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Notations and acronyms

General formatting rules?

ab,c Scalar or vector

A,B,C Linear mapping or matrix

A,B,C  Operator or subsystem

A,B,C Subset (not necessarily linear) of Euclidean spaces
2A,8,¢ C(Class, i.e. set of sets

A,B,C Function space

Notations of general purpose

0 Anything that is not a real number and is zero (a vector, matrix, map, or
subspace), according to the context

E [V] Physical variable E is expressed in volt

AVA Logical operators “and”, “or” and “not”, respectively

a mod b a modulo b

[a, b] {a,...,b} =[a,b])NZifa < band {&} otherwise

s {x e R": x| =1}

A>0,A <0 Matrix A is positive and negative definite matrix, respectively

J Derivative of real-valued function J, i.e. [0]/0u1 0J/duy ... |

i (Jr

x~1 Component-wise inversion of the vector x, i.e. [xl_ ! Xy !

a(A) Spectrum of A counting multiplicity, e.g. o(Iy) = {1,1}

I, idy Identity matrix of size n x n and identity mapping of the set X, respectively

1y, 1psem Vector of size n x 1 and matrix of size p x m whose entries are all one, re-
spectively

saty Any application mapping the vector x to some vector in arg min, _ . [|17 — x||

c’,c,Cct Imaginary axis, open left-half plan, open right-half plan, respectively

u<vo Vectors u, v satistying u < vy for all k

minx,maxx Minimum and maximum of entries of x, i.e. min{xy,xp,...} and
max{xy, xa,...}, respectively
A1~ Ay Maps A; and Aj; are similar, i.e. there exists P such that P 1A P=A,

2Generally speaking, those rules apply. Exceptions exist, though. They include E € R corresponding to voltage
source magnitude in Chap. 5 and Chap. 10, and I standing for the identity matrix.

35



Indexing

Xao:b Subvector made of entries of x whose indices® belong to [a,b], i.e. X, =
0 Lo O]x

P, € RP*™  Submatrix made of columns of P whose indices belong to [a,b], i.e. Py =
P[0 Ty qn O]

Sets
& Union with any common elements repeated
Xim For X C R", coordinates in P = span { [ ]} C IR" of the orthogonal projection

of X on P, ie. {x1.y | Ixymi1m: x € X'}
x+S {x+s:s5€8}
co{S} Convex hull of S
ACB  Aisincluded in B (and possibly equal to B)
AC B  Aisaproper subset of B, i.e. Aisincluded in B but not equal to B
int(S) Interior of S

|S] Cardinality* of S
(1, v] {x:u < x <o} if vectors u and v satisfy u < v
min S Minimum of S

x(-) € V Identical set membership of t — x(t) to V, i.e. x(t) € V holds for all ¢
Y ~W  Sets V and W are isomorphic
M(A) Image of the set A under the map M, i.e. {M(x) : x € A}

Function spaces

B Set of causal® and bounded vector-valued signals

P Set of causal and persistent vector-valued signals, ie. P = {x(-) € B : ifx* =
lim;_, 4o x(t) exists, then x* # 0}

C Set of causal and continuous vector-valued signals

PC Set of causal and piecewise continuous vector-valued signals

D Set of causal vector-valued signals that are differentiable on |0, +oco|

PD Set of causal and piecewise differentiable vector-valued signals

X(M) {x(-)eX:Vt>0,x(t) e M}

3Indices start at 1.
4|S| is said to be greater than or equal to « € IN if S admits at least « distinct members. In particular, if S C {u :
R — R"} is a function space, then |S| > a means that there exist uy,...,u, € S such that every u;, u i differ on a

u;(t) — uj(T)H dt >0foralli#je{1,...,a}.

5By causal signal, we mean a signal which is zero for all strictly negative time instant.

strictly positive measure set, i.e. [

36



Control theory

u(t) € R™
x(t) € R"
y(t) eRP
Hx[xo} ]
H[xo; ]
£[u]

o)

—~~
=
(=]
~—

Input vector at time ¢

State vector at time ¢

Output vector at time ¢

Input-to-state operator with xg as the initial state

Input-to-output operator with xg as the initial state

Laplace transform of u

Steady-state value of the signal or argument of some extremum, according to
the context

Quadruple® of the linear system X governed by x = Ax + Bu, y = Cx + Du

{(u,x,y) € Ux X xY | Hy[xo; u] = x, H[xp; u] =y}

{(y) €UXY | 3x: (1,%,y) € Qxo)}

System deriving from X by ruling the trajectories violating input or state con-
straints out

System matrix [1z4 P ]

Transfert function matrix, i.e. G(s) = C(sI— A)"'B+ D

Geometric control theory”

BIN

V|B

B~y

K

(K|A)
(A|B)

sup U,inf Y
F(V)

Z

Zod

Acronyms

a-I0A
as-LI
bp
bp-WIR
CAM
CCM/DCM
I0A

IR

ISA

LI

PC
MPC
SLI
WIR

Domain restrictionof B: U — X to N C U

Codomain restriction of B: Y/ — X from V D X if Im{B} C V

Pre-image of V under B, i.e. {u: Bu € V}

Ker {C}

Largest A-invariant subspace contained in X

Smallest A-invariant subspace containing the subspace B C X

Supremum and infimum of the class 2J containing linear sets, respectively
Set of friends of the subspace V, i.e. {F: (A+ BF)V C V C Ker {C + DF}}
Set of invariant zeros, i.e. ((A + BF)|V*/R*) where F is arbitrary in IF(V*)
Set of output decoupling zeros, i.e. (A| (K|A))

asymptotic Input-to-Output Annihilator
asymptotic strong Left Invertible

bounded and persistant

bounded and persistant Weak Input Redundant/Redundancy
Classical Allocation Methodology
Continuous/Discontinuous Conduction Mode
Input-to-Output Annihilator

Input Redundant/Redundancy

Input-to-State Annihilator

Left-Invertible /Invertibility

Power Converter(s)

Model Predictive Control

Strong Left-Invertible/Invertibility

Weak Input Redundant/Redundancy

®Sometimes, the quadruple is simply denoted by (A, B, C, D).
7See Appendix A for more details.
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Preliminary: Overview of my research
interests

Nothing is as practical as a good theory.

Taking up the above quotation, attributed to Kurt Lewin, the research activities I carry out
are mainly at the intersection of automatic control on the one hand, ElectroTechnics and Power
Electronics (ETPE), and, more recently, Fluid Power (FP) on the other. Fig. 4.1 illustrates the
relationship between these topics. My contributions are mainly methodological. Drawing on
the department’s multidisciplinary environment, I endeavor:

1. to make appropriate use of control methodologies, i.e. a suitable choice of modeling as-
sumptions and a relevant knowledge of technological obstacles, as well as of the various
control goals and the trade-off that can be considered between them;

2. to formulate and address in a general framework the obstacles corresponding to method-
ological shortcomings issued from practice, and then tested by it.

The joint design of the system and its control law is the culmination of this approach; see the
last chapter devoted to the perspectives.

My research interests are outlined below. The second item, namely “Modular converters as
input redundant systems”, is the topic of the rest of the manuscript.

Power electronics converters seen as hybrid dynamical systems

The electrical systems are controlled via power converters. These can be seen as the intercon-
nection of passive components (diodes, coils, and capacitors) and controlled switches (transis-
tors). This interconnection naturally gives rise to affine piecewise (owing to diodes) and relay
(owing to transistors) models, because the input vector belongs to a set of finite cardinality.

ElectroTechnics and
Power Electronics (ETPE)

Controlled
switches

Modular
converters

Hybrid Dynamical Fluid Power (FP)

Systems (HDS)

Input Redundant
(IR) Systems

Control

/ Definition, taxonomy, Output N
and characterizations regulation N

Figure 4.1: Personal current research topics.
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Practical contribution to ETPE In this field, my contribution consisted in discarding, theo-
retically and practically, an assumption that underlies many publications in the field of
automatic control, but which is unrealistic in application terms, that is, all model pa-
rameters, including the value of the load of power converters, are constant and perfectly
known.

Methodological contribution in control For this particular class of Hybrid Dynamical Sys-
tems (HDS), I have contributed to the extension of robust output control by internal
model (Davison, Francis, Wonham), originally thought for continuous systems with un-
constrained inputs.

Publications [Ndo+19; Ndo+22; NT24]

Supervised Phd student Aboubacar NDOYE

Modular converters as input redundant systems

In the context of major disruptions in energy systems, the reconfigurability of power con-
verters is a decisive criterion. The aim is to design systems that are resilient in the event of
failure and upgradeable to incorporate the latest technological advances. Modular design
is a response to these requirements, based on components whose overall functionality is
not ensured by a monolithic component but distributed between different modules that
coordinate with each other.

Practical contribution to ETPE The parallel interconnection of converters supplying a
single load is the result of such an approach. For this type of modular converter, my
contributions have resulted in a control law that guarantees output voltage regula-
tion while ensuring optimum current distribution without assuming that the value
of the load is known. Particular effort has been made to handle the hierarchical
nature of the set of specifications.

Methodological contribution in control Since each converter/module is controllable,
there are more control inputs than are required by load voltage regulation alone,
so this system falls into the category of Input Redundant (IR) systems. In addition
to applying these techniques (historically confined to aeronautics) to ETPE, my con-
tributions focus on :

1. the definition, characterization and classification of constrained and uncon-
strained IR systems;
2. the exploitation of input redundancy for the output regulation problem;

3. bridging the gap between the historical approach to control allocation
(Durham, Bodson, Johansen, etc.) with the new approaches proposed over the
last two decades (Zaccarian, Serrani, Galeani, etc.), particularly for the man-
agement of dynamic actuators.

Publications [TDG16; TD17; Kre+18a; TD19; Del+19; Kre+19; Kre+21b; KT21; Kre+21a;
Sad+22; TK24]

Supervised Phd student Jérémie KREISS
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Modular converters for power grids

Power grids face unprecedented technical challenges. On the one hand, not only consump-
tion but also production are now concerned by intermittence. Second, the latest generation of
terminals connected to the grid has the dual effect of dangerously lowering grid inertia, and
making the use of direct current (DC) more appropriate. Meshing the network structure and
orienting it towards DC are relevant technical responses to these challenges, as they enable
finer, and reconfigurable management of the transport of electrical power.

Practical contribution to ETPE Smart Nodes (SN) are multi-branch converters capable of di-
recting power flows in a network, among other features. I have worked on the design
and control of a modular SN for mixed DC/AC grids.

Methodological contribution in control Designed via forwarding or singular perturbation meth-
ods, the control laws in this SN can be seen as ad-hoc solutions for the output regulation
of uncertain bilinear models subject to input constraints, which remains an open prob-
lem.

Publications [Lin+21; Sim+21a; Sim+21b; Sim+23a; Sim+23b]

Supervised Phd students Tanguy SIMON, Lukas CAFRAN (on-going Phd)

On-off control for hydraulic power

The recent advent of ultrafast valves with high flow rates and low pressure drops represents
a major technological advance in the field of hydraulic power. By enabling sub-millisecond
switching, this technology promises a significant improvement in the efficiency of the overall
energy chain. Compared with the proportional valves conventionally used for flow control,
however, the on-off control of such devices remains a challenge because the models to be ma-
nipulated are relay-based and nonlinear.

Practical contribution to FP Recently involved in this theme, in which Ampere Laboratory
has a long-standing and recognized expertise, I have been working on the development
of a conceptual framework for the design of control laws for these systems. More gen-
erally, the aim is to explore the analogy between FP and ETPE, both technologically and
methodologically, and in terms of design and control.

Methodological contribution in control By neglecting some fast dynamics, the input-to-output
relationship of 3-pistons motors can be captured by a parameter-dependent affine static
IR system. The expression of the inverse of this system has been obtained in closed-form.

Publications [DBT23; Dar+24]

Supervised Phd student Justin DARNET

The social-technical analysis of digital objects
On a technical level, the energy transition aims to make electricity a universal energy carrier in

the context of intermittent demand and supply. To this end, digital technology, and automatic
control in particular, are called upon as the right tools to approach optimality in an uncertain
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context. However, this enabling digital technology is deployed on material support, whose
ecological impact can no longer be ignored. At the same time, society’s relationship with this
“decision-making technology” needs to be questioned.

Interrest Exploring the intrinsic ambivalence of technology, and particularly digital technol-
ogy, is a theme of great interest to me, particularly in the current context of multicrisis
(ecological, economic and political). Bringing these issues into the public debate is a task
to which I strive to contribute, within my abilities.

Publications [RST20b; RST20a]

Supervised master student Baptiste BEGUINET

Miscellaneous

This chapter ends with a list of past/dormant research topics.
* Robust control of periodic systems: [Tré+11a; Tré+12b; Tré+12a; Tré+13b]
¢ Globally monotonic tracking control of multivariable systems: [Nto+16b; Nto+16a]
* Robust control of network controlled systems: [TSD16]
e Control of electrical motors: [Kre+18b; Zha+21]

¢ Attitude control of satellites using both magnetorquers and reaction wheels: [Tré+11b;
Tré+13a; Tré+15]

¢ Eco-driving assistance system: [Jav+17] (Setareh JAVANMARDI was a Phd student, I
have supervised on this topic)
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General introduction

Considerations from control practitioners

Our starting point comprises the following two observations, described by adopting a control
practitioner’s perspective.

A technological trend

An increasingly popular technological trend involves substituting a single high-capacity ac-
tuator with multiple actuators that work in concert. This strategy aims to increase the overall
capacity and systemic robustness of the actuation subsystem. Examples include state-of-health
and/or thermal management, resilience to actuator failure, and enhanced control capabilities,
see [BBF17; Tré+15; JF13; HTO07] to cite a few. Systems of this type are known as over-actuated
systems.

Control designs dedicated to overactuated systems have been proposed in various fields,
including aerospace and aeronautics [ODB11], marine vessels [FJ06], and power electronics
[BBF17; TD19]. Typically, two distinct control specifications are addressed simultaneously.

S1 that is related to the main control objective of the plant;

S2 that translates some preferences of the overall actuation subsystem, e.g. minimizing its
energy consumption or preserving its state-of-health.

This manuscript aims to contribute to the methodological side of control problems related
to overactuated systems. This class of systems falls into the category of input-redundant (IR)
systems, for which the input can be either manipulable or not. Therefore, this manuscript also
contributes to the analysis of this general class of IR systems.

Dealing with a set of conflicting specifications

A standard control problem is the combination of a model and specification. In most textbooks,
the latter reduces to make the origin of the state space a stable equilibrium. If the refinement
of this statement is used in the output regulation context, the stabilization of a single (possibly
moving) set point remains at the heart of most control problems.

However, in many practical cases, one must consider a set of specifications. S1 and S2 con-
stitutes a typical example of this fact. In this case, as in many others, S1 and S2 are conflicting:
Serving S2 exclusively will jeopardize S1. Indeed, the preferred state of each actuator is usu-
ally switched off, which would obviously sacrifice S1 in general.

In many cases, this misalighment between S1 and S2 is resolved naturally by consider-
ing the implicit hierarchy between S1 and S2. This allows for the recovery of a well-posed
problem. This hierarchy is typically implemented using one of the two strategies that are now
exposed. To illustrate them, it is assumed that S1 > S2 holds in the sense that priority should
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be given to S1 over S2. We also adopt the optimal control point of view, where the problem is
to design the manipulable input u that is optimal.

(i) Soft hierarchy relies on a trade-off between S1 and S2. This idea can be captured via the
following optimization problem:

max a«S1 + (1 —«)S2 (SH)
u

where « € [0, 1] reflects the trade-off level and is typically closer to 1 than to 0. The LQ
optimal control problem is the mainstream solution along this line.

(ii) Hard hierarchy imposes that S1 must be fulfilled “as much as possible” before address-
ing S2 via the remaining degrees-of-freedom (if any). This strategy boils down to the
following two-stage optimization problem:

maxS2 s.t. u € F:=argmaxS1 (HH)

u il

This manuscript is concerned with methodological tools that are helpful to construct a
solution to (HH).® To make the discussion concrete, we define the output y as the (possibly
vector-valued) signal related to S1, in the sense that addressing S1 amonts to shape y. Let
H : u — y be the resulting input-output map. Furthermore, assume that there exists a unique
output y = y* in the range of H that maximizes S1. In this case, F reads:’

F:={u:H(u) =y} (4.1)

Clearly, (HH) is relevant only if F is not reduced to a singleton. Otherwise, there will be
no degrees of freedom to deal with S2. The next section aims to use this condition to define
IR. This makes IR a pivotal concept between the aforementioned technological trend and the
handling of conflicting specifications.

Three views of the IR mount

Hereafter, and throughout this manuscript, the standing assumption is that H is linear. In this
framework, the following questions are now addressed:

Q1) How to characterize the set of systems for which (HH) is relevant? How can this
class of systems be related to IR systems? How can these types of systems be char-
acterized?

Q2) How to derive an expression of F in closed-form?

Q3) How to build a control architecture allowing to solve (HH)?

In what follows, answers to the question Qi) are labelled Ai).

8Let us emphasize that (SH) with a = 1 is distinct from (HH). In particular, if F does not reduce to a singleton,
then the former cannot be well posed (the minimum is not unique), unlike the latter.
%y* € Im {H} implies F # @.
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Figure 4.2: IR is non injectivity. Figure 4.3: If H, is an annihilator, then 7

is invisible from the output y. Thus, v can
address S2, letting S1 unchanged.

Inversion perspective

As illustrated by Fig. 4.2, assume that there exist distinct inputs u; # u, producing identical
output y:
E|1/l1 75 Up : H(ul) = H(L{z) (4.2)

The following development shows that this property does not depend on u5.

(4.2) T ) = £ 0:H(i) =0 (4.3)
< VYup, Juy = up+i # up : H(uy) = H(up) 4.4)

This proves that addressing S1 by shaping v does not uniquely define the corresponding u. In
particular, for any u, satisfying H(uz) = y*, uy := up + i also induces an optimal output y*.
This proves {u3, u2} C F, so that F does not reduce to a singleton and, in turn, (HH) is relevant.
Conversely, if (4.2) does not hold, the nonempty set F is obviously a singleton.

Clearly, this situation corresponds to the non-injectivity of H. The idea promoted in this
manuscript is that this property shall be used as the definition of IR}

A1) The mapping H is said IR if it is non injective, i.e. non left-invertible. This property is
necessary and sufficient for (HH) to be relevant, i.e. for F not to reduce to a singleton.

By linearity, the noninjectivity of H can be characterized by the nontriviality of the kernel
of this map, see (4.3).

A1) The mapping H is IR iff Ker {H} := {#i : H(i7) = 0} is non trivial.

Signal injection perspective

By renaming u5 as u, one can rewrite (4.4) as follows:
Ju,3ii #0:H(u+1d) =H(u) (4.5)

From a control perspective, the situation is insightful: The incremental input i can be injected
into the input channel without affecting the output, i.e. i is invisible from the output. Thus, i
can be added to address the secondary goal S2, and let S1 remain unchanged.

From (4.3), ii is to be selected in Ker {H}, which is nontrivial. Because Ker {H} inherits the
linearity of H, an infinite number of distinct i satisfy H(u + %) = H(u). This is a motivation to

10Here, and in the remainder of the manuscript, IR stands for “input redundancy” or “input redundant” depend-
ing on the context.

45



introduce the map H that is in charge of selecting the appropriate i by way of v, see Fig. 4.3.
By definition, H is a non-zero map whose range is included in Ker {H}, so that

HoH, =0 (4.6)

holds. For this reason, H is called an annihilator of H. Clearly, IR is a necessary and sufficient
condition for the existence of H | .

A1) His IR iff it admits an annihilator, i.e. a non trivial map H, satisfying HoH, = 0.

A3) The computation of u can be performed via the control structure of Fig. 4.3.

Input space decomposition perspective

Another control structure can be obtained by decomposing the input space U as follows:
U=Ker{H} &L 4.7)

for an arbitrary L C U. Let us decompose 1 = ii + uy, accordingly so that # € Ker {H} and
ur, € L hold. As shown on Fig. 4.4, those two signals can be driven via i, : Ker {H} — U
and i; : L — U the natural embeddings.!! Note that by construction, i, is an annihilator of H
(with maximal range), so that Hoi;, = 0 holds.

This leads to the following relationship:

H is linear

H(u) =H(i o +irp) =" (Hoi )(v)+ (Hoir)(p) = (Hoir)(e) (4.8)
which is illustrated in Fig. 4.5. The comments are as follows:
* Hoi; = 0induces that v is invisible on y, and can therefore be used to address S2;

e Hoip is injective so that the problem of shaping y via ¢ is well-posed in the sense that, if
the equation (Hoip)(¢) = y of unknown ¢ is solvable, then the solution is unique.

This highlights that the rationale behind the decomposition (4.7) is (i) to isolate ¢, the minimal
part of u that is uniquely determined by the equality H(#) = y, and (ii) to optimize v, the
remaining part of u.

A3) The computation of u can be performed via the control structure of Fig. 4.4.

In conclusion, the injectivity of H o i} proves the existence of a left-inverse (Hoi;)". This
suggests that imposing a desired achievable value y; on the output amounts to assigning (H o
ir)* (y?) to . Indeed, (Hoir) o (Hoir)*(ys) = ya holds for all y; in the range of H. Letting

"= (Hoir)"(y"),

this allows to express F in closed form:!2

48) . , , N ok , o
F {iyjv+irg: (Hoir)(¢) =y ¢=¢"} =ire* +Im{ir} = ir¢* +Ker {H}

1By definition, i | and i are injective maps whose ranges are Ker {H} and L, respectively.
121 et us emphasize that, to arrive at this result, neither H is assumed to be right invertible nor is the dimension
of the input space U assumed to be finite.
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Figure 4.4: Control structure resulting Figure 4.5: From linearity of H, this figure
from the decomposition (4.7). can be deduced from Fig. 4.4. The upper

stream H o i; is left-invertible, whereas the
lower one Ho i, is zero as shown by the
dashed arrow that conveys zero signal.

A2) Freadsip¢* + Ker {H}.

One recovers the fact that F does not reduce to a singleton iff H is IR. In this framework,
the high-level subproblem of (HH) reduces to set ¢ = ¢*, whereas the low-level subproblem
reads:

maxS2 st u=i@*+i,v
(%

Structure of the manuscript

This manuscript addresses questions Q1) to Q3) for linear mapping H, by joggling with the
three points of view on IR. This goes beyond the discussion above in three ways. First, the
input is not always assumed to freely take arbitrary values. Second, H sometimes models the
input-output relationship of a dynamical system. In this case, state constraints can apply and
the initial condition xg plays a crucial role.!® Third, some power electronics control problems
pertaining to this framework are discussed and solved, not only as an illustration of the general
case but also as a source of inspiration.

A graphical illustration of the table of contents of the manuscript is now offered using the
acronym CAM, which stands for Classical Allocation Methodology.

13Discussing the impact of x( can be seen as the core of the added value of Chap. 9 wrt to Chap. 8.
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‘ Hard hierarchy and IR ’

AN

Static J [ Dynamic map H J Dynamic J [ Perspectives j

map H within the CAM map H and conclusions
; hap.7: - Chap.8: IR: Defini-
Chap.5: Inverting the C ap.7: Compara nap . Chap.11: Perspec-
P tive study on control > tions, characteriza- .
inverter . . tives
allocation tions and taxonomy

Chap.9: Exploiting
- IR in the output reg-
ulation problem

N Chap.6: Inversion of
static mappings

Chap.10: Control of
— a modular DC/DC
converter

Let us now discuss this figure.

¢ The two chapters colored in gray are concerned with power electronics problems. The
purpose of Chap. 5 is didactical, because it shows how (HH) is treated for a well-known
real system. Itis intended to be readable by members of the control community as well as
those belonging to the power electronics community. Chap. 10 is more control-oriented.
It provides a (hopefully nice) particularization of the results of Chap. 8 and Chap. 9. It
also goes beyond these chapters on robustness issues.

¢ When H is a static map, the challenge is to deal with nonlinear input domain U. Both
Chap. 5 and Chap. 6 address this problem.

¢ The CAM is the standard tool to address control problems for over-actuated systems. It
can be viewed as a control architecture that embeds real-time inversion of a static map
with input constraints to achieve a certain level of closed-loop performance. Chap. 7
offers an extensive discussion on how a stability certificate can be obtained in this frame-
work. Supported by numerous simulation results obtained from a running academic ex-
ample, the blind spot of dynamic actuators is treated in this chapter as a crucial scientific
question related to the CAM. In doing so, the latest stream of the literature devoted to IR
systems is introduced [Zac(09; Ser12] and compared with the CAM. In contrast, Chap. 8
tackles the dynamic nature of input-output mappings head-on. This chapter somehow
implements the above discussion on IR for dynamic systems that are possibly affected
by input and/or state constraints. Chap. 9 investigates the applicability of IR to the clas-
sical output regulation problem. This shows that trajectory generation should rely on
a new definition of IR, coined “bounded persistent weak input redundancy”. In doing
s0, suitable tools to compare the most relevant existing definitions of IR (including the
proposed ones) are constructed and utilized. As a by-product, new characterizations of
various notions of left invertibility are derived.
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Note to the reader

Let us end this introduction with some information for the reader.

