However, these
oscillations are quickly attenuated by the controller with a steady-state amplitude which is
always smaller than 1-10~%. However, the multivariable controller is able to reject them
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much quicker. Finally, for the SISO approach, the amplitude of iic,,, rapidly passes from
0.03 to around 0.3 at 0.5s. The amplitude of 0.03 corresponds to the compensation of the
mechanical coupling forces, which disturb the sense mode. The 0.3 amplitude represents
the contributions of the Coriolis force and the mechanical coupling ones. On the other
hand, the MIMO controller estimates only the Coriolis force. Based on the MIMO model
of the MEMS gyroscope, the controller is able to distinguish between the Coriolis and the
mechanical coupling forces. Moreover, the estimate of the MIMO controller achieves the
steady-state much quicker than the SISO controller. This analysis is confirmed when we look
the synchronous demodulation output signals in Figure 4.37. The in-phase term s;f mainly
represents the contributions of the Coriolis force, while the quadrature term s represents

the contributions of the mechanical coupling forces®.
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0 ——MIMO| | ——MIMO
0.03 I
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FIGURE 4.37: Synchronous demodulation output signals for a variation of ().

We repeat the same test with different values of (), and evaluate how the steady-state value
of sy is related to ();. We obtain the behavior of Figure 4.38 and Figure 4.39 for the SISO and
MIMO approaches, respectively. Moreover, from the simulation data, we fit the best straight
line, determining the scale factor and the zero-rate output (ZRO or bias) of the simulated
system. For the SISO approach, we obtain

ksp = —1.0234 - 10 3units/(°/s)  and  kyro = —7.5912 - 10 "units.

Moreover, based on the residue, i.e., the difference between the simulated data and the linear
fit, we can compute the SENL, which in this case gives SFNL = 0.03 ppm. For the MIMO
approach, we obtain

ksp = —1.0234 - 10 3units/(°/s), kzro = 8.0131-10 °units and SFNL = 0.04 ppm.

Please note that both approaches present similar performance and largely achieve the desired
specification of SFNL (smaller than 500 ppm, value considered in the examples). These
excellent results can be justified by some facts, as follows.

* The closed-loop specifications related to the SFNL, such as presented in Chapter 3,
present a certain conservatism. Indeed, in Chapter 3, we consider that ksy = kgr.

“The ramp at the beginning is linked to the ramp amplitude of x,.
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However, in these simulations, we estimate ksr through the best straight line fitting the
measures.

¢ In simulation, the presence of nonlinearities of actuation and instrumentation are not
taken into account.

We highlight that these results are reassuring, since the real system may present some
unmodeled behavior, which tend to degrade the SFNL.
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FIGURE 4.38: Evolution of s;; with respect to (); for SISO approach and
residual.
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FIGURE 4.39: Evolution of s;f with respect to (), for MIMO approach and
residual.

4.5 Summary of the Chapter

In this chapter, we presented a control design method that allows to compute, in a flexible
and systematic manner, controllers for the closed-loop operation of MEMS gyroscopes. This
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method is based on the H., synthesis, which provides a powerful framework for the design
of controllers ensuring a certain level of performance and robustness for LTI systems. The
strength of the H, synthesis relies on the so-called H, criterion. Indeed, the proper choice
of the H criterion allows expressing closed-loop frequency constraints through weighting
functions. As discussed in Chapter 3, the main global performance indicators of a MEMS
gyroscope can be translated into frequency constraints on some of the closed-loop transfer
functions, making the H, synthesis the natural choice for the control design.

Adopting the direct control approach, different control architectures are progressively pre-
sented. First, we consider a SISO approach, in which the drive- and sense-mode controllers
are designed independently, considering the coupling forces as exogenous signals. For the
drive mode, two architectures are presented: with a 1DoF and with a 2DoF controller. The
main advantage of the 2DoF control configuration is that it allows distinguishing the refer-
ence tracking performance from those related to the robustness against additive uncertainties

# |Tn,—u,|). For the sense-mode control, only the 1DoF control configuration is

( T ref
Xy —rUyx
considered.

In a second time, a MIMO approach is considered. The main strenght of this approach
is that the multivariable nature of the MEMS gyroscope (mechanical coupling between
modes) is properly taken into account for the controller design, providing some guarantees
of performance and robust stability. This is not possible with the SISO approach’. Moreover,
the MIMO approach with joint estimation allows to directly compute dc,,, allowing the
signal u,, to be used for the minimization of .

Regardless of the approach (SISO or MIMO), two important assumptions are considered
along this chapter: (i) the Coriolis force is considered as an exogenous signal; and (ii) the
ambient conditions (e.g., temperature, pressure) are steady. Under these assumptions, the
MEMS gyroscope can be considered as an LTI system. Through some simulation results, we
have shown that the proposed controllers behave well even when the angular rate slightly
alters the dynamics of the system.

SIndeed, for the gyroscope considered in this chapter, by increasing the mechanical coupling, we can make the
closed-loop system with SISO approach unstable.
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Chapter 5

Direct Control II: Toward a
Time-Varying Solution

In the previous chapter, we present a systematic method that allows us to design a controller
for MEMS gyroscopes, fulfilling the specifications of Chapter 3. In both chapters, we consider
that the operating conditions (such as the temperature and pressure) are fixed. Then, the main
control specifications are cast as the tracking, rejection or estimation of sinusoidal signals
with a constant excitation frequencyl, Weye.

In the direct control approach considered in Chapter 4, the excitation frequency is imposed
by the reference signal and is assumed to be equal (or very close) to the resonance frequency
of the drive mode wy ,, taking advantage of its high gain at this frequency and requiring
the minimal control effort. However, as discussed in Chapter 2, the operating conditions
may change during the operation of the device, modifying wy .. Then, to keep the excitation
frequency always close to wo,, an external loop is required. This external loop estimates
wox and adapts wey. accordingly. In the scope of our project, two strategies are considered:
Extremum Seeking and Recursive Identification. In both strategies, w,x. is a signal which
can be decomposed into two parts: a slow- and a fast-varying (or low- and high-frequency)
term. The slow-varying term corresponds to the actual value of wy x, which varies slowly?.
On the other hand, the fast-varying term corresponds to the disturbances introduced by
these algorithms. More details on these strategies and the first results can be found in the
thesis [Mor21].

Obviously, when w,y. changes, the reference signal is also modified. Moreover, since the
performance specifications are parameterized by wey., we also want to design a controller
whose gains depend on this parameter, ensuring the best performance level in all operating
conditions. Therefore, the main problem is to track/reject signals of the type

r(t) = Ay sin (/Otngc(l')d’[ + 4)9) , (5.1)

where the frequency w,y. is known and can arbitrarily vary in a given range.

Here, we focus on the control of the drive mode in which we want to ensure the track-
ing/rejection of signals in the form of (5.1). Moreover, in this chapter, we consider only the
case of fast variations of w,y.. Under this condition, the model of the MEMS gyroscope does

1 Actually, to be precise, the Coriolis force is an amplitude-modulated signal with a constant-frequency carrier.
2The main factor contributing to variations of wy  is usually the internal temperature, which, indeed, varies
slowly.
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not change and can be considered as an LTI system. The case of slow variations will be
treated in Section 7.4 (page 183).

Although we focus on the MEMS gyroscope application, we highlight that the problem of
tracking /rejecting signals of the type of (5.1) is also found in other applications, such as in
the control of power converters or in electric machinery, see, e.g., [ZH03, PSSF17, RSPC17,
CSF'17]. In general, these solutions consist in employing the internal model principle (IMP)
and computing a controller that optimizes a generic performance criterion.

In this chapter, we propose a design method based on the standard LPV synthesis and on
a novel performance criterion, which is specific for signals of the type of (5.1). Similar to
the Ho synthesis, weighting functions are used to express the control specifications. The
main difficulty is, due to the time-varying nature of w,x., how to design weighting functions
defining signals in the form of (5.1). An important contribution of this work is a new class of
weighting functions that properly describe this type of signal.

The remainder of this chapter is organized as follows. Section 5.1 states the problem under
investigation. In Section 5.2, we present our main result, allowing to recast the original
problem as an LPV control problem. In this control problem, a new class of weighting
functions is used to properly describe signals in the form of (5.1). In Section 5.3, we then
present a solution to the LPV control problem. A numerical example and simulation results
demonstrate the effectiveness of the proposed approach.

Before proceeding with the problem statement, let us recall some important definitions.

Some Useful Definitions
First, we introduce the definition of the £, norm of a signal, which also defines an £, space.

Definition 5.1 (£, norm of a signal and £, space [Hil13]). The £, norm of a signal v from
R, to C™ is defined as

ol = [ oot
The set of signals for which the £, norm is bounded is denoted £, and defines the £, space.

Please note that important classes of signals, such as a constant (nonnull) or periodic ones,
are not included in the £, space. Indeed, the £, space includes only energy signals (or finite-
energy signals). Then, to consider power signals (or finite-power signals), as a sinusoidal
one, the extended £, norm and space, denoted L, are defined. Their definition rely on the
truncation operator, defined as follows.

Definition 5.2 (Truncation operator [Hil13]). The time (causal) truncation of a signal v from
R4 to C™ ata given time T > 0 is defined as

Pr(v(t)) = or(t) = { oft),  VE<T

0, otherwise.

Definition 5.3 (£ space [Hil13]). The extended L, space, denoted L space, is the set of
signals v from R4 to C™ such that VT > 0, ||Pr (v)]|, < o°.

Finally, based on the definitions of £, and L5, we can define the induced norms or gains of
operators.
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Definition 5.4 (£, gain of an operator [Hil13]). The £, gain or £;-induced norm, of an
operator X is defined as

£(0)
15, = sup 120

vELy, v£0 [oll,

Definition 5.5 (£ gain of an operator [Wil71]). The L gain or L5-induced norm, of an
operator X is defined as
IZ(@)llo,r

||Z‘||i2,e: o] :
veLl§, v#0, T>0 2,T

5.1 Problem Statement

Let us consider the 2DoF control configuration of Figure 5.1, where the to-be-controlled plant
G is an LTI system and admits the state-space representation

C[x(t) = Ax(t)+ Bo(t)
¢ {yu) — Cx(t) + Do(t) (5.2)

with x(t) € R", v(t) € R, y(t) € R,and A € R"¢*"¢, B € R"*!,C € R™*"¢ and D € R.
The signals d and n respectively represent a disturbance at the input of the plant and the
measurement noise, defining

o(t) 2 u(t)+d(t) and  y,(t) 2 y(t) +n(t). (5.3)
dg_»
r u+Y¥+ v Yy
—>| KWrWi — G
f Yn + n
_|_

FIGURE 5.1: 2DoF control configuration.

The original control objective is to compute a control signal u such that, based on the
reference signal r and the measure vy, the following goals are achieved.

(i) Reference tracking: the output signal y tracks the reference signals r € R [wy1, wyp],
which is defined as follows. Given w,» > w;1 > 0 and the set

Oy [wr1, wrp] = {wr |Vt € Ry, wi(t) € [wra, wipl}, (5.4)

the set R, is defined for w, € O, [w;1, wy ] as

Ro, = {r

where the variable A, is the amplitude, ¢? is the phase at the origin, and the measur-
able function w,(t) is referred to as the instantaneous (angular) frequency of r. The

t
A, € Ry, 3¢0 € R, Vt € R, #(t) = A, sin </ w,(T)dT + 4>9> } (5.5)
0




120 Chapter 5. Direct Control II: Toward a Time-Varying Solution
instantaneous frequency defines the instantaneous phase of r, ¢,, which reads
t
#() = [ w)dr+gy. (5.6)
The reference signal set is then defined as
R [wr,lr wr,z] = U R,
w,€Q), [wl’,ll wr,Z]
(ii) Disturbance rejection: the disturbance signals d € D [w,1, w,y], which is defined as
follows. Given w;, > wy1 > 0 and the set
Oy [wa1, wap] = {ws |Vt € Ry, wy(t) € [way, waal }, (5.7)
the set D,,, is defined for w,; € Oy [wy1, wg2] as
t
Dy, = {d ’ JA; € Ry, 3% € R, Vt € Ry, d(t) = Aysin </ wd(r)dr+¢2> },
0
(5.8)
where the variable A, is the amplitude, ¢J is the phase at the origin, and the measurable
function wy(t) is the instantaneous frequency of d and defines the instantaneous phase
of d, ¢, as
t
alt) = /O wa(T)dT + 0. (5.9)
The disturbance signal set is then defined as
D [wgy, wap] = U Dy,
Wi €Nlwan, wap)
(iii) Robust stability against LTI additive uncertainties: the closed-loop system is robustly stable

against additive uncertainties AE € A,q44, Where the set of uncertainties A,q4 is defined
as, given stable transfer functions W,;;1 and W44,

Asad = {AE \35,

d

R <1, AE = Wagq 1 AW, } . (5.10)

The transfers W,4; 1 and W,4,, define the size of the uncertainty AE.

Regarding the reference tracking and the disturbance rejection goals, we adopt the following
definitions, based on [DW80, Zam81, Hil13].

Definition 5.6 (7,-tracking). For a given performance level 7, € (0, 1), the closed-loop
system is said to y,-track the set of signals R [w; 1, wy,] if*:

VYw, € QO (w1, wip], V71 € Re,, VT >0, lr=yllor < pllI7llor- (5.11)

3Since Vw, € QO [wy 1, wrp), R, € L5, 7]l 7 is well-defined.
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Definition 5.7 (y,-rejection). For a given performance level 7, € (0, 1), the closed-loop
system is said to 7,-reject the set of signals D [wg1, wgp) if*:

Vd € Dlwgr, wya], Vr € R [wy1, wrp], YT >0, |Yra = Yrollor < vplldllyr- (6:12)

where y, 4 denotes the output of the closed-loop system with the reference signal r and the
disturbance signal d.

Note that the reference and disturbance signals depend on their instantaneous frequency,
respectively w;,(t) and wy(t). Since these parameters are assumed to be measured in real
time, we consider, for all w, € Q, [w;1, w;p] and for all w,; € Q [wi1, wgz], a controller of
the form

weq . [ 3K(E) = Ax(wr(t),wa(t)xk(t) +  Bi(w(t),wa(t))yp(t)
K : { u(t) = CK((Ur(t),a)d(t))xK(t) + DK(wV(t)/wd(t))yp(t) ’ (513)

where xx € R"™€, yp = col (r, y,), and the matrices have appropriate dimensions and depend
on the instantaneous frequencies w, and wj.

Now, we can state the main objective of this chapter as follows.

Problem 5.1. Given the to-be-controlled plant G (see (5.2) and (5.3)), compute for all w, €
Oy [wr, wyp] and for all wy; € Qy (Wi, wgo], a controller KY»“ in the form of (5.13) such
that the closed-loop system defined by (5.2), (5.3) and (5.13):

(i) yp-tracks reference signals r belonging to R [w,1, w; 2] and 7yp-rejects disturbance signals d
that belong to D (w1, waz];

(ii) is stable for any function w, € QO [w, 1, wy 2] and for any function wy; € Oy (w41, W42);
(iii) is stable against LTI additive uncertainties AE € A,q4 (see (5.10)).

To solve this problem, we adopt an approach similar to the H, synthesis, where we define a
criterion and the desired behavior of the closed-loop system is expressed through weighting
functions. Usually, for the Ho, synthesis, the design of the weighting functions is realized
in the frequency domain and can follow two different methodologies: the transfer function
shaping approach and the signal-based one [SP01]. In Chapter 4, we rather adopt the former
approach, in which the weighting functions are chosen to shape the frequency response
magnitude of the transfer functions of interest. The second approach consists in using the
weighting functions to describe the signals of interest®. Since we cannot define (LTI) transfer
functions because of the time-varying nature of the controller, we adopt the second approach
in this chapter.

The main challenge here is how to define weighting functions that finely describe signals
r € Ry, for all w, € O [wy1, wyp] and d € D, for all wy € Oy [wy1, wyo]. In the next
section, we tackle this particular problem, what allows us to formulate a criterion adapted to
this kind of signals. Then, we discuss how to compute the desired controller.

*Since D [wq1, wap] € LS, |||, 7 is well-defined.
5In an LTI framework, the weighting functions describe the frequency content of the signals.
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5.2 Main Result: £, Criterion and LTV Weighting Functions

In this section, we show that the computation of a controller solving Problem 5.1 can be recast
as the solution of an LPV control problem. In this new problem, the control specifications are
expressed through an £, criterion with LPV weighting functions.

5.2.1 The £, Criterion

Based on the control configuration of Figure 5.1 and on the control objectives announced
in Section 5.1, we define the input signals of interest w = col (7, d, n) as well as the output
signals of interest Z = col (¢, u), where ¢ £ r —y. Then, to describe these signals, we
include weighting functions W, = diag (W, W;, W,,) on the input signals and Woue =
diag (W, W,) on the output signals, as depicted in Figure 5.2. These weighting functions

define w = W, ~'% and z = Woyz. Here, we denote T, the operator mapping the input
signals a to the output signals b. In particular, the operator T3,z can be given by P x K““,

where the augmented plant P reads as
-1

+ Glo 10 1]. (5.14)

!

I
OO R
coc oo
— o oo

0
1
0
0

—_ o O

Similarly, the operator Ty, can be given by P¥r®i x K¥r®i = Wy, (13 * K“’““’d> W, In

Wout o} Pv[wg"wd o]

this case, the weighted augmented plant P““¢ is given by P“r“d = [ 0 I 0 1]
2

Now, we present part of the solution for Problem 5.1. The following theorem establishes a
mathematical criterion that allows us to determine whether an LTV controller (see (5.13))
achieves the desired performance specifications.

€ 21
O—> W —>
—4%
w1 w u y
— W *~—> Kwrwa j_O—» G >
i
Z2
Yn't > Wy —
wo Wy d
Wd

O—i—
+
w f
3 W, n

FIGURE 5.2: £, criterion for the considered control problem.

Theorem 5.1. Let us consider w,p > w1 > 0and wyp > wyq > 0, stable transfer functions
Wada and Woag » and the augmented plant P (see (5.14)). If a given controller K« (see (5.13)) is
such that, for all w, € O [wy1, wy o] and for all wy € Oy [wWi1, W42,

<1, (5.15)

in .
i2

| Wout (P emsan') wigres

where Wy, "“* = diag (W, Wy, W,,) and Woye = diag (We, Wy,) with
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(i) forall w, € QO [wy1, wy2), Wy being stable, inversely stable and such that

we ()|

Rw,,c{re£SWT>O, -

< Hrnz,T}; (5.16)

(ii) forall wy € Oy [w4y, wap), Wy being stable, inversely stable and such that

D, C {d € LY| VT >0, Wfd_l(d)Hz,T < ||d||2,T}; (5.17)
(iii) W, being a stable LTI system defined such as
Vw € R, (Wi (jw)| > [Waaar(jw)|; (5.18)
(iv) We =1y, 5
(v) W, being a stable LTI system defined such as
Vw e R, (Wa(jew)| > [Wadao(jw)l ; (5.19)

then, the closed-loop system P x K4 has the yp-tracking and <y ,-rejection properties, is stable for
any functions w, € Oy [wy1, Wyp] and wy € Qu[war, wypl, and is stable against LTI additive
uncertainties AE € A,qq (defined by W41 and Wg4 2, see (5.10)).

Note that this theorem defines an £; criterion, see (5.15), in which the weighting functions
describe the signals of interest and the uncertainty AE. Indeed, the input weights W;"" and
W3 must define the sets of signals in which R [wy,1, wy,p] and D [wy1, wy ] are respectively
included. In this case, W, defines the tracking and rejection performance level ,. On the
other hand, the weighting functions W,, and W, are used to express the size of the additive
uncertainty AE € A,qq. In our case, AE is considered to be important in low and high
frequencies, and small around wy . Please note that, as discussed in Chapter 4, enhancing the
robustness against additive uncertainties also corresponds to improving the noise attenuation
and reducing the control energy.

Proof. «yp-tracking: for all w, € O (w1, wrp], equation (5.15) is equivalent [Wil71, Theo-
rem 2.1, page 15] to

[ Wous T o W, < 1. 5:20)
In its turn, as Ty, ,z, = T, (5.20) implies that
[WeTr—e Wy |1, < 1. (5.21)

Now, since W = 7, Land vp >0, forall wy € L,
VT >0, | Tr—e (W (1))l r < vp lwonlo 7 - (5.22)
With w; = W ' (r), we have

VT >0,  [Toe(r)llr < 7p )(w;"v‘l(r)“ﬂ. (5.23)
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Since
R, {7 e Ls|vT >0, [we )|, < lerz,T},
we have for all w, € O, [w; 1, wyp],
Vr € Ra,, VT >0, I Trse(Mlor < vplIrllar (5.24)

which corresponds to the y,-tracking definition (see Definition 5.6 and (5.11)).

yp-rejection: by following the same procedure of the 7,-tracking proof, we obtain for all
wq € Oy [war, wapl,

Vd € Dy, VT >0, I Tase(@) o < vp lldllyr- (5.25)

Since the closed-loop system is linear and yy; = T;—.(d), we have yo 4 = y, 4 — Yr0, that s,
(5.25) is equivalent to (5.12) and the 7y,-rejection property is assessed (see Definition 5.7).

Stability for all w, € O, [wy1, wyp] and for all wy € QO [wy1, Waz]: the system stability is di-
rectly implied by the existence of an induced-£; norm for the closed-loop system (see (5.15)).

Stability against AE € A,qq: similar to the y,-tracking case, (5.15) also implies that
[WuTn—uWalljp, < 1. (5.26)
Moreover, with (5.18) and (5.19), (5.26) implies that
[Wadd1 TnsuWada 2|l ;p, <1, (5.27)

which, through the (nonlinear) weighted small gain theorem [Vid02], ensures the system
stability for all AE € A,qq4. O

The problem now is how to define the weighting functions Wy and Wy satisfying (5.16)
and (5.17). We tackle this problem in the sequel.

5.2.2 A New Class of LTV Weighting Functions

Theorem 5.1 establishes an £, criterion that allows to solve Problem 5.1. However, for
this result to be used, it is necessary to define a class of LTV weighting functions that,
for w, € O [wy1, wyp] and for wy; € Oy [wy1, wyo], describes the sets of reference and
disturbance signals associated to w;, and wy, respectively R, and D,,, (see (5.5) and (5.8)).
This important class of weighting functions is defined in the following lemma.

Lemma 5.1 (LTV weighting functions). Let us consider:
o WU,Z Z W11,1 > 0/

o aset Qy [wy1, wyp| of measurable functions w, defined as

Q) [wy, wyp] = {wy |Vt € Ry, wy(t) € [wy1, wyal}, (5.28)
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o for wy € QO [wy1, wya), the set Wi, of signals 1 defined as

t
W, = {;7 ‘EI Ay €Ry,3 (])2 €ER, Vte Ry, n(t) = Aysin (/0 w,](T)dT+¢9]> }

(5.29)
Then, the LTV system W, defined as
w, . [ aw(t) = wy(t)Awxw(t) + wy(t)Bwy(t)
W { nt) = Cwaw(t) + Dwv(t) ’ (5:30)

. 0 1 u@—@)} 0 ] o

with Ay = , By = ,Cw=|%= 0|, Dw = Zand g > o >0,
o I e B e N e S TR

has the following properties:

(1) W9 and W@~ are stable;

(i) W, C {17 € L5|VT >0,

wer )|, < Il

G

27 o
(iv) {;7 € L5 VT > 0,

(ii) warl > 1;

W), < Il } # 25

The property (i) is essential for the use of the LTV system W as a weighting function since
it ensures the stability of W7 as well as the stability of its inverse, W ', The property
(ii) claims that the set of signals Ww,? is a subset of the whole class of signals that can be
described by W®n.

Although the properties (i) and (ii) are crucial for a weighting function, they are not sufficient
to accurately describe the set of signals of interest. Indeed, any constant gain larger than 1
would satisfy these two properties. The properties (iii) and (iv) indicate then the selectiveness
of the weighting function. The property (iii) reveals that there exists a class of signals that is
attenuated by W*r or, equivalently, a class of signals that is highly amplificated by W« !,
Therefore, the set of signals defined by W7 cannot be equal to the entire space £5. This last
description corresponds to the property (iv).

Let us now introduce a useful lemma.

Lemma 5.2 (Time-normalization lemma). Let be a system H given by the state-space representation

[ xu(t) = ¢u(DAmxu(t) + ¢u(t)Buum(t)
e {yZ(t) _ ngi(t) + § waﬁ(t), (5.31)

where xp () € R™, ug(t) € R"™u, yy(t) € R™u and ¢y is differentiable sctrictly increasing

function from R to R, that is, Vt € R, ¢y (t) > 0. Then, the normalized version of H, denoted Hy,
reads as ) () )
an tn - AHan tn + BH“Hn tn

Hp: , 5.32

{ ]/Hn(tn) = CHan(tn) + DHan(tn) ( )

where X pn, Upn and yuy respectively denote the signals xp, uy and yy with the new time variable,
that is, Xpgn = xg © 4);11 and similarly for the other signals. In this normalized-time space, the time

variable is defined as t, = ¢y (t).
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Proof of Lemma 5.2. This proof is based on the chain rule. First, we define a new “time”
variable t, = ¢ and the normalized-time signal xp, such that xy(t) = (xgn o ¢y)(t) =
XHn(PH(t)) = xgn(ta). By applying the chain rule to Xy, we have Xy = (¥gn © o) - Pp.
Then, by replacing this expression in (5.31) and with yg(t) = (Vim © ¢n)(t) and ug(t) =
(upm © ¢pp)(t), we promptly obtain (5.32). O

At this point, we can prove Lemma 5.1, as follows.
Proof of Lemma 5.1. Property (i): to prove this property, we have to assess the stability of W,

compute W« ! and assess its stability.

Since ¢p > 0, the matrix Ay is Hurwitz. Then, there exists a symmetric matrix X > 0 such
that
ApX + XAw < 0. (5.33)

Moreover, since wy, is strictly positive for all w; € O, [wy 1, wy2], we have
Yy, € Oyl w2l wy(t) (ARX + XAw) <0,
which is equivalent to (5.33) and ensures the quadratic stability of W« for all w;, € Oy [wy 1, wy 2]
(see Definition 5.8 and Remark 5.1 in page 130).
The state-space representation of W« “lis given by:

wy—1, X i(t) = w (t)A iX i(t) + w (t)B iﬂ(t)
W 1.{ 112v(f) = ' CVVZixxi(t) + ! va\éiﬂ(t) , (5.34)

; _ 10 1 | 2(6o—¢1) ‘_51] & .
with Aw; = [_1 _251} Bwi = [—461 (50_51)]/ Cwi = {50 0|, Dw; = & which

corresponds to the state-space representation of W7 with the parameters ¢y and ¢; being
exchanged. Since & > 0, W ! is also quadratically stable.

Property (ii): here, we have to prove that the signals of W,,, are included in the set

{17€£§|VT>0,

wer ), < llar (539

2,T
which represents the set of signals that can be described by W«u. To this purpose, let us
consider € Wwﬂ, that is,

FA, €Ry, F¢) € R, VE€ Ry, y(t) = Aysin (¢ (1))  with  ¢y(t) = /Ot wy (T)dT + ¢y,

Now, we apply Lemma 5.2 with t, £ ¢,, such that the state-space representation of W*/ in
this new time domain is given by

< an(tn) = AWan(tn) + BWVn(tn)
W { n(tn) = Cwxwn(tn) + Dwn(tn) ’ (5.36)
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where xwn, 7n and v, respectively denote the signals xyy, 7 and v with the new time variable,
thatis, xyn, = xw o ¢y ! and similarly for the other signals. Please note that in this normalized-

time domain, the system W;u " is LTI and has as transfer function

_ 50 Sr21 +2€15n +1

W (5,) = 050 T 26150 T 2
n' (sn) 81824 28psn + 17

(5.37)

-1
where s, denotes the Laplace variable associated to t,. Similarly, its inverse, W, ", has the
following transfer function

Wa (sy) = 222~ =odon T 5.38
n' (sn) &0 82 + 28 sy + 1 (5.38)

Then, for the input 17(t) = A, sin (¢;(t)), the output of W1~ is v(t) = A, sin (¢,(t)).
Indeed, in the normalized-time domain, the input signal #(t) = A, sin (¢, (t)) corresponds
to #n(tn) = Aysin(tn) and the output signal corresponds to vn(t,) = A, sin(t,), where
A, = 4y Wi )
(resp. maximal) and equal to one® when s, = j1. Thus, in this particular case (v(t) = 7 (t) =
Ay sin (¢y(t))), we have

. -1 0N - ..
= Ay. Moreover, the amplification of W;U " (resp. W;U ") is minimal

vr>0, W< il (539)

2,T

that is condition (i7). For the most of other signals belonging to £, this condition does not
hold.

The magnitude plot of Wy and a discussion on the inclusion of W, in (5.35) are presented
after this proof.

Property (iii): now, in order to prove that H wer =t > %, let us recall that

i2
o)
[wert] = et = sup &
i i2,e n#0,T>0 || Ui ||2,T

Now, let us consider #(t) = 1, which corresponds to #n(tn) = 7o in the normalized-time
domain. Then, it is easy to prove that W< (1) = ;70% where % is the static gain of Wy !
(see (5.38)). Hence, ||W«r ! } > ?
i2,e 0

The last part of this property (% > 1) follows immediately from ¢; > Co.

Property (iv): is a direct consequence of property (iii). O

Based on the proof of the property (ii), a frequency-domain-like analysis of Wy, ", associated
to W®n, can be realized (see Lemma 5.2 and (5.37)). This analysis is of fundamental interest
for the choice of the parameters ¢y and ¢;. In Figure 5.3 we present the magnitude plot of
Wr(:] " for different values of ¢y and ¢;. First, let us focus on the interpretation of the x-axis. The
normalized time t,,, which is associated to the Laplace variable s, is defined as a function of

1

6The phase shift induced by Wy~ or W is null for s, = 1.
p y ]
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FIGURE 5.3: Magnitude plot of W;U " for different values of &y and ¢&;. On the
left, the ratio ¢1/¢p is constant and equal to 1000. On the right, ¢ is constant
and equal to 0.1.

a given trajectory w;, € Q [wy1, wy2]. Then, a signal of the type
1(6) = Aysin (K9,()
with A,, € R and k' € Ry, in normalized time, is rewritten as
in(tn) = Ay sin (K'ty) . (5.40)

Note, in (5.40), that k" corresponds to a frequency-like variable and corresponds to the x-axes
of Figure 5.3. We can say that Wy, " acts as a band-pass filter for signals in the form of #'. The
bandwidth of this filter is determined by ¢p, and the attenuation in the rejection band is given
by the ratio ¢y/&;. We can also note that for very selective filters, only signals with kK ~ 1 can
pass through, reducing the set of signals that can be described by the system. Therefore, we
can infer that the more selective Wf{) " is, the tighter is the inclusion of qu in the whole set of
signals described by W<,

Finally, some remarks related to this class of LTV weighting functions are important to be
made. First, in the case of usual sinusoidal signal with frequency wy in [w,],l, w'ﬁ] , the
weighting functions W boils down to the usual Ho, weighting function. Another important
remark is that we here focus on signals of YW“1. Nevertheless, the same approach can be
extended to a wider set of signals, such as, for a given Ny € N, for all w; € ), [Wiy,lr wmz] :

J A, € RY, 390 € RN, Vi€ Ry,

W — Ny t i
Nu TH nu(t) = ZAW' sin (/0 iwy(T)dT + 47211)
i=1

(5.41)

which describes “periodic” signals whose fundamental frequency can vary over time.

5.2.3 LPV Control Problem

Now, based on Lemma 5.1, we can define LPV weighting functions W,Q’ and W?d (whose
parameters depend on the measurable functions w, and w;) that fulfill the conditions of The-
orem 5.1 for all w, € O, [wy1, wyp] and for all wy € Oy [wy 1, wyy], as follows.
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* Being the set of reference signals r given by (5.5), the weighting function W;"" is then
defined as

w . [ wr(t) = wr () Awrxwe(t) +  w(t)Bwywn(t)
Wi { () = Cwxw® +  Dww() O

2 — 0 1 _ 2 (Clr - COr) o @ o @
with Awr = [—1 —%J' P = [—4&» (&1r - Cm)]’ Cwr = [éh 0}' P =
glr > §Or > 0.

* Being the set of disturbance signals d given by (5.8), the weighting function W} is
hence given by

o, [ dwalt) = walt)A () + wa(t)Bwawa(t)
AR A L B H 64)

- _ |0 1 _ | 2(%1a— Goa) ] :[C(ld } _ God
with Awq {—1 —ZCOd]'BWd [—4% (€14 — Goa) - Cwa C1d 0| Dwa

G1a > Goa > 0.

Finally, Problem 5.1 can be recast as the following control problem.

Problem 5.2. For the to-be-controlled plant G given by (5.2) and the configuration of Figure 5.2,
compute for all w, € Q [w,1, wyp| and for all wy € Oy [wg1, wgo] a controller KYr“ in the form
of (5.13), if there exists any, such that for all w, € O [w, 1, wy ] and for all wy € Qg [wWa1, Waol,
the closed-loop system is stable and

<1, (5.44)

[ Wou (e keoreos) wores
i2

in

where Wy 7" = diag (W, W}, W,), Woue = diag (We, Wy), Wy is given in (5.42), W™
in (5.43), Wy in (5.18), We = 7y, Vand W, is defined in (5.19).

This problem is actually an LPV control problem since it is equavalent to compute a controller
such that (ﬁ * KQ“Qd) is stable and

<1

i 7

| Wour (Px K 00) widef||
1

in

where Wyt (13 * KQ“Qd) W]%’Qd is defined as
in

{Wout (P * K& ) Wt w, € Qy [wrn, wra), Wi € Qq [wa1, wd,z]} .

A solution is presented in the sequel.

5.3 Solving the LPV Control Problem: a Polytopic Approach

To solve Problem 5.2 and compute a controller K% that fulfills the desired specifications,
we adopt a polytopic approach. This solution is presented in Section 5.3.2. However, before
presenting it, we recall some important definitions in the polytopic LPV framework.
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5.3.1 Some Definitions in the LPV Framework

Let us consider the polytopic LPV system below

CJxu(t) = Ap(0(t)xu(t) + Bu(6(t)un(t)
H {yﬁ(t) = cﬁ(e(t))xlf(t)+Dﬁ(9<t)>u§(t)/ 0()€® (5.45)

where 0(t) € R™ ranges over a fixed polytope © and the dependence of the state-space
matrices is affine on 6. The polytope © is defined by its Ny = 2" vertices 6;, where i €
{1, ..., Np}. In this case, the state-space matrices of HO are of the form

Ap(6(t) Bu(6()] _ & Api Bug
[CE<9<t>> Di(e)(t))]‘;“l(g“” [cff,i Dﬁ,i]

o |Ani Bui| _ [Au(0;) Bu(0:)| <Ny _ ,
with |:CH,i DH,i:| = |:CH(9i) Du(8)|" Y wi(6(t)) = 1and a;(6(t)) > 0.
Now, we can define the important properties of quadratic stability and quadratic £, gain for
this class of system, as follows.

Definition 5.8 (Quadratic stability [AGB95]). The LPV system H® given in (5.45) is quadrati-
cally stable if and only if, for all trajectories of 8 € ©, there exists a single symmetric matrix
X > 0 such that

VO c®,  Ap(0(t))" X+ XAy(0(t)) < 0. (5.46)

Definition 5.9 (Quadratic £, gain [AGB95]). The LPV system H® (5.45) is stable and has
quadratic £, gain smaller than 7y > 0 if and only if there exists a single symmetric matrix
X > 0 such that

Au(0(t) "X+ XAp(6(t)) XBu(6(t)) Cu(6(t)’
Vo € O, Bu(8(1)TX 41 Du(B()T| <o0. (5.47)
Cu(0(t)) Dr(6(t)) -1

The quadratic £, gain of a system H® is denoted ||H® H?z

In the special case where (5.45) is polytopic, which is indeed our case, the infinite constraints
on (5.46) and (5.47) can be simplified to a finite number of LMIs. Thanks to the vertex
property of polytopic systems [AGB95], the inequalities (5.46) and (5.47) hold for all § € © if
and only if they hold at the vertices 6;. Therefore, to assess the quadratic stability of (5.45), it
suffices to solve a feasibility problem: find X > 0 such that

Vie {1,...,Ng}, Af X+ XAp,; <0. (5.48)

Remark 5.1. If a symmetric matrix X is solution of (5.48), all matrices of the form X = kX with
k € R are also solution of (5.48).

Similarly, the condition (5.47) is equivalent to
Al X+ XAp; XBu; CJ;

vie{1,...,Ng}, B}, X —yI Djj,;| <o. (5.49)
Ch,i Dy, —oI
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It is worth highlighting that the quadratic £, gain of a system implies its quadratic stability.
The solution of (5.47) for a given v > 0 also defines an upper bound on the £, gain of a
< HH®H?2 < 7. As we will see in the sequel, this property plays
a crucial role in the proposed solution to Problem 5.2. Indeed, a controller that ensures
~ q ~
HWc,ut (P*KQ“Qd> Wig”ad ) < 1 also ensures Hwout (P*Kﬂ“ﬂd > Wig”Qd ) < 1, which
1 1

corresponds to the condition (5.44).

We also have to mention that in the particular case where ® = {6y} with 6 constant, the LPV
system H® becomes an LTI system. Then, = |H®||, = ||H®|%.

5.3.2 The Standard LPV Synthesis

Similar to the Hy, synthesis, in the LPV framework, the controller design is also formulated
as an optimization problem, as follows.

Problem 5.3 (Standard LPV control problem). Let an augmented polytopic plant P® be given by
o { () = Ap(6(H)xp(t) +  Bu(0(t))w(t) + Buup(t)
p t

z(t) = C(0(t)xp(t) + Dzw( (t)w(t) + Daup(t) , 0(-) € ® (5.50)
yp(t) = Cyxp(t) + yww (t

with xp(t) € R", up(t) € R™r, w(t) € R™, yp(t) € R™r, z(t) € R"™. The parameter
0(t) € R" is measured in real time and ranges over a fixed polytope ©. Therefore, for a given v > 0,
we want to compute a polytopic LPV controller

k() = Ax(6(1)xk(t) +  Bi(6(t))yp(t)
e { iCtlzi(t) = CII:(Q(t));CE(t) + y (t o ) () €® (5.51)

with xg(t) € R", if there exists any, such that,

HP@ < KO 72 <. (5.52)
1

Similar to the H synthesis, the desired control specifications can also be expressed through
the choice of the augmented plant P®, which includes the weighting functions and defines
the closed-loop transfers of interest. It is important to highlight that only the matrices Ap,
By, C; and Dy, can be dependent on 6. This condition is required so that this problem can
be formulated as a convex optimization problem. Although it may seem restrictive, this
condition can be easily fulfilled by introducing stable LTI filter(s) between the controller and
the to-be-controlled plant. This technique slightly modifies the augmented plant such that
the input matrices B, and D, as well as the output matrices C, and D, have no dependence
on 6. For further details, see, e.g., [AGB95].

The existence of a controller that solves the problem above is assessed by the theorem below.

Theorem 5.2 ([AGB95]). Given the augmented LPV system of (5.50), there exists an LPV controller
in the form of (5.51), such that ||P® x K® H?z < 7 for all trajectories of O(t) in the polytope ©, defined
by the Ny vertices 0;, if and only if there are symmetric matrices R,S € R™*"? such that for all
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iG{l,...,N@},

SApi' +ApiS Bui SCJ;]
[o] | B,,; —yI DJ,;| [B. 0 D], <0, (5.53)
Cz,is Dzw,i _’YI_
A;Jr,iR + RAp/i RBw,i CZZ i
[Qh B;/iR —vlI Dsz,i [Cy Dy 0]L <0 (5.54)
Cz,z' Dzw,z' _’YI_
R I
and [I S] =0 (5.55)

o |Api Buil|  [Ap(6i) Buw(6:)
with [CZJ’ Dzw,i]_[CZ(Qi) Dzw(gz‘).

Based on the solution of (5.53), (5.54) and (5.55), the state-space matrices of the controller at
the vertices 6; are computed. The state-space matrices of K at a given 6 € ® are obtained
through the convex combination of K® evaluated at each of the vertices 6;. For further details
on the controller computation, see [AGB95] and references therein.

In practice, as well as for the H, problem, the Robust Control Toolbox of Matlab® [BCPS20]
can be employed to solve the LPV control problem through the function hinfgs.

5.3.3 Solution to Problem 5.1

Now, we have all the elements needed to solve Problem 5.1, as summarized below.

(i) Theorem 5.1 establishes an £, criterion that allows us to assess if a given controller
solves Problem 5.1.

(ii) The L, criterion is defined through LTI weighting functions and the LTV weighting
functions presented in Lemma 5.1.

(iif) These two points allow us to recast Problem 5.1 as an LPV control problem, see Prob-
lem 5.2.

(iv) Finally, Theorem 5.2 with o < 1 allows us to assess the existence of a controller solving
Problem 5.2 and, as consequence, Problem 5.1. Based on the solution of the LMIs
(see (5.53), (5.54) and (5.55)), the LPV controller is then computed.

In our case, the augmented plant P is given by (5.14) and the weighted augmented plant

O e s 0,0, _ [Wour 0] 5 [W o
p***% is given by P d—[ 0 Iz]p[ Ib 1
with 6 = col (w,, wy), defining a polytope © whose vertices are given by 6; = col (wy1, wg1),
6> = col (wy1, wy2), 03 = col (wyp, wy1) and 04 = col (wr2, w7 ); the independence of the
matrices B, D, Cy and Dy, on w;, and wy follows immediately from the fact that only the
input weights are dependent on these parameters. Similarly, the controller K“r“¢ of (5.13)

corresponds to the one of (5.51) also with 6 = col (w,, w,) and 6(t) € ©.

} , which can be written as P® of (5.50)

5.4 Numerical Results and Simulation

In this section, we apply the results of this chapter to design a controller for the drive mode of
a MEMS gyroscope, whose model is given in Example 2.1 (page 22). We recall that this model
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corresponds to a second-order resonator with a quality factor Q, = 100000 and resonance
frequency wyx = 27t - 11500 rad s~!. The main control objectives are then:

(i) to ensure that its output x,,, here denoted y, y,-tracks the reference signal

r(t) = A, sin (/Otwr(r)dr) (5.56)

with w, (t) € [271 - 11498, 27 - 11502] (in rad s~ 1);

(ii) to ensure that disturbances of the type

t
VA E R WY ER,  dl) = Agsin ([ w4},
0

where w; = wy, are yp-rejected by the closed-loop system;

(iii) to ensure the robust stability of the closed-loop system against additive uncertainties in
low and high frequencies.

In particular, we consider as specification 7, = 250 - 10~°. If we were in the particular case
where w,(t) = wyy, this specification would be equivalent to ensuring a relative tracking
error smaller than 250 - 107°, as in Example 4.3 (page 88), for instance.

To achieve the above objectives, we consider the control configuration of Figure 5.1 and the
L, criterion of Figure 5.2, where

(i) W, is givenin (5.42) with &3, = 7.2 - 103 and &, =9-1077;
(ii) W5 is given in (5.43) with &3 =7.2-10"% and go; =9-1077;
(iii) W, is given by
(5/wn)? + (3/wy) anAn /My +1
(5/wn)* + (s/wn) n + 1
with A, = 1.25-107%, M,, = 125, &, = 5.565 - 10* and w;, = wy »;
(iv) We = 7;1 = 4000;

Wn(s) - Mn (557)

(v) Wy is given by
Wy(s) = M (5/wu)” + (5/wu) tuAu/ My + 1 558
' ' (s/wy)* + (s/wy) ay +1 .

with A, = 1.6-1073, M, = 400, &, = 4.687 - 10* and w,, = wo»-

The controller is computed with v = 0.9954. For the sake of illustration’, the weighting
functions can be interpreted as upper bounds on the closed-loop transfers functions frozen at
the vertices w,; = 27 - 11498 rad s land wyp = 27 -11502 rad s~1, as shown in Figure 5.4
and Figure 5.5. These figures also present the magnitude of the closed-loop transfers frozen at
the same vertices. Note that the weighting functions enforce low gains for the transfers T;,—,,
in low and high frequencies, ensuring good stability margins against additive uncertainties
in these frequency ranges. The upper bounds also enforce the transfers T,_,. and T,;_,, to
have low gains at w,. Indeed, at the vertice w;, 1, T,— and T;_,. have very small gains at the
frequency wy 1. The same happens at the vertice w; .

7Actually, this analysis in the frequency domain is valid only for LTI systems or frozen LPV ones, which is the
case when wy is constant. This interpretation cannot be considered when w, varies over time.
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The Bode diagrams of the controller frozen at the vertices are presented in Figure 5.6 and
Figure 5.7 (zoom). The expression and numerical values of the controller are given in
Appendix D.1. Here, it is important to note that the controller presents resonance peaks at w,
to ensure the reference tracking and disturbance rejection at this frequency, and low gains in
low and high frequencies to enhance the robustness against uncertainties in these frequency

ranges.
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FIGURE 5.6: Controller at the vertices w, 1 and w;» (superposed in the figure).
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The whole closed-loop system is then simulated with the reference signal of (5.56), where
the function w,(t) is presented in Figure 5.8. Different types of signal are considered here,
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FIGURE 5.7: Controller at the vertices w, ; and w, 2. Zoom around wy .

1.001

as presented in Table 5.1. The system starts from its (sinusoidal) steady state with w; ()
wo,. The tracking error and the control signal are presented, respectively, in Figure 5.9

and Figure

5.10. We recall that the reference amplitude A, is equal to 1.
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FIGURE 5.8: Excitation frequency w(t). Details are provided in Table 5.1.

TABLE 5.1: Types of signal defining w;(t).

Time t (in ms) | Signal type | Range/Value | Fundamental frequency
[0, 5) Constant wo,x —
[5, 10) Square [wr 1, Wy o] 0.05 - wo
[10, 15) Sawtooth | [w;1, wyp] 0.05 - wo
[15, 20) Sinusoidal | [wy1, wr2] 0.10 - wo
[20, 25) Sinusoidal | [wy1, wr2] 0.25 - wo
[25, 30) Sinusoidal | [wy1, wyr2] 0.50 - wo
30, 35) Sinusoidal | [w;1, wr2] 0.75 - wo x
[35, 40) Sinusoidal | [wy1, wr2] 1.00 - wp x
[40, 45) Sinusoidal | [wy1, wr2] 1.50 - wo x
[45, 50) Random | [wy1, wro] —

Tracking error

_3 1 1
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25
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FIGURE 5.9: Tracking error ¢(t) for reference amplitude A, = 1.
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FIGURE 5.10: Control signal u(t) for reference amplitude A, = 1.

It is important to highlight that, despite the arbitrary variations of w,, the tracking error
is always bounded by a value close to 2.5 - 10~ (for reference amplitude A, = 1). This is
possible because the controller is able to adapt itself according to w;. See, for instance, the
control signal at t = 5ms. At this instant, w, passes from wy , (frequency where the gain
of G is maximum) to w,; (frequency where the gain of G is much smaller). The controller
immediately compensates for the loss of gain (of G) by increasing the amplitude of the control
signal, keeping y(t) ~ r(t) and ¢ ~ 0.

Finally, to evaluate the 7,-tracking property, we compute two performance indicators, de-
noted 7,1, and %, which are respectively defined as

(5.59)

Note that 7, 7, is related to the power of the signals ¢ and r in a moving time horizon of a
fixed width Tj. This indicator allows detecting fast variations of the system performance.
On the other hand, %, corresponds to the definition of 7y, (see (5.11)) with T = t. With
To = 1.5-27m/wy,, the evolution of 4, 1, and %, over time is plotted in Figure 5.11 and
compared to the specified value of 7, = 2.5-10%. In this figure, we can confirm that,
as expected, 7,1, and 7, are always smaller than the required value of 7, = 2.5-107%,
validating the proposed solution.

For the sake of comparison, in Figure 5.12, we also present the performance indicators
¥p,1, and 7, obtained with an alternative approach. In this alternative approach, the LTV
controller Ki” is split into two parts, as depicted in Figure 5.13: a resonant controller K7,; and
a stabilizing controller Ky;. The part Ky, is a second-order resonator known as a Proportional-

Resonant controller of the form

fa®) = @05 S e+ @] L] e

u(t) = 1 ]+ [k, thres(£)

Kwr .

res *°

. (5.60)
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FIGURE 5.11: Performance indicator 7, and %, 1, with Tp = 1.5 271/ wp,x
(see (5.59)). Proposed LPV controller.

where k, > 0 corresponds to the proportional gain, k, > 0 is the resonant gain and 0 < ¢yes <
1 is the damping factor (ideally, ¢,.s = 0). The resonance frequency of Ky, is given by w;, such
that, if the closed-loop system is stable, it asymptotically ensures the tracking and rejection of
sinusoidal signals with frequency w;. The LTI controller Ky; ensures the quadratic stability of
the system for all w, € O, [w;1, w,2]. What is important to note here is that, although this
approach provides guarantees of quadratic stability, the tracking of signals in R [w;1, wy2] is
ensured only when w;, tends to a constant value (or varies slowly). Indeed, in this example,
we obtain performance indicators 7, 1, and 7, that are at least 50 and 10 times higher than
the desired specification, respectively. This is mainly due to the fast variations of w;.
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FIGURE 5.12: Performance indicator 7, and 7,1, with Tp = 1.5 27/ wp,x
(see (5.59)). Alternative approach.
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FIGURE 5.13: Alternative control configuration.

5.5 Summary and Conclusions of the Chapter

In this chapter, we propose a new approach for the design of controllers whose objective
is to ensure, with a guaranteed performance level, the tracking or rejection of frequency-
modulated signals. This control problem can be found in MEMS gyroscopes when an external
loop is used to adapt/disturb the instantaneous excitation frequency w,. for identification
purposes, for instance. We highlight however that this problem is also of main interest in
other domains, such as in the control of wind turbines or power converters.

In particular, we demonstrate that the original problem of tracking or rejecting frequency-
modulated signals can be formulated as a mathematical £, criterion in which weighting
functions are used to describe the signals of interest. Nevertheless, different from periodic
signals, the time-varying nature of the frequency-modulated signals make it difficult the
design of weighting functions in the frequency domain, as is the case in the H., synthesis, for
instance. We thus propose a new class of LTV weighting functions, which formally describes
this type of signals.

Based on the LTV weighting functions, the original control problem can then be formulated
as a standard polytopic LPV problem. The solution of this problem provides a polytopic
controller whose parameters depend on the (measured) instantaneous frequency of the
signals of interest. Moreover, this controller formally ensures the tracking/rejection with a
certain performance level. This performance level is defined as function of the power of the
reference/disturbance and the tracking error signals.

Simulation results confirm the main results of this chapter and illustrate the benefits of our
approach against a standard design methods: the guaranteed performance, even under
arbitrary variations of w, over time.
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Chapter 6

Envelope-Based Control:
Bringing the Dynamics to Low
Frequency

As discussed in Section 2.2, for the closed-loop operation of MEMS gyroscopes, most of
the works focus on the envelope-based control architectures, mainly represented by the
architectures AGC with PLL for the drive mode (see page 40) and envelope-based (I/Q) for
the sense mode (see page 44). The main interest in the use of these approaches comes from
the fact that the amplitude and phase or the in-phase and in-quadrature terms are constant or
low-frequency signals in steady-state. Hence, we can use PID controllers to track the (constant
or low-frequency) reference amplitude and phase shift of the drive mode oscillations, and to
compensate for the (constant or low-frequency) in-phase and in-quadrature terms related to
the (oscillating) Coriolis and coupling forces, see [[EE04, EMK12, Zur15]. Moreover, the use
of PID controllers comes together with accessible design methods and easy implementation
(in analog as well as in digital domain), providing an attractive solution for the industry.

Despite all the interesting features of the envelope-based control architectures, we also have
to mention some downsides of this approach. Even if the original system (MEMS gyroscope)
is mainly linear, nonlinearities (modulators and demodulators) are included in the loop to
compute the amplitude and phase shift or in-phase and in-quadrature terms of the modulated
signals, making the overall to-be-controlled system nonlinear. The conventional approach
is then to establish an envelope model of the system, linearize it around operating points
and design independent controllers for the regulation of amplitude and phase or rejection
of in-phase and in-quadrature terms [Sau08, EMK12], leading to controllers that are not
guaranteed to ensure the performance nor stability of the closed-loop system a priori.

In this chapter, we propose a control architecture and a design method that allow us to
combine the main advantage of the envelope-based architectures (work with low-frequency
signals) with the main strengths of the direct control architecture (guarantees of stability and
performance).

The remainder of the chapter is organized as follows. In Section 6.1, we state the problem
under investigation. In Section 6.2, we model the nonlinear to-be-controlled system through
dynamic phasors (presented in the sequel). Then, we reveal that the to-be-controlled system
is actually linear if an adequate representation of the dynamic phasors is considered. In
Section 6.3, this fact allows us to apply an H/LPV approach to synthesize a controller with
stability and performance guarantees. Moreover, with this formalism, we reveal that the best
achievable performance of an envelope-based controller is equivalent to the best achievable
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performance of a direct controller, under the assumption that the amplitude and phase (or
in-phase and in-quadrature terms) of a signal can be perfectly measured in real time. In
Section 6.4, we show that this assumption cannot be met in a real application. Nevertheless,
we also demonstrate that, in practice, the best way to obtain the amplitude and phase (or
in-phase and in-quadrature terms) of a signal is through synchronous demodulators. The
drawback is that they introduce filters and nonlinearities in the loop. Then, a novel control
design method, which takes these nonidealities into account, is proposed in Section 6.5.

Dynamic Phasor Definitions

Before proceeding with the problem statement, let us introduce some key concepts for the
development of this chapter. Let us consider a sinusoidal signal in the form of

v(t) = V cos(wppt + ¢y),

where V defines the amplitude and ¢, is the phase shift with respect to a reference phase
wppt. By using the Euler formula, we can rewrite v as

o(t) =R (er“’”'t) ,

where the amplitude and phase are represented by a single complex quantity v = Ve/%+, called
phasor. Thus, the sinusoidal signal v can be interpreted as the projection, over the real-axis,
of the phasor v rotating on the complex plane with an angular frequency wpy,. The same
phasor can be equivalently represented by its real and imaginary parts, i.e., v = vy + jug.
This form is called Cartesian or rectangular representation, while the form v = Ve/? is called
exponential or polar representation.

The main interest on their use relies on the fact that the phasor v of a sinusoidal signal v is
directly related to its Fourier transform'. Then, they can be used to simply describe sinusoidal
signals. Phasors are widely used in different fields. In Control Theory, they are particularly
used to compute the (steady-state) output of a linear system to sinusoidal inputs.

Now, if the amplitude, the phase shift and the reference frequency wp, are allowed to vary
over time, that is,

0(t) = V(t)cos (gu(1) + 4u(t) with gi(t) = [ ()T +99,

where ¢), represents the phase at the origin, we can rewrite vas v(t) = R (y (t)eiPrn (t)> . Then,

similar to the phasor definition, the complex signal v(t) = V(t)e/**() should be referred to as
the complex envelope associated with v [Rub09], which are directly related to the in-phase
and in-quadrature terms of a modulated signal (see Section 2.1.4, page 23). Indeed, the
in-phase and in-quadrature terms respectively correspond to vy and v; (with wp;, = Wexc).
We have to mention, however, that the term complex envelope (or in-phase and in-quadrature

IIndeed, ' ' - . '
-6 (jw — jwpy) +7- 6 (jw + jwpn)
2
If we consider only the positive frequencies (recalling that real-valued signals have a symmetric spectrum, and
considering only the positive frequencies is sufficient to represent the whole signal), we have F [v] (jw) =

v- 6 (jw — jwpy) /2

F o] (jw) =
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terms) presupposes that the variations of v are slow and that wpj, is constant over time? (see
Section 2.1.4, page 23). Then, to get rid of these inherent assumptions, in this document,
we rather use the appellation dynamic phasors to describe the complex signal v, which can
be interpreted as a time-varying phasor and represents the instantaneous amplitude V' (or
envelope) and the instantaneous phase shift of the signal v with respect to a given reference

phase ¢pj,.

6.1 Problem Statement

In this section, we state the problem under investigation.

The main strength of the envelope-based architectures, such as the AGC+PLL and I/Q
architectures (see Figure 2.20, page 41, and Figure 2.24, page 45), relies on the use of amplitude
and phase or in-phase and in-quadrature terms of an amplitude-modulated signal. Here, we
consider the control architecture presented in Figure 6.1, which is based on the amplitude and
phase of the signals. The plant is represented by G, and K, corresponds to the amplitude-
and-phase controller. The operator s2p allows extracting the amplitude and phase shift from
a modulated signal, while p2s generates a modulated signal from a given amplitude and
phase shift. The phase shifts are defined with respect to a given reference phase ¢pj;, which is
defined as

t
Ppn(t) = /O wpn(T)dT + ¢0, 6.1)

with ¢%, € R and the instantaneous reference frequency wp, belonging to a set of measurable
functions Qpy, [wpp1, wpp2], which is defined as, given wpy,» > wpy1 > 0,

Qpp [wpna, wpnp] = {wpp |Vt € R, wpy(t) € [wpp1, Wpno) }- (6.2)

Since wpy, is known, it can be used by the controller.

(Yr, ¢r) (U, ¢u)

FIGURE 6.1: Amplitude-and-phase control architecture.

In this context, the control problem consists in computing the amplitude U and phase shift
¢y of the control signal u such that the amplitude Y and phase shift ¢, of the output signal y
track the amplitude Y; and phase shift ¢, related to a sinusoidal reference signal y,. All the
phase shifts are defined with respect to a given reference phase® ¢p;. The reference signal is,
for a given reference phase ¢pj,, defined as

yr(£) = Yy (£) cos(¢pn(t) + r(1)). (63)

2In Section 6.4, we will see that these assumptions are related to the practical realization of an operator that
allows extracting the complex envelope of a signal.
3Not to be confused with the phase of the reference signal, which would be given by ¢py, () + ¢r(t) (see (6.3)).
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Although this architecture can be used in other applications, in the MEMS gyroscope context,
G would represent the drive mode and/or the sense mode. For the sake of simplicity, we
focus on the use of this architecture for the drive mode. Thus, G represents the drive-mode
model. In the same context, as discussed in the previous chapters, the reference signal is
usually given by

yr(t) = Arsin(gexc(t)) (6.4)

with @exc () = fot Wexe(T)dT + ¢? (see, e.g., (5.1), page 117) and defines the operating fre-
quency of the gyroscope, wey. (We recall that this frequency is supposed to be as close as
possible to the actual drive-mode resonance frequency, wo ). The reference phase ¢p, is not
necessarily linked to ¢.yx.. Nevertheless, if we consider the special case where

opu(t) = /Otngc('r)dr, ¢r(t) =2 +71/2 and Y, (t) = A,, (6.5)

(6.3) and (6.4) are equivalent, and the signals to be tracked (Y, and ¢,) are constant over time.
Therefore, we consider that these conditions hold hereafter.

Note that, with respect to a direct control architecture, the operators p2s and s2p are intro-
duced in the control loop. The operator p2s is a modulator that computes u from a given
amplitude U and phase shift ¢, with respect to a given phase ¢pj,, that is,

u(t) = U(t) cos (¢pp(t) + pu(t)) . (6.6)

In its turn, the operator s2p, based on the same phase ¢p;, allows extracting the couple (Y, ¢;)
from the modulated signal

y(t) = Y(t) cos (¢pn(t) + ¢y(t)) - 6.7)

Please note that, while it is clear how to build u from a given couple (U, ¢,) (see (6.6)),
the same cannot be said on how to build a couple (Y, ¢,) from a given signal y (see (6.7)).
By the moment, let us assume that there exists an operator s2p that, somehow, does that.
In Section 6.4, we show that an approximation of this operator can be implemented in practice
through the synchronous demodulation.

Finally, the main problem of this chapter can be formulated as follows.

Problem 6.1 (Amplitude-and-phase control problem). Let us consider an LTI system G and
the control architecture of Figure 6.1. Given wpyo > wpy1 > 0, let the reference phase ¢py, be
given by (6.1) with wpy, € Qpy, [wpp,1, wpp2). Then, we want to design a controller K,p, based on
a given couple of reference amplitude and phase shift (Y, ¢,) and on the couple (Y, ¢,), computes
the amplitude and phase shift of the control signal (U, ¢y,) such that (Y, ¢,) tracks constant signals
(Y, ¢r), forall Y, € Ry and for all ¢, € R. The phase shifts are defined with respect to ¢ppy(t).

We split this problem into four parts, as follows.

(i) Let us assume that the operators s2p and p2s exist and can be implemented in practice,
ie., (Y, ¢y) can be instantaneously measured from y. Then, how to model the to-be-
controlled system (composed of the plant G, and the operators s2p and p2s)?

(ii) How to design a controller solving Problem 6.1 under the assumptions above?
(iii) How can we implement in practice the operator s2p?

(iv) How to solve Problem 6.1 considering an implementable operator s2p?
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Each of these questions is answered in each of the following sections.

6.2 System Modeling Through Dynamic Phasors

In this section, we aim to model the to-be-controlled system, which is composed of the plant
G and the operators p2s and s2p. The plant is defined by the linear system below

[ x(t) = Ax(t) + Bu(t)
¢ { y(t) = Cx(t) + Du(t) (6.8)

with state vector x(t) € R", input vector u(t) € R", output vector y(t) € R", and the
real matrices A, B, C and D of appropriate dimensions. Remember that the operator p2s
constrains each element of the input vector to be in the form of (6.6), and the output signals
are assumed to be in the form of (6.7), such that the operator s2p can extract its instantaneous
amplitude and phase shift. Thus, given a function ¢p;, with wp, € Qpy, [wp1, wpp ], the
to-be-controlled system can be defined by

x(t) = Ax(t)+ BU(t)cos (ppn(t) + Pult))
Gap : [

Y(t)] = s2p(Cx(t) + DU(t) cos (¢pu(t) + Pu(t))) )

Note that the operator s2p is nonlinear and the input signal is a nonlinear function of U and
¢u. Then, its is clear that replacing the input and output signals of G by their amplitude and
phase (dynamic phasors in the polar representation) makes the to-be-controlled system G,
nonlinear. However, in the sequel, we show that if the signals of G are instead replaced by
their dynamic phasors in the rectangular form, the to-be-controlled plant is actually an LTV
system whose state-space matrices are affine functions of wpy,(t).

Although we rather consider the original plant as an LTI system (6.8), we show that the same
results are easily extended to any LPV system of the form

o. [ x(t) = A@B()x(t) + B(O()u(t) |
¢ '{y(t) = CO)x(t) + DO)ult) 0(-) €09, (6.10)

where x(t) € R", u(t) € R™, y(t) € R™, 6(t) € R™ ranges over a fixed polytope ©® and the
dependence of the state-space matrices is affine on 0 (as in (5.45), page 130). This extension
will be of main interest in Section 6.3 for the design of the controller.

