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GENERAL INTRODUCTION

This thesis is part of the Renault Chair project for the improvement of vehicle propul-
sion. The goal of this partnership is to innovatively contribute to the development of
novel control strategy for future vehicles based on electric and hybrid propulsion. In
this context, this thesis mainly contributes to increasing the robustness, reliability and
performance of control strategies for vehicles based on the aforementioned propulsion ar-
chitectures. These improvements also lead to potential reductions in risk of damage, costs

and implementation issues.

0.1 Background

During the last decades, Hybrid Electrical Vehicles (HEV) have emerged as a viable
alternative to the traditional fuel powered automobiles despite the latter’s historical mar-
ket dominance [van+10]. Indeed, petrol powered engines have occupied the majority of
the market for a century. This dominance was largely the result of fossil fuels enabling
extended travel distances and faster refuel time at relatively low costs [Edw1l; ADE18].
However, these benefits of the Internal Combustion Engine (ICE) are counteracted by the
emissions resulting from its fossil fuel consumption. In other words, the convenience of
ICE vehicles was enjoyed at the expense of their environmental footprint.

This trend is being challenged as awareness of the dependency on non-renewable en-
ergies and its resulting impact on air quality is increasing. This change of perception is
expected to greatly influence vehicle sales. This claim is backed by the projected distribu-
tion of new light-duty vehicle sales sorted by drive type between 2017 and 2035 shown in
figure 1. It is expected that the share of pure gasoline and diesel engine vehicles will plum-
met from their 2017 level of 95% to quasi-irrelevance, while the sales of HEVs increases
from 3.1% to 62.6% with a further 24.4% sales being taken by Battery Electric Vehicles
(BEV). Indeed, HEVs are a rather attractive candidate as they significantly reduce toxic
and harmful gas emissions without sacrificing travel range.

HEVs have gone through several design iterations throughout their development his-

tory, amongst which are planetary gear-based architectures, dual clutch serial-parallel,
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Figure 1 — Study of the predicted distribution of new light-duty vehicle sales over the
2017 to 2035 period sorted by drive-train. Taken from [PFA1§]

Continuous Variable Transmission (CVT) and range extender. However, vehicle manufac-
turers need to innovate on existing architectures in order to improve HEV sales.

The HEV architecture studied in this thesis is one of the newer concepts, it is made
possible by the development of a robust control system. It is based on the combination
of an ICE coupled with a high voltage alternator and an electric motor. The gearbox
is designed to connect the ICE and the electric motor independently of each other to
the wheels. A tradeoff was necessary in order to fit the powertrain in a light-duty car:
the clutch and mechanical synchronization typically found in a classical gearbox were
removed, and replaced with a control software. In this configuration, the control software

synchronizes the axle speed for the gear shifting and supervises the traction of the car.

0.2 Problem statement

In the context of serial HEVs, fine control strategies are required by the system in
the event of main battery disconnection. Indeed, in the absence of the main battery, the
powertrain has very limited energy storage capabilities, thus making the system sensitive
to small disturbances. In the sequel, the technological context of the serial HEV without

the battery is introduced and a state of art is presented.
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0.2.1 Technological context

The core of our study is without the main battery, the control reaction has to be
sufficient to absorb both the transient disturbance and the persistent disturbance. In
order to achieve this, it is necessary to design a control algorithm able to maintain the
level of two energies buffers: the rotational speed of the flywheel and the voltage of the
capacitor. These energies buffers are the key to maintain the power transmission needed

to propel the vehicle.

In the serial hybrid mode, the power goes from the ICE to the electric motor driving the
wheel. The ICE produces mechanical power by burning the fuel, a high voltage alternator
converts this power into electrical power and an electrical motor uses this power to propel
the vehicle. The ICE is connected to the alternator through a flywheel. This flywheel is
originally designed to smooth the torque produce by the ICE, but here the flywheel acts
like a mechanical energy buffer. The alternator is connected to the electrical motor via a
DC bus. On a normal serial hybrid DC bus, the battery acts like an electrical buffer and
a capacitor is used to filter Pulse Width Modulation (PWM) harmonics of the inverter.
However, here without the battery, the only electrical buffer is the capacitor present on
the DC bus. Thus, from the ICE to traction motor, the level of energy buffer available
along the power transmission are represented by the capacitor voltage and the flywheel

rotational speed, making them two critical buffers.

The system under consideration has the particularity of having three concurrent time
scales. The small and large time scales representing the fast and slow dynamics respec-
tively. The small time scale is the current dynamic of each electric motor (the alternator
and the traction motor), while the medium time scale is the voltage dynamic of the DC
bus and the larger one is the rotational speed dynamic of the flywheel between the ICE
and the alternator. The challenge is to control each one of them with the constraint of
a slow variation of the ICE torque, a fast variation of the electric current and the sam-
pling periods of the control unit. Moreover, working with an ICE introduces the issue of

implanting precise torque control on an entity involving chemical transformation.

Handling these varying time scales are a fundamental driver of the control design, as
it needs to provide a strategy that is simultaneously successful in partitioning the control,
maintaining the level of energy buffer, assessing the perturbations and improving the

operation of the powertrain.
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0.2.2 State of the art

In the literature, many works have been developed around HEVs. Figure 2 presents,
the main authors held on different topics developed in this thesis, which are: the energy
management for HEV, the dynamic model of the ICE, the coupling of an ICE with a
PMSM, the modeling of the PMSM, control approaches and industrial patents.

ICE modeling

....................................................... L Merlenne V Léchappé @

Industrlal patents

Figure 2 — Bibliography oriented between differents topics

[RO15] resumes 15 years of development on energy management of hybrid electric ve-
hicle. With steady state models, different methods are developed: Rule-Based, Equivalent
Consumption Minimization, Dynamic Programming, Optimal Method and Pontryagin’s
Minimun Principle. The ICE torque dynamic has been modeled as a second order linear
system to achieved traction control with a model predictive control in [TM17]. A more
sophisticated approach, resembling at the model used in this thesis, can be found in this
article [HS97] and in this thesis [Brel2]. The physics involve in synchronous motor has
been studied and published in the book [Chi05]. The modeling and control approach of
the PMSM has been explain in [ADO05]. The book has given the opening of controlling
the PMSM without the angular sensor and more recently the thesis of [Mes19] has been
given a more detailed on the sensorless control of the PMSM. The coupling of an ICE
with a PMSM has presented the opportunity to reduce the torque ripple induced by the

4
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ICE with a PMSM [NCC10], while the opportunity of removing the ICE throttle and
controlling the generated power has been studied in [Ger+16]. The background utility of
disconnecting the battery of the E-TECH powertrain is detailed in patent [MK17], where
more details on the gearbox control can be found in this patent [MK16]. The last axis has
been the control approaches that inspired the work of this thesis: the predictive approach
used to control input delay system in [Léc+16], the two time scales system formed by
a fuel cell and a supercapictor in [Hil+13] and the two time scales system formed by a
supercapictor and a battery in [Dail5].

To our best knowledge the existing works have tackled only parts of the problem and
have never considered the thesis technological context, i.e. the energy management of the
serial HEV without the main battery.

0.3 Objectives

With respect to the technological context, the objective of this work is to devise a
control strategy that achieves the traction demand required by the driver in a serial
hybrid vehicle without a battery according to the technological context.

In order to achieve this global objective, the following quantities must be controlled:

— the current of the electric motors,

— the voltage of the DC bus,

— the rotational speed of the flywheel.

After proposing different strategies, the interaction between these control stages are
then studied with the singular perturbation approach. The technical difficulties are to
control the different time scales while rejecting the disturbances and improving the time
response of the serial mode. In doing so, it is possible to achieve a better understanding
of the coupling between time scales and prove the stability of the overall control system.
Additional control objectives include fulfilling the voltage and rotational speed references
so as to avoid exceeding the power limit of each element.

The control algorithm developed in this work emerged from the need to overcome a
major failure happening to the main battery. In this case, the study presented at the
beginning of this thesis has been required to overcome the battery failure. But, the idea
driving this research has been to provide a more advance solution, where the battery can
be safely disconnected to improve the traction performance when the battery is cold or

discharged.
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The last objective studied in the thesis consists of proposing a strategy for improving
the responsiveness on transient traction demand from the driver. The approach developed
here is to delay the driver demand in order to store energy while providing an improved

feeling response.

0.4 Organization of the thesis

The thesis is organized following the main axis considered in this work, which are:
feasibility of the DC bus voltage regulation, strategies for the control of the rotational
speed of the flywheel, power management and finally the validation of the developed
algorithm on a test bench. Accordingly, chapter 2 of this thesis presents the work related
to the DC bus voltage control; chapters 3 and 4 refer to the work performed to control the
rotational speed of the flywheel; while chapter 5 is centered around the power management
and chapter 6 covers the experimental axis.

In each chapter, the modeling, control law and simulation needed to properly asses each
axis are presented. For readers interested in reading this thesis following the organization
modeling, control design, simulation and experimentation; the relevant sections of this
manuscript to each activity are presented below:

— system modeling: 2.2, 3.2 and 5.2,

— control design: 2.3, 4.2 and 5.4.3,

— simulation: 3.3.1, 3.3.1, 3.3.2, 3.3.3 and 5.4.4,

— experimentation: 6.

Chapter 1 presents a first review of the working principles of hybrid powertrains, the
specific context of this thesis and the characteristics of the powertrain considered in this
work.

Chapter 2 introduces the control of the DC bus voltage. The modeling of each electrical
part is covered. The design of the voltage control is developed and simulation results are
shown in the nominal case and in a more advanced case.

In chapter 3, the modeling is made for larger time scale than the last chapter and
the system in its entirety is considered. The idea is to show the different strategies ex-
isting for the control of two critical parts of the hybrid serial vehicle. The performances
of the strategies are then compared on key performance indicators and one of them is
subsequently selected.

Chapter 4 provides an in-depth presentation of the previously selected strategy. A bet-



Introduction

ter understanding of the time scale coupling is achieved through the singular perturbation
and regulation performance is improved with input-output injection observers.

Chapter 5 proposes a power management strategy that ultimately provides the refer-
ences for the flywheel rotational speed and the DC bus voltage in order to fulfill the user
demand. The principal aim behind the power management is to deal with the saturation
of each element of the hybrid serial vehicle and find the best references that lead to the
realization of the driver’s request.

In chapter 6, experiments are carried out to further verify the effectiveness of the
control algorithm designed in the previous chapters. The test bench is introduced and
the effect of the scale difference between the vehicle powertrain and the bench parame-
ters is discussed. The control algorithms presented in the previous chapters are recalled
and applied in the test bench configuration. The experimental results are presented and
explained.

The final chapter concludes this thesis manuscript and provides recommendations for

further research.

0.5 Contributions of the thesis

This work led to several publications and a patent:

— Patent deposit number: 2102130, S. Rouquet, M. Ghanes and L. Merienne, Com-
mande d’un groupe motopropulseur d’un véhicule automobile hybride fonctionnant
dans un mode série d batterie déconnectée (Accepted).

— S. Rouquet, M. Ghanes, J.P. Barbot, L. Merienne, Power Management in Se-
rial Hybrid Electric Vehicle: A singular perturbation approach, 21th IFAC World
Congress, Berlin, Germany, IFAC-PapersOnLine, Volume 53, Issue 2, 2020, Pages
13775-13780, ISSN 2405-8963, https://doi.org/10.1016/j.ifacol.2020.12.885.

— S. Rouquet, M. Ghanes, J.P. Barbot, Y.B. Shtessel and L. Merienne, Energy man-
agement in a mechatronics system with delay: A series hybrid electric vehicle case,
2020 IEEE Conference on Control Technology and Applications (CCTA), 2020, pp.
679-684, Montréal, Canada, doi: 10.1109/CCTA41146.2020.9206269.

— S. Rouquet, M. Ghanes, J.P. Barbot, Y.B. Shtessel and L. Merienne, Energy man-
agement in a mechatronics system with delay: A series hybrid electric vehicle case
2021 IEEE Transactions on Control Systems Technology (Submited).






CHAPTER 1

THE E-TECH POWERTRAIN: FROM THE
CONCEPT TO THE TECHNICAL
DIFFICULTIES

Over the last 25 years, the traction energy of a car has evolved from internal combus-
tion engine and electric motor to a more sophisticated fusion between the two technologies.
Although hybrid vehicle architectures promise to take the advantages of both technologies
in term of the energy efficiency of the electric, the long range and quick fuel reload capa-
bilities of the ICE; they also raise an increasing number of technical challenges. In order
to understand the latter, it is first necessary to delve into the details of HEV architecture
and the varying hybridization sizing’s.

This chapter presents declination and usage of the HEV, then the powertrain concept is
introduced in order to present his operation and then culminates in presenting a complete

statement of the technical difficulties overcome in this thesis.

1.1 Declination and usage of the HEV

Through the possible architecture and size of a HEV, the background needed to un-

derstand the placement of the powertrain studied in this thesis is given.

Architecture of the HEV

The HEV can be decomposed on several architectures [Kes+08; MV00; Gaz19; Mall4],
see figure 1.1.

The four architectures are characterized by the available path for the power coming
from the fuel or the battery and going to the wheels of the car. Essentially the archi-

tectures use distinct gearboxes to provide different power paths. The power in the serial
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Parallel Series-parallel Series Power-split

Battery M Generator M E-motor [l Internal combustion engine [ Fuel tank [ Planetary gear

Figure 1.1 — HEV architectures

architecture goes from the combustion of the fuel in the ICE to the rotational power, con-
verted into electrical power and then converted back into the mechanical power used to
propel the car. The parallel architecture can independently utilize the combustion energy
or the electrical energy to propel the car. With the combination of the two architectures,
the serial-parallel architecture can run in serial or parallel mode. This combination allows
to take the advantage of both architectures. Coming from the serial architecture, the ICE
is able to run at the best efficiency point. The parallel architecture permits the power to
be converted from the fuel tank to the wheel without the electric conversion and without
the downside of the efficiency accumulation of the conversions in the serial mode. The
power-split is a planetary gear-based architecture. Each input of the planetary gear is
coupled to a motor (ICE or electrical motor). It introduces a constant mix between the
electric and fuel power and it has to be constantly powered by each input, i.e. the system
cannot work only with the ICE or the electrical motor. In all cases, the battery acts as

a reversible storage and as it can be seen in the next part fixes another characteristic of
the HEV.

Various size of the hybridization

The HEV can also be decomposed on several scales [T'S09; Har12]:
— Micro,

— Mid,

— Full,

10
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— Plug-in,
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Figure 1.2 — HEVs topologies [T'S09]

From the micro hybrid to the extender range hybrid, the scale depends on the level of
the electrical power used in the hybridization. The micro hybrid is often characterized to a
start and stop system, allowing to frequently stop the ICE when the vehicle is not moving.
The mild/full hybrid represents the possibility to retrieve energy from deceleration of the
car and made the best use of the ICE by recharging the battery when it is underused.
The plug-in hybrid originates from a larger battery than the last scale and the possibility
to recharge the vehicle by plug-in the car to the electric network. The range extender is
a powertrain sized to principally use the electrical propulsion and only power on the ICE

when the extended range is needed.

As mentioned in the study [PFA18] presented in the introduction, it can be noted that
the target type of the hybrid sales for light-duty vehicles is the mild/full hybrid.

1.2 The E-TECH powertrain

The E-TECH powertrain is the Renault powertrain studied in this thesis. The concept

and issue behind this powertrain is presented in the sequel.
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1.2.1 The concept of the powertrain

Among the history of HEV, several designs have occurred. In 1997, Toyota introduced
the first HEV, the Toyota Prius uses a planetary gear-based transmission acting as a
power split between the ICE and electric motors to propel the car. Honda introduced the
Honda Insight [Sit09] in 1999. The Insight uses belt and pulley to make the Continuously
Variable Transmission CVT. In 2015, Honda proposed a new type of hybrid transmission:
the dual clutch drive with the Honda Fit [HON]. The 2011 Chevrolet Volt with the 2011
Opel Ampera are presented to be first extended-range hybrid vehicles [ME14]. In the HEV
market, Toyota is the clear leader based on volume sales of the models with it “synergy
drive system”. With brisk market acceptance and success of the Prius, HEV technology

has shown its maturity and potential.

Figure 1.3 — A concept car the Renault EOLAB 2014

But to create a more attractive HEV, a new concept for improving the HEV powertrain
is born at Renault. The concept uses a dedicated hybrid transmission made possible with
the development of robust control systems. The new powertrain has demonstrated great
interest in the concept car the EOLAB in 2014 (see figure 1.3). First call the locodiscobox
in the EOLAB, the powertrain has been recalled the E-TECH for his enter in the marker

12
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at the beginning of 2020. The target size of the E-TECH powertrain has been declined in
full and plug-in hybrid by adapting the size of the battery.

::;91\/12

o ]

M1 IV - |ICE

Figure 1.4 — The E-TECH powertrain

The E-TECH powertrain, seen in figure 1.4, utilized the combination of an ICE (in
yellow) coupled with a high voltage alternator (in blue call the M2) and an electric motor
(in green call the M1) to propel the car. The gearbox is designed to connect the ICE and
the M1 motor independently of each other to the wheel (gray shaft in figure 1.4). Indeed,
the gearbox allows to connect the M1 to the wheel through two different gear-ratio. In
figure 1.4, the red selector can be shifted to the left to engage the first gear and to the
right to engage the second gear. The gearbox also allows to connect the coupled ICE-M2
to the wheel through three different gear-ratio. Noted ICE 2,3 and 4 in figure 1.4, two
orange selectors permits to select between the three ICE gear-ratio. In order to fit the
powertrain into the light-duty car, the tradeoff has been to remove the clutch and the
mechanical synchronization found in classical gearbox. And replaced the missing part by
developing a control software able to synchronize the shafts speed during gears shifting
and supervise the traction of the car.

Through the dedicated transmission, Renault has developed the E-TECH HEV to be
serial-parallel hybrid. At low speed (inferior to 20km/h) or between ICE gear shifts, the
powertrain is constrained to work in the serial mode and the powertrain can work in

parallel mode the rest of the time.

13
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1.2.2 The disconnected battery context
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Figure 1.5 — Architecture of the system

The electrical connection between the inverter, the battery and the auxiliary circuit
are shown in figure 1.5. The M1 and M2 are both Permanent Magnet Synchronous Motors
(PMSM). Two inverters are in charge to convert the electric power from alternative to
constant current and vice versa. The inverter shares the electrical power through a DC bus
with one capacitor. The battery is connected to the DC bus with a relay. The auxiliary
circuit is connected to the DC bus through a DC/DC converter. It step down the voltage
to power the 12V battery, the control unit, assisted steering, the light, the air conditioning
and other auxiliary system found on the car.