* After others, I feel that offering the reader a broad perspective on the considered prob-

lem is more informative than artificially inflate my own personal contribution. This
manuscript follows these guidelines.
Notwithstanding, the bibliographical notes ending each chapter is divided with the in-
tention to ease the reviewer and other jury members'4 task in their assessment.!> Also,
citations to the personal bibliography are in bold, like as in the beginning of this intro-
duction.

* Many results are not already published. Any formal statements like theorems, proposi-
tions, etc. without any references belong to this category. This comment applies partic-
ularly to Chap. 9. For this reason, the technical statements supporting these results are
collected in the appendices.

¢ In this manuscript, essential is standard theory on multi-input multi-output linear time-
invariant system. It relies on two types of mathematical tools. The first category uses
the so-called system/Rosenbrock matrix, a particular matrix pencil. The second is about
decomposing the input and state spaces into suitable linear subspaces using a coordinate-
free framework. In this manuscript, we focus on the latter, called geometric control the-
ory, mainly for personal taste, and secondly, owing to its natural extension out of the class
of linear dynamics and linear spaces. For reader convenience, the core of the background
required for this theory is provided in Appendix A.

4L et me thank them once again.
150ne of the subsections of these bibliographical notes is “Rephrased existing works”. This introduction falls
entirely into this category.
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Chapter 5

Inverting the inverter

Contents
51 Problemstatement . .. ... .... ... .. .. .. . i, 52
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522 Inputspace decomposition . .. ... ... ... ... .0 0L 55
52.3 Solution of the unconstrained problem . . .. ... ... ........ 56
5.3 Dealing withconstraints . . ... ... ................ .. ..., 56
53.1 Propagation of the input set D through the inverter . . . . ... .. .. 56
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Figure 5.1: Electrical circuit of the three-leg two-level inverter. Potential at the nodes are
denoted by v1 23, v, and v, [V].

This first chapter deals with a system originating from power electronics, that is a 3-phases
inverter. This system is treated with a mathematical flavor and with the aim of illustrating the
philosophy exposed in the introduction and serving as a source of inspiration.

5.1 Problem statement

This first section exposes the control problem associated with the 3-phases inverter.

5.1.1 System description

Consider the three-load inverter depicted in Fig. 5.1. Voltage vy — v, on one side of the load
zx is imposed by way of si(t) € {0,1}, the binary input of the k-th leg. Thus, voltage vy — v,
equals sy Ep where Ej [V] is the magnitude of the voltage generator. The goal is to control the
output voltages 1153 [V] at each load via binary-controlled inputs s » 3. Note that the inverter
depicted in Fig. 5.1 implements the so-called “star-connected” topology, which is characterized
by the existence of a common interconnection pin for each load.

A synchronous Pulse Width Modulation (PWM) strategy at frequency 1/T [Hz] is imple-
mented, so that the actual control signal of each leg is the duty cycle

[0,1] 2 di(t) = ;/tiTsk(s)ds.

The three duty cycles being controlled independently, the input space in which the vector d(t)
belongs to is
D = [0,1]°. (5.1)

The signal to be controlled is the mean value i, of the output voltage uy at each load.

1
t i (t) = 7 /t_T ug(s)ds.

Under the assumption of balanced loads, it is well-known that d is mapped to i via the linear
algebraic relationship it = EgHd with

1 2 -1 -1
H = 3 -1 2 -1j.
-1 -1 2
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For the sake of simplicity, let us lighten the notation by redefining uy as iy /Ey, that is,
normalized adimensional output voltage is considered and mean value is implicit. Henceforth,
the following relationship:

u = Hd (5.2)

will be used in place of i1 = EgHd.

5.1.2 Problem setting

The engineering problem to be solved is as follows.

Problem 5.1. Given a desired feasible output voltage u?, i.e.
u' el :={u:3d e D,u=Hd} C R?, (5.3)

compute a corresponding duty cycle vector d € D satisfying u? = Hd. If such a vector d
is non-unique, select the optimal one according to some criterion to be defined.

J

As a starting point, observe that (5.2) might suggest that the considered problem apparently
boils down to “invert” the matrix H, that is: To define a mapping u? + d leading to u = u, as
shown by Fig. 5.2. This task is not as trivial as inverting the matrix H, though, for two reasons
that are now exposed.

1) Matrix H is singular

Therefore, even if the existence of solutions is assumed via the feasibility of u¢, the problem
remains ill-posed owing to the lack of unicity in general, that is, there exist distinct vectors d
inducing identical u. This issue can be handled via the following optimization problem:

inJ(d) st u!=Hd,
min J(d) st u

so that the optimal vector d* is selected among the ones leading to 1, that is, the feasibility set
is the image of u“ by the inverse map H~! of H:

H'(u?) ={d e R®: u = Hd}. (5.4)
This allows us to rewrite the optimization problem as follows:

de?%fgud) J(d). (5.5)

In the sequel, we will sometimes refer to the unconstrained problem defined as Prob. 5.1 with
D = R?, ie. duty cycles dy can be arbitrarily selected, even outside [0,1]. Reference to this
artificial problem aims to highlight features specifically related to this first difficulty of non-
unicity.

2) The input space D is a proper subset of R®

As a result, the mapping u? + d to be defined must be tailored in such a way that d always
belongs to D, whatever is 1, i.e. the actual optimisation problem is the following:

i t u'=Hd.
%rélg](d) st. u d
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Figure 5.2: Graphical illustration of the control problem associated with the inverter.

Imposing this constraint can be implemented by ruling the duty cycle vector d which is outside
D, out of H~1(u?). Saying it differently, actual feasibility set shall be constructed by intersect-
ing H~1(u) with D, so that previous optimisation problem reads

min / (d), (5.6)
with
S:=Hu)nD. (5.7)

In view of these two reasons, the aim of this section is to provide an expression of S in
closed form, adopting an inversion perspective and making intensive use of block diagrams
as a graphical tool.

5.2 Problem solution of the unconstrained problem

5.2.1 Change of input coordinates

To better grasp the geometry of the problem, let us change the input basis by performing the
following change of variables:

dy
dupo = |dg| =P 'd (5.8)
do

where orthogonal matrix P~! = PT reads

5 1 —-1/2 -1/2 pT
R¥>3 5 p1 .= 3{ 0 3/2 \/5/2] = T;;L] (5.9)
1/vV2 1/vV2 1/V2 0

so that d can be computed from d,p via the following equality, which is just another way to
write (5.8) down:

d= Pd,xﬁo = Paﬁdzxﬁ + Pydy. (5.10)
Defining
V2/3 0 0
Hupo = HP = [Hyg Hy|, Hup:=HPy= |-1/vV6 1/v2 |, Hy:=HP= |0
~1/v6 -1/v2 0
(5.11)

this change of basis (called “Concordia transformation”) allows to rewrite (5.2) as follows:
u= HP P~'d = Hypodupo = Hupdap + Hodo = Hupdap (5.12)

The decomposition can be graphically summed up in Fig. 5.3.
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Figure 5.3: Decomposition of the inverter model (dashed arrow conveys null signal due to
equality HPy = 0).

5.2.2 Input space decomposition

The quantity dy = PJd is called the “homopolar duty cycle”, since it is proportional to Y di,
see the expression of Py. It is well-known that this quantity has no impact on output voltage
1
u.
Observe that the columns of the submatrix H,g € R3*? are linearly independent, so that

H,g is left-invertible, i.e. there exists a matrix H;rﬁ which is the left-inverse of H,z in the sense

that H;%H“ﬁ = I. This means that (5.12) implies

dop = Hgu (5.13)

A possible expression for H;ﬁ reads:

_ 21 —1/2 —1/2
2x3 + . T 117 pT

From (5.13), the crucial comment regarding (5.12) is that u uniquely defines d.

Remark 5.2 (The input decomposition perspective). The two previous paragraphes already give
a concret application of the discussion proposed in the introduction: By decomposing the un-
constrained input space R? into N @ £ with £ := Im {P,s} and N' = Im {P}, one solves
the unconstrained problem. Indeed, d can always be uniquely decomposed as d" + d' with
d" = Pydg € N and d' = Pupdap € L, see Fig. 5.3. This construction ensures that input d" leads

to zero output, and that input d!, and in turn dyp, satisfying H. d = uis unique. °

Hndeed, dy impacts both v — 130, = d = Pypdup + Podo and (v, — vy)13 = Podp in such a way that
u=0v-ovyl3 = (v—130r) — (vn — 0r)13 = Papdsp
remains unaffected by dy: Voltages vy — v, and v, — vy are “translated” by dy/ V3butu = (v — vr) — (vn — vy)

does not change. This physical observation is mathematically recovered by the fact that Hy = 0, so that dy does not
contribute at all to u, see (5.12). Saying it differently, dy is the coordinate of d in A" := Ker {H}.
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Figure 5.4: Schematic of the solution of the unconstrained inverter control problem.

5.2.3 Solution of the unconstrained problem

This discussion already leads to the solution of the unconstrained version of Prob. 5.1, i.e.
the simplified problem for which d can be arbitrarily selected in R3. Bearing in mind that
recovering the appropriate d from u“ reduces to “invert” the mapping H, any solution d can
be constructed by “walking backward” along the path from d to u on Fig. 5.3. Consider the
last subplot of Fig. 5.3 located at the bottom left-hand corner. From (5.13), taking the path at
the top of this subplot gives the first two entries of d,py by way of H;ﬁ The last component
dg can be arbitrarily selected because the path at the bottom does not contribute to the output
voltage. The construction of the following set formalizes these observations:

- d

(5.14)

Note that d can eventually be computed from d,g using (5.10).
Fig. 5.4 presents a graphical illustration of this inverse mapping. Bearing in mind that

H;H,g = I holds, the key observation is that when connecting the controller in Fig. 5.4 to H

ap
as decomposed in Fig. 5.3, one gets u = u? regardless of the value of dy which can thus be com-
puted via an optimizer, depicted by the block called “Opt”. Comparing Fig. 5.4 and Fig. 5.3,
one can say that the controller u¢ — d was built via mirror construction of the decomposition of the

system.

5.3 Dealing with constraints

5.3.1 Propagation of the input set D through the inverter

So far, the discussion implicitly relies on the assumption that input d is allowed to take any
value in R3. In fact, the components of d are duty cycles, which are enforced to belong to [0, 1],
so thatd € D = [0, 1]® must be ensured. Imposing this constraint on the previous development
can be implemented by ruling out the duty cycle vector d,z0 which does not belong to D,z0.
Here, D,p refers to D in the new coordinates, i.e.

ID(,(‘BO = {daﬁO : Pd[xﬁo =de D}
so that d,go € Dypo is equivalent to d € D. Therefore, the admissible set for d,p is the follow-

mg:
Supo = H;;O(ud ) N Dypo (5.15)
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Figure 5.5: Propagation of the input set through the decomposition of the inverter model.

To give this set a formulation in closed-form, one can first compute D,y and then intersect it
with H | ﬁlo(ud) already computed. Here, we follow a different path by pursuing the idea that
inversion can be performed by reversing the decomposition of the system.

Specifically, we investigate how D impacts the problem solution by propagating this set
through the inverter model depicted in Fig. 5.3, from the left-hand side to the right-hand side.
The resulting image is shown in Fig. 5.5. The first step is the forward transportation of D
through P~1, that is, the computation of P~!D. The next development shows that this set is
nothing but D,0:

P'D={P'd:d e D} = {P 'Pdypy : Pdupo € D} = {dupo : Pdupo € D} = Dypo

The next step is to transport the set D, g9 through the mapping extracting both d, g and dy from
dupo- Two solutions exist depending on which component has priority:

(i) If priority is given to d,g, then one defines
Dyp = {dap : Ido, dapo € Dapo} (5.16)
so that the “slave” variable dy belongs to
Do(dug) = {do : dapo € Dapo}; (5.17)
(ii) If priority is given to do, then one defines Dy := {do : Idup, dapo € Dapo} and the “slave”
variable becomes d,g that belongs to Dyg(do) = {dap : dupo € Daﬁo}.z

As illustrated on Fig. 5.5, solution (i) is retained because dy has no impact on the output volt-
age u, so this component is naturally chosen as the “slave” variable.

5.3.2 Handeling the input set D in the inversion procedure

Once again, the problem solution can be constructed by “walking backward” on the path from
d to u in Fig. 5.5. Recall that 1/ uniquely defines d,g using (5.13), as in the unconstrained case.
This implies that taking the path at the top of Fig. 5.5 from u to d,g, the constraint dyg € D, is
satisfied under the assumption of the feasibility of u?. From d, g, the last component dy is then
computed to ensure that dy € Dy(d,p) holds.

These observations are formalized in two directions. First, by providing an expression for
Sepo corresponding to S in the new coordinates:

d
Sapo(u?) = {[;05} tdup = H;ﬁud, doy € Do(d,xﬁ)} = {Hljﬁud} X DO(H;ﬁud) (5.18)

2Let us emphasize that Dy(d, ) and Dy are distincts, just like D,5(dg) differs from D, 4.
p B J B B
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When compared with (5.14), this expression clearly shows that the set membership constraint
d € D modifies the set of solutions by reducing the set in which dy can be selected. Second,
via Fig. 5.6 which builds on Fig. 5.4 and proposes a graphical representation of the problem
solution. Once again, connecting the controller in Fig. 5.6 to H as decomposed in Fig. 5.5, one
obtains u = u“ regardless of the value of dy, provided that

(i) dup € Dyp holds, which is equivalent to saying that u is feasible;

(ii) dy is selected in Do(daﬁ), so that dygg € Dypo and, in turn, d € D are ultimately ensured.
The saturation block in Fig. 5.6 delivering do aims to formalize that dy € Dy (d,p) holds.

For this reason, dy is computed via an optimizer. Again, comparing Fig. 5.6 and Fig. 5.5, the
controller u? — d arises from the mirror construction of the decomposition of the inverter.

5.3.3 Computing Dy(d,p)

The last task is to formulate Do (d,g) in closed-form. To do so, let us adopt a component-wise
notation for inequalities, which is illustrated via the following reformulation of D:

d
D =

db] :O<dk<1,(k€{a,b,c})}{d:03<d<13} (5.19)
so that D, can be first manipulated in the following way:

de

dupo € Dapo €20, < Pupdup + Podo < 13 £ —V/3Pygdep < 13do < V3(13 — Papdap)
<~ do(daﬁ) = —\@min{Paﬁdaﬁ} <dy < \@(1 — max{Paﬁdalg}) = d_()(da‘[g) (5.20)

where min{-} and max{-} extract the minimum and maximum of the components of their
argument vectors, respectively. Clearly, the last equivalence allows us to conclude on the ex-
pression of Do (dsp):

DO(docﬁ) = [do(dzxﬁ)r do (le,B)] (5.21)

Remark 5.3 (Two expressions of D,g). The following alternative expression for D,z can be
derived from (5.20):

Dupo = { [”g‘oﬁ} dy € Do(daﬁ)} (5.22)

When combined with (5.14) and S,pp = H;ﬁlo(ud) N Dypo, this allows to recover (5.18). .

5.4 The feasible set of output voltages

Let us now investigate the problem of existence of solution, i.e. let us construct the feasibility
set U to which u? has to belong to for a solution d to exist.
To this end, consider the following change of variables on the output u:3

ugpo = Q 'u with Q=P (5.23)

3P and Q are matrices of the change of variables in the input and output spaces, respectively. If they fortuitously
coincide for the inverter, they are distinct in general. In the same vein, if R is invertible in general, see (5.26), it is
distinct from the identity. This motivates the use of R instead of I, and of different notations for (i) P and Q and (ii)
sz B and U apB:
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Figure 5.6: Schematic of the solution of the inverter control problem.

This equation leads to:

A

Uypo = H(xﬁOdtxﬁOr (5.24)
with
R 0
Hupo = Q 'HP = 0 with R =1,. (5.25)
0 00
Hence, (5.24) reads
u(xﬁ = Rdaﬁ:dlxﬁ/
{ w = 0. (5.26)

As aresult, u,p is feasible iff (i) up = 0 and (i) u,p € Uyp with
u“/g = RD“‘B = szﬁ (5.27)

In view of (5.16), item (ii) is equivalent to saying that there exists dy such that d,g0 € Dypo
with d,g = u,5. Observe that dy does not appear in those equations because of the equality
HPy = 0 already mentioned. This discussion can be summarized by the following derivation
of the feasibility set U0 in af0 coordinates:

A u
Unpo = {Uapo : Fdapo € Dapo, ttapo = Hapodapo} = { [u“f] DUyp € Uypp, g = 0} = Uyp x {0}
(5.28)
From (5.20), the set U5 = D,p can be rewritten in closed-form as follows:
Dup = {dup : Do(dap) # {D}} = {dup : do(dup) < do(dup)} (5.29)
A graphical summary of this discussion is shown in Fig. 5.7, which enriches both Fig. 5.5
and Fig. 5.6.

Remark 5.4 (Key role plays by (5.20)). Let us emphasize that (5.20) gives an expression in closed-
form not only of Dg(d,w) but also of Dy, that is, the two sets arising when splitting D,z and
giving priority to d,g over dp. o

Remark 5.5 (From Uy g to U). The feasible set in the original coordinates can be simply derived
using the following expression:

U:= {Quaﬁo D Upo € urx,BO} = Quaﬁo (5.30)
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= UqB € Z/la/g

PP do € Do(dap)

Figure 5.7: Schematic of the ultimate solution of the inverter control problem where the fea-
sible set explicitly appears. If u? belongs to U or, equivalently, if uf = 0 and u? g € Uyp hold,

then u equals the desired output voltage ud,

Remark 5.6 (Homopolar output voltage). The voltage u is called the “homopolar output volt-
age”, since it is proportional to } ke, 5} Uk, See the expression of Iy. For a star-connected
topology, the assumption of balanced loads implies that 1y = 0 holds. This explains why u
can only be null regardless of the input vector. This physical observation is mathematically
recovered because 1y = 0 characterizes Im { H}. .

5.5 Simulation results

As an illustration of the proposed algorithm, let us consider the following desired output volt-
age trajectory parameterized by 6 € [0,47]:

cos ()
d - COS — W1 — I 6/<27T)/ (9 S [0127—[[)/
u (9) = k(e) COSES +§;;§§] th k(@) k % { 1 (9 c [271_,47_[])’ (5.31)

and where k € R. Expressed in the new coordinates, u%() reads:

cos(0)
ulsol6) = QMu(6) = k(f»ﬁ {sin()w)] .

Let k = 1/+/3. A graphical representation of u(-) is shown in Fig. 5.8 as a function of 6 in both
coordinates. Fig. 5.9 and Fig. 5.10 depict u(-) in the output spaces in both coordinates. It can be
seen that u?(9) is feasible for all 6 since uf(6) = 0 and uiﬁ(G) = Uyp hold for all 0 (see (5.28)).

In the new coordinates, the inversion reduces to the simple relationship d,g = ul g (see
(5.26)). Since u‘(0) is feasible, d,s(6) always belongs to Dy so that Dy(dus(0)) is never empty.

This last set is depicted in Fig. 5.11 together with d,g(6). Observe that the closer u%(6) is to
the boundaries of the feasible set U, g, the smaller is Do (d,p(0)), that is, the degree of freedom
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Figure 5.8: u? defined by (5.31) as a function of # in both coordinates.

Figure 5.9: Output space in the original coordinates. The feasible unconstrained set Im { H}
includes the actual feasible constrained set /.
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Figure 5.10: Output space in the new coordinates, so that 1y can now simply be read on the
third axis. The feasible unconstrained set is the plan containing the first two axes. It includes
the actual feasible constrained set U,po.

in the selection of dy € Dy(dap(6)) vanishes each time this set collapses to a single set-point,
as for 0 € 2rr(1+{1/9,3/9,5/9,...}). This observation can be recovered by examining the
input set depicted in Fig. 5.12 in the new coordinates. The cube is the input set Dygo. The
construction of the input trajectory can be interpreted as the selection of the appropriate value
of dy (on the third axis) for dygo to belong to the cube and bearing in mind that the first two
coordinates of this vector, that is, dys = ud g are imposed by the desired output voltage. The
set in which dj can be selected is depicted by the vertical green surface. Once again, observe
that this surface shrinks as the output voltage pushes it close to the external corners of the
cube, that is, the corners that are not above the origin. Fig. 5.12 is analogous to Fig. 5.13 in
the original coordinates, where dj is read on the first diagonal span {13}. To better relate the
figures, note that the particular value
0p = 1/2

is identified via the dashed black segments of Fig. 5.11, Fig. 5.12 and Fig. 5.13.
Input d(0) can be further represented by Fig. 5.14: To arrive at this picture, different values
of dy has been selected via ¢ € [0,1] and according to the following relationship

do(dap, 1) = do(dug) + 1(do(dup) — do(dap)).

Then, the corresponding d is computed and depicted. Observe that all the curves meet for the
value of 6 where Dy(d,5(0)) contains a single point.

Remark 5.7 (Intersective and vector PWM). A typical problem is to compute the largest value
of k for which the reference ud(G) defined in (5.31) is feasible for all 6 € [277,47] and, in turn,
for all 0 € [0,47]. Since uf(0) is identically zero, feasibility is achieved iff ugﬁ(G) € D,p holds
for all 6 € [27,47], see (5.28). From (5.29), this is equivalent to

—min{Pupdap(6)} < (1 — max{Papdap(6)}) with dup(0) = ”Zﬁ(Q) _ k\@ [Cos 0}

sin 6

for all § € [271,47]. It can be verified that k = 1/+/3 is the answer to the problem because
d, = do for e.g. § = 271/9 + 27t. The fact that this situation is a limit case is confirmed by the
fact that d(0) touches the faces of the cube D for some 6 in Fig. 5.13. First subfigure of Fig. 5.15
(corresponding to the second part of the time simulation of Fig. 5.11) illustrates this fact.
Recall that uf g € Dap < Do(dup) # {2}, see (5.29). Hence, the previous problem is

concerned with the case where Dy(d,s(6)) is never empty. Another problem is to find the
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Figure 5.11: Input trajectory leading to the desired output voltages. The selection of dj in
Do (dnp) is the degree of freedom of this inversion.

Figure 5.12: Input space in the new coordinates.
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Figure 5.13: Input space in the original coordinates.

1 T
— t=1
205 L =0.25
= t=0.5
0 ‘ L =0.75
0 0.5 1 L0

Figure 5.14: Different input trajectories arising from different selection of dy in Dy (d,, 5).
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Figure 5.15: Maximize the size of k (upper subplot) under the constraint of constant dy (lower
subplot).

do(0)

largest value of k such that there exists a constant dy € R, that is, independent of 6, satisfying
dy € Do(dap(0)) for all & € [271,47] and, in turn, for all 6 € [0,47t]. As illustrated in the second
subfigure of Fig. 5.15, the answer to this problem is k=1/2and 570 = /3/2. This corresponds
to the following input

1 cos(0) 1 1
d(0) == |cos(0 —2mt/3)| + =13 = ud(e) + 513 (5.32)
cos(0 +27/3)
forall 6 € [27,47]. o

5.6 Conclusions
As a summary of this chapter, let us recall its essential message.

¢ Control of 3-phases inverter is about:

— Electrical engineering statement: Adjusting the homopolar duty cycle dy in or-
der to cope with the input constraint D and to meet secondary control purpose;

— Mathematical statement: Right-inverting a non invertible static linear map sub-
ject to input constraints;

¢ Inverting this map amounts to build a controller via mirror construction of a suit-
able decomposition of the system, obtained via the “Concordia transformation” and
implementing appropriate projections of the input space, see Fig. 5.7. An explicit ex-
pression of the range of the system is readily obtained as a byproduct of this study.

* The obtained control law is static and time-invariant, so that it can equally operate
in transient or in steady-state.
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5.7 Bibliographical notes

Existing works

An up-to-date state-of-the-art for the control of inverters can be found in [Bou22, Chap.1], see
also [Pat15, Fig.2.21, p.79]. Material of Rem. 5.7 can be recovered from [Pat15, Chap.2], see,
in particular, Tab.2.2 p.74 of this reference, where the intersective PWM is renamed “Sinus
PWM”.