6.2.1 Dynamic Phasor Modeling

The following theorem introduces a linear model of the nonlinear plant G,;,. This modeling
is based on the dynamic phasors associated with the signals of the original plant G.

Theorem 6.1 (Dynamic phasor model). Let a reference phase ¢py(t) be given by (6.1) with
wpp, € Qppy [Wpp 1, wpp 2], and consider a couple (U(t), ¢y (t)) and the system G, see (6.8). Then, for
the input signal of the form u(t) = U(t) cos (¢py(t) + ¢u(t)), the output of G is given by

y(t) = Y(t) cos (ppn(t) + dy(t)),
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where Y (t) = |y(t)|, ¢py(t) = arg(y(t)), and y is the output of the system G“™, defined by

=t

for the input u(t) = U(t)ei®:(*),

t
t

) = (A—jwps(t)I)x(t) + Bu(t)
Iy A 611)

< IR

Proof. Let y(t) and x(t) be the solution of (6.11) for the input u(t) = U(t)el®(), Then, we
multiply (6.11) by e/7(*). By recalling that ¢p;,(t) = wpy(t) (see (6.1)) and since

jt (l(t)ej‘PPh(t)) — <Cb:j(tt) —i—ja)ph(t)x(t)> ePen(t)

we obtain, with wpy, € Qpy, [Wpp 1, wpp ),

{ 4 (l(t)ewm(ﬂ) = Ax(t)e/®t) 4 Bu(t)eirn(t) (6.12)

y(t)ermt) = Cx(t)elrn(t) 1 Du(t)eitrn(t)
By taking the real part of the equations above, we obtain, with wpy, € Qpy, [wWpp1, Wpp2),

& (éR (g(t)e]'m(t)) — AR (K(t)e]"i)Ph(f)) L BR (E(t)ejgbph(t))
R (y(t)efprh(t) — R (g(t)ejm(t)) 4 DR (E(t)ej%,,(t))

) (6.13)

which corresponds to (6.8) with u(t) = U(t) cos (¢pn(t) + pu(t)), x(t) =R (g(t)ef‘l’Ph(t)) and
y(t) = R (Z(t)emph(t))_ —

The system G“7, see (6.11), computes, for a given reference phase ¢p; defined by wp;, €
Qpy, [wpp 1, wpp 2], the dynamic phasors associated with x and y (respectively x and y) from
the dynamic phasor associated with the input u (#). In other words, from the instantaneous
amplitude and phase shift of the input signal u (respectively U and ¢,), (6.11) governs the
behavior of the instantaneous amplitude and phase shift of y (respectively Y and ¢,). Thus,
we refer to G“?" as the Dynamic Phasor Model (DPM) of G with respect to the reference
phase ¢p;. The DPM G“"" is a system whose state matrices and signals are complex-valued.
Nevertheless, by splitting the signals into real and imaginary parts, this system can be
equivalently represented by the following real-valued one:

wpp Xap(t) = Agy (wpp(t)) x4,(t) 4+  Byyutg,(t)
de : { de(t) = P CapXap(t) P 4 DdZudZ(t) (6.14)

with x4, = col (x5, X3), ugp = col (ugp, ug), Yap = col (g%, y%),

Agp (wpn(t)) = [_wi(t)l wp}it)l] '

By, = diag (B, B), Cg, = diag (C, C) and Dy, = diag (D, D). In general, when simply refer-
ring to DPM, we refer to its real representation, G;‘}; ". Otherwise, if we want to distinguish
between the real and complex representations, we shall refer to G“** as the Complex DPM of
G. In contrast, G;}; " is referred to as the Real DPM of G.
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Technically, there are no issues in dealing with complex-valued systems. For instance, classical
Control Theory tools, such as Bode diagram, Nyquist criterion, and root locus, can be easily
adapted and applied to this class of system. The main difference is that, in contrast to
real-valued systems, complex-valued ones do not have the symmetric frequency response
property. Moreover, complex poles or zeros may not present a conjugated pair. Then, these
classical tools would have to be adapted for the use with complex-valued system. On the
other hand, the real representation of a complex-valued system doubles the order and size of
the input and output vectors. Thus, multivariable tools shall be considered for the analysis
even if the original system is SISO. An interesting discussion on the use of complex-valued
systems in control can be found in the recent work [TBR17].

All complex-valued systems can be represented by a real-valued one. However, the opposite
is not valid. The opposite is valid only for a particular class of real-valued systems, called
rotational-invariant systems (also referred to as symmetric or isotropic systems) [Bod14,
TBR17]. This point is further discussed in Section 6.2.2.

We also highlight that the DPM (real or complex representation) is an LTV system whose
state matrix linearly depends on the (time-varying) reference frequency wpjy. In the literature,
wpy, is often considered as constant. Nevertheless, with Theorem 6.1, we demonstrate that the
DPM is valid for any function wpy, € Qpy, [wpy1, Wpp2]. In the sequel, we present, through an
example, the accuracy of our approach to describe the envelope of the signals.

Example 6.1. Here, we want to illustrate the application of Theorem 6.1 for modeling the envelope
of a signal generated by an LTI system. To this end, we consider the plant G, of Example 2.1, which
admits a state-space representation with the matrices

0 1 0

A= , B = , C=1]10 and D =0,
_w(z),x _WO,x/Qx:| |:k0,xw0,x:| [ ]

recalling that wg, = 27111500 rads~!, Q; = 100000 and ko, = 2 -107°. We also consider the

input signal u given in (6.6) with U(t) = 0 for t < 1s, U(t) = 1 otherwise, and ¢, (t) = 0.

The reference phase ¢py,, which also corresponds to the excitation one ¢eyc, is given by ¢p,(t) =

fot wpy (T)dT for the function wpy, presented in Figure 6.2 (top).

The signal u is then applied to G, obtaining the output y, which is presented in Figure 6.2 (middle).
To compute its envelope, we apply the phasor u(t) = U(t)e?\t) = ugq(t) + juq(t) to the DPM of
Gy, which we denote G‘:g’; (computed through (6.14) with ug, = col (uy, ug)). Also in Figure 6.2

(middle), we can observe that the signal Y (t) = ’y(t)‘ = \/y%(t)z + gg(t)z, computed through the

DPM, precisely corresponds to the envelope of the;ignal y, as expected. This fact reveals the accuracy
of this model to describe the signal envelope during transient state (t > 1s) as well as for time-varying
excitation frequencies (2 < t < 22s).

For the sake of completeness, we also present in Figure 6.2 the phase shift ¢, (t) = arg (y(t)) =

arctan2 (z%(t), y%(t)) (middle) and the real and imaginary parts of y (bottom). All these signals are
computed through the DPM.

Note that, since

u(t) = U(t) cos (ppu(t) + pu(t)) = up(t) cos(Ppn(t)) — ug(t) sin(¢pn(t)), (6.15)
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the Real DPM, G;’; " can be rewritten as

{ £(t) = Ax(t)+Blcos (gm(t)) —sin (gm(t))] uap () 616
yap(t) = 26 (Cx(t) + D [cos (@pu(t)  —sin (gpu(t))] gy () * |

where x is the state vector of G, (see (6.9)), and s2c is an operator that associates y,, with y.
The only difference between G, (see (6.9)) and G;Up” " (equivalently in (6.14) and (6.16)) is the
representation of the dynamic phasors: while G;, uses a polar representation, the latter one
takes into consideration the Cartesian representation of the same phasor. Thus, as claimed
at the beginning of the section, if we consider the rectangular representation instead of the
polar one, for a given ¢p (), the to-be-controlled system (6.9) is modeled by an LTV system:
G;“;", defined in (6.14).

Extension of the Dynamic Phasor Modeling for an LPV System Note that the only as-
sumption made on the original plant (6.8) is that it must be linear, that is, the original model
can be either an LTI or an LPV system. In the LPV case, in which the system matrices depend
on a parameter vector 6 belonging to a set ®, the DPM matrices will depend on 6 and also on
wpy(t). That is, for the LPV system (6.10), its DPM is given by, for wpy, € Qpy [wpy1, Wpnyl,

GO {a‘c(t) = (A(8(t) — jwpn(H)]) x(t) + B(9<t))ﬁ(t) o) c® (617)

y(t) = C(6(1))x(t) + D(O)u(t) ’
oun . [ Gapll) = Agp(008), wm() xap(t) + Bap®()ugp(t) .
Gay ~{de(1&) _ Pcdp(g(tf)xdp(t)p Lo - 0 €O ©19
with

Adlﬂ (Q(t), wph(t)) = Aage(t)) wph(t

Byy(6(t)) = diag (B(0(t)), B(6(t))), Cap(0(t)) = diag (C(6(t)), C(6(t))) and Dy (6(t)) =
diag (D(6(t)), D(6(t)))-

Remark 6.1. Up to this point, there are no particular assumptions on the signals of interest.
The only assumptions for this modeling to hold are summarized below.

(i) The plant G is linear.

(ii) The operators s2c or s2p are ideal, that is, it is possible to instantly obtain a couple
(Y(t), ¢py(t)) or (%}e(t)’ Zg(t)) from the measurement of y(t) and a given ¢pj,(t).

In the sequel, we present some essential properties of the Dynamic Phasor Model.

6.2.2 Properties of the Dynamic Phasor Model

For a better understanding of the dynamic phasor model, we evaluate some of its properties.
We consider two different cases. First, we consider a particular case where the reference
frequency is constant, i.e., wpy,1 = wppp = wp,. This special case arises, for instance, when
we want to track a sinusoidal signal y, of frequency wp;, = wex. In this context, we can
discuss the stability, the dynamics, the frequency response and the ., norm of the DPM
in an LTI framework. In the second case, the reference frequency is time-varying, that is,
wppo > wpyy and wpy € Qpy [wpp1, wpp ). This general case arises when we consider the
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problem of tracking “variable-frequency sinusoidal” reference signals, as in (6.3). We assess
the quadratic £,-gain stability of the DPM in this second case.

Particular Case: Constant Reference Frequency and LTI System

Let us start by considering an LTI system G, whose Complex DPM is given by G*“?» and
Real DPM is given by G;]; ", respectively from (6.11) and (6.14) with wpy(t) = w¥,. The first
property to which we bring our attention is the stability equivalence, stated as follows.

Theorem 6.2 (Stability equivalence). Let G be an LTI system. G“?i and GZ]E% are respectively the

Complex DPM and Real DPM of G with wpy(t) = wS,. Then, the DPMs (G“% and GZE’(;’ ) are stable
if and only if G is stable.

Proof. To prove the equivalence between the stability of the G, Q“’?’c;« and GZ}; " we evaluate

the eigenvalues A of their state matrices: A, A — jwpy, I and Adp. Being, foralli € {1,...,n},
Mi(A = jus D) = Ai(A) — jw$, )\i(Adp) = Ai(A) + jw, and Ai+n(Adp) = Ai(A) — juwy,
we have R (A;(A)) = R (Ai(A —jwy, 1)) = R (Ai(Agp)) = R (Aixn(Agp)), concluding the
proof. O

It is clear that the dynamics of the DPM is different from the dynamics of the original system.
Indeed, the former one depends on the reference frequency wp,, while the latter one does not.
However, Theorem 6.2 reveals that, even if the DPM dynamics depends on w¥;,, it conserves
the stability of the original system. This is illustrated in the next example.

Example 6.2. Let us consider again the plant Gy, its DPM Ggg’;}, $u(t) =0, and U(t) = O for
t < 1sand U(t) = 1 otherwise, as in Example 6.1. Here, we consider two different constant
excitation/reference frequencies to show how wp, can impact the dynamics of the DPM.

First, we consider the particular case wp), = wy x, representing, in the case of a MEMS gyroscope, the
operation of the drive mode with a (perfect) resonance-frequency tracking (ensured by a PLL, Extremum
Seeking or closed-loop identification, for instance). We also consider a general case w,;, # wo,x, which
represents, in the case of a MEMS gyroscope, an operation with a mismatch between the excitation
and the resonance frequencies. We choose w, = 27t11498rad s, representing a slight mismatch of
less than 0.02%.

The simulation results are depicted in Figure 6.3 and Figure 6.4, where we show the real and imaginary

parts of the output dynamic phasor as well as the instantaneous amplitude Y (t) = ‘ y(t) ‘ and phase

¢y(t) = arg <z ( t)) with y computed through the DPM. The envelope Y is compared to the signal

Yy, which is obtained at the output of Gy. In the first case (Figure 6.3), with wp), = wo, we can
observe that the DPM mainly behaves like a typical first-order system with time constant 1. ~ 3s.
Moreover, when observing the real and imaginary parts of the phasor y, only y . is modified by the
chosen input, indicating that, since ug(t) = U(t) and ug(t) = 0 (see (6.15) with ¢, (t) = 0), there
is no coupling between uy and Yy, in this particular case. However, a slight modification of w9,
produces an important change on the DPM behavior, see Figure 6.4. Indeed, we could say that the
envelope Y behaves like the output of a lightly damped second-order system. In contrast to the first
case, the impact of ug, is more important on Yy than on Yoo which also indicates modifications on the
transfers coupling ug to Yo and y...
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Let us now discuss the frequency responses of G, G“Pi and G;Upp ". To this purpose, we consider
their transfer functions (matrices), which are respectively given by

G(s) = C(sI— A)"'B+D, (6.19)
G“i(s) = C(sI — A+ jwS,I) " 'B+ D (6.20)
and .
w —
Gy (s) = Cap(sI — Agp)~'Bay + Day- (6.21)

From (6.19) and (6.20), we have that G (s) = G(s + jwS, ), and consequently,
G (jw) = Gljw + jwh,)- (6.22)

Thus, the frequency response of the Complex DPM corresponds to a frequency shift of the
frequency response of G by w$,. Note that evaluating the response of G“7i to a constant
signal, i.e., G“Pi (0), is equivalent to evaluate the sinusoidal steady-state response of G to a
sinusoidal signal of frequency w$;, i.e., G(jw$;,). Moreover, also note that, since G has real
parameters, its frequency response is symmetric with respect to the frequencies. Then, after
shifting, G“7 presents an asymmetric frequency response.

Let us now evaluate the frequency response of G;Z’i’. To this purpose, we develop (6.21) as

B o _ |Gr (s @) =G (s, wy)
Gd; (S) - Q] (S, w%oh) QR (S, w%oh) 7 (623)

where the terms Gy (s, wy,) and G; (s, w§),) are given by
Gr (s, wiy) = C(sI = A) (((s — jwi) I — A) ((s + jw) I — A)) ' B+ D (6.24)

and
Gy (s, why) = —wHC (((s — jwp)I — A) (s + jwd) — A)) "' B. (6.25)

Note that, as any real representation of a complex-valued system, there is a redundance
in G;f ": the diagonal blocks are equal (Gg), and the off-diagonal blocks are also equal but
with opposite sign (£G;). Systems with this structure are known as isotropic or rotational-
invariant systems [Bod14, TBR17]. Further than this property, the DPM also presents the
identities below, which are directly derived from (6.24) and (6.25),

Gr (s, —wpp) = Gr (s, wp,) and Gy (s, —wpy) = =Gy (s, wpy) - (6.26)

Now, we consider a factorization of G;f " with unitary matrices?, yielding to

® G (s, W) —iG; (s, w3),) 0
GPhi(s) = T [R s Wpy L 5 Wpy - ) o | Zu, 6.27
ap' () =1y 0 Gr (5, wiy) +iGi (s, wip) | T O
where
1[I I 1 g1 I
A A K

A complex square matrix 7 is said to be unitary if and only if 7*Z = ZZ* = I. They have the important
property: ¢ (Z) =0 (Z) = 1.
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Hence, from (6.22) and (6.26), the frequency response of GZ’E;I can be given by

o G (jw — jw$,) 0
Wpy, J JWpy
Gap (jw) =1, [ 0 G (jw + jws,) Zy. (6.28)

Thus, the frequency response of each element of GZJ; " is a combination of the original system
frequency response shifted by +w$, and —wp),. Moreover, if we evaluate the extremum

singular values of G;U;’O”, because 0 (Z,) = ¢ (Z,) = 1, we obtain
o (Gt} = min (¢ (Gljw — jw§)) , @ (Gljw + jw))

7 (Gar) = max (@ (G(jw — jw§) , T (Gljew + jwo§)) - (6.29)

These singular values define the bounds of the G;UE " frequency response. An illustration will
be presented in Example 6.3.

In Chapter 3, we express the performance specifications of a MEMS gyroscope through an He.
criterion. Then, for considering the use of the dynamic phasor framework for this application,
assessing the H., norm of the DPM is also of central concern.

Theorem 6.3 (Ho-norm equivalence). Let G be a given LTI system. G“#r and G;‘Z)’o " are respectively
the Complex DPM and Real DPM of G with wpy,(t) = wS,. Then, the Heo norm of the DPMs (G“i
and G;)p” ") is equal to the Ho norm the G, that is,

1Glle = HG“’Ph (6.30)

_ HG“’Ph

[ee]

This result shows that the DPMs conserve the H, norm of the original LTI system, regardless
of the representation (real or complex) and the constant reference frequency wp,.

Proof of Theorem 6.3. From the H-norm definition (Definition 4.1, page 76) and the frequency

response of G“Pi (see (6.22)), it follows immediately that H G| =G| . From (6.29), it

follows that H G;f h

= ||G|| ., completing the proof. O

Example 6.3 (Continuation and end). In Figure 6.5, we plot the Bode diagrams of each transfer of
the DPM for the two reference frequencies considered in Example 6.2. At a first glance, we note that
the diagonal terms are equal and that the off-diagonal elements are equal in magnitude and have a
difference of 180° in phase, as expected (see (6.23)).

As presented in Example 2.1, the Bode diagram of Gy presents a strong resonance peak at woy,
see Figure 2.10 (page 22). Then, when considering its DPM with wg, = wo x, this resonance peak is
shifted to w = 0 and to w = 2wy . Now, if we neglect the high-frequency resonance peaks and focus
on the transfers from iy, we note that the transfer from wuy, to y. has very small gains (in general,
smaller than —100 dB), while the transfer from usy to y, is similar to a first-order low-pass filter with
a cutoff frequency close to 0.05 Hz and a gain close to 2'in low- -frequencies.

When considering the DPM with wg, # wo x, the resonance peak of the system is shifted to w =
wo,x — why, and to w = wo x + wp,. If we proceed with a similar interpretation, we note that in this
case the transfer from ug to Y behaves as a low-pass filter with a gain close to 0.06 in low-frequencies
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and with a resonance peak close to 2 Hz, justifying the oscillations found in Example 6.2. In its turn,
the transfer from uy, to y . behaves like a band-pass filter, attenuating low and high frequencies. Both
analyses are coherent with the results of Example 6.2.

In Figure 6.6, we present the singular values of the DPM for the two reference frequencies. Further
than the behavior described above, note that in both cases, the maximum value of the maximum
singular values is equal to 6 dB, which corresponds to |Gy ||, = 2, as expected.
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FIGURE 6.6: Singular values of G:Jg;’g for wp;, = 2711500 = wy, and for
wpy, = 211498 # w x.

Remark 6.2 (On the DPM high-frequency modes). In general, we may be interested only on
the (dominant) low-frequency dynamics of the DPM. Indeed, in Example 6.2, the effects of
the high-frequency resonance peaks cannot be noticed. Then, these high-frequency resonance
peaks are often neglected for pratical reasons, see, e.g., [EK10]. Nevertheless, for the sake of
formalism, in this work, we keep these modes in the DPM.

General Case: Time-Varying Reference Frequency and LPV System

We now consider a more general case: with the original system G, we investigate the link
between the properties of G and of its DPMs G“** and G;;f " (see (6.8), (6.11) and (6.14),

respectively) for all wpy, € Qpy, [wpp1, Wpp o). In particular, we consider the quadratic £,-gain
stability of these systems.

Please note that evaluating the quadratic £,-gain stability of the LTV systems G“?* and G;‘;f "
for all wpy, € Qpy [wpy1, wpnp) is equivalent to evaluating the quadratic £,-gain stability of
the LPV systems GO and Gg;f " which are defined as follows:

Qoph = {G¥“P, wp, € Qpy, [(dph,p wPh,Z]}

Q w
dePh — {def’h, wpy € Qph [CUphll, CUPh,Z]} :

Since we enter in the LPV framework, we also generalize the original system to the LPV plant
GO®. Therefore, we want to investigate the link between the quadratic £,-gain stability of G®
(see (6.10)) and that of G®*" and GL(Z;QP ", where

0,0 _ [ 0w
G = {Q Ph, wpy € Qpp [Wpna, wPh,Z]}
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0,0 O,
Gyy " = {dew” ", wpy € Qpy [Wpp1, wph,z]} (6.31)

with G®“P and Gﬁi@p’wl’ " respectively given in (6.17) and (6.18).

The following result allows then to generalize the results of the particular case, where
wpp(t) = wpy, and G is LTI, to the general LPV case, where G® is LPV and we consider all

wpp € Opp [wWpn1, Wpnp)-
Theorem 6.4 (Quadratic £,-gain stability equivalence). Let us consider the LPV system G©, its
Complex DPM GO gnd Real DPM G?F;Q” " Then,

q —
n

q

g (6.32)

&

H GO pn

q — HGLi@’QPh
i2 P

Sketch of proof. This proof is based on the definition of the quadratic £,-gain stability (Defini-
tion 5.9). First, we prove that the solution to the LMI (5.47) applied to G® generates a solution
for the same problem when applied to G%QP ". The same procedure is applied in the other

direction. The complete proof is given in Appendix E.1. O

Since the Ho norm of an LTI system is equal to its £, gain, if G is an LTI system, (6.32)
reduces to
1G]l = [

q Q
= |G e
2 H dp

q
0 (6.33)
In addition to considering an LTI system G, if Qp, = {w}),}, (6.32) simplifies to (6.30).
Moreover, since the quadratic £,-gain stability property of an LTI system implies internal
stability, this theorem unifies and generalizes Theorems 6.2 and 6.3.

6.3 Dynamic Phasor Control

In the previous section, we have revealed that the a priori nonlinear to-be-controlled system
Gap (see (6.9)) is actually linear if, instead of using the polar representation of the dynamic
phasors (amplitude and phase), the signals are represented by their corresponding dynamic
phasor in the rectangular representation (see (6.14)). Therefore, with a change on the dynamic
phasor representation, the control scheme of Figure 6.1 can be equivalently replaced by the
one presented in Figure 6.7, which we denote dynamic phasor control architecture. Having
said that, the (nonlinear) amplitude-and-phase control problem (Problem 6.1) can be recast
and generalized to an LPV plant GO (see (6.10)) as follows.

(@R’ &%) (ug, ug)

— KwPh

FIGURE 6.7: Dynamic phasor control architecture.
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Problem 6.2 (Dynamic phasor control problem). Given the DPM of GO ( Gg;wl’ ", see (6.18)), de-

sign a controller K®“Pr with state-space matrices A (0, wpy), B (6, wpy), C (0, wpy) and D (6, wpy,)
for all 6(t) € ©, which, based on y,4, and on a reference phasor y, 4,, computes ug, such that yu,
tracks a constant y, 4, for all wpy € Qpy, [wWpp1, Wpp 2] and for all y, 4, € R?.

Similar to Chapter 5, solving this control problem for all wp, € Qpy, [wpp1, wpp 2] is equivalent
to solving a standard LPV problem, where the plant and the controller respectively read as
(6.31) and

0.0 _ [ 10,
KA = {K P, wpy € Qpp [Wpna, (UPh,Z]}-

In this section, we aim to answer two main questions.

(i) Considering the direct control architecture presented in Chapter 5 and the dynamic
phasor control approach, does any of them ensure a better performance level?

In this context, we consider an LPV augmented plant P® in the form of (5.50) (page 131)
with n,,, control signals, 1., exogenous input signals, n,, measured outputs and 7,
controlled outputs. This augmented plant is composed of the original to-be-controlled
system G® and weighting functions, which are used to enforce the desired closed-loop
specification and depend on the excitation frequency wey.. The controller K@ is of the
form of (5.51) (page 131) and also depends on wey.. The performance level y represents

an upper bound on ||P® xK®||7, that s, ||[P® x K®|| < 1.

Note that P® expresses the desired control specifications in the direct control approach.
To express the same specifications in the dynamic phasor framework, we use the DPM
of P® for all wpy, € Qpy, [wpp1, Wpp»), denoted PE’QP ". Furthermore, we consider that
the reference frequency, wpy, is equal to the excitation frequency, that is, wpy, = wWexe.

(ii) In Chapters 4 and 5, we see how to design a direct controller fulfilling specifications that
are related to the global performance of the MEMS gyroscope. However, for practical
implementation reasons, it can be preferred to use an envelope-based architecture. In
this context, is it possible to transform a direct controller into a dynamic phasor one? If
s0, how?

6.3.1 Connections Between Direct Control and Dynamic Phasor Control

We now investigate the links between the direct control problem and the complex phasor one.
These links will allow us to evaluate the performance levels obtained with each approach.
However, before proceeding, let us define the permutation matrices P;, and Poy¢, given by

L, 0 0 0 I, 0 0 0
0 0 I 0 0O 0 I, O
Pin = P and Pout = -
" 0 I, 0 0 out 0 I, 0 O
0 O Ly, 0 0 0 I,

These matrices are used to permute the inputs and outputs of the DPM of the augmented
system P9, such that the Redheffer (star) product can be correctly applied. Now, we are
ready to state one of the main results of the chapter.

Theorem 6.5. Let P® be the augmented plant defined by (5.50) and K® the controller defined
by (5.51). Moreover, let pr’ﬂp " K%QP " and (P® % KQ)?FJP " be respectively the DPM of P®, K® and

PO x K® for all wpy, € Qpp[wpp1, wpnp), and define 7327’0”’ = POL,tPL%QP" Pin. Then, given y > 0,
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: Q) 0\Qpn _ p©,Qpy 0,0p;,
(i) (P®xK )dp —Pdp '*de g

q
(ii) if KO is such that | P© x K®||T, < « then HP%QP“ * K%Qph <

i2

. q
(iii) there exists an LPV controller K&t sych that HPL%QP " KO )
1

exists KO such that | P® x K®||7, < .

< v if and only if there

The first property states that the DPM of the interconnection P® x K® is equal to the intercon-
nection of their DPMs.

The second property claims that if a direct controller K® achieves a given performance level
7, then the DPM K%Q”h of K9 is a solution of the dynamic phasor control problem, ensuring
the same performance level . Put differently, if a direct controller K® achieves a given
performance level, a phasor controller can be directly computed through Theorem 6.1, i.e.,
K‘%OP ", and this controller ensures the same performance level -.

The third property is the most interesting result. It reveals that if K7 (solution to the
dynamic phasor control problem) achieves a given performance level then, necessarily,
the same level of performance can be obtained by a direct control law and vice-versa. In
other words, even with an augmented degree of freedom (number of variables), the phasor
controller cannot achieve a better performance level than that of a direct controller.

Sketch of proof. (Details are provided in Appendix E.2)

Property (i): By writing the state-space representation of (P® x K®) P and 73® " K® Qe
from those of P® and K®, and by observing that they are equal, one proves Property (i).

Property (ii): Follows from Property (i) and Theorem 6.4.

Property (iii): The proof consists in applying the LPV problem associated to the direct control
problem. The existence of K© such that | P® x K® H?z < 7 is equivalent to the existence of a
solution to the feasibility problem defined by Theorem 5.2 (page 131). Then, the solution
of this problem is used to construct the solution of the feasibility problem defined by Theo-
rem 5.2 when it is applied to the dynamic phasor control problem, implying the existence of

q
K®%n such that HP® riy KO H < 7. The same procedure is applied in the other sense,
changing the direct problem by the dynam1c phasor problem and vice-versa. O

The following example illustrates how a direct controller can be implemented in a phasor
control architecture, obtaining the same results that it would have in the direct control
architecture.

Example 6.4. In this example, we consider the model and the direct controller of Section 5.4 (page 132).
The controller is transformed into a phasor controller K?};OP " through (6.18) and implemented accord-
ing to the phasor-based architecture of Figure 6.7. Since the operator s2c cannot be ideally implemented
in practice (this point is detailed in the next section), we use the DPM of G, GQ” ", to model the
to-be-controlled system.

To evaluate the tracking performance of the system (vy,-tracking), we apply a reference signal with
the same amplitude A, = 1 and the same time-varying frequency as in Section 5.4 (see Figure 5.8,
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page 136). The performance indicators are computed as

Jo €ap(T) Teay(T)dT
fot yr,dp (T) Tyr,dp (T)dT
(6.34)
The evolution of these indicators over time is illustrated in Figure 6.8 and corresponds to the same
indicators obtained in the previous chapter for the direct approach (see Figure 5.11, page 138). This
fact confirms the property (ii) of Theorem 6.5.

o | S Eap() Teqy(r)dT

ftiTO Yrdp(T) " Yrap(T)dT

’VPzTo(t) and f/)?P(t) =

%10 ~p-tracking
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FIGURE 6.8: Performance indicator 7, and ¥, 1, with Ty = 1.5-27/wp,x
(see (6.34)). LPV phasor controller.

In Figure 6.9, we present the tracking error of both strategies. For the sake of clarity, we illustrate only
the time interval t € [5, 20]ms, but the conclusions hold for the whole simulation. We observe that,
as expected, the tracking error in the phasor control approach corresponds exactly to the envelope of
the tracking error obtained in the direct approach.

The above results are based on the fact that G, (see (6.9)) is exactly described by Gg;f " (with
different representation of the dynamic phasors). Nonetheless, we will discuss in the next
section that the ideal operators s2c and s2p cannot be implemented in practice. To extract
amplitude and phase of a signal (or equivalently the real and imaginary parts of the phasor),
nonlinear operators and filters are introduced in the loop. These additional elements, that
were not taken into consideration in this section, may drastically degrade the performance
of the closed-loop system or even make it unstable. Thus, in the next section, we present
how to implement the operator s2c and how to model its nonidealities. Then, we propose an
approach to take into account these nonidealities during the control design.

6.4 Implementation of the Operators s2c and s2p

Up to this point, we have considered the blocks s2p and s2c as operators that allow extracting
from a sinusoidal signal y the couples (Y, ¢,) and (y%, y%), respectively (i.e., the components
of the associated dynamic phasor y). In this section, we show that these operators cannot
be ideally implemented in practice due to an ambiguity problem. However, if spectral
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FIGURE 6.9: Tracking error of direct control and phasor control architectures.

constraints are imposed on the signals of interest, a real s2c can be implemented by the
synchronous demodulation. The study is realized in a constant-frequency framework, i.e.,
wpp(t) = why,. At the end of the section, a discussion on the time-varying frequency case is
drawn.

6.4.1 Uniqueness Between a Modulated Signal and its Dynamic Phasor

The main problem concerning the implementation of the operators s2c and the s2p is related
to the so-called ambiguity problem, which we describe as follows. Let us consider a signal y
of the form

y(t):%(z(t)efw?fhf) with  y(f) = Y(£)e (0. (6.35)

The question is: given y(t) and w§, is it possible to compute a unique dynamic phasor y
associated with y? Unfortunately, the answer is no. If we consider, for example,

y(t) = 10cos (wp,t + 1t/4), (6.36)

one could promptly define Y () = 10and ¢, (t) = 71/4. However, Y (t) = 10 cos (w,t + 71/4)
and ¢, (t) = —w,t is also a valid couple’. In fact, an infinite number of dynamic phasors y
(or couples (Y (), ¢y(t))) define the same signal y.

The ambiguity problem is recurrent in the literature and comes from the fact that only the real
part of y (t)e/rit defines y. Note that the actual problem is then how to properly define the

imaginary part of y(t)e/Pif. In general, the solution is based on the classical notion of analytic
signal (or pre-envelope) [Gab46, VV77, Ven94, Pic97], whose definition is given below.

SRecall that (6.35) can be written as y(t) = Y () cos (w5t + ¢y (t)).
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Definition 6.1 (Analytic signal). A signal 9(t) € C is said to be an analytic signal if its
spectrum is null for nonpositive frequencies®, that is,

Vw<0, Flo)(w) = 0. (6.37)

Moreover, 7(t) is said to be associated to a signal v(¢t) € Rif ® (v(t)) = v(t).

Based on the above definition, if we define y(t)ef‘”ﬁrt as the analytic signal i associated to y, y
can be unambiguously computed as

y(t) = y(t)e Jnt, (6.38)

solving the ambiguity problem.

Let us apply this result to our example. First, we rewrite (6.36) as

y(t) = % < jewss, tjm /4 +e—jw;,°ht—jn/4) '

In this particular case, we can obtain i by eliminating the term e /“»!=/"/4 (nonpositive
frequency) and by multiplying the remaining term by 2 (so that R (y(t)) = y(t)):

(t) = 10e/pt HT/4 = 10e ™/ 4eihit,
Then, through (6.38), we obtain y(t) = 10e/™/#, which unambiguously corresponds to Y (t) =
10 and ¢y (t) = /4.

Remark 6.3. Other solutions could be considered, as in [SNLV91, Vak96]. However, it has
been shown that only methods based on the analytic signals satisfy physical conditions on the
dynamic phasor (or complex envelope) of the signals, such as continuity and differentiability,
phase independence and harmonic correspondence. See, e.g., [VV77, Vak96] for further
details on these physical conditions.

6.4.2 Computing the Analytic Signal Associated to y

The problem now is how to compute the analytic signal y associated to y. The solution is
based on the Hilbert transform and is presented as follows. Further (interesting) details can
be found in [Gab46, VV77], for instance.

By Definition 6.1, ¥ is such that F[y](w) = 0 for w < 0 and R (y(¢)) = y(t). Thus, we
can write the analytic signal associated to y as y(t) = yx(t) + jys(f) with yn(t) = y(t) and
y3(t) € R. In the frequency domain, it gives

Flyl(w) = Flyl(w) +jFys](w).
Now;, recall that the spectrum F[y] of a real-valued signal y is symmetric, that is,
Flyl(w) = Flyl(-w).
Then, to obtain F[y](w) = 0, the signal jg must be such that

Flys](w) = —jsgn (@) Flyl(w), (6.39)

6In general, the analytic signal has null spectrum for negative frequencies. However, to avoid indefinitions at
w = 0, we also consider F[7](0) = 0.
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FIGURE 6.10: Computing i and y through the Hilbert transform.

where sgn denotes the sign function.

Note, in (6.39), that g can be obtained by passing y through a filter Fy whose frequency
response is given by
Fy(w) = —jsgn (w). (6.40)

We can then define, in the time domain, y5(t) = fi * y(t), where fy is the impulse response
of Fy and is given by fy(t) = 1/(7t). This special convolution product is called the Hilbert
transform and is defined, for a real signal y, as

H() 2 frny(t) = = [~ YD ge (6.41)

TJ)oclt—T

Therefore, based on the Hilbert transform, the analytic signal i is computed from y as

y(t) = y(t) + jH[yl (1) (6.42)
and the dynamic phasor y can be obtained through (6.38), as depicted in Figure 6.10.

The definition of the Hilbert transform may not provide, at a first glance, a clear understand-
ing of this operation. However, by evaluating (6.40), we can note that the Hilbert transform
does not modify the spectrum magnitude of the signal y. It only shifts the spectrum of the
signal by —7/2rad (or +7/2rad for negative frequencies), creating a signal in quadrature
with the input signal (y). It behaves like an ideal phase shifter, shifting the phase of the input
signal by 7/2rad. Indeed, some basic and useful Hilbert transforms are [VV77]

H [cos (wpy,e)] (t) = sin (wp,t) and  H[sin (wpye)] (t) = —cos (wp,t).  (6.43)

Let us come back to our example of Section 6.4.1. First, we compute y associated with y of
(6.36) (see (6.42) and (6.43)), yielding to

y(t) = 10cos (Wt + 71/4) + j10sin (w,t + 71/4) = 10e/“PHIT/4 = 100/ 4/,
Then, by applying (6.38), we obtain y(t) = 10¢/™/*, which corresponds to Y(t) = 10 and
Py (t) = /4.

6.4.3 Equivalence Between Synchronous Demodulation and Hilbert Transform

The main issue of the method described above is that the Hilbert transform (or the filter
Fp, see (6.40)) cannot be implemented in real time. Indeed, by definition (see (6.41)), the
computation of H[y] at time t depends on the whole signal y, i.e., for t € (—oo, c0). In this
section, we show that the ideal synchronous demodulation can be used to compute the
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dynamic phasor associated with a modulated signal, keeping the same properties of the
Hilbert transform. To this purpose, we consider the signal

y(t) = ya(t) cos (wpyt) — yp(t) sin (wpyt), (6.44)
which is such that
Viw| > 2wy, Fly](w)=0 and F[y](0)=0. (6.45)

As discussed in Section 2.1.4 (page 23), any band-pass signal that satisfies (6.45) can be written
in the form of (6.44). Moreover, the signals vy, and y,, are low-pass signals, that is,

Viw > wf, Flyd(@) =0 and Fy] (w) =0, (6.46)

Then, we use the Hilbert transform to extract a dynamic phasor y from y (as summarized
in Figure 6.10), we apply y to an ideal synchronous demodulation, and we compare the
results obtained with both approaches, showing that they are equivalent.

Method Based on the Hilbert Transform

The first step consists in computing the analytic signal . Recall that, y»(f) = y(f) and
ys(t) = H [y(t)]. The latter one is developed as

Ys(t) = H[ya(e) cos (wpye) — yp(e) sin (wpy,e)] (£)
ys(t) = H [ya(e) cos (wpye)] (1) = H [yp(e) sin (wp;e)] (F)-

At this point, let us open a parenthesis and introduce an important result concerning the
Hilbert transform of a product.

Theorem 6.6 (Bedrosian’s theorem [Bed63]). Let v;(t) and vy, (t) be real functions of time, such
that Fv;](w) = 0 for |w| > wy and Fvy](w) = 0 for |w| < wy. Then,

Hlop - on](t) = v1(t) - H[oa] (8). (6.47)
This theorem claims that the Hilbert transform of the product between a low-frequency (v;)

and a high-frequency signal (vj), whose spectra do not overlap, is given by the product of
the low-frequency signal with the Hilbert transform of the high-frequency one.

Let us close the parenthesis and come back to the computation of yg. Since y, and y; are
low-pass signals (see (6.46)) and do not overlap the spectra of cos (wffho) and sin (w;"ho), we
can apply the Bedrosian’s theorem, yielding to

ys(t) = ya(t)H [cos (wpy,®)] (t) — yu(£)H [sin (wpj,®)] (t).
Hence, with the Hilbert transforms of the sine and cosine functions (see (6.43)), we have
Ys(t) = ya(t) sin (wpyt) + yp(t) cos (wpyt) -
Finally, with y(t) = y(t) + jys(t), we obtain

() = (ya(t) + fyp (1)) &5,
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yielding to the dynamic phasor

y(t) = G(B)e Ot = ya(t) + jys (D).
Note that y, = Ys and y;, = Yy

Remark 6.4 (The dynamic phasors and the complex envelopes). As claimed in the beginning
of the chapter, if the conditions (6.45) and (6.46) are verified, the dynamic phasors correspond
to the classical definition of complex envelopes, see, e.g., [Rub09].

Ideal Synchronous Demodulation

The ideal synchronous demodulation is presented in Section 2.1.4, but we recall the main
principles here. Its structure is depicted in Figure 6.11, where F; p are ideal low-pass filters
with cutoff frequency w. = w¥),. At the input of the synchronous demodulation, we plug the
signal y of (6.44).

2 cos(w$y,) iy

—» Fip b—

H
—2sin(wf,) Y2 Yoy

—» Fip —

FIGURE 6.11: Block diagram of the synchronous demodulation.

The signals y1(t) = 2y(t) cos (¢py(t)) and ya(t) = —2y(t) sin (¢pp;,(t)) are rewritten as

Syi(t)
Y1(t) = ya(t) + (ya(t) cos (2¢py(t)) — yp(t) sin (2¢pu(t))) (6.48)
y2(t) = yu(t) — (ya(t) sin (2¢py(t)) + yu(t) cos (2¢pn(t))) - (6.49)
Syq(t)

Note that, y; and y; are composed of low-frequency terms y, and y; and of high-frequency
terms dy; and dy . Because of (6.46), the spectra of dy;(t) and dy(t) are nonnull for |w| €
(w,, 3w$y,). As consequence, since Fp is an ideal low-pass filter with cutoff frequency
we = wy, the high-frequency terms dy; and dy are eliminated, and we obtain y;¢(t) = ya(t)

and yor(t) = yu(t).

Finally, under the assumptions that y is a band-pass signal and that the low-pass filter of
the synchronous demodulation are ideal, the in-phase and the in-quadrature terms y;s and
Ygr correspond to the terms y, and y; of y, just like in the method based on the Hilbert
transform. Under the same conditions, y;r and yr respectively correspond to the real and
imaginary parts of the phasor y, thatis, y;r =y, Ye and ygor = Y. Therefore, as claimed earlier,
the ideal synchronous demodulation implements the ideal operator s2c. Similarly, the ideal
operator s2p can be implemented by computing amplitude and phase from the in-phase and
in-quadrature terms, as depicted in Figure 2.13 (page 27).
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6.4.4 Modeling the Nonideal Synchronous Demodulation

In practice, the low-pass filters of the synchronous demodulation are not ideal. Indeed, they
have a transition band between the passband and the stopband. Then, to better attenuate
the high-frequency components (6y; and Jdyg), the cutoff frequency must be lower than
w3y, Moreover, ideal filters have a real-valued frequency response, which is unitary within
the bandwidth and null outside. In contrast, real filters have a complex-valued frequency
response, whose magnitude is close to the unity within the passband and close to zero
otherwise, and whose phase is non-null.

If the synchronous demodulation is used in a control loop, as is the case in the dynamic
phasor control architecture with a real s2c (a real/nonideal synchronous demodulation),
the differences between ideal and real filters can dramatically change the behavior of the
closed-loop system, which can even became unstable. This point is illustrated in the next
example.

Example 6.5. In this example, we take the controller designed in Example 6.4 and implement it
in the phasor control architecture of Figure 6.7. However, at this time, the operator s2p is imple-
mented through a synchronous demodulation with (nonideal) Butterworth low-pass filters with cutoff
frequency w. < wo,x and order Np. Three cases are considered:

Case I: w. = 0.1wg and Nr =5,
Case II: w, = 0.01wg y and Nr =5,
Case III: w. = 0.1wy x and Np = 2.

In Case I, we obtain a stable closed-loop system providing performance indicators that are similar
to the ones obtained in Example 6.4 (see Figure 6.8). The signal y,, does not exist in this control
architecture. Then, we use the signals yiy =y, and yor =y (at the output of the operator s2c)

and redefine the tracking error as €4, = Yyap — Yap with ¥z, = col (yi5, ygr). The performance
indicators are defined as in (6.34) and presented in Figure 6.12. In this figure, we can observe that 7 1,
slightly exceeds the value of vy, indicating a slight performance degradation. For the fast variations of
Wpy = Wexc (t > 20ms), the synchronous demodulation low-pass filters end up by attenuating the
fast variations of the error, producing performance indicators that tend to the value in steady state
(t <5ms).

In Case II and Case 111, the closed-loop system is unstable.

Because of the multivariable and nonlinear nature of the to-be-controlled system (G, with
nonideal s2c), it is hard to determine a priori if the controller designed from the direct
controller will ensure the stability and performance of the closed-loop system. Therefore,
when using the dynamic phasor control architecture with a real synchronous demodulation,
one of the two actions have to be considered.

(i) Evaluate the effect of the nonideal s2c after designing the controller through the method
of Section 6.3, which assumes that the operator s2c is ideal. This a posteriori analysis is
investigated in our paper [ACSKS19] and detailed in [AC21].

(ii) Take the nonidealities of the real synchronous demodulation into account for the con-
troller design. This second point is developed in Section 6.5 and requires an accurate
model of the s2c nonidealities. This model is presented in the sequel.

The question here is how to model the nonideal s2¢, i.e., the synchronous demodulation with
nonideal Fp. From (6.48) and (6.49) and with y, = Yo and Y, = Y3 the signals y; and y, can
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FIGURE 6.12: Case I - Performance indicators with K, of Example 6.4 and
nonideal (real) s2c.

be rewritten in matrix form as

= s [5%8] (6:50)

e 29n(1)  —sin (29 (1)
cos (2¢py (t — sin (2¢py (¢ ]
A t)) = . . 6.51

om0 = [ G om) —eon(apm(t) ©3Y
Hence, the nonideal s2c (real synchronous demodulation) can be modeled as the interconnec-
tion of an ideal s2c, the block (I 4+ A (¢py(t))) and the nonideal filters F; p. In the case of the
phasor control architecture, the strong interest of this modeling is that the to-be-controlled
system is represented as an interconnection of the DPM and the nonidealities (F p and
A (¢py(t))) of the operator s2¢, as illustrated in Figure 6.13. In this case, the outputs of the
synchronous demodulation correspond to approximations (or estimates) of the actual phasor
y. We denote this approximation y.

6.4.5 On the Synchronous Demodulation with Time-Varying Frequency

So far, we have considered the excitation frequency as a constant parameter. However,
this frequency might change during the system operation. Indeed, in the case of MEMS
gyroscopes, wpy, is often equal to wex., which is usually linked to the drive-mode resonance
frequency. Thus, it is essential to evaluate the impact of these variations on the synchronous
demodulation. In this section, two points are discussed.

(i) What can be ensured in the case where wpj, varies arbitrarily?
(i) What are the implications on the synchronous demodulation when considering a slow

time-varying wpy,?

Synchronous demodulation and arbitrarily time-varying wp;: it is important to note that
the equations (6.48) and (6.49) are always valid, even in the case of time-varying wpj. The
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FIGURE 6.13: Block diagram of the dynamic phasor control architecture with
nonideal s2c.

main issue here is that, since wpj, is now time-varying, the power spectrum support of the
high-frequency terms (éy; and dy() is, in general, not bounded, overlapping the power
spectrum support of Yy and Yy (equivalently v, and y;), even if the low-pass filters are ideal.
Hence, the estimates y and ¥ Y, do not correspond anymore to Ys and y .. Nevertheless, even
if ¥y and ¥ may be corrupted the whole model of the to-be- controlled plant (DPM and
nonideal s2c¢) is still valid.

Synchronous demodulation and slow time-varying wp;: thereis a particular case in which
the results of the synchronous demodulation can be extended to a time-varying framework.
This is possible when wpj, is assumed to vary slowly, see, for instance, [Fel06]. In this case,
the results converge to the results of the constant-frequency framework, as follows. For

wiy, € [wpp1, wppp), if the power spectrum support of Yo and y is in the range <O, w;;’h’l) ,
and the ideal low-pass filter has cutoff frequency w, = “J%Oh, ., then z%(t) _ g%(t) and
Y, (t) =y, (t), as required.

6.5 Dynamic Phasor Control with Nonideal Operator s2¢c

In this section, we propose another solution to the dynamic phasor control problem. In
contrast to the previous approach, where we transform a direct controller into a phasor one,
now we design the controller directly the “dynamic phasor domain”. At this time, we take
into account the nonideal operator s2c. Two similar approaches can be considered here. If
the reference frequency wpj is constant (i.e., wpy(t) = w$),) and the original to-be-controlled
system is LTI, we consider the H, synthesis. On the other hand, if wp), varies over time in
a given interval [wpy 1, Wpy 2] or the original to-be-controlled plant is LPV, we consider the
LPV synthesis. Remember that the H., synthesis is a particular case of the LPV synthesis.
Consequently, this section is rather presented in an LPV framework.

The closed-loop system has to achieve the specifications below.

(i) Reference tracking: ensure the tracking of constant reference signals (&%, Yrq ).
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FIGURE 6.14: Simplified block diagram of the dynamic phasor control architec-
ture with nonideal s2c.

(ii) Low-pass condition of the control signal: minimize the PSD of the control signal for
w > wpp1, ensuring that the conditions for uniqueness are satisfied.

(iii) Robust stability: ensure the stability of the closed-loop system against the nonidealities
of the s2c.

To solve this problem, we consider the control architecture presented in Figure 6.14, which
is a simplified version of Figure 6.13. The vector y,4, = col (&%, &%) represents the

reference signal to be tracked, &4, = col (&g, £5) is the tracking error vector, dg, = col (dy, dg)
corresponds to input disturbances and 1,4, = col (g, 1) represents the signals at the output
of the time-varying matrix A(¢exc(f)). The two elements of the nonideal operator s2c are
taken into account as follows.

Nonideal filters F;p: although these filters represent nonidealities of the s2c, they can be
easily considered for the controller synthesis. In general, the low-pass filters F;p are LTI
systems. Therefore, if we consider the Ho, or the LPV synthesis (see Chapter 4 or Chapter 5,
respectively), it suffices to included these filter in the augmented plant and normally proceed
with the controller synthesis.

Time-varying matrix A(¢p;(t)): note that the nonideal closed-loop system presented in

Figure 6.14 can be rewritten as the interconnection of T,%ff %syq, and A(@pp(t)). Thus, the small
gain theorem can be applied to assess the stability of this interconnection [Vid02], that is, the
system is stable if,

recalling that wpy, (t) = ¢py,(t). Since

Qpy
Tndp —)]/dp

o [A(Ppn(t)) [l < 1,

Vi€ Ry, Vopu(t) € R, T (A(Ppu(t))) <1,

we have that
[A(pu() ]l < 1.

|

Therefore, if

Qpyy
Tndp —Ydp

<1, (6.52)

i2
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the stability of the overall interconnected system is ensured.

Based on the above discussion, we define the signals of interest w = col (yr,dp, dip, ndp)
and z = col (&4p, Ugp, Yap)- Then, the closed-loop system under study defines the following
operators (omitting the dependence on Qpy,):

Tyr,dpﬁsdp Tddp_)gdp Tndpﬁsdp I — SGK] —-SG T
Ty Tdgyugy  Tngpsugy | = 51Ky =T K)S|, (6.53)
Tyr,dp*)ydp Tddp%ydp Tndpﬁydp SGKl SG -T

where § = (I — GKoFp) !}, T = I —S = —SGKyF p = —GKyF1pS, S; = (I — KoFpG) ™!
and T] =1—- SI.

Tyy—ea, . Hence, to express the desired specifications, we

Note that ‘ ) = ‘ T, i =Yy |
3 1
consider the block diagram of Figure 6.15.
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diag(Frp, Frp) 4—0:— diag(Wy,, Wy,) [«—

FIGURE 6.15: Considered criterion for the LPV synthesis.
The problem is then to compute the controller KO = {IS?F L IS?” h} , if there is any, such that,
It is important to mention that if W, and W, are constant and such that W.W,, = 1,if v <1,

(6.54) implies that ’
the time-varying block A (¢py(t)) is ensured.

< 7. 6.54
WuTy,,dpﬁuder Wqudp%uded WuTndp%uden 7 ( )

WgTyr,dpﬁgdp W” WETddpﬁsdp Wd WSTndp—)Sdp Wn]

i2

T, iy | < 1and, as consequence, (6.52) holds and the stability against

It is also worth remarking that, in contrast to the LPV synthesis considered in Chapter 5, the
weighting functions are now LTI Thus, their design can be made to express the frequency
content of the signals that they describe, similar to the Ho, synthesis. For instance, we here
consider constant (or low-frequency) signals. In this case, the reference weighting function
W, can be defined as a low-pass filter with high gains in low frequency and small gains in
high frequencies. The main particularity here (compared to a standard H., synthesis) is that
since the closed-loop system is time-varying, the input weights cannot be commuted with
the output ones.

Finally, we also have to point out that in this approach, the constraints are on the real and
imaginary parts of the phasors, what may introduce some conservatism. For instance, if we
want to constrain the amplitude of the tracking error signal € to have an amplitude smaller
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than a given & > 0 at wpj,, we have to constrain the corresponding phasor ¢ to be such that

le| = 1/ §§% + g% < &. To achieve this condition, we consider the worst case, in which g can
be equal to g, yielding to

7

28 2¢
e L

which implies that 4/ gé + gé <.

The choice of weighting functions and the effectiveness of this approach are illustrated in the
next example.

Example 6.6. In this example, we aim to design a phasor controller that is robust against the
nonidealities of the nonideal operators s2c. For the sake of clarity, we consider a simple case, where
wpp(t) = why, = wox and the to-be-controlled plant is the drive mode of a MEMS gyroscope
(see Example 2.1, page 22) at a given operating condition. Then, the Ho, synthesis can be used to
design the phasor controller. We highlight however that the same procedure can be applied to an LPV
synthesis in the case where wpy, varies over time or the to-be-controlled plant is LPV.

Here, we consider the phasor control architecture of Figure 6.7 with a nonideal s2c. This operator is
implemented through a synchronous demodulator with a second-order Butterworth low-pass filter
with cutoff frequency w, = 0.1wo . This case corresponds to Case I1I of Example 6.5, in which the
closed-loop system happens to be unstable.

The main control specifications are as follows.

(i) Reference tracking: to track constant reference signals with relative errors ey and e smaller
than /\SFNLkSFNL/\ﬁ ~176.8-107° ~ —75dB (Aspnr = 0.5 and kspng, = 500 - 1076).

(ii) Low-pass condition of the control signal: minimize the PSD of ug, for w > wp,.
(iii) Robust stability: ensure the stability of the closed-loop system against the s2c nonidealities.

To this end, we consider the Ho, criterion defined by the scheme of Figure 6.15 and weighting functions
that enforce the upper bounds presented in Figure 6.16. Similar to the examples of Chapter 4, we
start by choosing the weighting functions defining the “hard constraints” — in this case, the reference
tracking and stability against the block A(¢ppy,(t)) (see transfers from y, 4, to eq, and from ng, to eqy,,
respectively). The other weighting functions are iteratively chosen to minimize ugy,. Their numerical
values are given in Appendix E.3.

Then, by solving the standard Heo problem with v = 0.9851, we obtain the 12"-order controller
whose magnitude Bode diagram is presented in Figure 6.17. First, note that in this case, v < 1.
Then, since we consider W, = W, = 1, the stability against the time-varying block A(¢py,(t)) is
ensured. Moreover, the magnitude of all the transfers from y, 4, to €4, are smaller than —75dB in
low frequencies. This fact shall ensure the tracking of constant signals, as required. Finally, note that
the transfers to g, also have small magnitude for w > wy, = wox ~ 7.2-10*rad s~ 1.

Finally, the whole system is simulated according to the phasor control architecture of Figure 6.7. This
system is composed of real c2s and s2c operators (modulator and nonideal synchronous demodulation),
the original to-be-controlled system G and the phasor controller K. The tracking errors for Yrop =1
and y, . = 0, in steady state, are given in Figure 6.18. In this figure, we present the real and imaginary
part%j‘ the tracking error phasor, respectively eq and e, as well as their mean value. For the sake of
comparison, we also present the results, denoted “Only filter”, for a fictitious system composed of K,
Gy and the nonideal filters Fyp. In this case, the time-varying block A(¢py(t)) does not exist.
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FIGURE 6.17: Magnitude Bode diagram of the phasor controller of Example 6.6.
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Note that when we consider the complete nonideal system, ey and e oscillate with a fundamental
frequency equal to 2w, Moreover, their mean value (which can be related to the performance at
w = 0) is higher than the desired value (0.5 - 10~* > 0.18 - 10~*). Howeuver, if we look to the results
of the fictitious system, the required specifications are fulfilled. This fact indicates that, even if the
controller ensures the stability of the system, the presence of the time-varying block A(¢ppy(t)) can
produce a performance degradation. Indeed, only the robust stability is guaranteed and not the robust
performance.
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FIGURE 6.18: Simulation results for the tracking error of Example 6.6 for
Yr = land yr = 0.

6.6 Summary of the Chapter

The use of an envelope-based architecture may be attractive for the control of MEMS gy-
roscopes. The main interest comes from the fact that the envelope of the signals evolves
much slower than the signals themselves. Moreover, in steady-state, the envelopes are often
constant signals. Then, classical (PID-like) controllers can be employed, for instance, to
regulate the amplitude of oscillations. Nevertheless, to implement this approach, modulators
and demodulators have to be included in the control loop. Hence, linearization is performed
and, in contrast with the direct approach, performance and stability guarantees cannot be
provided.

In this chapter, we demonstrate that it is possible to merge the main features of the envelope-
based architecture with those of the direct architectures, i.e., “low-frequency” controllers
with formal performance and stability guarantees. The dynamic phasor model, presented
in Section 6.2, shows that the nonlinear nature of the to-be-controlled plant comes from
the representation of the so-called dynamic phasor. Then, if considering the rectangular
representation instead of the polar one, the to-be-controlled plant becomes linear. Thus, the
original nonlinear control problem can be recast as a linear one, and the H.,/LPV synthesis
can be employed to design a controller, ensuring stability and some performance level.

We also demonstrate in Section 6.3 that if ideal operators s2c exist, in addition to the equiva-
lence between direct and phasor-based controllers, the achievable performance levels are the
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same. Then, choosing a phasor-based or a direct control architecture does not allow obtaining
a better performance of the device.

Even if it is possible to design a direct controller and then to convert it into a phasor controller,
an essential message of this chapter is that, due to the nonidealities of the s2c, presented in
Section 6.4, the phasor controller shall be designed in the phasor space, taking into account
the nonidealities of a real operator s2c (synchronous demodulation). In Section 6.5, we
present a design method where the nonidealities of the s2c are taken into account.

The final message of this chapter is that implementation constraints shall guide the choice of
the control architecture. That is, the use of direct control architecture is recommended when
the controller can operate at frequencies higher than the resonance frequency of the drive
mode. On the other hand, the use of phasor control architecture is to be considered when
the resonance frequency of the device is higher than the maximum frequency at which the
controller can operate. In this case, modulators and demodulators (c2s and s2c) allow shifting
the dynamics of the system to lower frequencies, where the controller can therefore operate.
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Chapter 7

Digital Implementation of the
Direct Control Architecture

In Chapter 2, we pointed to the lack of implementation results in the literature concerning the
use of direct control architectures for the operation of MEMS gyroscopes. In this chapter, our
main objective is then to demonstrate the implementability of a digital (direct) controller to
operate a real MEMS gyroscope. To this purpose, we consider the H, synthesis, as presented
in Chapter 4. Further than the lack of implementation results, the points highlighted in the
sequel also motivate the choice of the direct control architecture to be implemented.

Up to this point, we have proposed two linear approaches for the operation of MEMS
gyroscopes. First, the direct control architecture, in which the controller works with high-
frequency modulated signals. The foremost advantage of this approach relies on the fact
that the to-be-controlled system, the MEMS gyroscope, is (mainly) linear. Therefore, linear
controllers can ensure the tracking and rejection of modulated signals with formal stability
and performance guarantees. An inherent drawback of this approach is that, if we consider a
digital implementation, the controller has to work with a sampling frequency higher than
the operating frequency, which is usually equal to the drive-mode resonance frequency. This
drawback can quickly become an obstacle if the resonance frequencies are high. Indeed, the
digital controller may not have enough time to compute and update the control signal within
a sampling period.

A solution for the cases where the direct control architecture cannot be employed (due to
high resonance frequency) is to use an envelope-based (low-frequency) control architecture.
In Chapter 6, we have shown that, under the assumption that the envelopes can be perfectly
measured, linear control architectures implemented in high (direct control architectures) or
in low frequency (envelope-based architectures) present the same performance level. In
practice, however, this assumption does not hold! and the performance can be worse for
low-frequency approaches. Thus, if the digital controller can operate with a high sampling
frequency (with respect to the resonance frequencies), the direct control architecture would
be a better (linear) solution.

In order to implement the proposed solution in a real prototype, several practical aspects,
which were not considered in the previous chapters, have to be taken into consideration.
These aspects are mainly related to the nonidealities of the MEMS gyroscope and to the digital
nature of the controller. Then, in this chapter, we present the solutions to these practical
issues.

Indeed, we recall that the low-pass filters of the synchronous demodulation (operators s2c) are not ideal, and
the high-frequency terms (generated by the demodulation process and represented by the time-varying block
A(¢py(t))) degenerate the system performance.
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Up to this point, we considered the gyroscope as a linear system. However, it is known
that the relation between the voltage applied on the actuation circuits and the effective force
applied to the proof mass is nonlinear (see Section 2.1.3, page 18). Moreover, the MEMS
gyroscopes are also disturbed by parasitic electrical coupling (see Section 2.1.3, page 18). In
this chapter, we reveal that these nonidealities can be compensated, such that the resulting
system is indeed linear and the previous results apply.

To implement the direct control architecture, we use the development kit presented in
Section 2.3.1 (page 51), in which the controller is programmed in C++ language. The controller
is hence implemented in discrete time (DT). In Chapter 4, we presented the H., synthesis
in a continuous-time (CT) framework. Indeed, the CT domain is more suited for frequency-
domain design methods, as the H, synthesis. Then, in this chapter, we also present the
procedure adopted to properly design a DT controller based on a CT design method, having
the same guarantees in both domains.

Another important characteristic of MEMS gyroscopes is the sensitivity to the temperature,
which changes the resonance frequencies and can quickly degrade the performance of the
sensor. In this chapter, we reveal that, if the resonance frequency variations are (very)
slow and can be measured, we can take advantage of the model structure and design a
simple parameter-dependent controller, which can be updated in real time, ensuring high
performance even under temperature variations.

Finally, the complete design solution is implemented in the development kit, and tests are
realized at rest (with (), = 0) and on a rotating table, allowing to validate the design method
and to demonstrate the implementability of our solution.

This chapter is organized as follows. In Section 7.1, we describe the development kit and
formalize the problem under investigation. In Section 7.2, we present the modeling approach
and how to deal with the system nonidealities (input nonlinearity and parasitic electrical
coupling). Then, in Section 7.3, the design method for a digital controller is discussed. In
Section 7.4, we extend the H, synthesis for the design of gyroscope controllers whose param-
eters vary as function of the drive-mode resonance frequency. Finally, the implementation
results are presented in Section 7.5 and conclusions are drawn in Section 7.6.

7.1 System Description and Problem Statement

In this chapter, we consider the Asygn’s platform, presented in Section 2.3.1. Its block
diagram is recalled in Figure 7.1. The system is basically composed of a MEMS gyroscope, an
FPGA and a front-end ASIC. The MEMS gyroscope is composed of its mechanical part (G™")
and the actuation and detection circuitry (for further details, see Section 2.1.5, page 27). The
expected (nominal) resonance frequencies and quality factors of the drive and sense modes
are given in Table 7.1. Moreover, the nonideal MEMS gyroscope also presents a parasitic
electrical coupling, which can be modeled by Ecyp.