In the event of the high-voltage battery disconnection, the battery relay open and
the system is affected differently in serial or parallel mode. As explained before, the serial
mode and parallel mode can be used by powertrain, but one of this mode is more advanced
than the other.

In the serial mode, the power goes from the ICE to the M1 driving the wheel. The
ICE produces mechanical power by burning the fuel, the M2 converts this power into
electrical power and the M1 used this power to tract the vehicle. The ICE is connected to
the M2 through a flywheel. This flywheel acts like a mechanical energy storage. The M2 is
connected to the M1 via a DC bus. On a normal hybrid vehicle, the battery is connected
to this DC bus and acts like an energy storage. However, here without the battery, the

14
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only electrical storage is the capacitor present between M2 and M1. The flywheel and
the capacitor are the only storage able to maintain the power transmission from the ICE
to the wheel. In this configuration, the control requires to maintain two quantities: the
voltage of the DC bus and the rotational speed of the flywheel.

In the parallel mode, the ICE can be connected to the wheel for propelling the vehicle,
the M1 is turn off because the disconnected battery doesn’t add any power. The M2 is
utilized to maintain the DC bus for supplying the energy to the auxiliary circuit. Only
the DC bus control is needed from the development of the serial mode, placing the serial
mode has the more advance mode. Moreover, before going in parallel mode, the serial
mode is needed for starting the vehicle from 0 to 20km/h.

Thus, the serial mode is the critical mode and it has been the selected mode for this

study. In the sequel, the battery disconnection problem is detailed.

1.3 The serial mode without the battery: objectives,

time scales and technical difficulties

—— Mechanical energy Auxiliary circuit
—— Electrical energy 400V

Electrical energy 14V

Figure 1.6 — Transmission of the power from the Internal Combustion Engine (ICE) to
the wheels

In this section, the objectives, time scales and difficulties encounter in the serial mode
without the battery are presented. In this mode, see figure 1.6, the power goes from the
ICE to the M1 driving the wheel. The system has two energy buffers the flywheel between
the ICE and the M2 and the capacitor between the M2 and the M1. Each buffer had the
level of energy storage represented by the physical value of the flywheel rotational speed

or the capacitor voltage. Note that the auxiliary circuit acts as a disturbance connected
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to DC bus. Because the auxiliary circuit can be trigger by the assisted steering, the light

or the air conditioning unit, it is supposed to be unknown.

1.3.1 Objectives

Our global objective is to do the best to realize the driver demand, it is here the accel-
erator pedal and has to somehow correspond to the M1 torque. The driver is suspected to
encounter discomfort, if the powertrain reacts with a slow variation of the output torque
and large delay. For the acceptance of the serial mode without battery, the goal is to
provide an Electrical Vehicle EV feeling or at least an ICE feeling. The EV feeling corre-
sponding at a time-respond around 100-150ms and an ICE feeling is around 150ms-300ms.
Thus, another objective of the thesis is to propose a strategy able to produce an EV/ICE
feeling without the battery connected. Before encountering the user feeling, the primary
objective is to overcome the battery failure and known if the powertrain can be drive
without it.

For achieving the power transmission from the ICE to the wheels, the following control
objectives must be carried out:

— the current of the electric motors,

— the voltage control of the DC bus,

— the rotational speed control of the flywheel.

The two first control objectives have to deal with the voltage control of the DC bus
and the possibility to maintain the voltage under the disturbance caused by the auxiliary
circuit. The second objective is realized by proposing strategies to control the rotational

speed with a multi input/output system.

1.3.2 Input-output of the system

The control law developed in this thesis will be implemented in the inverter control
units. The software in this control unit has direct access to the inverter signals. It controls
the IGBT through PWM signals, measures the current and position of the motors. The
software can run and access all inverters signals at 10kHz. The software communicates
the ICE torque demand to the engine control unit through can bus protocol at 100Hz.

When the current controls of the inverters are made, the M1 and the M2 can receive
a current or torque reference and the input-output of the powertrain are:

— T} for the ICE torque reference,
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Figure 1.7 — Diagram of the input-output of the powertrain

— T55 or i}, for the M2 torque or current reference,
— T3y or iy, for the M1 torque or current reference,
— Upc¢ the DC bus voltage,
— 2 the rotational speed of the flywheel.
Note that the system shown on figure 1.7 correspond to the beginning of chapter 3.

1.3.3 Time scale decomposition of the HEV

ICE ICE Inverters Dynamics and
torque control sampling signal signals sampling

] ] ] ] ]

! 1 1 1 1 >

QII{z 5—1:7Hz 20le IO(in 1 O/in continuous
1 1 1 1 1 >
Flywheel DC bus PMSM % Close-loop
rotation speed voltage current dynamics

Figure 1.8 — Time scale of each part of the serial hybrid vehicle

The dynamics of the powertrain are divided in three time scales. The small time scale
being the fast dynamic and the larger one representing the slow dynamic. The small time
scale is the current of the M1 and the M2, the medium time scale is the voltage of the
DC bus and the larger one is the rotational speed of the flywheel between the ICE and
the M2. The different time scale and control signal frequency are shown in figure 1.8. The

three control objectives can be retrieved on the lower part of figure 1.8 with an idea of the
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bandwidth associates with each other. On the upper portion of figure 1.8, the sampling
frequency of the ICE torque demand and the inverters signals (measurement and control)
can be seen with the given dynamics of the ICE torque.

The challenge for the closed loop controls is then to distribute each bandwidth accord-

ing to their sub stage and upper stage.

1.3.4 Technical difficulties
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Figure 1.9 — Usage domain and constraint for the serial hybrid vehicle

For the current of each electric motor, the control has to be robust regardless of the
uncertainties, the non-linearity of the motor and the non-linearity of the inverters. The
overall current dynamic has to be fast enough for the upper stage: the regulation of the
DC bus voltage. For the the DC bus voltage, the control has to provide a fine regulation
of the voltage with the bandwidth of the current control or the DC bus won’t be able to
transmit the energy. For the rotational speed of the flywheel, the control has the same
objectives as for the voltage control. It has to regulate the rotational speed or the power
transmission will collapse.

Moreover, working with an ICE introduces the complexity of implanting precise torque

control with an engine involving chemical transformation. Nevertheless, the torque control
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of the electrical motor is a topic mastered from long time. In our case, the system is such
that the precision of the ICE control is enough to fit the purpose but involves a prediction
scheme.

This thesis has been decomposed from the smaller time scale to the higher time scale
of the control behind the serial hybrid vehicle. Thus, the next chapter introduces the
smaller scale that is electrical part of the thesis, where the key is to control the DC bus

voltage.
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CHAPTER 2

CONTROL OF THE DC Bus VOLTAGE

2.1 Introduction
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Figure 2.1 — Transmission of the power from the Internal Combustion Engine (ICE) to
the Wheel

This chapter introduces the control of the DC bus voltage. On serial hybrid vehicle
figure 2.1, the DC bus voltage is a key part without the battery connected. Limited by the
hardware constraint, if the voltage goes to high major failure can occur and irreversible
damage can happen. If the voltage drops to low, the DC bus cannot transmit the power
from one Permanent Magnet Synchronous Motors (PMSM) to the other.

For studying the feasibility of the voltage control of the DC bus, different topic has to
be mastered. The first topic is the modeling. The physical law involves inside the PMSM
[Chi05] can draw under some assumptions a simplified and representative model of the
machine [AD05] and [MAC18]. Inspired by [Janll], two modeling of the inverters are
needed. An average model for large time scale simulation and the designing of the current
control is made. A second inverters modeling call the switching model for small time scale
simulation and the robustness of the DC bus voltage control is also made. The second
topic is the optimization of the current references of the PMSM. The thesis of [Sepl7]
presents different strategies and proposes algorithms to solve this problem. Lastly, the
control is designed as [RET08] and [Kot12].
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Chapter 2 — Control of the DC Bus Voltage

This chapter is developed around the M2 maintaining the DC bus voltage. Neverthe-
less, the same methodology can be used with the M1 maintaining the DC bus voltage. In
our case, it only implies changing the parameter from one PMSM to the other and this
will be used in the next chapter around other strategies.

In the following, the modeling aspect of each electrical part is approached. The current
control is detailed and the offline optimization is shown. The simulation result are studied

on the nominal case and after with the switching model of the inverters.

2.2 Electrical modeling

In this section, the electrical system is divided into several pieces, which are: the
PMSM, the inverter and the DC bus. The organization of the electric parts is shown
on the next section. Then, the PMSM characteristic and modeling are introduced, the

inverter non-linearity is presented and the DC bus modeling is given.