Two control strategies Most of the time, the literature treats the following two modulation
strategies. They are usually exposed as follows:

¢ Intersective PWM (see e.g. [Patl5, Sec.2.4.2.]): The analysis focuses on the steady state,
where the desired output voltage vector is a balanced 3-phases sinusoidal signal, as in the
second part of the simulation performed in Sec. 5.5. From the analysis of the waveforms
of the carrier and duty cycle (see e.g. [MURO07, see Fig.8.22]) and the observation that
uyp = dqp (see (5.26)), it is immediately concluded that d can be selected as v/3/2, thus
leading to d as in (5.32).

¢ Vector PWM modulation (see e.g. [Pat15, Sec.2.4.4.] and [NL96, p.115-116]): Adopting a
completely different perspective, the focus is set on the hexagon of Fig. 5.9 that is rep-
resented in a plan, i.e. H(D) in Im {H}. Then, solving Prob. 5.1 amounts to identifying
every barycentric coordinate of a given output voltage u¢ € U, respectively to the ver-
tices and the center of the hexagon. This process can be graphically performed.

Geometric point of view Pioneering studies on the geometric perspective in this chapter
can be found in [RLD99]. The H-bridge and star-connected three- and four-leg inverters are
treated. The changes of basis, and their geometric interpretations, are introduced.* However,
their algebraic origins (in terms of the image and kernel of H) are not discussed, unlike in the
remarks of the next chapter. The same comment applies to the input constraints: No guidelines
on how to select V" in (4), (12), and (19) of [RLD99] are provided.

Optimization criteria The selection of the optimal value of dy € Dy (d,p) is beyond the scope
of this chapter. Following e.g. [Patl5; GGL17; Vid+19], it can be made on the basis of the
following commonly used criteria: DC bus utilization, spectral content of the output voltage
signal, reduction of power losses particularly by clamping, etc.

Paul-Etienne Vidal and its co-authors Recently, a point of view very close to the one used
in this chapter has been independently adopted by Paul-Etienne Vidal and its co-authors from
ENIT, Tarbes France. For the content of this chapter, the most relevant reference is perhaps
[Vid+19]. Unlike in [RLD99], the input constraints are explicitly taken into account, see [Vid+19,
(24)] and compare it with (5.20). Interestingly, the existing literature on PWM strategies is re-
viewed in terms of the selection policy of dy, see [Vid+19, Tab.1] where A corresponds to dy. As
in this chapter, it is explicitly shown that the proposed point of view is universal in the sense
that any existing PWM strategy can be coded as a particular function selecting dj.

4The discussion in [RLD99] is sometimes confusing from a mathematical point of view. For instance, the input
space, called “leg voltage space”, is depicted on the same graph as the output voltage space, see e.g. [RLD99, Fig.2],
even though these sets do not belong to the same euclidien spaces. As another example, [RLD99, Fig.2] suggests
that the projection related to H is orthogonal to the first axis, whereas the mapping H is actually related to an
oblique projection parallel to the kernel of H.
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Rephrased existing work
Let us comment on this state of the literature.

¢ In both strategies, it is seldom recognized that the problem amounts to invert a static
map. [Vid+19] is a notable exception with that respect. If the expression of H can be
found in any standard textbook on power electronics, see e.g. [Pat15, (2.31)] or [MURO?,
p-232], it is surprisingly seldom used. Perhaps this explains why the inverse map is
rarely provided, and why the transient regime remains apparently out of the scope of
most studies.

¢ Comparison between the intersective and vector PWM strategies are often convoluted,
see e.g. [KD02; BY97]. In the framework of this chapter, the distinction between the
two approaches can be simply viewed as the result of a different parametrization of D.
Indeed, instead of defining this hypercube as follows

D =1[0,1] x [0,1] x [0,1], (5.33)

one can characterize D as the convex hull of the vertices §j of this hypercube, i.e.

0 1 1 1 8 8
D =conv{$; = 0| ,% = [0] 8= |1|,....88= |1|}={)_ Ad:0s <A <1g ) Ar=1}
0 0 0 1 k=1 k=1

Eq. (5.33) highlights that each entry of d € D takes value in [0, 1], independently. Eq. (5.34)
emphasizes that any d € D can selected as the barycenter of the vertices 3y, weighted by

scalars Ay, so that d € D is equivalent to the existence of A in the unit simplex {A : 0g <
A<1g, Y8 1 A =1} C R¥such thatd = Y5 _; Aiér.

The key idea underlying the vector PWM modulation is to write u = Hd for the second
parametrization, i.e. u = [H$; ... H$g] A. Solving the problem then boils down to de-
termine the most appropriate weighting vector A among those that make u a barycenter
of the points { H$1, . .., H3g}. This can be done graphically, since these points correspond
to the center and vertices of the hexagon U/, see e.g. [Pat15, Sec.2.4.4.].

* Both parametrization of D leads to the same reachable output voltage. From the perspec-
tive of this chapter (see Rem. 5.7), “constant homopolar duty cycle” and “time-varying
homopolar duty cycle” seem more appropriate names for what is called “intersective
PWM” and “vector PWM?”, respectively, in the literature. In addition, the essences of the
two strategies do not differ by the reachable output voltage set, but rather by the way the
input set D is parameterized. Hence, the point of view associated to “intersective PWM”
and “vector PWM” could be renamed as “cartesian product PWM” and “barycentric
PWM”, respectively. The following quote confirms this comment: “Vector-based and
intersective approaches may therefore be considered complementary for understanding
the operation of an inverter for a given control, from both load and source perspectives,
and for synthesizing control laws.”, [Pat15, p.81].

Hopefully, this chapter will be viewed as a valuable attempt to enrich and strengthen the
study of [Vid+19] by mathematically formalizing the discussion and offering a graphical rep-
resentation of both the input and output spaces. Unlike in [Vid+19], the hexagon H(D) is also
clearly computed and represented. In this chapter, it is also firmly said that the scope of the
discussion is not confined to sinusoidal output references.
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The previous chapter is intended to motivate this one, in which the inversion of input-
constrained, static, and affine systems is considered with full generality. It is shown how the
case of the 3-phases inverter can be generalized in this context using the same philosophy.
Note that the case of parametric dependency of the system is also investigated (see Sec. 6.2)
after the exposition of two other engineering motivating examples.

Let us already emphasize that the results of this chapter are useful tools, even in the dy-
namic system context. Chap. 7 shows that by playing with different time scales, the controller
design can exploit algebraic models as approximations of differential relationships, which are
locally valid around a particular time scale. Sec. 8.4.3 of Chap. 8 also shows that in some partic-
ular cases (namely, F = 0 is a friend of a particular subspace of the state-space), dealing with
constraints for dynamical systems amounts to handling those limitations on a specific static
model. Chap. 10 illustrates this feature for a relevant example of power electronics.

6.1 The affine case

The discussion in the previous chapter is now immersed in the more general context of arbi-
trary affine input-output mapping. The pictures in both chapters are intended for comparison.

6.1.1 Problem setting

Let the affine map H : R" — IR capture the following input/output relationship:
y=H(u)=Au+pb, 6.1)

for some vector b € R” and matrix A € RP*™. Our goal is to invert this equation, i.e.
given the output y € RP, find all inputs u € R™ satisfying (6.1), with the additional
constraint that u belongs to a given non-empty set / C R™. This amounts to providing
an expression for the following mapping.

(HIU)" :RP = U,
y—{uel:H(u) =y}

Of particular importance is the image ) of H|U, because the output y must belong to )
for (6.1) to admit solutions:

Y=HU)={yeRV:Juecld,H(u) =y} (6.2)

[ Problem 6.1. Express both (H|U/)" (y) and ) in closed-form.

In this section, we aim equipping both (H|U/)* and ) with an expression in closed-form.!
To better grasp the specific difficulties related to the input constraints, we often refer to the

IConsider Y|H|U, that is the codomain restriction to ) of the domain restriction of H to I. By definition, any
right inverse (Y|H|U)™ of this mapping satisfies (Y|H|U) o (Y|H|U)" = idy. The mapping (H|U)" gathers the
domain extension of every (V|H|U)™T to R?.
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sets analogous to ) and (H|U)™ (y) in the unconstrained context, that is, H(R™) and

H':RP = R",
y—{ueR":H(u) =y},

respectively.?

Remark 6.2 (Coordinate-free expressions). Clearly, Y = b+ AU and (H|U)"(y) = H (y) N
U hold. All the materials offered in the sequel can be regarded as an effort to provide an
implementable and more informative version of these coordinate-free expressions. Specifically,
we want to further support the idea that constructing an inverse reduces to build a block
diagram via mirror construction of an appropriate decomposition of the system, as performed
in Chap. 5. Such a block diagram of the inverse is more amenable to an algorithm, which is
obviously desirable for real-time implementation. .

6.1.2 Problem solution

Input/output change of coordinates Define
r:=rank {A}.

Let us select an orthonormal basis of R that is adapted to Ker {A}L, i.e. define a non-singular
matrix P € R"™*™ satisfying P~! = PT and such that the first dim Ker {A}L = r columns of
P form a basis of Ker {A}™. Similarly, let Q be a matrix whose columns form an orthonormal
basis of R” which is adapted to Im{A}. In this case, it is well known that the following
relationship holds

I
-1
@ AP= {O(P—:)xr] RIL Orxm—p)], (6.3)
where R € R"*" is invertible.
Define the following new variables.
7:=Q Y, a=Plu b=Q, (6.4)

together with the sets

A,

Yy=0Q'Y, U=prP'U.

By using the following development, (6.1) can be expressed as follows:

=il =b
-1 1 (6.3) Ir -1 -1
y=QQ (APP 'u+b) = Q([O}R[Ir O}P u+Q'b), (6.5)
=y
so that
7= H() with H(d):= m R[I, 0]a+b, (6.6)
or, equivalently,
[ ]?1:;’ :| — |:Rﬁ1:r +b1:r:| ) (6.7)
yAr—H:p br+1:p

This leads to the decomposition of H proposed by Fig. 6.1.
2Clearly, H(R™) D Y and H* (y) D (H|U)* (y) hold for ally € .
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br—l—l:p_>

Figure 6.1: Decomposition of H using the new coordinates.

~d n
Yir +i R_l Up:r
y? 9 ;
-1 7 U U
’ Q > bl:r > P ’
~d far—l—lzm
Yri1:p Opt —>>
—>

Figure 6.2: Controller built by inversion of Fig. 6.1. Note that the last m — r components of 7
are arbitrary and can thereby be optimised.

Example 6.3 (3-phases inverter of Chap. 5). Observe that the kernel and the image of H = A are
as follows:

Ker {A} =Im {13},
Im{A} = {y:1ly =0} =Im {15} ",

so that the same matrix P = Q allows to decompose both input and output spaces, by selecting
last column of P = Q inIm {13} \ {0}. The Concordia transformation given by (5.9) satisfies this
requirement. From the fact that dimIm {A} = 2 and dimKer { A} = 1, it holds

* * *x * x 0
QflA: * x x|, AP=|x % 0},
0 0 O * *x 0

as in (5.25).

Solution of the unconstrained problem The essential benefits of the change of basis are the
following two key features: (i) fi,+1.,» does not appear in (6.7), which is also visible in Fig. 6.1
where 7 is independent of 7, 1., and (ii) R is invertible. As shown below, this allows to derive
explicit expressions not only for the achievable output set J but also for (H|U/)" in the new
coordinates, i.e.

(Hl)*(9) = {n et : A(n) = g} = P~ (HU)"(QY),

To this end, and as a preliminary step, let us consider the unconstrained problem, i.e. i =
R™. As shown on Fig. 6.2, controller ¥ ~— u can be readily built via mirror construction of
the decomposition of the system depicted in Fig. 6.1. From Fig. 6.1 and Fig. 6.2, observe that
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Figure 6.3: Forward propagation of ¢/ toward y in the schematic of Fig. 6.1.

the interconnection of the controller and the system leads to y* = y iff 7 p = IA?rH:p holds or,
equivalently, if § € H(R™) with

H(R™) =R" x {by41,} (6.8)

In this case, and as shown in Fig. 6.2, the last m — r components of 7 are arbitrary, whereas the
first  ones are entirely determined by y“ via the following mapping #1.,(-) : R? — R":

() + § > R7H (G1r — brr) (6.9)
As a result, the unconstrained inverse reads:>

A 9 {01,(9)} x R™. (6.10)
Handeling the input set // Fig. 6.3 is constructed from Fig. 6.1 by forward propagation of ¢/

toward y. In doing so, the definitions of the following sets arise naturally by prioritizing i;.,
over fl,1., because only the former impacts y:

Zj{l:r = {ﬁlsr €eR": ElMAr-q-l;m S lRmir,MA € Z:{} , (6.11)
Z/A{r—klzm(ﬁl:r) = {ﬁr-i-l:m /NS Z/A{}/ (6.12)

together with the relationships 1., € Ur.y and 1, 1.y € Upi1.m(111.,). This immediately leads to

5) = (Elzr +RZ/71:1’) X {?JrJrl:p}/ (613)
(A" (@) = {21(0)} X Ursr.m (01 ()), (6.14)

Compare the two expressions with (6.8) and (6.10) to appreciate the impact of the input
constraints.

Building on Fig. 6.2, the controller scheme is enriched by Fig. 6.4 via mirror construction of
Fig. 6.3. Note that this graphical reasoning can easily be confirmed using (6.7).

Remark 6.4 (Back to the original basis). In the original basis, the two sets above are as follows:

y =b+ Ql:rRz;{lzr/
(H’u)+ (y) = Pl:rﬁlzr(Qily) + Pr+1:mz;{r+1:m(ﬁlzr(Qily))/

3The same conclusions can be recovered by adopting a purely algebraic view point using (6.7): Provided that
Jr+1:p = byry1:p holds, @ solving the unconstrained problem exists. Its first r entries are uniquely defined via 1., (),
whereas its last m — r ones are free.
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al:'r € ul:r
>

'&r—i—l:m

Figure 6.4: Controller build by inversion of Fig. 6.3. Note that the last m — r components of 7
are arbitrary in U, 1., (111.,) and can thereby be optimised in this set.

where P and Q have been split as follows
P= [Py Pr1m|, Q= [Qur Qrrim)
with P, € R™*" and Q., € RP*". To arrive at (H|U) ™ (y), the following relationship:
(Hl)*(9) = P~ (H|U)™(Q1),

has been exploited. .

6.1.3 Outer description of J and (H|U)" ()

The next step is now to derive a tractable expression for both  and (H|U)* (7). To this end,
assume that I/ and U;., admit the following outer descriptions:

U={uecR":g(u) <0}, (6.15)
U, = {01, € R": x(ity,) <0}, (6.16)

for some mappings ¢ : R — R* and x : R” — RR#, the latter depending on the former.

Construction of x from g is the key Expressing I/ in the new coordinates

U={0ecR":§n):=gPi) <0}
and using both (6.13) and (6.14) yields

V= {bi,+e: x(R7'¢) <0} x {bry1p} (6.17a)
(A" (9) = {12 (9)} X {dy11m € R" : g(P [Liltr(?)]) <0} (6.17b)

Ur41:m

If this expression of (H|U)*(7) is tractable, the one of ) requires an explicit expression of
X. Thus, the remaining challenge is to relate g to x or equivalently, U/ to U,.,. Observe that U,
can also be equivalently written as follows:

=1, 0]U

This allows to interpret Uy geometrically as the first » coordinates of the orthogonal projection
of ! onIm {[%]} C R™, as illustrated in Fig. 6.5. Indeed, U1, equals [I, 0] .
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Figure 6.5: Illustration for m = 3 and r = 1 of the construction of Uy (denoted by I'T;(S) on
the picture) from / (the tilted cube). (read 7y in place of x;)[BT97, p.71]

The polyhedron case Motivated by the quest to derive constructive results, let us assume
that g is affine so that U/ reads

H-rep: U ={uecR":Cu<d} (6.18)

for some C € R*™ and d € R*. This is equivalent to saying that I/ is the intersection of x
half-spaces, i.e. U is a polyhedron, which is described in (6.18) via its outer description, called
H-representation.

Perhaps, the most interesting feature of the set of polyhedrons is that it is closed under
affine mapping and intersection with affine space. Therefore, both Y = H(U) and (H|U) " (y) =
H"(y) NU are polyhedra because H* (y) is an affine space, as shown in (6.10). As a result,
Y =Q Yand (HU)*(§) = P~ (H|U)"(QY) are also polyhedra. As a matter of fact, one can
verify that

(HIU)T (9) = {i1,(0)} ¥ {frs1m € R™ " : CPpyumtlysrm < d — CPrytiy, (9) } -

For the same reason, ¢ and, in turn, U, = [Ir 0] U are polyhedron as well. Thus, y is affine.

Computation of parameters of x from those of ¢ is performed algorithmically.* The Fourier-
Motzkin algorithm achieves this purpose. It is similar in spirit to Gaussian elimination for
systems of linear equations, but applies to systems of linear inequalities. The idea is to isolate
the variable i1, in $(1) < 0 < CPf < d and then eliminate it by comparing its bounds
(depending on ilj.,,—1). Starting from the resulting inequalities and proceeding in the same
way, one can eliminate then 7,,_», and so on and so forth, up to the step where the remaining
variables are 71.,. Ex. 6.5, proof of the forthcoming Lem. 6.7 and (unrelated) Fig. 6.5 all illustrate
this iterative procedure.

4From (6.18), §(0) < 0 simply reads CP#1 < d.
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Note that this elimination method generates a quadratic number of new vectors or inequal-
ities at each step, leading to a combinatorial explosion. Fortunately, many new vectors or in-
equalities are redundant and can therefore be eliminated. Various methods exist for detecting
redundancies. Interested readers can refer to [Zie95, p.48].

e A

Example 6.5 (3-phases inverter of Chap. 5 (continued)). For this example, the set U/ = {u : 03 <
u < 13} can be coded as g(u) = Cu —d < 0 by defining C = {_I;S} andd = [22 } Then, observe
that (5.20) is an implementation of the Fourier-Motzkin algorithm. Starting from the inequalities
CPil < d < 03 < Pypdyp + Podo < 13 coding U, the variable d (corresponding to ;1. = )
has been isolated to obtain —\@P‘xﬁd‘xﬁ < 1zdg < \@(13 — Paﬁdaﬁ). Clearly, such a dj exists iff
dy(dyp) = —v/3min{P,pd,s} is equal to or less than do(dyg) = v/3(1 — max{P,pdsg}). Thus,
Dyp = {dup : Ido,dapo € Dapo} is nothing but {d,p : do(dap) < d_o(da’g)}. This set corresponds
to Uj.» so no further elimination is required.

The polytope case A second algorithm applies when U is bounded, i.e. U is a polytope. In
such a case, i admits an inner description, called V-representation, as the convex hull of a finite
number of vector of R which corresponds to its extreme points, i.e. there exists ulll o uldl e
IR™ such that

V-rep: U = co {um, . ..,u[”]} ) (6.19)

From this formulation, a V-representation of U, can be immediately obtained:

Uhy = (L 0] P7'U = PLU = co{al, ... a1} (6.20)

where ﬁgk]r = PJ ulfl> Subsequently, the computation of x reduces to the construction of an
H-representation from (6.20). Multiple algorithms exist for this nontrivial task, as outlined in
[JT13, Chap.5].

The zonotope case Images of the d-hypercube [—1,1]¢ obtained by affine mappings are par-
ticular polytopes called zonotopes. Hence, U is a zonotope if it can be described as follows:

Grep: U={c+ Y AGj:|AMe <1} (6.21)
jeld]
for some c € R" and G = [G; ... Gy] € R™* characterizing the affine mapping A

¢+ GA relating [-1,1) to U, i.e. U = c + G[—1,1]%.
From (6.21), one gets that I1;,, is a zonotope whose G-representation can be trivially ob-
tained:
U= PLU={¢+ ¥ MGt lIMow <1}
ie[1,d]

where ¢ := P] c and G = P G. Providing an expression to x reduces to compute the H-
representation corresponding to this G-representation, see [ASB10] for algorithms achieving
this goal.

5Note that, the inner description of ;. proposed by (6.20) may not be fully relevant. Indeed, there is no
guaranty that it is minimal (even if (6.19) is), in the sense that might exists j € [1,v] such that removing alll from

(1] [0]

the list of #lKls forming co {ﬁl:r, cel, 12“} let this convex hull unchanged, i.e. 7l can be obtained by a convex

combinaison of {ﬁ[k] Yre Lo\
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g{:r € j}l:r + al!'l‘ € ul:r

y e it 4>?:>R_1—>
—>»Q—1—>_/—A —>

Y

g1{+1:p = bT+11P

Figure 6.6: Controller of Fig. 6.4 equipped with an upstream saturation bloc to handle unfea-
sible output reference y* ¢ ).

Remark 6.6 (Zonotopes set captures decentralized saturations). The decentralized saturation
leads to U = [uq, U] X ... X [u,,, iy]. From the fact that

b—a a+b

[a,b] = [—1,1] +

for any a,b € R, this set U is a zonotope whose G-representation is characterized by G =
diag{(# —u)/2}and c = (W +u)/2. o

6.1.4 Discussion

Fault tolerance and reconfiguration Construction of the controller depicted by Fig. 6.4 can
easily be reduced to an algorithm. Therefore, if H is affected by some faults, so that either its
parameters or its dimension change, then the new post-fault control law can be automatically
obtained.

The unfeasible case Let us now consider the case where the desired output y? does not
belong to ), so that there is no u € U such that H(u) = y. From the discussion above, this
situation occurs iff one (at least) of the following conditions holds:

yA;C‘lJrl:p 7& Er+1:p (6.22a)
ﬁl:r(ﬁd> % Z/A{1:r (6.22b)
To mitigate the impact of the unavoidable mismatch between y? and the output y, one can
somehow saturate the output vector yd, that is, implement a pretreatment upstream from the
controller or, at least, immediately after the change of coordinates corresponding to the multi-
plication by Q! in Fig. 6.4. This boils down to the design of the following mapping:
saty : RP — Y
7" = 9 = saty(9)
The left-hand side of the enriched control scheme is depicted on Fig. 6.6. Observe that none of

the conditions (6.22) with  in place of §j/ are satisfied, by construction.
Perhaps, the most natural definition of saty, is the projection of 7 on the closed set ), i.e.

9/ € argmin || — 7“|
jey

Note that if ) is convex and the considered norm is strictly convex (e.g. the Euclidean norm),
then the projection §/ of #? is unique; thus, saty is a well-defined mapping. In general, this
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strategy does not preserve the direction of 7 though, i.e. there is no guarantee that #* and
i/ are colinear. In the case where this property is desirable, then the following “directionality
preserving” definition could to be preferred:®

9/ € argmin [l — 7|
yeYN(Ry?)

The bottom line of this discussion is that the definition of saty, is not unequivocal. The most
cautious strategy is probably to define this mapping in accordance with some in-depth study
of how the mismatch between ¥ and 9/ impacts the rest of the control scheme.

6.2 The linear parameter varying (LPV) case

In this section, we extend the framework of the study by allowing H(-) to depend on a
parameter vector € ®. The input/output relationship becomes

y=H(0;u) = A@)u+b(0) with uecl (6.23)

for some mapping 6 — b(6) € RP and 6 — A(f) € RP*™. Vector 0 can gather time ¢,
physical parameters, endogenous/exogenous signals, etc.

Two engineering examples are first introduced to motivate the study. Then, it is shown
that they can be captured via a single model that is treated analytically by implementing the
inversion strategy described in the previous section using 6 as a parameter. A discussion on
the continuity of the solution wrt 6 ends this chapter.

6.2.1 Two motivating examples

The hydraulic radial piston motor Consider a radial piston motor equipped with three pis-
tons as depicted on Fig. 6.7.” The driving torque y [N.m] is the sum of the individual torques
7k resulting from the forces exerted by each of the three came rollers on the cameshaft, i.e.

3
Y= Z V-
k=1

Each elementary torque <y, depends on both the pressure pj [bar] in the k-th piston and the
angular position between this piston axis and the cameshaft. This can be modeled as follows:

e = 8k(0)px,

where 0 [rad] is the angular position of the crankshaft, and g (-) : [0,27] — R [N.m.bar ]
results from geometrical consideration taking the motor architecture and the cam profile into
account. In the sequel, we assume that g(-) reads:

Spm(0) = \/g [sin(0) sin(6+ &) sin(6— Z)].

6Note that the set Y N (Rﬁd) might be empty, depending on yd and Y. In this case, the “less bad” direction could
be computed before hand.
"Note that a larger number of pistons can be treated using the methodology exposed in this subsection.
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Py(t)

Figure 6.7: Radial hydraulic motor composed of three pistons. Read p1 3 (lower-case) instead of
P 5 3 (upper-case).