TABLE 7.1: Nominal characteristics of the MEMS gyroscopes of the family

GYRO L
Parameter Drive mode (i = x) | Sense mode (i = v)
Resonance frequency (wy ;) 11500 Hz 11550 Hz
Quality factor (Q)) 100 - 103 10-103
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FIGURE 7.1: Block diagram of the development kit used in this chapter.

The front-end ASIC makes the interface between the MEMS gyroscope and the FPGA. It
is composed of 10-bit digital-to-analog converters (DAC) and charge amplifiers (kc4). The
DACs convert the digital signals received from the FPGA into voltages that are applied
to the sensor. Due to implementation constraints, these voltages have to be in the range
[0, 2]V. The charge amplifiers convert the capacitance (proportional to the positions x and
y) into voltage. Moreover, external anti-aliasing filters F,;. and analog-to-digital converters
(ADC) convert the signals obtained from the charge amplifiers into digital signals that are
communicated to the FPGA. These ADCs operate with a 1 MHz sampling frequency and
have a 18-bit resolution.

Finally, the FPGA implements a microprocessor, which is programmed in C++ language.
The processor uses double-precision floating-point format to perform the mathematical
operations. We denote v;, = col (vin,x, vin,y) the signals that the processor sends to the DACs,
and v,,; = col (Uout,x, vout,y) the signals after decimation. Hence, the system “seen” by the
processor corresponds to the system between the signals v;, and v,,;. The control-related
routines are executed every 16 ps, what is equivalent to a sampling frequency F; = 62.5 kHz.
To downsample the signal issued from the ADCs at 1 MHz, a digital low-pass filter F;; and a
decimator with downsampling factor equal to 16 are implemented in hardware in the same
FPGA.

Note that the sampling frequency is 5 to 6 times higher than the expected resonance fre-
quencies. This ratio is enough to implement a direct control architecture in discrete time,
providing that the sampling and holding operations of the converters are taken into account
in the control design. Our main objective is then to implement a digital direct controller,
operating with F; = 62.5 kHz, that fulfills the same specifications of Example 4.5. The most
important specifications are recalled below.

(i) Drive-mode reference tracking: reference tracking of a sinusoidal signal with relative
error smaller than &, < 0.5kspnp = 250 - 1076 for wWexe = wp -

(ii) Estimation of the Coriolis force: estimation of a sinusoidal signal with relative error
Eost < O-SkSFNL =250-10""° (/\SFNL = 05) for weye = w0, x-

Problem 7.1. Given the model of the MEMS gyroscope and the closed-loop performance specifications,
design and implement a digital controller that ensures the desired closed-loop performance.

Before proceeding with this problem, we have to obtain a model of the MEMS gyroscope.
This point is treated in the sequel.
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7.2 Modeling the System and Dealing with its Nonidealities

In this section, we show how to model the overall system and how to deal with the main non-
idealities of the MEMS gyroscope: the parasitic electrical coupling and the input nonlinearity.

7.2.1 System Modeling

The first step for the controller design consists in defining the model of the to-be-controlled
system. In general, three approaches can be considered here: the so-called white-box, black-
box and gray-box modeling. In the white-box modeling, the model is determined through
first principles (e.g., fundamental equations of motion). In contrast to the white-box modeling,
the black-box modeling only uses experimental data collected from the system. Finally, in the
gray-box modeling, experimental data is used to determine the parameters of first-principle
models. In the scope of the Next4MEMS project, we consider the latter approach. For more
details on modeling and identification techniques for MEMS gyroscopes, we refer the reader
to the thesis [Col20].

In [Col20, Chapter 7], it is shown that the overall system seen by the controller can be modeled
by three discrete-time subsystems — G, E$) and N&, —, as presented in Figure 7.2. The
mechanical part of the MEMS gyroscope and all the circuitry are encapsulated in G&, with
a square nonlinearity at the input (due to the nonlinear relationship between voltage and
electrostatic force, see Section 2.1.3, page 18). The parasitic electrical coupling is modeled by
E{,. Finally, all the noise sources (e.g., thermal noise, electrical noise and quantization error)
are modeled as white-noise signals e = col (ey, e, ) filtered by N¢,.

|
OUcoup

d d
EID NID
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Vin Gm+Y+ +Y+ oyt

(+)? Gip —>O—>O0——
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FIGURE 7.2: Block diagram of the identified model seen by the controller.

7.2.2 Electrical Coupling Compensation

As discussed in Section 2.1.5 (page 27), the parasitic electrical coupling is one of the sources of
error in MEMS gyroscopes. Nevertheless, its disturbing effects can be digitally compensated,
as follows.

Note that the output signal v,,; has several contributions. Indeed, as illustrated in Figure 7.2,

Uout(t) = Ucoup<t> + qm(t) + n(t)’

where g, = col (X, ym) is proportional to the positions x and y of the gyroscope proof
mass, 1 = col (nx, ny) is the contribution of the different sources of noise and vc,p =
col (vcoup,x, vcouw) corresponds to a disturbance generated by the electrical coupling. Since
vy is generated by the processor and E ?D is known, we can then compute Vcoup and define

Qn(t) £ vout(t) - vcoup(t)/
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such that we obtain

Gu(t) = qu(t) +n(t),
compensating for the parasitic electrical coupling contributions. This procedure is depicted
in Figure 7.3, where the dashed elements represent the operations digitally realized by the

processor. Further details on the electrical coupling modeling and compensation can be
found in our paper [CSLT19] and in the thesis [Col20].

Ucoup

\
2
o]

M
—_
N
N
Y

FIGURE 7.3: Block diagram of the identified model with electrical coupling
compensation. Elements in dashed line are digitally implemented in the micro-
processor.

7.2.3 Dealing with the Input Nonlinearity

Depending on the actuation technique used for the MEMS gyroscope, a square nonlinearity
can appear at its input, see Section 2.1.3 (page 18). For the gyroscope considered here, this
nonlinearity is in fact present. To deal with this nonlinearity, we extend a technique that is
widely used for MEMS gyroscopes, see, e.g., [Sau08, Section 4.1]. We will see that, as claimed
in Section 2.1.3, the square nonlinearity can be replaced by a constant gain k;;;, € R>*? and
the to-be-controlled system is modeled by the linear system G¢ = G, kj;,.

Let us assume that the input voltages, v;, = col (vm,x, Uin,y), are of the form
Oin(t) = Vpc + u(t) (7.1)

with Vpe = col (Vpex, Voey), Voex € Rand Vpe,, € R. By developing (7.1), the signal at
the input of G&, reads as

Uin,x(i’)z B VEZ)C,x ZVDC,xux(t) M%(t)
|:Uin/y(t)2:| B VI:Z)C,y * |:2VDC,yuy(t):| + |:M§(t):| ) (72)

Let us also assume that u, and u,, are band-pass signals centered at w, with bandwidth 2wy,
thatis, with i € {x, y}

Viw| < wy —wyp, and V|w| > wy + wyy, Flui](w) = 0. (7.3)

In this case, the spectrum of u? can be given by F[u?](w) = F[u;] * F[u;](w), which is null
for 2wy, < |w| < 2wy — 2wy, and for |w| > 2w, + 2wy,. Finally, since the spectrum of
Uz'zn,i is a combination of the spectra of u;, u% and Vgc,i (Dirac delta function at w = 0), we
can represent its spectrum as illustrated in Figure 7.4. Please note that if w;, < w,/3 the
spectrum of 1; does not overlap the one of u?.
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Flui(w) 4
i i (U‘
—Wy — Wy —Wwy + Wy, Wy — Wy, Wy + Wyy,
—wy Wy
]:[Mlz] (CU) A
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Flog, H(w)4 (Vz )
DC,i
w

FIGURE 7.4: Illustrative example of the spectrum of the signals u;, u? and vfn,i
withi € {x, y}.

Recall that the MEMS gyroscope behaves as a very selective band-pass filter around the
drive-mode? resonance frequency wy . This means that only the effects of the components
around these frequencies will be seen at the gyroscope (compensated) output g,,. Therefore, if
Wy = Wexe R wo, and wy, < wy /3 (to avoid overlapping the spectrum contributions related
to u; and to uiZ), only the contribution of 2Vp¢ ;u; appears on g,, as depicted in Figure 7.5. In
this case, we can approximate

Gip(2)v7, (1) = Gip (2)kiin u(t)
~—

269(2)

in iny

with kjj, = diag (kiin,x, Kiiny), kim;i = 2Vpc,i and two abuses of notation: o7, = col (vz-zn’x, v? ),
and z representing, at the same time, the shift operator and the complex variable of the z-

transform.
‘| ‘|
Nb| Nip
Vie " | GI C n
+yY v v ' :
u . in ()2 in_ G?D dm +Y+ qn u: N G?D I’1m+ + qn
% !
F[u] Flop,] Fqm] Fu] Fqm]

FIGURE 7.5: Full compensated model (left) and linear compensated model
(right) with an illustrative example of the spectrum of the main signals.

2The sense-mode resonance frequency is often very close to wp,x so that we can consider woy = wo,x in this
reasoning.
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In [Sau08, Section 4.1], u; is considered to be of the form u;(f) = Vac,;cos (wexct) with
Vac,i € Ry. This form would rather correspond to the actuation signal in steady state. Our
approach extends this result for the transient state.

7.3 Continuous-Time Design of a Discrete-Time Controller

In the previous section, we obtained a linear model of the MEMS gyroscope, and the control
design methods proposed in this thesis could then be applied. However, this model and the
to-be-implemented controller are in discrete time (DT), whereas we have rather considered
the controller and to-be-controlled plant as continuous-time (CT) systems. In this section, we
present a traditional (but sometimes forgotten) procedure to design a DT controller based on
a CT method.

The common procedure to design a DT controller through frequency-domain methods (as
the H synthesis) is illustrated in Figure 7.6 and described in the sequel [JLN55, AW97].

_(v)| __ Bilinear transform __ |()
1 \ 2 ,
' iii ( !
! KP(SP)L (i) GP(sp) | (PCT) |
! Controller synthesis |

FIGURE 7.6: Procedure for the synthesis of a DT controller based on a CT
design method.

(i) Discretization of the CT system: let us consider a CT system G° with state-space
matrices (A, B, C, D). The ADC is modeled by a sampler with sampling period T; and
the DAC is modeled by a zero-order hold (ZOH) with the same sampling period. The
corresponding DT system G is computed by the step-invariant method, which gives

Gi(z) = (1 —z_1> z [/L‘l [(;(S')” . (7.4)

S

Recall that, by definition, z = eSTs. Then, since GY is a rational function of z, G4 is a

nonrational function of s. As consequence, the frequency response of G4, which is given
by G9 (¢/“T+), is also a nonrational function of w.
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If the DT state-space representation is considered, GY is defined by the state-space
matrices (A4, B4, C4, DY), which read as

Ad — eATs
Bd = A7l (A —1)B
Dpd = D.

We highlight that when using DT identification, G9 is directly obtained and includes the
ZOH. In this case, the matrices (Ad, Bd cd, Dd) are given and this step can be skipped.

Defining a CT-like system: to use frequency-domain control design methods, we have
to define an equivalent CT system that also takes into account the ZOH. To this purpose,
we should replace z by ¢*’s. The problem here is that, as discussed earlier, the obtained
transfer would not be a rational function of s and the current CT design methods could
not be used. Instead, we define a new variable s, such that,

ST, 1+s,Ts/2

zZ=2e = m (76)
Hence, the CT-like plant that represents G¢ with the ZOH is given by
GP(sp) = GU2)| amuey- (7.7)

Z=2/Ts—sp

In state-space representation, if —1 is not an eigenvalue of A9, GP is defined by the
state-space matrices (AP, BP, CP, DP), which read as

AP = 2 (Ad—T)(Ad4 D)

Ts
BP = A(Ady1) B
cP = Cd(ad41)
DP = Dd—Cd(Ad4+1) 7 B

(7.8)

Note that when sTs < 1, sp = s. Indeed, T+ = :,53/32 R %fi%g This approximation
is known as trapezoidal or Tustin’s approximation or bilinear transform. The complex
variable sy, represents a “pseudo Laplace variable” that is related to s through

2T -1 2 sTs
=S - = Ztanh (%), 7.
T T el 41 Tstan <2> @.9)

In the literature, the variable s, is usually denoted w and defines the so-called w-plane
(see, e.g., [AW97, Section 8.4]). It is important to highlight that when s = jw, we obtain
$p = j@ with

B a2 wTs
@=g(w)= T. tan< > >, (7.10)
where @ defines what we call the pseudo-continuous frequency. Its reciprocal would
be the “pseudo-time” variable. For this reason, we call GP the pseudo continuous-time
(PCT) model. Equation (7.10) means that the frequency response (in w) of a linear
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system is distorted in the pseudo-continuous frequency space (in @). Moreover, note
that this distortion is a nonlinear function of w.

Finally, it is important to highlight that a PCT model obtained through the bilinear
transform, as presented here, will always have unstable zeros at s, = 2/T;, bounding
the bandwidth of the closed-loop system, see, e.g., [FL85] and [SP01, Chapter 5]. Further
details on the unstable zeros of PCT models are discussed in Appendix F.1.

(iii) Controller synthesis in PCT: a PCT controller KP is computed through a CT design
method, such as the H, synthesis. The resulting controller is then assumed to be
defined by the state-space matrices (A%, BY, Ck, D).

(iv) Controller discretization: the last step consists in discretizing the controller with the
sampling period T;. To this purpose, we apply the bilinear transform in the other sense,
that is,

In state-space representation, K4 is therefore defined by the matrices (A%, BI‘}, CIC}, DIO}),
which are finally given by
AR) (3 - ) -
P
K

B¢ = z
CII; _ o é; Ai)) . (7.11)

p§ = Di+ch(% AP) BY.

d _ 2
A = (T
2
27

The main strength of this procedure relies on the stability equivalence property ensured by
the bilinear transform. This means that the DT closed-loop system (composed of G4 and
KY) is stable if and only if the PCT closed-loop system (composed of GP and KP) is also
stable. Moreover, the bilinear transform also conserves the H., norm of the systems3, that is,
1GP ]l = 1G]]

7.4 Design of a Parameter-Dependent /., Controller

The design of a parameter-dependent controller for a parameter-dependent plant can be
addressed by the so-called linear parameter-varying (LPV) approaches (such as the polytopic
method presented in Section 5.3.2, page 131). In the particular case treated in this chapter,
these approaches lead to conservative solutions or to a parameterization which can be too
complex to be implemented in real time. The conservatism of the LPV approaches comes from
the fact that the parameter of interest is assumed to vary arbitrarily [Pac94, SE98], whereas
wy is assumed to be constant (or slow varying). On the other hand, [DSFM05] proposes a
nonconservative design method for constant parameter-dependent controller. However, the
proposed controller parametrization is, in general, too complicated to be implemented in a
limited-cost embedded processor.

3This claim can be easily proven through (7.6), (7.7) and the He-norm definitions

2 sup <Gd(z)> .

Hoo |z|>1

|GP||o & sup T (GP(sp)) and HGd
sp>0
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In this section, we present, for the particular problem of MEMS gyroscopes (and similar ones),
a parameter-dependent H, controller design method. Our approach provides performance
guarantees, reduced conservatism, and simple parameterization in the case where w,y. is
measured and constant. We propose two design methods: for a CT controller, and for a DT
controller. The former one is suitable for analog implementations or for digital implementa-
tion where the sampling period T; is so small that the discretization effects (sampling and
holding) can be neglected. The main interest on considering the design of a CT controller
is that this approach also gives important insights on the controller parametrization. The
second method is suitable for digital implementations where the discretization effects have
to be taken into consideration, which is often the case for MEMS gyroscopes.

It is important to highlight that the assumption of w,y. constant is used for the controller
design. However, in practice, this condition can be relaxed to slow variations of wey, see, e.g.,
our paper [SACKS20].

7.4.1 Parameter-Dependent Control Design Problem

Let us assume that the MEMS gyroscope model can be written as a particular type of LPV
system of the form
w . | X(t) = woAx(t) + woBu(t) ”
¢ { y() =  Cx(t) +  Dull) (7.12)

with x(t) € R", u(t) € R"™c, y(t) € R™c and matrices of adequate dimensions. The
parameter wy € [wo,1, wop| is supposed to be known in real time. We also consider the
control objectives of Section 7.1, which consist in tracking or rejecting sinusoidal signals of
frequency weyxe = wop,x = wo with wy € [wg1, wo 2| Our objective is then to design a controller
that fulfills the control objectives and whose gains are dependent on wy.

With the standard H, synthesis (see Section 4.1, page 76), for each wy, the design of the
controller is formulated as an optimization problem. Based on the control objectives, we
define signals of interest w € R™ and z € R":. These signals, together with the to-be-
controlled system G*?, define an augmented plant P“0. Weighting functions Wi* and W<%,
which also depend on wy, are introduced on the signals of interest, defining the weighted
augmented plant P“°, as shown in Figure 7.7. The H. problem is then to find, for each
wy € [wo1, wop], a controller K0, if there is any, such that the weighted closed-loop transfer

functions are stable and meet a given performance level v, that is, || P“0 % K“0|| , < 7.

> wo > > wo >
‘ Win g ~ o Wout |

I P(UO |

| - |

l P |

L R R |

up yp
K@%o |

FIGURE 7.7: General control configuration with wo-dependent weighting fil-
ters.
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Note that computing all the controllers K“° through the standard H., synthesis implies
solving an infinite number of optimization problems. However, based on the H, synthesis,
we can formulate the following control design problem.

Problem 7.2 (Parameter-dependent control design problem). Assume that wy is constant and
measured in real time. Given the wo-dependent augmented plant P*° and a performance level y > 0,
find a single (and simple-to-implement) controller K“° whose gains depend on wy, if there is any, such
that, ¥V wq € [(,()0,1, CUO,Q], pro * Ko Hoo <.

A similar problem is treated in [DSFM05]. However, as mentioned before, the proposed
controller parametrization is in general too complicated to be implemented in a limited-
cost embedded processor. In the sequel, we reveal that, in the case of MEMS gyroscope
(and similar applications) a simple parametrization, suited for real-time implementation, is
obtained.

7.4.2 Solution in Continuous Time

Here, we present a solution in continuous-time (CT) domain, which provides the central
elements for the solution in DT.

Let us also assume that the weighting functions can also be written in the form of (7.12).
Thus, the augmented plant P“° admits the state-space representation:

Xp(t) = woApxP(t) + C(J()wa(t) + CU()Buu(t)
peo z(t) = Cuxp(t) + Dzgw(t) +  Dyu(t) , (7.13)
yp(t) = Cyxp(t) +  Dypw(t)

where xp(t) € R"™, yp(t) € R™, w(t) € R™, z(t) € R™ and whose matrices do not depend
on wy.

At this point, we can then define a normalized Laplace variable s, = s/wp and a normalized
time t, = wyt, such that the normalized version of P“°, denoted P,, is cast as

)'Cp,n(tn) = APxP,n<tn) + wan(tn) + Buun(tn)
Py : Zn(tn> = szP,n(tn> + Dzwwn(tn) + Dzuun(tn) (7.14)
ypln(tn) — nyP’n(tn) + Dywwn(tn)

with xpn(tn) = xp(tn/wp) and similarly for the other signals. Note that the state-space
matrices of P, do not depend on wy. Moreover, since P“°(s) = Py(sn), ||P“°|lee = [|Pnlleo-
Thus, the solution of Problem 7.2 is the solution of the standard Ho problem: given a
normalized augmented plant P, (7.14) and a performance level v > 0, compute a normalized
controller Ky, if there exists any, in the form of

J-CKn(tn) = AKxKn(tn) + BKyPn(tn)
K, : ¢ , ¢ , 7.15
{ in(f) = Citga(fn) + Dxpn(fn) (7.15)

where xg »(tn) € R"K, such that || P, x Kn ||, < 7. Hence, the CT wp-dependent controller K“°
is given by
Xk(t) = woAxxk(t) + woBkyp(t)
K« . 7.16
{ up(t) =  Cxxx(t) +  Dyp(t) (7.16)
Please note that the new (denormalized) controller K ensures the stability of the closed-loop
system and ||P“? x K“?|| . <  for all wy € [wo 1, wop], i.e., solves Problem 7.2.
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Remark 7.1 (On the realism of the model and weighting functions “normalizability” assump-
tion). Note that the to-be-controlled plant G“* and the weighting functions are assumed
to be an LPV system in the form of (7.12), that is, the state and input matrices are linear
functions of wy. As consequence, the augmented plant P“0 has the same structure. These
assumptions allow us to use the frequency normalization and model the LPV system P“® for
all wy € [wo1, wop| as a single LTI system P,, whose parameters (in the “normalized-time”
space with t, = wyt) do not depend on wy.

At this point, the reader may be asking himself: “how realistic are these assumptions?”. If we
consider the H, design examples considered in Chapter 4, note that controller synthesis is
already made in a normalized-frequency space. Thus, if we consider the same normalized
weighting functions for all wy € [wp1, wo2], in the original (denormalized) frequency space,
the weighting functions are indeed in the form of (7.12).

Regarding the MEMS gyroscope model, for the sake of simplicity, we only consider the
drive mode (for further discussion on this assumption for the whole gyroscope model,
see Appendix F.2). Note that the drive-mode transfer function (see (2.15), page 21) can be
rewritten as

X (s) ko,
GLUQ[X — — 4 , 7.17
(®) ux(s)  (s/wox)* 4 (s/wox) /Qx +1 717

and admits the state-space representation of (7.12) with wy = wy  and

0 1 0
A:[_l _1/QJ/ B:[J/ C=lkox 0] and D=0.

Then, if the variations of wy do not change the values of Q, and ko ,, the referred assumption
holds.

7.4.3 Solution for Discrete-Time Implementation

We now discuss the design of a discrete-time (DT) controller whose gains depend on wy and
for which the discretization effects (sampling and holding) cannot be neglected. Obviously,
the first idea would be to adopt the procedure of Section 7.3 with the parameter-dependent
design proposed in Section 7.4.2. However, observe that the controller is designed in the PCT
space, based on a PCT model of G*0. Then, before applying the approach of Section 7.4.2, we
need to check if the PCT model of G“° can be expressed as in (7.12).

By following the procedure illustrated in Figure 7.6, for a CT system G = G*“* given by the
state-space matrices (woA, woB, C, D), its PCT model GP is given by the state-space matrices
(AP, BP, CP, DP), which, for the sampling period T;, read as (see (7.5) and (7.8))

AP = (AT ) (T )

S 71 _ :
B = g (e 4 D) AT (et 1) B (7.18)
CP = C(ewAT 47)

DP = D—C(e0AT 4 )71 A1 (¢0AT ) B,

Please note that, this time, the dependence of the state matrices on wy is nonlinear and
the approach of Section 7.4.2 cannot be directly applied to GF. However, for some partic-
ular cases (such as for high quality factor resonators, which is indeed the case of MEMS
gyroscopes), the PCT model can be approximated by a fictitious system HP“0 with state
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matrices (@0Ap, @By, Cy, Dy), where @y = g(wy) (see (7.10)). This point is illustrated in
the following example.

Example 7.1 (On the fictitious model of G®°x). The main objective of this example is to show that
a 2"_order resonator whose model parameters depend on wox € [wox1, Wox] in CT (or DT) will
have a PCT model whose parameters depend linearly on g = g (wox)-

For the system G“ox given in (7.17), its model in PCT, with Qy > 1, can be given by (further details
are given in Appendix F.3):

_ ko, (1 - (Sp/wo,x) COO,sz/Z) (1 + (Sp/wo,x) / (2Qx))

GP@ox (Sp) . , (7.19)
(sp/@ox)" + (sp/@0x) / (Qxsinc (wo,Ts)) +1
which can be approximated by the fictitious system
ko (1 — @
HPAb: 5,) = 0x (1= (s /@) /) 720)

(Sp /(DO,JC)Z + (Sp /(DO,x) / (Qx sinc (WOx,ZTs>) +1

with z,, = tan (wOX,ZTs/Z)_l, which admits the state-space matrices (0o xAn, @oxBu, CH, D),
where

0 1 0 —ko

An=1_4 —1/(stinc(w0x,2Ts))]’ Bu = H Ch = {k‘“ Z

] and Dy = 0.

Details on the choice of this specific fictitious model are also provided in Appendix F.4. It is important
to highlight however that the choice of a fictitious model is not unique. The main objective is to define
a model that approximates GP“°x and such that in the normalized space, it is represented by a single
LTI system.

Now, since the fictitious system can be normalized with respect to @y = g(wp), we can design
a controller for HP®0 with the approach of Section 7.4.2. The DT controller is then obtained
through the bilinear transform.

To summarize this method, we present Figure 7.8, which completes the scheme of Figure 7.6.
The new steps are described as follows.

(i) Instead of designing the controller in PCT, we define a fictitious model, HP®?, from the
set of GP for @y € [ (wo1), § (wo2)]-

(ii) HP0 is normalized by @y, giving rise to a normalized pseudo-continuous time (nPCT)
model HY.

(iii) Then, a normalized PCT controller K}, is designed by solving a standard H«, problem,
where P, is defined by normalized weighting functions and Hj.

(iv) This controller is thus denormalized by @y, generating KP0.
(v) Finally, the DT controller K%« is obtained by the bilinear transform of KP*.

For an nPCT controller K given by the state-space matrices (A, Bk, Ck, Dk), the PCT
controller KP*® has the state-space matrices (@9 Ak, @oBk, Ck, Dx). Then, recalling that @y =
g(wp), the DT controller K% is defined by the matrices (A% (@), B (@), C¢ (o), DE(@))
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KR (sp/ o) | (i) HE (sp/ @) |(nPCT).

FIGURE 7.8: Procedure for the design of a parameter-dependent DT controller.

with

= (2I/Ts 4 @ Ax) (21/Ts — @ Ag) "
= 4/T,(21/T, — @yAx) " @Bk

Ck (ZI/TS — c’DoAK)_l

= Dg+Ck (2I/Ts — C’OoAK)il @oBxk.

(7.21)

~ N N N
(=)
— — — —

0w >
RAaRQARALRQU

Remark 7.2 (On the digital controller with wy-dependent sampling period). The solution
presented in this section provides a controller whose state-space matrices depend on given
matrices Ak, Bk, Ck, Dk, the sampling period T; and @y = g (wp) (see (7.21)). Then, if the
sampling period T; is fixed and the parameter wy changes, the controller matrices have to
be updated. However, the same result can be obtained if, instead of updating the controller
matrices, we link the sampling period T; with the parameter wy in a proper way, as we reveal
in the sequel.

The matrices of (7.21) can be rewritten as

Ad (@) = (21 + @TsAx) (Zl—wloTsAK)_l

B¢ (0g) = 4w@T; (2] — @T;Ax) " Bk 7.22)
CIC} ((O()) = Cg (21 — (DQTSAK)il

D¢ (@9) = Dx+ Cx (2l — @TsAx) " @oT:Bk.
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Then, by defining a constant ar; £ ©,Ts, the same controller can be implemented by the

constant matrices .
AI% = (21 + DCTSAK) (2[ — (XTSAK)i

BIC} = dar (21 — lXTsAK)_l Bk (7.23)
d -1 .
Cd = Ck (2 —apAx)

D¢ = Dg+Cx (21— arsAx) " ag By

and the wp-dependent sampling period Ts(wo) = a1s/g(wp), such that its frequency response
varies according to wy, solving the Problem 7.2 as well. Finally, it is worth noting that, if
Ts < 1/wop, we can approximate @y = g(wp) ~ wy (see (7.10)) and at; ~ woTs.

In the MEMS gyroscope context, this strategy is used to link the drive-mode resonance
frequency wy x to the sampling frequency, ensuring good performance of the sensor under
variations of wy, (due to temperature changes, for instance), see [EEE"11, CXZ"21]. Al-
though this approach has been used in the literature and in the industry, no theoretical results
endorsing this approach could be found. The framework that we propose here validates the
approach.

Given that the controller design is based on the the fictitious system HP“°, which is an
approximation of GP*, the stability and performance of the actual closed-loop system has to
be evaluated a posteriori. For further details on this analysis procedure, please refer to our
paper [SACKS20] or to the thesis [AC21].

7.5 Implementation Results on the Asygn’s Platform

In this section, we illustrate the whole procedure for the design and implementation of
a digital direct controller on the (flexible) Asygn’s platform, presented in Section 2.3.1.
Moreover, tests are made to evaluate the implementation of the control loops and their
efficiency. In particular, we verify the reference tracking and the Coriolis force estimation
specifications of Section 7.1.

The tests are realized at room temperature, keeping the operating conditions as steady as
possible, such that in the controller is not frequency-dependent in this section.

7.5.1 Controller Design

Identified model: the first step consists in identifying the to-be-controlled system. Here,
we follow the approach of [Col20]. The Bode diagram representing the MEMS gyroscope at
rest ((), = 0), G?D is given in Figure 7.9 and in Figure 7.10. For a clearer explanation, let us
partition G, as

d d
GID,xx GID,xy

G(IiD = G4 G4 .
ID,yx ID,yy
As expected (see Example 2.3, page 34), the diagonal transfers G?D,xx and G?D,yy, which

represent respectively the drive and sense modes, behave as resonators. Their resonance
frequencies and quality factors are given below

wox = 27111.5864 - 10°rad/ sec, wo,y = 2m11.6785 - 10°rad/ sec,
Q, =88.116-10° ~ 99dB  and Qy =7.992-10% ~ 78 dB.
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The off-diagonal terms G?D/yx and G?D/yx model the mechanical coupling between the drive

and sense modes. Note that G?D,yx has low gains compared to the diagonal terms, indicating
a weak coupling between those modes. Possibly because of the weak coupling, the transfer
G?D/xy could not be accurately identified. Then, it is considered to be null. Still on G?Dryx, we
can note two resonance peaks, at wp and wy,, as expected.

Now, if we look to the phases of the same transfers, at the resonance peaks, they are not close
to —90° or —270°. Indeed, they are rather close to 0° or —180°. This shift in phase is due to
the presence of the additional filters and of the ZOH in the loop.

In Figure 7.11, we present the Bode diagram of the identified ES,, which represents the
parasitic electrical coupling and is expected to behave as a high-pass filter. This is the
behavior observed in Figure 7.11.

Electrical coupling compensation: having identified the to-be-controlled system, we imple-
ment E$ in the processor to compensate for the parasitic electrical coupling, see Figure 7.3.

Dealing with the input nonlinearity: here, we consider the method presented in Sec-
tion 7.2.3 with Vpcx = Vpc, = 1V. Therefore, we define GY = ZG?D. This model will be
used in the sequel for the controller synthesis.

Controller synthesis: based on G and on the desired performance specifications, we apply
the procedure presented in Section 7.4.3 with HP®0 = GP“ (since the operating conditions
are steady). Two different strategies are considered: the SISO and the MIMO approaches
of Chapter 4, as in the examples 4.3 and 4.4 for the SISO approach, and Example 4.6 for
the MIMO approach. The details on the controller synthesis are given in Appendix E.5 and
Appendix E6.

7.5.2 Validation of the Closed-Loop Performance Specifications

Here, we aim to validate the main closed-loop performance specifications: the reference
tracking and the Coriolis force estimation.

Test Protocol: the first test is performed on the experimental platform with the gyroscope
at rest ((); = 0) and the results are presented in Figure 7.12. In this figure, we present the
main signals of the closed-loop: x,, the measured output of the drive mode; y,, the measured
output of the sense mode; u,, the control signal of the drive mode; and ﬁcOr,y, the Coriolis
force estimate, which, in the SISO approach, is given by ¢y, = —u, and, in the MIMO
approach, corresponds directly to the third output of the controller. We apply a reference
signal of the form of

A (1) = AL (1) sin (wexct)

with amplitude Agffn and frequency weyxc = wox. We also add an artificial disturbance of the

form
ﬁCor,y(t) = ACor,y<t> sin ((Uexct) (724)

on the sense-mode control signal. The whole test presents five different stages, as follows.

(i) For 0 <t < 0.5s: the system is open loop, i.e., uy(t) = u,(t) = 0. In this interval, x,
and y, mainly correspond to the measurement noises 7, and n, (since x,, = ¥, = 0).
Here, we obtain 07 ~2-10"°and oy ~ 1-107°.
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(ii) For 0.5s <t < 1s: the loops are closed, A;e{n(t) = Acory(t) = 0. Then, the measures
within this interval correspond to the contribution of the noises on the signals.

(iii) For 1s <t < 4s: the amplitude Af{; increases linearly, achieving the maximum value

f

of 0.5V at t = 4s. The slope of A}, allows avoiding saturation of the actuators at the
start. The artificial disturbance is null.

(iv) For 4s < t < 30s: in this interval, A:f{;(t) = 0.5V and Ac,y(t) = 0. Here, we can
evaluate the reference tracking performance. We can already note that the measured
oscillations (x,) have an amplitude close to 0.5V for both approaches (SISO and MIMO
are almost superposed in the figure), what indicates that, qualitatively, the specification
is fulfilled. Details on the reference tracking performance evaluation will be given in
the sequel.

(v) For30s <t < 35s: in this last interval, we apply a step on Ac,,y, such that Aco, () =

0.1V, emulating a Coriolis force acting on the sense mode. Thus, we can evaluate the

estimation performance. A%, is still equal to 0.5V. We can observe that the Coriolis

force estimate i, suffers an important impact of about 0.1V, qualitatively indicating
the achievement of the estimation performance specification. It is also interesting to
note that at t = 305, the variation of Ac,, also disturbs the other signals, even the
drive mode ones (slightly). This fact may indicate a non-modeled coupling from the
sense mode into the drive mode.

Validation of the Reference Tracking: to evaluate the reference tracking specification, we

compute &, = xZ;”f — x,, which, for the interval 25 < t < 27 is presented in Figure 7.13. The
main contributions of the tracking error come from the measurement noises. To evaluate

the performance at w = wyy, we estimate the power spectral densities of ¢, and xﬁf , Se,

2
and allows to better

and Sx:;, f, respectively. The ratio S, / Sx;,;f gives an estimate of Tx::; I e,
evaluate the reference tracking specification. At the frequency w = wy, Figure 7.13 reveals
that this gain is around —96 dB (which corresponds to 16 ppm, for the specification 250 ppm)
and —76 dB (which corresponds to 160 ppm, for the specification 250 ppm) for the SISO and

MIMO approaches, respectively, largely fulfilling the required specification in both cases.

Validation of the Coriolis Force Estimation: to evaluate this specification, we have to
compute the error between a given/known Coriolis force, ¢,y (see (7.24)) and its estimate.
However, recall that other disturbances exist in the system and produce a nonnull estimate
LTCOW (in general, due to the couplings between the drive and the sense modes and to different
noises). Therefore, to take into account only the contributions of ic,,,,, we define ﬁ% ory @S

sinusoidal signal of frequency wey, that fits #ic,r, in the interval 5s < t < 30s (where
licor,y(t) = 0). Thus, we redefine the estimation error as

eest (1) = oy (1) = (Ticory (1) = o, (1))

The obtained results are also presented in Figure 7.13, where we can observe a good estimation
of this artificial disturbance. We can also note that the MIMO approach, thanks to the
additional output, produces an estimate much quicker (less than 1 ms) than the SISO one
(more than 2ms). Similar to the reference tracking evaluation, we estimate the PSD of &,5; and

T, / S;,CW, which is
presented in Figure 7.13 as well. This ratio reveals a gain close to —62 dB (which corresponds

2
UCor,y, ey and S;,CW, respectively; and estimate ) as the ratio S;

est Cor,y —7Eest est
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FIGURE 7.12: Main signals measured at rest ({2, = 0).
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FIGURE 7.13: Performance evaluation.

to 790 ppm, for the specification 250 ppm) and —66 dB (which corresponds to 500 ppm, for
the specification 250 ppm) at wey. for the SISO and MIMO approaches, respectively. Therefore,
in practice this tight estimation specification was not fulfilled in both cases.

Some factors may justify this results, but the main candidate would be the resonance-
frequency variations associated to neglected nonlinearities. As discussed throughout this
thesis, variations of the drive-mode resonance frequency are a crucial factor on the MEMS
gyroscope performance. At the time of writing, experimental tests are being made on the
same experimental setup. Preliminary, they show that, even under a “steady” operating
condition, variations of the drive-mode resonance frequency occur. Then, due to the enor-
mous quality factor, minimal differences between w,,. and wy x cause an important loss of
gain of the resonator, which requires stronger control signals to achieve the same reference
signal. In a linear system, this would not be an important problem. Nevertheless, neglected
nonlinear effects linked to the input voltage amplitude (as the spring-hardening/softening
effects) alter the dynamics and couplings of the system. This fact reinforces the need to use
resonance-frequency tracking mechanism.
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FIGURE 7.14: Measures on rotating table.

7.5.3 Tests on a Rotating Table

Here, we aim to validate the main closed-loop performance specifications when the gyroscope
is submitted to nonnull angular rates. The main objectives are to: (i) verify if the relevant
Assumption 3.5 (page 59), which assumes that the performance and stability of the closed-
loop system is the same at rest and under different ()., holds; and (ii) demonstrate that the
angular rate can be properly estimated with the proposed approach.

Test Protocol: we consider the same protocol of Section 7.5.2. The only difference is that
the gyroscope is now placed on a rotating table, and we realize different tests with (), €
{—300, —200, —100, 100, 200, 300} °/s.

Performance Validation: further than the stability, which is conserved, regarding the ref-
erence tracking and the estimation specifications for different angular rates, the results are
similar to those with (), = 0, that is, for all the considered angular rates, we have a reference
tracking with relative error smaller than —72dB at w,,. and estimation with relative error
smaller then —60 dB.

Measures of (), finally, the Coriolis force estimate ﬁcm,y is demodulated and filtered, ob-
taining s;¢, which is compared to the actual (); in Figure 7.14. Although the estimation lacks
of linearity (SFNL =~ 3%), these experiments prove the implementability of the direct control
architecture and the validity of the proposed design approach. The nonlinear behavior of the
measure may have some origins: the variations of the drive-mode resonance frequency, a
nonlinear behavior of the MEMS gyroscope (modeled as a linear system), modeling errors
(such as a coupling from sense to drive mode). The good news is that the designed controllers
operate as expected, even if the actual MEMS gyroscopes might present differences with
respect to the obtained model.



196 Chapter 7. Digital Implementation of the Direct Control Architecture

7.6 Summary of the Chapter

In this chapter, we propose a complete design method for digital direct controllers of MEMS
gyroscopes. The proposed approach is based on the Ho, synthesis. Further than the H,
design method already presented in Chapter 4, we consider the main aspects related to
the practical implementation: the nonlinear input of the MEMS gyroscope, the presence of
parasitic electrical coupling, the digital implementation of the controller and the dependence
of the gyroscope model on the temperature.

In this chapter, we reveal that the square input nonlinearity can be treated as a simple gain
if the input signal is a bandpass signal centered at wp and with bandwidth smaller than
wo,x /3. This result allows us then to consider the gyroscope as a linear system. Moreover,
we also indicate how to proceed with the digital compensation of the parasitic electrical
coupling.

The discrete-time nature of the controller is also considered. In order to design the digital
controller, additional steps are introduced in the control design method and the controller
synthesis is performed in the so-called normalized PCT (nPCT) space. The use of this space
provides some benefits, as follows.

(i) The design of a DT controller is performed in a CT-like space (nPCT), which is better
suited for the use of frequency-domain design methods (such as the Ho, synthesis) and
takes into account the presence of the ZOH.

(ii) Since the design is realized in a normalized-frequency space and since this space is
defined by wy,x, the design of wp-dependent controllers is straightforward.

The implementation results validate the proposed method and prove the implementability
of the direct control architecture. Further investigation is needed to justify the nonlinear
behavior of the angular rate measures.
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Chapter 8

EM-2A Architecture:
A Case Study

In this chapter, we present a study case consisting of a MEMS gyroscope in which the sense
mode operates in closed-loop with an electro-mechanical A (EM-XA) architecture. The
main purpose here is to present a control design method based on the H., synthesis and
the direct control architecture (see Chapter 4, page 75). This approach is applied to the EM-
LA architecture implemented in the Tronics” dedicated platform, presented in Section 2.3.2,
whose block diagram is recalled in Figure 8.1. Practical results are also presented in this
chapter and demonstrate the effectiveness of our approach.

In this experimental setup, the drive mode operates in closed loop with a nonlinear self-
oscillating AGC control architecture (see Figure 2.22, page 43), producing oscillations with
controlled amplitude and at the drive-mode resonance frequency, that is, weyx. = wox. We
can then assume that the drive mode operates adequately, and we focus on the sense-
mode operation. Moreover, in this platform, the sampling frequency F; is given by F, =
36(1)0,;(/ (27‘[).

As introduced in Section 2.2.2 (page 46), the EM-XA architecture has been widely employed,
such as in [PB05, ESAES09, RCRW09, EEE"11, CYC"14, CLK16], thanks to its interesting
benefits. First, like other closed-loop strategies, the bandwidth, linearity, dynamic range,
and robustness of the sensor are improved. Second, the use of a relay (1-bit quantizer) for
the actuation avoids problems linked to the nonlinear relationship between voltage and
force of electrostatic actuators, improving the linear behavior of the device. Finally, being
the output signal coded into a single bit, the interface with the digital processing circuits

Fcoup,y
FCor,y + l—f— Yn | + ourt
—to_> ngech L kde[/y | kCA,y | ADC o>-()—> % > ;7 +O_T_' :F >

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Vin,y
(-)? =—{DAC

A
A

k/zct,y

FIGURE 8.1: EM-XA architecture under study. Configurable elements are
represented in gray.
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is straightforward. Nevertheless, despite these interesting features, the relay introduces a
strong nonlinearity in the loop, prohibiting the (direct) use of linear design tools.

The EM-XA architecture is inspired by the classical £A modulators, which are widely used
in ADCs, especially when high resolution is required [RRWO08]. The strength of the classical
2A modulators comes from the use of oversampling and feedback loops. The oversampling
allows achieving an interesting signal-to-noise ratio (SNR), even when coding the signal with
a single bit. On the other hand, the feedback loops are composed of filters that are designed
to achieve three primary goals.

(i) Shape the power spectral density (PSD) of the quantization error (difference between
the input and output signals of the relay), minimizing its influence on the output signal,
at least in the frequency range of interest.

(ii) Ensure that the output signal tracks the input one, at least in the frequency range of
interest.

(iii) Ensure the stability of the closed-loop system.

In the classical XA modulators, these noise-shaping filters are fully configurable by the
designer. There exist well-established methods and numerical tools, allowing for an efficient
modulator design (see [ST04] and references therein for further details). Nevertheless, the
noise-shaping filter of the EM-XA is composed of an electronic filter and an electro-mechanical
element — the sense mode —, which is not configurable, implying strong structural constraints.
Then, while the design of classical XA modulators is well established, the design of the
EM-XA modulator may be a difficult task [RRWO08].

In addition to the structural constraints (imposed by the non-configurable sense mode), other
issues arise in an EM-XA architecture.

Model uncertainties: the model of the sense mode is often uncertain due to fabrication
dispersion, environmental variation as well as imperfect modeling. Moreover, the
electrostatic comb fingers can create high-frequency resonant modes, adding an extra
phase lag to the system, compromising its stability [CLK16].

Additional sources of noise: the sense mode also introduces noise (mechanical-thermal and
electronic noise) in the loop [PBO06].

Thus, further than the standard XA specifications (minimization of the quantization error
and tracking of the input signal by the output one), the design of the EM-XA electronic filter,
which we will rather call controller, has three more objectives to pursue, as follows.

(i) Ensure the stability of the closed-loop system, despite the uncertainties related to the
mechanical transfer, i.e., robust stability.

(ii) Minimize the effects of the different noises (in addition to the quantization error) on the
output signal.

(iii) Minimization of the proof mass displacement along the ij-axis [WK11]. As discussed in
Chapter 3, minimizing these displacements is useful to improve the linear behavior of
the sensor.

Some design methods for the EM-XA controller are proposed in the literature. They are
mainly inspired by the design of classical 2A modulators. In [PB05], the authors choose a
controller composed of a second-order resonator associated with a lead-phase compensator.
The resonator allows attenuating the quantization error in a certain frequency range, whereas
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the compensator provides the required phase to ensure the stability of the closed-loop system.
The effects of the electronic noises are evaluated afterward in [PB06]. In [RRWO08], the authors
show that with an additional feedback, the same design flow of the classical A modulators
can be applied for the EM-XA feedback, providing a systematic design methodology and
ensuring a certain robustness against the relay. Nevertheless, the effects of all the noise
sources are not considered for the controller design, and the robust stability is only partially
ensured.

More recently, the use of genetic algorithms was also proposed [WK11, CYC*14]. The
main advantage of this approach is that it allows choosing a multi-objective criterion to be
optimized. In these works, the criterion consists of (i) minimizing the effect of the noises
and the quantization error on the output signal; and (ii) minimizing the displacement of the
proof mass. The main issue of this approach, however, is that the solutions do not provide
guarantees of performance or robust stability. Usually, these properties are assessed through
extensive simulations [WK11], which can be computationally expensive.

From the Control Theory point of view, one of the main challenges comes from the presence
of the relay (1-bit quantizer), which is a strong nonlinearity, in the control loop. Another
challenge arises from the fact that the configurable parameters of the EM-XA under study are
bounded and have limited precision, conferring a constrained nature to the controller.

As usually considered for the design of XA modulators, the relay is modeled as an uncertain
gain (similar to the describing-function method [GV68]) followed by a quantization noise,
representing the quantization error [AP87], obtaining a linearized model of the system, see,
e.g., [PB05, RRWO8]. Then, we propose a systematic method to design the EM-XA controller,
guaranteeing both performance and robust stability for the linearized model. This method
is based on the H., synthesis and direct control architecture. The constrained nature of the
controller is also taken into account.

The remainder of this chapter is organized as follows. In Section 8.1, we formalize the control
objectives related to the EM-XA architecture and formulate the problem under investigation.
In Section 8.2, we propose a design method based on the H, synthesis. The proposed method
is then applied to the EM-XA architecture under study in Section 8.3. The solution is applied
to the prototype and the practical results are presented in Section 8.4.

8.1 EM-XA Architecture and Control Problem

In this section, first we aim to describe the EM-XA architecture. Then, in a second time,
we discuss the expected behavior of the closed-loop system, highlighting the main control
objectives and defining the control problem we want to solve in this chapter.

ny i Qerror :

dC g e + u : + :
Ory-t: est Gy }/m+: Yn K, y 3= K, _:_ : our

I ? i Relay 1

FIGURE 8.2: General block diagram of an EM-XA architecture.



200 Chapter 8. EM-XA Architecture: A Case Study

Let us consider the general EM-XA architecture of Figure 8.2, which is basically composed of
the sense mode G, (mechanical part, actuation and instrumentation circuitry), a controller
(or electronic filter) Ky, and a relay (or 1-bit quantizer). The signal dc,, is an image of the
Coriolis and coupling forces acting on the sense mode. This signal is to be rebalanced by OUT.
Hence, OUT is expected to be as close as possible to dc,,,, so that OUT is a good estimate of
dcor,y and, as consequence, of the Coriolis force (the coupling force is separated a posteriori
thanks to the synchronous demodulation and post processing). To quantify the performance
of the system, we then define the error between these signals, which corresponds to the
estimation error: €, = dcory — OUT. At the output of Gy, ¥y, is an image of the proof mass
displacement along the yj-axis. The signal 1, models process noises as well as any bias added
by the instrumentation circuits. The measured signal is then given by v, = v, + 1.

The relay is modeled as an uncertain gain k; (similar to how relays are modeled in the
describing function method, see [AP87]) followed by a quantization error, which is denoted
Qerror and is usually modeled as a white-noise signal. This modeling is usually adopted
for the design of classical XA modulators and for the EM-XA design [AP87, PB05, RRWO08].
Finally, the relay produces the signal OUT, which can only assume the values +1 and —1.

The EM-XA controller, K, is given by
K. - { O'XK(t) = AKXK(t) + BKyp(t) 8.1)
LA uy(t) = CKXK(t) + DKyp(t) )

with xg(t) € R", yp(t) € R™r and u,(t) € R. We use o to represent the time-derivative
operator s for continuous-time (CT) systems and the time-shift operator z for discrete-time
(DT) systems. Similarly, t stands for the time variable t in the CT case, and for the time
samples k in the DT case. The controller may have one (1,, = 1) or two (n,, = 2) input
signals. In the first case, it is said to be a one-degree-of-freedom (1DoF) controller, and we
have yp = y,. With two inputs, we have a two-degrees-of-freedom (2DoF) controller and
yp = col (y,, OUT).

We also classify the controllers as unconstrained or constrained. Note that K, can be rewritten

O'XK<t) xK(t)] . A |:AK BK:|

K, : =K th K= . 8.2

Y {[ uy(t) } {yP(t) W Ck Dk (82)
Then, a controller is said to be ng-unconstrained if K € RO+Dx(nctmyp) - On the other
hand, a controller is said to be ng-constrained if K € K, where £ C R (k1) (g )

The constrained nature of a controller may be originated from the limited resolution of its
coefficients or by a predetermined choice of poles and zeros, for instance. More details on the
unconstrained /constrained nature of the controller are given in Section 8.2.2 and Section 8.2.3.

Regardless of its structure (1DoF or 2DoF, constrained or unconstrained), we can enumerate
the qualitative control objectives for the controller design:

(O1) ensure the tracking of the input signal by the output one, i.e., OUT = dc,,, 0T €5t = 0;
(O2) minimize the displacement (y,,) of the proof mass;

(O3) minimize the effects of Qgyror on OUT;

(O4) minimize the effects of the different noises and bias (1,) on OUT;

(O5) ensure the stability of the closed-loop system against the relay (nonlinearity);
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(O6) ensure the stability of the closed-loop system against the mechanical transfer uncertain-
ties (e.g., unmodeled dynamics or environmental sensitivity).

Note that it may be impossible to completely achieve all these specifications. For instance,
if we consider the first objective (OUT = dc,y), it is clear that this equality holds only if
dcory(t) € {—1, 1}, which is clearly not the case for a MEMS gyroscope. However, it is
possible to make them (approximately) equal, at least, in the frequency range around wy y.
Therefore, like in the previous chapters, we want to fulfill the above objectives, at best, in the
frequency range of interest. This point leads us, again, to translating the control objectives
into closed-loop specifications in the frequency domain. Assuming it is done, we can thus
state the general EM-XA design problem as follows.

Problem 8.1 (General EM-ZA design problem). Given G, and k,;, compute the controller K, (ma-
trix K) such that the closed-loop system of Figure 8.2 achieves the required closed-loop specifications.

Since the closed-loop system of Figure 8.2 is LTI, this problem is solved through the H
synthesis and the controller design is formulated as an optimization problem (similar to the
procedure of Chapter 4). In this context, two aspects are of crucial importance: the choice of
an He criterion and the resolution of the optimization problem. The proper choice of the H,
criterion allows enforcing the desired behavior of the closed-loop system. The H, criterion
is defined by the so-called augmented plant P, which includes the to-be-controlled plant and
the weighting functions (see Section 4.1, page 76). In the case of the standard H., synthesis,
where the controller is unconstrained, the optimization problem is convex. However, if the
controller is constrained, the optimization problem becomes non-convex and different tools
have to be used. In the next section, we define an H, criterion for the EM-XA architecture.
Then, depending on the controller nature (constrained /unconstrained), we discuss how to
solve the related optimization problems.

8.2 Ho Synthesis for the EM-XA Architecture

In this section, we use the H, framework to design the EM-XA controller, solving Problem 8.1.
First, we define an H, criterion, which express, through weighting functions, the desired
control objectives. Then, we discuss how to solve the optimization problem for unconstrained
and for constrained controllers.

8.2.1 An H. Criterion for the EM-XA Architecture

The first step to define the H, criterion related to the EM-XA architecture (see Figure 8.2) is
to choose the signals of interest and compute the closed-loop transfer functions, defining the
augmented plant P, just like in the standard H., synthesis, see Section 4.1 (page 76). Then,
the control specifications are formulated as closed-loop frequency constraints that express
the desired closed-loop behavior. Finally, weighting functions are designed to enforce these
frequency constraints, defining the weighted augmented plant P. Here, we consider the
general case where the controller is defined as K, = [K,,1,K;2] (2DoF). In the case of a 1DoF
controller, we consider the same results but with K, » = 0.

We start by selecting as input signals of interest the inputs dc,,,,y, ny and Qerror, and the
outputs €.t, Y and u,. They define the input vector w = col (chr,y, 1y, Qermr) and the
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output vector z = col (sest, Ym, uy). Thus, the closed-loop transfer matrix Tg_, is given by

Ticoy e Tny—eet TQuror—recs (1 —kgKy2) S1 —kqKy,151 -5
TdCur,yﬁ]/m Tny_)ym TQerror_>ym = Gy (1 - quy,Z) Sl _Gyquy,lsl _Gysl ’ (83)
TdCO,,y—my Tny—my TQE,,(,,—my GyKy,l S Ky,l S -1 /kq
where 1
Sl and T1 =1- 51.

T 1+ kg (GyKy1 — Ky2)

Let us now translate the control objectives of page 200 into mathematical constraints on the
closed-loop frequency responses, as follows. Most of them yield to frequency constraints
very similar to those considered in Section 4.2.2 (page 91).

Tracking of the input signal dc,,, by OUT - (O1): this control objective pertains to the
transfer Tacopy—eer which is directly related to the SENL (estimation of the Coriolis force) and
to the bandwidth of the sensor. Then, we consider

TdCur,y_mest (waxc) S kSFNL (84)

and

2-v2

Vw € [Wexe — wges, Wexe + w%es]' ’TdCor,y%Sest (]w)’ < ) ~ 0.2929, (8.5)

ensuring OUT ~ dco,,, at least for the frequency range around wey.

Displacement minimization — (O2): this objective corresponds to the disturbance rejec-
tion specification of Section 4.2.2, in which the minimization of ‘Td&w%ym (jw)| for w €

[Wexe — wa, Wexe + wq)] is required, that is,
Vw € [Wexe — Wa, Wexe + wa), TdCOWﬁym (jw)‘ < 1. (8.6)

As discussed in Chapter 3, we recall that reducing y,, tends to improve the linearity of the
Sensor.

Minimization of the effects of Q.rr and n, on OUT - (O3) and (O4): minimizing the
effects of the quantization error Q.or and of the different noises nyon OUT is equivalent to
enforce,

Vw € (0’ 2w€xc] ’ ‘TQermr%Eest (]CU)’ <1 and ‘Tnyﬁgest (]CU)‘ <L (8'7)

These constraints are directly related to the performance of the sensor with respect to the
noise (ARW, RMS noise, etc.).

Robustness against the relay — (O5): for the controller design, the quasi-linear model of
the relay is adopted, i.e., the relay is modeled as an uncertain gain with additive noise, as
in [AP87, PB05, RRWO08]. Then, to make the closed-loop system robust against this uncertain
gain, the condition

|| Terrarg)gest Hoo < 2 (8'8)
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is generally considered for stability [RRWO08]. Because Ty, ¢, = S1, which represents a
sensitivity function, this condition corresponds to a modulus margin AM; > 0.5, implying
sufficient phase and gain margins (against the uncertain gain k). Strictly speaking, this
condition is valid only for the quasi-linear model; it does not mathematically apply for the
nonlinear system with the real relay. However, in the absence of a simple formal stability
measure, this condition has been widely used in practice [RRWO08]. In light of this discussion,
it is also essential to keep the relay operating as close as possible to a “linear” behavior,
avoiding saturation of the quantizer (see the upper part of Figure 8.7 for an illustration of this
saturation). To this purpose, the bias (low-frequency components) at the relay input (signal
uy) has to be minimized, as well as its high-frequency components, that is,

Ve <€ Worer [Ty ()| €1 [Ty, (@) <1, and | Tg, o, ()| < 1,
(8.9)

Y > Were, ]Tdaww (jw)’ <1, |Tyou(jw)| <1, and ‘TQHWW (jw)) <1
(8.10)

Robustness against the model uncertainties — (O6): a typical choice to enforce good stabil-
ity margins against model uncertainties is to choose a convenient modulus margin at the
input or output of the gyroscope model G, [SP01]. In this case, the sensitivity function is
given by S = Ty, s, Then, the modulus margin is given by AM; = 1/ ||S;|[,- So, by
restricting the maximum value of |S;(jw)|, a minimum modulus margin can be enforced.
Further than the modulus margin AM,, additive and multiplicative uncertainties can be con-
sidered to take into account the high-frequency resonant modes of the comb fingers. Based
on the small gain theorem (similar to Section 3.4, page 71), by bounding ‘Tny_)Eest (jw)| and
| Ty, sy, (jow) | in the frequency range where the high-frequency resonant modes are located,
the robust stability of the closed-loop system against these high-frequency modes can be
ensured.

[

As claimed earlier, the above closed-loop specifications are frequency dependent. To take
into account this dependence, we add weighting filters on the signals of interest, as in
Chapter 4. The closed-loop system with the weighting functions Wi, = diag (W;, Wy, W)
and Wy = diag (W, Wy, W, ) is then presented in Figure 8.3, defining the weighted signals
of interest as w = Wiglﬁ and z = WyuiZ.

21
> We —>
Z2
w » W, —
3, Wo
Z3
w > W, —»
2
—| W,
iz ; nyl Qerror
w1 Cor,y Y Yn Y our
— W; —» » G > K > k, >
fi »O—¢ N e +O—> 2 q +O—1
I ¥
1

FIGURE 8.3: Ho criterion for the EM-XA architecture.
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In this context, if there exists a controller K, such that, for a given v > 0, satisfies the following
H o criterion:

W£ TdCor,y_west Wd W‘C- Tny_)gesf Wn W£ TQerror_NC-est WQ

[Wout Tz +zWinlleo = || | Wy Tacoy—yuWa - WyTny—y,, Wi WyTo,,,0 -y, Wo <7, (811)
Wy TdCG,,y—my Wd Wy Tnyauy Wy WuTQM,weuy WQ o
we also have that (omitting the frequency dependence), Vw € R,
\wams, < T [Ty seea| < i Qs seeal < T
Tiorone| < iy (Tl <y | Towowl <y 612
ooy < Toonl < s [Tawmosn| < iy

Then, the proper choice of the weighting functions allows one to enforce the closed-loop
constraints and, hence, the desired control specifications.

We emphasize that this H, criterion can be employed to any EM-XA architecture in the
form of Figure 8.2, regardless of the controller structure (1DoF or 2DoF, constrained or
unconstrained). The structure of the controller determines the optimization method that is
used to solve the H, problem above. This point is discussed in the sequel.

Before proceeding, we recall that the H, criterion defines the weighted augmented plant P
(see Section 4.1, page 76), which admits the state-space representation below:

oxp(t) = Apxp(t) + Buw(t) + Buuy(t
P z(t) = GCuxp(t) + Dypw(t) + Dauy(t) (8.13)
yp(t) = Cyxp(t) + Dyow(t) + Dyuuy(t)

with xp(t) € R"” and np being the sum of the orders of G, and of the weighting functions.

8.2.2 A Solution to the Unconstrained Case

An EM-XA controller is said to be ng-unconstrained if it admits a state-space representation

in the form of (8.2) with K € R"+1x(mtmp) particular, when simply referring to
unconstrained controller, we mean the full-order controller, i.e., ng = np. In this case,
computing the matrix K (or controller Ky, of (8.2)) is equivalent to the standard H« control
problem. Indeed, the closed-loop system formed by (8.13) and (8.1) can be written as

_J oxe(t) = Agxe(t) + Bgw(t)
P*Ky. { szt) = Ccllx:(t)+Dcllw(t) (8.14)

with xp = col (xp, xx),

A, [Ap 0] [0 Bu][Ax Bk][0 1] o [Bs] [0 Bu] [Ax Bx][ O
=10 o "|I 0]|Ck Dk]|Cy O) "' |o0 I 0] |Ckx Dk |Dyw|
——— e ——— —— e S e — N~

Bu K Cy Bw Bu K Dyw

_ Ak Bk | |0 I B Ax Bkl [ O
Co=[C: 0+ Dul @ ] |0 o) Da=[Dul o Dl |26 ) |0 ]

C; Dy v v - D D, —— —
K C, K Dy
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The closed-loop system can be interpreted as the static output feedback of P (plant P aug-
mented with the ng states of K

oxp(t) = Axp(t) + Byw(t) + Buu(t
P: { z(t) = GCuxp(t) + Dgw(t) + Dgu(t) (8.15)
y(t) = Cyxp(t) + Dypw(t) + Dyu(t)

with u(t) = Ky(t), where y = col (xk, yp) and u = col (cxg, uy), thatis, Px K, = Px K.

Therefore, for the case of an unconstrained controller, finding K that solves Problem 8.1 is
recast as the H, problem below.

Problem 8.2 (H-based unconstrained EM-XA design problem). Given the plant P (defined
by Gy, k, and weighting functions Win and Wout) and a performance level vy > 0, compute a matrix

K € ROw+1Dx(metnyp) if there exists any, that stabilizes Tyy—,, = Px K and ensures || Typ—z]| o, < 7-

This He problem is convex and can be efficiently solved [AGB95], in the same way as
presented in Section 4.1 (page 76).

8.2.3 A Solution to the Constrained Case

In most of the EM-ZA architectures, the controller structure is constrained. Indeed, the
matrix K defining the controller in (8.2) belongs to a subset of IR(”KH)X(”H”F’P), denoted
K. Moreover, the order of the controller, ng, is commonly smaller than the order of the
augmented plant, np. These limitations are mainly related to implementation constraints,
such as the limited resolution of the coefficients, and a predetermined (fixed) choice of the
controller order (nk) or of some poles and zeros.

The good news is that in this constrained framework, the closed-loop system can still be
written in the form of (8.14) and (8.15) with the control law u(t) = Ky(t). The only difference
is that K € K and K ¢ RO« *(%+15)  The exact definition of the augmented plant P and

the subset IC depends on the controller structure and related implementation constraints. We
illustrate this point in Section 8.3.

In the case of a constrained controller, finding K,, that solves Problem 8.1 can then be recast
as the structured Ho, problem below.

Problem 8.3 (H.-based constrained EM-XA design problem). Given the plant P (defined by

Gy, kg and weighting functions Wiy and Wouy), a subset K& < R (t195) and g performance
level v > 0, compute a matrix K € K, if there exists any, that stabilizes Ty,—,, = P x K and ensures
[Tzl < -

The Problem 8.3 corresponds to a structured Ho, synthesis problem. In this case, the opti-
mization problem is no longer convex [AN06]. Then, the solution may depend on the initial
point and, even if there exists a solution to the problem, there are no guarantees that this
solution will be found. However, with good initialization, this problem can be tackled by
available optimization methods [ANO6].