2.2.1 Architecture of the electrical parts

Ivo
Sk ) i ¥ vk v The
Inoi Offline dq_|Current | Vdq _|Clarke/ | Yabc - ] ".
=L > > »(Inverter > PMSM | § ]
% |optimization _ | Control Park Vabe abc /
. da Cake/| | ] -
~~~~~~~~~~~~~~~~~ Park iabc M2

Figure 2.2 — Architecture of the electrical subsystem

In order to be integrated in the DC bus voltage control, the electrical system M2 is
decomposed in different part, see figure 2.2. From the outer loop, the system can receive
a torque or a DC current reference and output torque on PMSM shaft and current on
the DC bus. From the inner loop, the PMSM react to the voltages impose by the inverter
to produce currents. Theses currents are measured and transmit to the current control
responsible to create the duty-cycle that control the inverter. Moreover an offline opti-

mization dictated the AC current reference, send to the current control, that minimize
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the joule heating and respect the DC current or torque reference.

2.2.2 PMSM characteristics

In variable speed application, Alternative Current (AC) motor has been competing
with Direct Current (DC) motor. But, where DC motor are much simple to control, AC
motor come with the mechanical benefit that they are brushless [YPK14] and thus don’t
necessitate all the maintenance of DC motor. PMSM are part of AC motor and are widely
used across industrial and home application. Against asynchronous motor, the other type
of AC motor, the synchronous motor have higher efficiency than asynchronous motor
[XCCO08], they also have high energy density but come with the disadvantageous to be
dependent on angular sensor.

The first two letters of PMSM stand for the rotor of the motor being a Permanent
Magnet and it is opposed to excited rotor, where the rotor is producing magnetic flux
with an electrical winding. Also Synchronous comes with the rotor turning at the same
speed than the magnetic rotating field created by the stator winding. In this thesis, the
PMSM type is reduced to internal permanent magnet, i.e. the rotor is covered by magnet
and inside the stator. But the model presented here can be easily extended to external

magnet.

0000

Figure 2.3 — Smooth and salient poles

Depending on the magnet arrangement, see figure 2.3, two types of machine can be
seen: smooth and salient poles. The smooth poles implies some simplification in the PMSM
model: the inductance L, and L, presented in the dynamic model 2.6 are equal, simplifying
the optimization problem on the section 2.4. The M1 and M2 studied in this thesis are
salient poles, as it can be seen in the table 2, L; # L, for both motors. But, the PMSM

used in the experimentation chapter has smooth poles.
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2.2.3 PMSM modeling

The physics of the PMSM involves different fields: electrical, magnetic, mechanical,
thermal and others. In the context of torque and current control, only electromagnetic
and electromechanical phenomena are relevant [Mes19] for the modeling. Maxwell’s equa-
tions, Laplace’s force and Newton’s second law describe this phenomena [Chi05; ADO05]
and under some assumptions permit to get a simplified and representative model of the

machine.

Assumption 1 (PMSM modeling assumptions)

— The magnetic saturation is neglected,

— The magnetomotive force is supposed to be sinusoidal,

— Temperature effect, hysteresis phenomena, skin effect and the Foucault’s current of
the machine are neglected,

— The damping effect of the rotor is neglected.

With these assumptions, the equations applied to the PMSM describe a model de-
pending on the rotor position. Thus, the model obtained lead to difficulty to design the
controller and the Clarke and Park transformations will be used in the sequel to design a

simpler controller.

Model in the stator axis

See figure 2.4, on the left, the PMSM is represented with one magnetic pair of poles.
The magnetic field generated by the rotor is aligned on the d axis. The PMSM have
three winding, each one along a, b and c axis. In this representation, each a, b and c axis
are separated by 120° and d, q axis by 90°. The electric angle # is measured from the
a axis to the d axis. On the right of figure 2.4, the PMSM is represented with two pair
of magnetic poles: six winding and the rotor also has two magnetic poles. The electric
angle # on this case is such that 8 = 6,,, p, where p is the pair of poles and 6,, represents
the mechanical angle of the shaft. In this way, the PMSM can be modeled in the electric
axis with p = lor2 and the model can be extended to any p pairs of magnetic poles.
Note that, the difference of the PMSM pair of poles is represented here by multiplying
the number of winding, but it also can be illustrated by changing the number of magnetic

poles on the rotor.
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In the stator axis [AD05] and [MAC18], the voltage-flux model is:
Ua ia d \Pa
Vp| = RS 1p + % \I/b (21)
UC Z.C \Ilc

where [vq, vy, v.]T are the stator voltage, R, is the stator resistance, [iq, i, i.|7 are
the stator current and [¥,, ¥, W7 the stator fluxes.

The stator fluxes can be expressed as:

v, iq cos(0)
Uy | = Ls |ip| + ¥y |cos(0 —27/3) (2.2)
U, Qe cos(f — 4w /3)

where Wy is the flux generated by the permanent magnet and L, is the inductance. In

the general case of the salient poles, the statoric inductance L, is formed by the variable
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term:
Ly My My cos(26) cos(20 — 2w /3) cos(20 4 2m/3)
L= My Ly M| + Le [cos(20 —27/3) cos(20 + 2m/3) cos(20)
My My Ly cos(20 + 2w /3) cos(26) cos(260 — 2w /3)

(2.3)

with Ly, Ls and My being the self and mutual inductance.

Clarke and Park transformations

The Clarke and Park transformations consist of the following matrix:

w| = PO g’d] (2.4)
where
cos(0) —sin(0)
P(0) = |cos(0 — 3F) —sin(f — &) (2.5)

cos(0 + %) —sin(0 + &)

Model in the dq axis

From the previous PMSM model (see (2.1) and (2.2)), the design of the control of
the motor is not clever. The PMSM model expressed in the (a, b, ¢) frame has to be
transferred in the rotating frame (d, ¢) using the Park and Clarke transformations. Using
the transformation (2.4) on the model (2.1), the following PMSM model is obtained:

Vd = Rsid + Ldid — erqiq
vy = Ryiy + Lyiy + wy Laig + w, @ (2.6)

where
Lg= Ls(] + %Ls2 - MO

Ly = Ly — 3Ly — M, (2.7)
by = \/%‘ij

Note that, w, is the rotational speed of the magnetic field. It is linked to the rotational
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speed €79 of the shaft by the number of pair poles p as:
Wr =D QMQ (28)

Electromagnetic torque

The electromagnetic torque Tgy, is created by the interaction of the permanent mag-
nets and the magnetic flux induced by the current in the stator winding. Thus, the pro-

duced torque is applied to the shaft output such that:
Tpar = p3(®s + (La — Lq)ia)i (2.9)

Mechanical connection of the PMSM

The two motors M1 and M2 are connected differently to the system. The M1 is con-
nected directly to the differential system. The M2 is connected using a gear ratio Ry
between the shaft of the motor and the flywheel.

Thus, the following relations between the M2 shaft and the flywheel output exist such

that:

Qure = Rae Q2

Tz = Ryz Tear
where () is the rotational speed of the ICE shaft, {2,/» the rotational speed of the M2
shaft and Ty the output torque of the M2 motors applied to the ICE shaft.

The electromagnetic torque Tgj; is the output torque of the M1:

T = Tewn (2.11)

2.2.4 Inverter Model

The inverter is in charge to convert the constant voltage of the DC bus into an alter-
native voltage for the PMSM. It uses six Insulated Gate Bipolar Transistor (IGBT) each
one paired with a diode to execute the conversion. Inspired by [Janll], two modeling are
developed:

— an average model for large time scale simulation and designing the current control,

— a switching model for small time scale simulation and testing the robustness of the

DC bus voltage control.
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Average model Switching model
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Figure 2.5 — Illustration of the average model and the switching model

See figure 2.5, the average model doesn’t show the commutation of the IGBT, the
output of the average model looks sinusoidal. On the other end, the switching model takes

into account the commutation of the IGBT and permits to visualize the high frequencies.

Average model

The average model is an ideal model where the inverter is represented by a unite gain,
see (2.12). This model is utilized for the design of the current control of the PMSM and
voltage control of the DC bus, also for a larger time scale dynamic that is the control of
the ICE speed.

Vg v
Ve v

where [v,, vy, v.]7 are the stator voltage of the PMSM and [v}, vf, vi]T are the voltage

reference.

Remark 1 This model does not take into account the voltage or current saturation of the

inverter.
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Switching model

The switching model will served for small time scale simulation and testing the ro-
bustness of the voltage control. The modeling is divided in three steps from the input
signal to the output of the model, see figure 2.6. First of all, the reference voltage is scaled
to be the duty-cycle between [0,1]. Using Pulse Width Modulation (PWM) algorithm,
the duty-cycle is translated into a binary control signal fixing the IGBT state of the arm.
The control signal is compared to the PMSM current to determine if the IGBT or the
diode is conductive. Then, the output voltage is found using the model of the IGBT or the
diode depending on the current path. The idea of the switching model is to reconstruct
the voltage reference, such that the average of the voltage output on one PWM period T}
is equal to the voltage reference. Note that, the model of the IGBT, the diode and the

deadtime add an uncertainty to the output voltage.

Labe

iI\/IQ
V. b . —»
S %ne | Intersective IGBT

Upei | Scaling —> punr [s.. | DIODE

Vabe

\
\

Inverter

Figure 2.6 — Inverter modeling

Assumption 2 The IGBT are considered as ideal interrupter and the diode forward volt-

age Vp is supposed to be constant.

Moreover, the inverter can be decomposed in three arms, see figure 2.7. Each arm (A,
B or C) is individually responsible to create the voltage of each phase. In the sequel, the
study will focus on the A arm, but the B and C arm will work on the same matter.

The scaling consist of:

—_
]
| =

(2.13)
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Ine

Y Y'Y
—
=l =
|

A B C

Figure 2.7 — Inverter Scheme

where [v}, vi, v}]T are the voltage reference, [, o, a7 are the duty-cycle and Upc is
the DC bus voltage.

The Sinusoidal PWM (or SPWM), originally introduced in [Sch64] and explained in
[Boul7], consists of a duty-cycle and a triangular wave, see the illustration in figure 2.8.

When the duty-cycle wave «, is superior to the triangular carrier, the output signal S, is

set to 1, else is set to 0.

Duty-cycle o, Triangular carrier
A\ /XN

/ / %A

NN N TN

Figure 2.8 - PWM - The intersective method

Each arm use two IGBT and two diodes, see figure 2.9, each IGBT works on a com-

plementary mode:

— when S, is equal to 1, G is set to be on and G| is off,
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2.2. Electrical modeling

— when S, is equal to 0, G is on and G is off.
To avoid any risk of short circuit between the negative and positive side of the DC bus,

a deadtime Tp is introduced between each IGBT commutation (see figure 2.9).

AS“ :
1 input signal Iq A
0 b

G,.G

A 0s 1
Onx G, Gy . ZX Vd >

13 A Vb Va4
off . L >
T, Ty
Deadtime Diode characteristic

Figure 2.9 — Inverter Scheme with deadtime and diode characteristic

The voltage output and current on each arm is deduced using the following algorithm
(see figure 2.10). The algorithm considers the current from the PMSM i, and the state
of the IGBT to determine the current path. Then, using the model of the component the

PMSM voltage is established.

if i, > 0 then
if GG, is off then

lgq = —1, and v, = —Vp
else
lgu = % and v, = Upc
end if
else

if GG is off then
Touw = 1q and v, = Upc — Vp

else
Iy = —1g and v, =0

end if
end if

Figure 2.10 — Inverter modeling algorithm
Example, if the current ¢, > 0 and the upper IGBT G, is off, the current can only

31



Chapter 2 — Control of the DC Bus Voltage

flow from the lower diode, then the output voltage v, is equal to the voltage bias of the
diode —Vp.

Additionally, the DC bus current i), can be calculated using one of this expression:

iM = iau —|— ibu + icu or ZM = ial —f- ibl —|— icl (214)

where 24y, i, and ., are the upper current in each arm and i, i and ¢, are the lower
current in each arm. Note that the sum of each current on the upper side of the inverter

has to be equal to the sum of the lower side.

Remark 2 Considering the switching model of the inverter and the scaling, the output

voltage is limited to:

|val Upe

D
ool | = —5— (2.15)
|vel

Remark 3 This method for modeling and computing the output of the inverter can be

utilized with more advance model of each component.

2.2.5 DC bus Model

The DC bus carry the power from one PMSM to the others subsystem, see figure 2.11.
The capacitor was initially used to filter Pulse Width Modulation (PWM) harmonics of
the inverter and thus for protecting the battery from them. Here without the battery, this
capacitor is a small energy storage. It fixed the DC bus voltage and ensure the energy
transfer through the DC link.

Assumption 3 (DC bus modeling assumptions)

The capacitor has a constant capacity and negligible losses.

The voltage dynamic is given by the balance of every current such that:

UDC _ 7'76 _ —UIM2 — laux — M1 (216)

C C

where C' represent the capacity.
Thus, the modeling of each needed electrical part has been given and the next section

will presents the current control law.
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Auxiliary
Circuit
iaux A Q 1\/]: 1
YD) i, Iy
Inverter j— TU Inverter
T DC
TMQ TMl

Figure 2.11 — DC bus diagram

2.3 Control of the PMSM current

This section presents the control law involves in the regulation of the PMSM current.
The current control is designed using the PMSM model (2.6) and the average model of the
inverter (2.12). The average model of the inverter gives the following simplification: the
output of the current control [v},v;]" is the PMSM voltage [vq,v,]". Thus, the current
dynamic is:

i = UZE - Rsid + erqiq

L
.0l — Ry = w, Laia — w,®; (2.17)
Zq = I

q

Two PI control law with the decoupling term are introduced such that:

(%

<
Q% A%

kdz’ f (Z;kl - id)dt + kdp(ﬁl - Zd) - Lqiqwr (2 18)
kgi [ (i — ig)dt + kgp (i — iq) + wr @y + Lyiaw, ‘

where kq; and kg, are the control gain for the d axis and k,; and kg, are the control gain

for the ¢ axis.

The control inputs (2.18) being applied to the system (2.17) yields to the closed loop

system:
i Rai ] (0 = ia)dt & kap(6 — i) = Ryda
L=
Lq
o g [ (i = d0)dt + kg (i, — i) = Ry (2.19)
L=
Lq
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Next, the following variables are introduced as:

kdp = 2£dec - Rs

ko = Law, (2.20)
kgp = 26 Lyw. — R '
kg = Low?
where w, and ¢ are the tuning parameter.
The system (2.19) can be rewritten as follows:
g = w; [ (i —iq)dt + 26w (i — iq) — 7l
‘ 7 (2.21)
iqg = w? [ (% — ig)dt + 28w (i} — ig) — L—sz‘q
q
Using the Laplace domain s, the system (2.21) becomes:
R )
ia (2bw. — L—d)s + w;
iy $2 4 28wes + w2
e By (2.22)
We— —)S+w
" Ly :
i 8%+ 26wes + w?

In this form, the denominator of each fraction (2.22) can be related to a second order
system, where ¢ is the damping factor and w, the time constant. The thesis [Car10] and
[Err10] propose more detail on the linearization and the tuning process.

Figure 2.12 presents an illustration of the respond time with the parameter of the M2.
The simulation is run with £ = 1, w, = 628 rad/s, Upc = 400V and Q5 = 5000 RPM.
The simulation is made with the average model of the inverter. At the time tg, ¢; and 5,
the simulation shows the coupling between the current ¢, and 4.

After designing the current law, the next section presents optimization method used

to provide the current references iy, .

2.4 Offline optimization of the currents references

In this section, the goal is to fix the current reference i; and i to realize a torque

demand or in case of the voltage regulation, the current demand i},,. Indeed, it exist
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Figure 2.12 — Simulation of the current control at Upc = 400V, Q0 = 5000 RPM, & =1
and w. = 628rad/s

number combination of ij and 4 to realize one demand, but it exists some combination
that minimizes the energy losses, maximize the rotational speed or the torque per volt. The

author [Sep17] presents different strategies and proposes algorithms to solve the problem.

In this thesis, the current optimization is formulated as:

min J = 3R(i}? +1i}?) (2.23)

Subject to:

P2(Ps + (La — Ly)ig)iz Qs + SR, (i + i)
Udc

3412 — Upe/2 < 0 (2.:24)

0+ 02— g < 0

% .

where 45 and ; are the variable, J represents the cost function, it is the resistive losses
in the PMSM. The first constraint represents the realization of the current reference, the
second the saturation of the inverter voltage and last the current limit ,,,, of the inverter.
To resolve the problem, the test domain is discretized on a 3d table, where the input are
the voltage of the DC Bus, the current demand and the rotational speed (Upc, iar2, Qar2)-

A numerical method, fmincon from matlab, is called on each point to get the combination
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Current limitation | iy for Upc = 200V ij for Upe = 200V
‘ ‘ | Voltage saturation ‘ ‘
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Figure 2.13 — Example of the optimization applied to the PMSM M2 with on the top the
i and 7 for every iy demand at Upc = 200V and from Q0 = 0RPM to 15000RPM,
same on the bottom except the DC Bus voltage at 400V

(43,17;) that minimize the resistive losses on this point.

In figure 2.13, an example of the optimization is shown on the PMSM M2 using two
different voltages. On the top-left, the currents references 7 can be picked for a voltage
Upc = 200V and a given (72, Qar2) point. In this part of the figure, the current limitation
is shown by the red border and the voltage saturation by the blue border. When the top-
left is compare of the bottom-left part of the figure, the limitation of the PWM strategies
can be retrieved by the voltage saturation going to higher rotational speed when the DC
bus voltage goes higher, from Ups = 200V on the top to Upe = 400V on the bottom.
Note that, the same goes from ¢} on the right part of the figure.

2.5 Voltage control of the DC Bus

On this section, the voltage control of the DC Bus is presented and consist of a PI
controller taking the voltage reference U7, and the voltage Upc to produce the current

demand 7},,. After the "testing" condition is depicted and a simulation is shown with the

ideal inverter model.
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2.5.1 Control design

The voltage control is a PI controller that stabilizes the DC bus voltage Upc at the

reference level U} :
iz = —C(Upe +MUpe = Upe) + X0 [ (Upe = Uc)dt) (225)

where \g and Ay are the control gain and C' the DC Bus capacitor.

2.5.2 Application of the voltage control

In the following test, see figure 2.14, it has been decided that the goal is to ensure that

the DC bus Voltage kept on a desired range when a perturbation occur:
\Ube — Upe| < 10V (2.26)

With the following conditions:

— the perturbation demand i,,, is unknown and rise from 0A to 7.5A in 100ms,
— the closed-loop bandwidth of the PMSM current is around 100H z,

— the voltage control is run at 10kH z,

— the PWM period is 0.1ms.

*
Upc .
Ye)

-k
1y
Upc | Voltage control =y M2
- iaux 1 UDC

_/_—

0 - 7.5A 100ms

Q
w
\/

Figure 2.14 — Control design with the goal to maintain Up¢

Figure 2.15 shows the result with a constant rotational speed at €23, = 5000 RPM,
the tuning gain w, = 628rad/s, £ = 0.7, Ay = 128 and A\; = 8200. It can be seen that
the voltage is kept above 390V when the perturbation occur at 0.05s. Also to realize
the current demand 4y, = 7.5A, the 7; and the ij are moving accordingly to the current

optimization figure 2.13 and the result is ip2 & 035.
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Figure 2.15 — Voltage control with the average model of the inverter

2.5.3 Robustness control with the inverter switching model

Introducing the switching model in the simulation can perturb the voltage tracking. It
affects the control by adding a perturbation between the voltage reference of the current
control and the voltage input of the PMSM. For the comparison, see figure 2.16, where
the parameter from the last simulation is reused with the average model of the inverter
(present on the left part of the figure) and the switching model (present on the right part