By neglecting the pressure dynamics, let us assume that py can be instantaneously set to either
a high value p or a low value p of the pressure distribution system by way of the binary
control signal opening or closing the valves controlling the fluid volume in the k-th cylinder.
In this case, the pressure vector p € {p,7}> can be considered as the (virtual) control input
vector. This discussion can be summarized by the following equation, which captures the
input/output relationships of the motor:

7 = gm(0)p.

Just like for the electronic inverter, a PWM strategy can be implemented so that the averaged
output torque (over a given period of time T [s]) can be controlled by means of the average
input pressures. Assuming that T is sufficiently small for t — 6(t) to be considered constant
over a period of time, the average I/0O relationship is as follows:

[ v@dr = ghuto) [ por,

T

The integral on the left-hand side is controlled by the integral on the right-hand side, that is
the new input. Comparing this equation with the previous one, we conclude that averaging
via a PWM strategy keeps the I/O relationships unchanged, but enlarges the input space from

{p, P}’ to [p, P°.
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Table 6.1: How (6.25) captures the considered models of the piston motor and the inverter.

| L () [y(®) |

Piston motor ftt_T p(t)dt: averaged | | tt_T v(7)dt: averaged torque
input pressures
Inverter d(t): duty cycles uy(t): coordinate g of the av- | 03 | 13
eraged voltage u(f)

[ 7|

I=

I
|

The inverter in the dq0 coordinates The desired output voltage of 3-phases inverter (see
Chap. 5) is often expressed in the so-called dq0 coordinates,® which are obtained via Uggo =
P~1(6)u where P(6) reads:

P(8) = \E

In the case of the star-connected inverter, the relationship between the averaged signals 149
[V] and d reads’

cos(f —2m/3) —sin(6 —27/3) 1/V2]. (6.24)

cos(6) —sin(6) 1/v/2
cos(f +2m/3) —sin(6+27/3) 1/\@]

> cos(f)  cos(6 —2m/3)  cos(0+2m/3) gT(0)
Udqo = P~ Y(9)Hd = \/7 —sin(f) —sin(0 —27/3) —sin(0+27/3)|d= |gT(0+m/2)|d
S 0 0 0]

For a synchronous electrical motor, the component of foremost importance is u,, as it drives the
current i; which is proportional to the electrical torque exerted by the motor.'® This suggests
that u,; should be considered as the output, thus leading to the following input-output model:

ug = ghw(0)d  with gl (0) = — % sin(0) sin(6 — &) sin(6+ &)].

Inverting this relationship means computing the duty-cycle vector d such that d € D holds,
and u, has the desired value.
6.2.2 Solution for A() = ¢T(0) and U = [u, u]?

As made explicit by Tab. 6.1, the next specialization of (6.23) is general enough to capture the
two examples exposed in the previous subsection:!!

y=A0)u with A(0)=¢"(#) and uclU = [uul’, (6.25)
with
gT(0) = \/g [cos(0) cos(6—2F) cos(+ Z)]. (6.26)

Using 0 as a parameter, the implementation of the methodology of this chapter leads to an
analytical expression of the two fundamental sets associated with the inversion of (6.25).

8 Also called “Concordia + Park” transformation.

9As in Chap. 5, notation are lighten by making mean values implicit.
10Provided that the coupling term Lwiy can be canceled out.
HUp to a change of origin of 8 and the exchange of the last two components of g.
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Lemma 6.7. Given the input—output relationship in (6.25) with (6.26). Pick any 6 € [0,27t[—7/6
and define kg € [0,5] and rg € [—7/6,71/6[ such that 6 = rg + kg7t/3 holds. Let

0 0 -1
C=1|-1 0 0]. (6.27)
0 -1 0
Then, it holds:
Y(0) =y(rg)[—1,1] with Yy(re) := \/g(u—u) cos(rg) (6.28)

(HO) L)t (y) =C™% (Pi(rg) y
+Po3(rg) {fh2:3 : 13u — Pi(r9)y < Paz(rg)ilaz < 131 — Py(rg)y}).  (6.29)

Proof. See Appendix B.1. O

6.2.3 On continuity wrt 6 and the existence of general expression of P(6)

Lem. 6.7 shows that the methodology outlined in this chapter can be parameterized by 0. A
natural question is then how the obtained sets Y (6) and (H(0)|U/)" (y) are affected by this
parameter. In particular, what type of continuity of  — () can be expected ?? If those
questions go beyond the scope of this manuscript, a glimpse of the underlying difficulties is
now offered around the subquestion of the continuity of 6 — P(6). Recall that P(6) decom-
poses the input space and is a key ingredient to arrive at the expression of )(0) in closed-form.

Obstruction to the construction of continuous P(-) Consider the linear, constant rank and
single output case
H(6) = A(0) = g7(6)

for some nonvanishing continuous mapping g : ® — R™ \ {0}, that not necessarily coincides
with the map defined in (6.26). For m = 2, one can define P as follows:

1 [51(6) —g2(9)]
P(0) = , 6.30

O = @l (o) sie) (630
so that PT(9)P(0) = I, and gT(0)P(6) = [||g(6)]| 0], so that P(6) is an orthogonal ma-
trix adapted to Ker {gT(6)}". In this case, observe that P inherits continuity from that of
g. Implicitly, this has been achieved by decomposing P as ® o ¢ where continuous mapping
®: R?\ {0} — R?**? reads

Zﬁhquﬂ W%-w+m®={;ﬂ-

This is in contrast to the case in which m = 3 for which an analogous continuous expression
of @ cannot be derived. Let us prove this assertion. Without loss of generality, first assume
that ||g(0)|| = 1 for all .13 This allows to restrict the domain of ® to S2. Then, observe that if a

suitable ® exists, then it can be defined as follows:1*

P(g) = [P1(g) Da(g) P3(g)] with Pi(g) =¢

12See [AF09, Chap.1] for the notion of continuity for set-valued mappings.

13Any u solving y = gTu can be recovered from the solution ## = ||g|lu of y = §Til where § = ¢/||g|| € S?,
provided that g is non vanishing.

4By “suitable”, it is meant that P(6) = (® o g)(0) is orthogonal and adapted to Ker {gT(6) }L, for all 6.

g— @(g)
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and such that

1, (ifi=j

] (8)®;(g) = { 0, Eotherx{v)ise) (6:31)
holds for all i,j € [1,3] and for all ¢ € $?. Geometrically, this means that columns of ®;3(g) =
[@2(g) P3(g)] form an orthonormal basis of the tangent space of $ at g. Unfortunately, such
a mapping ®;3 cannot be continuous. Indeed, the so-called “hairy ball theorem” states that
there is no nonvanishing continuous tangent vector field on 5" if n is even [BGO05, p.77], i.e.
for any continuous mapping ®; 3 such that ®](g)P23(g) = gTP23(g) is identically null, there
exists go € S? such that ®,3(g0) = 0. This implies P](g0)Pr(g0) = 0, (k € [2,3]), so that
(6.31) cannot hold for all g € S2. This proves that, for m = 3, there is no continuous ® leading
to a suitable P = ® o g. This example shows that for some cases (e.g. linear, constant rank,
single output and odd number of inputs), P cannot be constructed from the entries of A in a
continuous way, as it is done in (6.30).

A workaround in the non surjective case If ¢(-) is continuous and P(-) must also enjoy this
property, then the previous obstruction can be avoided if ¢ : ® — S is not surjective, though.
For instance, consider the case where m = 3 and assume that there exists go € S2 such that
<(0) is distinct from +g for all 6 € ©. Subsequently, define P, 3 as follows:

_ (DAY _ 8N D(g)
D1(8) =g P2A8) = m/ D3(8) = m, (6.32)

where A is the usual cross product. In this case, we can verify that (i) ® : $?\ {+go} — R>*3
is continuous and (ii) (6.31) is satisfied for all i,j € [1,3] and for all ¢ € S?\ {+go}. When g
is continuous, this in turn proves that 6 — P(0) = (® o g)(0) is continuous on ® and is an

orthogonal matrix adapted to Ker {g7(8)}". Note that P(6) given by (6.24) can be constructed
in this manner by selecting g0 = 13/v/3 € S, i.e.
8(0

_ S0A8(0) __ [2 - RF
oto) = S =3 ls®@ A@:Ae6DI V3 H

where ¢(6) reads as in (6.26). In fact, g(0) € S? \ {£go} holds for all 6 € [0,271].

sin(6)
sin(6 — 27t/3)
sin(6 4 271/3)

>

5
N
=

—_

, D3(8)

Universal expression of P The construction of P as ® o g is motivated by the requirement
for the continuity of P. As a byproduct, this decomposition gives a universal expression of P,
in the sense that such a matrix is not only suitable for all 6 but also for any definition of g(-),
up the discussion on the requirement of nonsurjectivity. This has obvious advantages when a
new expression of ¢ must be considered during operating conditions, i.e. for adaptive control.

6.3 Conclusions
As a summary of this chapter, we recall the following essential messages:
* For input constrained and affine systems, a relevant control problem is to derive

expressions of the output feasible set ) as well as the pre-image (H|U) ' (y) of any
given feasible output y € Y, see Prob. 6.1.

* Decomposition of the input and output sets according to the fundamental subspaces
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of linear part of H, as well as implementation of the Fourrier-Motzkin algorithm in
the case of polyhedral input sets, allow to express both J and (H|U) ™ (y) in closed-
form, see (6.17) and the subsequent developments.

¢ From those results, a controller can be readily derived via mirror construction of the
underlying decomposition of the system, see Fig. 6.4.

e If the methodology can be implemented verbatim in the case of parametric depen-
dency of H, continuity of the solution wrt to the parameters can be challenged, see
Sec. 6.2. Workarounds exist for some physically relevant problems.

6.4 Bibliographical notes

Existing works

Relevant references to the topic of this chapter can be found in different fields in the literature.
This section follows this partitioning.

Model Predictive Control (MPC), computational geometry and optimization The equiv-
alence between the inner and outer descriptions of a polytope, that is, the V-representation
and the H-representation, respectively, is a nontrivial theorem usually attributed to Weyl and
Minkowski, see e.g. [Gal08, Th.4.7]. Algorithms that construct the outer description from
the inner description have been outlined in [JT13, Chap.5]. This problem is occasionally called
facet enumeration [JTO3]. See also [De +08, Sec.1.1] for a nice didactical introduction to this last
topic. The fact that H(U) equals co {H(um), e, H(u[z’])} ifUd = co {um, .. .,um} is proved
in e.g. [Gal08, Prop.4.2], see (6.20).

For a concise and didactical presentation of the Fourier-Motzkin algorithm, the reader is
referred to [BT97, Sec.2.8]. A more in-depth treatment is proposed in [Zie95, Chap.1]. Methods
for detecting the redundancy of inequalities arising at each step are reviewed in [Zie95, p.48]
and [Kar+83], see also [Ten03, Appendix B]. For a guide to historical sources, one can con-
sult [Sch11, Notes on Sec.12.2], with references to the original papers by Fourier, Dines, and
Motzkin.

Nice introduction and general results on polyhedra can be found in [Gal08, Chap.4]. See
also [BMO08, Prop.3.28] for a short recap of basic operations w.r.t which the class of polyhedral
sets is closed. Note also that a freeware dedicated to computation related to polyhedra has
been developed by Michael Joswig, Ewgenij Gawrilow and other contributors [GJ00; GJ]. For
a more in-depth treatment of polyhedra, including the particular case of zonotopes, see [Zie95].

The projection of points on sets, discussed in the paragraph dedicated to the unfeasible
case, is addressed in [BV04, Sec.8.1]. Interestingly, the analytical expression of this projection
can be found in this reference in the case where ) is a half plan or a hyperrectangle. For general
polyhedral sets, computing the projection boils down to solve linear program.

Image of a polyhedron via a linear map associated with a full column rank matrix is given in
[MB76] and proved in [Ker01, p.47]. Note that the result is given as the intersection of a linear
set and an outer described polyhedron and not as a usual outer representation. As shown in
this chapter, the general case where the mapping is not assumed to be injective leads to pro-
jection of polyhedron. The dimension of this projection is discussed in [BO98]. In addition
to the Fourier elimination and vertex enumeration (in the case of polytope) outlined in this
section, two other classes of projection methods exist: block elimination and gift-wrapping
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approaches, see [JKMO8] and [Jon05, Sec. 2.1] for details and references. Note that the corre-
spondence between parametric linear program and projection of polyhedron is exhibited in
[JKMO8].

Robotic In the field of robotics, the topic of this chapter is related to the so-called “inverse
kinematics” problem. A typical illustration of this problem arises when controlling a mechan-
ical arm composed of several joints actuated by motors [Whi69; Nen89]. Typically, the goal
is to let the arm’s hand track a given trajectory in coordinate axes that are convenient for the
operator, i.e. Cartesian coordinates are the most frequently used. The vector x of these coor-
dinates is related to the motor positions by the “direct kinematics equation” x = f(6), where
8 gathers the angular joint positions. In this relationship, x is the output and 6 is the input so
that the control inverts f. This task is typically involved because (i) f is usually complex and
(ii) a smooth inverse of f is highly desirable to facilitate the tracking of 6 via the motors. For
all those reasons, the most wide-spread technique uses the variational version of the above
equation, that is

Oy =Df(0)ds (6.33)

called “differential kinematics equation” relating the infinitesimal displacements J, and Jy via
the jacobian D f evaluated at 6 [Lie77]. From a given angular vector 6, the angular increment
Jp required to perform an incremental displacement J, of the hand arm is obtained via any
right inverse of the matrix Df(0). See also [Lie77, Fig. 2] for an example of the overall control
scheme. For a redundant manipulator, the dimension of x is smaller than the dimension of 6
so that Df(0) is a noninjective map. This problem is similar to the LPV case outlined in this
chapter: Variable correspondances read 6y = y, dg = u and H(6;u) = Df(0)u, but i = S™ is
not polytopic. An important issue is driving 6 via g away from the singularities of Df (). See
[CSE94] for an example of how this problem can be addressed by means of SVD.

Note that the inversion of x = f(6) has also been investigated head-on, adopting a global
perspective. Appropriate mathematical tools for this task comes from mathematical field of
topology. See [Bur88; Bur89; Got86] for pioneer works and e.g. [Mic09; EMW14; DSB96] for
more recent references. See also [KH83] for a comparison between local and global inversions.

The solution set S = H'(y) NU is seldom explicitly computed, though. Instead, one
identifies a particular u in S based on a given criterion. The most common strategies are (i)
solving the optimisation problem

min J(u), (6.34)
(ii) considering an additional linear equality constraint A,u = y,, such that the vertical con-
catenation of A and A, gives an invertible matrix [Bai85; Ser89] and (iii) adding a vector in
u; € Ker {A} to any particular solution u, € S [Lie77]. Clearly, all those methods are equiva-
lent, in the sense that any point in S(y) can be obtained by appropriately select the parameters
(i) J, (i) A4, y, or (iii) u . Note that early contributions use pseudoinverse to compute analyti-
cal solutions of (i) when &/ = R™ [KH83; Whi69].

Control allocation Control allocation, which is discussed in the next chapter, is yet another
research field for which the computation of the feasibility set ) and the solution set S is also
of particular interest. In this context, y is often denoted by T and corresponds to the overall
actuation effort (moment, forces, etc.) computed using a higher control unit. Control alloca-
tion involves distributing T among the actuators, that is, finding u € U such that T = H(u).
Observe that both control allocation and kinematics problems amount to partially invert the
causal chain from the input to the output of the system. However, what is inverted in robotics
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is kinematics (at the end of the causal chain), whereas control allocation focuses on the actua-
tion subsystem (at its beginning of the causal chain).

In the control allocation literature, several heuristic methods well surveyed in [Bor96; JF13;
ODBL11; Enn98; Sad+19] have been proposed to deal with (6.34) in the particular case where I/
is a hyperrectangle.

(a) The starting point is the analytical solution obtained in the particular case where i/ = R™
and J(u) = (u —up)TW(u — up) hold for some u, € R™, that is the solution u* obtained
via the weighted pseudoinverse of A translated via u,. To comply with the actuation limits
of U, a rule of thumb is to define W to penalize the entries u; that are more likely to
saturate.

(b) Daisy chain and cascaded generalized inverse are both iterative techniques. At each step, the
unsaturated entry u; is modified to compensate for the saturated ones, until the overall
vector u (hopefully) belongs to S, see [VB94] and [Ada+94, p.108]. As shown in [BD95a],
neither (a) nor (b) guarantees that, for all feasible y € ), an admissible solution u € S(y)
can be obtained. This is in contrast with the forthcoming group (c) of methods.?®

(c) If u* does not belong to U, direct allocation aims preserving the direction of y by scaling
down this vector via @ > 0 until Bu = ay holds [Dur93].1® Several ad-hoc (sometimes
heuristic) algorithms have been proposed to achieve this non-trivial task, see the con-
tributions of [Dur93; Dur94; Dur(01] outlined in [Bod02, §2 II-C]. It was subsequently
recognized that this problem can be cast into a linear program [Bod02, Sec. IV-B]. Re-
ferring to (6.34), if the obtained solution u is feasible, let us stress that it is not optimal.
Hence, none of these three methods leads to a complete solution of (6.34).

This motivates the derivation of the analytical solutions of (6.34), which depends on y in a
piecewise affine manner when ] is linear or quadratic. Along this line of research, an important
contribution to the application of control allocation are the thesis [Ton03; SpjO8] and other
related works surveyed in [JF13, Sec. 2.2.5], among which is the MATLAB toolbox [Her+13].
This is an important point of connection with the optimization literature. In this respect, see
the already cited reference [JKMO8].

In the control allocation context, the feasible set ) is sometimes called the “atteignable set”,
or the “atteignable moments” for aircraft control. When y € IR® and U is an hyperrectangle,
ad-hoc algorithms to compute ) have been proposed, together with the solution of methods
(c), again see the contributions of [Dur93; Dur94; Dur(1] outlined in [Bod02, §2 II-C].

Previous studies have focused on aeronautics and aerospace control. The literature on
ships and underwater vehicles is yet another source of methods for control allocation, often
referred to as “thrust allocation” in this context. Using the notations of [FJ06], where this
research field is well-surveyed, the allocation problem is associated with the equation T =
B(a)u. If a has a constant value, the problem is treated in Subsec. 6.1. Otherwise, it corresponds
to the LPV problem outlined in Subsec. 6.2 only apparently. In this case, corresponding to
vessels equipped with azimuth thrusters, not only the actuator command vector u but also the
azimuth angle vector « are to be determined. Therefore, in addition to the quest for optimality,
a important challenge is to control « to avoid rank loss of B(a). SVD can be used for that
purpose, see [Ser97].

15Note that the (very misleading) term “optimal” is sometimes used to distinguished method enjoying this prop-
erty (for all feasible y € Y, an admissible solution # € S(y) can be obtained) from other “non-optimal” techniques
[Bec02].

16 As noted in [Bod02], “the implicit assumption is that directionality is an important characteristic of multivari-
able control systems and flight control in particular”. See [Hor09; WS93] on this topic.
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Rephrased existing works

Formulating the inversion problem as mirror construction of an appropriate decomposition of
the system can be regarded as the added value of Subsec. 6.1 wrt the existing literature. This
generalizes the analysis of Chap. 5 beyond the particular case of 3-phases inverter. Hopefully,
the impact of a known obstruction on the continuity of the input change of variables (see
Subsec. 6.2.3) could be useful for an audience unfamiliar with differential geometry.

We also believe that the above analysis of the literature is useful as it brings closer research
tields that are often disconnected, even if they all tackle the same problem. For instance, it is
remarkable that the computational geometry literature has largely been ignored in attempts to
compute ). In addition, and after, for example, [AF09], it seems to us that the vocabulary of
set-valued mapping could clarify many (sometimes unnecessarily convoluted) statements of
parametric optimization problems.

Works never seen elsewhere in those terms (= new)

The example of piston motor is exposed in [DBT23]. See also [Dar+24] for direct control of the
pressure vector p, instead of its mean value, as in this chapter. See e.g. [KBL94, p.71] for the use
of the inverter in the dgq0 coordinates to controlling a 3-phases synchronous motor. Lem. 6.7 is
unpublished material.
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Chapter 7

Comparative study on control
allocation
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Figure 7.1: Typical architecture implemented to control a 3-phases inverter driving a three
phase AC motors.

To drive 3-phases AC motors, the inverter introduced in Chap. 5 is an instrumental device.
Fig. 7.1 illustrates the typical interconnection of this inverter with such a motor: The former
feeds the latter with the three voltages denoted by u in Sec. 6. Hence, the inputs of the overall
system are the three duty cycles whereas the output is the torque T produced by the motor.

To control this system, the classical methodology relies on the modular control scheme
displayed by Fig. 7.1, where a high level control unit C achieves torque control by delivering
voltage references u? to a low level control block A. The role of the latter is to compute the duty
cycles in such a way that the actual voltage u matches the reference one u¢, as represented by
the dashed red line on Fig. 7.1. This is just Prob. 5.1 of Chap. 5.

Such a control architecture is a particular implementation of the one of the Control Alloca-
tion Methodology (CAM) depicted by Fig. 7.2. Compare this picture with Fig. 7.1 and observe,
that the inverter plays the role of the actuation subsystem %,. In this framework, the mapping
A is implicitly defined via an optimisation problem selecting the optimal duty cycles among
the ones achieving the voltage references. Since the reference u?(-) is a time-varying signal,
this problem is solved online in a quasi-continuous way.

In this chapter, the CAM is introduced. The emphasis is put on its architecture, its key
features, its limitations and its mathematical foundations in terms of stability and optimality,
rather than on the details of its algorithm and the gains computation. An in-depth analysis
is performed on its applicability to the case of dynamical actuators, where %, is governed by
differential equations. Finally, the strikingly innovative approaches to this problem proposed
in the last two decades are outlined, illustrated and compared with the CAM.

7.1 The classical control scheme

7.1.1 A modular control scheme

The CAM is concerned with systems which can be decomposed into a set of actuators, gath-
ered in ¥, driving a plant ¥, via the signal T corresponding to the global actuation effort, see
the right-hand side of Fig. 7.2. Specifically, the CAM tackles the case where there exist more ac-
tuators than strictly necessary to meet the control objectives. This statement is often translated
in mathematical terms by the fact that there exist distinct input vector u leading to the same
global actuation effort 7, i.e. T does not uniquely define u. Thus, a secondary control objective
is to distribute the global actuation effort T among the actuators.

To tackle this problem, the CAM introduces the two-layers control scheme depicted on the
left-hand side of Fig. 7.2. The so-called allocator A is a low-level control unit dedicated to the
computation of the optimal distribution of the desired global effort T¢ on the actuators, i.e. A
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Figure 7.2: Control architecture of the classical control allocation strategy.

implements the following map

-

E:7(t) — u(t) € argmin J(i1) st T(t) = Z,(1h) (7.1)
e

where | is a real-valued cost function. Three comments are to be made on the above expression.
First, the mapping ¥, is algebraic, i.e. the attention is implicitly restricted to static actuators.
Second, 1 is to be selected in the set &/ C R™. This allows to take actuation limits into account,
by coding them in the definition of /. Third, t%(-) is a time-varying signal, as made explicit in
(7.1). For this reason, and because there is no closed-form expression of T — u(7?) in general,
the optimisation problem is solved online, frequently enough for (7.1) to be considered as
valid for all t. In particular, the constraint t¥(t) = %,(u(t)) of the optimization problem (7.1)
is assumed to be always valid. Together with the X,(u(f)) = 7(t), this leads to:

() = 1(¢t). (7.2)

This equality is the corner stone of the CAM. It is graphically represented by the dashed red
line on Fig. 7.2.
The main benefits of the CAM are now outlined:

* Modular control scheme: Instead of dealing with the full problem of controlling > head-
on, the CAM breaks down complexity of the control design by associating a control unit
to each of the component of the system. The control distribution, performed by A, is
separated from the regulation task achieved via C. The modular control scheme thus
obtained has numerous advantages. This first one is the simplicity of the controller syn-
thesis. Indeed, A is designed disregarding not only the dynamics of the plant but also
how reference ¥ has been generated. If A operates properly, then equality T = 7 is
valid. Thus, the high-level controller C can consider T as the (virtual) control variable,
disregarding how this signal is actually produced. The second advantage is related to
fault-tolerance and reconfiguration. Indeed, it is often emphasize that, in the event of
failure of a particular actuators, the allocator A is the only control unit that has to be
updated, i.e. C can remain unchanged.

¢ Actuation limits accommodation: Virtually, any actuation limits can be considered by
defining U/ appropriately, even the most complex coupling between entries of the input
vector u. Historically, this feature was regarded as one of the main benefits of the CAM,
see e.g. [Dur93].