In practice, Problem 8.3 can also be solved via the Robust Control Toolbox of Matlab® [BCPS20]
with the function hinfstruct.
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8.3 He Synthesis for a Constrained EM-XA Controller

In this section, we apply the proposed method to design the controller parameters of the
particular EM-XA architecture of Figure 8.1. We emphasize however that the procedure here
applied can be extended to other EM-XA architectures.

The objective here is then to compute the parameters 4y, a3, a4, a5, and g, such that the
closed-loop system is stable and verifies, at best, the control objectives (O1-O6) of page 200.
Thus, we apply the following steps:

(i) the first step is to rewrite the scheme of Figure 8.1 as the general EM-XA scheme of
Figure 8.2;

(ii) an augmented plant P (the weighting functions are not included in the augmented plant
at this step) and the subset K are then defined;

(iii) the weighting functions are designed to enforce the desired specifications and intro-
duced in the augmented plant P, producing P = diag (Wout, 1) P diag (Win, Inyp>;

(iv) finally, the controller parameters are computed by solving Problem 8.3 with the plant P
and the subset K defined in the previous steps.

These steps are detailed in the sequel.

8.3.1 Rewriting the EM-XA Architecture in the General Form

The first step for the EM-XA controller design consists in rewritting the given EM-XA archi-
tecture (see Figure 8.1) in the general form of Figure 8.2. In other words, we have to identify
the three main blocks of the EM-X.A architecture: the sense-mode model (G,), the controller
(Ky) and the relay.

Obtaining the Sense-Mode Model

The mechanical part of the sense mode, including the actuation and instrumentation circuitry

(Kact,y, G;““h, kdet/y, kca,y) can be modeled by a continuous-time (CT) system G, whose

transfer function is given by

kolng
G; (s) = y

s24 5 woy/Qy —|—w(2),y'

(8.16)

where ko, is the static gain, wy  is the resonance frequency and Q,, is the quality factor of the
sense mode. We highlight that identification techniques can be used to define each one of
these parameters. In our case, ko, = 0.0759, wy, = 1.004 - wo x and Q, = 23.4 - 10°, recalling
that wy,y is the resonance frequency of the drive mode!.

We also consider the ADC and DAC as part of the sense-mode model. As discussed in
Chapter 7, taking the effects of these converters (sampling and holding effects) into account
is crucial to provide guarantees of performance and stability of the closed-loop system. To
this purpose, we apply the same procedure of Chapter 7 (see (7.4), page 181) to G;, obtaining

IFor confidentiality reasons, in this chapter, the frequencies are normalized to wexc = wo .
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the equivalent discrete-time model

Gl(z) = (1 —z*1> z !El [Gf(s)” : (8.17)

S

In the architecture under study, all the digital elements work with the sampling period T,
which is synchronized with the excitation frequency (wey. = wpx) thanks to an external PLL
so that T; = 271/ (36wo ). This choice is justified by Remark 7.2 (page 188).

The Constrained Controller

The output signal u, of the controller of Figure 8.1 can be given in the z-domain as

B (a3 +a4)z— a3 B (a3 +as)z—az
uy(z) = <a2 +t (g —2)7+1 Yn(z) Ao ©-2)7+ 1Ol,lT(z), (8.18)

defining, in discrete time (DT),

dry _ [gd d _ (a3+ag)z—as  (a3tagz—a;
Kj(z) = [Ky,l(z) Ky,z(z)} = [a2+22+<g2_2>2+1 Y21 (g2t 1) (8.19)

Note that this controller is constrained. Indeed, it is of order 2, i.e.,, nx = 2. If any of the
weighting functions of the H, criterion has an order larger than zero, since G;i is also of order
2, the order of the generalized plant is larger than 2. Moreover, due to the predefined structure
of the controller, its poles and zeros cannot be placed arbitrarily. Indeed, this structure fixes
the z-domain poles p,; and p,» such that p,; - p,» = 1, constraining the set of implementable
controllers.

This controller can also be represented in the state space as in (8.2) with

1 1

0 0
Ax | B
K = |:C4K‘D7K:| — [ - 1—g2 1 —Elfb ] . (820)
K ag az+az|a 0

The Relay

As discussed in Section 8.1, we model the relay as an uncertain gain k; followed by the
quantization error Q. In particular, we consider kq = 1 for the controller design.

8.3.2 Defining the Generalized Plant P and the Subset

The next step is to define the generalized plant P and the subset K. To this purpose, we
isolate the unit delay blocks (z~1), which define the controller states, defining a discrete-time
augmented plant P9, as illustrated in Figure 8.4. The signals entering the matrix K define
the vector y = col (xg 1, Xk 2, yn, OUT) and the signals delivered by these parameters define
u = col (zxk 1, zxk2, Uy).
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FIGURE 8.4: EM-XA architecture with constrained controller in the general
control configuration for static output feedback.

Note that u = Ky with K given in (8.20). Therefore, we define, for this particular EM-XA
architecture, the subset K as

Jay € [ay, @], 303 € [as, @3], Fas € [ag, Ay],
. Jag, € [ﬂfb/ be] , 32 € {gfz g?} ,
K=<(¢(K 1 1 0 0 . (8.21)

K= —832 1—g2 1 —Llfb
ay a3—|—a4‘a2 0

The notations (-) and (-) indicate the lower and upper bounds of (-), respectively.

Finally, note that the generalized plant P9 is in discrete-time. Although it is possible to make
the design in discrete-time, for frequency-domain design methods (as the H« synthesis), it
is more convenient to use equivalent (pseudo) continuous-time models, see discussion in
Section 7.3 (page 181). The main reason is that in continuous time, conventional frequency-
domain techniques can be used. The equivalent continuous-time model (or its PCT model) is
obtained through the bilinear (or Tustin) transform of P9, as follows

D d
P(Sp) =P (Z) L Y Tstsp
_2/T575p

8.3.3 Weighting Functions and Controller Design

The weighting functions, thanks to (8.11) and (8.12), define upper bounds on T;_,; and,
therefore, are used to enforce the control objectives of Section 8.1. The controller constraints
are also taken into account. Hence, we design the continuous-time weighting functions
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such that the frequency constraints correspond to the upper bounds presented in Figure 8.5
and Figure 8.6. The latter one presents a zoom around wy (the resonance frequency of
the drive mode), which normalizes the frequency axis. The proposed method is applied,
obtaining closed-loop transfers whose frequency responses are identified as CL_new. For
the sake of comparison, we also present the frequency responses obtained with an set of
parameters currently used by the industrial partner, which are computed through a method
based on [EEE"11]. These transfers are identified as CL_old.

Please note that, globally, CL_old and CL_new have similar frequency responses around wyx
(normalized frequency equal to 1) and for higher frequencies. The main difference appears in
low frequencies. This behavior is justified by the choice of the weighting functions (upper
bounds), which, to ensure that the relay operates “linearly” (see constraint of (8.9)), enforce
the transfers to u,, (the relay input) to have low gains in low frequencies, reducing the offset
at the relay input. Moreover, we obtain || Tg,,,.,, e ||, < 1.3, ensuring good stability margins
against the uncertain gain k;. We also obtain ||S;||,, < 4.4, providing an adequate stability
margin with respect to the model uncertainties. Because of the controller constraints, this
value cannot be further reduced.

Note that the upper bound on |Tg,,,, .. | shapes the referred transfer such that the quantifi-
cation error on the signal OUT is minimized around wy . Also note that CL_new reduces
the effects of n, on OUT (equivalent to T;, ), specially in low frequency. Due to the
controller constraints (chosen architecture), the gains of the transfers Ty, —e.r Tdco,, s
Ty, e, and Ty, -y, cannot be minimized around wy,x. Even though, the proposed approach
allows enhancing the global behavior of the closed-loop system (reducing the magnitude of
the closed-loop transfers, at least where the structural constraints allows so).

8.4 Implementation Results

In this section, we present the practical results obtained with the proposed approach in the
Tronics” dedicated platform, always comparing with the performance obtained with the
parameters denoted CL_old. Two types of test are realized. First, we evaluate the behavior
of the MEMS gyroscope at rest with the parameters CL_new. The objective of this test is to
check if the system behaves as expected with the new parameters.

Having validated the design approach, the same procedure is used to compute a set of
parameters CL_new for other five gyroscopes. Then, a full battery of tests is realized on a
rotating table in a temperature-controlled chamber. These tests allow to characterize the
main performance indicators of these gyroscopes with the parameters CL_old and with
the parameters CL_new (applied to the same gyroscope). The performance indicators here
evaluated are the scale-factor nonlinearity (SFNL), the RMS noise, the angle random walk
(ARW), bias instability (BI), the scale factor over temperature (SFOT) and the bias over
temperature (BOT). The definition of these indicators is given in Section 2.1.6 (page 36).

8.4.1 Measures at Rest

First, we measure the signal OUT with the two different sets of parameters (CL_old and
CL_new) with the gyroscope at rest and with the drive mode normally operating. The results
are presented in Figure 8.7. Please note that with CL_old, the relay output seems to be
saturated. Then, the quasi-linear model of the relay cannot be considered for this set of
parameters. Indeed, when the output stays at 1, the closed-loop system behaves as if it was
in open-loop operation. On the other hand, with CL_new, the signal OUT is more balanced
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TABLE 8.1: Results for a set of six gyroscopes.

Parameter SFNL | RMS noise | ARW | BI | SFOT | BOT
(ppm) | (/s) [ C/Vh) | C/h) | () | (/s)

CL_old 259 0.035 0.148 | 0.317 | 0.032 | 0.013
CL_new 150 0.020 0.097 | 0.302 | 0.029 | 0.010
Improvement | 32% 43% 34% 5% 10% | 22%

(with an average close to zero). This improvement is achieved through the attenuation of the
offset (or low-frequency) signals on u,,.

When comparing the PSD of OUT for the two sets of parameters — see Figures 8.8 and 8.9 —, we
can note a substantial reduction of the low-frequency components (up to 70 dB attenuation).
The noise level is also reduced in almost all the frequency range, especially around w . The
peak that appears at w = 1 corresponds to the coupling force, which transfers part of the
oscillations from the drive mode to the sense one (parasitic mechanical coupling).

8.4.2 Global Performance Indicators

The same design approach is applied to six different gyroscopes of the same family. These
gyroscopes are then placed on a rotating table in a temperature-controlled chamber to perform
some characterization tests. These tests consist in varying the temperature from —40 °C up to
85 °C. For each temperature, the scale factor and the bias are measured. Thus, SFOT and BOT
can be computed. The SFNL, the RMS noise and the Allan variance, which defines the ARW
and the BI, are measured at room temperature.

The average results are presented in Table 8.1, where we can observe a significant improve-
ment of more than 30% on the SFNL, the RMS noise, and the ARW. These parameters are
mainly linked to the linear behavior of the sensor (SFNL) and the noise on the signal OUT.
As discussed earlier, these aspects are greatly enhanced with CL_new. Moreover, although
the (more) modest performance improvement on the SFOT and BOT, our approach demon-
strates to be as robust as the established one for temperature changes. Regarding the BI, the
performance of both approaches are similar.

8.5 Summary

In this chapter, a new method for designing the electronic filter of an EM-X.A feedback was
presented. This approach is based on the H., synthesis. The choice of an adequate H
criterion is one of the crucial points of the H., synthesis. Then, we propose an Ho, criterion
that is suited for any EM-XA architecture, regardless of the controller structure. The main
strength of this method is that the desired specifications are expressed through the weighting
functions, which can be adapted by the designer. Another crucial point is the computation of
the controller. Here, two cases arise: the unconstrained and the constrained cases. We focus
on the latter one, which represents most of the controllers in EM-XA feedbacks.

To illustrate the use of our method, we consider a given EM-XA architecture. A new electronic
filter is designed and compared to an established one for the same gyroscope. The flexibility
of our method allows us to better manage the nonlinearities of the relay, despite the controller
constraints, reflecting in a consistent improvement of the global performance of a set of
gyroscopes.
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Chapter 9

Conclusions and Perspectives

In this document, we have developed systematic and flexible methods for the design of
controller(s) for MEMS gyroscopes under different (linear) architectures. The main obtained
results and contributions are summarized in the sequel, answering to most of the research
questions of Section 2.4 (page 53). All the questions could not find a complete answer, and
new interesting questions arised. Therefore, indications of future works are given in the
second part of this final chapter.

9.1 Summary of Results and Contributions

The first step to design a control system is to specify the desired closed-loop specifications.
For the case of the MEMS gyroscopes, defining these specifications is not trivial. Indeed, the
performance indicators of the device are based on the quality of the angular rate measure
and are not directly related to the behavior of the closed loop, which is only a constituting
part of the device. To cope with this issue, we proposed an LTI input-output framework
that allowed us to express the key performance indicators as frequency constraints on the
closed-loop transfers. This contribution is presented in Chapter 3, answers to the research
question (Q1) and is used to determine the closed-loop specifications for the design of MEMS
gyroscope controllers.

Two main families of control architectures were considered in this thesis: those based on the
complex envelope of the oscillating signals, called the envelope-based control architectures;
and those based on the oscillating signals themselves, called the direct control architectures.
The foremost advantage of the former one is that the complex envelope of oscillating signals
is constant in steady state, allowing the use of simple Pl-like controllers to regulate the
amplitude and phase of the oscillating signals. Thanks to its simplicity, this solution has been
widely used in the industry. The main drawback is that nonlinear elements are introduced
in the closed-loop system, the different couplings (mechanical couplings between the drive
and sense modes, and coupling between the amplitude and phase loops or in-phase and
in-quadrature loops) and dependence on the environmental conditions are not considered.
Then, guarantees of stability and performance cannot be given a priori. On the other side,
with direct control architectures these aspects can be considered and formal guarantees of
stability and performance can be provided a priori. Here, the main challenges are: to provide
a systematic, flexible and accessible design method; and to demonstrate the implementability
of the solution.

The design of a direct controller was split into two parts. In Chapter 4, we considered the
case where the drive-mode resonance frequency wy, was constant over time and known,
corresponding to the research question (Q2). In this case, the standard H., synthesis was
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applied and different strategies with different complexities were considered (with one or
two degrees of freedom, SISO, MIMO and MIMO with explicit estimation of the Coriolis
force). The simulation results validated the proposed method. The systematicness, flexibility
and accessibility of the design method are provided by the H synthesis and the use of
the weighting functions. Indeed, after an H, criterion is defined, engineers with basic
knowledge on classical control design methods can make adjustments on the weighting
functions, adapting the Ho, criterion to new specifications or (slightly) different models.

In practice, however, wy varies (mainly due to temperature variations) and an external
mechanism (see [Mor21]) is required to keep track of wp . The same mechanism generates
the excitation wey., which is equal to the estimate of wy . In this case, instead of tracking a
sinusoidal reference signal, the control objective is to track a signal of the type

t
K (1) = AL sin (Gexc(£))  with  exc(t) = /O Were (T)dT + 9L, 9.1)

where cpgxc € R and w,x(t) ranges arbitrarily in the interval [weyc 1, Wexc2]. In Chapter 5, we
revealed that this new control objective can be expressed through a weighted £, criterion

f

with a new class of LPV weighting functions, precisely describing x,, with a time-varying
excitation frequency. Therefore, standard LPV design methods were used to compute a
controller whose gains depend on wey, achieving the required control objective with guaran-
teed performance (e.g., yp-tracking), providing an answer to (Q3). Numerical simulations
confirmed these results.

In Chapter 6, we established a framework for the analysis of envelope-based control archi-
tectures and for the design of suited controllers, giving a response to the research question
(Q4). This framework relies on the so-called dynamic phasor modeling, which allows to
exactly describe the dynamic behavior of the complex envelopes of the oscillating signals.
Moreover, this framework allowed us to establish links between direct control architectures
and envelope-based one, revealing that the performance achieved with both approaches
are equivalent if the complex envelopes can be ideally measured. In practice, however, the
complex envelopes are measured through the synchronous demodulation. Then, the ideality
assumption does not hold and the performance of the direct control approaches happens to
be superior. Nevertheless, if the use of envelope-based architectures is required (because of
implementation constraints, for instance), we model the nonidealities of the synchronous
demodulation, such that we can design a controller that ensures, at least, the robust stability
of the closed-loop system.

The last part of the thesis was devoted to the digital implementation of the controllers. First,
we considered the implementation of a digital controller in a flexible platform. Because of
the better performance obtained with direct control architectures, we opted to implement
this architecture in the flexible platform. Then, in Chapter 7, we discussed how to adapt
the design method of Chapter 4 for the digital implementation of the controller, answering
to (Q5). We also proposed an extension of the Ho, synthesis for the particular case where
wo,x and wexe change very slowly in time. In this case, we took advantage of the particular
structure of the system, such that the design of a parameter-dependent controller can be
recast as a simple LTI control problem. This result, presented in Section 7.4, provides a simple
parametrization of the controller. The practical results with a real prototype demonstrated
the implementability of the direct control architectures. However, the high sensitivity of
the MEMS gyroscope to temperature variations points to the necessity of a (more accurate)
nonlinear modeling and the introduction of an external mechanism for the tracking of the
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drive-mode resonance frequency.

Finally, we also considered the particular EM-XA architecture of the Tronics” platform, propos-
ing a new design method for the controller design. Also based on the H., synthesis, the
proposed method provides systematicness, flexibility and accessibility, giving an answer
to (Q6). Moreover, the practical results showed an improvement of up to 40% of some key
performance indicators. The proposed solution was embedded in a software and integrates
nowadays the production line of the industrial partner.

9.2 Future Works

During this thesis, several interesting questions arose and can lead to future works. Let us
classify them as immediate or short-term perspectives, and as medium to long-term ones.

9.2.1 Immediate or Short-Term Perspectives

Here, we can consider the immediate extensions of the presented results and implementation
of the other control strategies, as follows.

Integration of the direct control architecture with a resonance-frequency tracking mecha-
nism As widely discussed throughout this document, the direct control architecture re-
quires an additional mechanism to keep track of the drive-mode resonance frequency [Mor21],
providing then a complete solution for the control of MEMS gyroscopes. It is important to
keep in mind that the implementation of this mechanism and the update of the controller
in real time will require more computing power from the processor. Then, it is important
to optimize the implementation code (by code optimization and model reduction of the
dynamic systems) so that the controllers and the resonance-frequency tracking mechanism
can run in real time.

Implementation of the envelope-based control architectures We have chosen to imple-
ment the direct control architecture in Chapter 7. However, the same platform allows the
implementation of envelope-based control architectures. In this context, the controller can
operate with a much smaller sampling frequency, which demands much less computing
power. The integration with the resonance-frequency tracking mechanism may be easier
under this configuration.

Use of the new class of LPV weighting functions in other applications The solution
proposed in Chapter 5 is motivated by the MEMS gyroscope application, but can easily find
applications in other domains. For instance, the potential is very interesting in the control
of power converters connected to the grid, whose frequency varies around 50 Hz (or other
values).

‘Ho synthesis for the EM-XA feedback of MEMS accelerometers The EM-XA feedback
architecture is also widely used for the control of MEMS accelerometers, where, instead
of compensating for sinusoidal signals, the control objective is to compensate for constant
(or low-frequency) signals: the linear acceleration of the device. Therefore, thanks to the
flexibility provided by the H synthesis, the solution of Chapter 8 also applies to MEMS
accelerometers, constituting a unified approach for the design of EM-XA architectures.
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Dynamic-phasor modeling of the AGC+PLL control architecture In Chapter 2, we pre-
sented the AGC+PLL control architecture, which is widely used in the industry. One of the
issues of this architecture is that the couplings between the amplitude and phase/frequency
are not taken into account. The dynamic-phasor modeling proposed in Chapter 6 allows to
precisely model the nonlinear to-be-controlled plant under this configuration, including the
couplings between amplitude and phase/frequency. Since this model is supposed to be more
accurate, the performance of the closed-loop system can be improved.

9.2.2 Medium to Long-Term Perspectives

Other interesting perspectives can be envisaged for the medium to long term, opening the
doors for new challenges from the Control Theory as well as from the MEMS gyroscope point
of view.

Less conservative control design for phasor control with nonideal s2c In Section 6.5, we
propose a solution for the design of a phasor control that ensures a priori the stability of the
closed-loop system against the nonidealities of the s2c. In particular, to ensure the stability
against the time-varying matrix A (¢p;(t)), we considered the small gain theorem, which
is a very conservative solution. The same time-varying matrix could be more precisely
represented through weighting functions obtained by adequate multipliers, as the ones
proposed in [ACSKS19] or [AC21], providing a less conservative solution.

Extension of the dynamic phasor framework for nonlinear systems In Chapter 6, we
proposed a framework for the modeling and design of systems based on the so-called
dynamic phasor. We focused on the linear systems (LTI or LPV). However, we can imagine
to extend this results to a nonlinear framework.

LPV weighting functions for a wider class of signals At the end of Section 5.2.2, we
pointed to the possibility of extending the LPV weighting functions to a wider class of signals:
“periodic” signals that can be decomposed as a finite sum of “frequency-varying” sinusoidal
signals.

Use of nonlinear control architectures for MEMS gyroscopes In this work, we rather
focused on linear control techniques. However, the use of nonlinear elements can provide
some features that linear elements cannot. For instance, the self-oscillating AGC as well as the
AGC+PLL control architectures allow to track the drive-mode resonance frequency. This is not
possible with purely linear control architectures. The problem is that, in general, it is difficult
to provide guarantees of performance for a nonlinear closed-loop system. Nevertheless, some
recent works have been tackling this problem through the notion of incremental £, gain, see,
for instance, [Hil13, SFH15, Wail8].

More accurate (nonlinear) model of the MEMS gyroscope Throughout this thesis, we
consider that the mechanical part of the MEMS gyroscope with actuation and instrumentation
circuits is modeled as a linear dynamic system. However, it is known that MEMS gyrosocopes
present plenty of nonlinear elements (nonlinear springs, nonlinear capacitances for actuation,
nonlinear capacitances for detection/instrumentation, etc.) [Youll]. Even if these nonlinear
behaviors are rather weak, the specifications of high-performance may require these nonlinear
effects to be precisely modeled.
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Appendix A

Appendix of Chapter 2

A.1 Frequency-Domain Analysis of the Synchronous Demodula-
tions

Here, in complement to the description of the synchronous demodulation given in Sec-
tion 2.1.4, we make an analysis of the synchronous demodulation in the frequency domain.
We recall its block diagram in Figure A.1.

2cos (Wexct) s1 S1f

FLP—>

—2sin (wexct) Sy SQf

PLP—>

FIGURE A.1: Block diagram of the synchronous demodulator.
We consider the signal s, (t) € R of the form
Sm(t) = s1(t) cos(wexct) — sg(t) sin(wWexct) (A1)

with s;(t) € Rand sg(t) € R. With weye constant, we can analyze the spectrum of the signals
in each stage of the synchronous demodulator. Let the spectrum of s; and sg be given by
F[s1] and F[sq]. For the sake of illustration, we consider the spectra presented in Figure A.2.
Moreover, s; and sq are assumed to be bounded in frequency, that is, there exists a frequency
Wpmax such that

Vw| = Wnax, | Flsi](jw)| =0 and [ Flsg(jw)| = 0.

| Fls1](jw)] | Flsql(jew)

T T >
—Wmax Wmax —Wmax Wmax

FIGURE A.2: Spectrum of the signals s; and s.
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| Flsm] ()]

w

>

1 T >

—Wexc — Wmax —Wexe —Wexc + Wiax Wexe — Wmax Wexe Wexe + Winax

FIGURE A.3: Spectrum of the signals s; and s.

Based on (A.1), the spectrum of s, is given by

Flsm|(jw) = Flsi(e)cos(wexce®) —sg(e)sin(wexce)](jw)
Flsm|(jw) = Flsi(e)cos(wexce)|(jw) — Flsg(e)sin(wexce)|(jw)
Flsml(jw) = % (]:[SI](]‘U — jWexc) + Fsi](jw + jwexc)))

+5 (Flsol(jw — jwexe) — Flsql(jw + jwexc)),

as illustrated in Figure A.3.

The spectra of signals s; and s; are then given by

Fls1l(jw) = Flsi(e) (14 cos(2wexc®)) —so(e) sin(2wexce)] (jw)

Fls1](jw) = Flsil(jw) + Flsi](jw + 2jwexe) + Fls1](jw — 2jwexc)
+7 (Flsq](jw + 2jwexc) — Flsol(jw — 2jwexc))

Fls2](jw) = F[—si(e)sin(2wexce) + sg(e) (1 — cos(2wexce))] (jw)

Flsal(jw) = Flsgl(jw) = Fls2](jw + 2jwexe) = Flsql(jw = 2jewexc)
—j (Fls1](jew + 2jwexe) = Flsi](jw = 2jwexc))

and illustrated in Figure A.4. Thus, it is clear that, if wyax < Wexe, by filtering the high-
frequency components out through ideal low-pass filters F;p with cutoff frequency equal
to Wexe, Flsif] = Flsi] and Flsgf] = Flsgl. If the condition wyax < wexc does not hold,
then there is an overlap of the high and low-frequency terms, and F[s;f] # F[s;] and
Flsas] # Flsgl

| F [s1](jew)|
jL “
—2Wexe — Winax —2Wexc . Wiax — 2Weye — Wiax  2Wexe  2Wexe + Wiy
|Fls2] (jew)]
‘ w
—2Wexe — Winax —2Wexc Wmax  2Wexe — Winax  2Wexe  2Wexe + Winax

FIGURE A.4: Spectrum of the signals s; and s,.

A.2 On the Mechanical Model of the MEMS Gyroscope with En-
dogenous Forces

When the Coriolis and coupling forces are properly considered as endogenous signals, the
mechanical part of the MEMS gyroscope (see (2.34)) is modeled as the linear time-varying
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system (LTV) G™echO= which reads as

—— [Zgg] - [—mo_lk —m™! (d - éCor (Qz(t))>] [38;] * [ﬂ F() (A.2)
0 = 0 alf]

with g = col (x, y), F = col (Fy, F,), m = diag (m, m), d = {d” dxy], kK = [k“ xy] and

dyx  dyy
0 Zm]

GCor (Qz(t)) = Qz(t) [—Zm 0

If we want to include the actuation and instrumentation gains, we have

o o) - [—nf)lk —m! (d—clfcmnz(t)))] ) * i 1@ a3
i - e o]

with g, = col (X, Ym), 4 = col (ux, uy), and the actuation and instrumentation gains,
respectively k;, = diag (kin,x, kiny) and kour = diag (kout,x, kouty)-

Finally, G can be rewritten as the interconnection of the LTI system G

[38} B [—rr?‘lk —rnI—ld] [28] + |:k(i)n:| (u(t) + ucor(t))

G: (A.4)
_ q(t)
o = o o[
with uce, (£) = Ceor (Qz(t)) gm(t) and Ceor (Q2(t)) = kfnlécgr (Q:(t)) k,,}, which reads as
0 1
CCor (Qz(f)) = zsz(t) [ 1 kin,xgouhy] . (AS)
Kin,ykoutx
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Appendix of Chapter 3

B.1 Noiseless Analysis

Here, we consider only the contributions of i dcor,x and dc,y,y, on the output signals of
interest Xy, Y and ticoy

Ym(jw) (jw) Tdcmﬁym (jw) TdCO,,yAym (jew) dcorx(j)

x;ff‘)ym
uCOV,y (]CU) (](,U) TdCor/x ‘Hl\Cor,y (](JJ) TdCar/y ‘Hl\Cur,y (]w) dcor’y (]CU)

! o (]CU) ] Tx::;f*}xm (]w) Tdc"y/"%x’” (]CU) TdCor/yﬁxm <]w) |: x;‘;’f (]CU) :|
(B.1)

T ref

Xy —>UCory

B.1.1 Input Signals
f

The reference signal X! is given by (see (3.5))
ref _gref .
Xy (£) = Ay sin (Wexct) , (B.2)

or, in the frequency domain?,

ref , . .are '+.exc_5'_.exc
¥ (jew) = AT (jw + jWexc) — 6(jw — jwexc) (B3)

x,m >

with J being the Dirac delta function.

In its turn, the signal dc,, x, disturbing the drive mode, is given by (see (3.9))

dCor,x(t) = kuxAy,sz(t) cos (wexct) ’ (B4)

IWe recall that 2 cos (Wexct) = efWesct 4 p=jWerct and the Fourier transform of e/%exc! is given by

F [e4eet] (jwo) = 276 (jo  jevexe).
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where A, € [O, éyA;%] and k,, = % In the frequency domain, it can be rewritten as?
. O(® — jwexe) + (0 + jw .
dCor,x(]W) = kuxAy,m . Qz(.) * < ( ] exc) 5 ( ] exc)) (]w), (B.5)

where * denotes the convolution product. Then, by developing the previous expression, we
obtain

O (i — i Q.(i )
dcorx(jw) = kuxAy,m < 2(Jw — jWexc) ‘; 2 (jw +]wexc)) ' (B.6)
Finally, the signal d¢,,, acting on the sense mode, is given by (see (3.10))
kspA
dCory( ) Sj:;eg/lm Qz(t) CcoSs (C()gxct) ’ (B.7)
ef
where Ay, € [(1 —€y) Aff,{n, (1+¢y) Af{n} and kgr = %ﬁ‘”y"“ In the frequency domain,
(B.7) is written as
. kspA O(® — jwexe) + (0 + jw ,
dCor/y(]w) — SFre;,m . Qz(.) % < ( J EJCC) 5 ( J EXC)> (]C(J) (BS)
Ax,m
Hence, we obtain
A O (ico — i (i .
dCor,y(jw) _ kspAxm z(]w ]wexc) + z(]aJ —i—]ngc) . (B.9)
AL 2

B.1.2 Output Signals

We can now determine the output signals of interest. From (B.1) and the expression of the
input signals,

() = ATh T (juo) (et 2l siete)
QZ i —j exc QZ j j exc
)( (jo—jw ); (jotjw )) (B.10)

‘|’kuxAy,m : Tde,xaxm (]w

k A,/ T . le) ( iw ) (‘w i )
% ’ dCony Xm (]w) ( = Ko 2 =/ o
xX,m

or, equivalently,

Xm (]CU) = _A;e{n% <T rEf (](,()exc )

e Aym TdCO,ﬁxm jw) (QZ 0= ese )10 (f“’ﬂ“’“c)) (B.11)

kspAsy, Q; (jw—jwe )+Q (jw+jwexe)
+ ;re} = Tdcuw—mm (](U) < s ] ] = L ] =
x,m

2Recalling that for two given signals g; and g,

Flgr 2] () = 5= F [s1] « F [ga] ()
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The signal v, is given, in the frequency domain, by

ym(jw) = (Tx;ffaym (jew) - xﬁf(jw) + Tdca,,x—wm (jw) - dcorx(jw) + Tdct,,,y—n " (jw) 'dCor,y(jw)>

(B.12)
By replacing the input signal expressions into the above equation, we obtain
. N . O(jw + jwexe) — O(jw — jwWexc
. O, (jw — jwexc) + Oz (jw + jw
Fhux Aym - Tay, -y, (j00) (e = juoexe) > =(je0 F jerc) (B.13)
kS Ax,m . Qz W — 'wexc + Qz W + .wexc)
+ j;ref .TdCor/y‘}ym (jw) ( (j J ) . (j ) >
x,m
Similarly, the signal iic,,, is given by
—~ . . 7 . 5 'w + 'Cng - (5 'w - 'CUe_x
Ucory(jw) = ]Ax% ’ Txff;f—ﬁct;r,y (jew) < ! == 2 i fe
Qe (jw — jWexe) + O (jw + jWexc
+kuxAy,m . TdCor,xﬁﬁCor,y (]w) <] ] ) 5 (] ] ) (B14)
kSFAx,m . Qz(]w - jwexc) + Qz (]w + jwexc)
+ ref ’ dCur,y%ﬁCor,y (] ) 2 :
B.1.3 Applying the Synchronous Demodulation
To obtain sj¢, the synchronous demodulation is applied to #c,y,y, i.e.,
Slf(jw) = Fp(jw) - (LA‘Cor,y(’) * (0(® — jwexc) +0(e +jweXC))) (jw) (B.15)
Slf(jw) = FLP(jw) (il\Cor,y(]'w - jwexc) + LAlCor,y(jw ‘|’jwexc)) . (B.16)

Fls1] (jew)
Now, we replace the expression of iic,, (see (B.14)) into the above equation, obtaining
2si(jw) = Fup(jeo) (jAYR - Tz (0 = jese) (8(je0) = 8(jew = 2jcoesc))
FiAG T g (0 + jexe) (0(je + 2jewere) — 8(je))
+kuxAyrm ’ TdCar/x‘)ﬁCov,y (]C(J o jwexc) <QZ (]CU - Zj(UL’XC) + QZ (]CU))
+ kur A Taosiicary (0 + j@Wese) (Qz(jw) + Qe (j + 2jewere))  (B17)

+ksiﬁf’m Ty y—sitcory (JW0 — jWexc) (Qz(jw — 2jwexe) + Qz(jw))

x,m

kSFAx,m

+ Amf ’ TdCor,y_)i‘\Cor,y (]w + jwexc) (QZ (](U) + QZ (]w + zjwexc) )) .
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Since Fp eliminates the high-frequency terms of s; (by Assumption 3.1, F[s;s](jw) = 0 for
|w| > Wexc) and, by Assumption 3.2, the bandwidth of (), is smaller than wey., we obtain

ZSIf(jw) = ]Aref <T ref (] _jwexc) =T N (]CU ‘I‘]wexc)) (]w)

“Cory MCWV

+kuxAy,m (Tdc"'”‘_mcwry (]w ]wexc) + TdCor x—lcory ](U + ]wexc )

+kSF?{: - (Tdm,yaﬁa,,,y (jw — jwexe) + TdCD,,y%ﬁCU,,y (jw + ]wexC)) 0, (]w).
Please note that the signal s;¢ can be slit into two terms: B9
sif(jw) = S%f(jw) + S(I)f(jw)r (B.19)
where
S%f(jw) = (W (Tdcwaﬁcar,y (jw = jwexe) + Tdcm,,xﬁﬁcm (jw + jweXC)>
+% (TdCO,,yaﬁcO,,y (jw — jwexc) + TdCOW%qu (jw +]wexc))> O (jw)
" (B.20)
0 .\ iATh . .
sipljw) = = (Tx;gf%w(fw ~Jwere) = Ty o (e +Jwexc)> 6(jw) (B.21)
Aref
S(I)f(jw) = % <Tx:,5f_>ﬁmy (jwexc) =T ref_)ucmj< jwexc)> S(jw) (B.22)
Op(jw) = Akh - S (Tx;;fﬂm (jwexc)> 8(jw). (B.23)
Finally, we can rewrite (B.20) as
SIf(]w) = ksr - Hoyro (jw )z (jw),
defining
Hanolj0) = S50 (T o0 o) + Ty 0 )
2 (Ta ey (60— o) 4 T s G0 )

For the sake of completion, we can also compute the quadrature term s through the same
procedure. To obtain sgf, the synchronous demodulation is applied to ﬁcor,y, ie.,

SQf(jw) = jFrp(jw) - (ﬁCor,y(°> * (0(® — jwexc) —O(o +jwex6))) (jw) (B.25)

sof(jw) = jFrp(jw) (licory (jw — jwexe) — ticory (jw + jWexc)) - (B.26)

Flsa](jew)
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Then, we replace iic,, (see (B.14)) into the above equation, obtaining

ZSQf(j“J) = Frp(jw) (_A;e{; T - (jw— jWexe) (6(jw) = 0(jw — 2jewexc))

X —>uC0r,y
+A§cg,£1 : Tx;gfﬁ,;my(]'w + jWexe) (0(jw + 2jevexc) — 6(jw))
‘|’jkuxAy,m : Tdc(,,,x—>ﬁco,,y (jw = jwexe) (O (jw — 2jwexc) + Qz (jw))
—]J kuxAx,m : TdCD,,x%ﬁcor,y (]w +jwexc) (Qz<]w) + QZ (]w + 2jwexc))

R Ty, (0 = jwexe) (Q(j — 2jwexe) + Qiz(jw))

(B.27)

=] A Taco,y—icory (jw + jWexe) (Qz(jw) + Qz(jw + 2jWEXC))> .
Since Fyp eliminates the high-frequency terms (Jw| > wexc) of sp, we obtain

25qf(jw) = _Agce,{n ' (T rf o (jwexe) + Tx’mefaﬁCD,,y(_jw"’xc)) S(jw)

Xy —>UCor,y

+jkuxAy,m : (TdCoy,xﬁﬁCar,y (]w - jwexc) - Tdco,,xﬁﬁCU,,y (]w +jwexc)) Q. (](U)

kspAxm . . . . .
+J 52?{” : (Tdcn,,,y%ﬁcgw (jw — jwexc) — TdCO,,yeﬁCO,,y (jw +]wexc)) Q. (jw).
(B.28)
sof(jw) = A% R(Tyr o (jwex) ) 6(je)

Ky Aym . . . . .
+] 2 = TdCar,xﬁﬁCor,y (](U - ]wexc) - TdCar/x‘)ﬁCoy,y (]CU + ]ngc) QZ (](U)

kspArm . . . ) )
+j ;fﬁgf’ N Tory—iicon, T — j@Wexe) = Tieyy iy, (JW + jwexc) | Qz(jw).
' (B.29)
For the particular case where Q) (t) = QF, sg¢ is a constant given by
SQf = —A;e,{n . §R (Tx::f—)ﬁoyry(jwexc))
+kuxAy,m -3 (TdCU,,xaﬁCm/y (jwexc>) ng (B.30)
kspAxm . )
+ 5;:5,{;1' . % (TdCor,y%ﬁCOr,y (](,L)gxc)> QZ .
B.14 Compensating for the Scale Factor and Bias
We now apply the compensation function feomp of (2.44) to (B.19), obtaining
O (jw) = Oz (jew) + O (jw) (B.31)

with QL (jw) = ks /ks - Hgyro (jw) Q) (jw) and Q2 (jw) = ezrod(jw). In this case, the error
on the scale factor, esr, is given by

k
esr = ~& - Hgyro(0) — 1 (B.32)
ksr

and the residual bias error, ezr0, is given by

A%ﬁ (T ref y(jwexc)> —kzro

X _HlCor,

&l (B.33)
ksp

€ZRO =
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With the particular case of w = 0, we obtain the static gain of Hg,,, (see (B.24)), which is
given by

kux A m . .
Hgyro <O) = ZkSIy: <TdCor,x_>ﬁCnr,y (_]wexc> + TdCar,x _)i‘\Cvr,y (]wexc))
o ‘ _ (B.34)
+ ZA;L){,, (TdCor,y%ﬁCur,y (_]wexc) + TdCar,y%ﬁCor,y (]wexc))
kux Ay, . Ay, .
Hgyro (0) = MJ;CSFy m R (Tanr,x%ﬁCor,y (]Wexc)> + ﬁ% (TdCor,y—)ﬁCor,y (]ngc)> . (B35)
x,m
B.1.5 Analysis of the SEFNL
The SFNL is defined as
SENL 2 7‘ 0:— 0. B.36
B Qze[%aﬁ)s(, 0fs] Of* ' (B3

By replacing Q, by kSFHgym(O)QZ /%SF (see (B.31) with ezgpo = 0), we obtain

) . (B.37)

Since the scale factor error e5r is defined as kspHg”gw (see (B.32)) and ||/ QL5 < 1, we
SF

can compute an upper bound on the SFNL, as follows:

o7

kSFHgyro (O) - 7<\SF
Qrs %

ksr

SFNL = max
0.€[-0f%,0f5]

SFNL < max (lesel) - (B.38)
0.€[-0f%,0ff]

To compute this upper bound, let us consider ksp = ksr and develop the expression of the
scale factor relative error esr (see (B.32) and (B.35)). Then, we obtain

kuxA A
ym , ’ s
85[—‘ = k §R (TdCOr,x%ﬁCor,y (]wexc)) + %% (TdCOV,yHﬁCDr,l/ (]wexc)) - 1 (B39)
SF Ax,m !
We define Eest é dCor,y N ﬁcor'y. Then/ Since TdC”’ryﬁge“ = 1 - TdCor/}/Hi‘\Cor,y and TdCDr,x%gest =
—TdConx_}ng,y, we can rewrite £gr as
—kuxA A A
y,m : , : ,
ESF = T% (TdCur,x_>€est (]CUEXC>) - fejc/l §R (Tdcmly—)&st (]wexc)) - 1 + fe? . (B40)
X,m xX,m

Finally, if the objectives of reference tracking (¥, < 1 = Aym ~ A;‘f{;), disturbance
rejection ((, < 1 — Ay, < 1)and ‘Tdc“x%ggst(jwexc)‘ < 1 are achieved, we can
approximate the absolute value of esr as

Ax,m
Al

lesr| ~ (B.41)

R (TdCUWﬁeest (ngxc)) +1-—
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and define the upper bound

|85F| < Tdcl,,,yaggst(].wexc) + &y. (B.42)

B.1.6 Analysis of the Bandwidth
The bandwidth is defined as the frequency wg such that

Hgyro(jw) \/E

with Hgyyo given in (B.24). Then, we replace, in Heyro, Tic,, ity BY —~Ticyusee and
TdCUY,y%ﬁCor,y by 1 - Tdco,,/yﬁg[,st; Obtalnlng

. —Kux Aym . . . .
Hgyro (]w) = stpy (TdCOV,x —>Eest (]w - ]wexc) + TdCor,xﬁsest (]w + ]wexc)) (B 44)
+ 21::{7,:} 2- TdCor,y_>£est (](A) - jwexc) - TdCor,y —>Eest (]CL) + jwexc)) . '

Now, if we have a good disturbance rejection (i.e., A, — 0) and }Tde,X_mest ( ]w)‘ < 1, we
can approximate Hgyy as

Ax,m

2AY,

Hgyro(jw) = (2 = Tacyy—eest (jw = jWexc) — Tacory—ees (jw +] wex6)> . (B.45)

Hence, the term on the left-hand side of (B.43) can be given by

1 M o 2= Tac,, —eest (jw = jwexe) — Tac,,, e (jw + jwexc) (B.46)
Hgyi‘()(O) 2 - 23% (TdCOr,yﬁet’Sf (jCUexc))

Since R (Tdmw%% ( jwexc)> < ‘Td@w%w (jwexe)| < (1 — Aspnr )ksenr < 1, the denominator

of the right-hand term is equivalent to 2 and we can approximate

1_ Hgyro(jw) N ‘ B 2-— Tdcm,y—west (jw — jwexc) — TdCor,y_>€est (jw + jwexc) (B.A7)
H,,,(0) 2 '
gyro

and define an upper bound,

vw E R 1 - Hgyro (]CU) Tdcor#*}sey (]w B jwexc) TdCor,yﬁsest (](U + jCUEJCC)
Hgyro (0) o 2 2
Then, given wd® € R, if
V|w| < wges, Tdc‘”rv—wfﬁt (iw - jwexc) Tchr,y—>€est (éw + jwexc) <1— \éi, (B.48)
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the condition (B.43) holds with wg > wges. Now, we consider the contributions of the two
terms of the left-hand side to be equal, such that the

des ﬁ ﬁ

V|w| < wg®, Tdcm,yﬁsest (jw — jwexe)| < 1— 5 and Tdcc,,,y%sgst (jw +jwexc)‘ <1-— Tl
(B.49)
implies (B.48) and also (B.43).

Finally, (B.49) can be rewritten as

des 2— \/i

V|(U| - [wexc - W]%lesr Wexc + wB ]/ TdCor,yg)aest (]CU) < 2

~02929,,  (B.50)

defining a condition that implies a bandwidth wg larger than a given wge.

B.2 Analysis with Respect to Noise

Since e, and e, are assumed to be uncorrelated and with PSD equal to 1 (see Assumption 3.3,
page 58), we can write the power spectral density of iic,,,, as

2
T, e, (0)] (B.51)

2
S- ‘ .

UCor,y ((,(J) = Tex%ﬁCar,y (](,U) +

If the controller is such that the specification (54) (page 61) is verified, the iic,, , is a band-pass
signal centered at wey, and of bandwidth smaller than 2w,,.. Hence, after the synchronous
demodulation, we obtain [Lat98, Sec. 11.5]

Sopp (@) = [FLp(je0) (Sacy (@ + @exe) + Sy (@ = @erc) ), (B.52)

which, considering Frp as an ideal low-pass filter with cutoff frequency w. = wex, is equiva-
lent to

SﬁCUW (w + wexc) + S, (w - wexc)/ v|w| < Wexc

— UCor,)
Sslf (w) = { 0, ' otherwise. (B.53)
We can now apply the compensation function fcomp (With kzro = kzro), which gives
Q:(t) = Slf(t)/ic\SF- (B.54)
Finally, the PSD of Q. is given by
S, (w
Sa, (w) = o) (B.55)

with s, (w) given in (B.53).
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Appendix of Chapter 4

C.1 Families of Weighting Functions

C.1.1 Amplification Weighting Function

This type of weighting function amplifies the signal around the frequency wy and is defined
as
A §% + &S + WiinWinax

52 + &/ Wiax + 8 + WiinWinax

Wamp (Wmux/ Ww/ Wmins Wmax, 5) (Cl)
with

&= (wmux - wmin)wmax

where the parameters are represented in Figure C.1 et wy = \/WpinWmax [SF09]. Gains must
be given in absolute value, not in decibel.

T T T T T

=
5

Magnitude (in dB)
5

0
Wrin - W0 Wmax
Frequency (in rad/s)
FIGURE C.1: Magnitude frequency response of

Wamp (Wmax/ W, Wimin, Winax, 5)-

C.1.2 Attenuation Weighting Function

This type of weighting function attenuates the signal around the frequency wy and is defined

as

s? + ﬁWminS + WininWinax
s+ ,BS + WininWinax

Wt (Wmin/ W, Wmin, Winax, 5) = ’ (C2)
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,3 _ Winax — Winin 1-— WZ;
We 1- Wi%’lii’l '

where the parameters are represented in Figure C.2 and wy = /WyinWmax [SFO9]. Gains must
be given in absolute value, not in decibel.

with

T T T T

Magnitude (in dB)
=

=

min
L T e R S
Wmin WO  Wmax
Frequency (in rad/s)
FIGURE C.2: Magnitude frequency response of

Watt (Wmin/ W, Win, Wmax, 5)~

C.2 Numerical Values of Example 4.2 — 1DoF Control of the Drive
Mode

Normalized to-be-controlled plant (with (), = 0)

B 2-107°
82 4+1-105%s+1

Gx(s)

Weighting functions
Wi(s) = AM - Wamp ((ASFNLkSFNLAM)”, 0.25 (Asenpksnt AM) ™, Wi, winl, s)
Wa(s) = ki
We(s) =1
Wi (s) = 2500 - W (4 1107%,2.8-107%,0.5,2, s)
with AM = 0.5, kepn, = 500 - 1070, Agpnr, = 0.5, Wye = “’T—O“ and k,; = 0.01.
Controller

Ky(s) = 0.49575(s — 0.998) (s + 1.867 - 10~#) (s + 5357) (s?> +8.739 - 10 s + 1)
T (5 +7404) (s 4 0.9991) (52 + 0.01698s + 1) (s2 +8.987 - 10 7s + 1)
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C.3 Numerical Values of Example 4.3 — 2DoF Control of the Drive
Mode

Normalized to-be-controlled plant (with (), = 0)

B 2-107°
s241-105s+1

Gx(s)

Weighting functions
W, (s) = 0.5 Wamp (2 (Asenrksent) L, 0.5 (Asentksent) ) Wies Wil s)
Wa(s) = kip'
Wy(s) =1-10% Wy (1 -107%,5-1072,0.5,2, s)
We(s) =1
Wi (s) = 1200 - W (5 11078,2-1077,0.9,0.97%, s)

with ksene = 500 - 1076, Agene = 0.5, wme = =21 and kyy = 0.01.
Controller

K (s) = 0.010325(s+1.056-106) (s—1.025) (5+9.474-10~7) (s*++0.0064615+1) (s2+0.0035435+1)
XI\®) = T (5+12:45) (51 1.037) (s2-+0.1055+0.9308) (s2+-0.0071975 + 1) (s>-+0.1055 + 1.077)

Kuo(s) = —1.0934-10(5+1.056-10°) (5+29.93) (s —1.024) (5+0.03341) (5+9.474-10~7) (s*++0.0071975+1)
x2\®) = (54+12.45) (s+1.037) (52+0.10554-0.9308) (s>++0.0071975+1) (s2+0.1055+1.077)

C.4 Numerical Values of Example 4.4 — 1DoF Control of the Sense
Mode

Normalized to-be-controlled plant (with (), = 0)

Gy(s) = 4.035-1073
YT $241.004 - 104 + 1.009

Weighting functions
Wy(s) = AM - Wamp ((ASFNLkSFNLAM)’l, (0.2929AM) ™Y, e, wiol, s)

Wis(s) = 180 - Wy (5 1107%,1-1074,0.92,0.9271, s)
We(s) =1
Wy(s) = 0.5
with AM = 0.5, kspng, = 500 - 10_6, Asent, = 0.5 and wy,e = Yexe—R

Wexc

Controller

K,(s) = 6.284(s + 1670) (s — 0.9288) (s + 5.99 - 10~4) (s? + 1.974 - 10~3s + 1.009)
Y (5 40.9007) (s 4+ 1101) (52 4 2.963 - 1055 + 1) (s2 + 0.3668s + 1.04)
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C.5 Numerical Values of Example 4.5 - Multivariable Control (with
ﬁCor,y — _uy)

Normalized to-be-controlled plant (with (), = 0)

2:10°° 5.3302:10 2 (s—2.864-10%)
G(s) = s241-10 5s+1 (s241-10-55+1) (s2+1.004-10~4s+1.009)
8.2892-10~2%(s—5.581-10'0) 4.035-103
(s2+41-1055+1) (s2+1.004-10—4s+1.009) 524+1.004-10~%5+1.009

Weighting functions
Wi1(s) = 0.5 Wamp (2(7\SFNL’<SFNL)_1, 0.5(Asenksent) ) Wanrt, Wiy, S)
War(s) = ki
Wi (s) = 0.5 Wamp (2((1 — Asent)ksene) T, 2/0.2929, Wiz, Wiy, 5)
Wit (s) = 1000 - Wi (1 1074,5. 10—2,0.5,2)

Wii2(s) = 200 - Way (5 107°,1-107%,0.92, 09271, s)
ng (S) =1
Wea(s) = 0.015
Wi (s) = 250 - W (5 -10~7,5-107%, 0.9, 0.9~ s)
Wia(s) = 0.5 (W(s))
West(s) =1

with kSFNL =500 - 1076, /\SFNL = 0.5, Wil = %#73'13, kxl =0.01 and Wid? = %

C.6 Numerical Values of Example 4.6 — Multivariable Control with
Joint Estimation

Normalized to-be-controlled plant (with (), = 0)

21075 5.3302-10719(s—2.864-10%)
G(s) = 110 5541 (s771-10 s 11) (s> + 1.004-10¥5 + 1.009)
8.2892-10~20(s—5.581-10'0) 4.035-103
(s241-1055+1) (s> 41.004-1045+1.009) 5241.004-10~%5+1.009

Weighting functions
Wi1(s) = 0.5 Wamp (2(ASFNLkSFNL)_1r 0.5(Asenksent) ) Wanrt, Wiy, S)
War(s) =k
Wia(s) = 0.5 Wamp (2/((1 — Asent)ksent), 2/0.2929, Wiz, Wpaios 5)
Wy1(s) =0.5
Wi (s) = 200 Wagt (5-107°,1-107%, 09,097, 5)
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ng (S) =1
We(s) = 0.5
Wi (s) = 5 Wag (1 1074, 5-1072, 0.5, 0.571 s)

Wi (s) = 25 - Way (4 .1078,2-1072, 0.5, 0.5~ s)

Wes[(s) - 1
with kspnp, = 500 - 107, Agpnt. = 0.5, Wy = “’T—OB kx1 = 0.01 and wy,gp = €=,

C.7 Details of Section 4.4.1 — Quadratic Stability

Polytopic Model of the MEMS Gyroscope

The mechanical part of the MEMS gyroscopes can be modeled by G™¢"% see (A.2), recalled
below

R ) 1 I

w0 - ol

where g = col (x, y), u = col (uy, uy,), F = col (Fy, F,), m = diag (m, m), d = [

0 Zm]

Kk — [k” kxy] and Ccor (Q:(t)) = Qu(t) [—2111 0

kyx k}/y
The actuation and instrumentation circuitry can be model through the constant gains k;,, =
diag (kinx, kiny) and kout = diag (kout,x, Kouty), such that the whole gyroscope is modeled by
G = ko G %k, admitting the polytopic state-space representation below

. xc(t) = Ac(Q:(t))xc(t) + Bgu(t)
G { qnf(t) = Csxc(t) ° ¢ ;o (1) € [Q1, Qrp],  (C4)

where ;1 = —Qf% and O, = O, x5 = col (g, 4), u = col (uy, uy), Gm = col (X, Ym),
0 I

Ac(Q:(t)) = !_m—lk —m! (d — Ccor (Qz(t)))] , B = |:k(i)n:| and Cg = [kout 0].
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D.1 Numerical Values of the LPV Controller of Section 5.4

The LPV controller obtained in Section 5.4 (page 132) is of the form (see (5.51), page 131)

K . {

with

Ak

with
[ Ck,i

X (t)
up(t)

Bk,
Dy

matrices are given below:

Ax(wyn)

A (wr(t)) Bi(wr ()] _ & Ag;i Bx;
) DK<wr<t>>]‘§"‘l(“’r<t” el

| = [exfoa Deterd], w2 mtn() = 1 and () > 0. The

—0.03095 —0.969  —0.0002697 0.0005705  —0.0005218

1.031  —0.03106 0.0002546  —0.0005282 0.0005739

—6.641-10"% 8.025-10° —1.238 —0.001521 —0.000264

0.1161 —0.1161  5.017-107° —0.002144 —0.9977

—0.1166 0.1166 —0.001422 1.002 —0.002157
—9.316-107° 9.945-10° 04753  4.654-107° 0.000114 "

—3.647-107> 3.646-107° 0.0002238  2.656-107  7.769-10°8

—0.0009594  0.0009593 —8.026-10"> —9.143-10"°® —4.387-10°

0.01268  —0.01268 —0.03173  —0.0002446 0.0002406

—0.5326 0.5326 0.1262 0.01051 —0.009988
0.001343 —0.0001544 —0.004868 —0.0007754  0.000948 T
—0.001398  0.0003438 0.01076 0.000874 2.672-107°

—6.489 0.07888 0.1241 7.803 100.7

—0.005895 —0.001187 —0.03851 0.005812 0.06188
—0.0008584 0.001271 0.0386 0.002435 0.04475

—2.354 0.03897 0.05923 3.345 43.17

—0.0001858 —0.0005242 —1.013  —0.01063 —0.1366
0.0002721 09857  —0.4374  —0.01651 —0.1931

0.2057  —0.01592 —0.322 —0.6556 —8.555
0.3979 0.3498 11.3 1.124 —109.1 |

Ag (wr(t))xx (t)
Ci (wr(£))xk (t)

+ Br(w(t))yp(t)
+  Dx(wr(8)ye(t)

7

wr(-) € O [w7,11 WV,Z] (D.1)
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r 17.71 —11.58]
—25.13 11.58
0.07529 —9.833-10°
48.42 0.2135
Be(wy 1) — —48.36 —0.2141
Ki¥rd 0.2424 —2.245-107°
1647 —1.228-10°
550.7 —3.231-107°
4075  —35-107°
| —1.44 - 10* 0.0002209 |
Ci(wy1) = [ —5852-107° —4.19-107° -10.28 —0.006363 —0.00452 ...
—4.365 0.01021 0.01449 0.00382 0.0005427 |
DK(wr,l): [0 0}
i —0.03095 —0.969  —0.0002696 0.0005702 —0.000528
1.031  —0.03106 0.0002546 —0.000522 0.0005741
—6.643-107° 8.029-10°° —1.238 —0.001521  —0.0002638
0.1161 —0.1161  5.031-10°° —0.002144 —0.998
Ag(wrn) = —0.1166 0.1166 —0.001422 1.002 -0.002157
K\®r2 —9.316-1075 9.945.10°° 04753  4.649-107° 0.0001141
—3.647-1075 3.646-107° 0.0002238  3.513-1077  3.525.10°8
—0.0009594  0.0009593 —8.021-10° —9.163-10°% —4.375-10"¢
0.01268  —0.01268 —0.03173  —0.0002395 0.000238
—0.5326 0.5327 0.1262 0.01052 —0.009993
0.001339 —0.000288 —0.009038 —0.0007909 0.0009551 T
—0.001402  0.0002247  0.007039  0.0008602 3.31-107°
—6.489 0.07889 0.1242 7.803 100.7
—0.005895 —0.001187 —0.03849 0.005812  0.06187
—0.0008588  0.001261 0.03828 0.002435  0.04474
—2.354 0.03897 0.05905 3.345 43.17
—0.0001847  —0.00048 ~1.012  —0.01062  —0.1366
0.0002712 098  —04377 —0.01651 —0.1931
02058 —0.01308  —0.2395 —0.6553 —8.556
0.3981 0.3475 11.49 1.125 ~109.1 |
i 22.96 —11.58
—20.45 11.58
—0.06965 —9.833-10°
48.39 0.2135
By(wy2) —47.96 —0.2141
K\*r.2 0.4613 —2.245-107°
1473 —1.228-10°
5512 —3.231-107°
3046 —35-10°°
| —1.463 - 10* 0.0002209 |
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Ck(wyp) = [—5.852-10*5 —4.19-107° —10.28 —0.006363 —0.00452 ...
—4.365 0.01021 0.01449 0.00382 0.0005427}

DK(wr,Z) = [0 0]
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E.1 Proof of Theorem 6.4

Proof. Please note that, by Definition 5.9 (page 130), for a given LPV system G© (see (6.10),
page 145) and v > 0, G® H?z < v if and only if, for all § € O, there exists a single symmetric
matrix X > 0 such that (dropping the time dependence)

AB)TX +XA(8) XB(B) C(H)T
B(A)TX —yI D(@®)"| <0. (E.1)
C(6) D) —vI
; e GO e ©,0p; || ;
In its turn, being G the DPM of G® for all wp, € Qpy, [wpp1, wppol, ||G < vif
g dp 7 ” dp i

and only if, for all 6 € © and for all wp, € Qpy, [Wpy1, Wpn ), there exists a single symmetric
matrix X > 0 such that

Adp(0, wpy) "X + XA4y(6, wpy) XBayp(6) Cap(6)'
de(Q)TX —l de(G)T <0 (E.2)
Cap(0) Dap(0)  —91
We recall that
A(0) wppl | B(6) 0
|: Adp(e, CUph) ‘ de(G) _ —a)phl A(Q) 0 B(G) (E 3)
Cap(0) | Dap(0) Cc(9) 0 |D@®B) o0 |- '
0 C(0) 0 D(0)

(3X = 3X) Let us assume that the LMI (E.1) admits a solution X for a given 7, implying
that H G® quz < 7. Then, we take this solution and build the matrix X = diag (X, X), which is
solution of (E.2) since, after developing (E.2), the dependence on wpy, is canceled out, and we
end up with (E.1) repeated twice in a block diagonal structure.
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(3X = 3X) Now, let us assume that (E.2) admits a solution X for a given 7, implying that

@,Qph q g . o Xl X2
Hde o < 7. Then, by partitioning X = [ X, X

] , the inequality (E.2) is rewritten as

Ix1(60, wpp)  TIx2(6, wpy) | X1B(8)  X2B(8) | C(6) " 0
[Ix2(0, wpp) " TIx3(6, wpp) | XJ B(A) X3B(6) 0 co)’
B(6)TX, B(9) "X, - 0 DIC)H 0
B(6)"' X, B(0)"X;3 0 —qI 0 DO
C(6) 0 D(6) 0 —I 0
0 C(6) 0 D(6) 0 —I

<0 (E.4)

with
HX1(9, a)ph) = A(Q)Txl + XlA(Q) — wPh(Xz + XZT)
Ix2(0, wpp) = A(0)" Xo+ XpA(0) + wpp (X1 — X3)
ng(e, (,dph) = A(G)TX3 + X3A(9) + CUph(Xz + X;)

By permuting the lines and columns of (E.4), we obtain

Mx1(0, wpp)  Mx2(6, wpp)

=<0 E.5
Mx2(0, wpp) " Mxs(6, (UPh)] (E:5)

with

‘ _HX](Q, aJph) XlB(Q) C(Q)T
MX1<9/ (Uph> = B(Q)TX1 —’)’I D(Q)T
C(6) D) -l

[TIx2(0, wpy) X2B(8) 0
Mx2 (0, wpy) = B(6) " Xo 0 0
0 0

0
[TIx3(6, wpy) X3B(6) C(0)"
Mx3(9, C(Jph) = B(Q)TX:), —’)/I D(G)T
C(9) D)  —nI

Since the matrix of (E.5) is negative definite, the sum of its main diagonal blocks is also
negative definite, i.e., Mx1 (6, wpy) + Mx3(0, wpy, )~—< 0. Note that when summing up Mx; and

Mxs3, wpy, is canceled out. Therefore, by defining Mx = % (Mx1 + Mx3) and X = % (X1 + X3),
we obtain

A(0)TX+XA(0) XB(8) C()"
Mx = B(6)TX —yI D@®)T| <0.
C(0) D) -1

This means that X is solution of the inequalities (E.1) of Theorem 6.4, concluding the proof.
O

E.2 Proof of Theorem 6.5

E.2.1 Proof or Property (i)

Proof. We prove that (P© x K®)?pp "= 792’01’ " % K%QP " by writing the state-space representa-

tion of (P® x K®)[?; " and 735;’0[) " x K‘?p’QP " from those of P and K®, and by observing that
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they are equal.
For all § € ©, let P® be given (see (5.50), page 131) by the matrices

A (9) ‘ Bw(e) Bu
Ap(6) | Bp(6) ] i =
and K® (see (5.51), page 131) by
Ak(0) | Bk(9) }
Ck(0) | Dx(0) | (E7)

Then, the closed-loop system P® x K® is given by the state-space matrices

Ap(#) + B,Dk(0)C B,Ck(0 By(0) + BuDx(0)Dyw
CH(G) ‘DH(Q) K( ) Y K( ) K( ) yw

Cz(0) + DzuDg(0)Dyw D-Ck(8) | Dzw(6) 4+ D-uDk (6) Dyo

(E.8)
and (P® x K®)2}P " admits the following state-space matrices
Ap(0)  wppl | Bu(6) 0
[ Apiap(0, wpp) | Brap(6) } _ | —wpnl An(6) | 0  Bp(0) (E9)
CH,dp(Q) ‘ DH,dp(G) CH(G) 0 DH(Q) 0 '
0  Cu(0)] 0  Dgu(f)

Let us now compute the state-space representation of PL%QP " x K?p’QP ". From (E.6), P{%QP " is
given by

[ Apap(6, wpy) | Bpay(6) ] _ | _—wpnl Ap(0) (E.10)
Crap(8) | Dpay(6) Cp(0) 0 |Dp(6) O
0  Cp()] 0  Dp(6)
and 7327’01’ " defined as P%Ol’h £ Poutpgj’ap "Pin, admits the state-space matrices
" Ap(8) wppl | Bo(®) O By 0 ]
—wpy] Ap(@)| 0 Bu(®) 0 B
APép(G,(g‘)JPh) ‘ gw,dp((eg)) gu,dp CZ(Q) 0 Dzw(9> wo D Ou
z,dp zw,dp zu,dp
c Do 0 0 C.(0) 0 D.»(6) 0 Dy
yAap ywip Gy 0 Dyw 0 0
(E.11)
From (E.7), K?V’QP " is given by the matrices
Ak(0)  wpyl | Bx(0) O
[ Ag,ap(0, wpp) | Biap(6) ] _ | —wpnl Ag(6) | 0 Bk(0) (E.12)
Ckap(0) | Dxap(6) K
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Aﬁrdp(el wPh) ‘ Bﬁldp(e)
Criap(0) | Diay(6)

and 73® e K® P is given by the matrices ] with

AP,dp(9/ CUPh) + Bu,dpDK,dp(G)Cy,dp Bu,deK,dp(G)]

Az, (0, w
2 Bk,dap(0)Cyap Axap(0, wpp)
~ — By dp + B, dpDde(e)Dyw,dp
B g,(0) = { BK 1(O)Dyunsy (E.13)
Cﬁ,dp(9> [CZ + Dy, dpDK dp(g)Dyw,dp Dzu,deK,dp(O)]
Dﬁ,dp(e) = [ zZw dp + Dzu dpDK dp(e)Dyw/dp]

Finally, with a linear transformation, we have Ay 4,(6, wp,) = T Aﬁ,dp(er wpn)T7L, By (6) =
TBg,dP(G)’ CH,dp(e) = Cﬁ’dp(O)T—l and DH,dp(B) = DH,dp(e)’ where

I, 0 0 O
0 0 I, O
—_ 71 _ n
T=1"= 0 I, 0 0]
0 0 0 I
completing the proof. O

E.2.2 Proof or Property (ii)

Proof. This proof is simple and follows directly from Property (i), which states that
(S o\Qpy, _ pB,Q 0,0
(p *K)ppl_pdp Ph*K Ph
q
2

Qpy,
dp

and from Theorem 6.4, which gives HPG) * K©® H?z = H P® * K®)

E.2.3 Proof or Property (iii)

Proof. Please note that, by Theorem 5.2 (page 131), the existence of a controller K® such that
|| PO % K®||T, < 7 for all trajectories of f(t) in the polytope ® of Nj vertices 6; is equivalent to

the existence of the matrices R = R" and S = ST such that, foralli € {1, ..., Ny},

SAp;' +Ap;S Bu; SC]
[O]J_ Bz—vr,i _r)/I D;wz [BJ 0 DZTM]L = O’ (E'14)
Cz,is Dzw,z' _71_
_[ALR+RAp; RBy; CJ]
[Q]l Bz—ng _71 Dszl [C]/ Dyw O]L =0 (E15)
Cz,z Dzw,z' ’)/I_
R I
and [ 1 S] -0 (E.16)
 [Ap; Bu; Ap(6;) Bw(B')]
with i wi | _ i i)
|:Cz,i Dzw,i:| |:CZ(91) DZW(GZ')

. . . q
In its turn, again by Theorem 5.2, the existence of K® such that HP‘%QP " x KO ) < v
1

is equivalent to the existence of matrices R = BT and S = QT such that, for all wp;, €
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Qpplwpn1, wppp) and foralli € {1, ..., Ny},

5AP,dp,i(wPh)T + Apap,i(wpn)S  Budp,i SVCde,i
T T
[O} L B;rdpri _r)/l DZTw,dp,i [Bu,dp 0 Dzu,dp} i =<0, (E17)
Cz,dp,iS Dzw,dp,i —l
. Apap,i(wpn) 'R+ RApapi(wpn) RBuapi Cly,;
[o]1 Buuap R =71 Diyapi| [Coap Dywap 0], <0 (E18)
Cz,dp,i Dzw,dp,i _71
R I
and L S} > 0. (E.19)
For completeness, we recall that
[ AP,i C‘)PhI Bw,i 0 Bu 0
—wpyil Ap; 0 By 0 B
Apip,i(wpn) | Buwdpi | Buap Cplf’l (;J 50 D0
C i D X D — z,1 zZw,1 zu (E 20)
z,dp,i zw,dp,i zu,dp 0 C.. 0 D.... 0 D .
C d D d O Z,1 zZw,1 zZu
ydp ywdp Cy 0 Dy 0 0 0
| 0 Cy 0 Dyw | O 0 |

and Ap; = Ap(6;), By, = Bw(6i), Cri = Cz(6;), Daw,i = Du(6;).