of the figure). The comparison show oscillation on the current i,/ produced by the M2
resulting on oscillation on the DC bus voltage Upc. Nevertheless, the voltage stays under

control and the condition (2.26) is respected.

In figure 2.17, the simulation is run with the switching model of the inverter and it
compares the effect of the diode forward voltage and the deadtime on the voltage control
of Upc. On the left, the forward voltage Vp is increase by 200% from the nominal value
2.5V but the deadtime is not modified. On the right, the deadtime T is increased by
200% from the nominal value 1us. On both simulations, the voltage doesn’t go below 390V
such that the condition (2.26) is respected. Note that, larger oscillation occurs when the
deadtime is increased and seems that the voltage control is more affected for variation of

the deadtime than the diode forward voltage.

38



2.5. Voltage control of the DC' Bus
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Figure 2.16 — Simulation with the average model on the left and with the switching model
of the inverter on the right, Vp = 2.5V and Tp = 1us
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Figure 2.17 — Simulation with the switching model of the inverter — Left: Vp = 5V and
Tp = 1pus — Right: Vp = 2.5V and Tp = 2us
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2.6 Summary

Contributions

— Presentation of a dynamic modeling, offline optimization and control of the
electrical motors.
— Proposition of a voltage control of the DC bus.

— Simulation of the voltage control under the inverter non-linearity.
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CHAPTER 3

CONTROL OF THE ICE SPEED

3.1 Introduction

—— Mechanical energy Auxiliary circuit
—— Electrical energy 400V

Electrical energy 14V

Figure 3.1 — Global Architecture

In this chapter, the modeling is made for larger time scale than the last chapter and
considers the entire system of the hybrid serial vehicle figure 3.1. The principal aim is
to realize the driver demand. This demand is sensed by the accelerator pedal and it has
to somehow correspond to the torque of the M1. The goal of this chapter is to present
different strategies for the regulation of two buffers and the realization of the torque
demand. These two key parts are the DC bus voltage and rotational speed of the flywheel.
In the serial hybrid vehicle, the power goes from the ICE to the M1 driving the wheel.
The ICE produces mechanical power by burning the fuel, the M2 converts this power into
electrical power and the M1 used this power to tract the vehicle. The ICE is connected
to the M2 through a flywheel. This flywheel is originally designed to smooth the torque
produce by the ICE, but here the flywheel acts like an energy storage. The dynamic of the
rotational speed is dictated by the inertia of each rotational part (mainly the flywheel).
The M2 is connected to the M1 via a DC bus. On a normal hybrid vehicle, the battery

is connected to this DC bus and acts like an energy storage. However, here without the
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battery, the only electrical storage is the capacitor present between the M2 and the M1.
Each buffer has the level of energy storage represented by the physical value of the voltage
and the rotational speed. In this configuration, the flywheel and the capacitor are the key

to maintain the power transmission needed to realize the user demand.

Tiex(t) Q(t)

- —

Tiox(t)
—> ICE

Tha(t)
infa(t)

C 53 L UDC(t)
aux(t) CS
T (t)

—» M1

i (t) b (t)

Figure 3.2 — Diagram of the control system

On figure 3.2, a diagram represents the structure of the system. It shows three inputs:
the torque reference for the ICE, the torque or current reference of the M2 and the torque
or current reference of the M1. Also, the control aim is to: realize the user demand that is
the torque demand for the M1, stabilize the rotational speed of the flywheel and stabilize
the voltage of the DC bus. Maintaining both of this value and realizing the user demand
can be made with three different strategies. Where each strategy assigned one control aim

to one input.

In the sequel, the mechanical part of the serial hybrid vehicle is examined. From the
last chapter only the modeling of the ICE as well as the flywheel dynamic is missing.
After presenting the last modeling, the different strategies are presented and illustrated

with a simulation. Pro and cons of each strategy are given in order to select one strategy.

3.2 The macroscopic modeling

This section presents the modeling of the ICE, the flywheel and a simplified modeling
of the electric part developed in the last chapter.
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3.2. The macroscopic modeling

3.2.1 The ICE dynamic

From the literature, the ICE torque dynamic has been modeled as a first or second
order linear system. This article [TM17] give an example where the ICE dynamic is a
second order linear system and the author try to achieve traction control with a model
predictive control approach. A more sophisticate approach, resembling at the model here,
can be found in this article [HS97] and in this thesis [Brel2].

The ICE model describes here come from an empirical study of the motor. Where the
company making the ICE has been running the motor on an instrumented test bench.

Then, they have extracted the model and parameters from different tests.

. >k
if Trop - Ticp >0 1
ICE - 11cE > T
* — I4+s—4-
T —»/
ICE -Sh - T
B S S ICE
else 1
i o —
NG 1+s OB

Figure 3.3 — Diagram describing the ICE modeling

Figure 3.3 illustrate the dynamic of the ICE in the laplace domain s. From the input,
the torque reference T} (t) pass through a varying time delay h(t) = 47 /§2(t) depending
on the rotational speed of the flywheel Q(t). If the delayed reference 17,5 (t — h(t)) is
above the current output torque, the delayed reference T} (t — h(t)) goes through a first
order system with the time variable 7, /Q(t). Else T} 5(t — h(t)) < Ticr(t), the delayed
reference T}, (t — h(t)) goes through a first order system with the time variable 7_ /Q(t).

In the time domain, the ICE dynamic is:

Fren(t) = ATrop(t)Qt)
T _ — 1
T_ + T4+ B T. T4+ SZgnATICE(t> (3 )
2 2
with ATreg(t) = Tiop(t — h(t)) — Ticp(t) and the following parameters
D X 2m 20 x 2w dr
T = 3 , T— = and h(t) = m (32)
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When introducing 74 = (74 + 7_)/2, the ICE dynamic becomes:

- ATor(t)Qt)
Triop(t) =
ozl = signATiop(t) (3.3)

T+ —

Figure 3.4 shows an illustration of the ICE dynamic at 1500RPM and 3000RPM.
The simulation shows the respond time being longer in the falling step than the rising

step, unlike the input delay being the same on the rising and falling step.

Q(t) = 1500 RPM
h—80ms

— 8 TI*CE 7
& —Tick
Z 6 4
é Al tr5%+:200ms t,.5%_:800ms i

¢ h=80ms

|
% 05 1 time (5) 1.5 2 25
Q(t) = 3000 RPM

10 T
sl h=40ms Tiep |
§ Trcr

6 il
3 L ty50. =100ms t,50,.=400ms |
S L1 |

. h:40ms ‘

0 05 1 15 2 25

time (s)

Figure 3.4 — Simulation of the ICE torque respond at (¢) = 1500 RPM and Q(t) =
3000 RPM

Remark 4 Physically, the ICE controller realizes the torque demand 15y by actuating
the throttle of the air intake. When the intake opens, the air path feeds the cylinder. But
not instantly, depending on the flow rate, from the opening of the intake valve to the
air entering in the cylinder a certain delay h occur. Also a direct correlation between
the rotational speed ) of the engine and the flow rate can be made such that: at low
RPM, the delay h is much larger than at higher RPM. Then, the new air going inside
the cylinder takes time to increase the output torque Trcg. The same analogy goes for the
time constants of the first order system: increasing the rotational speed 2 reduce the time

constant 7, /Q2(t) to produce the output torque Ticp.
In order to design the control law and the predictor for the next strategies, the ICE
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dynamic will be approximate by:

: ATrcp(t)Q(t
Tien(t) = ATrep(t)SU?) (3.4)
T+
Remark 5 Aslong as the system come close to the reference, that is ATicop(t) = Tiqp(t—
h(t)) — Trcp(t) = 0, the sign function of ATicg(t) tends to constantly switch between +1
and —1, resulting in a comportment of the ICE dynamic being a first order system with

the constant 7. The use of the mean of the two constants T+ = (T4 +7_)/2 can be noted,

it comes from the dynamics of the ICE (3.3).

3.2.2 The flywheel dynamic

The flywheel presented on figure 3.5 act as a dampening system, it smooth the torque
output from the ICE and store mechanical energy. It fixes the rotational speed and ensures

the energy transfer.

Q
ICE SB: M2 Inverter
Tick = | Tarz

"

T

Figure 3.5 — The power generator assembly

The rotational speed dynamic is given by the torque balance such that:

Trep(t) + Taua(t) — T,(t) (3.5)
J

where J represent the inertia of all part between the ICE and M2 (shaft, flywheel,
rotors, ...) and 7, the friction torque on the ICE and M2 shaft.

Q) =

3.2.3 The electrical modeling

The electrical modeling corresponds at an extension of the model developed in the last

chapter. From, the torque (2.9) and the optimization section 2.4, the power consumption
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of the two PMSM are:

Pupa(t) = Upe(t) ina(t) = Taa(t) QUt) + Pia(t)

: (3.6)
Prri(t) = Upc(t) inni () = T (t) Qan (t) + Pa(t)

where P and P are the electrical losses between the electrical power and the me-

chanical power.

Also, the links between the torque produced by the PMSM and the current absorbed
on the DC bus are:
in2(t)Upc(t) — Pia(t) i (t)Upc(t) — Pa(t)

Thr2(t) = Q1) Tani(t) = Qo (1) (3.7)

3.2.4 The complete system modeling
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Figure 3.6 — Architecture of the serial hybrid vehicle
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To sum up the last part, the state space model of the complete system figure 3.6 is:

Trcp(t) + Tae(t) — T.(t)

7
Ticp(t) = T_Aflff(%m(t) (3.8)
Ty — signATicp(t)
e
with ATyon(t) = Tiop(t—h(t)) = Trop(), Tam(#) = 222 UDS ((tt)) =Pl d Ty (1) =
i (t) Upc(t) — Pa(t)
Qi (t) '
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3.8. Control strategies

3.3 Control strategies

In this section, the objectives are to find a solution to: stabilize the rotational speed of
the flywheel, stabilize the voltage of the DC bus and produce the requested torque on the
M1. To realize each objective, three strategies has been developed, shown in this section
and tested on the system (3.8). The system possesses three inputs: the torque reference
for the ICE, the torque or current reference of the M2 and the torque or current reference
of the M1. Each one of the three strategies differently assigns the control input to the

objective.

Assumption 4 For the simplification of the simulation and only in this chapter, the
losses are not considered and the dynamic of the PMSMs are not introduced here, but they
will be introduced in the next section. These simplifications imply:

— T,(t) =0 and Py(t) = Pa(t) =0

— Tipp(t) = Thra(t) and iy5(t) = inra(t)

— Ty (t) = Tan(t) and i3, (t) = iari(t)

3.3.1 Strategy 1: the M1 torque is the driver’s demand

The first strategy developed here consists of:
— the user demand u is the M1 torque reference 77,
— the current reference 73,5 is in charge of stabilizing the DC bus voltage Upc,

— the torque reference 77 is utilized to stabilize the rotational speed of the flywheel
Q.

Rotational speed control design without taking into account the ICE input

delay

On figure 3.7, the system is stabilized with two control law. The rotational speed
control consists of a linearization of the output (2 relative to the input 77,5 without the

delay, see [Glulb]. The control law is given by:

Tios(t) = "+ Ties(t)
v(t) = (1) 4+ Ao (2 (1) — Q1)) 4+ M (Q5(8) — Q) + Ao JH(Q* (1) — Q(L))db( |
3.9
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Figure 3.7 — Control scheme of the first strategy

where Ao, A\; and Ay are the tuning gains and 7 = (7 + 7_)/2.

DC bus control design

The control law for the DC bus voltage has been taken from the section 2.5:

i) = —C(Upe(t) + Kp(Upe(t) = Upc(t)) + K1 Jy(Upe(t) — Upc(1))de)

Simulation

The simulation on figure 3.8 uses the parameters display in the table 3.1.

Symbol Value

Kp 128
K 8464
Ao 200
A1 235
A2 21

Table 3.1 — Simulation parameters

\

(3.10)

The aim is to stabilize the rotational speed at 0* = 2500 RPM and the DC bus voltage
at Upo = 400V. The user demand represented by the M1 torque goes from 0 to 50N.m
with a first order with a respond time at 5% in 1s. The vehicle speed is 20km/h, it

corresponds at Q1 = 1750RPM.
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Figure 3.8 — Simulation with a disturbance 7,,, = 0 to 7.5A4 in 100ms at 1.5s

On the bottom of figure 3.8, the power of the M1 follows the torque and finished at
9.1kW . The generated power of the M2 follows the consumption of the M1. Except at 1.5s,
when the auxiliary circuit disturbs the DC bus, it consume 0 to 3kW in 100ms. It can be
seen that the power Pp;; consumes by the M1 doesn’t change but the M2 compensates
the auxiliary consumption by increasing the generated power, from 9.1kW to 12.1kW.
And the same effect goes for the ICE. The simulation shows a lot of oscillation on the
rotational speed €2, mostly due to the input delay of the ICE and a small part due to the
double constant 7. of the ICE. Note that, the oscillation error of 2 is around +£300RP M
and the voltage Up¢ is kept around £10V.
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Chapter 3 — Control of the ICE speed

Introduction of the prediction scheme

A predictor is introduced to counteract the input delay of the ICE. See figure 3.9, the
predictor is placed between the output of the system and the input of the rotational speed
control. The predictor is used to approximate the rotational speed €2 of the flywheel and
the ICE torque Ticg in the near future (¢ + h). The voltage control is kept as (3.10) and

only the rotational speed control is adapted to the introduction of the predictor.

AA
=
=

Predictor

X,(t) %
»Rotational speed Ticn(t) ICE

Ticx(t)
1
— > control S Q(t)

Y

Voltage control » M2

@)
g
Q
=
YYY

Unc(t)

1 Upc(t)

V(»u(t) >| Dol u(t-h) g iy (t)

Figure 3.9 — Control scheme of the first strategy with the prediction

State space representation of the ICE

In order to introduce the predictor, the ICE dynamic is approximated as the equation

(3.4) and presented in a vector-matrix format:

o | Q0 | _ .
X(t) = e AX(t) + BT}op(t —h) +d(t) (3.11)
TMQ(t)
with A = 0 1/J , B= 0 ] and d(t) = J
0 _Q/Tﬂ: Q/T:t O
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3.8. Control strategies

The prediction

The predicted vector X (t + h) for the state vector X (¢) is computed as [MO79] and
[Léc+16):

X(t+h)=e"X(t)+ [I e BT o(t — h+ s)ds + [I'eAP9d(t + s)ds  (3.12)

For the implementation, the disturbance term as to be known in the future:

Taps(t + h)
d(t+ h) = 7 (3.13)
0

As a first approximation, if i4,, = 0 and the DC bus converges around a constant
voltage reference Uj, this means that Upe ~ 0. From the DC bus dynamic (3.8), the
M2 and M1 current is thereby:

This approximation will be studied with the singular perturbation approach in the next
chapter.
Thus, the equation (3.6) and the assumption 4 implies that:

Qi (t + 1)
CQt+h)

Qan(t+h)

Tap(t+h) = QU+ 1) u(t)

Tan(t+h) = (3.15)
Remark 6 The disturbance term d is supposed to be known at the current time t, but
also in the future t + h. It’s achieved by delaying the user demand u by h before applying

it on the traction motor: Ty (t) = u(t — h) — Ty (t + h) = u(t).

The state prediction (3.12) transforms the system (3.11) into a delay-free system:

X,(t) = AX,(t) + BTjop(t) +d(t + h) (3.16)
where
_ Xpl (t) .
X,(t) = [ng(t)] = X (t+h). (3.17)

The rotational speed control used previously (3.9) can be adapted to the delay-free
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Chapter 3 — Control of the ICE speed

system (3.16) as following:

Trop(t) = w + Xpo(1)
o(t) = S+ R) + A((E+ h) — X (L)) (3.18)

FALQ( + ) — X1 () + Ao JE(Q (¢ + B) — X1 (0))de

where \g, A\; and Ay are the same tuning gain.

Simulation
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Figure 3.10 — Simulation with a disturbance 4., = 0 to 7.5A in 100ms at 1.5s

The new simulation, presented on figure 3.10, can be compared with the last simulation

on figure 3.8. The used parameters are from the last simulation and displayed on the table
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3.8. Control strategies

3.1. The aim is to stabilize the rotational speed at (2* = 2500RP M and the DC bus voltage
at Upo = 400V. The user demand represented by the M1 torque goes from 0 to 50N.m
with a first order system characterized by a 1s respond time. The vehicle speed is set at
20km/h, it corresponds at Q1 = 1750RPM.

Unlike the last simulation, the predictor permits to stabilize the rotational speed (2
without a lot of oscillation. The DC bus voltage Up¢ is also maintained above 390V when
the disturbance occurs at ¢ = 1.5s. Note the gap ~ 120RPM between the rotational
speed €2 and the predicted speed €2, when the disturbance occurs. The gap comes with the
approximation (3.14) being somehow untruth and introducing an error on the prediction.
But, without the knowledge of the auxiliary current 7,,, and on a first approximation,
the 120RPM gap doesn’t hinder the system. In the next chapter, an observer method is

proposed to estimate the losses neglected here and the auxiliary current.

3.3.2 Strategy 2: the M2 torque is the driver’s demand

Figure 3.11 presents the second strategy developed here, and this strategy consists of:
— the user demand u is the M2 torque reference 7'/,,
— the current reference 7}, is in charge to stabilize the DC bus voltage Up¢,

— the torque reference 77 is utilized to stabilize the rotational speed of the flywheel

Q.
u(t)
«—
Predictor 3
X(t) .
> Rotational spe:d—‘ TICE(t)‘ ICE TTCE(tl ‘ 1 -
—> control g '( Eg ) g [ >
Q' (t-+h) Q(t)
u(t-h) Tynlt)

@)
o,
&
A\

M2

V(»u(t) Thu(t)

*

Upc(t)

¥
iy (t)
Voltage control

Upelt) |_i o

Figure 3.11 — Control scheme of the second strategy

Y
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Chapter 3 — Control of the ICE speed

Rotational speed dynamic

This strategy takes up the rotational speed control with the predictor from the previous

strategy. Thus, the ICE dynamic is presented in a vector-matrix format:

o | Q0 | _ .
X(t) = e AX(t)+ BT}op(t —h) +d(t) (3.19)
TMQ(t)
with A = 0 1/J , B= 0 ] and d(t) = J
O _Q/Tﬂ: Q/T:t O

The prediction
The predicted vector X (¢ + h) for the state vector X () is:
X(t+h)=e"X(t) + [ A=) BT p(t — b+ s)ds + [ eAP=9)d(t + s)ds  (3.20)

In this strategy, the disturbance term is directly linked to the user demand u:

Tara(t + h) u(t)
d(t+h) = J = {J] (3.21)
0 0

Remark 7 The idea is the same as remark 6: the disturbance term d is needed at the
current time t, but also in the future t + h. It’s achieved by delaying the user demand u
by h before applying it on the M2: Ty (t) = u(t — h).

The state prediction (3.20) transforms the system (3.19) into a delay-free system:

X,(t) = AX,(t) + BTjop(t) +d(t + h) (3.22)
where
_ Xpl (t) i
X,(t) = [ng(t)] = X(t+h). (3.23)
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3.8. Control strategies

Rotational speed control design

The rotational speed control used previously (3.18) can be adapted to the delay-free
system (3.22) as following:

Ticslt) = S+ Xl
U(t) = Q*(t + h) + )\Q(Q*(t + h) — Xpl(t)) + )\1(9*(75 + h) _ Xpl(t)) (3.24)

+Xo0 3 (U (t 4+ h) — Xp(1))de

where Ao, A\; and Ay are the tuning gain.

DC bus control design

The control law for the DC bus voltage has been taken from the section 2.5:
iin(t) = —CWUpc(t) + Kp(Upce(t) = Upc(t)) + K; Js(Upe(t) = Upc(v))de) - (3.25)
Simulation

Symbol Value

Kp 128

Kr 8464
Ao 200

A 235

)\2 21

Table 3.2 — Simulation parameters

See figure 3.12, the simulation uses the parameters display in the table 3.2. The aim
is to stabilize the rotational speed at €2* = 2500RPM and the DC bus voltage at U, =
400V. The vehicle speed is constant and €231 = 1750RP M. The user demand represented
by the M2 torque goes from 0 to —45N.m with a first order with a respond time at 5%
in 1s.

On the bottom of figure 3.12, the power of the M1 chases the traction torque and
finished at 8.5kW. The generated power of the M2 follows the consumption of the M1.
Except at 1.5s, when the auxiliary circuit disturbs the DC bus, it consumes 0 to 3kW
in 100ms. It can be see that the power P, produced by the M2 doesn’t change, but

the M1 consumption decreases when the auxiliary consumption happens, from 11.5kW
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Figure 3.12 — Simulation of the strategy 2 with an instantaneous disturbance ¢4, = 7.5A4
at 1.5s

to 8.5kW. The simulation shows some oscillation on the rotational speed €2, a part is due
to the double constant 7+ of the ICE. Note that, the voltage Up¢ is kept around £10V.

3.3.3 Strategy 3: the ICE torque is the driver’s demand