¢ Optimality: The retained formulation of the allocator (7.1) guaranties optimality of the
distribution of the global actuation effort T, not only at the steady-state but also during
transient.!

! Achieving optimality in a very simple way from the designer point of view (just defined ], £, and U properly)
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hold A

Figure 7.3: Model of the allocator A with typical shape of the involved signals. Throughout
this chapter, equality t; = t; is imposed to simplify the analysis.

Optimality and constraint satisfaction of the optimisation problem (7.1) are not always simul-
taneously satisfied in the literature. One often merely focuses on one of those desirable prop-
erties, disregarding the other, see the bibliographical notes at the end of Chap. 6.

7.1.2 How to make it works ?

The CAM entirely hinges on the fact that equality T = 7 is valid, that is, the dashed red line
of Fig. 7.2 links signals that are assumed to be equal. This assumption is the key to ensuring
independence of the design of both C and A.

However, in practice, this assumption is inevitably violated because the implicit expression
of A given by (7.1) is repeatedly resolved online via a sample-and-hold mechanism. To see
this, let us model the allocation block A as in Fig. 7.3 where the shapes of the involved signals
are also represented. From 7 to u, signal 7 is first sampled at a period t;. This allows the
optimization problem (7.1) to be solved with t¥(t) = 7%(kt;). A time delay of magnitude
tqy < ts models the computation time required by the solver, whose output is connected to a
zero-order hold mechanism. In general, the computational effort needed to solve (7.1) is not
constant, so that t; is time-dependent. However, to keep things simple, we consider that t; is
constant and equal to f;. The following relationship captures the input-output behavior of A,
and is valid for all k € IN:

u(t) :E(Td((k—l)ts)),Vt € [kts, (k+1)t] (7.3)

Let us now compare T(t) = Z,(u(t)) with 4 (t). As a preliminary step, observe that any 7%(t)
is mapped by E to some vector u(t) satisfying T(t) = ,(u(t)), provided that the optimization
problem admits solution, see (7.1). Therefore, the following identity holds:

o (E(T(1))) = (1) (7.4)

for all T(t) for which (7.1) is solvable, i.e. for all T¢(¢) in £, (/). In this case, one gets:

(1) = Sa(u(t)) TR 24 (k= )8, VE € [kts, (k +1)] (7.5)

Using this equality and some arbitrary signal T, Fig. 7.4 illustrates the relationship between
7 and 7. Clearly, these two signals are not equal, so T = ¢ is violated. Let us emphasize that
this conclusion depends neither on the parameter of the optimization problem associated with
&, that is, | and X, nor on the shape of 74, as soon as this signal is not constant.

is often regarded as one of the main benefits of the CAM. Perhaps this feature can be considered as the main reason
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T(t) = 7(t)

-2 I 1 |
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Figure 7.4: Illustration of how 7 derives from T fort; = t; = 1, and comparison of those two
signals.

Let us now try to provide guidelines under which T = 7

4 can be considered a reasonable

assumption anyway, i.e. T4(t) — 7(t) is small in magnitude.

(a)

(b)

(©)

Use efficient solver to implement A: This amounts to reduce the magnitude of t; = ¢,.
From the above discussion, this is expected to decrease the peak value of ¢ (t) — T(t);

Slow down 7%: The rational behind this second suggestion is that the time required to
process 7% should be small with respect to the speed of variation of this signal;

Saturate T to prevent unfeasible constraint: Another reason for which equality T = 7

might be challenged is that ¥ can make (7.1) unfeasible. In this case, the desired global
control effort cannot be achieved within the range of ¥, and the actuation limits. To
prevent this event to occur, the controller C should be designed in such a way that

(1) € Z,(U) (7.6)

is ensured at all time.2 If ¥, is static, recall that Chap. 6 contains the material to construct
Y. (U).

Use fast actuators: When defining the optimisation problem Z, it has been implicitly as-
sumed that the algebraic mapping X, models the actuation system at a satisfactory level.
To ensure the validity of this assumption, fast actuators shall be used so that variation of
u immediately impacts T, as coded by the constraint of =.

Appart from the third point, any of the above guidelines can be interpreted as an effort
to impose two distinct time scales on the resulting closed-loop system: On Fig. 7.2, signals
associated with the top blocks C and X, (above the blue dotted line) must behave slower than
those related to the bottom blocks A and X, (below the blue dotted line). If imposing this two

for the spread of this technique, even out of the control community. This is not without reminding the history of
MPC, as outlined in e.g. [May14].

2This point of view is far from being shared in the literature, see the discussion in Subsec. 7.6.1 at the end of this
chapter.
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Table 7.1: Contexts of the different simulations. The first line corresponding to Fig. 7.6 is the
nominal case. On each other line, only variations with respect to this nominal case are reported,
e.g. for Fig. 7.7, C and X, are as in the nominal case, that is smooth and static, respectively.

Fig. num. ‘ tg =t ‘ C ‘ pIR
7.6 0.2 smooth static (@ — +00)
7.7 1 - -
7.8 - aggressive -
7.9 - - dynamic (x = 1)
7.10 0.4 - dynamic (x = 1)
7.11 04 - -

time-scales scheme does not prevent 7¥(t) — 7() from being non-zero, it brings this difference
close to zero and, in turn, makes equality T = 74 a reasonable assumption.

The next example aims to illustrate the strategies discussed in this chapter. Simulations are
performed for each of them. To better relate the different simulation contexts, the reader is
referred to Tab. 7.1.

3

Example 7.1 (Toy example). Let us introduce an academic example that is linear to keep things
simple, even if the CAM applies to nonlinear systems. The quadruple defining the linear plant

reads:
-1|1
zp.{ - 0],

and m = 2 static actuators contribute to the overall control effort according to the following
model of X;:
Toou—t=1[1 2]u

Also assume that
U =[-05,05] x [-1,1]

In this context, the set of achievable T is
¥,(U) =[-05,0.5] +2[-1,1] = [-25,2.5].

We use the closed-loop scheme depicted by Fig. 7.2, where the dynamical behavior of the alloca-
tor A is modeled as shown in Fig. 7.3 and via (7.3). The cost function J : R? — R associated with

= reads 1
J(u) = Eu%

so that uy(t) is kept at zero as much as possible, i.e. the second actuator produces the entire
control effort as much as it can. Fig. 7.5 illustrates the input-output relationship of 5, see (7.1).
Besides, let t; = t; = 0.2.

The high-level controller is simply selected as a PI control law whose output is saturated to keep
7(t) within X, (U), i.e. controller C produces the following signal:

t
(0) = sat( 525 (ky(or =yl +ki [ = y(e)es ) 72

with k, = 2 and k; = 1. The constant reference y, is equal to 2.

Starting from zero initial conditions, the simulation results are depicted in Fig. 7.6. A pertur-
bation of magnitude 1 is produced at t = 20s. This signal is added to 7(t) at the output of Z,.
The following comments can be made: Signals y and y. (see the caption in Fig. 7.6) are close to
each other, which indicates that if T = 7¢ is not perfectly valid, it remains a reasonable assump-
tion. This is confirmed by the second subplot, where one also observes that ¢ (t) remains within
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Figure 7.5: Input-output relationship of & for Ex. 7.1. The horizontal dashed lines represent
the actuator limits. Note that Z is unfeasible for T ¢ %, (U) = [~2.5,2.5].

X, (U) = [-2.5,2.5]. On the third subplot, it is shown that the piecewise constant input signal
u is saturated appropriately by the optimization algorithm. Remarkably, u1(t) is almost always
equal to zero, which is consistent with the definition of J. The beginning of the simulation is an
exception in this respect. The high magnitude of 7¢(t) saturates not only u, but also u;. After
this first part of the simulation, 1 (t) alone can cop with the requested T%(t) so that u (t) returns
to zero.

J

Remark 7.2 (On (c)). Among the guidelines listed above, the third issue is often addressed in
the literature by redefining = as follows:

Td(t) +— argmin J(if) + AT(Td(t) —%,(i1)),

neld

for some fixed values of A, see [Bod02]. The larger is the entries of A, the more penalized
the difference 7%(t) — X,(i1), and thus the closer the optimal value from the satisfaction of the
constraint 7 (t) = %,(11). Note that if A is a decision variable of the optimization problem, then
the cost function is the Lagrangian. Under certain conditions, the solution of this new problem
coincides with that of the original problem (7.1). Here, by imposing (7.6), we advocate for a
control scheme where any signal delivered by a high-level control unit C to a lower-level one
A is feasible, thus preserving the strict hierarchy of the architecture. o

7.1.3 Intrinsic limitations of the approach

Apart from (c), which can be handled by dealing with the control architecture properly, any of
the above guidelines lead to intrinsic limitations of the CAM:

¢ Inefficient solver is likely to destabilize the closed-loop system, so that the CAM is de-
manding in terms of computational ressources. Fig. 7.7 confirms this intuition.

¢ Aggressive controller C has to be avoided, so that closed-loop bandwidth induced by C
is inevitably narrowed. When attempting to bypass this guideline, Fig. 7.8 shows that
one can challenge the stability of the closed loop.

¢ Slow actuators lag the transient of T and, in turn, challenge the equality T = 7, s0 that
fast actuation system should be preferred.
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Figure 7.6: Simulation results obtained for Ex. 7.1 and using Fig. 7.2. The dashed lines indicate
the saturation limits of 7(¢) and entries of u(t). Signal y. on the first subplot corresponds to
the chronograph obtained under the assumption that T = 74 holds, that is, C directly feeds %,,.
This signal is intended to show what is expected when implementing the CAM.

Any of the above limitations are likely to induce over-lapping of the two timescales and, in
turn, to challenge equality T = 7.

Note that the first two points (inefficient solver and aggressive controller) can be dealt with
at the cost of increasing the computational capacity of the hardware supporting the control or
decreasing the dynamical performance of the closed loop by smoothing the controller C. An
other direction is exposed in the next Subsec. 7.1.4.

The last point (slow actuators) is different in nature because it is related to the system
itself. This suggests that the CAM can simply be inapplicable to systems with slow actuators.

Forthcoming Subsec. 7.2 is devoted entirely to this issue.

7.1.4 Continuous-time optimum-seeking

The problem underlying the CAM is considered in [Joh04] from a completely different per-
spective. Instead of using a numerical solver surrounded by a sample-and-hold mechanism,
as shown in Fig. 7.3, the core idea is to implement the allocator A as a continuous-time sub-
system. Equations governing the new version of A aim inducing the asymptotic convergence
of the overall system toward a setpoint where the input u solves the optimization problem,
i.e. u(t) = E(t(t)) holds asymptotically. To achieve this result, two ingredients are required:
First, the Lagrangian / of & which is defined as follows:

L:(u,A)— J(u) +/\T(Td — 2, (u))

where A is the vector of Lagrange multipliers and 7 acts as a parameter. Second, a Lyapunov
function Vj ensures that the direct interconnection of C and ¥, makes the origin an asymp-
totically stable equilibrium. Then, the following composite controlled Lyapunov function is
introduced:

1
V(xu,2) = aVo(x) + 5V, A3
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Figure 7.7: Simulation results obtained in the same context as the one of Ex. 7.1 but with
ts = t; = 1 (instead of 0.2). Compare width of the steps of piecewise constant signals of the
third subplot, with the analogous subplot of Fig. 7.6.
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Figure 7.8: Simulation results obtained in the same context as the one of Ex. 7.1 but with a
more aggressive high-level controller C: k, = 10 and k; = 3 (instead of k, = 2 and k; = 1).
Compare the speed of signal y. on the first subplot, with the analogous signal of Fig. 7.6.
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for some o > 0 together with guidelines to shape 1 and A in such a way that V (x (), u(t), A(t))
tends to 0. This indeed achieves the first-order optimality condition VI(u, A) = 0 in an asymp-
totic way.

Let us now give an interpretation of the rationale behind the above methodology. Sup-
pose that the computational resources dedicated to the numerical solver E are insufficient.
When implementing the CAM, the first option is (i) to enlarge t;. However, this may chal-
lenge the stability, as shown in Fig. 7.7. Another option one may think about is (ii) to feed %,
with the current value of the solver when time t; elapsed, even if the optimization algorithm
has not yet converged. In this case, a mismatch exists between the optimal solution and in-
put vector u(kts). This difference could be acceptable, though. This is because the equality
7(t) = Z,(u(kts)) may have reached a level of accuracy that is already satisfactory. Alter-
natively, this mismatch can be handled by C by treating it as a perturbation. In a sense, the
methodology introduced in [Joh04] can be seen as an implementation of (ii), since C contin-
uously updates its output without waiting for the convergence of A solving the optimization
problem. Optimality u(t) = Z(7%(t)) is recovered asymptotically, though, so that this method
deserves the name “dynamic optimum-seeking” as coined in [JF13]. The key benefit of the
approach is therefore that the separation timescale is no longer required, thus allowing for less
demanding computational resources for implementing A.

Note that in doing so, the equality 7(t) = 7%(t) is relaxed. This only apparently opens the
door to bad interaction between the upper and lower parts of Fig. 7.2. Indeed, the allocator
controls these interactions via the controlled Lyapunov function V.

Remark 7.3 (Sequential design). In the CAM, the overall closed-loop behavior is shaped by
intermediate designs of C and A. Independence of the individual designs is guaranteed by
ensuring the validity of the equality T(t) = 7%(t) (or at least (7.5)). With the methodology of
[Joh04], those design step are not independent anymore but rather sequential: C is first defined
and serves as the basis for the definition of A. .

7.2 Handling dynamical actuators within the CAM

Comparing Fig. 7.1 and Fig. 7.2 allows the identification of the inverter and motor with the
actuator and plant, respectively. By its very nature, the inverter is an “actuator” with no dy-
namics. More precisely, the dynamics of the inverter is extremely fast with respect to that of
the motor. Therefore, the algebraic model considered in Chap. 5 captures the behavior of the
inverter accurately.

In this section, we investigate the case where the hierarchy of the timescales relevant for
%, and X, is not so clear. The following quotation emphasizes that this problem has been
recognized as a relevant direction of research by the control community working on CAM
more than a decade ago:

“A review of the constrained control allocation literature shows that the coupling
effects that result from combining constrained control allocators and actuator dy-
namics has largely been ignored. [...] The underlying assumption of most previous
work is that actuators respond instantaneously to commands.” [ODB11]

The intention is to widen the applicability of the CAM. In doing so, the CAM itself is deeply
revisited.?

3Up to a point where one could legitimately contest that the name CAM remains appropriated for the derived
methodology.
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Example 7.4 (Ex. 7.1 with dynamical actuator). Let us consider that the second actuator is ac-
tually dynamic. Assume further that it is governed by a first-order linear internal dynamics
characterized by the time constant 1/« > 0, that is, its transfer function reads:

2 20

s/a+1 s+a

In this case, the quadruple of X; can be expressed as follows:

za:[_z"‘ (1) g‘] 7.8)

One can check that the DC gain X} of %, corresponds to the algebraic mapping u — 7= [1 2] u
considered in Ex. 7.1, so that this algebraic mapping is indeed a relevant approximation of %,
for large a:

Hm By(sI— A;) 'Co+ Dy = lim [1 2] =1 2

Jim By(sI—4q)"Co+ Dy = lim [1 5] =[1 2]
Let us reproduce the simulation context of Ex. 7.1. The constraint of the optimization part of the
allocator now reads t#(t) = Xii, instead of T (t) = £,(i) as in (7.1), that is,

[1]

o THE) = u(t) € argmin J(i1) st () = Tiu (7.9)
el

One gets the results depicted in Fig. 7.9. If the results may be regarded as acceptable in terms
of regulation performance, equality T = 7 is much more challenged than in the context where
« tends to infinity, see Fig. 7.6, so that y is barely predictable from y.. Hence, the CAM should
only be considered as a coarse strategy in this context.

This conclusion is emphasized when performing new simulations with an inefficient solver.
Comparing Fig. 7.10 and Fig. 7.11, one can appreciate that the sensitivity of the control to the
efficiency of the solver is increased in the context of dynamical actuators, see also Fig. 7.7.

7.2.1 Inversion of the individual actuators dynamics

One of the first solutions proposed to deal with slow dynamical actuators is to overdrive them,
that is, to introduce an additional control layer commanding more from the actuators so that

their actual outputs are the desired values. The enriched control scheme is depicted in Fig. 7.12.
This picture is derived from Fig. 7.2 as follows:

* 3, is decomposed as follows:
Y, =2X,0%)

where >} is the DC gain matrix of ¥, so that X} is the dynamical part of X, with DC
gain equal to I,,. Such decomposition is possible whenever individual actuators have
uncoupled dynamics and a well-defined DC gain?, i.e. transfert function matrix of ¥ is
diagonal and related to stable dynamics.

The new control unit C, has been introduced in between the allocator A and the actuators
¥,. Note that the output of the allocator has been renamed y¢ and this signal now feeds
C,. This last mapping is responsible for canceling the lag induced by the slow actuators
as much as possible.

4 A power electronics system for which this assumption does not hold is introduced in Chap. 10.
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Figure 7.9: Simulation results obtained in the same context as the one of Ex. 7.1 but with
dynamical actuators, as described in Ex. 7.4 and for a = 1 so that the bandwidths of &, and %,
are identical. Compare the settling time of T on the second subplot with the analogous signal
of Fig. 7.6. The difference between T and 7 induces the one between y. and y.
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Figure 7.10: Simulation results obtained in the same context as the one of Ex. 7.1 but with
ts = t; = 0.4 (instead of 0.2) and dynamical actuators, as described in Ex. 7.4 and for &« = 1.
Compare each subplots with the ones of Fig. 7.9 and of Fig. 7.11 to appreciate how dynamical
actuators combined with inefficient solvers impact accuracy of the CAM.
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Figure 7.11: Simulation results obtained in the same context as the one of Ex. 7.1 but with
ts = t; = 0.4 (instead of 0.2 as on Fig. 7.6).

Figure 7.12: Dealing with the slow actuators by inverting their dynamics on a sufficiently large
bandwidth.

99



Example 7.5 (Ex. 7.4 continued). The mapping X} is defined by y, +— 7 = [1 2]y, The
quadruple of X and the corresponding transfer function matrix G/ read:

- |0 « 1 0
D 0 |1 , Gl (s) = X
1 /0 O s+a

One can check that X, is indeed the cascade of X feeding X;.

J

The key point is that if C, succeeds in sufficiently accelerating the actuator responses, then
the following equality can be considered an accurate approximation on which the allocator can
rely:

d_
Ya = Ya-

In other words, C, aims to invert £]. Consequently, X, behaves as X} from the perspective of
A. This discussion leads to the following redefinition of the optimization part of the allocator,
which is simply derived from (7.9) by replacing u by y%:

By T(t) = yi(t) € argmin J(7,) st () = X (i) (7.10)

Ja€U

Just as the high-level controller C ignores how 7 is effectively produced, the allocator A disre-
gards how actuators are driven by C,, provided that y, = y? is a reasonable assumption.

In practice, ¥ = v, is often an unrealistic assumption, though, since they is no C, that
sufficiently accelerates the actuators. Ensuring the validity of the following equality for all
k € IN is more reasonable:

va(kts) = ya((k = 1)ts)
This equality means that the interconnection of C, with £ behaves as a time delay ¢;.° In this
case, T and 7 are not equal, but rather are related via the following relationship:

T(kts) = T((k — 2)t;).

To see this, first note that (7.3) and (7.4) read y? (kts) = E;(t9((k — 1)t)) and Z} (2, (t%(kts))) =
74 (kts), respectively, in this context. Then, bearing those relationships in mind, one gets

v(kts) = 2 (valkts)) = 25 (k= Dt ) = 23 (& (v (k- 2)1)) ) = (k= 2s).

This fact shall be taken into account in the design of C, by modelling the two lower control
layers as a pure time delay 2t,, instead of the identity mapping.

The two continous-time approaches

The inversion of X can be implemented in continuous-time either via an open-loop or via
a feedback strategy, as suggested by Fig. 7.12, the latter being often preferable for actuators
whose model is poorly known. In the following, different controllers C, are derived, disre-
garding the actuator limits. Their ability to impose equality y, = y4 is assessed on the same
benchmark. The results are shown in Fig. 7.13 and Fig. 7.14 and briefly commented below.

Open-loop design Inverting X via an open-loop strategy amounts to designing C, in such
a way that the left multiplication of its transfer function matrix by X gives I. One drawback
of this approach is that non proper C, arises when X} is strictly proper. As shown in the next
example, an approximated inverse can be designed, though.

SNote that enlarging t; helps in achieving such a purpose.
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Figure 7.13: Simulation results obtained for the second dynamical actuator (see Ex. 7.4), taking
its saturation into account and for different controllers, C,: Without compensation (nc), by
open-loop inversion for f = 10 (ol), with compensation by feedback for k, = 20 (fb), and via a
dead-beat controller (db). Observe the ability of those controllers to track y*.
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Figure 7.14: Simulation results analogous to the ones of Fig. 7.13, but in a context where the
actuator is not affected by saturation limits.
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Example 7.6 (Ex. 7.4 continued). Let us focus on the second actuator because the first one is
static. The following proper transfer function can be selected as the part of C, that controls the
dynamics of this second actuator:

B o S +u

x s+p

Indeed, for large B > 0, this lead-lag compensator can be regarded as an approximate inverse of
the strictly proper transfer function a/ (s + «) of the second actuator.

\. J

It is well known that this apparently simple inversion problem hides other major short-
comings. First, this strategy is inherently fragile to uncertainties, like any open-loop control.
Second, it is prone to saturate the actuators during transient, since the above statement im-
plicitly neglects saturations by merely characterizing ¥} in terms of transfer function. Third,
unstable zeros of X lead to internal instability of C,, unless a non-robust zero/pole cancella-
tion is performed.

Closed-loop design Each of the drawbacks of the open-loop design listed above can be over-
come (up to a certain limit) via an appropriate closed-loop control strategy.

Example 7.7 (Ex. 7.4 continued). The second actuator can be controlled using the following
mapping:

k
(Vi Ya2) = 12 = —2 (Y2 = Ya2) + Yo

where k; > 0 is a tuning parameter. It can be interpreted as a gain k;/« on the output error,
together with a unitary feedforward gain on y? correcting the static error.

The discrete-time dead-beat strategy

In discrete-time, a popular strategy for inversion is the so-called dead-beat control. In the
SISO case, recall that this design imposes on the closed-loop to behave as a finite impulse
response (FIR), that is, the transfer function of the closed-loop system is a polynomial in z .
The minimal order is sought for this polynomial.

Note that the sampling time ¢, > 0 associated with C, may be different from t; used by A.

Typically, t, < ts allows C, to react faster than A.

Example 7.8 (Ex. 7.4 continued). If u is the output of zero-order hold processing at period ¢, > 0,
then integration of the continuous dynamical equation governing the second actuator gives rise
to the following difference equations:

T yo(t) = e Moy (t —t,) + (1 —e ™) uy(t —t,). (7.11)
The corresponding discrete-time transfer function reads:*

1—a
zZ—a

22(2)
where a = e~%s € [0,1[. In this case, a deadbeat controller can be obtained using the following
transfer function fed by the output error:

zZ—a

1—-a)(z—1)"
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From the observation that the cascade of this transfer function with G',(z) reads (z — 1)}, the
resulting closed-loop system reads

-1 _ 21
1+(z—-1)"1 '

"With slight abuse of notations, both discrete-time and continuous-time transfer functions share the
same name GJ. The variable s or z should resolve the ambiguity.

7.2.2 Coding the model of the actuators in the constraint of the allocator

In a nutshell, the strategy exposed in the previous subsection consists of speeding up the
internal dynamics of the actuators as much as possible, and then adjusting t; for y,(kts) =
y4((k — 1)t;) to be an accurate model of the fastest layer depicted in Fig. 7.12.

In this framework, the slowest actuator dictates the value of t;. This approach can be re-
garded as conservative because the fastest actuators might very well compensate for the lag
induced by the slowest actuators during the transient. In this case, the overall actuation sub-
system reacts faster, and f; is kept larger.

To implement such a control strategy, the allocator should be designed differently. The core
of the methodology is exposed via the following example, which considers Fig. 7.2 instead of
Fig. 7.12, i.e. the fastest control unit C, is removed so that the allocator directly feeds the
actuators, leading to equality u = y*.

Example 7.9. Consider Fig. 7.2. The following discrete-time mapping from u to T at the period
ts is derived by substituting t; by t; in (7.11) for t = kt; and bearing in mind that y,; = u:

T(kts) = [1 2] B;EZH
= ([0 ow]wetee=nm+ g Guter+ g | uite=10).