(IK® = JKOOrr) Let us assume that there exists K€ such that HP® *K®H?2 < 7. Then,
we take the solutions of (E.14), (E.15) and (E.16), and build the matrices S = diag (S, S)
and R = diag (R, R). These matrices are solution of (E.17), (E.18) and (E.19) since, after
developing (E.17) and (E.18), the dependence on wpy, (off-diagonal terms of Ap 4,,;) is canceled
out, and we end up with the equations (E.14)—(E.16) repeated in a block diagonal structure.

(KO = JKO) Now, assume that there exists K such that HP%QP " KO 72 < 7.
1
By partitioning
1S5 S
2= [ S; S } ’
the inequality (E.17) can be rewritten as
[ Tls1; Ilspi | Bui 0 | $1C); S2CJi ]
B!. 0 |—yI O |D/. 0
NT w,i zw,1 N =<0 (E.21)
0 By, | 0 —I| 0 DI,
C.iS1 C.iS2 | Daw,i O -7l 0
Cz,is;_r Cz,iS3 0 Dzw,i 0 _’)’I |
with
s, = ApiSi+Si1Ap;+wp(S2+S,)
s = ApiSa+S2Ap;+wpp(=S1+8S3)
Is3; = ApiSs+S3Ap, —wpp(S2+S,)
N B 0 00 D], 0

0 B, 00 0 D,
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Then, by permuting the rows and columns of (E.21), it is rewritten as

Ny Ms1,iN5 NBTMsziNB]
’ ’ <0 E.22
NMENg N My, N E2)

with

Ng = [By 0 D],
[1s1;  Bui Si1CJ

Msi; = | By, —vI D],
_Cz,isl Dzw,i —’}’I
[IIs; O SzczT,i

Msi = | 0 0 0
1C;iS2 0 0
[1ls3;  Bui S3CJ

Mss; = | B,, —I D},
_Cz,iSB Dzw,i _71

Since the matrix of (E.22) is negative definite, the sum of its main diagonal blocks is also
negative definite, i.e.,
ngT (Mgs1,i + Mss ;) N < 0.
Thus, we also have N
N ; MS,iN B = 0
with Mg ; = % (Ms1; + Mgs ;). If we apply the same procedure to (E.18) and (E.19), we finally
obtain

./\/’;]\71511'./\/’3 <0
NJMR,Z'NC <0
R I
~ 0
[1 S] g
with
Ne = [Cy Dya Oh
R = J(Ri+Ry)
S % (51 + 53)
N 'A;’iR—i—BApli RBy; CJ;
Mg = B, R —I Dy,
L Cz,z' _ Dzw,i ~_7I
MS,i = B;& —’)/I Dsz,i
L Cz,is Dzw,i _’)’I

This means that R and S are solution of the inequalities (5.53)—(5.55) of Theorem 5.2 (page 131).
Hence, this theorem ensures that there exists a controller K€ for P® defined in (5.50), such

that |[Px K|}, < . O
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E.3 Details of Example 6.6 — Nonideal Phasor Controller
To-be-controlled plant
The original to-be-controlled plant G admits the state-space representation with the matrices

0 1 0
A= ,  B= , C=[10 d D=0
_w(ZJ,x _(")O,X/ Qx] |:k0,xw0,x] [ ] an

with wgy = 2711500 rad s, Qy = 100000 and ko = 2 - 10~5.

Its dynamic phasor model de, which is considered for the controller design, admits the
state-space representation with the matrices

Adp (wpp(t)) = {_w;‘l(t)l wp%t)l} '

By, = diag (B, B), Cap = diag (C, 0), D;, = diag (D, D) and wpy(t) = w), = wox.

Weighting functions
1
S + Wy
W, _ M7 T

r(s) S+ w, A,

Wd(S) =04
We(s) =1
A

Wi (s) = S;L‘*’#
M, S + wy

with A, = kepnpAsent/ V2, wy = 9.2rads ™, M, =2, A, = 1.25-107%, w,, = 290rad s~ !, M,, =
750, kspnr, = 500 - 107% and Ageni, = 0.5.
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Appendix of Chapter 7

FE1 On the Unstable Zeros of a PCT Model

Let a DT system G4 be defined by the state-space matrices (Ad, Bd, C4, Dd) and with sam-
pling period Ts. Its PCT equivalent system, GP, can be given by the transfer function (matrix)

GP(sp) = CP (sp] — AP) ' BP 4 DP, (F1)

Since the matrices (AP, BP, CP, DP) read as

-1

AP = T(Ad—z)(AdH)

_ 4 d d
BP = 2 (AM41) 1B (F2)
CcP = Ccd(Ad+1)

-1

Dp = Di—Cd(AY+1) B,

(F.1) can be rewritten as

GP(sp) = <é - sp) cd <sp (a+1) - é (4~ 1))_1 B 4+ D, (E3)

Thus, if we consider DY = 0, GP has unstable zeros at Sp = % in each of its individual

transfers.

It is important to highlight that, among other limitations, unstable zeros constrain the band-
width of the closed-loop system (see, e.g., [FL85, SP01]). This means that it is impossible
to have stability and tight performance constraints (e.g., reference tracking or disturbance
rejection) in the pseudo-frequency range close to %, ie., for @ ~ %

Now, if we consider the relationship between the real frequency w and @, i.e.,

@=g(w)= ]Z,Stan <w2Ts> , (F4)

we have w = (1/4 +k) 27t/ Ts with k € Z when @ = Z. If we take the case k = 0, we are
unable to enforce tight performance constraints around ws /4, where w; corresponds to the
sampling frequency in rad/s.
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F2 On the “Normalizability” of the MEMS Gyroscope Model

In Section 7.4, one the main assumptions is the “normalizability” of the gyroscope model, that
is, the parameter-varying model of the gyroscope is such that, in a “normalized-time” space
(tn = wot), the same system can be represented by a single LTI system. This is true for the
27d_order resonator of Remark 7.1 (page 185). Here, we show that for a real MEMS gyroscope,
we can also define a single LTI that (approximately) describes the real system under different
temperatures. For this purpose, we realize different identification experiments (see [Col20])
with the same MEMS gyroscope, but at different temperatures. The Bode diagrams of the
identified models are presented in Figure F.1. The models are in the PCT space. In this
figure, we can note that as the temperature increases, the resonance frequencies get lower.
The modifications of the other parameters (e.g., gain and quality factors) are much less
perceptible.

From: wu, , From: wu,,

T() '[‘IH.H

To:

‘l() ZJ/H.H

Magnitude (dB) ; Phase (deg)

To: Ymn

84 842 844 846 848 85 104 84 842 844 846 848 85 104
Pseudo frequency (in rad/s)

FIGURE F.1: Identified model of a MEMS gyroscope under different tempera-
tures. Bode diagram in the pseudo frequency.

Now, if we normalize each model to its drive-mode resonance frequency wy , we obtain the
Bode diagrams presented in Figure F.2, where they are very close to each other. In this case,
we could then consider that the model at 45 °C as a good approximation for the models at
all temperatures in the normalized-frequency space, defining the fictitious model HE. Some
modeling errors are introduced (specially around the sense-mode resonance frequency — see
transfer from u,,, to yu,n), but this is the price to pay for the simple parametrization.

Therefore, with some approximations, the model of a real MEMS gyroscope is “normaliz-
able”.

F3 Details on the PCT Model of a 2"-Order Resonator

Here, we intend to provide further details on G“°* when analyzing its PCT model, GP®0~.
For this purpose, we first compute, with the sampling period Ts, the DT model G40+ of G«0x
(we highlight that the former one takes the presence of the zero-order holder into account).
Then, we apply the bilinear transform on G40, obtaining the PCT model GP*®. The CT
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FIGURE F.2: Identified model of a MEMS gyroscope under different tempera-
tures. Bode diagram in a normalized pseudo frequency.

model G“°~ is given by

w X (S) ko x
GWox(g) = = . E5
) ux(s)  (s/won)” + (s/won) /Qx +1 ()

For Q, > 1/2, the equivalent DT system Gdwor | with sampling period Ts, is given by

(see [AW97, p- 55])
biz+ by

Gd,a)olx — k
(2) = kox 22+ a1z + ap

with

gy = —2e 90T/ Q) cos (wqTs)
a, = e*WO,sz/Qx
by = 1—e @aT/(2Q0) (¢sin (wqTs) + cos (wgTs))
bZ — e_‘UO,sz/Qx + e_wo,sz/(ZQx) (g sin (wQTS) — cos (wQTS)) (F6)
/4021
wg = Wox 2%;
¢ = (4Q2-1)"2,

Then, by applying the bilinear transform, i.e., replacing z by }f;i%g (see (7.6), page 182), we

obtain

(1—5pTs/2) (1 +5pz1)

P+ (5,) = kojx ) (E7)
(Sp/(:)O,x) + (Sp/a)o,x) /Qx+1
with
— 4 1+ e w0aTs/Qu — 2=w0aTs/(2Qx) cos (wq Ts)
w _
0,x TS2 1 —+ e*WO,sz/Qx + 26*W0,XT5/(2QX) CcOS (C‘JQTS>
1 1 + e*wo,sz/Qx — ze*wo,sz/(zQx) CcOS (wQTS) (F 8)

CTJO,x Qx = Ts 1— e*wo,sz/Qx
TS 1— e*wo,sz/Qx — 2ge7w0,1T5/(2Qx) sin (CUQTS)
2 1 + e*(do,XTs/Q;( _ 2e*w0,sz/(2QX) CcOS ((UQTS) ’

zZ1 =
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For Q. >> 1, we can approximate e~ @07/ (2Q0) ~ 1, 1 4 ¢7«02T/Qx ~ 2,1 — ¢7@0xTe/Qx ~
wO,sz/Qx/ W = Wo,x and C~ 1/ (ZQX). Thus,

~ 4 1 — cos (wo T) ~ 2 wo x 1

2 X -S X Ls

w =~ — W o~ — ta[] = ,
O,X ’152 1 COSs (wo,x]s> O’x 15 le

2Qx 1 —cos (woTs)

wWoxQx ~ T. o, = Qy ~ Qysinc (wo,Ts), (F9)
Ts —sin (wp  Ts) 1
Z1 = - — 1 X .
! 2 20, (1 — cos (woxTs)) '™ 20,004

In this case, (F.7) can then be rewritten as

(1 - (Sp/wo,x) CDO,sz/Z) (1 + (Sp/CDO,x) wO,x/(zQx))
(sp/c@o,x)2 + (sp/@o,x) / (Qx sinc (woxTs)) + 1

GP@0x (5) = ko . (F.10)

F4 Choice of the Fictitious Model of Example 7.1

Note that the structure of GP?0x (see (F.10)) is slightly different from that of G“*~ (see (E.5)).
However, we can create a fictitious system HP“~ that approximates GP“°~ for all wy €
[wox,1, Wox2] and that can be normalized. To this end, we evaluate the structural differences
between G0 and GP°.

(i) The resonance frequency @, is different from wy , due to the distortion caused by the
bilinear transform, see (7.10). So, instead of normalizing G0+ with respect to wy y, it is
rather normalized with respect to @ .

(ii) The quality factor is reduced by a factor sinc (woTs) due to the filtering effect of the
ZOH. Then, from the performance point of view, we consider as worst case when the
reduction is maximum, i.e., for wp y = woy 2, giving the smallest quality factor.

(iii) The unstable zero that appears at s, = 2/Ts has the inconvenient properties to: (i)
reduce the phase of the system; and (ii) impose limitations on the closed-loop bandwidth
[FL85]. Then, we take as worst case the scenario where this zero is closer to the resonance
frequency, i.e., for wox = woy2.

(iv) The stable zero can be neglected since it is far from @ .

Therefore, we can approximate GP“ox (see (F.10)) by

ko x (1 - (Sp/COO,x) /Zu)

HPAoi(5,) = 5
(sp/@0,x)” + (sp/@0,x) / (Qx sinc (wox2Ts)) + 1

(F.11)

with z, = tan (ngrsz /2)71.

E5 Details on the SISO Controllers

E5.1 2DoF Drive-Mode SISO Controller

The choice of the weighting functions follows the procedure illustrated in Example 4.3
(page 88). They are presented with the obtained closed-loop transfer functions in Figure F.3
and Figure F.4. The only difference compared to the example is that, here, we enforce a
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better disturbance rejection, obtaining ‘Tdc“x_)gx ( jwexc)‘ < —100dB and T s, (jexc)| <
—90dB.
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FIGURE F.3: Upper bounds and closed-loop transfer functions of the drive-
mode control loop.
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FIGURE F.4: Upper bounds and closed-loop transfer functions of the drive-
mode control loop. Zoom around wey..

KP

x2n

The (normalized) controller, obtained with ¢ = 0.9803, is given by K% , = [Kp

YL } with
71.36 - sp(sn + 0.6952) (55, + 54.97)(s2 + 3.108 - 1035, + 0.9973)

(sn +0.6949) (s2 + 0.0303s,, + 0.9817)(s2 + 0.02237s, + 1)
(s2 +9.803-103s, + 1)(s2 + 3.108 - 10735, + 1.003)
(52 +3.465 - 1075, + 1) (52 + 0.03049s,, + 1.019)(s2 + 12.94s,, + 83.59)

Kgl,n (Sn) =
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e —0.0261 - 5 (Sn + 57.79) (sn, + 7.482) (sn + 0.6952)

w2nlsn) = (sn +0.6949) (s2 + 0.0303s, + 0.9817)(s2 + 0.02237s, + 1)
(sn +0.1337)(s2 + 0.02527sp, + 1) (s2 +2.221 - 1035, + 1)

(s2 4 3.465-10"7sn + 1) (s2 + 0.03049s, + 1.019)(s% + 12.94s,, + 83.59)
and s, = sp/@,x- Its Bode diagram is presented in Figure F.5, which is similar to the one

of Example 4.3. However, since we ask for a better disturbance rejection at w = wey., the
present controller has an important resonance at this frequency.
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FIGURE F.5: Bode diagrams of the drive-mode controller.

E5.2 1DoF Sense-Mode SISO Controller

The choice of the weighting functions follows the procedure of Example 4.4 (page 94). They
are presented with the obtained closed-loop transfer functions in Figure F.6 and Figure F.7.
The results are very similar to those of the example. The (normalized) controller, obtained
with ¢ = 1.0068, is given by

—8.433(sp, — 18.2) (5n 4 0.6229) (s, + 9.745 - 10~3)

(sn +0.631)(s2 + 0.3154s,, + 0.7102) (s2 + 1.039 - 105, + 1)
(sn+9.744 - 10%)(s3 4 0.01012s, + 1.019)

(52 4 0.33655, + 1.416)(s2 + 17.85s,, + 133.4)

KE/n (Sn) —

with s, = sp /@ x. Its Bode diagram is presented in Figure F.8, which is also very similar to
the one of Example 4.4. Small differences are mainly due to the differences on the sense-mode
models. Here, we highlight that the obtained relative error for the Coriolis force estimation is

close to —80dB, i.e., Tde_west (jwexc)| = —80dB.
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FIGURE F.8: Bode diagrams of the sense-mode controller.

FE6 Details on the MIMO Controller with Joint Estimation

The choice of the weighting functions also follows the procedure illustrated in Example 4.6
(page 104). They are presented with the obtained closed-loop transfer functions in Figure F.9

and Figure F.10. The only difference compared to the example is that, here, we enforce a better
disturbance rejection, obtaining ]Tdc%xﬁgx ( ngxc)‘ < —90dB and ‘Txref_m (jwexc)) < —72dB,
as required. For the Coriolis force, we also obtain a relative error for the estimation that is

close to —80dB, i.e., | Ty, , e (jwexe) | = —80dB.

The Bode diagram of the multivariable controller, obtained with v = 0.9878, is presented
in Figure F.11 and Figure F.12, which is similar to the one of Example 4.6. However, similar
to the SISO case, since we ask for a better drive-mode disturbance rejection at w = wex,
the present controller has an important resonance at this frequency on the first row, which

computes uy.
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Résumé Etendu:
Commande Robuste pour des

Gyrometres MEMS
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Chapitre I

Introduction Générale

Les capteurs inertiels MEMS (de 1'anglais micro-electro-mechanical systems) sont devenus omni-
présents dans la vie quotidienne. On les trouve dans les téléphones portables, les véhicules
autonomes, dans les systémes de guidage et de navigation, dans de nombreuses applications
industrielles, etc. [AS09, Kem11, Shal3]. Ces capteurs utilisent 1'effet des forces inertielles
pour déterminer le comportement dynamique des objets et sont classés comme accéléro-
metres (sensibles aux forces linéaires) ou comme gyrometres ou gyroscopes' (sensibles aux
forces rotationnelles) [Kem11]. Nous nous concentrons sur les gyrometres.

Les gyrometres MEMS présentent plusieurs avantages par rapport a d’autres types de gyro-
metres. Ils sont plus petits, moins chers et consomment moins d’énergie. Néanmoins, ils sont
aussi tres sensibles aux imperfections de fabrication, aux changements environnementaux
(e.g., température) et aux différentes sources de bruit, ce qui dégrade leur performance. Ainsi,
de nombreux efforts sont déployés pour améliorer les performances des gyrometres MEMS,
afin de les rendre plus compétitifs.

Le fonctionnement des gyrometres MEMS repose sur les forces de Coriolis, qui sont des
forces inertielles agissant sur des objets en mouvement sur un référentiel en rotation, défini
par le gyromeétre. Il est composé d'une masse d’épreuve fixée au capteur par des ressorts,
permettant a la masse de se déplacer dans deux directions perpendiculaires : la direction
primaire et la direction secondaire. Des micro-actionneurs appliquent une force Fy sur la
masse 1, la mettant en mouvement le long de la direction primaire x. Ainsi, si le référentiel
(gyrometre) est soumis a une vitesse angulaire ()., orthogonale aux directions précédentes,
une force de Coriolis, donnée par

Feory(t) = —2mO, (1) (t), (L1)

apparait et produit des oscillations le long de la direction secondaire. Si la masse d’épreuve
décrit une simple oscillation harmonique, x peut étre donné par

x(t) = Ay sin (Wexct) (I.2)

avec une amplitude Ay et une pulsation d’excitation wey.. Afin de minimiser l'effort nécessaire
pour mettre la masse en oscillation, w,y. doit étre aussi proche que possible de la pulsation
de résonance du systeme masse-ressort le long de la direction primaire, notée wp . Si Ay est

égal a une amplitude donnée A, (L1) se réécrit comme

FCoy’y(t) == _zmA;GfC{)gxcﬂz(t) - COS (C(Jexct) . (1.3)

IEn francais, les gyroscopes mesurent la position angulaire ; les gyromeétres mesurent la vitesse angulaire.
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Dans ce cas, Fcor,y est un signal modulé en amplitude avec une porteuse de pulsation w,y et
une amplitude proportionnelle a (). Ainsi, on peut obtenir (), en estimant et en démodulant
Fcor,y- Une fagon d’estimer Fc,,,, est d’appliquer une force F, qui contrebalance les effets de
Fcor,y, compensant les oscillations dans la direction secondaire.

La performance des gyrometres MEMS dépend du controle des oscillations primaires (idéa-
lement, Ay = Afff ) et de la qualité de 'estimation de Fcyy,y- Evidemment, s'il n’y a pas de
perturbation et que le modele du gyrometre est parfaitement connu, le premier objectif est
atteint en inversant le modele et en appliquant la force F, telle que x suive un signal de

référence
xref(t) = Agff sin (Wexct) ; (L4)

et le second objectif est atteint en mesurant les oscillations secondaires et en calculant Fc,
qui produit ces oscillations. Cependant, les dispositifs MEMS sont tres sensibles aux im-
perfections de fabrication et aux changements environnementaux. Par conséquent, pour
produire des gyrometres de haute performance, 1"utilisation de boucles de rétroaction est
cruciale [GBKN91, OAL"05, Zur15]. L'objectif principal de ces boucles est de garantir que
les oscillations primaires ont une amplitude bien controlée et que la force de Coriolis est
estimée avec précision. Apres avoir obtenu I’estimation de la force de Coriolis, une étape de
post-traitement est nécessaire pour récupérer la vitesse angulaire.

Les gyrométres MEMS comportent deux parties : la partie micro-électromécanique et la partie
électronique. La premiere constitue I’élément sensible du capteur. Nous appellerons cette
partie simplement partie mécanique. La partie électronique est généralement implémentée
dans un circuit intégré dédié (ASIC, de I'anglais, application-specific integrated circuit), qui
est habituellement monté avec le MEMS dans le méme boitier. L’ASIC a deux objectifs
principaux : controler les oscillations de la masse et estimer Fc,,, ; et traiter 'estimation de
Fcor,y, fournissant la mesure de la vitesse angulaire.

La partie mécanique du gyroscope MEMS peut étre modélisée comme deux résonateurs a
tres haut facteur de qualité : I'un correspondant au systéme masse-ressort dans la direction
primaire, et l'autre, a celui dans la direction secondaire. Ces systemes sont respectivement
appelés mode primaire, d’excitation ou mode drive, et mode secondaire, de détection ou
mode sense. Dans le cas idéal, ces deux modes sont uniquement couplés par les forces de
Coriolis. Néanmoins, il est important de souligner qu'un désalignement mineur entre les
axes primaire et secondaire est suffisant pour produire un couplage mécanique entre ces
modes.

Dans la littérature des capteurs MEMS, les architectures de commande sont généralement
basées sur 'enveloppe complexe des signaux. Comme ces enveloppes sont des signaux
constants en régime permanent, de simples correcteurs PI ou PID peuvent étre employés
pour réguler, par exemple, I'amplitude et la phase des signaux oscillants [GBKN91, IEE04,
EMK12, Zur15]. Son inconvénient est qu’en général, pour mesurer l'enveloppe du signal, des
éléments non linéaires sont introduits dans la boucle de commande. De plus, les couplages
dynamiques entre amplitude et phase (ou les termes en phase et en quadrature), les couplages
entre les modes drive et sense, et la dépendance aux conditions environnementales peuvent
étre tres difficiles a modéliser et a prendre en compte. Par conséquent, il est difficile de fournir,
a priori, des garanties de stabilité et de performance pour le systeme en boucle fermée.

Une approche alternative consiste a considérer une boucle classique de rétroaction, appelée
ici architecture de commande directe, ol le correcteur travaille directement avec les signaux
oscillants au lieu de leur enveloppe complexe. Pour cette approche, des techniques avancées
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ont été développées pour le controle des vibrations des systémes mécaniques, voir e.g.,
[Wan19]. L'intérét potentiel est de prendre en compte explicitement les différents couplages
et la dépendance aux conditions environnementales, avec des garanties formelles de stabilité
et de performance. Néanmoins, leur applicabilité aux gyroscopes MEMS, y compris leur
implémentation, reste une question ouverte.

Cette these s’inscrit dans le cadre du projet Next4dMEMS, dont 1'objectif principal est de
développer une nouvelle génération de capteurs MEMS de haute performance. Le consortium
est composé des leaders frangais de 1'industrie des capteurs inertiels — Tronics Microsystems,
iXblue, Asygn —, et de deux laboratoires frangais — Ampere et ONERA. Le laboratoire Ampere
collabore avec une expertise en automatique. Dans le cadre du méme projet, trois autres
theses ont été développées au laboratoire Ampere : [Col20, AC21, Mor21]. Des stages ont
aussi été développés dans le cadre de ce projet sous la supervision de I'auteur.

Cadre de la These et Contributions

L'objectif de cette these est de proposer des méthodes de conception pour des architectures
de commande directe et celles basées sur 1’enveloppe, et de valider expérimentalement les
correcteurs obtenus avec des gyrometres MEMS réels. Ces méthodes doivent fournir des
garanties de stabilité et de performance pour le capteur.

Les indicateurs de performance des gyroscopes MEMS sont liés a la qualité de la mesure. Ils
ne sont pas directement liés au comportement en boucle fermée. Le premier probleme est
donc : comment relier le cahier des charges global au cahier des charges du systeme en boucle fermée ?
Pour répondre a cette question, nous passons en revue la littérature sur les gyroscopes
MEMS et définissons les indicateurs clés de performance du capteur. Ensuite, avec une
approche entrée-sortie, nous établissons les relations entre les indicateurs de performance et
le comportement de boucle fermée. Ces relations sont un outil précieux pour la conception
du correcteur et constituent la premiere contribution de cette these.

Basés sur ces relations, le probleme est : comment concevoir un correcteur pour l'architecture de
commande directe ? D’abord, nous considérons le cas ot le gyrométre MEMS opere avec une
condition de fonctionnement fixe et la pulsation d’excitation wey, correspond a wy . Dans
ce contexte, les objectifs de commande incluent le suivi et le rejet de signaux sinusoidaux,
et la synthese H, standard est appliquée pour la conception du correcteur. La pulsation
d’excitation, cependant, peut varier dans le temps. Ainsi, les objectifs de poursuite et de
rejet des signaux sinusoidaux deviennent la poursuite et le rejet des signaux modulés en
fréquence. Le signal de référence de (I.4) devient donc un signal “sinusoidal a fréquence
variable” du type

ot
K (1) = AL sin (Gexc(£))  avee  derc(t) = /O Were (T)dT + ¢, (L5)

Ol Wexc(t) € [Wexe1, Wexe o] €t (,ngc € R. Nous révélons que ce probleme peut étre formulé
comme un critére £, pondéré avec une nouvelle classe de fonctions de pondération modéli-
sant les signaux modulés en fréquence.

Ensuite, nous considérons la question : comment concevoir un correcteur pour une architecture
de commande basée sur l'enveloppe, tel que des garanties de stabilité et de performance puissent étre
données ? Pour attaquer ce probleme, nous revisitons la théorie des enveloppes complexes, ce
qui nous permet de définir un cadre formel pour ’analyse et synthese des architectures de
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commande basées sur I'enveloppe. Ces résultats sont aussi une contribution importante de
cette these.

Dans la derniere partie, le probléme est : comment concevoir un correcteur en vue de son im-
plémentation numérique ? Deux cas sont traités. D’abord, nous considérons une plateforme
flexible, sur laquelle des architectures de commande complexes peuvent étre implémentées,
permettant de valider en pratique différentes stratégies de commande. Le second cas consiste
en une plateforme dedié congue avec un XA électro-mécanique (EM-XA), qui est une archi-
tecture de commande particuliere, couramment implémentée dans les ASICs des capteurs
MEMS. Dans les deux cas, des résultats pratiques valident les méthodes proposées.

Organisation du Résumé Ftendu

Les contributions de la these sont présentées dans ce résumé étendu. Néanmoins, les
exemples, les démonstrations, les illustration et les remarques du travail ne sont présentés
que dans la version complete de la these. Le restant de ce résumé est organisé comme suit.

Chapitre I : il introduit les principes des gyrometres MEMS et les architectures de com-
mande, les cartes électroniques sur lesquels les solutions proposées sont implémentées, et les
questions de recherche qui guident le développement de cette these.

Chapitre III : il présente une étude sur le comportement du systéme en boucle fermée et les
indicateurs de performance globaux du capteur. Cette étude permet d’établir des contraintes
fréquencielles sur les fonctions de transfert en boucle fermée. Des contraintes fréquentielles
sont aussi utilisées pour assurer la stabilité robuste du systéme.

Chapitre IV : il propose une méthode de conception basée sur la syntheése Ho,. Différentes
stratégies de commande sont proposées.

Chapitre V : il présente 1'une des principales contributions théoriques de ce travail : la
définition de pondérations temps-variantes qui décrivent des signaux comme (1.5). Ce
résultat est appliqué a la conception d"un correcteur pour des gyromeétres MEMS.

Chapitre VI: il revisite la théorie des enveloppes complexes et offre un cadre formel dans
lequel les architectures basées sur I'enveloppe peuvent étre analysées. Ce cadre permet aussi
de modéliser des non-idéalités inhérentes de I’architecture et de synthétiser des correcteurs
avec des garanties de stabilité.

Chapitre VII : il détaille les étapes requises pour une implémentation numérique du correc-
teur avec I’architecture directe. Les résultats d'implémentation valident la méthode proposée
et prouvent 'implémentabilité de I’architecture de commande directe.

Chapitre VIII : il présente un cas d’étude ou1 la synthése H, est appliquée a la conception
des correcteurs pour l'architecture EM-XA. Cette méthode a été implémentée dans la plate-
forme dédiée et a apporté une amélioration des performances allant jusqu’a 40% par rapport
a la solution couramment adoptée par le partenaire.

Chapitre IX: il regroupe les principales conclusions et indique des travaux futurs.
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Chapitre 11

Les Gyrometres MEMS et
les Enjeux en Automatique

Dans ce chapitre, nous formulons les questions de recherche de cette thése. D’abord, nous
présentons les principes des gyrometres MEMS, leurs indicateurs clés de performance et
I'importance du fonctionnement en boucle fermée. Dans la Section II.2, nous passons en
revue les architectures de commande les plus utilisées, tout en évaluant leurs avantages
et inconvénients. Ces architectures nous permettent de présenter, dans la Section 11.3, les
prototypes utilisés pour valider les méthodes proposées dans cette these. Dans la Section I1.4,
les questions de recherche sont enfin formulées.

II.1 Le Principe de Mesure des Gyromeétres MEMS

Cette section présente le principe de fonctionnement des gyrometres MEMS et leur modéle
mathématique. D’abord, un modele idéal est considéré, puis les non-idéalités inhérentes
au systéme réel sont rajoutées. L'effet de ces non-idéalités sur le fonctionnement et la
précision du capteur est aussi discuté et introduit les principaux indicateurs de performance.
Cette section est notamment basée sur [AS09, AL10, Kem11, Apol6, Sau08, YAN9S]. Les
aspects liés aux spécifications de performance sont principalement basés sur les normes IEEE
(Institute of Electrical and Electronics Engineers) [IEE04, IEE06, IEE09, IEE19].

Principe de Fonctionnement

Les gyrometres MEMS sont construits comme des systémes masse-ressort de sorte que la
masse d’épreuve puisse osciller le long de deux axes perpendiculaires : I’axe primaire (ou X)
et I'axe secondaire (ou i), comme illustré sur la Figure II.1. Des actionneurs appliquent une
force F,, entrainant des oscillations de la masse d’épreuve le long de I'axe X¥. Ainsi, lorsque
le dispositif est soumis a une vitesse angulaire (), (perpendiculaire au plan Xij), une force
de Coriolis oscillante apparait le long de ij. L'amplitude de cette force est proportionnelle a
), al'amplitude A, et a la pulsation des oscillations primaires wey.. Par conséquent, sil’on
peut appliquer une force F, qui contrebalance la force de Coriolis, on peut estimer la vitesse
angulaire par la démodulation synchrone de F, [Sau08].

Pour une estimation précise de (), il est nécessaire de maintenir des oscillations contro-
lées sur le mode drive, c’est-a-dire, 'amplitude A, et la pulsation des oscillations primaires
wexc doivent étre bien régulées. De plus, la force de Coriolis doit étre précisément compen-
sée/estimée dans le mode sense. Par conséquent, 1'utilisation de boucles de commande est
essentielle pour concevoir des gyrometres MEMS de haute performance.
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FIGURE II.1: Représentation mécanique d"un gyrometre MEMS.

Gyrometre MEMS Idéal et Opération en Boucle Fermée

Sur la base de la deuxieme loi de Newton, le comportement dynamique d"un gyrometre idéal
est décrit par ’équation différentielle suivante [Sau08]

mii(r) + dq(e) + kq(t) = E(1), (1)
ong = |*| F= F m=|" 0 d = dex 0 etk = a0 Les variables x
1= vl” |F) [0 m]”" |0 dy L0 Ky

et y sont respectivement les positions de la masse d’épreuve sur ¥ (mode drive) et ij (mode
sense) (voir Figure II.1), m représente la masse, F est le vecteur des forces appliquées, d est la
matrice d’amortissement mécanique, et k est la matrice de raideur. Les indices x et y sont
respectivement associés aux modes drive et sense.

Habituellement, les résonateurs MEMS sont caractérisés par leur pulsation de résonance wy
et leur facteur de qualité Q, donnés par

wo; =\ — et P =
! m Q dii

aveci = {x,y}. En appliquant la transformée de Laplace a (IL.1), le modele mécanique du
G;nech ( S) 0

0 G;nech (S) avec

gyrometre peut étre donné par G"*"(s) = {

Gmech(s) — X(S) — kgfchhw(z),x (H 2)
g Fe(s) 2+ woa/Qr-s+wj,’ '

h, 2
Gmech(s) _ y(S) _ kgl;C wo,y
Y

- FR(s) s>+ woy/Qy s +wj,’

kmech _ 1 — 1

0x — 2 0y
mwolx ma,

(IL3)

et kmech _

5
Oy

En général, les résonateurs MEMS ont un facteur de qualité tres élevé, de I'ordre de quelques
centaines (e.g., [CCD09]) & quelques millions (e.g., [PTS13]). Cela permet d’obtenir un
gain élevé autour de la fréquence de résonance, améliorant les performances du dispositif
(rapport signal/bruit, sensibilité, résolution, etc.) [YANO98]. D’autre part, la pulsation de
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résonance peut varier de quelques centaines de hertz (e.g., [MV99]) a quelques centaines de
kilohertz (e.g., [INSNS*16]). De plus, les gyrometres MEMS typiques sont congus pour que
les pulsations de résonance des modes drive et sense soient tres proches [Sau08].

Lorsque le gyromeétre MEMS est soumis a une vitesse angulaire ), (en rad s~ 1), des forces de
Coriolis apparaissent. Elles sont données par

Feor () = [igym —a.(t) [_gm 25”] ng] (IL4)

Ainsi, en incluant Fc,, dans (II.1), on obtient I'expression suivante [Sau08, Apo16] :

mij(t) +dg(t) +kq(t) = F(#) + Feor () (IL5)

Puisque la force de Coriolis apparait comme une force supplémentaire sur la masse d’épreuve
(voir (II.5)), cette force peut étre interprétée comme une perturbation a I’entrée du systeme
mécanique. Méme si ce n’est pas le cas, cette perturbation est typiquement considérée
comme exogene. Ainsi, les modes drive et sense peuvent étre considérés comme des systemes
indépendants. Pour le moment, faisons également cette hypothese. Dans la Section II.2, nous
discutons des conséquences de cette hypothese.

Apres avoir modélisé un gyrometre MEMS idéal, discutons de son fonctionnement.

Opération du Mode Drive L’objectif principal du mode drive est de permettre la création
d’une force de Coriolis en maintenant les oscillations de la masse d’épreuve le long de 1’axe
X. Pour cela, on applique une force F,, produisant des oscillations d’amplitude A, et de
pulsation wey, :

x(t) = Ay sin (Wexct) -

Le mode drive pourrait fonctionner en boucle ouverte, mais, en raison de la perturbation Fc,, x
et des erreurs de modélisation, pour réguler I'amplitude Ay, une boucle de rétroaction et un
correcteur, que nous désignons par Kpy, sont nécessaires, comme présenté sur la Figure I1.2.

z . 204 z re
Basé sur les mesures de x et d’'une amplitude de référence donnée A, f, ce correcteur calcule

la force F, pour que A, = A:ff , malgré la présence de F¢,, . Dans le cas idéal,
pour q g p ,

x(t) = A:ff sin (Wexct) - (IL6)

De plus, pour minimiser la force appliquée, on souhaite également que wey . ~ woy, €n
profitant du gain élevé de G°" a la résonance. La pulsation d’excitation peut étre fixée
automatiquement par une boucle externe, par I'utilisateur ou méme implicitement par Kpy
lui-méme (voir Section II.2 pour plus de détails).

Aref FCor,x

x

— F +YT | x = Axsin (Wexct)
(wexc) Kpm GY“e

—_—>

FIGURE II.2: Opération du mode drive en boucle fermée.
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Opération du Mode Sense A son tour, I'objectif principal du mode sense est d’estimer la
force Fcoy,y, permettant le calcul de Q); (voir (I1.4)). Le mode sense peut fonctionner en boucle
ouverte ou en boucle fermée.

En boucle ouverte, F,(t) = 0 et, pour un gyrometre MEMS idéal, seule Fc,,, produit des
oscillations sur le mode sense. Ainsi, basée sur les mesures de y et du modele G;"“h, I'estimée

de Fcory, Fcory, est obtenue comme Feyyy (5) = G;“Ch(s)_ly(s). Cette approche est la plus
simple a implémenter puisqu’elle ne repose que sur les mesures de la position y et sur un
traitement postérieur. Cependant, la dynamique du mode sense dépend uniquement de ses
caractéristiques mécaniques, et est souvent tres lente en raison du facteur de qualité élevé.
Par conséquent, ce mode de fonctionnement est mieux adapté aux applications a faible cotit
et a faible performance.

L’idée principale du fonctionnement en boucle fermée est d’utiliser un correcteur, Ksys, qui
calcule la force F, qui, en maintenant y(t) = 0, contrebalance Fc,,,, comme présenté sur les

schémas de la Figure I1.3. Dans ce cas, F,(t) = —Fc,(t) et nous définissons I'estimée I?COW

comme Feoy,y (t) = —F, ().
E -
ﬂ» lFCOV,y F FCor,y
Ksym F, + Cory + I y
y _+ n| Y — Glech > Ksu E
O+ Gpree +<T3—’ f y
A

(A) Correcteur aprés procédé. (B) Correcteur avant procédé.

FIGURE I1.3: Opération du mode sense en boucle fermée.

L’opération en boucle fermée est également connue sous le nom de force-to-rebalance et
présente deux énormes avantages par rapport au fonctionnement en boucle ouverte.

(i) La dynamique du systéme en boucle fermée est déterminée par le mode sense et le
correcteur, qui peut étre con¢u pour augmenter la bande passante du capteur [YANO9S].

(ii) La minimisation de y implique la minimisation de Fc,, », ce qui réduit les perturbations
sur le mode drive. De plus, la minimisation de y permet également d’éviter la saturation
sur les circuits d’instrumentation du mode sense et de réduire I'effet des non-linéarités
[RCRW09, CGZT11].

Par conséquent, pour concevoir un gyrometre de haute performance, le mode sense doit
fonctionner en boucle fermée. Dans le reste de ce travail, nous nous concentrons sur ce mode
fonctionnement.

Dans I'opération idéale en boucle fermée, on considere que le correcteur Ksys produit
Feory(t) = Feory(t) = —2mQ(t)x(t). (IL.7)
En placant (II.6) dans (I1.7), on obtient
Feory(t) = —Q(t) - 2mAY were cos (wexct) - (IL8)

Notez que, puisqu’en boucle fermée y(t) = 0, nous pouvons négliger la force de Coriolis
qui agit sur le mode drive, Fc,, . Ainsi, méme dans le cas d"une vitesse angulaire non nulle,
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nous pouvons toujours considérer que (pour les gyrometres MEMS idéaux) le seul couplage
entre les modes drive et sense est la force de Coriolis agissant sur le mode sense, c’est-a-dire
FCor,x(t) =0et FCor,y(t) = _2sz(t)x(t)'

De la Force de Coriolis a I’'Estimation de (2, Apres avoir estimé la force de Coriolis, la
derniere étape consiste a obtenir une estimatée de (2, nomée ﬁz. Notons que I?COW (voir (IL.8))
est un signal dont 'amplitude est modulée par (), (t). Par conséquent, pour calculer la vitesse
angulaire, il suffit de démoduler le signal I?COW. Pour cela, on utilise la démodulation
synchrone (SD) [Sau08]. Cet élément est présenté en détails dans la Section II.1. Cette
opération nécessite la phase du signal pour déterminer correctement le signe de (). Cette
phase est obtenue a partir de wey.. Enfin, nous pouvons synthétiser 1’opération complete des
gyrometres MEMS idéaux sur le schéma de la Figure 11.4.

Wexct
r--r-—--=-=-=-====-==-=--- - - - - - ==~ | Qz : 77777777777777777777777 /: - l
A;ef : l F\ FCor,y oD ﬁz
—> [ : C > —>
K Fr; Gmnch x L Q( ) X —2m oy O Gmech ¥ K b
(Wexc) DM X T\ d g > . > . > Gy > SM Yy

FIGURE II.4: Opération en boucle fermée des gyrometres MEMS idéaux.

Actionnement et Instrumentation

Pour fonctionner en boucle fermée, des actionneurs et des capteurs sont utilisés. En particulier,
dans ce travail, des actionneurs électrostatiques (ou capacitifs) sont utilisés pour, a partir
d’une tension électrique, appliquer les forces sur la masse d’épreuve; et le principe de
détection capacitive et des circuits amplificateurs de charge sont employés pour convertir la
position de la masse en un signal de tension électrique.

Les circuits d’actionnement et d’instrumentation sont modélisés par des gains k;,, et kous,
respectivement, comme présenté sur la Figure IL.5 pour le mode drive. Le signal n, est aussi
introduit. Il représente les bruits de procédé et de mesure (instrumentation), en définissant

FCor,x Mx
F
ﬂ» Kinx _xi- + szh X Koutx Xm +XA+ Xy

FIGURE IL.5: Modele global du mode drive avec actionnement et instrumenta-
tion. Pour le mode sense, remplacer x par y.

Le modele global peut aussi étre représenté sous la forme compacte de la Figure IL.6, ou

o FCar,x (t)

uCor,x(t) Tk (I1.10)
inx
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”Cor,xl nxl
u X X
x +:+ Gy m +:+ n

FIGURE IL.6: Modéle compact du mode drive avec actionnement et instrumen-
tation. Pour le mode sense, remplacer x par y.

est 'image de Fc,, » en volts. Ainsi, le modele du mode drive avec actionnement et instru-
mentation est donné dans le domaine de Laplace par

Xm(8) kO,xw(Z],x

G p— p— ’
<(s) ux(s) s+ wox/Qx s+ w%/x

(IL.11)
ou kO,x = kout,xkgfi(:hkin,x-
Avec un fonctionnement idéal en boucle fermée, la tension de sortie x,, est donnée par
X () = AL sin (wexct) (IL12)
ott A%, = kourx A (voir (IL6)).
Pour le mode sense (voir les figures IL.5 et I1.6 avec y a la place de x), on définit le bruit 1, et
Ym(t) = koutyy(t) et Yn(t) = ym(t) + ny(t). (IL.13)

Ainsi, le modéle du mode sense avec actionnement et instrumentation est donné par

kO, w2
Gy(s) =2 mls) _ . 0y , (IL.14)
uy(s)  s*+woy/Qy-s+wp,
Otl ko,y — kout,ykgf;Chkin’y.
Dans cette démarche, nous définissons également la tension
Feory(t)
Ucory(t) = kiy (I1.15)
in,y

qui est une image de la vraie force de Coriolis Fcoy,,- En boucle fermée, le correcteur applique

le signal 1y qui compense uc,,,,. Alors, plutdt que de travailler avec ﬁCor,y/ nous utilisons le
signal i, pour 'estimation de la vitesse angulaire (). Dans le cas idéal, ic,, est donné
par (voir (I1.8) et (I1.12))

oy kin,y kout,xkin,y

Démodulation Synchrone Idéale et Estimation de la Vitesse Angulaire

Dans cette sous-section, nous présentons la démodulation synchrone (SD, de I'anglais syn-
chronous demodulation), utilisée pour déterminer (), a partir de #ic, .
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2 cos (Wexct) 51 SIf
FLp —>

—2sin (wWexct) Sy SQf

FLP—>

FIGURE II.7: Schéma-bloc du démodulateur synchrone.

Démodulation Synchrone Idéale : Cas Général

Considérons un signal modulé en quadrature s,,(t) € R de la forme
Sm(t) = s1(f) cos(wexct) — sg(t) sin(wexct), (I1.17)

ot s;(t) € Retsp(t) € R définissent respectivement I’amplitude des termes en phase et
en quadrature (90° de déphasage) avec cos(wexct). Le signal s, est supposé étre un signal
passe-bande de largeur de bande 2w,y centré sur w,y.. Cela signifie que sa densité spectrale
de puissance (PSD, de 'anglais power spectral density), Ss,, est telle que,

v |w| 2 2w€xc, Ssm (CU) - 0 et S

Sm

(0) = 0. (I1.18)

Il est important de mentionner que tout signal s, qui vérifie (I1.18) peut étre décomposé en
termes en phase et en quadrature, comme dans (2.21). Cette décomposition est unique si s; et
sg sont des signaux passe-bas, c’est-a-dire si leurs PSDs sont telles que [Lat98, Sec. 11.5]

V]w| > wee,  Ss(w) =0 et Siy(w)=0. (I1.19)

La démodulation synchrone d'un signal s,, correspond a l’extraction des termes en phase
et en quadrature, respectivement s; et sg [Sau08]. Cette opération peut étre effectuée en
utilisant le schéma-bloc présenté dans la Figure I1.7, ou1 Fy p représente des filtres passe-bas
idéaux, i.e., des filtres dont la réponse fréquentielle est donnée par

FLp(a)) =

{1/ v’w| S wexc (II 20)

0, sinon

Avec le signal s, de (I.17) a I'entrée du démodulateur synchrone, on a
s1(f) = s1(t) (14 cos(2wexct)) — sq(t) sin(2wexct) ;
$2(t) = —s1(t) sin(2wexct) 4+ 5o(t) (1 — cos(2wexct)) -
Ainsi, apreés filtrage des termes de haute fréquence avec Frp, on obtient
sif(t) = s1(t) et sof(t) =sq(t),

qui correspondent bien aux termes en phase et en quadrature. Cela est possible grace a la
condition de basse fréquence pour les signaux s; et sp, évitant le chevauchement entre les
spectres des termes en haute (ceux avec cos(2wey.t) et sin(2w,yt)) et en basse fréquence.
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Estimation de la Vitesse Angulaire par la Démodulation Synchrone

Considérons a nouveau le fonctionnement idéal d'un gyrometre MEMS. La vitesse de rotation
peut étre déterminée par (II.16). Nous supposons que (), est un signal passe-bas. Donc, en
connectant iic,r,y, qui est un signal passe-bande (conséquence de ’hypothése ci-dessus), a
I'entrée du démodulateur synchrone (s, = iicor,), on obtient

SIf(t) = kSF : Qz(t) et SQf(f) =0 (1121)
2mA W

kgp = — =32 11.22

st kout,xkin,y ( )

ot ksr est appelé le facteur d’échelle (SE, de 'anglais scale factor) du capteur.

En pratique, ksr n’est pas parfaitement connu et une étape de calibration est nécessaire pour
obtenir une estimatée du facteur d’échelle, ksr, qui permet de calculer (), a partir de sy :

Gyrometres MEMS Réels (Non Idéaux)

Dans cette sous-section, nous introduisons les principales non-idéalités des gyrometres
MEMS réels et discutons de leurs effets sur I'estimation de la vitesse angulaire. Pour évaluer
I'impact de ces non-idéalités sur (), nous considérons une opération en boucle fermée ot :

(i) Kpum assure x(t) = A;ej;/kout,x - SIN (Wexct) Ou Xy (F) = A:f{; sin (Wexct) ;
(ii) Ksum assure y(t) = 0 en appliquant un signal de commande u,(t) ;

’ U or = - ’ ’
(iii) le démodulateur synchrone, basé sur iic;,,(t) uy(t) et la phase wext, calcule sy¢(t)
utilisé ensuite pour déterminer Q..

Couplage Mécanique : Anisoélasticité et Amortissement Non Proportionnel

Lors de la fabrication, un désalignement entre les axes X et i/ peut se produire et créer de
I’anisoélasticité et de 1’amortissement non proportionnel. Ces effets apparaissent sous la
forme de termes non diagonaux dans les matrices k et d, respectivement (voir, e.g., [PSPT06,
Sau08, Kem11]). Ainsi, le comportement du gyrometre MEMS est maintenant décrit par :

mo 0 )X dx dxy] [x] [kxx kxy} [x} _ [Px] [ 0 271’!] [x]
[0 m:| I:y:| * [dyx dyy y + kyx kyy y Fy + Q) om0 y (1123)

Notons que nous pouvons définir un vecteur de force de couplage Foyp

SO e e A

et réarranger (I1.23) comme

m 0 X dxx 0 X kxx 0 X Fx PCor x:| [Fcoup x:|
L+ |+ = + 4 ~, 11.25
[0 m] [y] [ 0 dyy} [y} [ 0 kyy} L/ ] [P y] [P Cory Feoup,y ( )



IL1. Le Principe de Mesure des Gyrometres MEMS 283

ce qui correspond a (I1.5) avec le terme F.,,, a droite de I'équation. L'anisoélasticité et les
effets d’amortissement non proportionnels peuvent étre interprétés comme l'inclusion d'une
nouvelle force en entrée des modes drive et sense, les couplant mécaniquement.

Examinons maintenant les effets du couplage mécanique sur le fonctionnement du capteur. Si
le correcteur du mode drive assure 1'oscillation de x avec I’amplitude désirée et si le correcteur
du mode sense assure y(t) = 0, Feoup,x(t) = 0 et

Fy(t) = —Fcory — Froupy = (2mQ (1) + dy) %(£) + kyxx (t) (11.26)

(voir (I1.24) et (I1.25)). Avec les gains d’actionnement et d’instrumentation, nous remplagons
x(t) = AZE{; sin (wexct) /Kout,x dans (I1.26), et avec uy(t) = F,(t)/ki,, nous obtenons

2mQ (1) + dyy) Al Ky AL,
uy(t) = ( (1) F dyx) Avncese €08 (Wexet) + —2 sin (Wexct) - (IL.27)
kout,xkin,y kout,xkin,y
Puis, avec #ic,r,(t) = —u,(t) (opération idéal en boucle fermée) et aprées démodulation, on a
2mQY (1) + dys) AL
sip(t) = — (2O () + dy) Arntex (IL.28)
kout,xkin,y
kye A
sof(t) = =" 11.29
Qf( ) kout,xkin,y ( )
On peut alors réécrire s;f comme
sip(H) = spe(t) +sp4(t), (11.30)
ol sff est proportionnel a (), et s s est une constante, c’est-a-dire
Si:(t) = kgr - Qz(t) et S(I)f(t) =kzro (I1.31)
d Aref
avec ksr donné en (2.26) et kyro = _ Gyxflam@exe
kout,xkin,y

Bien que la démodulation synchrone permette de distinguer une partie des contributions
des forces de couplage présentes dans iic,,, Si est toujours perturbée par le terme d,,
(S(I) f(t) = kzro). Cette non-idéalité est 1'une des principales causes de biais en sortie ou sortie
a vitesse nulle (ZRO, de I'anglais zero-rate output). Avec le mode sense en boucle fermée, ce
terme est toujours présent. La bonne nouvelle est que, si kzro est constant, une estimation
%Z RO =~ kzro peut étre obtenue dans une étape de calibration et nous pouvons définir une
fonction de compensation feomp

sie(t) — k
Feomp(s17(£)) 2 M (TL.32)
SF

telle que Q0 (t) = foomp(51£(t)). Sikse = ksr et kzro = kzro, Q:(t) = Qu(t).

En général, sgr peut étre aussi divisé par ks, produisant ce qu’on appelle I’erreur en quadra-
ture (), également donnée en °s™!, comme dans [RCRW09] par exemple.
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Sensibilité a I’Environnement

En général, les dispositifs MEMS sont tres sensibles aux variations environnementales, telles
que les variations de température, de pression ou de tension mécanique. Ces facteurs jouent
un role important sur les propriétés mécaniques du gyrometre MEMS, en modifiant la
fréquence de résonance et le facteur de qualité des résonateurs [XCWLO09].

Méme si les correcteurs sont robustes face a ces variations, 1’estimation (A)Z est biaisée par
le parametre d, qui varie avec la température, la pression et/ou les tensions mécaniques.
Il peut alors s’avérer que la compensation du biais soit moins efficace en cas de variations
environnementales, dégradant ainsi la qualité de la mesure. De méme, la compensation
du facteur d’échelle peut également étre dégradée par ces variations. Il est donc important
d’adapter la fonction de compensation f,mp en fonction des changements environnementaux.
En général, 'un des principaux facteurs contribuant aux variations du biais et du facteur
d’échelle est la température. Ainsi, si le comportement du biais et du facteur d’échelle en
fonction de la température est connu, en mesurant la température, f.omp peut étre adapté en
conséquence, voir, e.g., [TWY17].

Les Bruits de Mesure et de Procédé

Les gyrometres MEMS sont contaminés par des bruits de différentes sources. Les principales
sources sont les bruits mécano-thermiques et électroniques. Tous ces bruits peuvent étre
modélisés comme un seul bruit sur les mesures des modes drive et sense. Nous le désignons
par n = [ny, n,], comme dans la Section IL.1 (voir (IL.9) et (I.13)). Nous définissons aussi les
systemes N, et N, tels que les PSDs de 1, et n,, respectivement S,, et Sny, sont données par

Sinl@) = Ne(j0)FSo(@) et Spyfw) = [Ny(jw) [} S,y @), (1133)

ouS,, et Sey sont la PSD de e, et e,, des bruits blancs de moyenne nulle et variance unitaire.

En conséquence de la présence de bruit dans le systeme en boucle fermée, la sortie du
démodulateur synchrone est également perturbée par un bruit additif [KM13]. Ainsi, en
prenant en compte les effets du bruit et des autres non-idéalités, nous pouvons réécrire la
sortie du démodulateur synchrone (I1.30) comme

sip(t) = sye(t) + 57, (t) + (1), (11.34)

ou le terme s} I encapsule la contribution des différentes sources de bruit.

Modeéle Global d’'un Gyromeétre MEMS Non Idéal
Nous pouvons maintenant établir le modele global d"un gyromeétre MEMS non-idéal.

A cause du couplage mécanique entre les modes drive et sense, la partie mécanique du
gyrometre MEMS est un systeme multivariable a deux entrées et deux sorties. En outre,
les parametres mécaniques du gyrometre dépendent des conditions d’opération. Ainsi, le
gyrometre peut étre modélisé par un systéme linéaire & parametres variants (LPV) G, dont
les parameétres dépendent de 0 et p. Le vecteur 6 € R™ représente les variables connues
ou mesurables en temps réel (température, par exemple), tandis que p € IR"* représente les
variables inconnues (tension mécanique, par exemple). En général, ces variables varient
lentement, de sorte que 1’on peut considérer que, pour chaque condition de fonctionnement
(6,p), G%* est un systéme linéaire temps-invariant (LTI) ou un systéme LPV figé.
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De méme, la force de Coriolis, fonction de (), couple également les modes drive et sense
(voir (IL.23)). La dépendance a (), peut étre représentée par une boucle de rétroaction, comme
la partie mécanique illustrée sur Figure I1.8a, ot

0

0 1
Ceor (Q02) zzmozl o "f"/x"w]. (I11.35)

kin,ykauf,x

Nous désignons par G%?<% le modele mécanique complet (avec actionnement et instrumen-
tation), en indiquant la dépendance aux parametres 6 et p ainsi qu’a (),. Alors, le modele
global d'un gyromeétre MEMS non idéal peut étre représenté par le schéma de la Figure I1.8a.

En général, la force de Coriolis est considérée comme exogene et la dépendance du modele
mécanique vis-a-vis de (), est négligée. De plus, les incertitudes liées aux parametres
inconnus p et aux erreurs de modélisation de la partie mécanique sont encapsulées dans
un systeme incertain AE. Le modele global de la partie mécanique du gyrometre est alors
simplifié comme présenté dans la Figure I1.8b.

|

" Partie mécanique : G000 3 ‘| .
el ol L o T
r ~ 40— ¢ 4?—”1 7
‘ AE

(B) Force de Coriolis comme signal exogeéne.

Y

(A) Force de Coriolis comme signal endogene.

FIGURE I1.8: Modele global d"un gyrometre MEMS non idéal.

Le systéme incertain AE peut étre défini par des techniques d’identification de systéme [Lju98,
BSG"04, Col20]. Qualitativement, puisque le rapport signal/bruit (SNR, de 1'anglais signal-
to-noise ratio) est meilleur autour des fréquences de résonance, les incertitudes sont faibles
dans cette gamme de fréquences et trés importantes pour d’autres fréquences [Col20, AC21].

Modeéle de I’Estimation de la Vitesse Angulaire pour un Gyromeétre MEMS Non Idéal

Comme le facteur d’échelle et le biais dépendent des parametres du gyrometre MEMS,
fonction de 6 et p, le facteur d’échelle et le biais dépendent également de 8 et p. Nous les

L . . 0,0 6,0 . A P .
désignons respectivement k¢ et k% . Ainsi, (), est calculée par la fonction

~

S[ (f) — kg
Fomp(s17(£)) 2 ngFZRO (IL36)

) 0 2 . s 0,0 0,0 P
avec kg et kz ro étant rgspect;vement les estimées de k¢}. et k. Comme p représente des
parametres inconnus, kg et k7, ne peuvent dépendre que de 6.

Réécrivons maintenant (I1.34) comme suit

0, 0,
sip(t) = kgPQu(t) + ko + 517 (1) (I1.37)
Nous pouvons donc calculer (), avec la fonction de compensation ffomp de (I1.36) :
st (t)
A 0, 0, I
Q.(t) = (1 n esg) O.(t) + €20 + %T (IL.38)

SF
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ot & SF © définit l'erreur relative sur le facteur d’échelle

0.0 _ 70
0p _ kSF — kSF

SSF = T’ (1139)
SF
ete) o définit le biais résiduel, donné par
9 ~,
koo — kS
€5 o = —ZRO__"ZRO (I1.40)

Finalement, le gyrométre MEMS, dans son ensemble, peut étre représenté par un opérateur
dont l’entrée est (), et la sortie ﬁz, comme illustré sur la Figure I1.9. Ici, Hg’ypm =1+ e%’g et

Q) = € o+ 6" () t) /Ky (voir (IL38)).

Q7
+ +ﬁz

Q. [,
Hg]/T”O

FIGURE I1.9: Modele de 'estimée de la vitesse angulaire Q..