The third strategy presented on figure 3.13 consists of:

— the user demand u is the ICE torque reference 17,

— the current reference ¢}, is in charge of stabilizing the DC bus voltage Upc,

— the torque reference T, is utilized to stabilize the rotational speed of the flywheel

Q.
In this strategy, the input delay of the ICE doesn’t effect the control law. Thus, the
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predictor is not needed.
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Figure 3.13 — Control scheme of the third strategy

Rotational speed control design

The rotational speed control consists of a linearization of the output €2 relative to the

input T73,, see [Glul5]. The control law is given by:

Tip(t) = JE ) + M (Q7() = Q1) + Ao [5(2°() = 0))de) = Tron(t)  (3.26)
where \g and \; are the tuning gain.

DC bus control design

The control law for the DC bus voltage has been taken from the section 2.5:

iin(t) = —CUpc(t) + Kp(Upc(t) = Upc(t)) + K1 Js(Upc(e) = Upc(1))di) - (3.27)

Simulation

See figure 3.14, the simulation uses the parameters display in table 3.3. The aim is to
stabilize the rotational speed at 2* = 2500RPM and the DC bus voltage at U = 400V
The vehicle speed is constant and €2,y = 1750RPM. The user demand represented by
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Symbol Value
Kp 128
K; 8464
Ao 200
A 235

Table 3.3 — Simulation parameters
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Figure 3.14 — Simulation of the third strategy with an instantaneous disturbance i,,, =
7.5A at 1.5s

the M2 torque goes from 0 to —45N.m with a first order with a respond time at 5% in
1s.

On the bottom of figure 3.14, the power of the M1 follows the traction torque. Before,
the auxiliary circuit disturbs the DC bus and consumes 0 to 3kW in 100ms. The generated
power of the M2 follows the consumption of the M1. When the auxiliary circuit turns on
after t = 1.5s, it can be see that the power Pps produced by the M2 doesn’t change
but the M1 consumption decreases from 11.5kW to 8.5kW. The simulation shows some

oscillation on the rotational speed €2, a part is due to the double constant 7+ of the ICE.
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3.4. Comparison between the strategies

Note that, the voltage Up¢ is kept around £10V.

3.4 Comparison between the strategies

The objective of this part is to show each aspect of the strategy developed here. Each

strategy presented previously has downside and positive aspects. The table 3.4 drawn the

different strong points.

Strategies comparison Strategy 1 | Strategy 2 | Strategy 3
High respond time VY vV v
Complexity XX XX X
Predictor dependency XXX XXX -
High frequencies disturbances on Tyq - XXX XXX
Direct control of the traction VY v v

Table 3.4 — Comparison of the strategies. Criteria are explained above.

Some explanation about the criteria is given here:

— the high respond time criterion refers to the respond time between the user demand
and the output torque of the M1,

— the complexity criterion refers to the implementation complexity for computing
the control scheme,

— the predictor dependency criterion refers to the necessity to implement a prediction
scheme for the rotational speed control,

— the high frequencies disturbances on T);; criterion refers to high frequencies per-
turbation occurring on the output torque of the M1,

— the direct control of the traction criterion refers to the direct link between the user
demand and the output torque of the M1.

The topology of the strategies shows that the user demand goes from the direct control

of the M1 torque on the strategy 1 to the indirect control on the strategy 3. For the strategy

1, the user demand is only delayed before it is applied to the M1 torque reference. In the

strategy 2, the user demand is delayed then applied to the M2 torque demand. The M2
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Chapter 3 — Control of the ICE speed

torque demand produces current on the DC bus that result in torque demand for the
M1 in order to maintain the DC voltage. For the strategy 3, the cascade goes one level
above, the user demand is the ICE torque demand, when the ICE produces the torque
demand, it translates into an electrical power production by the M2, in order to maintain
the flywheel speed. After, the M1 has to consume the power produced by applying more
traction on the vehicle.

Thus, the strategy 1 comes with the positive aspect of high respond time, principally
due to the direct control of the output torque and the fast actuation of the M1. The
strategy 2 also comes with some high respond time from the fast actuation of the M2
and the M1, but with the disadvantage that every perturbation appearing on the DC
bus is passed onto the M1 torque through the voltage control. This can introduce high
frequencies disturbances on the traction. The same disadvantage comes with the strategy
3 where each perturbation occurring on the DC bus is rejected by the voltage control, i.e.
the M1 torque. Moreover, the user demand on the strategy 3 is translated on the ICE
torque with the slow dynamic of the ICE, resulting in low time respond from the user
demand to the traction.

The strategy 1 and 2 have the complication of the implementation of a prediction
scheme for the rotational speed control. Nevertheless, the strategy 1 has been chosen
for the direct control of the traction against the possibility of having high frequencies

disturbances on the M1 torque. This strategy will be developed in the next chapter.

3.5 Summary

Contributions

— Presentation of a dynamic modeling of the complete system.
— Proposition of three strategies for stabilizing the system and fulfill the user

request.
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CHAPTER 4

CONTROL OF A TWO TIME SCALES
SYSTEM - SINGULAR PERTURBATION
APPROACH AND LOSSES OBSERVATION

4.1 Introduction

This chapter study the two time scales of the strategy 1 selected in the last chapter. The
interaction is analyzed using singular perturbation approach. Indeed, the system under
consideration has the particularity of having three concurrent time scales. The small time
scale is the current dynamic of each electric motor (the alternator and the traction motor),
the medium time scale is the voltage dynamic of the DC bus and the larger one is the
rotational speed dynamic of the flywheel between the ICE and the alternator. While the
interaction from the current of the PMSM and the voltage control has been approached
in chapter 2. In this chapter, it is assumed that the parameters of the current control
(Z'Z, i%) are sufficiently large such that the current dynamic is faster than the voltage and
rotational speed dynamics (see the assumption 7). The challenge is to control the DC bus
voltage and the rotational speed of the flywheel with the constraint of a slow variation of
the ICE torque and a fast variation of the electric current.

In the context of controlling a system with two time scales, the Hydrogen Fuel Cell
(HFC) vehicle presents similar characteristics of the system here. Indeed, the HFC con-
straints the system, in the same way as the ICE, by the slow variation of his current out-
put. [SGA20] describes the mathematical model of the HFC with DC-DC boost converter
and supercapacicator. After, the authors proposes a control architecture based on the
relative degree approach to achieve a decoupling and proposes a sliding mode controller.
[Hil+13] proposes a passivity-based controller to coordinate HFC system and ensures the
distribution of each dynamic. Moreover, the work on the singular perturbation approach
presented by [Gha+11] has inspired the sequel. In this section, the dynamic of the PMSM
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is not considered here. But if it was considered, the singular perturbation approach can
be used between the current dynamic of the PMSM and the voltage control of the inverter
as the paper [Agh+17].

Firstly a brief recall on the singular perturbation approach is given. Secondly, the
singular perturbation is employed on the previous system and the approximation made
in the last chapter is enhanced. Lastly, a method based on state observation is used to
estimate the power losses highlighted. This chapter led to several publications [Rou+20a],
[Rou+20b] and [Rou+21].

4.2 Singular perturbation approach

The system under consideration is a two time scales system. The control/management
challenge is to stabilize:
— the DC bus voltage U with small variations under the constraint of a small capacitor
using the fast electrical actuator,
— the rotational speed of the ICE-PMSM by the slow control torque of the ICE in
the presence of the large flywheel.
To achieve this goal, a singular perturbation approach [KKO86; Kha96]| is employed.
In the sequel, the singular perturbation approach is recalled, the system model is
written in the state space form and the fast control law is designed as well as the slow

control.

4.2.1 Brief recall of singular perturbation approach

Let us consider the following nonlinear system:

r = f(z,§¢) (4.1)
55 = g(l’,f,é“) (42>

with x € R™, £ € R", € a small positive parameter and f, g two analytical vector fields
of appropriate dimensions. Roughly speaking, x can be seen as the slow state and & as the
fast variable. Nevertheless, this statement must be clarified and some assumptions and
theoretical developments must be added. First of all, it is usual to decompose the system
(4.1)-(4.2) into two decoupled time scales dynamics. For this purpose, it is important to

be able to compute the so-called slow manifold £ = ¢(z, ¢).
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It is the function ¢ that must verify the following equation:

gé(x,e) = g($,¢($,€),€) (43)

where

bz, c) = iioai(x)j; (4.4)

is computed iteratively [Vas63]. For example the so-called frozen solution verifies
0 = g(z, 00(x), 0).
The following assumption is generally requested for the existence of ay.

Assumption 5 The Jacobian {%’5’0)} is reqular in the considered slow and fast state

spaces x € D, C RM and £ € D¢ C R", respectively.

This assumption is directly linked to the implicit function theorem and in the nonlinear
case more than one solution is possible (this particular case is outside the scope of this
thesis). Now, it is important to know if the system (4.1)-(4.2) converges on a slow manifold
that is given by the well-known Tikhonov’s theorem reformulated in [Hun04]. But before
recalling the theorem, it is necessary to analyze the fast dynamics on the boundary-layer.
For this, a new state variable n = £ — ¢ is introduced and 7 converges rapidly to zero if
the system behaviour converges on the slow manifold. This manifold is the & behaviour
recovered when the fast transient time is ended (“outside the boundary-layer”).

The 1 dynamics are equal to:

1 Op(w,¢)

77:59(%9?5(%5)‘*‘7775)_7‘ (45)

t
Setting ¢ = —, (4.5) may be rewritten as follows:
€

o _
oc

gl 0(, ) ) - 22E) (10

Assumption 6 The system (4.6) is at least locally in n and uniformly in x exponentially
stable.

Hereafter, Tikhonov’s Theorem without considerations of time domain, existence and
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uniqueness of the attractivity domain with respect to n solution (for example local Lips-

chitz condition around zero is ensured by Assumption 5) is introduced.

Theorem 1 Assume that Assumptions 5-6 hold. There exist € > 0 sufficiently small, such
that the dynamics (4.1)-(4.2) tend to the slow dynamic (4.7)

&= f(x,d(z,e),¢). (4.7)

In many applications, ¢(x,¢) in (4.7) is approximated by it frozen solution aq (given
in (4)):
i = f(x, 00(x), 0). (45)

Remark 8 This section limits itself to the frozen solution of the slow manifold, i.e. ¢ ~
ag(z). Nevertheless, for example, when the slow dynamics has a behavior too close to fast

dynamics, it is necessary to do a better approrimation of ¢.

4.2.2 A state space model

The system (3.8) under consideration is recalled in a state variable form:

Blt) = Gloafe) + 22RO g
ia(t) = O Ticelt =) = 22(0) (4.9)
T+ — sign(Ticp(t — h) — x2(t))
. 1 : Tar (1) Qo (t) + Pi(t)
lt) = (ina(t) =i (t) - RO D)
with the state vector
x1(t Q(t)
z(t) = |z2(t) | = |Trer(t)| - (4.10)

z3(t) Upc(t)

Remark 9 The model (4.9) contains two time scales processes, the fast one is given by
x3 = Upc dynamic and the slow one is represented by the dynamics of x1 = €2 and

xy = Ticp.
Assumption 7 The parameters of the current control (i, i) are sufficiently large such
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4.2. Singular perturbation approach

that the internal controlled current dynamic of the M2 is greatly faster than all dynamics
of (4.9).

The current in d-q frame are assigned by the very fast controller (2.18) where k4 and
kqp are the control gain for the d axis and k,; and kg, are the control gain for the ¢ axis.
Consequently, choosing parameters kqp, ki, kqp, kg sufficiently large and the state-space

representation of system (4.9) becomes:

jfl@) _ (1](552(15) + Z'>Zk\42(t> x;fzé)t)_ Pl?(t) o Tr(t))

Fa(t) = Tfff)TiTz*éE(t —h) —x(t)) (4.11)
T — sign(Ticp(t —h) — 22(1))
1, . . Trr (t) Qi (t) + Pu(t)

ft3(t) = 6<_Z}k\42(t) - Zaux(t) - )

3(t)
Assumption 8 The following quantities iqu.(t), Ths(t), Pa(t), Pa(t), Qu(t), and z5(t)
are slowly variable and can be considered such that i4u,(t) = tgue(t+h), Trq(t) = Tr(t+
h), Pu(t) = Py(t+ h), Pa(t) = Pa(t+ h), Qun(t) = Qn(t + k), and x35(t) ~ x5t + h).

Indeed, this assumption ensured the convergence of the control approach and the predic-

tion implementation.

4.2.3 Control diagram

The strategy developed with the singular perturbation approach comes from the strat-
egy 1 and it is depicted in Fig. 4.1. It is composed of two subsystems: fast loop based
on the fast actuators (PMSM) that drives the DC bus voltage Up¢; and slow loop based
on the slow actuator (ICE) that stabilizes the rotational speed €2 of the flywheel. For the
seek of clarity, the control is designed first by considering Py, P, T, and i4,, known.
Then as in practice it is not the case, they will be estimated by the proposed observer to

be integrated in the control.

4.2.4 The fast control law design

The fast voltage control in (4.12) is a PI controller in terms of i}, that stabilizes the

DC bus voltage x5 = Upc at the reference level 23 = Up:

iy = —C(Kp(23(t) —x3(t)) + Krza(l)) (4.12)
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u(t)
-«
Predictor i
X,(t) *
»Rotational spe(:d—‘ TICE(t); ICE 5 >
—> control - & .
Q (t+h) "
< : inja(t)
U* t » Voltage contro >
DC( ) UDC‘(t) >
] Unel®)
os »>
T (t)
——» Delay i
v<» u(t) u(t-h) )

Figure 4.1 — Control scheme of the first strategy with the prediction

where z4(t) = [y (23(1) — z3(¢))de.

The control input (4.12) being applied to system (4.11) yields the closed loop nonlinear

system:
i(t) = §<x2<t> L —CEp (#5(t) - xg(t); Ef( wa(t) as(t) = Palt) _
Bo(t) = 21 (t) (Tiop(t — h) — za(t))

T Sign(Tiop(t — h) — oa(t))

T+ —

Bolt) = Kpl(ay(t) — as(t) + Kpaa(t) - Z’w;j” _Tin®) QM@% + Pu(t)

#a(t) = x3(t) - ws(t)

(4.13)

Following the singular perturbation approach, the fast variables are introduced as

e&i(t) = x3(t) —as(t)
e28o(t) = wa(t)
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Then system (4.13) can be rewritten as follows:

B(t) = ;@2@) L O G + f; (5;)@)) za(t) = Po(t) o)
RO E— RO )
Ty — sign(Tiop(t — h) — z2(t)) (4.15)
e&i(t) = —Kn&(t) — Ki&(t) + zaué(t) N T3 () (;f(lt()t)CJr P (t)
552(75) = &(t)
where the tuning parameters of the fast control (4.12) are given by
Kp = KED and K]:? (416)

The tuning choice of K} and K} is made such that the polynomial s? + K}s + K}
is Hurwitz that yields the desired characteristics of the transient response. According to

[KKO86], eq. (4.15) is rewritten in a singular perturbation form:

X(t) = f(t,X(#),&(),¢) (4.17)
e€(t) = g(t, X (2),€(t).¢) (4.18)

where X (t) = [21(t), 2o (t)]T, £(t) = [€1(1), & (1)) and € is a small positive parameter.

Now, the frozen solution of the fast dynamic equation (4.15), i.e. &€ = 0, is computed

as follows:
0
ao(t) = |taua(t) | Tap(t) Quna(t) + Pult) | - (4.19)
K;C z3(t) K C

Proposition 1 For all x1(t) > Quin > 0 and x3(t) > Upnin > 0, a sufficiently small
parameter e > 0 exists such that the dynamics (4.17)-(4.18) can be accurately approximated

by their slow dynamics described by the following system.:

X(t) = f(t.X(t),a0(t),0)

l T —’i I;(t) o T;\k41(t) QMl(t) + Bl(t) N .P12<t) _
B ~(@s(?) m(t)xl( ) D) (0 T,(t))
N z1(t) Ticp(t —h) —xa(t))
e — 5t sign(Tiop(t — h) — 12(t))
(4.20)
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Proof 1 Considering the first term of (4.4). Then by setting n(t) := &(t) — ao(t), the fast

dynamic (4.18) becomes:

o a (4.21)
) = 10 1)
uhere T() = (e 4 i) B (D),
This gives
I(t) = 1 (dz’am(t) Qn(t)  dTi () Tin(t)  dQn(t)
KjC dt x5(t) —em(t) dt x3(t) —em(t) dt (4.22)
L AR Tin(®) Q) + Pult) , |
T e ) K.

As by assumptions, iau(t), T (t), Qan(t), Pa(t), and x3(t) are slowly variable, i.e.

diaua(t) _ dTItIl(t) _dQwn(t) _ dPu(t) _ = —
G = MU = SO — SRS — @3(t) = 0, one has

_Tlfm(t) Qi (t) + Pa(t
K7 C (a5(t) —em(t))?

L(t) = (Kpm(t) + K7 (1)) (4.23)

Under assumption x% — ey > Upin > 0, (4.23) s locally Lipschitz with respect to m;
and ng, then (4.21) becomes

nl(t) _ _KED nl(t> B K} 772(t>
m(t)

n(t) = 5 + A1 (t) m(t) + Aa(t) ma(t)

(4.24)

Ty (t) Qan (t) + Pu(t) Ty (t) Qi (t) + Pu(t)
< .
K C U2 and |As(t)| < oliE

min min

Consequently, for e — 07, system (4.21), with respect to the choice of gains Kp and
K}, is stable ¥ t > 0 (this verifies Assumption 6). Moreover, (4.21) wverifies that g—z is
reqular (see Assumption 5 for our considered case). From Tikhonov’s theorem (Theorem
1) a slow manifold (4.20) ezists for all x1(t) > Quin > 0.

Remark 10 In practice, due to the ICE non reversibility and the necessity to produce the
power, the condition x1(t) > Quin > 0 holds for all t > 0. Moreover, due to the necessity
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4.2. Singular perturbation approach

to power the auxiliary circuit, the DC bus voltage is always maintained at a minimum
level and the condition x3(t) > U > 0 holds for all t > 0.

Remark 11 Hereafter, the slow closed loop control will be designed by using the model
(4.20) such that its dynamic is slower than the dynamic (4.18).

4.2.5 The slow control law design

The desired reference point for xq(t) is given by x7(t) = Q2*(¢), where Q* is the desired
rotational speed. The torque demand 77}, represents the driving cycle of the serial hybrid
electric vehicle.

Equation (4.20) is presented in a vector-matrix format:

1 ) T Qan () + Pa(t)  Polt)

| 72(t) s (t) e () i )
X(t) = 21(t) (Tiop(t — h) — xo(t))
T — = sign(Tiep(t — h) — 25(t))
(4.25)

From the strategy 1, it can be seen that the system (4.25) is more complete then the
system (3.11) used in the prediction. Nevertheless, without the knowledge of the auxiliary
current i,,,, the friction losses T, and the electrical losses P;; and Py, the prediction
can be used as described in the strategy 1. Greater will be the losses, greater will be the
prediction error on the rotational speed. Fortunately, the losses are small in compare of
the traction power. But an observer method will be introduced in the next part in order
to fulfill the lack.

Recall of the prediction

In order to introduce the predictor, the ICE dynamic is approximated as the equation

(3.4) and presented in a vector-matrix format:

X(t) = AX () + BTop(t — h) + d(#) (4.26)

with A = and

0 1/J ]B:[ 0
0 —z1(t)/7s| r1(t)/Tx
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()., () — Pu(t) + taua(t) 23(t) — Poa(t)/z1(t) + T:.(2)
dit)=1| =) M z1(t)J J
0

The predicted vector X, (t) for the state vector X (¢) is computed as [MO79], [Léc+16]
(also see Fig.4.1):

Xp(t) = [Xp (1), Xpa()]" = X (t + 1)

Pl (4.27)
= e X (1) + [ eAN )BT p(t — b+ s)ds + [ eAP=9)d(t 4 s)ds

The state prediction (4.27) transforms the system (4.26) into a delay-free system:

X,(t) = AX,(t) + BTjop(t) +d(t + h) (4.28)

Since (4.28) is not delayed anymore, all the controllers for delay-free systems can be
used to stabilize it.

The control T, is designed as:

Tioplt) = “’X“zt) T Xou(t)
v(t) = @t h) + M@t +h) — X () + M (@it + ) — X (1)) (4.29)

+ o fo (@5 (e + h) — Xp(0))de

where \g, A\; and Ay are tuning parameters defined hereafter.
Substituting the control (4.29) into the reduced model (4.20), the compensated slow
dynamic becomes:
~ Qo (t+ h) T (t+h) + Pa(t+ h) 4 dau(t + h) 25t + h)
Xpl (t) = %(Xp (t) - A :
Xpl (t)
_ Pa(t+h)
Xpl (t)
Xpo(t) = J(@5(t+h) + XX (t) + M X (1) + Ao Ji Xpr(e)de)

—T,(t+h))

(4.30)
with the error X,i(t) = xi(t + h) — X, (). By taking into account that its dynamic
must be very slow, T} is considered as a slow input and has only a slow effect on the
convergence of the dynamic (4.30).

Note that the error X, (t) satisfies:

X1 (£) = =29 X1 (£) = Ay X (£) = Ao i X (1)e + ;;W(t) (4.31)
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4.8. Electrical power and mechanical torque losses estimation

with W(t) = Qura(t+ h) Ty (E+ h) + Pu(t ‘|‘;<L) ‘(f't)iaua;(t +h)xs(t +h) + Pp(t + h)