To keep things simple, this relationship is further simplified by artificially introducing a time
delay fs in the control of the first static actuator. In this case, one gets:

o) =1 2 ([o % |wmtte-+ [§ ;0w ]u@-vm)

Then, the optimizing part of A is naturally redefined as follows, where the previous equation is
directly treated as the constraint of the optimization problem:

(T4(t),ya(t)) = u(t) € argmin (i) st () = [0 2] ya(t) + [1 2(1—e )] i

el
(7.12)
Note that the state y, of X, must now be fed back to A.

J

Consider the more general case where the set of actuators is governed by the following
discrete-time state-space model:

Ca((k+1)ts) = f(Calkts), u(kts))
T(kts) = h(éa(kts))

which gives

T(kts) = (ho f) (Sa((k —1)ts), u((k —1)t5)) . (7.13)
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In this case, the optimization problem solved by A reads:®
Ee: (G(t), () — u(t) € argmin J(i1) s.t. T(t) = (ho f) (Ea(t), i) (7.14)

el

It should be emphasized that the state vector ¢, () of the actuators must now be fed back to
the optimizer.
Let us now illustrate the crucial difference between =, and . on the previous example.

Example 7.10. The allocator (7.12) obtained in Ex. 7.9 is now compared with the one using (7.9),
where the dynamics of the actuators are neglected. The simulation results are shown in Fig. 7.15.
The signal 1 is defined as an arbitrary repeating stair sequence. It feeds both allocators as
reference signals to be tracked by .

Let us focus on the second stair of 77 starting at t; = 10. Bearing in mind that the cost function
aims to penalize the first actuators, (7.9) puts all the effort into the second actuators because this
choice complies with the actuator limits, that is,

u(t) = Z,(t(t) =2) = [0 2]T el

As clearly shown by the first subplot, this distribution leads to poor tracking of ¢ by T since the
dynamics of the second actuator is neglected, see the fourth subplot.
The constraint of (7.9) reads Td(t) = X%il. Let us rewrite the one of (7.12) as follows:

(1) = 2 [ i }

iip — 6

with & = e~ s (il — y,(t)) € R. Comparing the two expressions reveals that if u;(t) is kept con-
stant over one period t; (as it is set by A), then the actual contribution of this actuator at the end
of this period of time equals 7i; — J instead of ily, the value of the steady-state contribution. The
scalar ¢ affecting the contribution of the second actuator originates from the non-zero settling
time of this second actuator. This is confirmed by the observation that J is a decreasing function
of t,; the larger ¢; is, the closer the second actuator is from its steady-state behavior.

Using (7.12) instead of (7.9) informs the allocator about the dynamic nature of the second actua-
tor. This observation has the following crucial consequence: (7.12) can transfer the missing term
0 from the second dynamical actuator to the first static one. This makes the first actuator com-
pensate for the lag in the response of the second actuator. This phenomenon can be observed in
Fig. 7.15 during the transient regime starting at t = 5. Not only is the second actuator somehow
overdriven to compensate for its own dynamics (see the third subplot), but the first actuator is
also asked to contribute to the overall control effort (see the second subplot) since u;(#) hits its
boundaries. For other stairs of 7%, the same phenomena can also be observed.

\. J

As a summary of the discussion proposed in this section, let us now compare the different
versions of the allocator A obtained so far. Tab. 7.2 is offered for this purpose. The following
comments can be made:

* As opposed to &, the allocation strategy using =, takes the dynamical nature of the
actuators into account by delivering y¢ instead of u. Using the auxiliary control unit Cg,
this dynamics is accelerated up to a point where y¢ + y, can be regarded as a pure time
delay t;. This allows to preserve the original allocation strategy: From &, to &, u has
simply been replaced by y,.

®For the sake of simplicity, assume that u + (h o f)(&,, u) is a function of each component of u for all &, that is,
the relative degree of £, equals one with respect to all inputs. This ensures that each actuator contributes to T after
a dead-time of ¢;.

104



. 0 10 20 30 T (cl)
= 05 ‘
=
0
= 05 ‘ ‘ ‘
3 0 10 20 30 40
1 ‘
=0
S
_1 I I I
0 10 20 30 40
1 ‘
<05
=
0

0 10 20 30 40

t
Figure 7.15: Simulation results comparing the achievement of the classical allocator using (7.9)
(“cl” in red) and the one using (7.12) (“dyn” in blue). The first subplot shows the reference ¢ to
be tracked by the output T of the actuation subsystem. Differences between the two strategies
can be analyzed via the input/output chronographs of the first static actuator (second subplot)
and of the second dynamical actuator (third and fourth subplots).

Table 7.2: Comparison of the different allocators A. First line reads as follows: The allocator
defined via (7.9) considers Fig. 7.2; it delivers the signal u; the synthesis of the control unit
relies on the assumption that mapping u + T is static; under this assumption, T + T reduces

to a pure time-delay f;.

Optimizer ‘ Related figure ‘ Output ‘ Assumption ™ T

E,, cf. (7.9) Fig. 7.2 u u — T is static time-delay t;
Zyp, cf. (7.10) Fig.7.12 Ya y4 > y, is a time-delay t; | time-delay 2t
e, cf. (7.14) Fig. 7.2 U None See Rem. 7.11
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¢ When considering 5, the standing assumption is that the cascade of C, and X} behaves
as the time-delay ¢, for all actuators. If the natural settling times of the actuators are sig-
nificantly different, it is necessary to rush the slowest actuators at a level that might be
unacceptable. In other words, the value of t; must be increased to remain within the lim-
its of the slowest actuator. Otherwise, the difference between y? (kt;) and v, ((k + 1)t;) is
too large.

¢ Dealing with the previous issue can be seen as the main justification for the introduction
of Z.. The architecture of the controller using the last optimizer discards C,. The fact
that the actuators are dynamical is somehow directly handled via the constraint of =,
which can be interpreted as T = X,(u) where X, is the input-output operator of the
actuation system. This allows the allocator to compute the optimal distribution of the
overall control effort by taking into account the fact that the actual contribution of each
actuator might differ from the steady-state one, due to non-zero settling time.

e When comparing &, and E,, first observe that 7(kt;) = t((k — 2)t;) can be made valid
in both cases, see forthcoming Rem 7.11. As opposed to &, such a result is achieved
indirectly by B, by letting C, impose y,(ts) = y4((k — 1)t;) and by controlling ya via the
allocator. The key point is that y,(kt;) = y?((k — 1)t;) is not necessary for t¥(kt;) =
T((k — 2)ts) to hold, the former being an equality constraint for all actuators, whereas
the latter considers the overall contribution of the actuation subsystem. This observation
can be regarded as the origin of the design of E., where Td(kts) = 7((k — 2)t;) is handled
directly without the need to introduce C,.

Remark 7.11 (A modified version E;). In this remark, notations are lightened by removing t;,
that is, x(k) means x(kt;). Consider .. At first glance, one expects that T and 77 are related by
the following relationship:

(k) = (k- 2). (7.15)

Indeed, along the path from ¢ to 7 in Fig. 7.2, two time delays are crossed over. The first
one models the computational effort required by A to solve E.. This can be captured via the
following relationship, which is analogous to (7.3):

u(k) = Ec(&a(k—1), T (k — 1)) (7.16)

The second time delay is related to the intrinsic dead time associated with the discrete-time
model of ¥, see (7.13).
For (k) = ¥ (k — 2) to hold, the definition of E. must be modified as follows:

ot (2a(t), (D) > u(t) € argmin (1) st T() = (ho f) (F(&(t),i),0)  (7.17)

neld

[P

To see this, first observe that (7.4) reads as follows in the current context:

o £)(&a(k), Ec(Ea(k), T(K))) = T(K) (7.18)

(h
Indeed, the constraint (k) = (ho f ) (Ea(k),u(k)) of the optimization problem of E. holds
true for its solution u (k) = E.(&,(k), *(k)). Then, one gets:

v(k) "= (ho f) (&alk = 1), u(k = 1)) = (ho £) (Ealk— 1), Be(Ealk —2), 7 (k — 2)

(7.13) (7.16)

From this relationship, the key observation is that 7(k) is not equal to T (k — 2), in general.
Indeed, one needs &, (k — 1) to be replaced by &,(k — 2) in the last term for (7.18) to be used and,
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in turn, gives T (k — 2). This issue originates from the fact that the constraint of Z. considers
¢a(k), whereas the state of the actuator is ,(k + 1) when the output of E. reaches X, owing to
the time delay (7.16).

A workaround to this issue consists of predicting the state of the actuator in the constraint
of the allocator, as is done in Z.. The following equation confirms this assertion:

(7.13)

T(k) "= (o £) (Ealk = 1), u(k = 1)) = (o f) (&alk = 1), Ec(Ealk —2), T (k ~2))) = T'(k—2)

where (7.16) with =, in place of E. is used for the second equality, and the following identity
justifies the third one:

(ho f)(Galk +1), Ec(Ca(k), T(k))) = T(k)

This last relationship is analogous to (7.18) when using . in place of E.. It derives from
the observation that the constraint (k) = (ko f) (f(&(k),u(k)),u(k)) of the optimization
problem of &, holds true for its solution u(k) = &.(&,(k), T¥(k)), i.e.

(k) = (ho f) (f(a(k), u(k)), u(k)) = (ho f) (Ga(k+1),u(k)).

Remark 7.12 (Mixing up the two strategies). The last two strategies can be merged. First, the
control unit C, can be designed to accelerate each actuator individually as much as possible.
Then, an optimizer that ressembles to . can be implemented. In this case, the equality con-
straint of E. considers the interconnection of C, with %, instead of %, itself. °
Remark 7.13 (An implicit optimal dead-beat controller). By imposing t(kts) = t¢((k — 2)ts),
the optimizer =, acts as a dead-beat controller formulated in an implicit way allowing for
optimality, i.e. & can be regarded as an online mechanism seeking for the optimal dead-beat
controller at each instant time. Saying it differently, this control strategy is a particular MPC
considering the terminal constraint on the output of X, and using a horizon length equal to
one. Note that this length is naturally chosen as the minimal number of sampling periods
associated with the dead-beat control. In footnote 6 on p. 104, it is assumed that this quantity
equals one, but is generally larger depending on the relative degree of > .

7.3 Beyond the CAM in the case of dynamical actuators

Let us now gather the set of actuators and the plant into the single system
Z — Zp o Za.

Around 2010, two strikingly different approaches that could handle X directly were presented
in (i) [Zac09] and (ii) [Ser12]. This section introduces these two new approaches. Both are
illustrated in Ex. 7.1 and Ex. 7.4. Tab. 7.3 offers a summary of the controllers obtained in the
different cases.

7.3.1 A common framework

Fig. 7.16 exhibits a common control framework which allows both methodologies to be ex-
posed. The design process assumes the existence of a controller C, stabilizing ¥, but not nec-
essarily in an optimal way with respect to the distribution of the control effort among the
actuators. Then, control units C; and C; are inserted between C. and X with the aim of modi-
tying the input u. by adding the signal u . This last signal is shaped to meet the following two
specifications:
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controller system 2.

Cc @© (7 E —>y
B i
e
f * = (2, %q)

(a) Feedback form.

controller system 2
Ue + 4 Y
C. j—» > >
| N Ty
T CTI — > CJ_ L
é * T = (Tp, )

(b) Feedforward form.

Figure 7.16: The two versions of the common framework for the control strategies exposed in
Sec. 7.3. xp and x, refer to the state of the plant and the actuators, respectively. Note that all
control units C., C | and C;, are modeled via a continuous-time system. The internal feedback in
Fig. 7.16a is used most of the time. When turning this feedback over, one gets the feedforward
loop shown by Fig. 7.16b.

(@) u, should be invisible from the output y, as much as possible;

(b) The input u = u, + u,; should minimize a given cost function u +— J(u) € R at the
steady-state, i.e. u; asymptotically solves the following problem:

nuﬂn](u(uL)) st u(uy)=uc+u

Importantly, those competing objectives are ordered: (a) is addressed as well as possible, and
then the remaining degrees of freedom (if any) are used to treat (b). This hierarchy is handled
by imposing that 1, is produced via an annihilator denoted by C,, which is specifically de-
signed to meet (a). Then, (b) is treated by selecting the appropriate input 17 of C, so that the
previous optimization problem reads as follows:

rr%in](u(q)) st. u(y)=u.+Cy(y) (7.19)

The control unit C;; is devoted to asymptotically solving this optimization problem.
In the following, different control strategies are proposed based on different constructions
of the annihilator C . First, the Input-to-State Annihilator (ISA) satisfying

ISA: X2,0C, =0
where X, is the input-to-state mapping of X.. Second, the asymptotic Input-to-Output Annihi-

lator (a-IOA) satisfying
a-IOA: XoC, =0

where X* denotes the DC gain of X.. Third, the Input-to-Output Annihilator (IOA) satisfying

IOA: XoC; =0
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Table 7.3: Definition of the control signals of Fig. 7.16 for the different control strategies, and
in the case of Ex. 7.1 and Ex. 7.4. Scalar k must be strictly positive in all cases and sufficiently
small for the a-IOA case. Scalar k,, must satisfies k,, < 1.

CJ_ ‘ hI ‘ Uc ‘ U, ‘ T]
ISA static “ng [_1n]7 —kuq
a-IOA | dynamic | [}]7 | [_1,]7 —kuq
IOA | dynamic | [}] [772] | kyxz + (1 —ky)p with ¢ = k(1% — 2¢)

Remark 7.14 (Analytical solution of (7.19)). Assume that the annihilator is the linear map 7 —
u; = Ny. Then, an analytical solution of the problem (7.19) can be obtained by solving the
following equation, where 7 is the unknown vector:

dJ(u(n))
dy

In particular, if J(#) = uTWu holds with W >~ 0 and N is full rank, one can check that
7 =—(NTWN) 'NTWuy,

= () () = ' atc+ NN =0 (7.20)

solves the previous equation. Note that if such an analytical solution is available, the con-
trol scheme naturally adopts the feedforward form shown in Fig. 7.16b. For reasons that are
discussed in the conclusive discussion, online solving of (7.19) is preferred to the analytical
solution. °
Remark 7.15 (Continuous-time solver of (7.19)). In the case where ] is strictly convex, u. is
constant, and C; maps 7 to u; = Nz with N a full rank matrix, the problem (7.19) can be
solved in continuous time by defining the dynamics of # as follows:

Cy:n(t) = —KNTV](u(t)) (7.21)
where K > 0 is arbitrary. Indeed, the following derivative of | o u along the trajectory of 7 is
strictly negative for all 7(t), but the unique minimizer 1* of J o u:

SO _ ooy i) 2 — (95 ln(6)))7 NKNTYJ(u(y(1))

This proves that 77 converges asymptotically to #*. Besides, note that the internal feedback in
Fig. 7.16a originates from (7.21), where u(t) is used to compute 7 (t). .

Remark 7.16 (A simplified framework). To facilitate the comparison in a general context be-
tween the different approaches exposed in this section, a simplified framework is retained.
Namely, (i) the cost function associated with the input preferences is quadratic and strictly
convex and (ii) the input limits are ruled out, i.e.

Uu=R"

We return to the second point in the concluding remarks of this chapter. In addition, the
attention is restricted to strictly proper systems, for which ¥ = CX, holds, so that any ISA is
also an IOA, a fortiori.

Clearly, Ex.7.1 does not feet into this context, because J(u) = u? is not strictly convex. This
example thus illustrates how applicability of the general results can be enlarged. o

7.3.2 Input-to-State Annihilator (ISA)

Let us begin with the continued version of Ex. 7.1 where the actuators are all static.
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(a) C, is the Input-to-State Annihilator (ISA) # — u; = Ny withIm {N} = Ker {B}.
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(b) C, is the asymptotically Input-to-Output Annihilator (a-IOA) # — u; = Ny with In{N} =

Ker {Z*}.
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(c) C, is the Input-to-Output Annihilator (IOA) (17, x) + u, = Fx + Ny with Im {N} = B"'R* and
(A+ BF)R* C R* C Ker{C}.

Figure 7.17: Cascaded and quasi-cascaded reformulation of Fig. 7.16a.
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Example 7.17 (Ex. 7.1 continued). Consider Ex. 7.1 under the assumption that £, = ;. In this
case, Y. reads as follows:

%= S0y = [ —1 2]

1100
Let us first define the control unit C. via to the following relationship
1/3
with ,
lt) = kylyr = y() +Ki [ = y(s)ds .29

where k, = 2, k; = 1 and y, = 2. This controller derives from the PI controller C introduced ear-
lier and used to compute 7;(t) from y(t). Here, C, equally distributes the control effort between
the two actuators. Gains are selected in such a way that the closed-loop equation governing y is
the same equation as in the case where T = 7 was assumed, i.e.

i ==y —y) +k [/ ~v) (724)

From the previous sections of this chapter, y* = y" is a stable equilibrium for this dynamics.
Define 1 as follows:
. 1

C,:u; =Ny with N= [_1/2] (7.25)
where 7 is an internal signal to be defined. The key observation is that BN = 0 holds true. This
implies that x and, in turn, y are independent of u . Thus, this last signal structurally satisfies
(a), that is, u | is invisible from the output, whatever is 7.
The structure of the control problem resulting from the above definitions of #. and u,; can be
exhibited via the following quadruple of ¥ using (7¢,7) as the new inputs instead of u = u. +

Ny:
-1]/1 0
1 /0 0
Clearly, # has no impact on either x or y.
Now, let us address (b). Recall that J(u) = u% /2 so that the minimum of (7.19) is reached when

=0y, +y=0 (7.26)
holds because u equals u. +u | . One can simply impose 17 = —11, by proceeding as in Rem. 7.14.

Here, we follow Rem. 7.15 (and get Fig. 7.16a) and merely seek asymptotic optimality by letting
1 be governed by the following differential equation:

Cy  1(8) = —kua () = —k(uar(5) + (1)) 727)
where k > 0 acts as a tuning parameter. One can check that (7.27) is nothing but (7.21) particu-
larized to the context of this example.

If u, is completely invisible from the output, then feeding > with u. + 1 or simply u. is equiv-
alent. Thus, Fig. 7.16a can be equivalently transformed into Fig. 7.17a. Observe that the latter
exhibits a cascaded form, which can be exploited to formally prove the stability of the closed-
loop equilibrium. Indeed, the two subsystems being linear, stability derives from the internal
stability of the upstream subsystem and 0-stability of the downstream one.” The former follows
from the definitions of 1, and 7¢. The latter was proven by Rem. 7.15 when 7 is governed by
(7.27).

The simulation results are shown in Fig. 7.18. It is shown that the actuation effort is redis-
tributed between the two actuators to asymptotically reach the optimal regime characterized
by ui(t) =0 < uc(t) = —n(t), see (7.26). The speed of this redistribution can be adjusted using
k. Observe that the output dynamics is completely independent of this redistribution, which can
be arbitrarily fast.
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Figure 7.18: Simulation results when C; is an ISA and for the unsaturated static actuators
of Ex. 7.1. The signals of the controller in Fig. 7.16a are defined by (7.22), (7.25) and (7.27).
Different controller parameters, leading to different chronographs of 1| , are used to appreciate
the impact of this signal. The red lines correspond to k = 0.3 and the yellow lines to k = 2. The
blue lines are obtained by imposing u; = 0 (note that # is useless in this case and is therefore
not depicted in the second subplot). When all curves coincide, the black color is used, as on
the first and second subplots showing that the output y and the components of u. are both
independent of u . In the legend of the second subplot, the generic black color indicates that
the continuous lines of all colors correspond to —7.

In this manuscript, 0-stability is to be understood in the broad sense of “stability of the downstream
system when the upstream one is at its equilibrium”, which is not necessarily zero.

The previous example can be easily generalized by defining u, as follows:
C, :u; =Ny with Im{N} =Ker{B}

In this case, C is an Input-to-State Annihilator (ISA) because 7 is invisible from the state. Us-
ing (7.21) with K > 0, specifications (a) and (b) are satisfied, provided that the interconnection
of the linear controller C. and X is internally stable for u; = 0.

7.3.3 Asymptotic Input-to-Output Annihilator (a-IOA)

Once again, let us start with the running example.

Example 7.18 (Ex. 7.4 continued). Consider the case where the second actuator is dynamic. The
cascade of ¥; and ¥, now reads as follows:
-1 2|1 0
Li=Xpo0X, = 0 —a|0 « (7.28)
1 0 \ 0 0
The control unit C, is defined via
Cos = H 7 (7.29)
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where 77 reads as in (7.23), with the same control parameters as before. For later needs, let us
already analyze how the resulting closed-loop behaves in the case where 1, is constant. Ob-
serve that y is governed by (7.24), with 2x; as an additional term on the right-hand side of this
equation. Since X = —a(xp — u ) holds, this term 2x; asymptotically converges to 2u | and is
then rejected by the integral action in T so that y converges to y, whatever is u | .

Let us now define C; and address (a). Clearly, the kernel of B reduces to {0}. Hence, there is
no matrix N such that #;, = N7 can be made invisible from the state. The following strategy is
proposed as a workaround: If u | inevitably impacts x, it could at least let the steady state of the
output remain unchanged. Denoting by X* the DC gain of &

Y= sli%l C(sI—A)"'B (7.30)

this is equivalent to saying that X*u; = 0. This can be naturally achieved by defining C, as
follows

. 1
CL U = N11 with N = |:_1/2:| (731)

since columns of N form a basis of Ker {£* = [1 2] }.? In this case, the asymptotic input-output
relationship reads y* = X*(u} +u’j ) = Z*u?.
In this context, note that the quadruple of £ using (7%, 77) as the new input instead of u = u, + N7

reads as follows:
-1 2 |1 1

0 —a|0 —a/2
1 0\0 0

Observe that 7 now affects x; = y directly, as well as indirectly via x,.

Let us now address (b). Consider for the time being that X is at the steady state, so that it behaves
like 2* and u, is constant. In this case, Rem. 7.15 ensures that if 7 satisfies (7.21) (or equivalently
(7.27) for this example), then the optimization problem (7.19) is solved asymptotically. Note that
because N has the same expression as in the static case, the optimality condition (7.26) remains
unchanged.

Let us summarize the intermediate results obtained so far. The forthcoming discussion is sup-
ported by Fig. 7.17b which is an equivalent reformulation of Fig. 7.16a. (i) If u,, which is as-
sociated with the dashed line, is constant, then the output of X is well driven by the feedback
involving u,. (ii) Conversely, if the upstream subsystem is at the steady-state, then (7.27) implies
that 7 and, in turn, # | converges to the optimal solution of (7.19), i.e. the downstream subsystem
reaches the optimal state. These apparently conflicting conclusions can be resolved by using two
different time scales. Scalar k is instrumental for that purpose because it determines the band-
width of 77 and, in turn, of the downstream subsystem. In particular, if k is sufficiently small, u |
is quasi-constant from the perspective of the upstream system. Saying differently, from the point
of view of u | , this upstream subsystem evolves fast enough for being always at the steady state,
so that ¥ behaves as 2*. Therefore, one can enjoy the benefits of (i) and (ii) by selecting k small
enough, so that the slow downstream subsystem will slowly push the fast upstream subsystem
toward the optimal steady state.

Fig. 7.19 depicts the simulation results obtained in this context. Key observations are now of-
fered. (i) In contrast to the case of static actuators, signal u; impacts both y and u. as shown in
the first and second subplots. (ii) The parameter k determines the speed of the convergence to
the optimal regime characterized by 1; = 0 & u,; = —1, see (7.26). (iii) Stability and asymptotic
optimality are preserved for the two selected values of k.

“For the considered example, ©* = ¥} holds accidentally because X is SISO with unitary DC gain. This
fact implies that N can be defined as in (7.25), even in the current context of dynamical actuators, because
Im{N} = Ker{X}} = Ker {Z*} holds. Let us stress that the last equality is by no means valid in the
general case.

J

The discussion on the previous example can be generalized by defining u, as follows,
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Figure 7.19: Simulation results with C; as an a-IOA and for the unsaturated dynamical actu-
ators of Ex. 7.4. The implemented controller is defined via Fig. 7.16a, (7.23), (7.27), (7.29) and
(7.31). The blue, red, and yellow lines correspond to u; = 0, k = 0.3 and k = 2, respectively.
In the legend of the first and second subplots, the generic black color indicates that the contin-
uous lines of all colors correspond to y on the first subplot and to —# on the second one. In the
same vein, the dashdotted lines of the second subplot are chronographs of u.; in the different
simulation contexts.

provided that * exists and is finite:
C,:u; =Ny with Im{N} =Ker{Z*}.