Indicateurs de Performance Globale des Gyrométres MEMS

En raison des non—idéalités I'estimée de la vitesse angulaire contient des erreurs, comme vu
en (I1.38). Si ¢ S’lf =& 7 RO = 0, (IL.38) peut étre réécrite comme suit

O () = Q) + Sife(t), (IL41)

kSF

ou la seule différence entre (), et (), est due au bruit (s}’f). Néanmoins, en raison des

. . N P 0,0 . .
incertitudes sur les parametres définissant k¢¥ et kZ RO~ 1l existe tou]ours une erreur non nulle

sur le facteur d’échelle et sur le biais. Le comportement de e ? et & o pour différentes
conditions de fonctionnement détermine la précision du gyrometre MEMS et définit ses
indicateurs de performance globale, discutés dans la suite.

Indicateurs de Performance Liés au Facteur d’Echelle
Le facteur d’échelle est défini comme :

“Rapport d’une variation en sortie d'une variation de l’entrée que 1’on veut
mesurer. Le facteur d’échelle est généralement évalué comme étant la pente de la
ligne droite qui peut étre ajustée par la méthode des moindres carrés aux données
d’entrée-sortie.” [IEE19]
En général, on considére que la sortie du démodulateur synchrone est la sortie du gyromeétre,
sif- Ensuite, en considérant s;¢(t) = kg’l’? Q,(t) (voir (IL.37) avec s’]f( ) =0et ksz’%o =0),1la
constante k  détermine cette pente, définissant le facteur d’échelle.

Les principales spécifications d’erreur du facteur d’échelle sont les suivantes.

* Scale Factor Nonlinearity (SFNL) : 1’écart systématique par rapport a la ligne droite qui
définit la relation entrée-sortie nominale [IEE19]. Il est généralement donné en ppm
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du fond d’échelle (FS, de I'anglais full scale). La SFNL indique a quel point I'estimation
de ), peut étre éloignée de (). Cet indicateur est souvent évalué a une condition de
fonctionnement donnée et pour Q. € [—QfS, OF°], ou Of est le fond d’échelle ou la
plage dynamique du capteur. Par conséquent, nous adoptons la définition suivante

SFNL£  max w . (11.42)
0.€[-0f5, 0ff] Qfs

e Scale Factor Over Temperature (SFOT) : indique la sensibilité du facteur d’échelle a la
température, c’est-a-dire la variation du facteur d’échelle résultant d'un changement
de température [IEE19]. Le SFOT représente la variation du facteur d’échelle kg'}” sur
toute la plage de température de fonctionnement Tiy; € [Tint min, Tint max], par rapport
au facteur d’échelle a la température ambiante nominale, T;,;; 0. Ainsi, nous définissons

’kTmt _ kTint,O
SEOT = max IsF TSF |

T.
Tint S [Tint,minr Tint,max] ksllgt’o

(I1.43)

Erreur de Biais

Si le gyrometre est au repos, sa sortie devrait rester nulle. Cependant, a cause des bruits, des
imperfections de fabrication, des erreurs numériques, du vieillissement et des changements
environnementaux (principalement liés a la température), le capteur produit une sortie non
nulle. La moyenne de cette mesure dans le temps est le biais [SASH06, SAH07].

Le biais est souvent compensé apres calibration [TMF17]. Néanmoins, le probleme est sa
sensibilité par rapport aux variations environnementales et sa stabilité dans le temps. Pour
I’évaluer, nous considérons les indicateurs ci-dessous.

* Bias Instability (Bl) : dans ce contexte, la stabilité est définie comme “une mesure de
la capacité d'un mécanisme spécifique ou d'un coefficient de performance a rester
invariant lorsqu’il est exposé de maniere continue a une condition de fonctionnement
fixe” [IEE19]. Si les sources d’instabilité sont mesurables et que la relation avec le biais
est connue, une compensation peut étre envisagée. Si les sources sont inconnues ou
non mesurables, elles ne sont pas compensées et définissent 1'instabilité de biais (BI).
En raison de sa nature aléatoire (plutot inconnue), ce parametre de performance est lié
au terme de bruit (Q2), étant présenté avec les indicateurs de bruit dans la suite.

* Bias Over Temperature (BOT) : indique la variation du biais résultant d"un changement
de température [IEE19]. Le BOT représente la variation de e?}g’o sur toute la plage
de température de fonctionnement Ti,¢ € [Tintmin, Tintmax) par rapport au biais a la

température ambiante nominale, T;,; o. Ainsi, nous adoptons la définition

ay T,‘m _ Tint,O
BOT = max (’SZRO €7RO
Tint € [Tint,minr Tint,mﬂx}

) : (I1.44)

Indicateurs de Performance Liés au Bruit : Bruit RMS et Variance d’Allan

Méme lorsqu’aucune vitesse angulaire n’est appliquée et que le biais est compensé, le gyro-
meétre produit un signal aléatoire en sortie. Cette sortie erratique peut produire une erreur
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FIGURE I1.10: Exemple de la courbe d’écart-type d”Allan (adapté de [Tro19]).

de positionnement/navigation significative. Alors, pour caractériser la performance d'un
gyrometre MEMS par rapport aux différents bruits, certains indicateurs sont évalués [IEE19].

* Bruit RMS :la puissance du bruit mesurée dans la gamme de fréquences d’intérét.

* Angle random walk (ARW) : ’accumulation de I’erreur angulaire avec le temps qui est
due a un bruit blanc dans la vitesse angulaire et qui s’exprime typiquement en °/+v/h.

* Bias instability (BI) : la variation aléatoire du biais. Ce processus non stationnaire
(évolutif) est caractérisé par une PSD de 1/ f. Généralement exprimée en °h 1.

Si l'interprétation du bruit RMS est simple, celle des autres spécifications ne 1’est pas. Ces
deux derniers parametres résultent de la variance d”Allan du bruit mesuré. Cette quantité est
calculée selon les étapes suivantes [IEE06, Frel5].

(i) Le signal Q. (voir (IL.38)) est mesuré avec (), (t) = 0 et échantillonné & une période 1.

(ii) Un filtre & moyenne glissante d’ordre m € IN est appliqué au signal échantillonné.
L'ordre du filtre définit le temps 174 = m1y de la fenétre d’échantillonnage.

(iii) La variance du signal moyenné pour un 74 donné est la variance de Allan de Q., 0% (Ta).
(iv) Les étapes (ii) et (iii) sont répétées pour différents T4 (ou m).
(v) L'écart-type d’Allan o4 (74) est calculé, produisant une courbe comme en Figure I1.10.

Ce graphique montre ainsi I’écart-type du bruit aprés moyennage de Q) a différents 74. La
valeur minimale de 04 (74) définit le BI et donne une idée de la contribution minimale du
bruit sur la mesure. Pour I'exemple de la figure, 1’écart-type du bruit moyenné peut étre
aussi faible que 0.8 °h~!. Pour atteindre cette valeur, il faut utiliser une moyenne glissante de
longueur d’environ 200 h. L’ARW est défini comme la valeur d’une ligne droite qui passe par
T4 = 1h. Cette droite correspond a la droite qui ajuste le mieux 04 (74 ) avec une pente égale
a —0.5 dans une échelle log-log [Fre15]. Dans cet exemple, ARW =2 9°/+v/h.
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Indicateur de Performance Dynamique : la Bande Passante

Le gyrometre peut étre considéré comme un opérateur dynamique dont ’entrée est la vitesse
angulaire (), et qui produit (), en sortie (voir Figure I1.9). La plage de fréquences dans
laquelle I'atténuation est inférieure a 3 dB est définie comme sa bande passante [IEE04].

I1.2 Architectures de Commande dans la Littérature

Dans la section précédente, il a été montré a quel point les boucles de rétroaction sont
essentielles pour le fonctionnement des gyrometres MEMS & haute performance. Cette
section vise a passer en revue les architectures de correcteurs les plus utilisées dans la
littérature, leurs avantages et leurs inconvénients.

En général, les modes drive et sense sont considérés comme des systémes indépendants a
une entrée et une sortie (SISO), et la plupart des architectures de commande sont basées sur
cette hypothese. Nous commengons par revisiter les architectures de commande classiques
adoptées pour l'opérations des modes drive et sense en boucle fermée dans les sections I1.2
et I1.2. Ensuite, dans la Section II.2, nous discutons des limites de I'hypothese d'indépendance
et présentons quelques travaux récents qui considerent un cadre MIMO (multiple-input
multiple-output), utilisant un seul correcteur pour les modes drive et sense.

Architectures de Commande pour le Mode Drive

Le principal objectif du mode drive est de maintenir la masse d’épreuve en oscillation de sorte
qu’en présence d’une vitesse angulaire, une partie de I’énergie d’oscillation soit transférée
au mode sense par la force de Coriolis. En raison de la relation entre la force de Coriolis et x
(ou x), il est essentiel de bien régler 'amplitude de x, Ay. De plus, on cherche a produire des
oscillations exactement a wp, minimisant 1’énergie nécessaire pour faire osciller cette masse
et maximisant le rapport signal sur bruit de la mesure.

Outre les problémes liés aux fluctuations de wyy, les performances du gyrometre peuvent
étre fortement dégradées par des effets de couplage ou le vieillissement. Par conséquent, le
probléeme de commande du mode drive peut étre énoncé comme suit.

Probleme II.1 (Probleme de commande du mode drive). Concevoir un systeme de commande
capable de produire et de maintenir les oscillations de la masse d’épreuve avec une amplitude controlée
et une fréquence proche de celle de résonance, malgré les perturbations et les variations de modele.

Deux objectifs de commande sont poursuivis : réguler 'amplitude des oscillations, et suivre
la fréquence de résonance. Dans la littérature, différentes stratégies sont proposées. Nous
présentons les approches les plus courantes, leurs avantages et inconvénients.

Automatic Gain Control (AGC) avec Phase-Locked Loop (PLL)

Historiquement, pour atteindre les deux objectifs de commande ci-dessus, deux boucles de
contrdle indépendantes sont utilisées. Une boucle pour controler ’amplitude des oscillations,
la boucle de contrdle automatique de gain (AGC). La seconde est basée sur les célebres
circuits de boucle a verrouillage de phase (PLL), qui permettent de suivre la fréquence de
résonance du mode drive.
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Pour la boucle d’amplitude, 'idée est de concevoir un correcteur Ky, qui, basé sur I’amplitude

Ax,m et d’'une amplitude de référence donnée Aff,{n, calcule I'amplitude Uy du signal de com-

mande telle que Ay, = A;%, voir, e.g., [AH10, Sau08]. Les amplitudes (A%Z, Axm et Uy)
sont des signaux constants en régime permanent. Par conséquent, des simples correcteurs PI
peuvent étre utilisés pour remplir cette tache.

Pour la boucle de phase, l'idée est de concevoir un correcteur K, qui, basé sur le déphasage
du signal x,;, ¢x,m, calcule 6, et Wexe = b + wch de sorte que ¢y, = —7t/2 rad [KCVOS,
Sau08, RCRW09], assurant que weyxc ~ wo . En régime permanent, les signaux d’entrée et
de sortie du correcteur (respectivement, —71/2 — ¢y, et wexc) sont également des signaux
constants, ce qui justifie l'utilisation de correcteurs PI dans la boucle de phase.

L’amplitude et le déphasage de x,, peuvent étre calculés par la démodulation synchrone (SD).
L’architecture de commande avec AGC et PLL est donc présenté dans la Figure II.11.

A“’f l Axm
; — u u X >
&:O > Kamp ol :E—X» Gy U SD -
ngc A
—7t/2 ) l w
t/ “1‘T Kph w j‘_: exc f 4)€XC= sin( ) )

FIGURE II.11: Architecture AGC+PLL pour I'opération du mode drive.

Cette stratégie de controle est trés populaire. Son succes peut étre di a la simplicité des
correcteurs, offrant une solution intéressante au probleme de commande du mode drive.
De plus, bien que le mode drive fonctionne autour de sa fréquence de résonance, le cor-
recteur fonctionne avec des signaux a basse fréquence (constants en régime permanent).
Cela est tres utile dans le cas d'implémentation numérique des correcteurs. En effet, les
correcteurs peuvent étre implémentés dans un processeur et fonctionner avec une fréquence
d’échantillonnage inférieure a w .

L’architecture AGC+PLL présente plusieurs non-linéarités dans les boucles, rendant le sys-
teme a commander non linéaire. Pour concevoir les correcteurs, les modeles sont générale-
ment linéarisés autour d’un point de fonctionnement particulier [EMK12], ce qui ne permet
pas de modéliser les couplages entre I'amplitude et la phase. Par conséquent, aucune garantie
formelle de performance ou de stabilité n’est donnée a priori.

Architecture Automatic Gain Control (AGC) Non Linéaire

Une alternative populaire a I’architecture AGC+PLL est la boucle AGC non linéaire, présentée
dans [MVGO1]. L’architecture AGC non linéaire présente aussi deux boucles : une pour
réguler I'amplitude des oscillations et une autre pour suivre la fréquence de résonance
par le biais du déphasage introduit par le mode drive. Nous appelons cette stratégie AGC
non linéaire car les oscillations ne sont pas induites par une PLL, mais en utilisant une loi
de commande non linéaire (u,(f) = Ux(t) - % (t)), comme illustré sur la Figure I1.12. Une

démodulation synchrone (SD) est utilisée pour calculer I'amplitude de x,,, A . Le correcteur

Kamp calcule le signal U, de sorte que Ay, suive la référence A:fi[n
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FIGURE I1.12: Architecture AGC non linéaire pour 'opération du mode drive.

L’architecture AGC non linéaire est utilisée par de nombreux auteurs, comme dans [MVGO01,
CMTBO05, OAL™05,SSL*08, CCD"09, PSL*12]. En plus de fournir une structure relativement
simple, cette approche assure a la fois le contréle de I'amplitude et le suivi de la fréquence de
résonance. Cependant, les non-linéarités présentes dans la boucle rendent difficile ’analyse
rigoureuse des performances du systéme en boucle fermée. L'approche générale consiste a
utiliser des méthodes de moyennage et de linéarisation pour analyser les points d’équilibre
et leur stabilité (voir [MVGO01] et [CCD*09], par exemple). De plus, le suivi de la fréquence
de résonance n’est démontré que par des expériences ou des simulations.

Architecture de Commande Directe

Dans les approches précédentes, les correcteurs utilisent 'amplitude et la phase de x;,, des
signaux lents. Cela permet d’employer des correcteurs a faible bande passante (comme
des correcteurs PI) ; toutefois, du point de vue de 1’Automatique, il n’est pas habituel
d’introduire des fonctions non linéaires dans la boucle de commande. Le probleme est
que ces non-linéarités rendent plus difficile de garantir la stabilité ou les performances du
systéme en boucle fermée. Ainsi, certains auteurs ont proposé d’utiliser une architecture de
rétroaction classique pour 'opération du mode drive, e.g., [SHS"99, DA09, PHHNO07, PK14].
Nous appelons cette approche commande directe car il n’y a pas de (dé)modulation entre le
correcteur et le systéeme a commander, commu illustré sur la Figure I1.13. Le correcteur Ky,

basé sur x,, et x;ff , calcule u, tel que xy, suit fof , qui est de la forme
ref _gref .
X' (1) = Ay Sin (Wexct) . (IL.45)
ref
X u X
m Kx X > Gx m

FIGURE II.13: Architecture de commande directe pour mode drive.

Différentes méthodes de conception peuvent étre appliquées a cette architecture, en four-
nissant des garanties formelles de stabilité et robustesse!. Voir, par exemple, les travaux
[SHS 199, PHHNO7, PK14, BSK06, DA09].

L’inconvénient de cette approche est que le correcteur travaille avec des signaux dont le
contenu fréquentiel est important autour de wey.. Ainsi, dans le cas d'une implémentation
numérique, la fréquence d’échantillonnage doit étre suffisamment élevée pour garantir le bon

1Sous I'hypothese que les modes drive et sense sont indépendants.
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fonctionnement. De plus, I'efficacité des différentes stratégies de correcteur n’est, en général,
démontrée que par simulation. Cela peut indiquer certaines difficultés pour I'implémentation
dans un gyrometre MEMS réel. Enfin, nous devons souligner que la pulsation we,, est fixée
par le signal de référence (voir (I1.45)), qui est censé étre proche de wy . Ainsi, si wp x change
pendant le fonctionnement du capteur, une boucle externe est nécessaire pour que wey. suive
automatiquement wy y.

Architectures de Commande pour le Mode Sense

Le mode sense peut étre considéré comme 1'élément principal d’un gyrometre MEMS ; c’est
notamment sur lui que la force de Coriolis va agir. Pour faire fonctionner le mode sense en
boucle fermée, nous pouvons énoncer le probleme de commande comme suit.

Probléme II.2 (Probleme de commande du mode sense). Concevoir un correcteur capable
d’estimer la force de Coriolis agissant sur le mode sense, malgré les forces de couplage parasites,
les variations de I'environnement ou des parametres du dispositif.

Pour résoudre ce probleme, la stratégie de compenser Fc,, est considérée, définissant
I'objectif de commande : maintenir y(t) = 0 en appliquant une force F, qui contrebalance
Fcor,y- Ainsi, F, (ou uy) peut étre utilisé comme estimée de la force de Coriolis. Pour un gyro-
metre non idéal, nous devons garder en téte que 1’estimée de la force de Coriolis est perturbée
par celles de couplage, Feoup,y (0 tcoup,y(t) = Feoup,y(t)/kiny, voir (I1.15)). La démodulation
synchrone et la calibration/compensation sont donc nécessaires pour distinguer ces compo-
santes (voir Section II.1). Comme pour la commande du mode drive, différentes architectures
sont trouvées dans la littérature. Dans la suite, nous présentons les plus importantes.

Architecture de Commande Basée sur les Enveloppes (I/Q)

La premiere approche que nous considérons est I'architecture de commande basée sur
I'enveloppe. Comme pour l’architecture AGC+PLL, deux boucles de commande indépen-
dantes sont utilisées pour atteindre 1’objectif de commande. Dans ce cas, pour maintenir
y(t) = ym(t) =0, 'idée est d’annuler les termes en phase et en quadrature du déplacement
du mode sense y, c’est-a-dire son enveloppe complexe. Ce concept est devenu populaire avec
le travail présenté par Lynch en 1998, reproduit dans [IEE04, Annexe B].

Pour comprendre le principe de ces boucles, considérons wypy, = wo . et que le gyrometre
fonctionne en régime permanent avec weyx = wo. Dans ce cas, tous les signaux du systeme
sont sinusoidaux et peuvent étre décomposés en termes en phase et en quadrature (voir
Section IL.1). Ainsi, 'entrée u, et la sortie y,, sont respectivement réécrites comme

wy(t) = ty,1 COS (Wexct) — ty,0 SIN (Wexct) (I1.46)

Ym(t) = Ym,1 €08 (Wexct) — Y, SIN (Wexct) . (I1.47)

Rappelons qu'a w = wo,x» = wy,y, le déphasage ajouté par le mode sense est égal a —90°. Alors,
le terme en phase de uy, 1,1, produit des oscillations a la sortie, qui sont en quadrature avec
€08 (Wexct). De méme, le terme en quadrature de uy, uy,o, produit des oscillations en phase
avec cos (wexct). Cela signifie que le terme y,, o ne dépend que de u,,;, de méme que y,, ; ne
dépend que de u, . Par conséquent, pour maintenir y,,(t) = 0, un correcteur K, g est congu
pour compenser les forces en quadrature en maintenant y,, ;(f) = 0, et un correcteur Ky, est
congu pour compenser les forces en phase en assurant y,, o(f) = 0 [LR02, Zur15]. Le schéma
de cette architecture est présenté sur la Figure 11.14.
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FIGURE II.14: Architecture basée sur enveloppe pour commande du mode
sense.

Dans le cas olt wyx # wo,y, le déphasage ajouté par le mode sense & w = wo est égal a
—90° + ¢, avec 6¢y # 0. Le déphasage supplémentaire d¢, est introduit sur le démodulateur
synchrone de sorte que le méme raisonnement est valable lorsque wox # wo,, voir [Zurl5].

Dans cette architecture, si v,,(t) = 0 et x,,(t) = A;ef; sin (wexct), on obtient
Y ,

(2mO (£) + dy) Alhywere
kout,xkin,y

re
kA
kout,xkin,y

tyi(t) = et uyq(t) =

Par conséquent, u,,; correspond a —sjy dans (I1.28) et peut étre directement utilisé pour
calculer Q) : O, (t) = feomp (—1ty,1(t)). De méme, u, o correspond & —sq¢ dans (11.29).
Cette stratégie de commande est également populaire [LR02, CGZ"11, EMK12, HZH" 15,

Zurl5]. Comme pour l'architecture AGC+PLL, la simplicité des correcteurs (PI) est une
caractéristique attrayante, offrant une solution simple pour la commande du mode sense.

D’un autre coté, cette architecture présente également des non-linéarités. Ainsi, pour conce-
voir les correcteurs, les modeles sont souvent linéarisés autour d'un point de fonctionnement
particulier, et aucune garantie formelle de performance ne peut étre donnée a priori. De plus,
les boucles en phase et en quadrature sont considérées comme découplées.

Architecture de Commande Directe

Une architecture alternative pour l'opération du mode sense est I’architecture de commande
directe, présentée dans la Figure I1.15. Dans ce cas, a partir de yy,, le correcteur K, calcule le
signal u, qui compense les perturbations ¢y, et ticoup,, de telle sorte que y,, (t) = 0.

—UCory UCor,y T+ Ucoupy
+ Ym
K, 1 Gy
Uy

FIGURE II.15: Architecture de commande directe pour le mode sense.

Avec cette architecture, différentes méthodes de conception de correcteurs peuvent étre
envisagées, comme dans [PPK™04, SKL08, PH03, SLSK04, HLZ"15].
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Architecture EM-XA

Enfin, nous présentons 1’architecture électromécanique XA (EM-XA). Cette architecture
s’inspire des modulateurs XA [PB05, RRW08], largement utilisés dans les convertisseurs
analogiques-numériques (ADC, de I'anglais analog-to-digital converter). Ce circuit convertit un
signal analogique en entrée en un signal numérique en sortie codé avec un seul bit. Dans
l'architecture EM-XA, présentée dans la Figure I1.16, un élément mécanique — le mode sense —
et un filtre ou correcteur électronique K, constituent la boucle. Le signal d’entrée est définit
par Ucor,y + Ucoup,y- Si le systéme fonctionne correctement, le signal de sortie u, correspond a
celui d’entrée, au moins dans la gamme de fréquences d’intérét (autour de wy ).

UCor,y T Ucoupy Ym — Uy

O)— » K
Q> _
i

<
Y

FIGURE I1.16: Architecture EM-ZA pour commande du mode sense.

Cette architecture est tres similaire a celle de la commande directe. La seule différence est
qu’il existe un relais entre le correcteur et le mode sense dans ’architecture EM-XA. Cette
architecture est largement utilisée, voir e.g., [PB05, ESAES09, RCRW(09, EEE"11, CYC"14,
CLK16]. Le relais dans la boucle apporte quelques avantages intéressants :

(i) I'actionnement a deux niveaux élimine la relation non linéaire des actionneurs ;
(ii) il réalise un convertisseur numérique-analogique (CNA) de cofit faible ;
(iii) la sortie a 1 bit est facilement utilisable par les étapes de démodulation et compensation.

L'un des principaux inconvénients de I’architecture EM-XA est la présence du relais (forte
non-linéarité) dans la boucle. Par conséquent, des garanties de performance ne peuvent
étre données [RRWO08]. Un autre inconvénient concerne la disponibilité des méthodes de
conception. En général, les méthodes de conception du correcteur de l’architecture EM-
ZA sont adaptées de la conception des modulateurs XA [PB05, RRWO08], qui ne sont pas
entierement adaptées aux problemes de 1’architecture EM-XA.

Architectures de Commande Multivariable

Supposer que les modes drive et sense sont deux systémes SISO indépendants (forces de
Coriolis et de couplage sont des perturbations exogenes) est trés utile pour comprendre
le fonctionnement du gyrometre et concevoir des correcteurs simples. Cependant, cette
hypothese n’est pas valable en réalité. En effet, au lieu de deux systemes SISO indépendants,
les gyrometres MEMS sont des systémes MIMO. Par conséquent, pour prendre en compte
correctement les différentes interactions entre les modes drive et sense, des techniques de
commande multivariables doivent étre utilisées pour la conception du correcteur. Ainsi, nous
pouvons définir le probleme suivant.

Probléme I1.3 (Probleme de commande multivariable). Concevoir un systéme de controle multi-
variable qui résoud, en méme temps, le Probléme 11.1 et le Probléme I1.2.

Dans la littérature, les travaux sur des correcteurs multivariables pour des gyrometres MEMS
sont rares. Nous pouvons citer les travaux [PH04, YF13, PK14, DZGO08]. Ces approches ont
un point commun : elles utilisent toutes une architecture de commande directe, oti, basé sur
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les mesures (x;, et y,,) et les signaux de référence (xrmef et yﬁf ), le correcteur K calcule u, et u,

tels que x,,, = xrmef ety, = y:ﬁf , comme représentée dans la Figure I1.17.
x,rﬁf Uy Xm
E— > >
y:flf K Uy GQZ Ym
E— > >

Af

FIGURE I1.17: Architecture de commande multivariable.

Le plus grand avantage de I’approche MIMO est que la nature multivariable du gyrometre
MEMS est correctement prise en compte et que des composantes non linéaires ne sont
pas présentes dans la boucle. Par conséquent, des garanties formelles de stabilité et de
performance peuvent étre données.

Un inconvénient important est que ces méthodes avancées nécessitent une certaine expertise
en Automatique pour concevoir le correcteur et implémenter la solution. Ainsi, des efforts
doivent étre déployés pour rendre la solution accessible aux concepteurs de MEMS. Enfin,
comme pour les architectures de commande directe, la majorité des travaux ne présente pas
de résultats pratiques.

II.3 Plateformes Expérimentales

Pour le bon fonctionnement d'un gyrometre MEMS, des systémes auxiliaires sont nécessaires.
En effet, des circuits électroniques sont utilisés pour 1’actionnement et la détection, pour
I'implémentation du ou des correcteurs, et pour le traitement du signal afin de calculer
la vitesse angulaire. En général, toutes ces fonctionnalités sont implémentées dans un
circuit intégré spécifique a une application (ASIC, de I’anglais application-specific integrated
circuit). Les ASIC sont des circuits intégrés congus pour exécuter une tache spécifique. Ainsi,
les boucles de commande implémentées dans un ASIC sont souvent juste configurables :
I'architecture de commande est fixe et seuls certains parametres peuvent étre modifiés.

Dans certains cas, les correcteurs et I'estimation de (), sont déportés vers un FPGA (de
'anglais, field-programmable gate array) ou un processeur externe, ce qui donne la flexibilité de
programmer et d'implémenter différentes boucles de commande et algorithmes d’estimation.
Dans ce travail, nous considérons les deux cas : une architecture flexible et une dédiée.

AS3125-SDK: un Kit de Développement Flexible

Une partie des tests expérimentaux est réalisée sur le kit AS3125-SDK, concu par ASYGN et
dont la photo est présentée dans la Figure II.18a. Ce kit est principalement composé de :

(i) un FPGA (Xilinx Zynq), qui comprend un micro-processeur, pour l'implémentation
numérique des boucles de commande et des algorithmes d’estimation ;

(ii) un ASIC (AS3125 “Idyle”) et ADCs pour interfacer le MEMS avec le FPGA ;
(iii) des ports USB pour la communication avec des dispositifs externes, e.g., un ordinateur.

Le FPGA et les ports USB se trouvent dans la partie inférieure du kit de développement,
cachés sur la photo.
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(A) Kit de développement avec un gyrometre MEMS.

FIGURE II.18: Photos du kit de développement et du gyrometre MEMS.

L’ASIC AS3125 est dédié a l'interface du gyrometre MEMS avec le FPGA et s’integre :
(i) d’amplificateurs de charge (circuits d’instrumentation),
(i) de DACs a 10 bits,

(iii) de circuits d’amplification pour l’actionnement.

Le kit de développement comprend également des ADC a 18 bits fonctionnant a 1 MHz et des
filtres anti-repliement F,;. avec une fréquence de coupure de 100 kHz. Le FPGA implémente
un micro-processeur dans lequel les boucles de commande et les algorithmes d’estimation
sont codés en langage C++. Le processeur permet I'implémentation de boucles de commande
numérique avec une fréquence d’échantillonnage F; = 62.5 kHz. Pour réduire la fréquence
d’échantillonnage des ADC de 1 MHz a 62.5 kHz, un filtre numérique Fy, et une décimation
par un facteur 16 sont implémentés. La Figure II.19 illustre le schéma global implémenté
dans ce kit. Les gyrometres MEMS appartiennent a la famille GYRO I, dont les principales
caractéristiques nominales sont données en Tableau I1.1.

N MEMS Gyroscope
UCory > Ecaup
’—> ASIC l ASIC
A;e,{n Vin +Y+
—> > DAC M ()2 > Kot [ G > kaer [=O— kca
K _‘
w [
exg il 116 |« Fys |« ADC [« Fage [+
-Processor
- FPGA DEVELOPMENT KIT

FIGURE I1.19: Schéma global implémenté dans le kit AS3125-SDK.

TABLEAU II.1: Caractéristiques nominales de la famille GYRO L.

Parametre Mode drive (i = x) | Mode sense (i = v)
Pulsation de résonance (wy ;) 11500 Hz 11550Hz
Facteur de qualité (Q;) 100 - 103 10-10°
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Plateforme Tronics avec ASIC Dédié

Une autre partie des expériences est réalisée sur la plateforme Tronics, qui est une carte
de développement utilisée pour interfacer les gyrometres MEMS et I’ASIC dédié avec un
ordinateur. Cet ASIC contient les boucles de commande et le processus d’estimation.

Le mode drive fonctionne en boucle fermée avec une architecture AGC non linéaire. Une
caractéristique intéressante de cette plateforme est que la fréquence d’échantillonnage est
verrouillée a la fréquence de résonance du mode drive, de sorte que F; = 36 - wy ./ (277).
Ainsi, lorsque wy  varie, la fréquence d’échantillonnage change en conséquence, adaptant le
comportement des éléments numériques.

Le mode sense fonctionne avec l’architecture EM-XA de la Figure 11.20. Nous présentons,
dans la méme figure, les éléments de I'actionnement et de I'instrumentation, en indiquant les
signaux clés de la boucle, comme la force de Coriolis (Fc,,, perturbée par Feoyp,y), 1a tension
d’entrée (v;,,;) et la tension de sortie (y,). Certains gains d’actionnement et d’instrumentation,
ainsi que les coefficients du filtre électronique, sont programmables. Ils sont identifiés en gris.
L’ADC a une résolution de 13 bits, tandis que le DAC a une résolution de 1 bit.

F coup,y
—>O— Gy el Koty || kcay | ADC —

io-»%-Vﬁ O—‘—>:|: Olﬂ;

Vin,y
(-)* l«—{DAC

A
A

kact,y

FIGURE 11.20: Architecture EM-XA implémentée dans I’ASIC dédié. Les élé-
ments configurables sont représentés en gris.

L’estimation de la vitesse angulaire est réalisée par démodulation synchrone. Le biais et le
facteur d’échelle sont compensés en fonction de la température.

Une image de la plateforme Tronics avec un gyrometre MEMS est présentée dans la Fi-
gure I1.21. Sur cette carte, nous utilisons les gyrometres MEMS de la famille GYRO II, dont
les caractéristiques nominales du mode sense sont? w,, = 1.004 - wo,x, et Q, = 25 - 10°.

MEMS + ASIC

FIGURE II.21: Photo de la plateforme Tronics avec un gyrometre MEMS.

2Pour des raisons de confidentialité, wo,y est normalisée a wp x.
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I1.4 Les Questions de Recherche

Dans cette these, le probleme principal que nous voulons traiter est le suivant : comment
choisir une architecture de commande et concevoir, de maniere systématique, un correcteur tel que des
garanties de stabilité et de performance puissent étre données?.

Répondre a cette question n’est pas évident. On constate que, parmi les solutions courantes,
celles typiquement utilisées ne donnent pas les garanties souhaitées. En effet, les architectures
de commande sont plutot optimisées en termes de cofit et de simplicité d’implémentation.
D’autre part, les solutions basées sur 'architecture de commande directe, pour lesquelles des
garanties peuvent étre données, sont trés rares dans la littérature. Pour cette architecture,
des techniques avancées ont été développées pour le controle des vibrations des systémes
mécaniques, comme dans [Wan19]. L'intérét principal de cette approche est de prendre en
compte les différents couplages et la dépendance aux conditions environnementales, avec
des garanties formelles de stabilité et de performance. Néanmoins, leur applicabilité aux
gyrometres MEMS, y compris leur implémentation, reste une question ouverte.

Les indicateurs de performance des gyrometres sont liés a la qualité de la mesure et non
directement au comportement en boucle fermée. La premiéere question est donc la suivante :

(Q1) comment relier les spécifications de performance globale au cahier des charges du systéme en
boucle fermée ?

Apres avoir défini le cahier des charges du systéme en boucle fermée, le probleme est le
suivant : comment concevoir un correcteur pour l'architecture de commande directe qui assure le cahier
des charges données?. Les objectifs de la commande sont en général formulés comme :suivre
ou rejeter des signaux sinusoidaux avec la pulsation d’excitation wey.. Cependant, cette
pulsation peut varier dans le temps. Par conséquent, deux scénarios sont envisagés, donnant
lieu aux deux questions de recherche ci-dessous.

(Q2) En supposant que wex, est constante dans le temps, comment concevoir un correcteur direct
avec des garanties de stabilité et de performance ?

(Q3) En supposant que w.x. varie dans le temps, comment concevoir un correcteur direct avec des
garanties de stabilité et de performance ?

Bien que les architectures de commande traditionnelles ne donnent pas de garanties pour le
systeme en boucle fermée, elles présentent des caractéristiques intéressantes du point de vue
de I'implémentation. Nous souhaitons donc trouver une réponse a la question :

(Q4) comment concevoir un correcteur pour une architecture de commande basée sur I’enveloppe de
telle sorte que des garanties de stabilité et de performance puissent étre données ?

Enfin, nous voulons implémenter les solutions proposées dans les plateformes présentées
dans la Section II.3. Dans les deux cas, le correcteur est implémenté dans le domaine du
temps discret. Par conséquent, les deux questions suivantes se posent.

(Q5) Comment concevoir correctement un correcteur pour implémentation sur la plateforme flexible ?
(Q6) Comment concevoir correctement le correcteur EM-X.A pour la plateforme dédiée ?

Les chapitres suivants cherchent a répondre a ces questions.
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Chapitre 111

Performance Globale et Cahier des
Charges en Boucle Fermée

Dans la Section I1.1, nous avons étudié I'impact des non-idéalités du gyrometre sur I’estimation
de ), sous I'hypothése d"un fonctionnement idéal, c’est-a-dire lorsque le(s) correcteur(s)
assure(nt) le suivi parfait du signal de référence et 1’estimation parfaite de la force de Coriolis
agissant sur le mode sense. Maintenant, nous considérons que le gyrometre fonctionne avec
un correcteur réel (non idéal) et nous définissons le cahier des charges que doit étre rempli
pour assurer certains indices de performance globale.

Il estimportant de rappeler que les spécifications de performance globale concernent I’estimation
de la vitesse angulaire, alors que le cahier des charges concerne le comportement du systéme
en boucle fermée, avant la démodulation synchrone. Ainsi, il est crucial de traduire les
exigences globales en un cahier des charges pour la synthese ultérieure des correcteurs. En
plus de poursuivre les spécifications de performance, nous devons assurer la stabilité du
systéme en boucle fermée vis-a-vis des incertitudes du modele.

I11.1 Définition du Probléeme

Dans cette section, nous posons le probleme principal du chapitre. Pour cela, nous définissons
les objectifs de commande et ainsi que les hypotheses nécessaires pour traiter le probleme.

Description du Systéeme et Objectifs de Commande

Nous considérons l'architecture de commande directe multivariable de la Figure IIL.1. Le
procédé G¥* % représente la partie mécanique du gyrometre et les circuits d’actionnement et
de détection (voir Section I1.1, page 284). Le correcteur est désigné par K. Les exposants 6 et

f

p indiquent la dépendence en ces parametres. Les signaux x,, et y:sf désignent la référence
pour xy, et y, ; ny (respectivement n,) correspond au bruit sur x,, (resp. yu) ; ticor,x (resp.
Ucor,y) désigne une tension proportionnelle a la force de Coriolis agissant sur le mode drive
(resp. sense) ; et enfin, ﬁcOr,y est 'estimée de uc,r -

La démodulation de ¢, suivie de la fonction de compensation (voir (I1.36), page 285)
conduit a une estimation (A)Z exacte de (), si les conditions ci-dessous sont vérifiées.

(C1) Idéalité de la démodulation synchrone : la démodulation synchrone (SD) est idéale
(i.e., les filtres passe-bas Fip sont idéaux avec la pulsation de coupure w, = Wexc).



300 Chapitre IlI. Performance Globale et Cahier des Charges en Boucle Fermée
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N > SIf 0 Qz
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FIGURE III.1: Architecture de commande directe multivariable.
(C2) Condition passe-bande de iic,,,, : licor,y est tel que
V| w| > 2Wexe, Sty (W) =0 et Siicr, (0) = 0. (IIL.1)
(C3) Estimation de la force de Coriolis : iic,,,, est donnée par
ﬁcor,y(t) = ksrQ);(t) cos (wWexct) (M1.2)
avec .
—2mA W
ksp = ————= (IIL.3)

kout,ykin,y

Dans ce chapitre, nous faisons les hypotheses suivantes.
Hypothese II1.1. La démodulation synchrone est idéale avec des filtres dont w. = Wexc.

Hypothese II1.2. La largeur de bande du signal Q),, wq, est inférieur i wex., c’est-a-dire que, avec
wq < Wexe, ) est telle que

Comme nous ne nous intéressons que sur le comportement de la boucle fermée, la premiere
hypothese se fait nécessaire pour assurer (C1). La deuxiéme hypothese garantit que si (C3)
est satisfaite, (C2) l'est aussi (voir Section II.1). La condition (C3) est assurée en régime
permanent s’il existe un correcteur qui atteint les objectifs de commande suivants.

(O1) Suivi de la référence du mode drive : étant données les constantes A;e{; et Weye, X SUIt
le signal de référence

Xt (1) = Al sin (wexct) - (IIL5)

(O2) Estimation de la force de Coriolis : iic,, est une estimée précise de uco,,, ¢’est-a-dire
L/‘\Cor,y(t) = ”Cor,y(t)-



III.1. Définition du Probléme 301

(O3) Rejet des perturbations du mode sense : y,, suit le signal de référence yfﬁf (t) =0,

rejetant les perturbations créées par les forces de Coriolis et de couplage.

En réalité, il n’est pas possible d'implémenter un correcteur qui atteigne parfaitement ces
objectifs. Nous définissons donc les erreurs de poursuite e, (t) = x (t) — xm(t) etey(t) =
—Ym(t) et Verreur d’estimation €cst (£) = tcor,y (t) — Ticory (t) pour quantifier les performances
en boucle fermée.

Dans la pratique, les bruits perturbent également I’estimée ﬁcOr,y. Ces bruits sont modélisés
par Ny, Ny, ex et e;. Ces derniers sont supposés étre comme suit.

Hypothese II1.3. Les signaux ey et e, sont des bruits blancs non corrélés de moyenne nulle et de
variance unitaire, de sorte que leur PSD est donnée respectivement par

Se,(w) =1 et S, (w)=1 (I1L.6)

Modele d’Analyse

Meéme si G, K?, Fip, N et Ny sont des systemes linéaires, il peut étre difficile d’évaluer le
comportement du systeme entier de la Figure III.1. Cette difficulté provient de :

(i) la dépendance de G%# et K% en les parametres 0 et p,
(ii) la nature temps-variante de la démodulation synchrone et du systeme a commander.

Comme discuté dans la Section I1.1, les variations de 6 et p sont tres lentes par rapport a la
dynamique du systéme. Nous pouvons ainsi faire ’hypothese suivante.

Hypothese I11.4. L'état de fonctionnement du systéme ne varie pas au cours du temps.

Cette hypotheése implique que 6 et p sont fixes. Dans ce cas, G%¢ et K® deviennent des
systemes LTT et les incertitudes sont encapsulés dans AE. Ci-apres, les exposants 6 et p sont
omis pour alléger la notation.

Méme si la démodulation synchrone est basée sur des multiplications par des fonctions sinus
et cosinus (modulation), si w,x. est constant, les outils d’analyse dans le domaine fréquentiel
peuvent étre utilisés. En ce qui concerne la nature temps-variante du procédé (due a (),),
nous considérons que ¢,y . et Ucor,y sont des signaux exogenes, nommés ci-apres dcy . et
dcor,y- En négligeant la présence de bruit, ils sont du type

2mQ); (1) Wexc A
deorx(t) = kZ( )k.exc YT c0s (Wexct) (II1.7)
out,yNin,x
—2mQ), (t A
dcory(t) = mkz( )l:)exc T cos (Wexct) , (IIL.8)
out,x"in,y

ot Aym € [O, éyAZfH et Ay, € [(1 — &) A:ff;, (1+£) AQEH Les signaux d’erreur de
poursuite ¢, et ¢, sont des signaux sinusoidaux de pulsation w,,.. Les variables &, € R et

¢, € Ry bornent I'amplitude de ¢, et ¢, par rapport a A;‘f{;, c’est-a-dire

VEER,  |ex(t)] < &AL et ey (1) < &AM,

Le schéma de la Figure III.1 peut donc étre simplifié en celui de la Figure II1.2, ot le systeme
en boucle fermée est LTI (défini avec (), = 0), et une hypothese supplémentaire est réalisé.
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Wexct _ _ .
; N o SIf Q,
UCory SD > fcomp >
sin (+) g
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FIGURE II1.2: Schéma simplifié du systéeme en boucle fermée analysé.

Hypothese II1.5. Si le systéme LTI de la Figure I11.2 est stable et atteint un certain niveau de
performance (suivi de référence et estimation de la force de Coriolis), le systeme de la Figure I11.1 est
également stable et atteint le méme niveau de performance.

Avec cette hypothése, au lieu d’analyser le systéme LTV de la Figure III.1, nous extrapolons
les résultats du systeme LTI de la Figure II1.2 au premier. Cette hypothese est certes optimiste.
Cependant, nous montrerons que pour les gyrometres considérés dans cette these, le degré
d’optimisme est tres faible.

Pour évaluer les performances nominales et établir le cahier des charges en boucle fermée,
nous considérons AE = 0. Les incertitudes (AE # 0) sont considérées dans un second temps,
en établissant des spécifications pour la stabilité robuste.

Probléme d’Analyse

Basés sur les indices de performance globale (voir Section I1.1), nous nous concentrons sur la
SFNL, la bande passante et la variance d’Allan, et posons le probleme suivant.

Problem III.1. Soit le systéme de la Figure II1.2 avec des signaux d’entrée o, dcor,x et dcoy,y donnés

dans (IIL5), (IIL7) et (IIL.8), respectivement ; y,rf;f (t) = 0 et ex et ey satisfaisant I’'Hypothese I11.3.
Quel cahier des charges en boucle fermée permet d’assurer les spécifications ci-dessous ?

(i) La SENL du capteur est inférieur a un kspny, > 0 donné.
(ii) La largeur de bande wg du capteur est plus large que w3 > 0, en rad s~ 1.
(iii) L’ARW du capteur est inférieure i karw > 0, en °/ vh.

Pour assurer ces performances, le correcteur doit aussi remplir les objectifs de la Section III.1,
réécrits comme suit.

(S1) Suivi de la référence du mode drive : le signal x,, suit le signal fof (voir (II1.5)), avec
une erreur ¢, telle que, en régime permanent, |e,(t)| < éxA;"j{; avec 0 < &, < 1.
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(52) Estimation de la force de Coriolis : le signal iic,, estime dcor,y de la forme (II1.7) avec

s . v re v
une erreur &, telle que, en régime permanent, |, ()| < SestAx,ﬁz avec 0 < €, < 1.

(S3) Rejet des perturbations en mode sense : le signal y,, suit le signal y,r,if (t) = 0 avec une
erreur ¢, telle que, en régime permanent, |e, (t)| < &,AY7, avec 0 < &, < 1.

(54) Condition de bande passante : le signal iic,,,, est un signal passe-bande centré a wex.
avec une largeur de bande inférieure a 2w,yc.

(S5) Stabilité robuste : le systéme en boucle fermée est stable face aux incertitudes AE.

Pour résoudre le Probleme III.1 et remplir les spécifications (S1)—(S5), nous calculons les
. ~ . . ref L epe .

signaux icor,y, Xm €t Y en fonction des signaux xy;" , dcor,x, dcor,y, €x €t e, — spécifications (S1)
a (S4). Pour déterminer la SFNL et la largeur de bande du capteur — spécifications (i) et (ii)
—, nous démodulons ﬁcor,y et calculons (), en fonction de (), en négligeant les différentes
sources de bruit. Pour la sensibilité au bruit — spécification (iii) —, nous calculons la PSD de (A)Z,
Sﬁz' avec (), = 0. Jusque 13, nous considérons AE = 0 (systéeme nominal). Les incertitudes
sont prises en compte dans un deuxieme temps pour la stabilité robuste (S5).

III.2 Cahier des Charges en Boucle Fermée

Etant xf,ff , dcorxs dcory, ex et ey les signaux d’entrée, et x,;, yu et iic,., ceux de sortie, la
réponse fréquentielle du systéme de la Figure I11.2 est donnée par (w est omise)

_ o -
Xm Txlr;:f—mm TdC”’f’f—)x"’ Tdcoy'y_)x”’ Ter—x Tey%xm dCor,x
,\ym — Tx:,f ! Taco, c—ym TdCW Y Tee—y Te,—yn M , (1I1.9)
Ucory T s cong Tacorc—iicory  Tdcory—iicory | Texsticony  Tey—iicony ex
ey

ou T,_,;, indique le transfert d"un signal a vers un signal b. Avec une analyse dans le domaine
fréquentiel, nous établissons des contraintes sur ces transferts, tel que les spécifications
globales de performance soient atteintes. De plus, a I'aide du théoreme du petit gain, nous
déterminons des contraintes qui assurent la stabilité robuste du systeme contre AE.

Spécifications globales de performance (Probleme III.1):
(i) Pour avoir SENL < kspny @ avec Asent € (0,1),

< AspNLKSENL, (I11.10)

Tx:,if—mx (jwexc)

< (1 — Aspni) kspNL- (IIL.11)

‘ TdCDr,y_mest (jwexc)

(ii) Pour avoir une bande passante wgp > wges :

V|w| € [Were — WIS, Wexe + w i), (Td@,’ﬁgm (jw)( <1-12/2~02929. (II.12)

(iii) Pour avoir ARW < kagrw : avec Aarw € [0, 1]

2 A ~ 2

Vlwl € (0, 2wexd, [T,y 5., ()| < 5 (ks -karw ) (IIL13)
2 Y ~ 2

V|w| € (0, 2wexc], Teyﬁg@,/yw\ s<2ARW>(kSF-kARW). (IIL.14)
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Spécifications pour I’opération conventionnel en boucle fermée :

(S1) Suivi de référence du mode drive : le suivi de x;ff par x,, est déja assuré par (I11.10).
De plus, pour une meilleure poursuite, nous considérons aussi

Toer_, (jWexe)| < &, (IIL.15)
V|w| € [Wexe — wa, Wexe +wal, | Tagy,me, (jw)| =0, (IIL.16)
V|w| € [Were — WA, Wexe +wal, )wa%x (jw)( ~ 0. (II.17)

(52) Estimation de la force de Coriolis : 1’estimation de dc,,, par LTCOW est déja assurée
par (IIL.11). Pour I'améliorer 1’estimation, nous considérons aussi, avec A € (0,1),

Tl se e0ere) | < Aest - Eests (ITL.18)
V]w| € [Wexe — W, Wexe + wal, | Tagy e (j0)| =0, (I11.19)

(1 - )\est ) éestA;e,é
|kSFQz| ’

V|w| € [wexe — wa, Wexe +wal, ‘wamy ( jw)‘ < (I11.20)

(S3) Rejet de perturbation sur le mode sense : le suivi de y,r,if par vy, n’est pas une spéci-
tication critique dans le cadre LTI. Néanmoins, il peut s’avérer bien util de garder le
vrai gyrometre dans une région de fonctionnement linéaire. Pour améliorer le rejet de
perturbation, nous considérons aussi, avec A, € (0,1),

Ty, (jWexe)| < Ay Ey. (I11.21)
V|w| € [Wexe — wa, Wexe +wa), ‘waﬁgy (jwexe)| = 0, (II1.22)
, 1—A)E,AY
V|w| € [Wexe — wa, Wexe +wa, )Tde ey (JWexe) | < w (II1.23)
Y ’kSFQz‘

(54) Condition de bande passante de iic,,, : cette condition est requise pour assurer le bon
fonctionnement de la démodulation synchrone et est exprimée comme

¥ |w| > 20exe, Tooiic, (0| =0 (I124)

Tex —)ﬁCnY,y (]w> ‘ = O et

VIl 2 2000 | Ty, (@) =0 et [Ty, (0)) =0 (25)
Spécifications pour la stabilité robuste :
(S5) Pour des incertitudes additives AE € A,qq avec
Aaga = {AE(S) ‘AE(S) = Wadd,1 (5)A(5) Waaaz(s) avec HZHOO <1 } , (111.26)

ot Wy441 et W,440 sont des matrices de transfert stables, T),_,,, doit étre tel que
[ Wadd 2 Tn—suWada il < 1. (I11.27)

Les matrices W,441 et W,442 expriment la taille de l'incertitude.
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Chapitre IV

Commande Directe I :
Une Approache Robuste

Dans ce chapitre, une méthode systématique de conception de correcteur pour 1’opération en
boucle fermée des gyrometres MEMS avec l'architecture de commande directe est proposée.

Pour que le gyrometre atteigne la spécification de performance souhaitée, le cahier des
charges établi dans le chapitre précédent doit étre vérifié. Ce cahier des charges est naturelle-
ment exprimé comme des bornes supérieures sur le module de la réponse fréquentielle de
certains transferts en boucle fermée. Dans ce contexte, la méthode la plus appropriée pour la
conception du correcteur est la syntheése Ho [SP01, SF09]. En effet, la synthese H, est une
méthode de conception flexible et puissante qui permet de poser le probleme de conception
du correcteur comme un probleme d’optimisation soumis a des contraintes mathématiques.

Nous considérons ici 1’architecture de commande directe avec différentes configurations.
D’abord, nous considérons la conception de correcteurs pour les modes drive et sense, en les
supposant découplés. Ensuite, le couplage mécanique entre ces modes est pris en compte, et
une approche multivariable (MIMO) est proposée.

Une hypotheése sous-jacente a cette approche est la nature exogene des perturbations (cou-
plage mécanique et les forces de Coriolis). Ainsi, pour valider les solutions proposées, la
stabilité quadratique est vérifiée et des simulations numériques sont réalisées.

IV.1 Synthése H, : Les Principes

Dans cette section, nous présentons les principes de la synthese Ho. Les discussions ici
présentées sont basées sur les références [ZDG96, SP01, SF09]. Dans le reste de cette sec-
tion, nous définissons le probleme de synthese H., standard. Pour résoudre ce probleme
d’optimisation, un critere H., doit étre défini et un algorithme d’optimisation efficace doit
étre utilisé. Ces deux points clés sont également discutés.

Probléme de Synthese ., Standard
Avant d’introduire le probleme de synthése H,, rappelons la définition de la norme H ..

Définition IV.1 (Norme H, [SP01]). La norme Ho, d'un systéeme stable propre H est définie
comme
IHlle = sup @ (H(s)) = supc (H(jw)), (Iv.1)
R(s)>0 w€eR

ou o (H(s)) indique la plus grande valeur singuliére de H(s).
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Pour le cas particulier des fonctions de transfert SISO, (IV.1) se réécrit comme

1Hl| oo = S(U)P o (H(s)) = sup [H(jw)]|. (IV.2)
0

La configuration générale de commande de la Figure IV.1 est considérée pour la synthese
Heo [SPO1], otx P est le procédé généralisé ou augmenté et admet la réalisation minimale

Xp(t) = Apo(t) + wa(t) + Buup(t)
P: z(t) = Cuxp(t) + Dzgw(t) + Dyup(t) (IV.3)
yp(t) = Cyxp(t) + Dyww(t) + Dyuup(t)

avec xp(t) € R™, up(t) € R™r, yp(t) € R™r, w(t) € R™, z(t) € R et des matrices de
dimensions adéquates. Le vecteur w représente les entrées exogenes, z est le vecteur des
sorties commandées, et up et yp sont respectivement les signaux de commande et les sorties
mesurées. Le correcteur K est donné par

[ () = Axxx(t) + Bye(t)
K { MI;(t) = CII:xIIj(t) + DII((yI;(t) ’ (IV4)

ot xg(t) € R"¢ avec ng = np et les matrices ont des dimensions adéquates. Nous énongons
donc le probléeme de synthese H, standard.

w z
—> E—

up p yp

»
>

A

K

FIGURE IV.1: Configuration générale de commande.

Probléme IV.1 (Probleme de synthese H., standard). Soit le procédé P (voir (IV.3)) et un niveau
de performance 7y > 0, synthétiser un correcteur K sous la forme (IV.4), sil en existe un, tel que le
systeme P % K soit stable et que

|[P* Kl <7, (IV.5)

ot P % K est le produit de Redheffer de P et K, c’est-a-dire le systéme en boucle fermée défini par (IV.3)
et (IV.4).

L’équation (IV.5) introduit ledit critere Ho. Ce critere est défini par le choix du systéme
augmenté P, composé du systéeme a commander et de pondérations attribuant des poids
différents aux signaux d’intérét, w et z. Le choix de ce critere est I'un des points cruciaux de
la synthese H.. En effet, le choix approprié des signaux d’entrée et de sortie ainsi que des
pondérations permet d’exprimer le cahier des charges souhaité. Un autre point crucial est la
résolution de Probleme IV.1. Ces deux aspects sont discutés dans la suite.

Définition du Critére Ho

Définir correctement le critere Ho, permet d’exprimer les contraintes sur la réponse fréquen-
tielle des transfert en boucle fermée. Nous verrons comment le faire dans la suite.
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Des poids sont attribués aux différents signaux d’intérét via les filtre de pondération Wi, et
Wout, comme illustré sur la Figure IV.2 [SP01]. Ces filtres sont normalement diagonaux, i.e.,

Win = diag (Win,ll ey Win,k/ ceey Win,nw) et Wout = diag (Wout,lr ceey Wout,l/ ceey Win,nz) ’

et définissent @ = Winw et Z = W, }z. Le vecteur w représente les entrées exogénes pondérées
et w correspond aux signaux d’entrée du systéme. De méme, z représente les sorties controlées

pondérées et z est constitué des sorties controlées.

w w z z
—> Win > _ > Wout T—»
‘ P ‘
| -~ |
l P
L R R |
up Yp

K |«

FIGURE IV.2: Configuration générale de commande avec des pondérations.

Le systeme Ty, = P % K peut étre réécrit, dans le domaine de Laplace, comme suit
Tw—z (S> = Wout(s)T@%Z(S)Wi (S) Iv.6)

Alors, s'il existe un correcteur qui assure la stabilité de Ty, et || Ty ||, < 7, la stabilité de
T,z et la condition
HwouthB%ZWinHoo <7 (IV7)

sont également assurées. Il faut noter que le correcteur ne peut pas stabiliser les pondérations
dans (IV.6). Ainsi, elles doivent étre stables.

Comme la norme Ho, d’une matrice borne la norme H., de chacun de ses éléments [SP01],
I'équation (IV.7) implique que

7 . (IV.8)

vie{l,...,n},Vke {1,...,n,},Vw € R, [Tz _z(jw)| < - -
(el Vi e | ) T2 09| < T o)Wk )]

En outre, si v < 1, (IV.7) implique que I'amplitude de la réponse en fréquence de chaque
transfert T, .3, est limitée par l'inverse du produit Wi Win ¢ (voir (IV.8)). Le choix adéquat
des fonctions de pondération définit donc des contraintes fréquentielles sur Ty, 3, et peut
exprimer le cahier des charges en boucle fermée.

Dans ce contexte, nous cherchons toujours ¢y ~ 1. Avoir ¢y < 1 implique que ‘T@,ﬁgl} est
inférieur (d’un facteur 7) aux bornes supérieures données et que le cahier des charges en
boucle fermée est facilement respecté. Le cahier des charges peut étre donc optimisé. D’autre
part, siy > 1, (IV.7) n'implique pas que le cahier des charges n’est pas respecté. Cela indique
plutot que I'un des transferts peut dépasser sa borne supérieure par un facteur . Alors,
méme avec 7y légerement supérieur a 1, les contraintes individuelles peuvent étre satisfaites.
Les transferts individuels doivent ensuite étre vérifiés a posteriori. Enfin, v > 1 indique que
les contraintes de fréquence imposées ne peuvent étre respectées. Le critere Ho (ou le cahier
des charges) doit étre revu dans ce cas.
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Bien que tres flexible, le choix du critere H, n’est pas trivial. En effet, toutes les transferts
en boucle fermée sont liés entre eux. Ainsi, lorsque I’on contraint I'un d’entre eux, on peut
indirectement imposer une contrainte sur les autres.

Enfin, nous soulignons que l'ordre du correcteur est égal a I’ordre du systéme augmenté. Si le
correcteur résultant a un ordre élevé, une réduction du modeéle peut étre effectuée [SP01, SF09].
Par contre, les garanties de stabilité et de performance peuvent étre perdues. Une analyse a
posteriori est alors nécessaire pour vérifier ces propriétés. Pour éviter une réduction d’ordre
du modele, les pondérations doivent étre aussi simples (d’ordre faible) que possible.

Résolution du Probleme de Synthése H., Standard

En général, la solution du probléme de synthése Ho, peut étre obtenue par deux approches
différentes : (i) par résolution d’équations algébriques de Riccati (ARE) [DGKF89], ou (ii) par
d’inégalités matricielles linéaires (IML) [GA94, IS94]. Cette deuxiéme approche fournit un
cadre plus général pour la résolution du probleme IV.1 et sera donc privilégiée dans la suite.
Dans cette approche, le correcteur est calculé en deux étapes. D’abord, 'existence d"une
solution est évaluée. Ensuite, s’il existe une solution, le correcteur est calculé.

Synthése Ho, : Résumé
La méthode de synthése H, peut étre résumée en quelques étapes.

(i) Etant donné un schéma de commande et un systeme a commander, définir les signaux
d’intérét w, z, yp et up dans la configuration générale de commande.

(ii) Calculer Ty_,5 et vérifier les contraintes structurelles.

(iii) Exprimez le cahier des charges en tant que bornes supérieures de I'amplitude de la
réponse fréquentielle des transferts d’intéreét.

(iv) Définir le critere Ho en fonction du cahier des charges et des contraintes structurelles.
(v) Résoudre le probléeme de synthese Ho, standard.
(vi) Vérifier la solution. Si elle est correcte, continuez ; sinon, revenir a (i), (iii) ou (iv).

(vii) Implémenter la solution.

IV.2 Architectures de Commande SISO

Dans cette section, nous appliquons la syntheése H, pour concevoir des correcteurs pour le
fonctionnement en boucle fermée des gyromeétres MEMS. Nous supposons qu’il n’y a pas
de couplage mécanique entre les modes drive et sense et les deux boucles de commande sont
indépendantes. Grace a la flexibilité de la synthése H.,, la procédure adoptée dans cette
section est étendue a une approche multivariable (MIMO) dans la Section IV.3.

L’objectif principal de la commande du mode drive est d’assurer que la masse d’épreuve
oscille le long de 1’axe X, suivant le signal de référence x:,if . Lorsque le dispositif est soumis a
une vitesse angulaire (), une force de Coriolis apparait sur le mode sense. L’objectif principal
du correcteur du mode sense est alors de fournir une estimation précise de cette force.

Pour le mode drive, nous considérons une configuration a 2 degrés de liberté (DoF, de I'anglais
degres of freedom). Pour le mode sense, nous considérons une architecture de commande 1DoF.
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Commande du Mode Drive

Outre I'objectif de poursuite, le correcteur du mode drive doit remplir d’autres objectifs afin
que le gyrometre atteigne le niveau de performance global souhaité. Dans I’approche SISO,
le correcteur du mode drive doit étre tel que les contraintes suivantes soient vérifiées.

Contraintes de performance nominale pour le mode drive :

(i) SENL et poursuite : pour la SENL (voir (I1I.10), page 303), nous considérons
T < AspNLKSENL- Iv.9)

X e, (

jwexc)

(ii) Rejet de perturbation : pour améliorer la poursuite, nous considérons le rejet du signal
dcorx- Ainsi, avec ky1 € Ry a étre minimisé,

V ‘C(J‘ E (ngc - wQ/ wexc + wQ) 7 ‘Tde’,x—)‘gx (jw)| S kxl- (IVlO)

Contrainte de stabilité robuste pour le mode drive :

(i) Dynamique non modélisée : pour assurer la robustesse face aux incertitudes additives
AEyx € Aaa4, définie par Wy441 et Wy00 = 1 (voir (I11.26), page 304), on minimise au
mieux |T,, .y, (jw)| dans la gamme de fréquence ot |W,441| est important (normale-
ment, dans les basses et hautes fréquences). En effet, T;;, ., doit étre tel que

1

< . V.11
|Waaa (jw)] ( )

Vw e R, |Tp,—u, (jw)l

Considérons la schéma-bloc de la Figure IV.3, ot1 le correcteur K, = [Ky1, Ky2] a deux entrées
(xf,ff et x,,) et une sortie (u,). L'erreur de poursuite est définie comme &, = x:,ff — Xy et les
signaux d’intérét sont w = col (x,rnef , Acor,xs nx) etz = col (e, Uy, vy). La matrice de transfert

du systeme en boucle fermée est donnée par (la dépendance de s est omise)

Tt oo Ticguee  Tnioe, 1—KuGiSy —G,Sy Ty
Tx:,ff%ux Tdcur,x—mx Tnx‘”/‘x = lesx =T KxZSx s (IV~12)
Tx:,ff—wx Tde/xﬁvx T’ﬂx—wx lesx Sx KxZSx

ou Sy = (1— szGx)_1 est la fonction de sensibilité, et Ty = 1 — S, = —K,»G,S, est la

fonction de sensibilité complémentaire.

dCor,x
xref Uy +Y+ v X
m Kx x : X Gx m
f Xn + I Ny
C+

FIGURE IV.3: Configuration de commande SISO pour le mode drive.