pl

+ T.(t+ h).

Thus, the tuning choice of Ay, \; and Ay is made such that the polynomial function

s34+ Xas® + Ais + Ao is Hurwitz and guarantees the desired slow dynamics in (4.30).

In our case, the flywheel J is designed sufficiently large with respect to the time
derivative of the demand and the losses %\I/(t), therefore, for A\g, A\; and ), sufficiently
0 (1)

—~ can be considered close to zero almost everywhere.

large, 5 =

4.3 Electrical power and mechanical torque losses es-

timation

In this section, an estimation approach is proposed to capture the electrical power
and mechanical torque losses in real-time (online estimation). The Input-Output Injection
observer is used to achieve the objective [KI83], [KR85].

4.3.1 Input-Output Injection Observer

The system under consideration is recalled:

#i(t) = ;(xz(t) + 2'7‘“51)(7;3(” - ilf((f)) — T,(t))

Fa(t) — Tflg)TiTI*(,jE(t —h) —x5(1)) (4.32)
T+ — sign(Ticp(t — h) — x2(1))

inlt) = g(-inle) - 0Dl I )

The first and third states dynamic of system (4.32) are considered where the electrical

power (P,) and mechanical torque (7,,;) losses are being considered as constant states

variables
Bl = e+ Zj”fc?(f;(t) Tu(1))
Tmz(t) =0
; Lo . Tin(t) Qn(t)  Palt) (4.33)
Pel(t) = 0
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P(t)

il (t)

where T,,,(t) = + T,.(t) and Py(t) = iqus(t)23(t) + Pi1(2).

The goal is to estimate (P.;) and (7,,) by considering the speed z1(t) = (t), the
torque x(t) = Tiop(t), the DC bus x3(t) = Upc(t), the traction torque Ty, (t) and the
current i},5(t) as outputs-inputs measurements.

Consequently, the system (4.33) can be written in the Input-Output Injection form [KI83]

Zy = A Zy+ U (y,u)

4.34
n = Gz (4.34)
0 1
where Z; = [z1(t); Tru]", A1 = ( _J),
0 0
To(t) +in l‘g(i)
U (y,u) = ¥ z1(t) and C; = [1; 0]
0
y2 = 0oy
T (62 t
0 — 1 _Z}k\/m(t) . Ml(x)(t;\/ll( )
where Zp = [z3(t); Pul”, A2(y) = Cas(t) |, oy, u) = G
0 0 0
and Cy = [1; 0].

By applying the Kalman criterion, it can be remarked that system (4.34) and (4.35)

141

are observable, since the rank of ( ), i = 1,2, is equal to 2, with x3(t) > U, for

system (4.35). Then, an observer can be designed for systems (4.34) and (4.35) as:

Z; = AZ;i+ iy, u) + G;Ci(Z; — Zz)

A 4.36

where Zy = [&1(t); T]", Zo = [25(t); Py]” and G; = [Gi1; Gyo]” is the gain of the corre-

sponding observer.
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4.3.2 Observer convergence

Let us define the estimation error as: ;g0 = Z; — ZZ The related dynamics is given by

Proposition 2 Consider systems (4.34) and (4.35). Then, system (4.36) is an exponen-
tial observer for systems (4.34) and (4.35), for Gi1 and Gys sufficiently large.

Proof 2 To achieve the exponential stability of the error (4.37), the gains G and G
are assigned by a pole placement: det[(A; — G;C;) —A] = A%+ 2mwyA +w?. The estimation

leads to:
Gi=[2mwy —wiJ', Gy=[2mwy —wiCuas]". (4.38)
There exists a positive definite symmetric matriz P; which satisfies
Pi(A; — GiC) + (4, — GiC)'P, = —Q;
where Q; is a definite positive matrix. The derivative of the quadratic function
Vio = 6% Pic e

along solutions of (4.37) satisfies

Vz‘o = —6% Qi €io-

This result implies that the error equation (4.37) converge uniformly exponentially to zero

for eyo and for esy only exponentially to zero for xs3(t) > Upin.

4.4 Stability analysis of the closed loop system

In order to implement the controls (4.12)-(4.29), the controls T} (t) (4.29) and i} (¢)
(4.12) remains the same, the losses (P,;) and (7,,;) are replaced in (4.27) by their estimates
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resulting in the predictor

X,(t) = e X (t) + [ AP BTi p(t — h+ s)ds + [t eAP=9)d(t + s5)ds (4.39)

o L 0 CUa®) Tin ) + Pat)  Tult)
with A= | S| B= || and d(t) = ()] J
o Ty T4+ 0

Where (P.)) and (T}, are given by observers (4.36).

Theorem 2 Consider system (4.9) controlled by (4.12) and (4.29). Then there ezists
observer gains G1 and Gy of (4.36) that guaranty the practical stability of system (4.9)

under the cation of the observer based control.

Proof 3 The proof follows from singular perturbation argument because observer gains
G1 and Gy of (4.36) are selected such that the observer dynamic is largely faster than
mechanical dynamic (4.28). Since the dynamic of i}(t) (4.12) is not affected by losses
estimations (]561 and Tml ), it is not necessary to have observer gains faster than this

electrical dynamic

Remark 12 For simplicity, the observer and electrical speeds (eigenvalues) dynamics can

be chosen closer.

4.5 Summary

Contributions

— Singular perturbation approach used for studying the selected strategy.

— State observer employed for estimating the power losses.
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CHAPTER 5

POWER MANAGEMENT

5.1 Introduction

—— Mechanical energy Auxiliary circuit
—— Electrical energy 400V

Electrical energy 14V

Figure 5.1 — Global Architecture

In this chapter, a power management that will provide the references for the flywheel
rotational speed and the DC bus voltage is proposed. The principal aim behind the power
management is to deal with the saturation of each element of the hybrid serial vehicle
figure 5.1 and find the best references that will realize the driver demand. The driver
demand is here the accelerator pedal, it has to somehow correspond to the torque demand
on the M1.

In the serial hybrid vehicle, the power goes from the ICE to the M1. The ICE produces
mechanical power by burning the fuel, the M2 converts this power into electrical power
and the M1 uses this power to tract the vehicle. Between the ICE and the M2, a flywheel
acts as a storage of mechanical energy. Between the M2 and the M1, a capacitor acts as
a storage of electrical energy. In this configuration, the flywheel and the capacitor are the
key to maintain the power transmission needed to realize the user demand. The physical
value of the voltage and the rotational speed representing the level of energy storage that

each buffer has.
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Figure 5.2 shows the different constraint that the power management has to overcome
to take the fullest advantage of the system. Firstly, the maximum power consumption
of the M1 has to meet the maximum power produced by the M2, minus the possible
perturbation. Secondly, the M2 maximum power production depends on the voltage bus
and the rotational speed of the flywheel. Thirdly, the ICE maximum power production
also depends on the rotational speed. Thus, to get the maximum power for the M1, the
system has to be inside the constraint of each element. Moreover, the power production

dynamic is limited by the slow dynamic of the ICE.
The next section will present:

— the car modeling,
— the torque saturation of the M1, the M2 and the ICE,
— the proposed power management,

— the respond of a step demand.

Dynamic with a double respond time —: PP PP )
o ‘ : : : Perturbation :

F T —
—Tice i : [ aux||

—Ticel : ‘Auxiliary circuit

Torque (N.m)
_ Qurrent (4)

Time (s) :

| :
S ]Uncontrollable aera]

- TI* CEmazx
- ﬂ! 2max 400V
ﬂ’[.?m(m; 200V

Rotational speed (RPM)

Figure 5.2 — Usage domain and constraint for the serial hybrid vehicle
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5.2. Car modeling

5.2 Car modeling

The car modeling is simplified as possible. It only involves the inertia Jyi:

T (1)
Jan

(5.1)

The inertia is linked to the car mass m.,, by the wheel radius 7. and the reduction

ratio of the gearbox Rgeqrpor such that:

Tiheel
whee
I = Mear 2

R

gearbox

Also, the vehicle speed V_,, is given by:

‘/car = 3.6 QMl

Rgearbom

T'wheel

(5.2)

(5.3)

The various units used in the equations are: Qyq in rad/s, rypee in M, Ve, in km/h,

Mear 0 kg, Jyr in kg.m?. Note that, the rotational speed is displayed in RPM and not

in rad/s for the simulation reading.

@
o

=
~
S60 -
=
=
s 40 v —
X car
)
20 ! ! ! ! ! ! ! I
S 0 0.5 1 1.5 2 25 3 3.5 4.5 5
=
% 10000 \ \ \ \ \ \ \ \
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g Ty,
= 200 — T
T
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S 100 |- .
(=}
& 0 ! ! ! ! ! ! ! !
0 0.5 1 15 2 2.5 3 3.5 4.5 5
time (s)

Figure 5.3 — Simulation with the maximum torque delivered by the M1, the mass of the

car is 1500kg
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5.3 The saturation constraint and efficiency

In this section, the maximum torques and the efficiencies of the M2 and the ICE are

shown. As well as the maximum torque is shown for the M1.

5.3.1 The ICE and M2 torque saturation

The quasi-static model of the ICE comes from the book [GS13] and has been adapted
to the company engine. The quasi-static model describes the efficiency and the maximum
torque of the ICE. The M2 maximum torque comes from the manufacturer specification

and the efficiency is derived from the offline optimization presented in the section 2.4.

Uncontrollable aera

160

140 =

100

80 —

Maximum torque (N.m)

40 - .

Trce
T'rr2 400V |
T2 200V
0 \ \ \ \ \ L
0 1000 2000 3000 4000 5000 6000
Rotational speed (RPM)

20 —

Figure 5.4 — The ICE and M2 maximum torques

The maximum torques of the ICE and the M2 are shown on figure 5.4. The ICE
produces the maximum torque around 4500 RPM and his maximum power 80kW around
5500RPM. In the same figure, the maximum torque for the M2 is displayed for a DC bus
at 200V and 400V'. The torque is limited by the maximum torque value below 2100 RP M .
Above this rotational speed, the torque is limited by the maximum power of the M2. For
a DC bus at 200V, the maximum power reaches 10kW and at 400V the maximum power
is 30KV

On figure 5.4, it appears an uncontrollable area. This region represents an unstable
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area. If the ICE produces more torque than the maximum torque that the M2 can absorb.
Then, the rotational speed increases moving the operation point to higher RPM. This
will decrease the M2 maximum torque. At this point, if the ICE torque is not cut. Then
this phenomenon will rapidly increase the torque difference Tjcp — Ty, resulting in an

uncontrollable acceleration of the rotational speed.

5.3.2 The ICE and the M2 efficiencies

150

100

Torque (N.m)
Torque (N.m)

50 - /

_—12255;;;;

0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Rotational speed (RPM) Rotational speed (RPM)

Figure 5.5 — The quasi-static model of the ICE and M2 showing the maximum torques
and the efficiencies. Left: the ICE characteristic — Right: the M2 characteristic

Below the maximum torque produced by the ICE, the efficiency is displayed in figure
5.5-left. Note that, the region with the higher efficiency is under 40% and around the
maximum torque. For the M2, the efficiency is shown on figure 5.5-right. The electric
motor is much efficient than the internal combustion engine. The efficiency area above
90% covers the majority of the operating point. Nevertheless, the efficiency declined with
lower rotational speed and arrived at 0% for ORPM. At low torque and high RPM, the
efficiency is also decreasing due to the de-fluxing of the PMSM.

Moreover, the ICE and M2 efficiencies are combined in figure 5.6. The combination
of the ICE and M2 efficiencies show the power efficiency from the fuel combustion to the
electrical power. This figure shows the most efficient point from the coupling ICE/M2 in
order to produce the energy needed for the M1.
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150

L = NicE|M2

Trcr

\ _—

100 - 0.3 |

{0

Torque (N.m)

0 1000 2000 3000 4000 5000 6000
Rotational speed (RPM)

Figure 5.6 — The combination of the ICE and the M2 efficiencies

5.3.3 The M1 saturation

The M1 saturation is shown on figure 5.7. For the DC bus voltage at 400V, the torque
is limited at 220 N.m below 1600RPM and above 1600RPM by the maximum power of
70kW that the M1 can produce.
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Figure 5.7 — The M1 maximum torque
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5.4 The power management

In this section, the power management is in charge of attributing the rotational speed
reference and the voltage bus reference for lower level of strategies developed in the section
3.3 and recalls in figure 5.8. In the sequel, the operating area of the M1 is divided in

different region. The attribution of the voltage is explained, as well as the rotational

speed.
u(t)
S
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X,(t) *
»Rotational speed TICE(t)‘ ICE TICE(tZ@_» 1 >
. > control " Js g
Q' (t+h) o)
¢ L
u(t) Power > inna(t) Ta(t)
management U*Dc(t) » Voltage control » M2
~< N Upc(t) >
1 Upc(t)
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o Tin(t)
> elay > ;
u(t) u(t-h) in(t)

Figure 5.8 — Power management with the first strategy

5.4.1 The operating area of the M1

See figure 5.9, the M1 operating area is enclosed by: the saturation of the M1 motor and
the maximum power available on the DC bus. The M2 can deliver 30kW. The perturbation
from the auxiliary can consume 3kW. Thus, when the perturbation occurs, the power
available for the M1 is reduced at 27kW .

Thus the operating area can be divided in three region by the following condition:

if Qa1 < 1200RPM (1)
0 < Ty <220N.m
else if Py < 27TkW (2)
0 < T < 2Tkw/Qpn
else if Py < 30kW (3)
27kw /. < Tapn < 30kW /O

81



Chapter 5 — Power management

On figure 5.9, the area 1 is limited by the maximum torque 220N.m and 1200RP M,
this area corresponds at the M2 can produce enough power and the M1 saturation limit
the traction power. The area 2 corresponds at the region above 1200RPM and below the
iso-power curve of 27kW. It is the region, if the perturbation occur, the M2 limit the
maximum power for the traction. The area 3 corresponds at the last part of the operating
point accessible, if the perturbation doesn’t occur. It is situated below the M2 maximum
power that is 30kW .

250 T T T T
\ T
— ﬂnaz 30kW

T 276V | |

200 —

150 1

100

Maximum torque (N.m)

50

0 1000 2000 3000 4000 5000 6000 7000 8000
Rotational speed (RPM)

Figure 5.9 — The operating area of the M1 enclosed by the M1 maximum torque, the
iso-power curve of 27kW and 30kW .

In practice, the operating point is kept in the area 1 and 2. Thus, if the perturbation
occurs, the M2 and ICE can produce the power needed by the auxiliary circuit. That is,
if the system is attended to work in area 3, the power needed by the auxiliary circuit has

to be deduced from the traction power because the M2 cannot provide it.

5.4.2 The DC bus reference

From the characteristic of the M2, recalled on figure 5.10, the M2 is able to produce
more power with higher voltage. But, the capacitor placed on the DC bus is rated at the
maximum voltage of 450V and a security of 50V ensures some room before damaging
it. Thus, the DC bus voltage reference is chosen to be 400V. The tradeoff made with a
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constant voltage reference is that the losses in the inverter are greater with higher voltage
than needed. If the aim was to minimize the inverter losses, the strategy would have to
choose the lowest voltage for the power production. Nevertheless, the inverter losses can

be compromised in front of the constant voltage and safety.
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Figure 5.10 — The ICE and M2 maximum torque

5.4.3 The rotational speed reference

In order to attribute the best rotational speed for the flywheel, the idea is to choose a
linkage curve between the most efficient point producing the maximum power out of the
M2 and the zero power point located on the minimal rotational speed. On figure 5.11, the
combination of the ICE and M2 efficiencies is recalled and it can be seen that the best
efficiency point producing Promae = 30kW is around €2,,,, = 2300RPM and Thyromaer =
120N.m. Also, the zero power point is around the minimum speed at £2,,;, = 1000RPM.
From these two points a straight line presents the benefit to be simple to implement and
follow the best efficiency point. Thus, it has been chosen for the rotational speed reference.
This straight line is defined by:

QF — Qnin

Ty = 5.4
M2 Qmaa: - Qmm M2 ( )
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Figure 5.11 — The ICE and M2 maximum torque and efficiencies with the rotational speed
reference

The power produced by the M2 being;:

Piry = Tip (5.5)
The rotational wheel reference is:
, * _ A 2
Q* _ szn + \/4 PM2 Qmax;Qmaz szn) + szn (56)

Thus, from the power reference needed by the traction, the appropriate rotational
speed is chosen for the ICE. The strategy proposed here is simple, easily adjustable and
can be used for a complex curve minimizing the quasi-static power losses. The method

for choosing the parameter can be adapted to different motor without difficulty.

5.4.4 Power management simulation

The simulation is conducted with the strategy 1 developed in the previous and recall
in figure 5.12.
With the approximation (3.14), the power recall from the M1 is formulated as:

Piry = Thpp O = Ty Qann = ullan (5.7)
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u(t)

Predictor

AU\T

Y

X, (t) .
Rotational speed TICE(t) ICE TICE(tZ@_» 1 »

control
Q" (t+h) o)
u(t) Power > iyia(t) Ta(t)
management U*Dc(t) » Voltage control » M2
~( ] Upc(t) >
1 Upc(t)
a >
Ti(t)
» Delay > -
u(t) u(t-h) in(t)

Figure 5.12 — Power management with the first strategy

The first result is shown on figure 5.13. The aim is to deliver 50% of the capability of the
M2, i.e. 15kW. Beginning at the rotational speed 2* = 1000 RPM and the DC bus voltage
at Uj = 400V. The vehicle speed start at 20km/h, corresponding to 2y = 1750RPM.
The user demand represented by the M1 torque goes from 0 to 82N.m with a ramp from
t1 =0.1s to to = 1.1s.
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Figure 5.13 — Simulation at 50% of the M2 capability with an instantaneous disturbance
louz = (.DA at t3 = 3.1s
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On the bottom left of the figure, the torque of the M2 follows the ICE torque. On
the bottom right of the figure, the current of the M2 follows the consumption of the M1.
Except at t3 = 3.1s, when the auxiliary circuit disturbs the DC bus, it consumes 0A at
t3 = 3.1s to 7.5A in 100ms. It can be seen that the current 7,,5 produces by the M2
increase. On the top of the figure, the simulation shows some oscillation on the rotational
speed €2, a part is due to the double constant 7o of the ICE. The voltage Up¢ is kept
around +£10V.
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Figure 5.14 — Operating of the ICE and M2 at 50%

On figure 5.14, the operating point (€2, 7') of the simulation is shown. The figure
illustrates the trajectory of the ICE, the M2 and also their torque saturation. It can
be seen that the ICE and M2 begin at the point (1000RPM, ON.m) and follows the
reference to (1800RPM, 78 N.m). When the auxiliary circuit disturbs the DC bus, the
operating point moves to higher torque t4, = (1800RPM, 98N.m) in order to compensate
the consumption from the auxiliary circuit.

The second simulation shows the case where the power demand is higher than the
capacity of the M2. The simulation is shown on figure 5.15, the aim is to deliver 100% of
the capability of the M2, i.e. 30kW. Beginning at the rotational speed 2* = 1000RPM and
the DC bus voltage at U}, = 400V. The vehicle speed start at 20km/h corresponding
to Q1 = 1750RPM. The user demand represented by the M1 torque goes from 0 to
164N.m with a ramp from t; = 0.1s to t, = 2.1s.

The current of the M2 follows the consumption of the M1. Except at t3 = 3.1s, when
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Figure 5.15 — Simulation at 100% of the M2 capability with an instantaneous disturbance
louz = (.DA at t3 = 3.1s

the auxiliary circuit disturbs the DC bus, it consumes 0A at t3 = 3.1s to 7.5A in 100ms.

It can be seen that the voltage bus Upc rapidly decreases and the simulation is stopped.
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Figure 5.16 — Operating of the ICE and M2 at 100%

87



Chapter 5 — Power management

On figure 5.16, the operating point (€2, T') of the simulation is shown. The figure
illustrates the trajectory of the ICE, the M2 and also their torque saturation. It can be
seen that the ICE and M2 begin at the point (1000RPM, ON.m) and follows the reference
to (2300RPM, 140N.m). When the auxiliary circuit disturbs the DC bus, the operating
point of the ICE moves to higher torque in order to compensate the consumption from
the auxiliary circuit. But, the M2 torque saturates and the simulation is stopped from the
critical voltage. It is due to the M1 demand being 30kW | placing the operating point the
area 3 describes previously. The M2 has a maximum power of 30kW, when the auxiliary
circuit kick on and consumes 3kW, the DC bus voltage collapse. This case shows the

importance to maintain the M1 demand under 27k .

5.5 Open loop strategy for a step demand
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Figure 5.17 — Open loop strategy with the power management

In this section, an open loop method is proposed for a greater time respond from this