In this case, C; is an asymptotically Input-to-Output Annihilator (a-IOA) because the invis-
ibility of 7 (from the output) is ensured only at the steady state. The direct use of (7.21) to
define the dynamics of # may lead to bad interactions between the dynamics of the two sub-
systems of Fig. 7.17b, though. This originates from the fact that BN is no longer zero, so u
impacts x as shown by the dashed line in Fig. 7.17b. The two-timescale strategy exposed ear-
lier can be implemented by simply multiplying K in (7.21) by a sufficiently small scalar € > 0.
A formal proof can be established using standard arguments on two time-scale systems, see
e.g. [KKO99], provided that C, is selected in such a way that the upper subsystem of Fig. 7.17b
admits a stable equilibrium for any constant u | .

7.3.4 Input-to-Output Annihilator (IOA)

If B admits a non-trivial kernel, imposing u (t) € Ker {B} makes this signal invisible from
the state and, in turn, from the output. This strategy leads to the ISA # — Ny withIm {N} =
Ker {B}, which is also an IOA because X is strictly proper. Yet, there might also exist some
signal 1, that impacts x while remaining invisible from y. In this case, the set in which u;
can be selected is larger than Ker { B}. This remark suggests that one should look for an IOA
directly instead of a mere ISA.

Let us show how to construct such an annihilator for the running example in the case of
dynamic actuators.
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Example 7.19 (Ex. 7.4 continued). When the second actuator is dynamic, recall that the cascade
of ¥, and X, is described by (7.28). The main signals of the controller are now defined as follows:

Ce:tle = H 7 (7.32)
and . ) 0
CL:uL—{O _O]x—i—[l}iy (7.33)

In this context, the quadruple of X using (79, 77) as the new input reads as follows:

-1 0|1 0
0 —a|0 w (7.34)
1 0 \ 0 0

The structure of this quadruple reveals the existence of two uncoupled subdynamics related to
signals (i) y = x; driven by ¥ and (ii) x, which only depends on 7. In the sequel, the first
subsystem is denoted by ¥, whereas X, refers to the second one.
Let us now define ¥ and 7 by exploiting the above uncoupling. First, let 7 be as in (7.23), so that
the output is governed by the differential (7.24), for which y* = y” is an asymptotically stable
equilibrium. Then, # is shaped to achieve the optimal regime. As an initial step toward this
objective, observe that the asymptotic value of x; can also be optimized since it is invisible from
the output, just like 7. Bearing in mind that x, and # are related at the (stationary) steady state
by the relationship x, = # derived from (7.34), the optimization problem (7.19) is substituted by
the following one:

Ig”n](uc +u,) st (7.32),(733),x =1 (7.35)
Unlike 7, the state x; of X, cannot be assigned instantaneously. Yet, any (x3,%") can be tracked
by defining # as follows:

n=ky(x2—x3)+7"

for any k; < 1. Indeed, (7.34) implies that %y = a(ky — 1)%, with ¥, = xo — x} for any constant
(x5, 1") satisfying x5 = #". Thus, if k;, —1 < 0 holds, then (x,7) tends to (x},%"). It remains
to assign to (x5,7") the argument of the optimization problem (7.35). In the same vein as in
Rem. 7.15, this can be performed asymptotically. Bearing in mind that J(1) = u3 holds, observe
that (7.35) can be equivalently rewritten

d

min (| ™, 7]) = (24~ 297

4
with ¢ = xp = 5. Thus, if ¢ is governed by the following differential equation:

¢ = k(" —2¢)

then this signal converges to the minimizer of the optimization problem for any k > 0 and
constant 7. Hence, letting

(2, 1) = (9, 9)
makes (x},7") converge to the minimizer of (7.35). To sum up, if C;, is governed as follows

Cpin=kyxo+ (1—ky)p with ¢=k(t!—2¢) (7.36)

then (x,,17) asymptotically converges to the minimizer of (7.35), provided that ¢ is constant.
The resulting interconnection is depicted in Fig. 7.17c where C is defined by (7.23). This figures
exhibits a cascaded structure originating from the fact that 7@ depends neither on x; nor on 7.
Once again, asymptotic stability of the overall system derives from this cascaded structure and
the properties established earlier in the construction of each control unit.
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Figure 7.20: Simulation results with C; as an IOA for the unsaturated dynamical actuators of
Ex. 7.4. The implemented controller is defined in Fig. 7.16b, (7.23), (7.32), (7.33) and (7.36). The
blue, red, and yellow lines correspond to u; = 0, k = 0.1 and k = 5, respectively, whereas k,7 is
always equal to —1. As for Fig. 7.19, the legend indicates that (i) the continuous lines of all col-
ors correspond to y on the first subplot and to x, on the second one and (ii) the dashdotted line
of the second subplot is the chronograph of 1 /2, which is identical for the three simulations.

Fig. 7.20 shows the simulation results obtained in this context. The key observations are as
follows. (i) Output y does not depend on u | . (ii) Both parameters k and k; determine the speed
of convergence to the optimal regime characterized by u; = 0 < x, = /2. (iii) Stability and
asymptotic optimality are independent of the values of k > 0 and k;; < 1.

Remark 7.20 (A feedforward formulation). The control scheme associated with (7.42) adopts
the feedforward form shown in Fig. 7.16b and not the feedback form of Fig. 7.16a. Indeed, C;
depends on 7, which defines 1., and not on u. Alternatively, one can define ¢ as kuy, but this
may challenge the stability since u; equals T — 2¢ only at the steady state, where ¢ = x = 7
holds. °
Denote by R* the controllable part of the largest controlled invariant subspace contained
in Ker {C}. Let F be any matrix that satisfies (A + BF)R* C R* C Ker {C}. Define invertible
matrices H = [N Hy] and T = [T, T,] satisfying Im{N} = B"'R* and Im {T,} = R*.
Then, let u = u. + u | reads’
Ce:uc = Hyt* (7.37a)
CJ_:UJ_:FX+N17 (737b)

In this case, C is an Input-to-Output Annihilator (IOA) because 7 is invisible from the output
at all times. The following quadruple of ¥ using (17, ) as the input and (x,, x,) = T 'x as the
state highlights this fact:
A A | B B
0 Axp| 0 By (7.38)
0 CG|o0 o

"Note that the mapping (7%, ) ~ u is a diffeomorphism (parameterized by x) and, hence, a well-defined change
of variable.
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The structure of this quadruple reveals the existence of unilateral coupling, where subsystem
Ty : (Ax, By, C,0) of state x, and input 7 feeds subsystem £, : (A11, By, 0, 0) of state x,, and
input 7 by adding the term Aqpx, + By,7 to its state equation. In this context, control unit C
delivering 7 is naturally selected as a stabilizer of ¥ (see Fig. 7.17¢).

Such a structure reveals that not only # but also x, are invisible from the output. This
suggests that substate x; can enrich the set of decision variables of the optimization problem
(7.19). The relevance of this proposition is enforced by the fact that x, directly impacts u, as
confirmed by the following expression of u = u. + u, derived from (7.37):

u(xy,n) = Hyt? + F(Tyx; + Tyx,) + Ny = [FT, N]| [’;’7] + [FT, H,] [:4 (7.39)
Bearing in mind that 17 and x,, are coupled via (7.38), which imposes

[A11 B [3:7'7] + [A12 Bia] [f_%} =0 (7.40)

at the stationary steady state, the optimization problem reads:

I]?Ji(n J(u(y,xy)) st (7.39),(7.40) (7.41)

In the spirit of Rem. 7.15, we consider the following continuous-time optimizer:

o) =K [An Bu]l [FT, NJTV7([FT, N 3] (o) + [T, 1] )

(7.42a)

x,7 . xy
g | (@) =1Au Bu] ¢+M % (7.42b)
where K - 0 holds and M is any matrix satisfying [A11 B11]| M = — [A1p  Bip]. It can be

proved that this optimizer asymptotically reaches the optimal regime for any constant signals
x, and T, provided that [An Bn]l [F T, N ] is full rank and ] is strictly convex.?

Because the pair (A11, B11) is controllable, signals 7 and x; can be driven to the minimizer
(x3,11") of (7.41) by simply defining 7 as follows:

1=Ky (x0y =) + 11" (7.43)

where Kj, is such that Ay; + B11Kj, is Hurwitz. Indeed, one can easily prove that J?U = (A1 +
?1}K) r)?)n holds with ¥; = x, — x}, so that %, tends to 0 which implies that (x, 1) converges to
xp,n").
n

From the above discussion, C, is defined by (7.43) and (7.42), with (xz,iy’) in place of
(x4,7). The output 7 of C; serves as the input to X, see Fig. 7.17c. As in the case of the ISA,
the overall closed-loop system admits a cascaded structure. It should be noted that the down-
stream subsystem shown in Fig. 7.17c corresponding to the interconnection of ¥, and C; can be
itself formulated as a cascade where the lower subsystem is governed by 3?,7 = (An+ B11K)32,7,
see the above discussion. This allows us to prove asymptotic stability and asymptotic optimal-

ity.

8The feasible set of (7.41) is explicitly parametrized by ¢ by solving analytically (7.40). An alternative strategy is
to construct the Lagrangian of (7.41) and to design a dynamical system asymptotically converging to the solution
of (7.41), in the spirit of the approach exposed in Sec. 7.1.4. Proceeding in this way allows us to avoid analytical
solving of (7.40). Note that in this case, length of the state vector of this system is larger than the dimension of ¢,
since it includes the Lagrange multipliers.
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7.3.5 A conclusive remark

Remark 7.21 (Rem. 7.14 continued). For the example treated in this subsection, it is always
possible to analytically solve the optimization problem. In the cases of the ISA and a-IOA, the
minimizer of (7.19) is 7 = —u,;. This equation leads to an alternative definition of C,,. For the
IOA, the minimum of (7.35) is reached at xo = u.1/2, so it suffices to drive x; to this optimum
by setting e.g. 7 = u.1/2 as a new definition of C,.

Out of the class of linear systems associated with the quadratic cost function, the analytical
solution of the optimization problem is seldom available. This is true for the constrained case
a fortiori. This obstruction is a clear motivation for using an online solver. In view of the
beginning of this chapter, the case of input constraints for which u(t) € U must be satisfied at
all times is of particular interest. It can be handled using a continous-time solver by embedding
the geometry of U into the cost function | via smooth barrier functions and implementing a
gradient descent controller. .

7.4 Conclusions

Let us summarize the core ideas of the different contributions outlined in this chapter using a
chronological exposition:

* CAM:
- Split the system X in ¥, o 2, where %, is a static mapping, and decompose the
controller symmetrically in A o C, see Fig. 7.2.
— Define A implicitely via an optimal problem ensuring T = ¢, that is solved
online, frequently enough, see (7.1).

e [JohO4]:

— Implement the allocator A as a continuous-time control unit achieving asymp-
totic optimality, so that (i) less demanding computational ressources are re-
quired and (ii) formal proof of stability of the overall closed-loop system can
be established via standard theory.

e [Zac09]:

— Insert an annihilator post-processing the input produced by some predesigned
controller, so that the signal feeding the annihilator is invisible from the output.

— Do not restrict the attention to ISA, but enlarge the scope of the analysis to
incorporate a-IOA allowing for slow input signals impacting the states while
remaining invisible from the output at the steady-state.”

o [Serl2]:

— Use geometrical control theory to compute (exact) IOA delivering signal u
that can evolves arbitrarily fast.

“As discussed in the bibliographical notes ending this chapter, this idea actually already appears in [BE96].
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7.5 Bibliographical notes

Existing works
Pioneer works and characteristic of the literature on control allocation

Historically, mechanical devices have been designed to distribute the desired control effort
among different actuators, see [ODB11, Sec. 8.2] for an example on an aircraft equipped with
multiple control surfaces that are mechanically constrained to move in concert via cables and
pulleys. If such a solution is suitable under nominal conditions, it may not take full advantage
of all available actuators when one of them is damaged. Post-fault reconfiguration is not opti-
mal. In addition, for systems equipped with many unconventional actuators, the appropriate
manner to make them work in concert becomes less obvious [Bod02, §1].

This was the original motivation for introducing the two-stage control scheme of Fig. 7.2,
which already appear in [Cun83, p.78 and the figure p.79] where it is proposed to specified the
control commands “in terms of forces, moments, and rates, instead of actual surface positions”.
Note also that this two-step procedure was already implemented in essence in [Che64], in the
context of optimal control for rocket-propelled spaceflight.

Since the earliest contributions come from practitioners, control allocation can legitimately
be qualified as an application-driven field. Formalization on this topic was only proposed
afterwards, as an attempt to support ad-hoc solutions with a solid and unifying mathematical
foundation. Such a situation is not without reminding the historical development of studies
devoted to anti-windup, as outlined in e.g. [TT09].

From the above discussion, the first contributions to allocation control probably come from
the field of aerospace and aeronautics, which perhaps attracts most of the efforts of the control
community dedicated to the control allocation problem. As mentioned at the end of Chap. 6,
the allocation problem is also used in the context of ship and underwater control. Another ap-
plication field often cited for control allocation is automotive and ground vehicles. According
to a survey [JF13], classical control problems include yaw stability control and rollover preven-
tion for automotive parts. Other applications include mobile robots and electrical propulsion
vehicles equipped with in-wheel electric motors combining drive and regenerative brake func-
tions.

Selected list of contributions on control allocation

Let us outline a selection of important research directions without any claim of being exhaus-
tive.

¢ Appart from G. Cherry and T. Cunningham [Che64; Cun83] cited above, F. Lallman who
was with NASA proposes a control scheme for aircraft control where the two high-level
inputs (called “pseudo control variables”) are distributed among the five actual compo-
nents of u via a matrix whose gains are scheduled according to flight conditions and
relying on a modal analysis [Lal85b; Lal85a].

¢ Afew years later, J. Paradiso from the Draper Laboratory was probably the first to formu-
late the allocation problem using the optimization vocabulary [Par89; Par91]. Specifically,
the problem was cast as a linear problem where constraints translate actuator magnitude
limits, and the objective function aims to discourage large aerosurface deflections and
minimize drag, among other objectives.

¢ In the nineties, another line of research was conducted by W. Durham from Virginia Poly-
technic Institute, and culminates in the book [DBB17]. As outlined in the bibliographical
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notes ending Chapter 6, the contributions of this researcher and his former students, R.
Grogan [Gro94], K. Bordignon [Bor96] and R. Beck [Bec(02] are all about (7.1), in the spe-
cial case where U/ is a hyperrectangle and X, is a linear static mapping. Note that the
input set U/ is denoted by () and the feasibility set BQ) = ® is referred to as the attainable
moment set [Dur93; BD95b].

¢ In the last decades of the 20th century, D. Enns, who was with Honeywell Technology
Center, his former phd student J. Buffington [Buf96] and co-author A. Teel put valuable
effort into setting the ground for rigorous analysis of the CAM implementation issues.
Instead of focusing on (7.1), the scope of the analysis has been enlarged to the overall
closed-loop, where the allocator is only part of the controller. The starting point is an ad-
hoc controller for the flight control of a supermaneuverable aircraft [SEG92]. Sequential
dynamic inversion is performed, and redundancy is treated via a pseudoinverse. The
stability of the overall scheme is then proved using a two-time scale argument. Note that
the actuator limits are disregarded in this study. In [BE96; BET98], the authors enlarge
the scope to an arbitrary linear system of the following form:

Z| Az Ayl |z B,

[JJ] {Ayz Ayy] []/] i [By] ! 74
where rank {B,} = p > m.? It is shown that when this type of system is inverted, the
zero-dynamic is affected by the allocator and may become unstable. Sufficient condi-
tions for asymptotic stability of the zero dynamics are then proposed via a small-gain
argument and a Lur’e reformulation of this dynamics, leading to asymptotic stability.
This condition is specialized for three kinds of allocation: the pseudoinverse, the daisy
chain and the direct allocation (see bibliographical notes of Chapter 6). Rephrased in the
words of this chapter, the contribution is to highlight that the control unit C; in Fig. 7.17¢c
can destabilize internal dynamics, if not carefully designed. To investigate how the al-
locator impacts the zero-dynamic, the authors changed the focus from input-to-state to
input-to-output mapping. From our personal view, this is a major contribution of this
line of research, which has not received the attention that is deserved.

¢ O.Hiérkegard’s pdh thesis [Har03], conducted under the supervision of T. Glad at Linkdpings

University, also adopt this enlarged scope where the focus is put on the entire closed-
loop, rather than simply on the allocation algorithm. This gives rise to a theoretical con-
tribution to control allocation with application to flight control [HGO01]. Backstepping
was proposed as a relevant tool for designing C. An important discussion is also offered
on the comparison between the CAM and classical single-step optimal design [HGO5].
Specifically, it is shown that if the Hamilton—Jacobi equation admits a continuously dif-
ferentiable solution, then the two designs lead to the same optimal solution. Note that
the input constraint was discarded in this analysis.

¢ Important contributions have been proposed by T. Fossen and T. Johansen, and the for-
mer phd students P. Tondel [Ton03], J. Tjonnas [Tje08], J. Spjetvold [Spj08] and M. Hanger
[Han11] on both the theoretical and practical sides (marine, automotive, blending pro-
cess, etc.). The core of the main contribution (from our personal viewpoint) is outlined
in Subsec. 7.1.4, based on [Joh04], which generalizes the early works of [JS03; JS05] with

9 Clearly, this formulation can be derived from the standard triple (C, A, B) if rank {C} = p by performing the
change of state variable [};| = Tx where T is any invertible matrix for which the last p lines correspond to C. In
this case, B, corresponds to the last p lines of T~!B. Let us emphasize that the rank of By is not necessarily equal
to p in general.
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applications to nonlinear blending processes. Extensions of this research direction are (i)
[TJO5; TJ08] to deal with uncertain parameters via an adaptive strategy and by applying
set-stability analysis to also conclude on asymptotic stability of the optimal solution set
[Tjo+06], and (ii) [T]07b; TJ07a] to consider actuator dynamics. See also the applications
of (i) on the yaw stabilization of an automotive vehicle using brakes [TJ06]. Besides, note
that those researchers have often immersed the control allocation into the more general
real-time optimization-based control, so that MPC is often treated together with control
allocation. This explains the particular attention that they have paid to the software com-
plexity of the proposed control law, motivating the work for the explicit solution of (7.1)
[JFTO5; Ton03; Spj08]. The tools offered in Chap. 6 serves the same purpose.

More recently, a stream of the literature supported by A. Cristofaro (University of Rome
Sapienza), S. Galeani (University of Roma Tor Vergata), M. Sassano (University of Roma
Tor Vergata), A. Serrani (Ohio State University), L. Zaccarian (LAAS-CNRS and Univer-
sity of Trento) and their co-authors offers a fresh point of view on the allocation problem.
The essential papers [Zac09] and [Ser12] are outlined in Sec. 7.3, based on preliminary
references [Zac(07] and [Sig+06; SS06a; Sig+09] respectively.

The proposed control scheme was applied to several technological fields, including toka-
mak [De +11; Bon+12], propeller platforms [Nai+17; Fur+20] and hypersonic aircraft
[Sig+06; Sig+09].

The fact that any allocator incorporates an annihilator fed by an optimizer was clarified
in [CG14], even though it was already implicit in [Zac09] and [Ser12]. Note that the an-
nihilators discussed in [CG14] are ISA and IOA, not a-IOA.

The case of nonlinear dynamics was considered in [PSZ12; PSZ16]. The focus is on X,
and thus the tracking of ¥ is the control goal. The existence of a linearizing state-
feedback is assumed, leading to the closed-loop system %, = il, y = h(x,) where i is
the new input. One gets y = VhT(x,)i. In this context, the core idea is to use an input-
space basis adapted to Vh(x;,). The direction of i along Vh(x,) is responsible for output
tracking, whereas the other direction addresses the optimality requirement. In the case
where x, is not measured, an open-loop observer for the actuator dynamics is proposed.
A hydrodynamic dynamometer is considered as an application. Instead of performing
feedback linearization, the authors of [CGS17] assumed the existence of a special normal
form, from which an ISA is exhibited. Subsequently, three different optimizer designs
are proposed. One of them comes from [Joh04].

Output regulation problem is the topic of many papers written by those authors, e.g.
[SS06a; Gal+15; ZCS17] to cite a few. See the bibliographical notes in Chap. 9 for more
details.

How to deal with dynamical actuators ?

Often, the dynamics of the actuators have been negleted, see e.g. [HGO05, Sec.6] among many
others. Such an approximation is motivated by the gap existing between the time-scale of the
plant and that of the actuators.

Dynamic inversion The importance of taking actuator dynamics into account has been ac-
knowledged as early as in [VB94; Ber+96]. To tackle this issue, the first simple idea of invert-
ing the dynamics of individual actuators can be traced back to [Bol97], where a feed-forward
strategy was implemented on first-order dynamical scalar actuators. An analogous feedback
strategy was also proposed in [VDO01]. In [JF13], this additional control layer in charge of in-
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verting the actuator dynamics is called “low-level actuation control”. The two lowest control
layers in Fig. 7.12 are analogous to [Har04, Fig.3].

Frequency-based design By compensating for the actuator dynamics, the control scheme
using C, destroys the complementarity of the set of actuators. This advocates for a strategy
that optimizes control inputs to take full advantage of different dynamics. Heuristic methods
addressing the problem of rate saturation were used in [PGH97; RBG96; DLB01] by making
the allocator frequency dependent. The idea is to distribute the total actuation effort in the
frequency domain and let the actuators operate in different parts of the frequency spectrum.
Assume that the actuators are gathered into two groups, according to their bandwidth, and
such that the first group assembles the slowest actuators. Then, the input vector in the Laplace
domain reads u(s) = B; L(s)t(s) + By (1 — L(s))7(s), where L(s) is a low-pass filter to be
designed and Bi , are weighted (right) pseudo-inverses of B selected such that B;" gives pri-
ority to k-th group. It can be verified that Bu(s) = 7(s) holds for all s and that the low (resp.
high) frequencies of T are affected to the first and slowest (resp. second and fastest) group.
According to [Bor96], a similar approach was already proposed in 1988 by P.D. Shaw. If this
frequency-apportioned strategy is appealing, many questions remain open: How to shape L(s)
? How can the boundary between the two groups of actuators be defined? How to treat ac-
tuator magnitude limits ? How can the frequency response of the actuators be incorporated a
priori into the allocator ?

An analogous rationale is used in [BF97] where ships equipped with rotatable thrusters
are considered. It is proposed to control the azimuth angles via the low-frequency component
of the total thrust before computing the force to be produced by each thruster via a standard
optimization problem.

Aside from the literature on control allocation, an inversion-based feedforward controller
for non-square LTI systems was proposed in [BD00]. In the case of a fat system (more in-
put than output), redundancy is resolved via an optimal problem formulated in the frequency
domain, allowing for a trade-off between the control effort and output tracking. This allows
different actuator bandwidths and ranges to be considered. If the use of the frequency domain
for the design of the controller is appealing, this strategy falls short in treating actuation mag-
nitude limits. In addition, this approach has the inherent lack of robustness of the feedforward
controller.

Bounding the input rate Another idea for indirectly considering the inertia of the actua-
tors is to impose the inequality |i(t)| < &, at all times via the controller. Here, 6, is the
“rate limit ” vector of the actuators. In discrete time, #(t) is often approximated via a for-
ward Euler method (assuming that t; is small) to obtain bounds on u((k + 1)t;) that read
[u(kts) — Suts, u(kts) + 6,ts] [BMO2, p.793]. This interval is then intersected with U/, which
codes the magnitude limits of the actuators, and finally embedded in the constraints of (7.1) as
a rough model of the actuation dynamics; see [PS00, p.4] and [PS02; OD04] for second-order
dynamical actuators. Note that discretization of #(t) via analytical integration can also be im-
plemented to obtain a more precise discrete-time model u((k + 1)t;) = Agu(kts) + Bgu®(kt;)
where u“ is the desired input, as in [Kre+21b]. Then, u((k + 1)t;) should be enforced to belong
to the one-step reachable set U N ({ Agu(kts)} + Bsld).

In the same vein, the following equation is often regarded as yet another standard way to
model the dynamical limitation of a first-order dynamical actuator with time constant « > 0:

u= Sat[_g“ju] {(Md — M)/DC} (745)
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see [Ber+96] for a reference in the control allocation field and [SS99] for a more general treat-
ment of this question. This last equation clarifies that the rate limits are actually saturation of
the state of the actuator model.

In [H&r04], another strategy was presented. The CAM is slightly modified by letting A
depend on its past output u((k — 1)t,) to penalize a weighted norm of u(kts) — u((k — 1)t;)
by redefining the cost function J. This promotes the use of fast actuators during transients.
The method remains heuristic, however, since no stability certificate is offered and it is unclear
how to derive the most appropriate norm from the actuator dynamical model.