Pour exprimer les contraintes fréquentielles liées a la performance et a la robustesse souhai-
tées, nous considérons le schéma de la Figure 1V.4, qui est représenté dans la configuration de
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commande générale des Figures IV.1 ouIV.2 avec w = col (fof , Acor,xs nx) etz = col (e, Uy),

Win = diag (W, Wy, W), Wour = diag (We, W,,), up = uy, et yp = col (xrmef, xn).

+ € 21
:O—x> We —»
w1 Ux 4+ oy Xm
— W, K, O— Gy
ref +4
X
ok > W | %2,
(%) dCor,x n V u
— Wy
O
—> Wn

FIGURE IV.4: Schéma-bloc pour la synthese du correcteur SISO du mode drive.

Le probleme de synthése H, est alors : calculer le correcteur Ky, s’il en existe un, tel que

WeT o = W, WTy Wi WeT, e W,
| Toosszlleo = || [y 2 750 v FmTel Il <. (IV.13)
Wu Tx;‘;’f%ux Wr Wu Tdco,,x—mx Wd Wu Tnx%ux Wn o
S’il existe une solution pour ce probleme avec v < 1, alors, Vw € R,
1 1 1
T re < Eyey—— T < TTAT TAT |/ T 1< TYAT TAT |7
xmfﬁsx |W€Wr‘ ‘ dcorx—€x |W5Wd| ’ Ny—>€x ‘ ’Wz-iwn‘
1 1 1
T re < —, |T, < —, |T < =
xmf‘nlx ‘WMWI” ‘ dcorx—Ux ‘Wuwd‘ ‘ Ny —rUy ‘ |W1,LWn ’

L’objectif de poursuite (voir (IV.9)) peut étre exprimé en contraignant ‘Tx::;f_}ex a étre petit

autour de w = w,y.. Cette contrainte est appliquée via le produit W;W,, qui doit avoir un

gain supérieur a (/\SFNLkSFNL)_l a W = Weye. Pour le rejet de perturbation (voir (IV.10)),
W:W; doit avoir un gain supérieur a 1/k,; autour de w,y.. Enfin, pour la stabilité robuste
(voir (IV.11)), |W,W,| doit étre plus grand que |W,4;1]-

Commande du Mode Sense

Outre l'estimation de la force de Coriolis, le correcteur du mode sense doit remplir d’autres
objectifs afin que le gyrometre atteigne le niveau de performance global souhaité. Dans
I'approche SISO, ce correcteur doit étre tel que les contraintes ci-dessous soient satisfaites.

Contraintes de performance nominale pour le mode sense:
(i) SFNL et estimation de la force de Coriolis : pour la SENL (voir (III.11), page 303),
< (1 — Aspni) kspne- (IV.14)

’ TdCor/}/HScst (wa‘XC)

(i) Rejet de perturbation : dans ’approche SISO et avec k,» € R} a étre minimisé,
J p ppP y

V|w[ € [wexc — wQ, Wexe + wQ] ’ ’Tdct,w%ym (]w)’ = ‘Tdcowasy (]w) < kyZ- (IV.15)
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(iii) Bande passante : pour assurer une bande passante wg > wges (voir (I11.12), page 303),

242
V|w| € [Wexe — WS, wWere + wie], 5

‘Td@rﬁem (jw)‘ < ~0.2929. (IV.16)

(iv) Angle random walk (ARW) : dans I'approche SISO, T, 4,,, = 0 ; alors, nous posons
avec Aarw = 0 (voir (II.14), page 303) et considérons

V|w]| € (0, 2wexc], i (IV.17)

. kn
Tny—ﬂAlCor,y (]w) ’ = W

_ V2 - ksrkarw
2

(v) Condition de bande-passante de iic,,, : dans I'approche SISO, le correcteur doit assu-
rer (voir (II1.25), page 304)

v |CU| > 2Wexc, Teyﬁftc@,,y (]w) <1 et

ou ky doit étre minimisé et Ny définit la PSD du bruit.

Te}/ﬁﬁc@w (0)‘ < 1 (IV.18)

Contrainte pour la stabilité robuste du mode sense :

(i) Dynamiques non modélisées : pour assurer la robustesse face aux incertitudes AE,,, €
Aada, définie par Wy441 et Wyga0 = 1 (voir (I11.26), page 304), on minimise au mieux
{Tny_my (jw)| dans la gamme de fréquence ott |W,44,| est important. En effet, Tny—u,
doit étre tel que

1
< -
|AW,441 (jw)|

Ty e (10)| = | Ty, (je0)| (IV.19)

Nous considérons ici le schéma de la Figure IV.5, ot K, représente le correcteur et G, le
modele du mode sense. L’objectif principal est de fournir une estimation précise du signal
dcory- Cette estimation est donnée par ﬁcor,y = —1uy. De plus, nous définissons I'erreur
d’estimation st = dcory — lcory = dcory + Uy et les signaux d'intérét : @ = col (dcoyy, 1y)
etz = col (eest, LTCDW, ym). Les transferts en boucle fermée de ce systéme sont les suivantes :

TdCar/yHEest T”y—>$est S}/ KySy
TdCﬂr,y%ﬁCor,y TnyﬁﬁCar,y = Ty _Kysy 7 (IV.ZO)
TdCo;‘,y_>]/nl Tnyﬁym G]/Sy - T]/
ou S, = (1—-K,Gy) 1 est la fonction de sensibilité et T, =1-S, = —K,G,S, estla fonction

de sensibilité complémentaire.

ny
dc : € l u i ,
Uryi—:T est G, Ym +:+ Yn K, Y _1 oryy

FIGURE IV.5: Configuration de commande SISO pour le mode sense.

Veuillez noter que la magnitude de certains transferts sont égales :

= |Kysy‘ et ’ Tny_>ym

Tny—)ﬁCDr,y = ‘Tny—)Sest = ‘TdCov,y_)ﬁCDr,y = ‘T}/‘ :
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Alors, pour exprimer les contraintes fréquentielles, nous considérons le schéma-bloc de la
Figure IV.6, ou1, en raison de I’équivalence entre les transferts mentionnés ci-dessus, le signal
licor,y Mest pas considéré comme un signal d’intérét. Dans ce cas, @ = col (dcory, ny) et
z = col (€est, Ym), Win = diag (W, Wy), Wour = diag (We, Wy)), up = 1y, et yp = yp.

Z1
> W, —»
wa
—» W, W Z3
> Y >
ny
w1 dCor,y —+ _|_V+ Yn ”y

—| W; —>O—e>| Gy O——| Ky
JFT Eest Ym

FIGURE IV.6: Schéma-bloc pour la synthése du correcteur SISO du mode sense.

Le probleme de H est alors de calculer le correcteur K, s'il en existe un, tel que

Ws Tdcar,yﬂsest Wd Ws Tnyﬁsest Wn

T =
H w%ZHoo H Wdecm/yHyde WyTnyﬁymWn

‘ <. (IV.21)

Si ce probleme a une solution avec 7y < 1, alors (IV.21) implique que, Vw € R,

T 1 T 1

‘ dcory—*Eest < W’ ‘ My —>Eest < ‘Wan|’
1 1

o] < e el < i

Les spécifications de SFNL et de bande passante ((IV.14) et (IV.16)) peuvent étre réali-

sées en imposant des contraintes sur ‘Tde,y_)&st’ via |W.W,|, qui doit étre supérieur a

((1— /\SFNL)ngNL)fl Vw = Wexc et supérieur a 1/0.2929 pour |w| € (Wexe — WB, Wexe + Wa).

Pour le rejet des perturbations, Wde‘ doit étre supérieur a 1/k,» autour de wey. Les
spécifications pour ’ARW, la condition de bande passante de ﬁcgr,y et la stabilité robuste
(respectivement (IV.17), (IV.18) et (IV.19)) sont renforcées par |W.W,|, qui doit étre supérieur
a |Ny( ]w)| /kn (ARW) et supérieur a |W,4,1| (robustesse) sur toutes les fréquences. Pour la

condition de bande passante, |W,W,,| doit étre tres élevé a w = 0 et |w| > 2Wex,.

Puisque T, = 1 — S, avec ‘Tdcgwﬁgest (]w)‘ < (1 — Agpnr) kspnt < 1,
contrainte structurelle doit étre aussi prise en compte pour le choix de W, et W;,.

Ty, (jw)| = 1. Cette

IV.3 Architecture de Commande MIMO

Jusqu'ici, nous avons considéré des correcteurs SISO indépendants pour 'opération du
gyrometre MEMS en boucle fermée. Cependant, les modes drive et sense peuvent étre couplés
mécaniquement. Ainsi, la conception de correcteurs SISO ne fournit pas de garantie de
stabilité ou de performance. Dans cette section, nous proposons une approche multivariable
pour la commande des gyrometres MEMS, en prenant en compte le couplage mécanique
entre les modes drive et sense.
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m s Ym
col (vx, vy), G = €Ol (Xm, Ym), Gn = €Ol (X, Yu), dcor = Ol (dcorx, dcory) €tn = col (ny, ny).
Le vector d’erreur de poursuite est donné par ¢ = col (¢, €,) = r — gy etl'erreur d’estimation
est donnée par €.t = dcor,y — iZCOr,y. Le correcteur possede trois sorties (i, uy et ﬁCOr,y) et est

Ki K .
donné par K = [ Kl Kz] ,ou Kj et K, sont respectivement des correcteurs feedforward et de
3 Ky

Ici, nous considérons le schéma de la Figure IV.7, ot ¥ = col (xref ref ), u = col (ux, uy), V=

retroaction positive ; et Kot = [K3, K4] se comporte comme un filtre qui, basé sur les signaux

fof , yf,if , Xn et Yy, estime directement dc,y, .-

Z//l\Cor,y
Cor
r u+Y+o Ym
—» K G
qn + n

FIGURE IV.7: Configuration de commande MIMO avec estimation.

En définissant les signaux d’intérét w = col (r, dcor, 1) et Z = col (¢, u, v, €.st), le systeme en
boucle fermée ci-dessus définit la matrice de transfert suivante :

Tr—>£ Tdcgrﬁs Tn—>e I— SGKl -5G T
Ty Tdc —u Th—u SIKl _TI KZS
or = , v.22
Trﬁv TdCWav Tnﬁv SIKl SI K2S ( )
Troseer Tdcp—ews In—sees (KsSG+K3) Ky I —Ky4SG —Kq4S

ouS = (I— GKZ)_l est la fonction de sensibilité de sortie, T = [ — S = —SGK; = —GK,S
est la fonction de sensibilité complémentaire de sortie, S; = (I — K2G) ! est la fonction de
sensibilité d’entrée et T = I — Sj est la fonction de sensibilité complémentaire d’entrée.

Pour exprimer les cahier des charges du Chapitre III, nous considérons le schéma-bloc
de la Figure IV.8, qui peut étre représenté dans la configuration générale des Figures IV.1
ou IV.2 avec w = col (x:,if, dcor, n) etz = col (g, u, €t), Win = diag (W1, Wy, W,,) avec
W; = diag (W, Wp) et W, = diag (W1, Wyp2), Wour = diag (W, Wy, West) avec W, =

diag (W1, Wez) et W, = diag (W1, Wiz), up = col (utx, tty, licery), etyp = col <x:§f, 0, Xy, yn).

+ € {Wﬂ 0} Z1

0110w, >
w» W, 0 dcor dCor,y
— { Odl o } — [0 1]
d2 UCor, —¢—|— € z
Y — N est ol W 3
| LA\ > est >
W u +Y+ 0 qm
— [V\(])’l} > K > > G >
r
L |:Wu1 0 :| Z2
w3 [wnl 0} n +(A|>+ 0 Wi
— ()

0 Wp

FIGURE IV.8: Schéma-bloc pour la synthése du correcteur MIMO.
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Le probleme H, est alors de calculer le correcteur K, s’il y en a un, tel que

We Tx:;'f e Wi We TdCWﬁe Wi We T Wy

H ng)z Hoo = Wu Tx]r;:f%uwrl Wu Tdcw—m Wd Wu Ty—uWh <7, (IV23)
West TxrmL’f e Wi West Tdc(,,ﬁsest Wd West Tn—)egst Wiy

Contrairement a I'approche SISO, dans une approche MIMO, les contraintes fréquentielles
peuvent étre définies sur des transferts SISO ou MIMO. Dans notre cas, toutes les contraintes
liées aux performances sont basées sur des transferts SISO, tandis que les contraintes liées a
la robustesse sont définies sur des transferts MIMO.

Considérons d’abord les contraintes liées a la performance. S’il existe une solution au
probleme ci-dessus avec y < 1, alors (IV.23) implique que la norme Ho, de chaque élément
de la matrice est également borné par 1. Ainsi, Vw € R,

Tl < oy Tenoel < ey [Fenoe] < o
x:ﬁfﬁsx | ng er ‘ 7 dCur,x‘%x | ng Wdl | 7 dCor,y%SX ’ ng Wdz | 7
T o ‘ T, S . ( T. < e
ey | T W Wi |7 Acorx | = (W Wi | Ao | ™ W Wy
1 1 !
T, < e, T, < W W |’ ‘ g = WerWaa”
xmfésest |Westwrl | ‘ Aoy €est |Westwd1 ‘ dcw,y_mm ’WesthZ‘
1 1
T ) < TYAT  1Ar 1/ T es A TARTVARE
| Nyx—>Eest | ‘Westhl ’ } Ty —>Eest ’WesthZ‘

Comme dans I'approche SISO, les spécifications liées aux performances sont appliquées par
le choix des pondérations correspondantes.

Considérons maintenant les contraintes liées a la robustesse, qui sont basées sur la réponse
fréquentielle de transferts MIMO. Pour les incertitudes additives AE € A,q4, définies par
Wada et Waaa 0, le systeme doit étre tel que (voir (I11.27)) :

o = SUp o (Wﬂdd,Z (]w) Th—u (]w) Wadd,l (]w)) < 1. (IV.24)

weR

| Wadd 2 Tn—suWadd

Siy < 1, (IV.23) implique que ||W,Th—uWy| < 1. Ainsi, si W, et W, sont tels que
Wadd 2 TnsuWadd 1|l < [|WiuTn—uWhn|| o, (IV.24) assure la stabilité du systeme VAE € A,q4.

La principale vertu de cette approche est que la nature multivariable du gyrometre (couplage
mécanique entre les modes) est prise en compte pour la conception du correcteur, ce qui
offre certaines garanties de performance et de stabilité robuste. Ceci n’est pas possible avec
I"approche SISO. De plus, 'approche MIMO avec estimation permet de calculer directement
dcor,y, permettant ainsi d'utiliser le signal 1, pour minimiser y,.

IV.4 Validation des Solutions Proposées

Depuis le Chapitre III, et dans le présent chapitre, nous avons fait I'hypothese que les forces
de Coriolis sont exogenes. Néanmoins, il est connu que ces forces sont endogenes et modifient
la dynamique du systeme. Dans cette section, nous montrons que, pour le systeme étudié, les
correcteurs congus se comportent bien lorsque les forces de Coriolis sont correctement prises
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en compte. Cela signifie que 'Hypothese IIL.5 (page 302) est vérifiée. Avec le schéma de la
Figure IV.7, nous voulons valider et comparer les approches proposées dans ce chapitre :

Kya Ky O

Approche SISO : le correcteur K est donné par K = [ 0 o0 K
Y

} et I'estimée iic,y,, est
définie comme #icy,, = —uy.
Approche MIMO : I'estimée iic,,,, est calculée par le correcteur (troisiéme sortie).

La validation pour chaque approche est réalisée en deux étapes. D’abord, nous vérifions la
stabilité quadratique du systéme en boucle fermée. Ensuite, une simulation est réalisée.

Stabilité Quadratique du Systéme en Boucle Fermée

Ici, nous évaluons la stabilité quadratique du systéeme en boucle fermée vis-a-vis de la nature
incertaine de (2, par une approche polytopique standard, comme suit. Soit G2 donné par

GO . { Xc(t) = Ac(Q:(t))xc(t) + Bou(t) Q. (1) € [Qur, Qun],

gm(t) = Coxg(t) '
o Q1 = —0fF5, 0,5, = QO et Ag affine en ), (), et le correcteur donné par
K- { xk(t) = Axxx(t) + B [r(t) gm(t)]
Sl oult) = Crax(t) +Dx[r(t) gm()]

le systeme en boucle fermé peut étre écrit comme

() = Au(Qu(b) xu(t) + Bur(t)
i { qZ(t) = C;Ix(H(t) ) T 0u(t) € [0, Q2] (IV.25)

_ _ |Ac (Q:(t)) + BcDkCe  BcCk _ |BsDxk
avec xpg = col (xg, xk), A (Qz(t)) = [ BiCo A | By = By et
Cu = [Cc 0]. La stabilité de H* est évaluée via le probléme suivant : soit H* donné par
(IV.25) avec Q;(t) € [Q);1, ;] ; il existe une matrice symétrique X > 0 telle que

Ap () X+ XAy (Q21) <0 et Ap(Qup)| X+ XAy (Qsp) <0,
alors H: est asymptotiquement stable pour tout Q. (t) € [Q,1, Q5]

Pour les approches considérées dans cette these, le probléme ci-dessus admet une solu-
tion, prouvant la stabilité quadratique du systéme en boucle fermée pour tout (),(t) €
[—Qf5, Of%]. Dans le cas de I'approche SISO, ce résultat prouve également la stabilité du
systéme vis-a-vis des couplages mécaniques (négligés pour la conception du correcteur).

Validation par Simulation

Quelle que soit 'approche (SISO ou MIMO), deux hypotheses importantes sont considérées
dans ce chapitre : (i) la force de Coriolis est considérée comme un signal exogene ; et (i)
les conditions ambiantes (e.g., température, pression) sont stables. Sous ces hypotheses,
le gyrometre MEMS peut étre considéré comme un systéme LTI. Grace a des résultats de
simulation, nous montrons que les correcteurs proposés se comportent bien méme lorsque
(), modifie légerement la dynamique du systeme.

Pour les deux approches, nous vérifions la sortie du capteur si¢ (apres démodulation et
compensation) pour différentes valeurs de (),. Nous obtenons le comportement présenté sur
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les Figures IV.9 et IV.10 pour les approches SISO et MIMO, respectivement. A partir de ces
résultats, nous ajustons la meilleure droite, déterminant le facteur d’échelle et le biais. Pour
I'approche SISO, nous obtenons

ksp = —1,0234 - 10 3unites/(°/s) et  kzro = —7,5912 - 10 "unites.

De plus, nous pouvons calculer la SFNL, qui dans ce cas donne SENL = 0, 03ppm. Pour
I"approche MIMO, nous obtenons

ksp = —1,0234 - 10 2unites/(°/s), kzro = 8,0131-10 °unites et SFNL = 0,04ppm.

Les deux approches présentent des performances similaires et atteignent largement la spé-
cification souhaitée de SFNL (inférieure a 500 ppm). Ces excellents résultats sont justifiés
par certains faits, comme suit. Les spécifications en boucle fermée liées a la SFNL, telles
que présentées dans le Chapitre III, présentent un certain conservatisme. En simulation,
la présence de non-linéarités de I’actionnement et de I'instrumentation n’est pas prise en
compte. Nous soulignons que ces résultats sont rassurants, car le systeme réel peut présenter
certains comportements non modélisés, qui tendent a dégrader la SFNL.

x107?
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02r
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T‘s * *
S <
" $ *
~
or * P
—0.2+ %
* *
* . %
—04 - . . _5 ! L * |
—400 —200 0 200 400 —400 —200 0 200 400
Qz (°/s) Qz (°/s)
FIGURE IV.9: Evolution de s 1 par rapport a (); pour 'approche SISO.
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FIGURE IV.10: Evolution de s; ¢ par rapport a (), pour l'approche MIMO.
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Chapitre V

Commande Directe II : Vers une
Solution Temps-Variante

Dans le chapitre précédent, nous présentons une méthode systématique qui nous permet de
concevoir des correcteurs pour les gyrometres MEMS, tout en répondant au cahier des charges
du Chapitre III. Dans ce cas, les conditions de fonctionnement sont fixes et les principales
spécifications de commande sont définies avec une pulsation d’excitation wey, constante
et égale & wp,. Néanmoins, les conditions de fonctionnement varient et un algorithme
d’estimation est nécessaire pour assurer weyc(t) ~ wox(t). Dans ce cadre, le signal de
référence est donné par

r(t) = A,sin (/Otwexc(r)dr + 4)9) . (V.1)

Puisque les spécifications de performance sont paramétrées par w,xc, nous voulons également
concevoir un correcteur dont les gains en dépendent. Par conséquent, le probleme de com-
mande est de suivre/rejeter les signaux du type (V.1). En particulier, nous nous concentrons
sur la commande du mode drive avec des variations rapides de w,y.. Le cas des variations
lentes de w,y. sera traité dans la Section VIIL.4.

V.1 Définition du Probléme

Considérons le schéma de la Figure V.1, ot1 le procédé G admet la représentation d’état

C[x(t) = Ax(t)+ Bo(t)
¢ {y(t) = Cx(t)+ Do(t) (V.2)

avec x(t) € R",v(t) € R, y(t) e R,et A € R"¢*"6, B € R"*!, Ce R et D € R;detn
représentent respectivement une perturbation en entrée et le bruit de mesure, définissant

o) 2 u(t)+d()  and  yu(t) 2 y() + (). (V3)

L’objectif est de calculer u tel que, basé sur r et y,, les objectifs suivants soient atteints.

(i) Poursuite : le signal y suit les signaux de référence r € R [w;1, wy2], qui est défini
comme suit. Etant donné w,» > w,; > 0 et I'ensemble

Oy [wr1, wrp] ={wr |Vt € Ry, wi(t) € [wra, wral }, (V4)
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d
L P L v Y
f Yn +l n

+

FIGURE V.1: Schéma de commande considéré dans le chapitre.

I’ensemble R,,, est défini pour w, dans Q) [w; 1, wy2] comme suit

Rwr — {7"

ol A, est 'amplitude, ¢9 est la phase a l’origine, et la fonction mesurable w,(t) est la
pulsation instantanée de r, définissant la phase instantanée de 7, ¢,, comme suit

t
JA, € Ry, Y € R, Vt € Ry, r(t) = A, sin (/ w,(T)dT + <p9> } (V.5)
0

t
¢r(t) = /0 wy(T)dT + ¢} (V.6)
L’ensemble de signaux de référence est alors défini comme suit

R [wr,lz wr,z] = U Rw,-

wr€Q)y [wr,ll wr,Z]

(ii) Rejet des perturbations : les signaux de perturbation d € D [w;1, w, ], qui est défini de
fagon similaire & R [w; 1, wy 2], en replagant les signaux et indices r par d.

(iii) Stabilité robuste contre les incertitudes additives LTI : le systeme en boucle fermée est robuste
contre les incertitudes additives AE € A,qq4, o1 'ensemble des incertitudes A,qq est
défini comme en (II1.26) (voir page 304).

Pour les objectifs de poursuite et de rejet des perturbations, nous adoptons les définitions
suivantes, basées sur [DW80, Zam81, Hil13].

Définition V.1 (y,-poursuite). Pour un niveau de performance donné -y, € (0, 1), on dit que
le systéeme en boucle fermée y,-poursuit I’ensemble des signaux R [w,,1, w;2] si :

Vw, € Oy [wr1, wrp], Vr € Ry, YT >0, ||r — sz,T < ||er,T- (V.7)

Définition V.2 (y,-rejection). Pour un niveau de performance donné -y, € (0, 1), on dit que
le systéeme en boucle fermée -y ,-rejette I’ensemble des signaux D (w1, wy ) si :

Vd € Dlwyn, win, ¥r € Rlwyt, izl YT >0, ypa—yoollor <y ldllyre (V)

ou y, 4 désigne la sortie y avec le signal de référence r et le signal de perturbation d.

Nous considérons un correcteur de la forme

Wy, W4 . XK(t) - AK(wif(t),(,Ud(t))xK(t) -+ BK(wr(t)/wd<t))yp(t)
e {02 S+ Do)+ O

ou xg € R™, yp = col (r, y,), et les matrices dépendent de w; et w,. Ainsi, nous pouvons
énoncer le probleme de ce chapitre.
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Probleme V.1. Etant donné le systeme G (voir (V.2) et (V.3)), calculer, quels que soient w, €
O [wy1, wypl et wg € Qg [wy 1, Wiz, un correcteur K4 sous la forme de (V.9) tel que le systeme
en boucle fermée défini par (V.2), (V.3) et (V.9) :

(i) yp-poursuit des signaux r € R [wr1, wy ] et yp-rejette des signaux d € D [wa1, wqp) ;
(ii) est stable quelque soit w, € Q) [wy 1, wy ] et quelque soit wy € Q4 [wg1, Waiol ;
(iii) est stable face aux incertitudes additives LTI AE € A,qq (voir (111.26)).

Pour résoudre ce probleme, nous adoptons une approche similaire a la synthese Hc., ot1 nous
définissons un critére qui exprime par des pondérations le cahier des charges souhaité. Le
principal défi ici est de définir des pondérations qui décrivent finement les signaux r € R,
quelque soit w, € Q [wy1, wyp] etd € D, quelque soit wy € Oy [wy1, Wyo)-

V.2 Résultat Pricipal : Critere £, et Pondérations LTV

Dans cette section, nous montrons que le calcul d"un correcteur qui résout le Probléeme V.1
peut étre reformulé comme la solution d"un probleme de commande LPV, ot1 le cahier des
charges est exprimé par un critere £, avec des pondérations LPV.

Le Critere £,

Basés sur le schéma de la Figure V.1 et les objectifs de la Section V.1, nous définissons les
signaux d’intérét @ = col (r, d, n) et Z = col (¢, u), otr ¢ = r — y. Pour décrire ces signaux,
nous introduisont les pondérations W, = diag (W, W3, W, ) et Woue = diag (We, W),

p 2 . Ll -1~ ~
comme représenté sur la Figure V.2, définissant w = Wiﬁ”wd wetz = Wouz.
Ici, nous désignons par T,_,; I'opérateur qui associe les signaux d’entrée a aux signaux de
sortie b. En particulier, T, peut étre donné par P x K“d avec

Glo 1 0 1]. (V.10)

A 2 A 2 N Wy, W,
De méme, 'opérateur T,_,, peut étre donné par PV % K“rd = W (P * K“’f'“’d> W,

Wout o] 5 [w;;hwd 0} |

D , P4t est donnée par P =
ans ce cas est donnee par |: 0 12 0 1

Maintenant, nous présentons une partie de la solution du Probleme V.1. Le théoréeme sui-
vant établit un critere mathématique qui nous permet de déterminer si un correcteur LTV
(voir (V.9)) vérifie un cahier des charges souhaité.

Théoréme V.1. Considérons wyp > wy1 > 0et wyp > wyq > 0, des transferts stables W44 1 et
Wada o et le systeme augmenté P (voir (V.10)). Si un correcteur donné K« (voir (V.9)) est tel que,
Vw, € O [wr 1, wyp] et Ywg € Qg [wa, wap),

[ Wou (P emssn') wigres

in

<1, (V.11)
i2

ot Wyt = diag (W;r, W3, Wy,) et Woye = diag (W, Wy,) avec
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N 21
»O—> W, —
— A
w1 w uo o+ Yy
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wy wg d
> W
Y
w3 n +
— W,

FIGURE V.2: Critere £, pour le probleme de commande considéré.

(i) Yw, € Oy [wy 1, wyp), Wi étant stable, inversement stable et tel que

r

Rew c{re£§|VT>0,

W), < il (V12)

(ii) Ywg € Qg [wai, wap), Wy étant stable, inversement stable et tel que

D, C {d € LS| VT >0, W;ﬂ(d)Hz,T < ||d H} ; (V.13)
(iii) W, étant un systeme LTI stable et défini tel que
VweR,  [Wy(jw)| = [Wagaa(jw)] ; (V.14)
(iv) We =1, L.
(v) W, étant un systeme LTI stable et défini tel que
Vw eR,  [Wy(jw)| = [Wadap(jw)l ; (V.15)

alors, le systeme en boucle fermée P x K“r“t posséde les propriétés de yp-poursuite et vy -rejet, est
stable Vw, € O (w1, wra] et Vwy € Oy [wg1, was), et est stable face a incertitude AE € Ayqq
(définies par Wogq 1 et Wagg 2, voir (111.26)).

Ce théoreme définit un critere £y, voir (V.11), dans lequel les pondérations décrivent les
signaux d’intérét et 'incertitude AE. En effet, les pondérations en entrée Wy et W, défi-
nissent des ensembles de signaux dans lesquels sont respectivement inclus R [w; 1, w; 2] et
D (w4, wgp). Dans ce cas, W définit le niveau de performance en poursuite et en rejet .
D’autre part, les pondérations W,, et W, expriment la taille de I'incertitude AE € A,qq.

Le probleme est maintenant comment définir les pondérations W, et W7 satisfaisant (V.12)
et (V.13). Nous abordons ce probleme dans la suite.

Une Nouvelle Classe de Pondérations LTV

Pour pouvoir utiliser le Théoreme V.1, il est nécessaire de définir une classe de pondération
LTV qui, pour w;, € O, [wy1, wrp] et wy € Qg [wi1, wyo], décrit les ensembles de signaux de
référence et de perturbation associés a w; et wy, respectivement R, et D,,,. Cette importante
classe de pondérations est définie dans le lemme suivant.
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Lemme V.1 (Pondérations LTV). Considérons
* Wyp = wy1 > 0,

o un ensemble Oy (w1, wy 2] de fonctions mesurables wy défini comme

Qy [wyn, wy2] = {wy |Vt € Ry, wy(t) € [wya, wya] }, (V.16)

o pour wy € Qy [wy, wy ], l'ensemble W, des signaux 1y défini comme

t
W, = {;7 ‘EI Ay €Ry,3 4)2 €ER, Vt e Ry, n(t) = Aysin (/0 w,](T)dT+(/>9]> }

(V.17)
Alors, le systeme LTV W1, défini comme
wy . xw(t) = wy(t)Awxw(t) + wy(t)Bwv(t)
W { ) = Cwixw(t) + Dwv(t) ’ (V-18)

-1 —=2¢ —4¢0 (61— o) 1 1

présente les propriétés :

(i) W« et W~ sont stables ;

avec Ay = [0 1 },BW:[ 2 (&1 — o) },CW:[&) 0],Dw=§06t(_f1>>§0>0,

i) Wa, < e 23197 > 0 [, < s
(i) ||wen || > Sy,
2~ Go

(iv) {;7 € LS| VT >0,

wer 10| < Dilr | # 25

2,T

La propriété (i) est essentielle pour 'utilisation de W*7 comme pondération puisqu’elle
assure sa stabilité ainsi que celle de W7 !, La propriété (ii) affirme que 1’ensemble des
signaux Ww,] est un sous-ensemble de la classe entiere des signaux décrits par W«.

Bien que les propriétés (i) et (ii) soient cruciales pour une pondération, elles ne sont pas
suffisantes pour décrire précisément I’'ensemble des signaux d’intérét. En effet, tout gain
constant supérieur a 1 satisferait ces deux propriétés. Les propriétés (iii) et (iv) indiquent
alors la sélectivité de la pondération. La propriété (iii) révele qu’il existe une classe de signaux
qui est atténuée par W7 ou, de maniere équivalente, une classe de signaux qui est fortement
amplifiée par W1 1. Par conséquent, I’ensemble des signaux définis par W7 ne peut pas
étre égal a 'espace entier L. Cette derniere description correspond a la propriété (iv).

Probléme de Synthese LPV

Maintenant, basés sur le Lemme V.1, nous définissons les pondérations W;”" et W’;’d qui
remplissent les conditions du Théoreme V.1 quels que soient w, € O, [wy1, w; 2] et wy €
Oy [wg 1, wg o], comme suit.

¢ Avec l'ensemble des signaux de référence étant donné par (V.5), W est définie comme

wy . xW,(t) = wr(t)AWerr(t) + wr(t)BWrwl(t)
Wr { nf = Cwowe() +  Dwann(t) (19
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— 0 1 — z(glr_‘:Or) :| _ |:(j()r :| . @
avec Awr = {—1 —%J'BW’ - [—4@ @ —co)|” = & O Pw = g
C1r > Cor > 0.

* De la méme fagon, la pondération W;]d est définie par

d(t) Cwaxwa(t) + Dwaw>(t)

_ 10 1 _ | 2(G1a—Goa) _ FOd } _ God
avee Av [—1 —25011]' Bwa [—4(?@1 (814 — Goa) |’ Cvia G1d 0] Pwa C1a’

G1a > Coa > 0.

Finalement, le Probleme V.1 est reformulé comme le probléme de synthese suivant.

W { Xwa(t) = wa(t)Awaxwa(t) + wa(t)Bwawa(t) (V.20)

Probléeme V.2. Pour le procédé G donné par (V.2) et la configuration de la Figure V.2, calculer,
Vw, € Oy [wr1, wyrpl et Vwy € Qy[wg1, wasl, un correcteur K% sous la forme de (V.9), s'il y
en a un, tel que quels que soient w, € Q) [wy1, wyp] et wg € Oy [wg1, w42), le systeme en boucle
fermée est stable et

Hwout (ﬁ*Kw"wd> Wiﬁr,(Ud ) < 1’ (V21)
1
ot Wyt = diag (Wr“”, W;"d, Wn), Wout = diag (We, W,,), W;r est donné dans (V.19), W;’d

dans (V.20), W,, dans (V.14), W, = 'yrjl et W, est défini dans (V.15).
Ce probleme est en fait un probleme de synthese LPV puisqu’il est équivalent de calculer un
correcteur tel que (15 * KO > soit stable et que

<1

i 7

5] 0,0y 0, Qy
Hwom (P*K , )Wi“ 2

ott Wout (13 * K€ ) WS”Q‘* est défini par

{Wout (P * K& ) Wt w, € QO [wrn, wra), Wi € Qq (w1, wd,z]} :

in

Ce probleme peut ainsi étre résolu par des méthodes classiques, comme la synthese standard
polytopique (voir, e.g., [AGB95]).

V.3 Résultats Numériques et Simulation

Nous appliquons les résultats du chapitre pour concevoir un correcteur pour le mode drive
d’un gyrometre MEMS (voir Example 2.3 de la version compleéte de la these, page 34). Les
principaux objectifs de commande sont :

(i) assurer que la sortie x,,, ici désignée par y, y,-suit le signal de référence

r(t) = Aysin </Otwr(1')dr> (V.22)

avec wy(t) € [2rr- 11498, 27r-11502] ;
(i) assurer que des perturbations d € D,,, avec wy; = w; sont y,-rejetées ;

(iii) assurer la stabilité robuste du systéme en boucle fermée face a des incertitudes additives.
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Nous considérons 1y, = 250 - 107 et le critere £, de la Figure V.2, ot
(i) W’ est donné dans (V.19) avec &1, = 7.2-10 3 et &o, = 9-1077;
(ii) W est donné dans (V.20) avec &1y = 7.2- 103 et oy = 9-1077;

(i) Wy(s) = M, L “(’:}w ;S/ “(J:)j;f)‘;/ 2 avee A, = 1251074, M, = 125, &, = 5565 - 10*

etw, = woy ;

(iv) We =7, =4000;

(v) Wa(s) = M, L “(’:}w gsi “(’:)j‘f)‘a/ flu“ avec A, = 1.6-1073, M, = 400, a,, = 4.687 - 10* et
(,(]u — wo,x‘ u u)&u

Le systéme en boucle fermée est simulé avec le signal de référence de (V.22), ot w,(t) est
présenté sur la Figure V.3 et détaillé dans le Tableau V.1. Le systeme démarre en régime per-
manent (sinusoidal) avec wy(t) = wy . L'erreur de poursuite est présentée sur la Figure V.4.
L’amplitude de référence A, est toujours égale a 1.

Excitation frequency

11.503 T T T T T T T T T

WH’" -

11.502 F——--—77 - N G

11.501 -

11.5

w,(t) (in kHz)

11.499 -

W

11.497 I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50

Time (ms)

e

11.498 F----- — e

FIGURE V.3: Pulsation w;,(t). Des détails sont donnés dans le Tableau V.1.

TABLEAU V.1: Signaux définissant w;(t).

Temps t (en ms) | Forme d’onde | Plage/Valeur | Pulsation fondamentale
[0, 5) Constante wo,x —
[5, 10) Carré [wrrl, a]rlz] 0,05 - wo,x
[10, 15) Dent de scie | [wy1, wypo] 0,05 - wp,x
[15, 20) Sinusoidal (w1, wyp] 0,10 - wo x
[20, 25) Sinusoidal | [w;1, Wy o] 0,25 - wo x
[25, 30) Sinusoidal [wy 1, Wy p] 0,50 - wp, x
[30, 35) Sinusoidal | [wy1, wyp] 0,75 - wo x
[35, 40) Sinusoidal [wr 1, Wy p] 1,00 - wo,x
[40, 45) Sinusoidal [wr 1, Wy o] 1,50 - wo,x
45, 50) Aléatoire | [w,1, wy o] —

Malgré les variations de w;,, I'erreur de poursuite est toujours bornée par une valeur proche
de2,5-107* = 250 - 10~ (pour A, = 1). Ceci est possible car le correcteur est capable de
s’adapter en fonction de w,. Pour mieux évaluer la performance, nous définissons deux
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<1074 Tracking error
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Error
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Time (ms)

FIGURE V.4: Erreur de poursuite (t) pour amplitude de référence A, = 1.

indicateurs,

(V.23)

Notez que %), 1, est lié a la puissance des signaux ¢ et r dans un horizon de temps Ty. Cet
indicateur permet de détecter les variations rapides de la performance du systéme. D’autre
part, 4, correspond a la définition de 7y, (voir (V.7)) avec T = t. Avec Tp = 1,5- 271/ wy .,
Yp,1, et de 7, sont tracés en Figure V.5 et comparés a v, = 2,5 - 1074, Sur cette figure, nous
confirmons que, comme prévu, 7,1, et 7, sont toujours inférieurs a y, = 2,5-10~* (cahier
des charges), validant ainsi la solution proposée.

<104 ~p-tracking
T T T T T T T T T
—
: (i 7
Q
= Il ll |' |] l
E I[N §
8
=
S
g
- -
S
£
— (1)
0.5 P |
Mn(t)
-
0 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Time (ms)

FIGURE V.5: Indicateur de performance 7, et 4, 1, avec To = 1,5 - 271/ wo .
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Chapitre VI

Commande Basée sur les Enveloppes :
Déplacant la Dynamique aux Basses
Fréquences

Pour I'opération en boucle fermée des gyrometres MEMS, plusieurs travaux utilisent des
architectures de commande basées sur 1’enveloppe, notamment représentées par les archi-
tectures AGC avec PLL pour le mode drive (voir page 289) et I/Q pour le mode sense (voir
page 292). Le principal intérét vient du fait que I'enveloppe des signaux est constante en
régime permanent. Ainsi, de simples correcteurs PID (ou de faible bande passante) sont bien
adaptés pour asservir I'amplitude et le déphasage des oscillations du mode drive, et pour
compenser les termes en phase et en quadrature liés aux forces de Coriolis et de couplage,
voir [IEE04, EMK12, Zurl5].

Malgré les avantages de cette approche, des inconvénients y sont aussi présents. Des non-
linéarités (modulateurs et démodulateurs) sont introduites dans les boucle de commande
pour calculer 'enveloppe des signaux, ce qui rend le systéme global non linéaire. L’approche
conventionnelle consiste alors a linéariser le modele autour d’un point d’opération et a
concevoir des correcteurs pour le modele approximé [Sau08, EMK12]. La performance et la
stabilité ne sont donc pas garanties a priori.

Ici, nous proposons une architecture de commande et une méthode de conception qui permet
de travailler avec des signaux en basse fréquence, tout en donnant des garanties de stabilité
et de performance. Cette méthode est basée sur une modélisation par phaseurs dynamiques
et une approche Ho,/LPV pour la synthése des correcteurs.

Introduisons quelques concepts clés pour la suite du chapitre. Soit le signal modulé
t
o(t) = V() cos (¢r(t) + ¢o(t))  avec gm(t) = [ wp(r)dT + g,

ou V définit 'amplitude instantanée de v et ¢, est son déphasage par rapport a une phase de
référence ¢pj,. Celle-ci est définie en fonction d’une pulsation de référence wpy, et d'une phase

a l'origine ¢% . Nous pouvons réécrire v comme v(t) = R (g (t)ej‘r”Ph(t)) , ott 'amplitude et la

phase sont représentées par une seule quantité complexe v(t) = V(t)e/#*(*), appelée phaseur
dynamique. Le signal v peut étre représenté de maniére équivalente par ses parties réelle
et imaginaire, c’est-a-dire v(t) = vy (t) + jug(t). Cette forme est appelée représentation car-
tésienne ou rectangulaire, tandis que la forme v(t) = V(t)e/?<(*) est appelée représentation
exponentielle ou polaire. Si le phaseur dynamique ne varie pas dans le temps, sa définition
coincide avec celle des phaseurs “classiques”.
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VI.1 Définition du Probléme

Dans cette section, nous énongons le probleme étudié dans la chapitre.

Nous considérons I’architecture de commande présentée dans la Figure VI.1. Le procédé est
représenté par G, et K;, correspond a un correcteur en amplitude et phase. L’opérateur s2p
permet d’extraire I'amplitude et le déphasage d"un signal modulé, tandis que p2s génere un
signal modulé a partir d'une amplitude et d"'un déphasage donnés, définis par rapport a une
phase de référence ¢py,, qui est définie comme suit

t
Ppu(t) = /0 wpy(T)dT + P, (VL1)

avec ¢9, € R et la pulsation de référence instantanée wp; appartenant a un ensemble de
fonctions mesurables Qpy, [wpy 1, Wpp 2], qui est défini comme, étant donné wpy,, > wpp1 > 0,

Qpp [wpny, wpnp] = {wpp |Vt € R, wpp(t) € [wpp1, wppa) }- (VL2)

Puisque wpy, est connu, il peut étre utilisé par le correcteur.

(Yr, ¢r) (U, ¢u)

FIGURE VI.1: Architecture de commande en amplitude et phase.

Dans ce contexte, le probléeme de commande consiste a calculer 'amplitude U et le dé-
phasage ¢, du signal de commande u de sorte que I'amplitude Y et le déphasage ¢, du
signal de sortie y suivent 'amplitude Y; et le déphasage ¢, du signal de référence sinusoidal
yr. Tous les déphasages sont définis par rapport a ¢p;,. Le signal de référence est défini comme

yr(£) = Yy (£) cos(¢pn(t) + r(1)). (VL3)

Bien que cette architecture puisse étre utilisée dans d’autres applications, dans le contexte du
gyromeétre MEMS, G représenterait le mode drive et/ou le mode sense. Pour des raisons de
simplicité, nous nous concentrons sur 'utilisation de cette architecture pour le mode drive.
Ainsi, G représente le modele du mode drive et le signal de référence est donné par

Yr(f) = Ay sin(exc(t)) (V14)

avec Pexc(t) = fot Wexe (T)dT + ¢? (voir, e.g., (V.1), page 317) et définit la pulsation de fonction-
nement du gyrometre, wey.. La phase de référence ¢p;, n’est pas nécessairement liée a Pex..
Néanmoins, sil’on considere le cas particulier ot

opn(t) = /Otwm(r)dr, o (1) =° + /2 et Y, (t) = A, (VL5)

(VL.3) et (V1.4) sont équivalents, et les signaux a suivre (Y; et ¢,) sont constants dans le temps.
Par conséquent, nous considérons que ces conditions sont réunies dans la suite.
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L'opérateur p2s est un modulateur qui calcule

u(t) = U(t) cos (¢ppp(t) + ¢u(t)). (VL6)
A son tour, I'opérateur s2p, basé sur ¢p;, permet d’extraire le couple (Y, ¢,) du signal
y(t) = Y(t) cos (¢pu(t) + ¢y (t)) - (VL7)

Il est clair comment construire u a partir d'un couple (U, ¢,). Ce n’est pas le cas pour la
construction d’un couple (Y, ¢,) a partir d"un signal donné y (voir (VL.7)). Pour 'instant,
supposons qu’il existe un opérateur s2p qui fait cela. Dans la Section V1.4, nous verrons
comment le réaliser avec la démodulation synchrone et les hypothéses sous-jacentes.

Enfin, le probléme principal du chapitre peut étre formulé comme suit.

Probléme VI.1 (Probleme de commande en amplitude et phase). Considérons un systéme LTI
G et l'architecture de commande de la Figure VI1.1. Etant donné wppp > wpy1 > 0, la phase de
référence ¢py, donnée par (V1.1) avec wp, € Qpy [wpy1, Wpp2|. On souhaite alors concevoir un
correcteur K, qui, basé sur les couples (Y, ¢;) et (Y, ¢y), calcule (U, ¢y) tel que (Y, ¢py) suive des
signaux constants (Y, ¢, ). Les déphasages sont définis par rapport a ¢py,(t).

Nous divisons ce probleme en quatre parties, comme suit.
(i) Supposons que s2p existe. Comment modéliser le systeme composé de G, s2p et p2s ?
(i) Comment concevoir un correcteur résolvant le Probleme VI.1 sous ces hypotheses ?
(iii) Comment implémenter en pratique 1’opérateur s2p ?

(iv) Comment résoudre le Probleme VI.1 avec un opérateur s2p implémentable ?

V1.2 Modélisation du Systéme avec des Phaseurs Dynamiques

Nous modélisons ici le systeme G,, composé de G, p2s et s2p. Le procédé G est donné par

[ x(t) = Ax(t) + Bu(t)
¢ { y(t) = Cx(t) + Du(t) (VL8)

avec x(t) € R", u(t) € R™, y(t) € R, et les matrices réelles A, B, C et D de dimensions
appropriées. L'opérateur p2s contraint chaque élément du vecteur d’entrée a étre sous la
forme de (VL.6), et les signaux de sortie sont supposés étre sous la forme de (V1.7), de sorte
que l'opérateur s2p puisse extraire leur amplitude et déphasage instantanés. Ainsi, étant
donné une fonction ¢p;, avec wpy € Qpy, [wWpp1, Wpp 2], le systeme a commander est défini par

x(t) = Ax(t)+ BU(t) cos (¢ppy(t) + ¢u(t))
Gap [;);((tt))] = s2p(Cx(t) + DU(t) cos (¢ppp(t) + Pu(t))) (V1.9)

Notons que I'opérateur s2p est non linéaire et que le signal d’entrée est une fonction non
linéaire de U et de ¢,,. Il est alors clair que le remplacement des signaux d’entrée et de sortie
de G par leur amplitude et leur phase rend le systeme G, non linéaire.



328 Chapitre VI. Commande Basée sur les Enveloppes

Bien que nous considérions le procédé G comme un systéme LTI (VI.8), nous pouvons aussi
considérer un systéme LPV de la forme

() = AMM®)x(t) + B(O())u(t) |
G { y(t) = COM)x(t) + DOF)u(t) ’ () €® (VL10)

ou x(t) € R", u(t) € R™, y(t) € R™, 6(t) € R™ évolue sur un polytope fixe ® et la
dépendance des matrices de d’état est affine en 6.

Modélisation par Phaseurs Dynamiques

Le théoreme suivant introduit un modele linéaire du procédé non linéaire G,;,. Cette modéli-
sation est basée sur les phaseurs dynamiques associés aux signaux du procédé G.

Théoréeme VI.1 (Modele en phaseurs dynamiques). Soit une phase de référence ¢py,(t) donnée
par (VL.1) avec wpy, € Qpy, [Wpp 1, wpp 2], et considérons un couple (U(t), ¢y (t)) et le systeme G,
voir (V1.8). Alors, pour le signal d’entrée de la forme u(t) = U(t) cos (¢py(t) + ¢pu(t)), la sortie de
G est donnée par

y(t) = Y(#) cos (¢pn(t) + 9y (1)),
o Y(t) = |y(t)|, py(t) = arg(y(t)), and y est la sortie du systeme G, défini par
wn . [ 20 = (A—jon®ODx(b) + Bu()
i R R VD

pour l'entrée u(t) = u(t)ejsbu(t),

Le systeme G“**, voir (VI.11), calcule, pour une phase donnée ¢p;, et définie par wp;, €
Qpp [Wpn1, wpp2], les phaseurs dynamiques associés a x et i (respectivement x et ) a partir
du phaseur dynamique associé a u (1). Ainsi, nous appelons G“” le modele en phaseurs
dynamiques (DPM) de G par rapport a ¢pj,. Le DPM G“” est linéaire a parameétres variants
(wpp). Ses parametres et signaux sont complexes. Néanmoins, en divisant les signaux en
parties réelles et imaginaires, ce systéme peut étre représenté de maniére équivalente par le
systéme a parametres réels :

wpy X’d (t) = Ad (CUph(t))xd (t) + Bd i (t)
de : { de(t) = P Cdpxdp(t) : i DdZudZ(t) (VI.12)

A wpy ()1 . .
avec Ay, (wpp(t)) = [—wph(t)l P% ) ], By, = diag (B, B), Cs, = diag (C, C) et Dy, =

diag (D, D), x4p = col (xg, X5), tap = col (uy, ug) ety,, = col (z%, gg).

En général, lorsque nous faisons référence au DPM, nous nous référons a sa représentation
réelle, G;‘;f ". Pour faire la distinction entre les représentations réelle et complexe, nous ferons
référence a G“?* comme le DPM complexe de G, et G;;f " est appelé le DPM réel de G.

Nous soulignons que le DPM est un systeme LTV dont la matrice d’état est linéaire en wpy,.

Dans la littérature, wpy, est souvent considéré comme constant, mais avec le Théoréme VI.1,
nous démontrons que le DPM est valide quel que soit wp;, € Qpy [wpp1, Wpp2)-

Notez que, puisque

u(t) = U(t) cos (ppu(t) + pu(t)) = up(t) cos(Ppn(t)) — ug(t) sin(¢pn(t)), (V113)
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le DPM réel de G, G;Z’ ", peut étre réécrit comme

{ X(t> AX(t) +B [COS (4)Ph(t)) — sin (¢Ph(t>)] udp(t) (V114)
yapt) = 20 (Cx(t) + D [cos (@pu(t))  —sin (gpu(t))] uap (1)

ou x est le vecteur d’état de G, (voir (V1.9)), et s2c est un opérateur qui associe y4, a y. La
seule différence entre G, (voir (VL.9)) et G;‘;” " (dans (VI.12) ou (V1.14)) est la représentation
des phaseurs dynamiques : G, utilise une représentation polaire et G;’; " utilise la représen-

tation cartésienne des mémes phaseurs. Ainsi, avec la représentation cartésienne, le systeme
a commander (V1.9) peut étre modélisé par un systéme LTV : G;‘;’ " (voir (VI.12)).

Si G est LPV (voir (VI.10)), pour wpy, € Qpy [wpp 1, wpp 2], ses DPM sont donnés par

o [ HE) = (A —jwop(OD x(t) + BO®uE)
G { y(t) = C(6(1))x(t) + Do) + €O (VLI
o [ Aa(t) = Agy (000), wpn(D) 2ap() + Ba(0()ugy(t)
cipn: { Jirtl) T A S m O 1 Rt 9“6(‘3“6)
avec Agy (0(t), wpp(t)) = [ Aﬁg%z; wl(’hégﬂl de(e(t)) = diag (B(6(t)), B(6(t))),

Cap(0(t)) = diag (C(6(t)), C(6(¢))) et Day(6(t)) = diag (D(0(t)), D(0(t))).

Propriétés des Modeles en Phaseurs Dynamiques

Nous étudions le lien entre les propriétés du systéme original G et celles de ses DPMs G
et G;;f " (voir (VL8), (VL.11) et (V1.12), respectivement) quel que soit wp, € Qpy, [Wpp 1, Wpp2)-
En particulier, nous considérons la stabilité gain £, quadratique de ces systemes.

La stabilité gain £, quadratique de G*“ et GwP " quel que soit wpy, € Qpy [Wpy1, Wpn1, Wpp 2]

est équivalente a la stabilité gain £, quadrathue des systémes LPV G et Gflif ", définis

QO Q w
comme G = {G*™, wp € Qpyy [wpn1, wpnp]} et Gy = {dep ", wpy € Qpy [Wpn1, Wpp2] }
Puisque nous entrons dans le cadre LPV, nous généralisons également le systeme G au pro-

cédé LPV G®. Ainsi, nous étudions le lien entre la stabilité gain £, quadratique de G®
(voir (VI.10)) et celle de GO et G%QP " ou GO = { GO wopn, € Qpy, [wpp 1, Cdph/Z]} et

0,0 ©,wpy
Gy ™ = {dewp ", wpy € Qpy [wpp1, wPh,Z]} (VL.17)
avec GO“rr et Ggf‘]” " respectivement donnés par (V1.15) et (VL.16).
Théoréme V1.2 (Equivalence en stabilité gain £, quadratique). Soit le systeme LPV G®, son
DPM complexe Q®'QP’1 et son DPM réel G%QP k. Alors,

q q q
HGG) ' HQ®rQPh o HGL(?F;QP]I ! (VL18)

2

(% est le gain £, quadratique de (-) et son existence implique la stabilité quadratique.
La norme Ho d’ un systeme LTI étant égale a son gain £, si G est LTI, (VI.18) se réduit a
16l = [ = [eh .

IGllo = o Enfm puisque la stabilité gain £, quadratique d’un systéme LTI implique
sa stabilité interne, ce théoreme démontre aussi I'équivalence en stabilité entre G et ses DPM.

. De plus, si Qp, = {w§,}, (VI.18) se simplifie en |G|, =
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V1.3 Commande par Phaseurs Dynamiques

Avec les résultats de la section précédente, le schéma de la Figure VI.1 peut étre remplacé
de maniere équivalente par celui de la Figure VI.2, appelé architecture de commande par
phaseurs dynamiques. Le Probleme VI.1 est alors reformulé et généralisé a un procédé LPV.

(&%' 3&3) (up, us)

| Kwrn

FIGURE VI.2: Architecture de commande en phaseurs dynamiques.

Probléme V1.2 (Probleme de commande par phaseurs dynamiques). Etant donné le DPM de
GO ( Gl%wp ", voir (V1.16)), concevoir un correcteur K®<Pr avec des matrices A (0, wpy,), B (8, wpy),
C (6, wpy) et D (0, wpy,) quel que soit 6(t) € ©, qui, a partir de y,, et Yy 4y, calcule ug, tel que y 4,
suive une constante y, 4, quels que soient wpy € Qpy, [wpy1, Wppo) et Yrdp € R2.

Comme pour le Chapitre V, la résolution de ce probleme quel que soit wpy, € Qpy [Wpy1, Wpp ]
est équivalente a la résolution d"un probleme LPV standard ot le procédé et le correcteur se
lisent respectivement comme (V1.17) et K& = {KO«ri wpy, € Qpy, [wpp1, wppa] }. Nous
cherchons donc a répondre a deux questions principales.

(i) Entre l’architecture de commande directe et celle par phaseurs dynamiques, 1'une
d’entre elles assure-t-elle un meilleur niveau de performance ?

Dans ce contexte, nous considérons un systéme augmenté LPV P®, composé du systeme
G® et de pondérations qui expriment le cahier des charges souhaité et dépendent
de weyc. Le correcteur K® dépend également de w,y.. Le niveau de performance vy
représente une borne sur H PO x K®} ?2, C’est-a-dire HP® * K@ H?z < 7. Pour exprimer le
méme cahier des charges dans le cadre des phaseurs dynamiques, nous utilisons le

DPM de P9, noté P;??’Q” . Nous considérons aussi wp, = Wexe.

(ii) Pour des raisons d’implémentation pratique, il peut étre préférable d’utiliser une ar-
chitecture basée sur I’enveloppe au lieu d"une architecture directe. Dans ce cas, est-il
possible de transformer un correcteur direct en un correcteur par phaseurs dynamiques ?
Si oui, comment ?

Liens Entre la Commande Directe et la Commande par Phaseurs Dynamiques

Nous étudions maintenant les liens entre le probleme de commande directe et celui en
phaseurs complexes. Ces liens nous permettent d’évaluer le niveau de performance obtenu
avec chaque approche. Avant de poursuivre, nous définissons les matrices de permutation :

L, 0 0 0 L, 0 0 0
0 0 I, 0 0 0 I 0
Pin = o £ Pou = :
n O Inw 0 O e out O Inyp O O
0 0 0 I, 0 0 0 I,
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Théoréme VI.3. Soient un systeme LPV P® et un correcteur K® LPV donnés. Ces systémes
définissent PL%Q” n, K9k ot (PO & K®)?p” " en tant que les DPM de P®, K© et P® x K® quel que

7 dp
soit wpy € Qpylwpn1, Wpnpl, et PpOQen & Pouth@;;Q”’Pm. Alors, étant donné v > 0,

dp

: Q) 0\Qpr _ pO,Qpy 0,0py, |
(i) (PP %K )dp =Py, " H Ky

(ii) si KO est tel que |P© x K®||T, < ~ alors HPd@p’Q”‘ *K%Q”

‘1< .
" v

[}

(iii) KO tel que HP,?’)’QP " KOQpn

jz < 7y si et seulement si IK® tel que || PO x KO||%, < 1.
La premiere propriété révele que le DPM de P x K® est égale a l'interconnexion de leurs DPM.
La deuxiéme propriété affirme que si un correcteur K® atteint un niveau de performance
donné v, alors le DPM de K® est une solution du probléme de commande par phaseurs
dynamiques assurant le méme niveau de performance 7. Ainsi, si K® atteint un niveau de
performance <y, un correcteur par phaseur dynamiques peut étre calculé avec le Théoréme 6.1,
tout en assurant le méme niveau de performance <. La troisiéme propriété révele que si
ISQQPh atteint un certain niveau de performance, alors, nécessairement, le méme niveau de
performance peut étre obtenu par une commande directe et vice-versa.

V14 Implémentation des Opérateurs s2c et s2p

Jusqu'ici, nous avons considéré les blocs s2p et s2c comme des opérateurs idéaux permettant
d’extraire d"un signal modulé y les couples (Y, ¢y ) et (y,,, ¥, ), respectivement. Ces opéra-
teurs n’existent pas en pratique. Cependant, si des contraintes spectrales sont imposées aux
signaux modulés, le bloc s2c peut étre implémenté par la démodulation synchrone. L'étude
qui suit est réalisée avec wpy(t) = w$),.

Démodulation Synchrone Idéale

La démodulation synchrone idéale est présentée dans la Section II.1 et rappelée ici. Sa
structure est présentée en Figure V1.3, ot F1p sont des filtres passe-bas idéaux avec pulsation
de coupure w, = wp),. En entrée de la démodulation synchrone, nous avons le signal

Y(£) = ya(t) cos (wpyt) — yp(t) sin (wpyt) , (VL19)

qui est tel que V |w| > 2w, F [y] (w) = 0 et F [y] (0) = 0. Les signaux y, et y; sont de type
passe-bas, c’est-a-dire

Viwl > W, Flyl (@) =0 et Flyl(w)=0. (V1.20)

2 cos(wpy,) vif

—» Fip —

H
—2sin(w}),) 2 Yof

—» Fip |—

FIGURE VI.3: Schéma-bloc de la démodulation synchrone.
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Les signaux y1 () = 2y(t) cos (¢py(t)) et ya(t) = —2y(t) sin (¢py(t)) sont réécrits comme

Syi(t)
ya(t) = ya(t) + (ya(t) cos (2¢py(t)) — yp(t) sin (2¢pu(t))) (V1.21)
y2(t) = yu(t) — (ya(t) sin (2¢py(t)) + yu(t) cos (2¢pn(t))) - (V1.22)
Syq(t)

Notez que y; et y» sont composés de termes basse fréquence y, et y; et de termes haute
fréquence Jy; et dyg. En raison de (V1.20), les spectres de dy;(t) et dyo(t) sont non nuls
pour |w| €]wy;,, 3w, [. Puisque Fyp est un filtre passe-bas idéal avec pulsation de coupure
we = wpy, 0y et dyq sont éliminés, et 'on obtient yf(t) = ya(t) et yor(t) = yp(t).

Sous les hypotheses que y est passe-bande et que les filtres F p sont idéaux, yis et yor
correspondent a y, et y;,. Ces termes correspondent respectivement aux parties réelle et
imaginaire du phaseur y (y;y = y,, et yos = y,)- Ainsi, la démodulation synchrone idéale
implémente 1'opérateur idéal s2csous 'hypothese de y passe-bande. L'opérateur s2p est
implémenté en calculant I'amplitude et la phase a partir des termes réel et imaginaire.

Modélisation de la Démodulation Synchrone Non Idéale

En pratique, les filtres F; p ne sont pas idéaux. Ainsi, si la démodulation synchrone est utilisée
dans une boucle de commande, comme dans l’architecture de commande par phaseurs
dynamiques, les nonidéalités introduites modifient le comportement du systéme en boucle
fermée, qui peut méme devenir instable.

Dans ce contexte, 'on ne peut pas déterminer a priori si un correcteur congu a partir d"un cor-
recteur direct assurera la stabilité et la performance du systeme en boucle fermée. Ainsi, pour
l'utilisation de l'architecture de commande par phaseurs dynamiques avec une démodulation
synchrone réelle, 'une des deux actions suivantes doit étre envisagée.

(i) Evaluer leffet de 'opérateur s2c non idéal apres synthese du correcteur par la méthode
de la Section VI.3. Cette analyse a posteriori est détaillée dans [AC21].

(ii) Considérer les non-idéalités de la démodulation synchrone lors de la conception du
correcteur. Ce point est développé dans la Section VI.5 et nécessite un modele des
non-idéalités de s2c. Ce modele est présenté dans la suite.

La question maintenant est comment modéliser le s2c non idéal. A partir de (VI.21) et (V1.22)

_ _ sori 6] _ v
avecya = Y, ety, = Y3, NOUS pouvons ecrire Ly/;(t)] = (I+A(¢pu(t))) yi(t)] , ol
om0 = [T "R 22

Par conséquent, le bloc s2c non idéal peut étre modélisé comme l'interconnexion d"un s2c
idéal, du bloc (I + A (¢pi(t))) et des filtres non-idéaux F;p. Dans le cas de la conception
des correcteurs basés sur des phaseurs dynamiques, 'intérét majeur de cette modélisation
est que le systeme a commander est représenté comme une interconnexion du DPM et des
non-idéalités (Frp et A (¢p;(t))) de I'opérateur s2c, comme illustré dans la Figure VI.4. Dans
ce cas, les sorties de la démodulation synchrone correspondent a des approximations (ou
estimations) du phaseur y. Nous désignons cette approximation par .
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opu(t)
&ER v E%: ’ \777;777]:‘77777777777777771‘ z%
—> —> u y ! L
&S\s‘ IS Ug : c2s > G = s2c : ! z\f
— —> ‘ ! L
A A | ! | i
[ DPM : ! |
| v v !
3 A (gpi(t) |
:/V\ : 1+V :
= Fip <—<y )t—%_ |
‘ 4 ;
: F S |
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s2c non-idéal

FIGURE VI.4: Architecture de commande par phaseurs dynamiques avec s2c
non idéal.
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FIGURE VI.5: Schéma simplifié de 1’architecture de commande par phaseurs
dynamiques avec s2c non idéal.