serial hybrid vehicle. The aim is to open the control loop dedicated to the rotational speed.
The loop will be cut, as shown in figure 5.17, in between the control law and the torque
reference for the ICE. The idea is to impose the maximum torque demand to the ICE
when a high demand occurs from the user. Doing this, the ICE throttle is fully open, the
torque will climb as well as the rotational speed of the flywheel. When enough energy is

stored in the flywheel, the M1 is switched on from the initial state to the user demand and
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the loop is closed. Thus, the user demand is delayed for the time that the ICE torque gets
higher and the flywheel gets enough energy before realizing the demand. The dynamic of
the M1 can give a better feeling to the user than the slow dynamic of the ICE.

—U
*
_TMJ/TMImam

0 0.5
time(s)

Figure 5.18 — Type of step demand delayed by to

On one hand, see figure 5.18, the user demand v consider here is a step demand from

0 to a normalized value:
u o u PM2max

v (5.8)

B TMlmax QMl
On the other hand, the torque request T5;; = ©/Th1max for the M1 can be a delayed
step of v by to.

The open strategy is:
while t<t,+to

Tan(t+h) =0

Tice(t) = TicEmas
otherwise

Tan(t+h) =T,

Trep(t) regul

with the objective to have 0 < tp < 300ms and the time ¢, being the instant where
the user demand occurs.

A simulation of the open loop strategy is shown in figure 5.19. The aim is to deliver
60% of the capability of the M2. Beginning at the rotational speed Q* = 1200RPM
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and the DC bus voltage at U}, = 400V. The vehicle speed starts at 20km/h. The user
demand represented by the M1 torque goes from 0 to 98 N.m at 0.1s. The loop opens at
0.1s and for tp = 220ms. During this time, the maximum torque is requested to the ICE.

After this delay, the M1 realizes the torque demand.
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Figure 5.19 — Simulation of the open loop strategy with an open loop delay top = 220ms

Note the decreasing of the rotational speed (circle in green on the top left of the figure)
when the M1 torque occurs. It corresponds to the area where the M2 torque is higher than
the ICE torque. It is an instant where the energy is drawn from the flywheel. If the delay
to is too short. An example is given in the simulation figure 5.20, the delay is tp = 210ms,

the rotational speed of the flywheel drops and will conduct to an engine stalling.
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Figure 5.20 — Simulation of the open loop strategy with a to low delay to = 210ms

Using different user demand and different initial speed of the flywheel, i.e. from 0 to
95% of the maximum power of the M2 and €2 from 1000RPM to 3000RPM . An iterative
method has been used to find the minimum delay for each situation. The result is shown
on figure 5.21. It can be seen that for lower initial rotational speed the delay is larger as
well as for higher user demand the delay is larger. Note that, the delay can be reduced

under 50ms for low requested demand and above a certain speed.

In this subsection, the open loop strategy has been studied for a step demand and an
iterative method has been shown the existence of numerous delay permitting to realize a
step demand. This approach can be adapted for ramp and first order respond with simple

modification. Thus, this strategy can be extended for a lot of user cases.
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Figure 5.21 — Minimum delay ¢ for different user demand and initial rotational speed

5.6 Summary

Contributions

— Presentation of a power management able to realize the user demand and to
deal with the saturation of each element of the vehicle.

— Proposition of an open loop strategy for higher performance of the system.
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CHAPTER 6

VALIDATION ON A TEST BENCH

6.1 Introduction

This chapter presents experimental results achieved by the control algorithm devel-
oped in previous chapters. The test bench used for the implementation has been adapted
from an available setup existing in the laboratory, see figure 6.1. Numerous PhD the-
sis and collaboration have been made on this platform. Recently, [Mes19] proposed new

observation technique for the angular position and validated the technique on this test
bench.

Figure 6.1 — Test Bench

In the next section of this chapter, the constitution and technical specification of the
test bench will be discussed and compared to the system presents in the vehicle. After, the

current control will be recalled from chapter 2 and applied on the test bench. Then, the
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singular perturbation approach presented on chapter 4 will be adapted to the platform
modeling and the experimental setup will be used to ascertained the performance achieved
with the approach. Lastly, the open strategy presented in chapter 5 will be demonstrated

on the platform.

6.2 Constitution and technical specification of the

test bench
400V - 50 Hz
ipe
DSpace DSllOS o > Load Alimentation
A A A a—
. T A ie\limv Ua im
Ticp T 0 abe  Sabe ne & 1
. \ . Yoo b
= | ; P : }_
z_ Inverter |— ICE T (g - M2 ¢ Upc
S T ! I
= I I N ice | £ | T [ [/ T

Figure 6.2 — Diagram of the test bench

The test bench is described in figure 6.2. The control is implemented on a solution
supplied by dSPACE. The real-time model produced via Matlab/Simulink is compiled
and downloaded in the dSPACE board DS1103. Where, the micro-controller inside the
board executed the software in real-time. The dSPACE board used: analog to digital
converter to acquire the measure needed for the control scheme, 5V TTL signal to control
the inverter branch and digital to analog converter to send the required torque to the ICE
inverter and current reference to the load. Note that, no internal combustion engine has
been used for the experiment. The ICE comportment is simulated in software, see figure
6.3. Thus, the ICE torque is produced by an inverter and a PMSM. In this section, ICE
designates the PMSM motor responsible to produce the torque instead of a real internal
combustion engine. The ICE motor is an 8 kW SEW synchronous motor with a peak
torque of 68.30 N.m and a nominal speed of 3000 RPM. The ICE motor is powered by a
SEW inverter with a rated power of 5.5 kW . This inverter receives and controls the torque

of the motor. The resulting torque dynamic is sufficiently fast relative to the ICE dynamic,
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such that the software simulation and the PMSM reproduces faithfully the comportment

of a real internal combustion engine.

Simulation of Production of
the ICE Dynamic the ICE torque
in the micro-controller
if TG - Tiep >0 1
| - > 1—|—STT+
Tice —] \ Tice | PMSM Tiep
-sh - o +
> ¢ — inverter >
else 1
e s

Figure 6.3 — Implementation of the ICE dynamic

A flywheel has been added to the output shaft of the ICE. The added flywheel permits
to reach the total desired inertia of 40 g.m~2. The flywheel is then coupled to a 50 N.m
KTR torque sensor through a joint. On the opposite side of the torque sensor, a Leroy
Somer PMSM has been connected through a second joint. This motor is the M2 in figure
6.2. His nominal power is 3kW and its maximum speed is 4000RPM. The Leroy Somer
motor is provided with an optical encoder that presents 4096 pulses per revolution. The
inverter connected to the M2 is made by ARCEL and can sustain 1204 and 1200V. The
DC bus of the inverter has been modified to only have a 1 mF capacitor. The DC bus
can be powered by a 6kW — 500V Micronics power supply. It can be discharged by a DC
load specially made by Micronics. This load is controlled in current, can sustain 2kW and
used analog components to fallow fast transient. Thus, the DC load possess a bandwidth

up to 1kHz in order to reproduce a PMSM consumption.
Because, the test bench posses only one DC load, the current send to the load is:
iDC = Z'au:c + i (61)

where i4,, represents the unknown current consumes by the auxiliary circuit and i/

represents the current consumes by the M1.
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System Symbol | Experiment value | Vehicle value | Unit
ICE Ty 107/3 107/3
T_ 407 /3 407 /3
M2 » 3 4
R, 0.45 0.035 Q
Ly 3.8 0.1 mH
L, 3.8 0.3 mH
o, 0.14 0.042 Wh
Inertia J 40 40 gm?>
Capacitor C 1 1 mF
Current closed loop bandwidth E; 100 100 Hz

Table 6.1 — System parameters

6.2.1 Scale adaptation from the vehicle parameters to the test

bench parameters

The test bench has been modified from the last thesis in order to accommodate the
new needs. Old parts of the platform have been renewed and adapted to the powertrain
dynamic. The powertrain parameters and the experiment parameters are given in the
table 6.1.

From the vehicle, the ICE can delivered 90kWW and the M2 can generated 30kW. On
the experiment, the ICE and the M2 are ten times smaller. The ICE is a 9k motor and
the M2 is rated to 3kW. Thus, a power ratio of ten exists between the vehicle and the

experiment.

The dynamic difference between the experiment and the vehicle are given by the pa-
rameter of each element. The parameters dissimilarity between the two M2 are handled by
the current control shows in the next section. The existing tuning parameters presents in
the current control have been tuned to present the same closed-loop bandwidth. The ICE
parameters are the time constants from the vehicle. The added flywheel and the capacitor
bank give us the same buffer dynamic than in the vehicle. Moreover, the sampling rate
for the current control, the voltage control and rotational control has been chosen to be
the same than the vehicle. Thus, if the system doesn’t go into saturation, the dynamic

behavior of the platform corresponds to the powertrain present inside the vehicle.
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6.3 Low level control on the test bench

The current control is achieved as chapter 2 describes it. In the following section, the
control of the current is recalled, the parameters are displayed and an experiment will
illustrate the first step.

In the case of the experiment, the diagram in figure 6.4 shows the different inputs
and outputs signals of the system. The diagram also shows the distribution between the
transformation running inside the software, the connection with the hardware signal and
feedback measure. Each block has been previously presented in the section 2.2. In the

sequel, the essential block will be recalled.

Currents control Software | Hardware
k
1 : H
Lo 5 T
.. * * -V-* .
Eld:O Current vdq Clarke/ abc . Cabe Sabe Inverter
= > »| Scaling » PWM —— >
: Control Park + M2 Iyio
idq UDC Labe
Clarke/ |
Park iabc

Figure 6.4 — Diagram of the current control

6.3.1 Current control

The first block is the current control. This block is made with two PI control law with

the decoupling term introduced such that:

! (6.2)

<
Q% A%

kai [ (i3 — iq)dt + kap(i§ — ia) — Leiqwr
ki | (22 —idg)dt + kqp(i; —ig) + W, P + Lyiqw,

where kq; and kg, are the control gain for the d axis and £, and kg, are the control gain

for the ¢ axis.

The scaling consists of:

Qg v
S 4 (6.3)

ab - UDC 'Uli

Q. vl
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I

is the DC bus voltage.
The PWM is implemented with the intersective method. This method used the duty-

cycle to calculate the control signal needed for the IGBT. It is described in the section
2.2.4.

where [vf, vi, v¥]T are the voltage references, [ag, ap, a.]T are the duty-cycles and Upc

6.3.2 Current references

The M2 present in the experiment is a PMSM with smooth poles configuration. This
configuration implies that Lqy = L4, that is the optimization problem presented in the

section 2.4 can be simplified.

The electromagnetic torque T2 is created by the interaction of the permanent magnets
and the magnetic flux induced by the current in the stator winding. With smooth poles

motors, the torque applied to the shaft output is such that:

3 . .
TM2:§pq)qu:alq (64)

with the torque coefficient o = %pCI)f.

Thus, the current iy doesn’t interact with the torque and the offline optimization has

to be replaced in the experiment by the following setting:

— the current 7; = 0,

— the current 77 = Ty, /a as the input for the control design.

6.3.3 Experiment results with the current control

The tuning process involve to try and adapt the control parameters, first on simulation
then on the system itself. Here, the parameters were chosen such that the close loop
bandwidth is around 100H z. The resulted tuning is given on table 6.2 and the response
of the system is shown in figure 6.5. The motor is turning at 1000RPM and the DC bus
voltage is fixed at 180V. The current 4,4 is stabilized around 0A. The current reference i,

is stepping from 0A to 1A. The current ¢, shows the transient response when the current

*

q
oscillation due to the inverter non-linearity and the imperfection of the motor.

reference ¢, changes. Compared to the simulation, the currents iy and i, present some
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Figure 6.5 — Experiments results with the control of 74 and i,. — Top: ¢4 current — Bottom:

14 current.

6.4 Voltage and rotational speed control

From the last section, the currents (i4, i,) are controlled and regulated around their
references (i, i;). Thus, the design control can evolve at the next level. Using the singular
perturbation approach, developed in the section 4.2, the voltage and rotational speed
control are designed. The singular perturbation approach is recalled with the experimental
modeling. The difference from the vehicle and the experiment being the input control for
the M2. In the case of the vehicle, the input of the M2 is the current produce on the DC
bus. Here, the reference 77 is the image of the torque putted on the shaft of the M2. Thus,

the next part is the presentation of the experiment modeling.

6.4.1 The experiment modeling

The structure of the system is represented in figure 6.6. The system shows three input:
the torque reference T, for the ICE, the current reference i; of the M2 and the current
reference i},, of the M1. Also, the perturbations are: the current i,,, for the DC bus, the
electrical losses P from the M2 and the friction torque 7, on the flywheel shaft. The
aims are to: realize the user demand that is the current demand 73},, for the M1, stabilize
the rotational speed §2 of the flywheel and stabilize the voltage Upc of the DC bus.
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Ticx(t) Ticn(t)
—>» ICE |
) Q(t)
Js )
)
—» M2
1 UDC(t)
Cs >

Figure 6.6 — Block diagram of the test bench

The state space model of the experiment is:

T[CE(t) + CYZZ (t) — Tr

Q(t) = 5

. B ATior(t)Qt)

TICE(t) N T+ — % szgnATICE(t) (6 5>
UDC(t) _ _iMQ(t) — lauz (t) - Z.*Ml (t)

C

with ATyep(t) = Tiop(t — h(t)) — Ticp(t) and iy (t) = ai;(t)ézjj(?(;; Pp(t)

Where « is the torque coefficient of the M2 (see (6.4)), T, is the friction torque present
on the flywheel shaft and P the electrical losses from the M2.

6.4.2 Application of the singular perturbation approach

The system (6.5) under consideration is recalled in a state variable form:

B0 = = (aa(t) +ady(t) - TH)

J
#a(t) = 21(t) (Tiem(t — h) — xa(1))
WS =57 sign(Tiop(t — h) — (1)) (6.6)

t
() = 1(_a¢;(t):c;§2)+ﬂg(t)

C
100

- Z'awc (t) - Z*Ml)




6.4. Voltage and rotational speed control

with the state vector

x1(t) Q(t)
:L‘(t): .1'2( TICE(t) . (67)
f[)g(t) UDC’(t)

~
~—
I

Remark 13 The model (6.6) contains two time scales processes, the fast one is given

by x5 = Upc dynamic and the slow one is represented by the dynamics of x1 = Q and

o = TicE.

Control diagram

The strategy developed with the singular perturbation approach comes from the strat-
egy 1 and it is depicted in figure 6.7. It is composed of two subsystems: fast loop based
on the fast actuators (PMSM) that drives the DC bus voltage Up¢; and slow loop based
on the slow actuator (ICE) that stabilizes the rotational speed 2 of the flywheel.

u(t)
-«
Predictor [
X,(t) *
»Rotational speed TICE(t)‘ ICE : >
—> control - ” ]
Q7 (t+h) "
> Vol 1 o
U* ¢ »| Voltage contro » M2
DC( ) UDC(t) »
] Uncl)
Cs -

V- L2 e

Figure 6.7 — Control scheme of the first strategy with the prediction
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The fast control law design

The fast voltage control in (6.8) is a PI controller in terms of 4} that stabilizes the DC

bus voltage x3 = Upc at the reference level x5 = Up:

) = — Z;Uf((tt)) (Kp (23(t) — 23(t)) + K 24(t)) (6.8)

where z4(t) = [y (23(1) — z3(¢))du.
The control input (6.8) being applied to system (6.6) yields the closed loop nonlinear

system:

¢ﬁ>=](m@—C“®M@@m—%wwu@mm—ﬂ@)

J l’l(t)
T — 5= sign(Tiep(t — h) — 22(1)) (6.9)
i3(t) = Kp(x(t) — x3(t)) + Krza(t) — é (ilj((:)) + lquz () + 154 (t))

i4(t) = x3(t) — x3(t)
Following the singular perturbation approach, the fast variables are introduced as
t = xi(t) — t
“6ilt) = wi(0) — ) 610
e &(t) = wa(t)

Then system (6.9) can be rewritten as follows:

a0 = 5 (a0 - a0 + Kya) - 1.0)

21(t) (Trep(t = h) — 25(1))

To(t) = e — =5t sign(Ticp(t — h) — 12(t)) (6.11)
) = K3l - Ky + & (T8 4 i)+ 5000

ebolt) = &(t)

where the tuning parameters of the fast control (6.8) are given by

Kp K}

and K; = —. (6.12)
£

Kp=
£
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6.4. Voltage and rotational speed control

The tuning choice of K} and K} is made such that the polynomial s? + K}s + K}
is Hurwitz that yields the desired characteristics of the transient response. According to

[KKO86], eq. (6.11) is rewritten in a singular perturbation form:

X(t) = f(t,X(#),£),¢) (6.13)
e€(t) = g(t,X(2),€(t).¢) (6.14)

where X (t) = [x1(t), 22 (t)]T, £(t) = [€1(1), & (1)) and € is a small positive parameter.
Now, the frozen solution of the fast dynamic equation (6.11), i.e. ¢ = 0, is computed

as follows:
0

O./()(t) = 1 Pl2(t) iaux<t> + Z’]K\Jl(t)

(6.15)
?;(cxg(t) C c )

Proposition 3 For all z1(t) > Quuin > 0, a sufficiently small parameter € > 0 exists such
that the dynamics (6.13)-(6.14) can be accurately approzimated by their slow dynamics
described by the following system:

X(t) = f(t,X(t),a0(t),0)
l (xg(t) _ Ppa(t) _ iau;p(t)x?)(t) i (t)i?)(t) _ TT(t)>

J x1(t) x1(t) S
21(t) (Ticp(t — h) — x2(1))
T+ — T_;H sign(Ticp(t —h) — xa(t))

The slow control law design

The desired reference point for () is given by x(t) = Q*(¢), where Q* is the desired
rotational speed. The torque demand T}, represents the driving cycle of the serial hybrid
electric vehicle.

Equation (6.16) is presented in a vector-matrix format:

L (x2<t> LU N (O (O m))
o(t) (it — ) — va(1)) '

e — 5= sign(Ticp(t — h) — 22(t))

From the strategy 1, it can be seen that the system (6.17) is more complete than the
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system (3.11) used in the prediction. Nevertheless, without the knowledge of the auxiliary
current 7,,,, the friction losses 7T, and the electrical losses P, the prediction can be used
as described in the strategy 1. Greater will be the losses, greater will be the prediction
error on the rotational speed. Fortunately, the power losses are small in comparison of the
traction power. But, an observer method will be introduced in the next part in order to
fulfill the lack.

Recall of the prediction

In order to introduce the predictor, the ICE dynamic is approximated as the equation

(3.4) and presented in a vector-matrix format:

X(t) = AX(t) + BTjop(t — h) +d(1) (6.18)
with A = 0 1/ ], = [ 0 and
0 —xq(t)/7¢ w1 (t)/7s
1/ Pe() . 25t) 80
ﬂ@:J(mﬁ)‘mwMﬂ ) @) “®.
0

The predicted vector X,(t) for the state vector X (¢) is computed as [MO79], [Léc+16]
(also see Fig.4.1):

Xp(t) = [Xp (1), Xpa(1)]" = X (¢ + h)

pl
6.19
= e X (1) + [I eAM ) BT p(t — b+ s)ds + [ eAP=2)d(t 4 s)ds (6.19)

The state prediction (6.19) transforms the system (6.18) into a delay-free system:

X,(t) = AX,(t) + BTjp(t) + d(t + h) (6.20)

Since (6.20) is not delayed anymore, all the controllers for delay-free systems can be
used to stabilize it.

The control T, is designed as:

ﬁ@@=:ﬁﬂg+&w>
v(t) — @t R) 4 M@ (E+h) — Xp1 (1) + M2t (E+h) — Xpu(2)) (6.21)

+Xo Jo (@3 (e +h) = Xpu(0))de
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6.4. Voltage and rotational speed control

where \g, A\; and A\ are tuning parameters defined hereafter.

Substituting the control (6.21) into the reduced model (6.16), the compensated slow

dynamic becomes:

Xp(t) = }I(X,, () - Delt+h) + Z’;;;((ttj h) 2t + h)
iy (t+ h) xi(t+ h) .
- X, (1) = T.(t+h)) (6.22)

Xpo(t) = J(E(E+R) + AKX (8) + MK () + Ao J§ Ko ()de)

with the error X,i(t) = xi(t + h) — X,1(t). By taking into account that its dynamic
must be very slow, T} is considered as a slow input and has only a slow effect on the

convergence of the dynamic (6.22).

Note that the error X, (t) satisfies:

X1 (1) = —ho X (£) = Ay X (£) = No [ Xpa (D)t + L 2(T(1)) (6.23)

with W(t) = Pt + h) + taus(t + h) x;)ét z;)h) +iin(t )t +h) T+ h)
pl

Thus, the tuning choice of Ay, Ay and Ay is made such that the polynomial function

s34+ Xos? + A\is + Ao is Hurwitz and guarantees the desired slow dynamics in (6.22).

6.4.3 Electrical power and mechanical torque losses estimation

In this section, an estimation approach is proposed to capture the electrical power (P,;)
and mechanical torque losses (7)) in real-time (online estimation). The Input-Output
Injection observer is used to achieve the objective [KI83], [KR85].

Input-Output Injection Observer

The first and third states dynamic of system (6.6) are considered where the electrical

power (P,) and mechanical torque (7,,;) losses are being considered as constant states
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variables . T
n(t) = x2()+m‘1})_ il
Tu(t) = 0
_aidg(t)zi(t) + Palt) —ian(®) (6.24)
' - Za(t) M1
‘1:3(t> - C
Pel(t) =0

where T,,,;(t) = T,.(t) and P.y(t) = Pia(t) + tquz (t)x3(t).

The goal is to estimate (P.;) and (7)) by considering the speed x;(t) = (t), the
torque z5(t) = Trop(t), the DC bus xo(t) = U(t), the load current ¢;(¢) and the current
i,(t) as outputs-inputs measurements.

Consequently, the system (6.24) can be written in the Input-Output Injection form [KI83]

Zl = AZ1+ iy, )

6.25

h = C1Z, ( )
here Z; = [z1(t); To]T, Ay = 0 =5
where Zy = [z1(t); Toul”, A1 = 0o o)

2a(t) + avig(t)
U (y,u) = J and C; = [1;0];
0
ZQ = AQ(y)Z2+¢2(yvu) (6.26)

yo = a2,

0 —=—L_
where Zy = [x3(t); Py|’, As(y) = (0 Cgs(ﬂ)7
_aigBn(t)

Ya(y,u) = $3(t>c
0

— iy (t)

By applying the Kalman criterion, it can be remarked that system (6.25) and (6.26)

%

are observable, since the rank of ( ), i = 1,2, is equal to 2, with x3(t) > Uy, for

141y
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6.4. Voltage and rotational speed control

system (6.26). Then, an observer can be designed for systems (6.25) and (6.26) as:

i

= CZ:;, i=12

where 7, = [21(2); Tml]T, Ty = [Z3(t); lf’el]T and G; = [G1; G is the gain of the corre-
sponding observer.
In order to implement the control scheme (6.8)-(6.21), the controls 775 (t) (6.21) and

ito(t) (6.8) remains the same, the losses (P.;) and (7,,) are replaced in the predictor

(6.19) by their estimates resulting in the predictor:

X,(t) = e X (t) + [ AP BT} p(t — h+ s)ds + [ eAP=9d(t + s)ds (6.28)

1 - * D 7
0 5 0 Can (@ x3t)  Palt) Tt
— T:t 77_1 0

Where (]5@1) and (T mi) are given by observers (6.27).

6.4.4 Experimental results

The parameters K, and K} of the fast control (6.8) (fast loop) are tuned such that
the second order polynomial s?> + K%s + K/ is Hurwitz, and the DC link voltage in the
steady state is kept close to the reference Uj,~ with £10V of margin. Then, according
to (6.12), Kp and K are calculated to make ¢ sufficiently small in order to achieve two

times-scales (see table 6.2).

The parameters Ao and A; of the slow control (6.21) (slow loop) are fixed (see table
6.2) such that:

— the compensated dynamics of the slow loop are slower than the fast loop (6.14),
— the polynomial function s® + \os? + A\1s + )\ is Hurwitz,

— the transient error is kept at £250RPM when the power demand occurs.
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Figure 6.8 — Diagram of the voltage control experiment

Voltage control

In the following test, it has been decided to study only the voltage loop presented in
figure 6.8. It is made by assuming that the rotational speed is being perfectly regulated. In
practice, the ICE dynamic simulation is removed from this experiment software and the
rotational speed is controlled through the torque by a PI control law. Note that, the goal
is to ensure that the DC bus control is tested without the interaction of the rotational

speed. The aim is to maintain the voltage on a desired range when a perturbation occurs:

\Upe — Upc| < 10V (6.29)

With the following conditions:

— the perturbation demand i,,, is unknown and rise from 0A to 0.5A in 100ms,
— the close loop bandwidth of the PMSM current control is around 100H z,

— the voltage control is run at 10kH z,

— the PWM period is 0.1ms.

Figure 6.9 shows the result with a constant rotational speed at 2 = 1000 RPM, the

Symbol Value
Kp 25.76
K; 338.6

€ 0.1
Ao 120.0
A1 15.3

G, [36.8, —13.9]T
Gy [36.8, —67.7]T

Table 6.2 — Control parameters
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6.4. Voltage and rotational speed control

tuning gain w, = 628rad/s, & = 0.7, Ay = 128 and A\; = 8200. It can be seen that the
voltage is kept above 190V when the perturbation occur at 0.5s. Also to realize the current

demand #; = 0.5A, the 4; is moving accordingly in order to compensate the consumption.

Current(A)
Voltage(V)

time (s)

Current(A)
Current(A)

0 0.5 1 1.5 0 0.5 1 1.5
time (s) time (s)

Figure 6.9 — Experimentation results of the voltage control and the auxiliary circuit 74y,
varies between 0A and 0.5A. Recall ipc = iqus + a1 — Top left: ¢, current — Top right:
DC link voltage — Bottom left: ¢4 current — Bottom right : Load current.

The experiment presented here, see figure 6.9, can be compared to the simulation
presented in the end of the first chapter, see figure 2.17. The experiment is run with the
real hardware while the simulation is run with the switching model of the inverter and
the PMSM model. Despite the assumptions made in the simulation, the experiment shows
a similar behavior, particularly in the voltage transient is closed to the simulation. The
experiment presents more noise than the simulation, especially on the current ¢, and the
current 74. It is mostly due to inverter non-linearity and imperfection of the M2. It can
be noted the offset presents on the current i, when the current load is zero. This offset
corresponds to the current needed to overcome the electrical losses.

Thus, the experiment shows the ability to stabilize the voltage of the DC bus under

the perturbation and with the current control developed previously.
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Rotational control

The performance of the proposed controls (6.8) and (6.21) is experimentally tested.
The system parameters are given in table 6.2. The benchmark references are given in
figure 6.10.

5
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time (s)
210
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0 5 ) 10 15
time (s)
T
3 \ i |
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:: 2 ‘l 1 7
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J —
0
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0 5 10 15

time (s)

Figure 6.10 — Experimentation references for the rotational speed control with the pre-
diction and the voltage control. — Top: Rotational speed reference — Middle: Voltage
references — Bottom: Current references.

For this experiment, the observers described previously are disable. The voltage ref-
erence of the DC bus is set to Uj,» = 200V. At the beginning of the experiment, the
rotational speed starts around the idle speed at €2* = 1000RPM and the current demand
are all close to zero. At the time ¢t = t;, the current demand occurs iy;; = 1.6 A and the ro-
tational speed quickly increases to Q* = 1500RPM in order to avoid the power limitation
of the M2. At the time ¢t = t5, the current demand goes to iy;; = 3.1A. At the time t = t3,

the auxiliary circuit kick in and consumes i,,, = 0.2s. At the time ¢t = ¢4, the current
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6.4. Voltage and rotational speed control

decreases at ij;; = 2.2A and the auxiliary consumption is set off. At the time t = t5, the

current demand is set to zero and the rotational speed decreases to 2* = 1000RP M.

I~ 210 o

5 1600 ] - ’DC
& [N -~ 205 | —Unc| 1
§ 1400 %
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§ 1200 —_Q =

L —_0 ~

3 1000

3 Xp1 .
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3t .
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Current (A
A
)
Current (A
o

0 5 10 15 0 5 10 15
time (s) time (s)

Figure 6.11 — Experimentation results of the rotational speed control with the prediction
ans the voltage control (recall ipc = tquz + in1)-

Figure 6.11 shows the response of the system according to the reference trajectories.
It can be seen:

— an accurate regulation of the DC bus voltage ensured by the proposed fast control

(6.8),

— a smooth response of the ICE during the fast power demands of the load.

The energy balance is characterized by a predicted rotational speed X,; reaching
accurately the desired set point (1500 RPM) at steady state by the proposed slow control
(6.21). Note the steady state error between the speed prediction X,; and the speed €2 can
be observed in figure 6.12.

It can be seen from figure 6.12 that between ¢t = t; and t = t,, the load reaches
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Figure 6.12 — Experimentation results of the rotational speed control with the prediction
and the voltage control (recall ipc = iquz + tar1). Top: Predicted rotational speed error —
Bottom: Load current.

a value of 1.6A, and the steady state error is around 18RPM (1.2% of the 1500RPM).
Between t = t5 and t = t3, the load current is set to 3.1A, and the steady state error is
around 23RPM (1.5%). Between ¢t = t4 and ¢ = t5, the load current is set to 2.2A and
the steady state error is around 20RPM (1.3%). Therefore, the experiment results show
that the error depends on the current load. The error in this experiment can be explained
by the fact that the control model (6.5) has been considered with the energy losses set
to zero. In addition to the load current set to 3.1A, the auxiliary circuit consumes 0.2A4
between t = t3 and t = t;. This unknown consumption to the prediction scheme push
the steady state error around 30RPM (2%). The results presented in this experiment
show a similar behavior than the simulation figure 3.10. The experiment also shows the
possibility of a real implementation of the control scheme. The stabilization error can be
reduced by estimating the energy losses and the current consumption of auxiliary circuit.
The estimation can be fed to the predictor and the control function in order to cancel the

error.
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6.4. Voltage and rotational speed control

Rotational control with the observation approach

The performance of the proposed observation approach is tested in this part. The
observers parameters are given in table 6.2. The benchmark references are exactly the

same as before.
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Figure 6.13 — Experimentation results of the rotational speed control with the prediction,
the observation approach and the voltage control (recall ipo = igue + ias1)-

Figure 6.13 shows the response of the system according to the reference trajectories.
It can be seen:
— an accurate regulation of the DC bus voltage ensured by the proposed fast control
(6.8),
— a smooth response of the ICE during the fast power demands of the load,
— the torque losses observer converge around 0.65/N.m and the electrical power losses

varies with the current load.
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Figure 6.14 — Experimentation results of the rotational speed control with the predic-
tion, the observation approach and the voltage control (recall ipc = igyus + ia1). — Top:
Predicted rotational speed error — Bottom: Load current.

Compare to the last experiment, it can be seen from figure 6.14 that the steady state

error varying with the load is no longer present.
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6.5 Open loop supervision

On this part, the open loop method proposed on the part 5.5 is tested on the bench.
The open loop method has been proposed for improving the time respond from this serial
hybrid vehicle. The aim is to open the slow control loop dedicated to the rotational speed
when the demand occurs. See figure 6.15, the loop will be cut between the control law

and the torque reference for the ICE.

u(t)
-«
Predictor 3
X (t)
P *
»Rotational spe:d—‘ TlCE(t)‘ ICE TICE(tl@» 1 -
- > control A g Js O (5
Q7 (t+h)
v(t) Oven 1
pen loop B 0
trat = Iy
v< ey Upc(t) | Voltage control » M2
Unc(t)
1 UDC(tl
Cs =
» Delay
u(t) u(t-h)

Figure 6.15 — Control scheme of the open loop strategy with the prediction

The idea is to demand the maximum torque to the ICE and wait until the flywheel
has stored enough energy before switching the M1 from his initial state to the traction
demanded by the user. Doing this, the user demand is delayed by the time needed to reach
the requested ICE power and the flywheel gets enough energy to absorb the transient.

An experiment of the open loop strategy is shown in figure 6.16. The aim is to deliver
900 corresponding at 60% of the capability of the M2 at this rotational speed. Beginning
at the rotational speed 0* = 1000RPM and the DC bus voltage at Up = 200V. The
user demand represented by the M1 current goes from 0 to 4.5A at 0.5s. The loop opens
at 0.5s and for tp = 100ms. During this time, the maximum torque 20/ N.m is requested to
the ICE. Thus, the ICE torque is climbing as well as the rotational speed of the flywheel.
When the flywheel reaches 1100RP M, the M1 is switched on and the loop is closed after
the delay.

Note the decreasing of the rotational speed (circle in green on the top left of the figure)

when the M1 current is rising. It corresponds to the area where the M2 torque is higher
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Figure 6.16 — Experimentation results of the open loop supervision with the prediction
and the voltage control.

than the ICE torque. It is an instant where the energy is drawn from the flywheel.

6.6 Summary

Contributions

— Application of the control scheme developed on the thesis.

— Validation of the proposed scheme on a test bench.
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CONCLUSION

In this thesis, we have studied and achieved a control solution for a serial electric
hybrid vehicle without the main battery. A strategy based on a cascade of simple control
law has been proposed to counteract the system problem. Indeed, the main contributions
are:

— to demonstrate the feasibility of propelling the car without the main battery con-

nected,

— to present different strategy to control the powertrain,

— to give an understanding of the coupling effect between the two time scales,

— to estimate the power losses and integrate them in the control loop,

— to proposes simple algorithm for improving the driver feeling.

The feasibility and performance have been an important focus of this research work.
The powertrain being already designed, it has been crucial to determine if a battery
failure could be overcome with the physical parameters given by the constructor. Indeed,
the E-TECH powertrain has been entered in the sale marker at the beginning of 2020,
with a simple but robust algorithm to overcome the battery failure. Thus, this thesis has
been dedicated to not only overcome the failure, but extends the use-case around a more
advance solution. Where the battery can be safely disconnected to improve the traction
performance when the battery is cold or discharged.

The first chapter began by recalling the various HEV characteristics like the topology
and the size. The problems, the objectives and the constraints offers by the powertrain
are highlighted. This allows to introduce the context and the challenge that the thesis
will have to encounter.

The second chapter has presented the modeling of the electric motor, the inverters
and DC bus. It has shown the control design and offline optimization needed to properly
regulate the voltage of the DC bus. The method presented in this chapter is recalled from
the literature and give to thesis a foundation for the next stage.

The third chapter has presented three strategies, where each strategies assigned dif-
ferently one control aim to one of the system inputs. The strategies are implemented with

a first approximation and discussed around results provided by simulations. The three
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strategies have been shown downside and positive aspects: to regulate the flywheel speed,
to control the DC bus voltage and to realize the driver demand.

The fourth chapter has been picked the most suitable strategy outgoing from last
chapter. The first approximation made to implement the strategy has been developed
with the singular perturbation approach. The approach has revealed the validity of the
approximation and shows the improvement of the strategy by using an observer method
to estimate the losses present in the system. Thus, this chapter presents the outcome of
the second and third chapter.

The fifth chapter has presented a power management able to provide the references
for the flywheel rotational speed and the DC bus voltage. The principal aim behind the
presented power management has been to deal with the saturation of each element of the
hybrid serial vehicle and found the best references that realize the driver’s request. The
last contribution has been an open loop method proposed to get a greater time respond.
The approach developed here consisted by delaying the driver demand to store energy
and respond with a better feeling for the driver.

The sixth chapter has presented experiments to verify the effectiveness of the control
algorithm designed in the previous chapters. The test bench is introduced and the effect
of the scale difference between the vehicle powertrain and the bench parameters has
been discussed. The control algorithms presented in previous chapters are recalled and
applied to the test bench configuration. Moreover, the experimental results are shown and
explained.

Other than the works done in the thesis, the study of the serial hybrid vehicle with a
disconnected battery could be further developed in the following aspects:

— investigate allocation technic and frequencies decoupling for the control partition-

ing,

— in-depht stability analysis with a three stage singular perturbation approach,

— develop an optimization for finding the best open time in the open-loop strategy,

— implement the developed algorithm on Renault vehicle.
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Résumé : Cette thése s’inscrit dans le cadre
de la Chaire entre Renault et Centrale Nantes
pour 'amélioration des performances des vé-
hicules hybrides et électriques. La thése est
dédiée au développement de stratégies de
contréle pour un véhicule hybride série sans
la batterie principale. En mode hybride série,
le moteur a combustion interne est couplé a
un générateur électrique pour produire la puis-
sance utilisée par un deuxiéme moteur élec-
trique pour propulser le véhicule. En I'absence
de la batterie principale, le groupe motopro-
pulseur possede deux petits tampons d’éner-
gie, ce qui rend le systeme sensible a des
faibles perturbations. De plus, le systéeme a
la particularité d’avoir trois échelles de temps
différents, ce qui a conduit a plusieurs parti-

tionnements des lois de commande. Ce par-
titionnement a été fait afin de maintenir le ni-
veau de chaque tampon d’énergie, repousser
les perturbations et améliorer le fonctionne-
ment du groupe motopropulseur. Apres avoir
sélectionné une stratégie, les interrogations
scientifiques ont porté sur la compréhension
du couplage entre chaque échelle de temps
et la stabilité du systéme. Linteraction entre
les étages de contrOle a été étudiée avec I'ap-
proche des perturbations singulieres et amé-
liorée avec des observateurs. Les algorithmes
et stratégies développés ont été testés en si-
mulation et sur banc d’essai. Les résultats ob-
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thése.
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Abstract: This thesis is a part of the project
Chair between Renault and Centrale Nantes
for the improvement of EV/HEV propulsion
performances. It is dedicated to proposed con-
trol strategies for a serial hybrid vehicle without
the main battery. In the serial hybrid mode, the
internal combustion engine is coupled with an
electrical generator to produce power used by
a second electric motor to propel the vehicle.
In the absence of the main battery, the power-
train has small energy buffer, making the sys-
tem sensitive to small disturbance. Moreover,
the system presents the particularity of hav-
ing three different time scales. The three time
scales have been driving the control design
to propose different strategies for partitioning

the control in sub stage, maintaining the level
of the energy storage, asses the perturbation
and improves the operation of the powertrain.
After proposing different strategies, the scien-
tific interrogations have been the understand-
ing of the coupling between each time scale
and the stability of the overall system. The in-
teraction of the control stage has been studied
with the singular perturbation approach and
improved with the observation method. The al-
gorithms and strategies developed have been
tested in simulation and on a test bench. The
results obtained have highlighted the feasibil-
ity and the benefits of the strategies proposed
in the thesis.
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