VI.5 Commande par Phaseurs Dynamiques avec s2c Non Idéal

Maintenant, nous proposons une solution au probléme de commande par phaseurs dyna-
miques, tout en prenant en compte les non idéalités du bloc s2c. Nous considérons un
cadre LPV pour la synthése du correcteur. Le systéme en boucle fermée doit atteindre les
spécifications ci-dessous.

(i) Poursuite : assurer le suivi de signaux de référence constants (yr%, Yr C\f).

(ii) Condition passe-bas du signal de commande : minimiser la PSD du signal de com-
mande pour w > wpy, 1, nécessaire au bon fonctionnement de la démodulation.

(iii) Stabilité robuste : assurer la stabilité de la boucle fermée face aux non-idéalités de s2c.
Pour résoudre ce probleme, nous considérons le schéma de la Figure VL5 avec le signal

de référence Yrdp = col (&R, Yr S), l'erreur de suivi €dp = col (&g, €5), les perturbations

d’entrée dg, = col (dy, dg) et ng, = col (ny, ng). Les deux éléments de I'opérateur non idéal
s2c sont pris en compte comme suit.
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Filtres F;p non idéaux: en général, ces filtres sont des systemes LTI. Ainsi, si l’on considére
la syntheése Ho, ou LPV, il suffit d'inclure ces filtres dans le systeme augmenté et de procéder
normalement a la synthese du correcteur.

Matrice temps-variante A(¢p;,(t)) : le systeme de la Figure VI.5 peut étre écrit comme

l'interconnexion de T,%;’ % ya, €t A(@py(t)). Ainsi, le théoreme du petit gain peut étre appliqué

pour évaluer la stabilité de cette interconnexion [Vid02], c’est-a-dire que le systéme est stable
si, ‘nggyd;’ o |A(ppi(t))]l;, < 1, en rappelant que wpy(t) = ¢py(t). Comme Vi € Ry,
Vpu(t) € R, o (A(ppi(t))) < 1, nous avons que ||A(¢pp ()], < 1. Alors, si

|

la stabilité du systeme interconnecté est assurée.

Qpy
Tndp _>ydp

<1, (VI.24)

i2

Basés sur la discussion ci-dessus, nous posons @ = col (4, dap, 1ap) €tz = col (eap, Uap, Yap)-
Le systeme en boucle fermée définit alors les opérateurs (en omettant la dépendance en Qpy,)

Tyr,dpﬁgdp Tddp_%dp Tndpasdp I — SGKl —SG T
Ty, ip—suay  Tagy—ugy  Tngy—ug, | = SiKq =T KS|, (VL.25)
Tyr,dp‘)ydp Tddp%ydp T?ldp*)ydp SGK] SG —T

ot S = (I—GKyFp) L, T = 1 — S = —SGKyF1p = —GKF1pS, S; = (I — KoFpG) ™' et
Tr=1-5;. Notezque‘ o= ‘ ,
1 1

souhaitées, nous considérons le critere de la Figure V1.6. Le probléme est alors de calculer le

Tndpﬁedp T’Vldp*)ydp

. Ainsi, pour exprimer les spécifications
2

correcteur K = [K?P " IS?P h} ,s’ily en a un, tel que

WETyr,dpﬁSdp WT W&'Tddp*)Edp Wd WSTTldp—>€dp Wn < y (VI 26)
WuTy,,,deuder Wqudp%uded WuTndpﬁuden o
+ Gap| Z1
»(O—>| diag(We, We) —>
—i
w2 .
—| diag(W,, W) %
> diag(W,,, W,,) —>
U] diag(W,, W) o
— dla V. > \ 4
g Wr, Wy Yrdp| KO ;LO+_> G,?Ph ydﬁ
- Udp ’
ydp
. Y Map| w3
diag(Frp, Frp) 4—0_:— diag(Wy, Wy) [+—

FIGURE VI.6: Critere considéré pour la synthese LPV.

Si W et W), sont constants et tels que W;W,, = 1 etsiy < 1, (VI.26) implique

Ty <1,

i2
assurant la stabilité par rapport a A (¢py,(t)). Le choix des autres pondérations suit les
méthodes conventionnelles, comme dans le Chapitre IV.

dpﬁgdp
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Chapitre VII

Implémentation Numérique de
1’ Architecture de Commande Directe

Dans le Chapitre II, nous avons souligné le manque de résultats d’implémentation des archi-
tectures de commande directe pour des gyrometres MEMS. Dans ce chapitre, nous présentons
une méthode de conception basée sur la synthése Ho, et nous démontrons I'implémentabilité
d’un correcteur numérique (direct) pour l'opération d'un gyrometre MEMS réel, validant la
méthode proposée.

Afin d’implémenter la solution proposée dans un prototype réel, des aspects pratiques
doivent considérés. Ils sont notamment liés aux non-idéalités du gyrometre, a la nature
numérique du correcteur et a la sensibilité aux variations de ’environnement. Dans ce
chapitre, nous présentons des solutions a ces problémes.

VII.1 Définition du Probléme

Dans ce chapitre, nous considérons la plateforme Asygn, présentée dans la Section II.3. Sur
cette plateforme, un FPGA implémente un microprocesseur, qui utilise le format flottant en
double précision pour effectuer les opérations mathématiques et implémenter le correcteur.
Les routines sont exécutées a la fréquence d’échantillonnage F; = 62,5kHz ou période
d’échantillonnage Ts = 16 ps.

Notre objectif principal ici est d'implémenter un correcteur numérique avec ’architecture
directe pour l'opération en boucle fermée d'un gyrometre MEMS. Nous soulignons les
spécifications les plus importantes ci-dessous.

(i) Poursuite du mode drive : suivi d'un signal sinusoidal avec une erreur relative infé-
rieure a &, < 0,5kgpnr, = 250 - 107 pour Wexe = Wo,x-

(ii) Estimation de la force de Coriolis : estimation d"un signal sinusoidal avec une erreur
relative &, < 0.5kgpnt, = 250 - 107% (Agpnr, = 0,5) pour Wexe = Wo,x-

Probléme VII.1. Etant donnés le modele du gyrometre MEMS et un cahier des charges en boucle
fermée, concevoir et implémenter un correcteur numérique qui assure le cahier des charges souhaité.

Avant de résoudre ce probleme, nous devons obtenir un modele du gyrometre MEMS. Ce
point est traité dans la suite.
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VIL.2 Modélisation du Systéme et Traitement de ses Non-idéalités

Dans cette section, nous présentons notre approche pour la modélisation du systeme global et
la prise en compte des principales non-idéalités du gyrometre MEMS : le couplage électrique
et la non-linéarité d’entrée.

Modélisation du Systeme

La premiere étape de la conception d"un correcteur consiste a définir le modele du sys-
teme a commander. Dans le cadre du projet Next4MEMS, nous considérons une approche
d’identification des systéme par erreur de prédiction, voir, par exemple [Col20].

Le systéme vu par le correcteur peut étre modélisé par trois sous-systemes a temps discret
- G‘IiD, E?D et NIdD —, comme présenté sur la Figure VII.1 [Col20, Chapitre 7]. La partie
mécanique du gyrometre MEMS avec les circuits d’actionnement et instrumentation sont
encapsulés dans G?D avec une non-linéarité carrée a 1’entrée (voir Section II.1, page 279). Le
sous-systéme E¢; modélise ledit couplage électrique parasite. Enfin, toutes les sources de
bruit sont modélisées comme des signaux de bruit blanc e = col (ex, ey) tiltrés par NIdD.

g

Ucoup
d d
E[D NID
ln
Oin Gm+Y+ +Y+ Vout
(1) > G F>O—O0—

FIGURE VII.1: Modele identifié du systeme vu par le correcteur.

Compensation du Couplage Electrique Parasite

Le couplage électrique parasite est 'une des sources d’erreur des gyrometres MEMS. Néan-
moins, ses effets peuvent étre compensés numériquement, comme suit. Comme illustré dans
la Figure VIL1, le signal de sortie v, est donné par vou(t) = Veoup(t) + gm(t) + n(t), ol
gm = col (X, Y ) est un vecteur de tensions proportionnelles aux positions x et i de la masse
d’épreuve, n = col (ny, ny) représente les différents bruits et vcoup = 0l (Vcoup,x, Veoup,y)
correspond a une perturbation générée par le couplage électrique. Puisque v;, est gé-
néré par le processeur et que ES, est connu, nous pouvons alors calculer vy, et définir
gn(t) £ Vout(t) — Veoup(t), de telle sorte que nous obtenons g, (t) = g, (t) + n(t), en compen-
sant les contributions du couplage électrique parasite, comme représentée sur la Figure VIL2.

Traitement de la Non-Linéarité en Entrée

Selon la technique d’actionnement utilisée pour le gyrometre MEMS, une non-linéarité carrée
peut apparaitre en entrée, voir Section I1.1 (page 279). Dans notre cas, elle est bien présente.
Par countre, nous verrons que cette non-linéarité peut étre remplacée par un gain constant
kiin € R?*Z et le systeme a commander est modélisé par le systeme linéaire Gd= G?Dklm.

Soient les tensions d’entrée, v;, = col (Vjy,x, Viny), de la forme

Vin(t) = Vpe + u(t) (VIL.1)
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e

Ucoup

Nip
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Gm + ¥+ +Y+ vout + qn
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Y
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FIGURE VII.2: Modele identifié avec compensation du couplage électrique.
Les éléments pointillés sont implémentés dans le microprocesseur.
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FIGURE VIL.3: Exemple illustratif du spectre des signaux u;, u? et v
ie{x y}

avec Vpc = col (Vpe,x, Vpey), Voo € Rand Vpe, € R. A l’entrée de G, nous avons donc

oneih] = V| = [Beceant] + [0 i

2
VgC,x
VDC,y

Si uy et u, sont des signaux tels que, aveci € {x, v},
Viw| < wy —wp, et V|w| > wy + wpy, Flui](w) =0, (VIL3)

le spectre de u? est donné par F|[u?](w) = F|u;] x F[u;](w), étant nul pour 2wy, < |w| <
2wy — 2wy, et |w| > 2w, + 2wy, Enfin, puisque le spectre de vizn,i est une combinaison des
spectres de u;, u? et V3 ; (fonction delta de Dirac a w = 0), nous pouvons représenter son
spectre comme illustré dans la Figure VIL.3. Si nous avons bien wy, < w, /3, le spectre de u;

ne recouvre pas celui de u?.

Comme le gyrometre MEMS se comporte comme un filtre tres sélectif autour de wy y, seul
l'effet des composantes autour de wy . seront vus a la sortie (compensée) du gyrometre g,.
Ainsi, si wy = Wexe = wox et wy, < w, /3, seule la contribution de 2Vpc ;u; apparait sur g,,.
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Dans ce cas, nous pouvons donc approximer

avec ki, = diag (kiin,x, kiiny), Kiini = 2Vpc,i et les abus de notation : v

Gip (2)v2, (1) ~ Gy (2)kym u(t)
_\/d

£G4(2)

2

_ 2 2
< = col (vm,x, v ) et

iny

z représentant, a la fois, 'opérateur d’avance et la variable complexe de la transformée en z.
Par la suite, on considere G4 = G?Dk”n pour la conception du correcteur.

VIL.3 Conception en Temps Continu d’un Correcteur en Temps Dis-

cret

Le modele identifié ainsi que le correcteur a implémenter sont en temps discret (DT), alors
que dans les chapitres précédents nous avons considéré le correcteur et le procédé en temps
continu (CT). Dans cette section, nous présentons une procédure traditionnelle (mais parfois
oubliée) pour concevoir un correcteur DT basé sur une méthode CT comme la synthese H,.
La méthode est décrite dans la suite [JLN55, AW97].

(i) Discrétisation du systéme CT : soit le systéme CT G® donné par les matrices (A, B, C, D).

En temps discret, il est donné par G9 avec période d’échantillonnage T; et les matrices
(A9, B4, 9, DY) ci dessous :

Al = AT

B = A7l(eAT—1)B

cd ¢ ( ) (VIL4)
DY = D.

(ii) Définition d'un systeme CT équivalent : pour utiliser des méthodes de conception

fréquentielles, nous devons définir un systeme CT équivalent qui prend en compte les
effets de 1’échantillonnage. Ce systéme est donné par la transformée bilinéaire

GP(sp) = Gd(z)) (VIL5)

_ 2/T5+5p :
2= 27 Ts—sp

La variable complexe s, représente une “pseudo-variable de Laplace”, liée a s par

2 -1 2 sTs
_2 — “tanh %55 VIL
I R ( 2 > (VILE)

Lorsque s = jw, on obtient s, = j@ avec

A 2 wTs
= = —t , VIL.7
@ =g (w) = g tan{ = (VIL7)
ol @ définit ce que nous appelons la pulsation pseudo-continue. Pour cette raison,
nous appelons GP le modele a temps pseudo-continu (PCT). Dans 'espace d’état, GP
est défini par les matrices (AP, BP, CP, DP), données par

A= (a1 (At n)

—_ 4 d —tpd
BP = & (Ad41) 7113 (VILS)
CP = Cd(Ad+1T)

1

pp = Dd—cd(Ad+1) B
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(iii) Syntheése d"un correcteur PCT : un correcteur PCT KP est calculé par une méthode
de conception CT, telle que la synthese H.. Le correcteur résultant est défini par les
; P ppP ~P P
matrices (A%, BY, C%, DY).
(iv) Discrétisation du correcteur : la derniére étape consiste a discrétiser le correcteur avec
la période d’échantillonnage Ts. Pour cela, nous appliquons la transformée bilinéaire

dans l'autre sens, cest-a-dire K%(z) = KP(sp) , .- Dans l'espace d’état, K4 est donc

P~ Ts z+1
défini par les matrices (A%, BIC}, c4, D%), données par
-1
d _ (2 P\ (21 p
Ay = (F+ap) (3 -a0)

B = 22 (%—A§>_13£
b= ch(F-ap)
D¢ = DE+Ch(¥-aR) B

(VIL9)

Le principal avantage de cette méthode est 1'équivalence de stabilité en DT et en PCT, c’est-a-
dire le systeme en boucle fermée DT est stable si et seulement si celui en PCT l'est aussi.

VII.4 Conception d’un Correcteur H., Dépendant de w,.,

Une caractéristique importante des gyrometres MEMS est la sensibilité a la température,
ce qui modifie les fréquences de résonance. Comme discuté dans le Chapitre V, pour
assurer des bonnes performances, un algorithme externe doit étre utilisé pour assurer que
Wexe () & wp x(t). Dans cette section, nous considérons le cas ot les variations de wey, sont
tres lentes et les gains du correcteur y sont dépendants.

Dans cette section, nous proposons une méthode de conception de correcteur Ho, dépendant
de parametre (wey.) pour le cas particulier des gyrometres MEMS (et similaires). Deux
approches sont présentées : une pour un correcteur CT, et une pour un correcteur DT.

Probléeme de Conception de Correcteur Dépendent de w,x.

Supposons que le modéle du gyrometre MEMS puisse étre écrit comme un type particulier
de systeme LPV de la forme

w . | X(t) = woAx(t) + woBu(t)
¢ { y(t) = Cx(t) +  Du(t) (VIL10)

avec x(t) € R", u(t) € R"™c, y(t) € R"™c et des matrices de dimensions adéquates. Le
parametre wy € w1, w2 est supposé connu en temps réel. Nous considérons également
les objectifs de commande de poursuite/rejection des signaux sinusoidaux de pulsation
Wexe = Wo,x = Wo avec wy € [wo,1, wop]. Notre objectif est alors de concevoir un correcteur
qui remplit les objectifs de commande et dont les gains dépendent de wy.

Avec la synthese Ho, standard, pour chaque wy, la conception du correcteur est formulée
comme un probleme d’optimisation. Basés sur les objectifs de commande, nous définissons
les signaux d’intérét w € R"* et z € R™. Ces signaux, ainsi que le systeme & commander
G“, définissent un procédé augmenté P0. Des pondérations Wi et WL, qui dépendent
également de wy, sont introduites sur les signaux d’intérét, définissant le procédé augmenté
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pondéré P“°, comme indiqué dans la Figure VII.4. Le probleme H, est alors de trouver, pour
chaque wy € [wy 1, wpp], un correcteur K0, s’il en existe un, tel que ||P“° x K“°|| , < 7. Le
calcul des correcteurs K“° par la synthése Ho, standard implique alors la résolution d"un
nombre infini de problémes d’optimisation. Nous posons ainsi le probleme suivant.

w wo w zZ wo z
‘ . Wm o ~ o Wout | ’
I PwO |
| |
> w
| peo
L R R |
up yp
K@o [«

FIGURE VII.4: Configuration générale de commande avec des pondérations
dépendant de wy.

Probleme VIL2 (Probleme de conception de correcteur dépendant de parameétre). Soit wy
constant et mesuré en temps réel. Etant donné le procédé augmenté PY0 dépendant de wy et un niveau
de performance -y > 0, trouver un correcteur unique K“° dont les gains dépendent de wy, s’il y en a
un, tel que, ¥ wy € [wo1, wop], ||[PY % K| < 7.

Un probléme similaire est traité dans [DSFMO5]. Cependant, la paramétrisation du correcteur
est en général trop compliquée pour étre implémentée dans un processeur de cofit limité.
Dans la suite, nous révélons que, pour le gyrometre MEMS, une paramétrisation simple,
adaptée a une implémentation en temps réel, est obtenue.

Solution en temps continu

Supposons que les pondérations soient aussi de la forme de (VIL.10). Ainsi, P“° admet la
représentation d’état :

J'Cp(i') = woApxp(t) + OJ()BwZU(t) + (,U()Buu(t)
peo z(t) = Cyxp(t) + Dxgw(t) +  Dgu(t) , (VIL11)
yp(t) = Cyxp(t) +  Dypw(t)

ou xp(t) € R™, yp(t) € R, w(t) € R™, z(t) € R™ et les matrices ne dépendent pas de
wo. Nous pouvons alors définir une variable de Laplace normalisée s, = s/wy et un temps
normalisé t, = wyt, de sorte que la version normalisée de P“?, notée P,, est donnée par

xP,n(tn) = APxP,n(tn) + wan<tn) + Buun<tn)
Pl’l . Zn(tn) szP,n(tn) + Dzujwn(tn) + Dzuun(tn> (VII.].Z)
]/P,n(tn) = nyP,n(tn) + Dywwn<tn)

avec Xpn(tn) = xp(tn/wo) et de facon similaire pour les autres signaux. Notez que P, ne
dépend pas de wy. De plus, ||P“?||, = ||Pa||«- Ainsi, la solution du Probleme VIL.2 est la
solution du probléeme H, standard : étant donné P, (VIL.12) et un niveau de performance y >
0, calculer un correcteur normalisé Ky, s’il y en a un, défini par les matrices (Ax, Bx Ck Dk),
tel que ||Pn* Knl|, < 7. Le correcteur CT dépendant de wy, K“?, est alors donné par les
matrices (wpAg, woBk Ck Dk) et résout bien le probleme VIL.2.
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FIGURE VII.5: Procédure de conception d'un correcteur DT dépendant de
parametre.

Solution pour une Implémentation en Temps Discret

Considérons maintenant la conception d"un correcteur en temps discret (DT) dont les gains
dépendent de wy. Néanmoins, avant d’étendre I'approche CT en DT, nous devons vérifier si
le modele PCT de G“? peut étre exprimé comme dans (VII.10).

Comme présenté précédemment, pour un systeme CT G¢ = G“° donné par les matrices
d’état (wpA, woB, C, D), son modele PCT GP est donné par les matrices (AP, BP, CP, DP),
qui, pour la période d’échantillonnage T, se lisent comme

AP = Z (¢90ATe _ [) (¢0ATs 4 1)~
BP — % (e0AT: 1 ]) 1 a1 (¢«0ATs — 1) B
cp C (e0AT 4 1)

(VIL.13)

La dépendance des matrices en wy est non linéaire. Ainsi, I’approche CT ne peut pas
étre appliquée directement a GP. Cependant, pour des cas particuliers (comme pour les
gyrometres), le modele PCT peut étre approximé par un systeme fictif HP“° avec des matrices
d’état ((D()AH, @By, Cq, DH), ol @y = g(wo) (voir (VIL7)).

Puisque le systeme fictif peut étre normalisé par rapport a @y, nous pouvons concevoir un
correcteur pour HP?0 avec 'approche CT et le correcteur DT est obtenu par la transformée
bilinéaire. Cette méthode est résumée sur le schéma de la Figure VIL5. Les nouvelles étapes
par rapport a I’approche CT sont décrites ci-dessous.

(i) Au lieu de concevoir le correcteur en PCT, nous définissons un modele fictif, HP0,
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(ii) HP“ est normalisé par rapport a @y, définissant un modele PCT normalisé (nPCT) HE.

(iii) Un correcteur nPCT K}, est concu en résolvant un probléeme H., standard, ot le systéme
augmenté est défini par des pondérations normalisées et par H.

(iv) Ce correcteur est donc dénormalisé par rapport a @g, générant KP<0.
(v) Enfin, le correcteur DT K90 est obtenu par la transformée bilinéaire de KP0.

Pour un correcteur nPCT K donné par les matrices (Ak, Bk, Ck, Dk), le correcteur PCT
KP® a les matrices d’état suivantes (@gAx, @oBx, Ck, D) et le correcteur DT K90 est défini
par les matrices (A$(@p), B (@), C&(@p), DL (@p)), ot

Ad (@) = (2I/Ts+ @oAx) (21/Ts — @oAx)

Bd (@y) = 4/T(2I/T, — @yAx) ' @By (VIL14)
CI% ((D()) = Cg (ZI/TS—(DoAK)il '
DI(} ((DO) = Dg+Cgk (2I/Ts - C’OoAK)_l @oBk.

Remarque VIL.1 (Correcteur numérique avec période d’échantillonnage dépendante de wy).
La solution ici présentée fournit un correcteur dont les matrices d’état dépendent de Ag,
Bk, Ck, Dk, de Ts et de @y = g (wp) (voir (VIL.14)). Si T; est fixe et le parametre wy change,
les matrices du correcteur doivent étre mises a jour. Cependant, le méme résultat peut étre
obtenu si, au lieu de mettre a jour les matrices du correcteur, nous lions Ts a wp comme suit :

Ts(wo) = s/ wo avec ars > 1.

Dans le contexte du gyrometre MEMS, cette stratégie est utilisée pour lier 0,x a Ts, garantissant
ainsi de bonnes performances du capteur en cas de variations de wy x (dues a des changements
de température, par exemple), voir [EEE*11, CXZ*21]. Bien que cette approche ait été utilisée
dans la littérature et dans l'industrie, aucun résultat théorique soutenant cette approche n’a
pu étre trouvé. Le cadre que nous proposons ici valide 1’approche.

Comme la conception du correcteur est basée sur le systeme fictif HP?, qui est une approxi-
mation de GP0, la stabilité et les performances du systéme réel en boucle fermée doivent
étre évaluées a posteriori, comme dans [SACKS20] ou [AC21].

VIL.5 Résultats d’'Implémentation sur la Plateforme Asygn

Dans cette section, nous illustrons la procédure de conception et d’implémentation d'un
correcteur numérique direct sur la plateforme d’Asygn. De plus, des tests sont effectués pour
évaluer 'implémentation des boucles de commande. En particulier, nous vérifions le suivi
de référence et 1’estimation de la force de Coriolis de la Section VII.1. Les tests sont réalisés a
température ambiante, de sorte que wy y et w,x soient constantes.

Syntheése du Correcteur

Mode¢le identifié : la premiere étape consiste a identifier le systeme a commander. Nous
suivons 'approche de [Col20], définissant le modele du gyrometre, G¢, ainsi que le modele
du couplage électrique E<.
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Compensation du couplage électrique : apres avoir identifié le systéme a commander,
nous implémentons E,, dans le processeur pour compenser le couplage électrique parasite,
voir Figure VIL.2.

Traitement de la non-linéarité d’entrée : nous considérons l’approche de la Section 7.2.3
avec Vpc,x = Vpcy = 1V. Ainsi, nous définissons Gl = ZG?D. Ce modele sera utilisé dans la
suite pour la synthese du correcteur.

Synthése du correcteur: FEn fonction de G¢ et du cahier des charges souhaité, nous appli-
quons la procédure présentée dans la Section VII.4 avec HP®0 = GP“0 (puisque les conditions
de fonctionnement sont stables). Deux stratégies différentes sont considérées : les approches
SISO et MIMO du Chapitre IV.

Validation des Spécifications de Performance en Boucle Fermée

Ici, nous cherchons a valider les principales spécifications de performance en boucle fermée :
le suivi de la référence et ’estimation de la force de Coriolis.

Protocole de test: le premier test est effectué au repos ({2, = 0) avec un signal de référence
de la forme
Xl (£) = A%H (1) sin (wexct)

. re . . .
avec une amplitude Ax,{; et une pulsation wex, = wp . Nous ajoutons aussi une perturba-
tion artificielle sur la commande du mode sense pour émuler une force de Coriolis. Cette

perturbation est sinusoidale d’amplitude Ac,, :
ﬁcor,y(t) = ACor,y(t) sin (wexct) (VH.15)

En évaluant le comportement (poursuite et estimation) de la boucle fermée pour ces signaux,
nous pouvons conclure sur sa performance, comme suit.

Validation de la Poursuite : pour évaluer la poursuite, nous calculons I'erreur de suivi ey,
qui, pour un intervalle donné est présenté dans la Figure VIL.6. Ses principales contributions
proviennent des bruits de mesure. Pour I'évaluer & w = wy, nous estimons les densités

. ref .
spectrales de puissance de ¢, et x;,,; , S¢, et Sx::;f, respectivement. Le rapport S, / Sx;gf donne

2
. A'la pulsation w = woy, la Figure VIL6 révele que ce gain est

une estimation de |T s
Xy —€

X

d’environ —96 dB (ce qui correspond a 16 ppm, pour la spécification 250 ppm) et —76 dB (ce
qui correspond a 160 ppm, pour la spécification 250 ppm) pour les approches SISO et MIMO,
respectivement, remplissant largement le cahier des charges dans les deux cas.

Validation de 1’Estimation de la Force de Coriolis : pour évaluer I'etimation, nous calcu-
lons la variation produite par une force de Coriolis donnée/connue, iic,, (voir (VIL.15))
sur l'estimée iic,,. Cette force artificielle a une amplitude Ac,,, qui passe de 0 a 0,1V a
30s. Les résultats obtenus sont présentés sur la Figure VIL.6, ot nous pouvons observer
une bonne estimation de cette perturbation. Nous notons également que I’approche MIMO,
grace a la sortie supplémentaire, produit une estimation beaucoup plus rapide (moins de
1ms) que I'approche SISO (plus de 2ms). Nous estimons aussi la PSD de ¢ et de ¢y,

respectivement S T, comme S; /S

est est

et S;,CW ; et estimons

, présenté dans la

Cor,y —7€est iZCor,
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Figure VIL.6. Ce rapport révele un gain proche de —62dB (ce qui correspond a 790 ppm,
pour la spécification 250 ppm) et —66 dB (ce qui correspond a 500 ppm, pour la spécification
250 ppm) a weye pour les approches SISO et MIMO, respectivement. Par conséquent, en
pratique, cette spécification d’estimation n’a pas été strictement respectée dans les deux cas.

Certains facteurs justifient ces résultats, mais le principal candidat serait les variations de
fréquence de résonance associées a des non-linéarités négligées. Comme discuté tout au
long de cette these, les variations de la fréquence de résonance du mode drive sont un
facteur crucial pour la performance du gyrometre MEMS. Au moment de la rédaction de ce
document, des tests expérimentaux sont en cours sur le méme dispositif expérimental. Les
résultats préliminaires montrent que, méme dans des conditions de fonctionnement "stables",
des variations de la fréquence de résonance du mode drive se produisent. Ensuite, en raison
de I’énorme facteur de qualité, des différences minimes entre we,. et wg provoquent une
importante perte de gain du résonateur, ce qui nécessite des signaux de commande plus
forts pour obtenir le méme signal de référence. Dans un systéme linéaire, cela ne serait pas
un probléme important. Néanmoins, les effets non linéaires négligés liés a I’amplitude de
la tension d’entrée (comme les effets de spring hardening/softening du ressort) modifient la
dynamique et les couplages du systéme.

Tests en Table Tournante

Maintenant, nous cherchons a valider la performance lorsque le gyrometre tourne. Les
principaux objectifs sont les suivants : (i) vérifier sil’hypothese IIL.5 (page 59), qui suppose que
les performances et la stabilité du systeme en boucle fermée sont les mémes au repos et sous
différents (), est vérifiée ; et (ii) démontrer que la vitesse angulaire peut étre correctement
estimée avec I'approche proposée.

Protocole de test: la seule différence par rapport aux tests en repos est qu’ici le gyrometre
est soumis a ), € {—300, —200, —100, 100, 200, 300} °/s.

Validation des performances : outre la stabilité, qui est conservée, les résultats pour la
poursuite et estimation sont similaires a ceux obtenus avec (), = 0, c’est-a-dire nous avons
une poursuite avec une erreur relative inférieure a —72 dB a w,y. et une estimation avec une
erreur relative inférieure a —60 dB quel que soit (), testé.

Mesures de (), : 1’estimation de la force de Coriolis ﬁcOw est démodulée et filtrée, obtenant
S1f, qui est comparée au (), réel sur la Figure VIL7. Bien que I'estimation manque de linéarité
(SENL ~ 3%), ces expériences prouvent 'implémentabilité de 1’architecture de commande
directe et la validité de la méthode de synthése proposée. Le comportement non linéaire
de la mesure peut avoir plusieurs origines : les variations de la fréquence de résonance
du mode drive, un comportement non linéaire du gyrometre MEMS (modélisé comme un
systéme linéaire), des erreurs de modélisation. La bonne nouvelle est que les correcteurs
congus fonctionnent comme prévu, méme si les gyrometres MEMS réels peuvent présenter
des différences par rapport au modele obtenu.
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FIGURE VIL6: Evaluation de la performance.
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FIGURE VII.7: Mesures sur table tournante.
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Chapitre VIII

Architecture EM-2A :
Un Cas d’Etude

Dans ce chapitre, nous présentons un cas d’étude constitué d'un gyrometre MEMS dans
lequel le mode sense fonctionne en boucle fermée avec une architecture électromécanique
ZA (EM-ZA). L'objectif principal est de présenter une méthode de conception de correcteurs
basée sur la synthese H, et I’architecture de commande directe. Cette approche est appli-
quée a I’architecture EM-XA implémentée dans la plateforme de Tronics, présentée dans la
Section I1.3. Des résultats pratiques sont également présentés et démontrent l'efficacité de
notre approche.

Sur cette plateforme, le mode drive fonctionne en boucle fermée avec une architecture de com-
mande AGC auto-oscillant non linéaire. Nous supposons donc que le mode drive fonctionne
correctement, et nous nous concentrons sur le fonctionnement du mode sense. De plus, la
fréquence d’échantillonnage F; est donnée par F; = 36w,/ (277).

VIIL.1 Architecture EM-XA et Probléme de Commande

D’abord, nous décrivons I’architecture de 'EM-XA. Puis, nous discutons du comportement
attendu du systéme en boucle fermée, définissant les principaux objectifs de commande et le
probleme de commande que nous voulons résoudre dans ce chapitre.

ny i Qerror :

OYH_-: est G, ym+: Yn K, y;= K, _:_ :OUT
1 : ;
' | Relais |

FIGURE VIII.1: Schéma-bloc de l'architecture EM-XA.

Nous considérons ’architecture de la Figure VIII.1, composée du mode sense (partie méca-
nique, circuits d’actionnement et d’instrumentation), d"un correcteur K, et d’un relais. Le
signal dc,,,, est une image des forces de Coriolis et de couplage agissant sur le mode sense.
Ce signal doit étre contrebalancé par OUT. On s’attend donc a ce que OUT soit aussi proche
que possible de dc,,,, afin que OUT soit une bonne estimation de dc,, et, par conséquent,
de la force de Coriolis. Pour quantifier les performances du systéme, on définit alors l'erreur
d’estimation : €, = dCOW — OUT. En sortie de Gy, Ym est une image du déplacement de la
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masse d’épreuve selon 1'axe i/ ; 1, représente des bruits et tout biais ajouté par les circuits
d’instrumentation ; le signal mesuré est alors donné par y, = y, + ny.

Le relais est modélisé comme un gain incertain k; suivi d"une erreur de quantification Qrror,
modélisée comme un bruit blanc, comme dans [AP87, PB05, RRWO08]. Ce relais produit le
signal OUT € {—1, +1}.

Le correcteur K, admet la représentation

_ xk(t) = Agxg(t) + Bxyp(t)
K { T D p (VIIL1)

avec xg(t) € R"™, yp(t) € R™» et u,(t) € R. Nous utilisons ¢ pour représenter I’opérateur
différentiel s pour les systemes a temps continu (CT) et I'opérateur d’avance z pour les
systemes a temps discret (DT) ; t représente le temps ¢ dans le cas CT et les échantillons k
dans le cas DT. Le correcteur peut avoir une (1,, = 1) ou deux (1, = 2) entrées et peut étre
réécrit comme suit

K, : {KZ}S)} —K Big;] avec K2 [‘éz gﬂ. (VIIL2)

Un correcteur est classé comme libre ou contraint. Il est dit ng-libre si K € R (k1) (kg )

ou ng-contraint si K € K, ot K ¢ R+ (nictmyp) Quelle que soit sa nature, nous pouvons
énumérer les objectifs de commande qualitatifs pour un correcteur EM-XA :

(O1) assurer OUT = dcoy,y Ou €est = 0;

(O2) minimiser le déplacement (y,;) de la masse d’épreuve ;

(O3) minimiser les effets de Qeyror sur OUT ;

(O4) minimiser les effets des bruits et biais (11,) sur OUT ;

(O5) assurer la stabilité du systeme en boucle fermée vis-a-vis du relais ;

(O6) assurer la stabilité du systeme en boucle fermée face aux incertitudes du mode sense.

Il peut étre impossible d’atteindre tous ces objectifs. Si I’on consideére le premier (OUT =
dcor,y), il est clair que cette égalité ne tient que si dcory (t) € {—1, 1}, ce qui n’est évidemment
pas le cas pour un gyrometre MEMS. Cependant, il est possible de les rendre (approxima-
tivement) égaux autour de wy . Ainsi, nous voulons remplir ces objectifs, au mieux, dans
la gamme de fréquences qui nous intéresse. Ce point nous améne a définir un cahier des
charges dans le domaine fréquentiel. En supposant que c’est fait, nous pouvons donc énoncer
le probléme général pour la conception de correcteur pour l’architecture EM-XZA.

Probléme VIIIL.1 (Probleme général de conception EM-XA). Etant donnés Gy et kg, calculer le
correcteur K, tel que le systeme de la Figure Figure 8.2 atteigne le cahier des charges requis.

Comme le systeme de la Figure VIII.1 est LTI, ce probleme est aussi résolu par la synthese
Heo, ol deux aspects sont cruciaux : le choix du critere H, et la résolution du probleme
d’optimisation. Dans le cas de la synthése H., standard, ou1 le correcteur est libre, le pro-
bleme d’optimisation est convexe. Cependant, si le correcteur est contraint, le probleme
d’optimisation devient non convexe. Dans la suite, nous définissons un critére H, pour
I'architecture EM-ZA et, en fonction de la nature du correcteur (contraint/libre), nous discu-
tons de la résolution des problemes d’optimisation correspondants.
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VIIL.2 Synthése H,, pour I’Architecture EM->XA

Ici, nous proposons une solution au Probleme VIII.1 basée sur la méthode H..

Un Critére Ho, pour 1’Architecture EM-XA

Nous commengons par sélectionner comme signaux d’intérét @ = col (dcor,y, 1y, Qerror) €t
Z = col (sest, Y, uy). La matrice de transferts Ty_,5 est donnée donc par

TdCor,yﬁgest Tn]/ﬁgesr TQerrovﬁsest (1 - quy,Z) Sl _quy,l Sl _Sl

Tdcm,wym Tny%ym TQmoﬁym = |Gy (1 - quﬂ) 51 — Gykv/Ky,l 51 —=GyS1 |,

TdCor,}/ —ly T”y —rUy TQerror‘ﬂly GyKyJ Sl Kyfl Sl - Tl / kq
(VIIL.3)

ouS; = 1 ) et Ty = 1 — S;. Ensuite, nous exprimons les objectifs de commande

Ltky (GyKyn =Ky
de la page 348 comme des contraintes fréquentielles, comme suit. La plupart est trés similaire
a celles considérées dans la Section IV.2 (page 310).

Suivi du signal d’entrée dc,,, par OUT - (O1): cet objectif concerne le transfert TdCDWQSBS[,
qui est directement lié a la SFNL (estimation de la force de Coriolis) et a la bande passante du
capteur. Ainsi, nous considérons

’ TdCur,y_”—'est (jwexc) S kSFNL (VIII.4)

=

2 —

Vw € [wexe — wges/ Wexe + w%es]' )TdCar,yﬁﬁest (]w)’ < > ~ 0.2929, (VIIL5)

assurant OUT = dc,,y, au moins pour les pulsations autour de wesxc-

Minimisation du déplacement — (O2) : cet objectif correspond au rejet des perturbations
de la Section IV.2, ot la minimisation de ‘TdCor,y_)ym (jw)| pour w € [Wexe — W, Wexe + wWa)
est requise, c’est-a-dire

YW € [Were — Wa, Were + @0, ]Td@wym (jw)’ <1 (VITL6)

Nous rappelons que réduire y,, tend & améliorer la linéarité du capteur.

Minimisation des effets de Q.o et de n, sur OUT - (O3) et (O4) : minimiser I'effet Qerror
et n, sur OUT est équivalent a,

vw € (0’ 2w€xc] ’ |TQerrar_>£est (]w)‘ < 1 et ‘Tnyﬁgest (]CU) ‘ < 1. (VIII7)

Ces contraintes sont liées a la performance du capteur au bruit (ARW, bruit RMS, etc.).

Robustesse face au relais — (O5) : pour rendre le systéme robuste contre le gain incertain
kq qui modélise le relais, la condition

|| TQerror‘west Hoo < 2 (VIIIS)
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est souvent considérée [RRW08]. Comme Tg,,,, —¢.. = S1 représente une fonction de sensibi-
lité, cette condition correspond a une marge de module AM; > 0,5!. 1l est aussi important
de maintenir le fonctionnement du relais aussi proche que possible d’'un comportement
“linéaire”. Ainsi, le biais sur u, doit étre minimisé, ainsi que ses composantes en haute
fréquence,

Y < Were, ‘Td@rwy (jw)‘ <1, Ty (j0)| <1, et ]TQNWW (jw)‘ <1,
(VITL9)

Vw > Wexc, ‘Tdcoy,y*)l/ly (](U)‘ < 1/ ‘Tﬂy—ﬂly (](U)‘ < 1’ et ‘TQer‘mr_”’ly (](U)‘ < 1
(VIIL10)

Robustesse face aux incertitudes du modéle — (O6) : un choix typique consiste a adopter
une marge de module commode a I’entrée ou a la sortie de G, [SP01]. Dans ce cas, nous consi-
dérons la fonction de sensibilité S, = Ty, avec la marge de module AM; = 1/ [[Sz |-
De plus, basée sur le théoreme du petit gain, en limitant | Ty, e, (jw)| et | Ty, -y, (jw)| dans
la gamme de fréquences ol se trouvent les incertitudes, la stabilité robuste du systéme en
boucle fermée peut étre assurée.

Nous considérons les pondération Wi, = diag (Wy, Wy, Wg) et Woue = diag (We, Wy, W),
comme présenté sur la Figure VIII.2, définissant w = Wi;1@ et z = Wouz. Le systéme
augmenté avec pondérations P admet la représentation

oxp(t) = Apxp(t) + Byw(t) + Buuyl(t
yp(t) = Cyxp(t) + Dypw(t) + Dyyuy(t)

avec xp(t) € IR"? et np étant la somme de I'ordre de G, et celui des pondérations.

Z1

> We —»
Z2
> W, —»
w3 Y
— Wo
Z3
w > W, —
2
—{ W,
! p ”yl Qerror
w1 Coryy +Y Y +Y  our
—_— Wy — > G »O—| K >k F(O—1
d +T—€est Y Ym + v Uy 1 +
A

FIGURE VIII.2: Critére Ho pour I'architecture EM-XA.

IStrictement parlant, cette condition ne s’applique pas pour le systeme non linéaire avec le relais. Cepen-
dant, en I'absence d’une mesure de stabilité formelle simple, cette condition est largement utilisée dans la
pratique [RRWO8].
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Dans ce contexte, s’il existe un correcteur Ky qui, pour un 7y > 0 donné, satisfait au critere Heo

WE TdCor,y —>Eest Wd Wg Tny —>Eest Wn WS TQerrur_mest WQ

’ ’ Wout Tﬁ%EWin = Wy TdCor,y —Ym Wd W]/ Tny_>ym Wn Wy TQerror —Ym WQ < ’)//

oo

Wu Tdc(,,,y—my Wd Wu Tny—my Wn Wu TQE,,,U,—my WQ o
(VIIL.12)
nous avons aussi (en omettant la dépendance en la fréquence), Vw € R,
v 0 v

’ TdCur,yﬁgest < |W€Wd‘ s ‘ Tnyﬁgest < ‘Wswn ‘ ’ ‘ TQerrorHEest < |WEWQ‘ 4

_r _r _r
’Tdcwly—wm < |Wde‘ 7 ‘Tny%ym < ’Wywn ‘ s ‘TQE,,D,—W,,, | < |WVWQ‘ ’ (VHIl3)

_r _r _r

TdCor,y%uy < ‘W”Wd‘ , ‘ Tny—my ’ < ‘Wuwn‘ 7 ‘ TQ”,D,—my < ’WuWQ’ .

Alors, comme dans les chapitres précédents, le choix approprié des pondérations permet
d’exprimer le cahier des charges souhaité.

Ce critere de Ho peut étre employé pour toute architecture EM-XA sous la forme de la
Figure VIIIL.1, quelle que soit la nature du correcteur (contraint ou libre). Celle-ci détermine
la méthode d’optimisation utilisée pour résoudre le probleme H, ci-dessus. Ce point est
discuté dans la suite.

Solution pour un Correcteur Libre

Quand on parle de correcteur libre, on entend le correcteur d’ordre complet, c’est-a-dire
ng = np. Dans ce cas, le calcul de la matrice K (ou du correcteur K, de (8.2)) est équivalent au
probleme H, standard. Ainsi, il est bien convexe et peut étre résolu efficacement [AGB95],
de la méme fagon que présenté dans la Section IV.1.

Solution pour un Correcteur Contraint

Dans la plupart des architectures EM-XA, la structure du correcteur est contrainte. En
effet, la matrice K définissant le correcteur dans (8.2) appartient a un sous-ensemble de
R (D) (mict ”yp), IC. De plus, 'ordre du correcteur, ng, est généralement plus petit que
I'ordre du procédé augmenté, np. Ces limitations sont principalement liées a des contraintes
d’implémentation, telles que la résolution limitée des coefficients, et un choix prédéterminé
de l'ordre du correcteur (nx) ou de certains poles et zéros.

La bonne nouvelle est que dans le cadre contraint, la loi de commande est toujours donnée

par u(t) = Ky(t). La seule différence est que K € K et K c R« 1) (ntmyp) 1a définition
exacte du procédé augmenté et du sous-ensemble K dépend de la structure du correcteur et
des contraintes d’'implémentation associées. Nous illustrerons ce point dans la Section VIIL3.

Dans le cas d’un correcteur contraint, trouver K, qui résout le probleme VIIL.1 peut étre
reformulé comme le probléme de synthese H, structurée ci-dessous.

Problem VIIL1 (Probléme de conception EM-XA basée sur synthése Ho, structurée). Etant
donné le procédé P (défini par Gy, k; et les fonctions de pondération Wiy et Wout), un sous-ensemble

K c ROx+ 1) x (ntyp ) et un niveau de performance «y > 0, calculer une matrice K € I, s’il en
existe une, qui stabilise Tyy—, = P x K et garantit | Tz ||, < 7-
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Le Probléme VIII.1 n’est plus convexe. Alors, sa solution dépend du point initial etiln’y a
pas de garantie que cette solution soit trouvée. Cependant, avec une bonne initialisation, ce
probleme peut étre résolu par les méthodes d’optimisation disponibles [ANO06]. En pratique,
ce probléme peut étre résolu via la Robust Control Toolbox de Matlab® [BCPS20] avec la
fonction hinfstruct.

VIIL.3 Synthése H,, pour Correcteur EM->XA Contraint

Dans cette section, nous appliquons la méthode proposée pour la synthese d"un correcteur
EM-XA particulier de la plateforme Tronics (voir Sectionll.3). Nous soulignons toutefois que
la méme procédure peut étre appliquée a d’autres architectures EM-XA.

L’objectif ici est de calculer les parametres ay, a3, a4, a et g tels que le systeme en boucle
fermée soit stable et vérifie, au mieux, les objectifs de commande (O1-O6) de la page 348.
Ainsi, nous appliquons les étapes suivantes :

(i) réécrire le schéma de la Figure I1.20 comme le schéma général de la Figure VIIL.1 ;
(ii) un procédé augmenté P et le sous-ensemble K sont alors définis ;
(iii) les pondérations sont congues et introduites dans le systeme augmenté P, produisant le
systeme pondéré P = diag (Woyur, 1) P diag (Win, Inyp) ;

(iv) les parametres du correcteur sont calculés par le probléeme VIIL.1 avec P et K définis
précédemment.

Ces étapes sont détaillées dans la suite.

Réécriture de I’ Architecture EM->A dans la Forme Générale

Tout d’abord, nous devons réécrire 1’architecture EM-XA donnée (voir la Figure I1.20) sous la
forme générale de la Figure VIIL.1. En d’autres termes, nous devons identifier : le modele du
mode sense (Gy), le correcteur (K;) et le relais.

Modeéle du Mode Sense

Le mode sense avec les circuits d’actionnement et d'instrumentation (ksct,y, G;Mh, kdet,y, kcay)
est modélisé par un systéme a temps continu (CT) Gj.

ko w2
Gy(s) = 5 T (VIIL14)
s* +s-woy/Qy +w0/y

avec ko, = 0,0759, wo, = 1,004 - wo et Q, = 23,4 - 10°.

Nous considérons également I’ADC et le DAC comme partie du modéle de mode sense. Ainsi,
nous appliquons la méme procédure que celle du Chapitre VII, obtenant le modele équivalent
en temps discret

Gy(s)

S

Gl(z) = (1 . z—1> z [,c—l

] . (VIIL15)
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Le Correcteur Contraint

En temps discret, le correcteur est donné par (voir Figure I11.20)

(a3 +a4)z—a3 iy (a3 +a4)z—az
224+ (gp—2)z+1 fb22+(g2—2)z+1 ’

k(o) = [K1(@) Ko@) = [+

Ce correcteur est bien contraint. En effet, il est d’ordre 2, i.e., nx = 2. De plus, en raison de
sa structure prédéfinie, ses pOles et zéros ne peuvent pas étre placés arbitrairement. Cette
structure fixe les pOles p,1 et p,; tels que p,1 - p» = 1, contraignant ’ensemble des correcteurs
implémentables. Ce correcteur peut étre représenté comme dans (VIIIL.2) avec

A | B 1 1 0 0
K = |:C4K‘D7K:| = - 1— i) 1 _afb . (VHI.16)
K K a, as—+ay ‘ ap 0

Le Relais

Comme discuté dans la Section VIIL1, le relais est modélisé comme un gain incertain k; avec
une erreur de quantification Qe/o,. Nous considérons k; = 1 pour la synthese du correcteur.

Définition du Systeme Augmenté P et du Sous-ensemble K.

L’étape suivante consiste a définir P et K. A cette fin, nous isolons z~!, définissant P4 comme
illustré dans la Figure VIIL.3. Les signaux entrant dans K définissenty = col (xx 1, Xk 2, y», OUT)
et les signaux qui sortent définissent u = col (zxK,l, ZXK 2, uy).

| d |
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dCor,y T . Y
1 —|>
"y . — Uy
Qerror . .
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FIGURE VIIL.3: Architecture EM-ZA avec correcteur contraint dans configura-
tion générale.
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Comme u = Ky avec K donnée en (VIIIL.16), nous pouvons définir X comme

3512 S [&/ E] ’ 3“3 S |:1173, %] ’ E|a4 S [@I ﬂ] ’
Jag, € [afb/ be] , 32 € [&2, 5} ’
K=<{K 1 1 0 0 : (VIIL17)

K= —82 1—g2 1 _afb
as as—+ay ‘ ap 0

Les notations (-) et (-) indiquent respectivement les bornes inférieure et supérieure de (-).

Notez que P9 est en temps discret (DT). Bien qu'il soit possible de réaliser la conception
en DT, il est plus pratique d’utiliser des modeles en temps pseudo continu (PCT), comme
présenté en Section VIL.3. Le modeéle de P9 en PCT est donné par

P d
P(sp) = P%(2) L YTetsp”
_Z/Tsfsp

Pondérations et Synthése du Correcteur

Les pondérations sont utilisées pour exprimer les objectifs de commande de la Section VIII.1.
Ainsi, nous concevons les pondérations de telle sorte que les contraintes fréquentielles
correspondent aux bornes supérieures présentées sur la Figure VIII.4 et la Figure VIIL5.
Cette derniere présente un zoom autour de w0, x, valeur qui normalise 1’axe des fréquences.
La méthode proposée permet d’obtenir des transferts en boucle fermée dont les réponses
fréquentielles sont nommées CL_new. Nous présentons aussi les réponses obtenues avec un
jeu de parametres actuellement utilisés par le partenaire industriel, calculés par une méthode
basée sur [EEET11]. Ces transferts sont identifiés comme CL_old.

Globalement, CL_old et CL_new ont des réponses fréquentielles similaires autour de wy et
pour des fréquences plus élevées. La principale différence apparait dans les basses fréquences.
Cela se justifie par le choix des pondérations qui, pour garantir que le relais fonctionne de
maniere “linéaire” (contrainte (VIIL.9)), obligent les transferts vers u, a avoir des gains faibles
dans les basses fréquences. De plus, nous obtenons ||S1 ||, < 1.3, assurant de bonnes marges
de stabilité contre le gain incertain k,;. Nous obtenons également ||S, ||, < 4.4, fournissant
une marge de stabilité adéquate par rapport aux incertitudes du modele. En raison des
contraintes du correcteur, cette valeur ne peut pas étre réduite davantage.

La borne supérieure de |Tg,,,., e, | €st telle que I'erreur de quantification sur le signal OUT
est minimisée autour de wyy. Notez aussi que CL_new réduit les effets de n, sur OUT

7

(T, —es ,), notamment en basse fréquence. En raison des contraintes du correcteur,

TdCor,yﬁSest

et

)TdCW Y Tnyﬁgest T, ,—yn | N€ peuvent étre minimisés autour de wo x. Malgré cela, notre

approche permet d’améliorer le comportement global du systeme en boucle fermée.

7

VIII.4 Résultats d'Implémentation Pratique

Maintenant, nous présentons les résultats pratiques obtenus avec notre approche sur la
plateforme de Tronics, toujours comparés avec ceux de CL_old. Premierement, nous évaluons
le comportement du gyrometre MEMS au repos avec les parametres CL_new. L’objectif est
de vérifier si le systéme se comporte bien avec ces parametres. Ensuite, la méme procédure
est utilisée pour calculer un jeu de parametres CL_new pour cinqg autres gyrometres et une
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FIGURE VIII.4: Transferts en boucle fermée.
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FIGURE VIIL.5: Transferts en boucle fermée. Zoom autour de wy .
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TABLEAU VIII.1: Résultats pour un ensemble de six gyromeétres.

Paramatre SENL | RMSnoise | ARW BI SFOT | BOT
(ppm) | (°/s) [ C/VR) | C/h) | (%) | (°/s)

CL_old 259 0,035 0,148 | 0,317 | 0,032 | 0,013
CL_new 150 0,020 0,097 | 0,302 | 0,029 | 0,010
Improvement | 32% 43% 34% 5% 10% | 22%

batterie complete de tests est réalisée, caractérisant les principaux indicateurs de performance
de ces gyrometres avec les parametres CL_old et CL_new.

Mesures au Repos

Tout d’abord, nous mesurons le signal OUT avec les deux jeux de parametres (CL_old et
CL_new) avec le gyrometre au repos et le mode drive fonctionnant normalement.

En comparant la PSD de OUT pour les deux jeux de parametres — voir les Figures VIIL.6
et VIIL.7 —, on note une réduction substantielle des composantes basse fréquence (jusqu’a
70dB d’atténuation). Le niveau de bruit est également réduit dans presque toute la gamme
de fréquences, en particulier autour de wy . Le pic qui apparait a w = 1 correspond a la force
de couplage, qui transfére une partie des oscillations du mode drive au mode sense.

Indicateurs de Performance Globale

Notre approche de conception est appliquée a six gyromeétres différents de la méme famille.
Ces gyrometres sont placés sur une table tournante dans une chambre a température controlée
pour effectuer des tests de caractérisation. Ces tests consistent a faire varier la température de
—40°C a 85°C. Pour chaque température, le facteur d’échelle et le biais sont mesurés. Ainsi,
SFOT et BOT peuvent étre calculés. La SFNL, le bruit RMS et la variance d”Allan, qui définit
le ARW et le BI, sont mesurés a température ambiante.

Les résultats moyens sont présentés dans le Tableau VIIL.1, ot I’on peut observer une amé-
lioration significative de plus de 30% sur la SFNL, le bruit RMS, et le ARW. Ces parametres
sont principalement liés au comportement linéaire du capteur (SFNL) et au bruit sur le signal
OUT, grandement améliorés avec CL_new. De plus, malgré I’'amélioration (plus) modeste
des performances sur le SFOT et le BOT, notre approche démontre qu’elle est aussi robuste
que I'approche établie pour les changements de température. Pour le B, les performances
des deux approches sont similaires.
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Chapitre IX

Conclusion Générale

Dans cette these, nous avons développé des méthodes systématiques et flexibles pour la
conception de correcteur(s) pour des gyrometres MEMS sous différentes architectures. Les
principaux résultats obtenus et les contributions sont résumés dans la suite, répondant aux
questions de recherche de la Section 2.4. De nouvelles questions intéressantes ont surgi. Ainsi,
des indications sur des travaux futurs sont aussi données dans ce chapitre final.

IX.1 Synthése des Résultats et Contributions

La premiere étape de la conception d'un systeme de commande est de spécifier son cahier
des charges. Dans le cas des gyrometres MEMS, nous avons proposé un cadre entrée-sortie
LTI qui nous a permis d’exprimer les indicateurs de performance clés comme des contraintes
fréquentielles sur les transferts en boucle fermée, définissant un cahier des charger en fonction
des performances globales du capteur et répondant a la question de recherche (Q1).

Deux familles d’architectures de commande ont été considérées dans cette thése : celles basées
sur ’enveloppe complexe des signaux et celles basées sur les signaux oscillants eux-mémes.
Le grand avantage de la premiére est qu’elle permet l"utilisation de simples correcteurs PI
pour réguler I'amplitude et la phase des signaux oscillants. Néanmoins, des garanties de
stabilité et de performance ne peuvent pas étre données a priori. De 'autre coté, dans les
architectures de commande directe, des garanties peuvent étre fournies, mais d’autres défis
surgent : fournir une méthode de conception systématique, flexible et accessible, et démontrer
I'implémentabilité de la solution.

La conception d'un correcteur direct a été traitée en deux temps. D’abord, nous avons traité le
cas ol la fréquence de résonance du mode drive wy . était constante dans le temps et connue,
ce qui correspond a la question de recherche (Q2). Dans ce contexte, la synthese Ho, standard
a été appliquée, ce qui assure le caractére systématique, flexible et accessible de la méthode.

En pratique, cependant, wy , varie et un mécanisme externe est nécessaire pour suivre ses
variations. Ce mécanisme génere w,y., qui est égale a I'estimation de wy . Dans ce cas, au
lieu de suivre des références sinusoidales, 1’objectif de commande est de suivre des signaux
du type

W () = ALh sin (gexc(£))  avec  ec(t) / Were (T)AT + 2, (IX.1)

ol ¢%. € R et wexc(t) varie arbitrairement. Dans le Chapitre V, nous avons révélé que cet
objectif de commande peut étre exprimé par un critere £, pondéré avec une nouvelle classe

ref

de pondérations LPV, décrivant précisément x,,, avec w,y. temps-variante. Des méthodes de
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synthese LPV standard peuvent étre alors employées pour concevoir un correcteur avec des
garanties de stabilité et performance, répondant a (Q3).

Dans le Chapitre VI, nous avons établi un cadre formel pour 1’analyse des architectures de
commande basées sur 1’enveloppe et pour la conception de correcteurs adaptés, donnant
une réponse a la question de recherche (Q4). Ce cadre s’appuie sur la modélisation par
phaseurs dynamiques et nous a permis d’établir des liens entre les architectures directe et
celles basées sur les phaseurs dynamiques, révélant que les performances obtenues avec les
deux approches sont équivalentes si les enveloppes sont parfaitement mesurées. Ce méme
cadre permet de modéliser les non-idéalités introduites par la démodulation synchrone dans
les cas pratiques. Ainsi, une méthode de synthese adaptée a été aussi proposée, de fagon a
fournir des garanties formelles de stabilité méme dans le cas non idéal.

La derniére partie de la these a été consacrée a I'implémentation numérique des correc-
teurs. Tout d’abord, nous avons considéré I'implémentation d'un correcteur numérique
dans une plateforme flexible, répondant ainsi a (Q5). Les résultats pratiques ont démontré
I'applicabilité des architectures de commande directe. Cependant, la grande sensibilité du
gyrometre MEMS aux variations de température montre la nécessité d’une modélisation non
linéaire (plus précise) et 'introduction d'un mécanisme externe pour le suivi de la fréquence
de résonance du mode drive.

Enfin, nous avons considéré 'architecture EM-XA de la plateforme Tronics, en proposant une
nouvelle méthode de conception pour le correcteur. Aussi basée sur la synthése H,, cette
méthode offre systématicité, flexibilité et accessibilité, donnant une réponse a (Q6). Les résul-
tats pratiques ont montré une amélioration allant jusqu’a 40 % pour certains indicateurs de
performance. La solution proposée a été embarquée dans un logiciel et s’integre aujourd’hui
dans le flux de conception du partenaire industriel.

IX.2 Perspectives

Plusieurs questions ont été soulevées et peuvent conduire a des travaux futurs. Nous les
classerons en perspectives immédiates ou a court terme, et en perspectives a moyen et long
termes.

Perspectives Immédiates ou a Court Terme

Ici, nous envisageons 1’extension immédiate des résultats présentés et I'implémentation
d’autres stratégies de commande.

Intégration de l’architecture de commande directe avec un mécanisme de suivi de fré-
quence de résonance L’architecture de commande directe nécessite un mécanisme pour
suivre la fréquence de résonance du mode drive, fournissant ainsi une solution complete pour
la commande des gyrometres MEMS. L'implémentation de ce mécanisme et la mise a jour
des parametres du correcteur démandent plus de puissance de calcul du processeur. Il est
donc important d’optimiser le code d'implémentation (par optimisation du code et réduction
de modele des systemes dynamiques).

Utilisation de la nouvelle classe de pondérations LPV dans d’autres applications La so-
lution proposée dans le Chapitre V peut facilement trouver des applications dans d’autres
domaines. Par exemple, pour des convertisseurs de puissance connectés au réseau, dont la
fréquence varie autour de 50 Hz.
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Synthése H., pour I’architecture EM-XA d’accélérometres MEMS L’architecture EM-XA
est également utilisée pour les accélérometres MEMS. Par conséquent, grace a la flexibilité
offerte par la synthese Hc, la solution du Chapitre VIII s’applique également aux accéléro-
metres MEMS, constituant ainsi une approche unifiée pour la conception des architectures
EM-ZA.

Modélisation par phaseurs dynamiques de l’architecture de commande AGC+PLL L'un
des problémes de l’architecture de commande AGC+PLL est que les couplages entre I’amplitude
et la phase/fréquence ne sont pas pris en compte. La modélisation par phaseurs dynamiques
permet de modéliser précisément le procédé non linéaire a controler dans cette configuration,
y compris les couplages entre I'amplitude et la phase/fréquence. Comme ce modele est censé
étre plus précis, les performances du systeme en boucle fermée peuvent étre améliorées.

Perspectives a Moyen et Long Termes

D’autres perspectives sont envisagées a moyen et long termes, comme suit.

Méthode moins conservatrice pour la commande par phaseurs dynamiques avec un s2c
non idéal Pour assurer la stabilité contre la matrice A (¢py(t)), nous avons considéré le
théoréme du petit gain, qui est une solution trés conservatrice. Cette matrice pourrait
étre représentée plus précisément par des pondérations obtenues par des multiplicateurs
adéquats, comme ceux proposés dans [ACSKS19] ou [AC21], fournissant une solution moins
conservatrice.

Extension du cadre des phaseurs dynamiques pour des systemes non linéaires Dans
Chapter 6, nous nous sommes concentrés sur des systemes linéaires (LTI ou LPV). Cependant,
nous pouvons envisager d’étendre ces résultats a un cadre non linéaire.

Pondération LPV pour une classe plus large de signaux Les pondérations LPV peuvent
étre étendues a une classe plus large de signaux “périodiques” de fréquence fondamentale
temps-variante.

Utilisation d’architectures de commande non linéaires L’utilisation d’éléments non li-
néaires dans les boucles de commande peut fournir des caractéristiques que les systemes
linéaires ne peuvent pas. Par exemple, I’AGC auto-oscillant permet de suivre la fréquence de
résonance du mode drive automatiquement. La difficulté est que, en général, il est difficile de
fournir des garanties de performance pour un systéme non linéaire. Néanmoins, certains
travaux récents ont abordé ce probléme a travers la notion de gain £, incrémental, voir, e.g.,
[Hil13, SFH15, Wail8].

Modeéle (non linéaire) plus précis du gyrometre MEMS Il est connu que les gyrosocopes
MEMS présentent de nombreux éléments non linéaires. Méme si le comportement non
linéaire peut étre faible, les spécifications de haute performance peuvent exiger qu’ils soient
modélisés avec précision.
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