Coding the dynamics of the actuator as a constraint of A The common limit of the references
in the above paragraph “Bounding the input rate” is that the only model of the actuators con-
sidered in the allocator is the rough approximation (7.45). Hence, explicitly including a more
precise version of these actuator dynamics in the design of A is highly desirable. This was the
motivation for implementing an MPC philosophy at the allocator level. As shown in this chap-
ter, this amounts to directly coding the dynamical model of the actuators as a constraint of the
optimization problem (7.1) of the allocator, so that one can avoid using C;, as in [Luo+04, Fig.1].
Following pioneering works [PCM95; VODO04], the authors of [Luo+04] were perhaps the first
to implement this MPC strategy in a standard way, considering a set of discretized second-
order dynamical actuators subject to magnitude input constraints. In [Luo+05; Luo+07], the
same authors dig in the same direction. It is worth noting that the predictive allocator requires
the signal 7¢(-) over a finite horizon to compute the input vector u(kts), see [Luo+04, (5)].
For this reason, C is equipped with a prediction control unit constructing this desired trajec-
tory of T?. The assumption of a constant desired trajectory considered in [Luo+04] is relaxed
in [Luo+05]. Fed by this trajectory, the allocator is composed of a target calculation module
that computes a feasible inverse of X, and a model-predictive tracking controller solving the
receding-horizon optimal control problem. The allocator is reformulated as a sequential two-
step quadratic programming problem with dynamic constraints, which is further cast into a
linear complementarity problem.

The obtained stability certificates merely apply to the inner loop made of A and %, i.e.
there is no guarantee that the overall closed-loop system is stable. This was the motivation of
the authors of [VSBO07]. In this reference, a small gain condition was proposed for this purpose.
From the expression of C, the first allocator is obtained under the constraint that the ISS prop-
erty is ensured for a subsystem of the closed-loop. This (not necessarily optimal) controller
is instrumental in defining the additional constraint for the ultimate MPC allocator. Using a
frequency-based analysis, a small gain argument, and a scheme that ressembles to [VSB07,
Fig.2], it is proposed in [Wul5] to quantify the level of robustness of the direct interconnec-
tion of C and X, with respect to 7@ — 7. Then, this serves as a bound for the allocator design.
However, if actuators are explicitly considered, the magnitude limits are beyond the scope of
this study. Note also [Han+11] which is concerned with the investigation of using the software
system CVXGEN to implement a standard MPC-based control allocation method.

The need for a trajectory of T is in contrast with the approach proposed in this chapter,
where u(kt;) is computed by A from ¢ (t;) solely, see (7.14), where an assumption is made
on the relative degree of X,. As discussed in Rem. 7.13, our proposal can be interpreted as
a one-step MPC with a terminal constraint on the output of X,. It generalizes the result of
[ODO04], where only first- and second-order actuators are considered. In general, this receding
horizon can be larger than one. In addition to being much simpler, this approach allows A to
directly optimize the intermediate trajectory of ¥, between two references T delivered by C.
Implicitly, this means that C works at a lower frequency than A. This has pros and cons: Less
computational resources need to be affected to C, but a larger dead-time is required for this
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control unit to react in case of change of reference or disturbance. Note that in [PS02, p.4], it
is also recognized that deadbeat controller is an attractive solution, even if it is not ultimately
retained “to avoid unnecessary oscillations (“ringing”) of the actuators”.

Taking the dynamics of the actuator into account amounts to changing the focus from the
static mapping X} : y, — T to the dynamical mapping >, : u — T, see Fig. 7.12. The annihilator
of the former can be simply obtained via a basis of Ker {£;}. Defining the annihilator of the
latter is more involved (see Chap. 8), so that implementation of the CAM has sometimes even
be regarded as impossible if Ker { B, } is trivial [Hdr03, p.112]. Perhaps this explains why the
MPC was first proposed as a way to treat redundancy: No explicit annihilator is required.
Even if no annihilator is used in [TJ07b], this study considers the dynamics of the actuators by
incorporating them in the overall system.

However, tools to construct annihilators of any input-to-output mapping have been pro-
posed [Zac09] and [Ser12], as briefly shown in this chapter and analyzed in detail in the next
two chapters. They can be readily applied to the mapping ¥, and may lead to an annihilator
even if Ker { B, } is trivial.

Designing C in the case of dynamic actuators It is shown in Tab. 7.2 that the cascade X, o A
should be modeled as pure time delays from the point of view of C. Let us stress that even
in the case of static actuators, this sentence remains valid owing to the computational time
required by the allocator. If a comprehensive discussion on this topic is missing, elements
have been offered in [PS02; VSBO07].

Rephrased existing works

The goals of this chapter are twofold. First, we identify and articulate the main ingredients
toward a solid mathematical foundation of the CAM; see Sec. 7.1. Second, we bring closer
the literature dedicated to CAM in Sec. 7.2, and those devoted to input redundancy, whose
founding papers are outlined in Sec. 7.3. On both aspects, the added-value of this study is to
rearrange existing, but disconnected and therefore quite misunderstood? pieces of the litera-
ture. By making use of a single running academic example, the aim is to provide an ambitious
and (hopefully) neutral review of the literature, which is enlarged and deepened in the biblio-
graphical notes continued in the forthcoming Sec. 7.6.

In completing this picture, missing (or seldom acknowledged) facts and arguments are
identified and taylored, e.g. (i) & = X, o ¥, should be treated directly and [Zac09; Ser12] offer
tools to this purpose; (ii) Fig. 7.17; (iii) Both feedback and feedforward forms of Fig. 7.16 exist;
(iv) Subsec. 7.2 on how to handle dynamical actuators in a general context; (v) The output of C
should be saturated, out of X, (Uf).

7.6 Discussion on some trends of the literature

This chapter is closed with personal questions on some streams of the literature. Some of them
opens perspectives for further works, that are outlined in the last chapter.
7.6.1 On modular design and the design requirements for C

Attaignability of ¥ Many papers treat the case of unattainable 1, leading to the “error
minimization” problem outlined in e.g. [JF13, Sec. 2]. As an example, recall “direct allocation”

10See the bibliographical notes ending with Chap. 8 and Chap. 9, where, in particular, samples of confusing
pieces of literature on the relationships between the a-IOA of [Zac09] and the IOA of [Ser12].
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proposes scaling down 7 while preserving its direction, in the case where 74 does not belong
to X,(U) [Dur93].

We believe that the relevance of this problem is questionable, though. As discussed in
this chapter, we indeed firmly believe that T € Z,(U/) must be a specification for the design
of C, that is, this control unit must only deliver attainable 7@ to A. The rationale behind this
rule comes from the observation that CAM is a particular case of hierarchical control. Such a
control structure hinges on the fact that a controller of level N can disregard how level N — 1
is implemented. Clearly, this strategy is legitimate only if the reference signal delivered at
level N to drive N — 1 is feasible. Violating this principle destroys the hierarchy and makes
convoluted any formal rational on e.g. stability. In this case, the benefits of implementing a
hierarchical structure become questionable. Indeed, if such modular schemes are inevitably
more complex, they are primarily motivated by the quest to propose structures that are more
amenable to formal proofs.

It is worth noting that once the CAM was settled in the literature in the early 90’s, an im-
portant part of it was devoted to solving (7.1) for its own. For this task, the only relevant model
is ¥,. Signal 77 is considered exogenous, forgetting about C from which it originates [DB96)].
Perhaps this explains why arbitrary 7 have been considered, even unattainable signals. In im-
proving the design process of the allocator, one has forgotten the context in which this control
unit is immersed.

Design requirements of C The quest for a fully independent design steps is hopeless. The
key idea implicitly promoted in this chapter is that CAM can only bear fruit as a modular
design if the following minimal dependencies are accepted between the designs of C and A.
First, constraint i/, related to A, must be propagated through X, to obtain the appropriate
constraint on 7¥(t). The consequence of this rule is that if some actuators become faulty, the
post-fault set U’ must be used to update the expression of the set &, (') where t%(t) is to be
selected. Along this line, it is incorrect to say that C is independent of the health of the set of
actuators. Note that the tools offered in Chap. 6 are just intended for the computation of X, (Uf).
Second, the design of C must be carefully tailored to the retained control unit A. Otherwise,
the inevitable time delays (see Tab. 7.2) induced by the cascade X, o A might destabilize the
closed loop. Similarly as the one exposed in [VSB07] and in [Joh04] (see Rem. 7.3), the design
methodology promoted by this discussion is sequential rather than based on two independent
tasks. However, as opposed to [VSB07], we advocate here to start with the design of A, and
then continue with that of C.

See [Kre+21b] and, in particular its Fig. 6, for the implementation of those guidelines. Note
that the main contributions of this reference are outlined in Subsec. 10.5.1 at p.192.

7.6.2 On the separation of ¥ as &, o &, and the optimal allocation of 7%

A systemic way to perform this separation When implementing the CAM, the separation
between the actuator subsystem X; and the plant ¥, is often performed based on technolog-
ical considerations. Over-actuation is then regarded as a property of X,. However, for some
systems X, such a separation is considered difficult to identify. For instance, it is rarely ac-
knowledged that parallel interconnection of DC/DC converters is an overactuated system,
even if it can be viewed as such, see Chap. 10. Given Z, the two questions to be addressed are:
Is this system separable ? If so, how to split it or, saying it differently, how to identify T in the
causal chain from u to y ? A systemic way to answer these questions is desirable. In particular,
formal methods leading to optimal separation would answer the second question throughout.
By optimal, it is meant that the size of 7 is minimized. This is expected to maximize the fea-
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sible set of the optimization problem (7.1). Saying it differently, it would unveil all degrees of
freedom associated with the control of the output. The methodology employed to design the
IOA in this chapter is just one of the methods achieving such a purpose, see Chap. 8 for more
details.

Is this separation and tracking of T relevent ? Once T has been identified, according to
most of the cited references in the above literature review, the next step is to solve (7.1) and,
in particular, to validate its constraint T = 7¢ (modulo some time delay between those two
signals). This equality is to be satisfied instantaneously (for static actuator), over a finite re-
ceding horizon (for MPC strategy with a reference trajectory for %), after a finite number
of sampling times (for MPC with terminal constraint), or asymptotically (for the optimum-
seeking strategy). However, this subproblem is only an intermediate step toward controlling
the input-to-output relationship. Thus, if the control of ¥ can be tackled head-on, as in the ap-
proaches discussed in Sec. 7.3, there are no reasons to track 7 with T and, in turn, to separate
Y asX,0X,.

Recall that incorporation of the dynamics of the actuators amounts to enlarging the scope
of the allocator from X} : y, — T to X, : u — 7. Here, we propose to move a step forward
by considering X : u — y. In this case, the distinction between the actuation subsystem %,
and plant ¥, becomes irrelevant. After the authors of [Zac09; Ser12] (from our interpretation
of their contributions), our conviction is that one should forget about control allocation (that
is, tracking of 7¥) and instead keep digging toward the most appropriate treatment of the
redundancy of X. It seems to us that this idea can be traced back to [BE96; BM02].

Are rate limits relevent ? Let us now introduce a related topic via the following quote: “Rate
limits are of particular importance in mechanical systems where the inertia in various compo-
nents of the actuator prevents it from moving very fast, thereby limiting the rate of the control
signal that it can pass to the plant.” [Tar+11, Sec.7-6-1]. Among many others, this sentence
suggests that the inequality |ii(t)| < &, or its refined version (7.45), should be regarded as a
rough model of the actuators, capturing the limits to its intrinsic dynamics. This has two conse-
quences, which makes the relevance of this modeling questionnable. (i) The above constraints
on # shall be discarded as soon as the dynamics of the actuators can be incorporated directly,
i.e. let ¥ model the plant and actuation subsystem. However, many publications consider a
model with actuator dynamics and the above rate limits, for example [VOD04; Har04]. (ii) As
soon as a dynamical model comes with rate-limit saturation, as in [Luo+07; Zac09], one can
legitimately understand that the input of such a model is y,, the output of the actuator, rather
than u, its input. However, in that case, the above guideline (incorporating the dynamics of
the actuators into X)) is not followed. Therefore, the question is why not gather the dynamics
of both the actuators and the plant into ¥, and then discard the rate limits ?

7.6.3 On the substitution of standard solvers by continuous-time systems to solve
the optimization problem

Benefits of continuous-time solvers In stark contrast with the CAM, but in the spirit of the
results presented in Sec. 7.1.4, the approach proposed in Sec. 7.3 relies on a continuous-time
dynamical subsystem to solve the optimization problem (7.19) or (7.41). In such a case, the re-
sulting closed loop is a continuous-time dynamical system that can be analyzed using standard
tools. This differs from the CAM, where the inevitable sample and hold mechanism illustrated
in Fig. 7.3 induces a mix of continuous-time and discrete-time dynamics, which complexifies
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Figure 7.21: Simulation results obtained for Ex. 7.1 and using design (b) of Subsec. 7.6.3. Com-
pare this picture with Fig. 7.7 where analogous results are displayed for design (a) of Sub-
sec. 7.6.3. See the caption of Fig. 7.6 for a description of the different signals.

the analysis. The lack of an explicit expression of A defined by (7.1) is also a source of diffi-
culty. Perhaps these are the reasons why ultimate proofs of stability considering the overall
closed-loop system are seldom offered in this context.

Closed-loop is ultimately hybrid However, the standard implementation of the control law
uses digital computational devices. As a result, the ultimate step of each strategy is the dis-
cretization of the control law via a sample-and-hold mechanism, even for the approaches pro-
posed in Sec. 7.3. Dynamical closed-loop models for ultimate stability analysis are thus in-
evitably hybrid. This comment might weaken the benefits of using the continuous-time opti-
mizer. However, it might also stimulate the combination of the two approaches.

Toward hybrid controllers As an illustration of the sentence closing the last paragraph, if
there exists an ISA, then any traditional solver (implemented as in Fig. 7.3) for (7.19) can be
used as the definition for the optimizer C,. Compared with CAM, this drastically reduces
the requirement for computational resources. To see this, consider the following two control
schemes, which are implemented in the case of static actuators X, for which the ISA reads
N u; = NywithZ,N = 0:

(a) Fig.7.2 where A solves (7.1);

(b) Fig.7.16b where C; solves the enriched version of (7.19) taking the input constraints into
account. For a fair comparison, signal u. is defined such that T = 7%, which is equivalent
to u. = Lt? with ¥,L = I because T = Ya(uc+ Nny) = Zau,.

In both cases, the solvers are surrounded by a sample and hold mechanism like the one de-
picted in Fig. 7.3.

To illustrate the results obtained using both designs, we consider Ex. 7.1 with the input
constraints and we use a sampling period of t; = t; = 1 to model the computational effort of
the solvers, see Fig. 7.3. The signal 7 reads as in (7.7). The results of the first design are shown
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in Fig. 7.7. The second design leads to the same control units C. and C; as in Sec. 7.3.2; see
(7.22) and (7.25). In this context, the expression for C,, is as follows:

Cy : ue > argmin J(ue + Nij) = (ueg +1))* st uc+ Nij €U = [-0.5,0.5] x [-1,1]
U

The simulation results are reported in Fig. 7.21. Comments are as follows. (i) Unlike u;, = Ny
generated via the solver C;, the signal u = u, + u is not piecewise constant since u, = Lt
is continuous. (ii) Output trajectory is very close to the reference y. shapped by 7, and much
more satisfactory than in the case of the first design, see Fig. 7.7. (iii) u; converges to zero after
a short transient so that asymptotic optimality is achieved. (iv) When t € [0, 1], u;(t) slightly
exceeds its limits, even if it is saturated by X,. This phenomenon can indeed occur because
C; only ensures that u.((k — 1)t;) + N (kts) belongs to U whereas u(t) = u.(t) + Nn(kts) can
escape from the input set very well, that is, C;; does not guarantee that the constraints u(t) € U
are satisfied during transients. We conjecture that this mismatch on u; cannot destabilize the
closed-loop because 74 has been already saturated in such a way that the optimization problem
solved by C, is feasible, so that T = 7 is valid modulo short transients that are asymptotically
vanishing.

The bottom line of this discussion is that the mixture of the two approaches proposed in the
design (b) is much less demanding in terms of computational resources. Indeed, an inefficient
solver parameterized by t; = 1 leads to an almost perfect output trajectory for the design (b),
whereas it destabilizes the closed-loop for the first design. Those differences can be explained
via careful observations on the first design: When substituting u by its decomposition Lt4 +
Ny in the equality constraint of (7.1), one gets

T =%,(Lt + Ny) =

Therefore, this equality constraint imposes a value of T and allows 7 to be freely optimized.
The key point is that when implementing (7.1), as in the first design, these two input com-
ponents are not separated. However, the time delay due to the computational effort affects 7
and 7, even if the ultimate value of the latter could have been predicted solely on the basis
of the above equality constraint. This time delay on ¥ may challenge the stability, as shown
in Fig. 7.7 because 77 is the part of u that controls the output. The design (b) somehow dis-
criminates the part of u that is imposed by the equality constraint and removes it from the
optimization process, not to introduce unnecessary and dangerous time delay on this crucial
component of the input that governs the output trajectory. In the unconstrained case, the
remaining part # of the input can then be freely optimized as it is invisible from the output.
When input constraints exist, then the above discussion on Ex. 7.1 suggests promising research
directions.

A nice illustration of this line of thought is offered in [Zho+13; ZCS16]: In the context of
output regulation, reference trajectories are selected via an MPC strategy among a preselected
set of suitable trajectories constructed beforehand, on the basis of geometric decomposition of
the system.

7.6.4 On the input space decomposition perspective

In Sec. 7.3, the “signal injection perspective” is implicitly adopted, i.e. given arbitrary u., the
problem is to shape u in such a way that u, and u. + u,; generate the same output y, see
Fig. 7.16. Following the discussion in the introduction and in the last paragraph, another per-
spective is to (i) decompose the input space into some direct sum N @ £ where N is the set of
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all signals that are invisible from the output and (ii) impose that © | and u. belong identically
to N and L, respectively.

However, owing to the linearity of X and the lack of constraints, the two points of view
are equivalent in the sense that any result obtained from one perspective can be equivalently
reformulated in the other. As an illustration, consider the case where u.(t) is arbitrary and
u, (t) equals N7(t) where the columns of N is a basis matrix of N. This complies with the
“signal injection perspective”. Following the “input space decomposition perspective”, one
has rather restrict the set of admissible u.(t) to Im {L}, where L is any matrix such that [N L]
is invertible. This can be imposed without loss of generality since it holds:

Vu(t) € R™, 30:(t) € Im {L},37(t) : u(t) = 0c(t) + NA(t).

Therefore, any input u(t) = u.(t) + N7(t) can be equivalently rewritten as 7.(t) + N7 (t) for
some 7.(tf) € Im{L} and 7(t). Roughly speaking, the part of u.(t) that lies in Im {N} can be
transferred to #(t), so that the rest belongs to Im {L}. Observe that Ex. 7.1 has been treated
in this manner in the case of the ISA. Indeed, u.(t) € Im {L} with L = [1/3 1/3]" has been
imposed and [N L] is invertible, see Subsection 7.3.2.

In the “signal injection perspective”, the given controller C. is post-processed by C; and
C, as in Fig. 7.16. In essence, this strategy resembles the model recovery anti-windup design
[Gal+09]. In both cases, the added control unit prostprocesses the control signal computed via
a given controller with the aim of decreasing the norm of the input signal (via the annihilator)
or enlarging the basin of attraction of the closed-loop equilibrium (via the antiwindup). In
both cases, the output trajectory is preserved by post-processing as much as possible. The
most attractive advantage of such two-step designs is perhaps their ability to incorporate an
already existing controller.

However, when the control design is to be performed from scratch, it could be preferable
to rely on geometrical decomposition. In this case, the input design can be divided into two
independent steps. First, shape the part of u that belongs to A" and is invisible from the output.
Second, shape the part of u that belongs to £. The key argument here is that this second step
is a well-defined problem, as the domain restriction of X to L is left-invertible, that is, to any
admissible output trajectory corresponds a unique input trajectory in £, see the introduction.
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Chapter 8

Input redundancy: Definitions,
characterizations and taxonomy
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From the previous chapter, it should be clear that ¥ can be qualified as Input Redundant
(IR) if it admits an input-output annihilator (IOA).! The purpose of this chapter is to provide a
mathematical framework for this central idea. Henceforth, “annihilator” is used as a short for
IOA. In addition, we aim to relate IR to the concept of inversion, as in the introduction.

Let us emphasize that efforts toward an appropriate definition of IR, together with tractable
characterizations, not only help qualifying systems for which the control strategy applies, but
also underpins the control architecture. The message is that suitable definitions lead to ap-
propriate decomposition and, thereby, to a relevant control scheme. In accordance with this
statement, this chapter and the next one show the core of the differences between the control
schemes exposed in Chap. 7 originates from non-equivalent definitions of IR.

This chapter also shows how the proposed framework can cope with input and state con-
straints. This feature is indeed of major importance since IR has been historically regarded
as a way to handle input limitations. Thus, this chapter aims to explore how constraints can
challenge IR.

8.1 Introduction

This chapter is concerned with the linear, proper and time-invariant dynamical system X gov-
erned by the following equations

x(t) = Ax(t) + Bu(t), x(0) = xo, (8.1a)
y(t) = Cx(t) + Du(t), (8.1b)

for some quadruple (A, B, C, D) of appropriate dimensions and with state-space
X =R"

From (8.1a), the input-to-state relationship is concisely captured via Hy[xo; -] which maps an
input trajectory u(-) to the state trajectory x(-) produced by the system when excited by u(-)
with an initial condition x(0) = xy € X’. The corresponding input-to-output mapping Hx; -] :
u — CHy[xo; u] + Du is defined by (8.1b).

Let C and PC be the set of causal continuous and causal piecewise continuous vector-
valued signals, respectively. Input u is assumed to belong to U = PC. State x and, in turn,
output y, are also assumed to be causal. From (8.1), we can define X := C and Y := PC as the
codomains of Hy[xo; -] and HJ[xy; -], respectively. The set of triples (u, x,y) (resp. pairs (u,Y))
compatible for xo € X is denoted by Q(xp) (resp. W(xp)), i.e.

Q(x9) :=={(u,x,y) € Ux X xY | Hy[xo; u] = x, H[xp; u] =y},
Wi(xg) :={(u,y) e UxY|3Ix:(u,x,y) € Qxp)}

Owing to the linearity of the dynamics of %, recall that the following well-known relation-
ships hold for all xg, %o € X, u,1 € Uand « € R:

H, [xo; u] + H, [fo,‘ TZ] = Hx[xo + Xo; u + ﬁ],
H, [axo; au] = aHy[xo; u].

Clearly, the same two properties hold for H instead of H,.

IThe case of a-IOA is also interesting. An in-depth comparison between the two concepts is one of the goals of
Chap. 9.
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8.2 Input redundancy

This concept of redundancy is now defined, characterized, and discussed.

8.2.1 Definition

Definition (Left-invertible). System X is said left-invertible if identical output trajectories
can only originate from identical input trajectories, i.e. the following implication”

1=y2) = (w1 =u). (8.2)

holds for all xg € X and for all (u1,y1), (u2,y2) € W(xp).

Signals 1y, up are said equal if [{uq,up}| = 1 so that uy (t) = uy(¢) holds for almost all ¢.

Definition (Input redundant). System X is input redundant (IR) if it is not left-invertible,
i.e. there exists xy € X such that

A(uy, y1), (2, y2) € W(xg) @ u1 # Uz, y1 = Yo. (8.3)

To prove that X is IR, it suffices to find a single output that admits at least two distinct
preimages by H|xo; -] for some xo € X'. This means that the system X is IR if and only if H[xo; -]
is not injective for some xo € X. From the linearity of H, one immediately obtains

dxp € X :(8.3) < Jii € U\ {0} : H[0; 1] = 0. (8.4)

The independence of this condition wrt both xy and y highlights that this singularity actually
occurs for all admissible outputs and for all initial states.?

Proposition 8.1 ([KT21]). If system X is IR, then it holds:

Vxg € X,V (u1,y1) € W(x0), 3(u2,y2) € W(xo) @ u1 # Uz, y1 = Y.

8.2.2 Characterization
Let us now equipped the proposed definition of IR with tractable characterizations. Different
tools exist for this purpose, e.g. the system matrix

sI— A —B] , (8.5)

PZ(S)::[ cC D

the transfert function matrix
G(s)=C(sI—A)"'B+D

or a suitable geometrical decomposition of the input and state spaces are some of them.? As
shown by the following theorem, any of these tools leads to distinct but equivalent characteri-
zations of IR.

2It will be shown in the sequel that this property hinges not only on the linearity of H but also on that of the
input and state spaces, see Prop.8.14.
3Recall that Appendix A provides essential concepts on geometric control theory.
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Theorem 8.2 ([KT21]). Define p € N and N' C R™ as follows:

p = dim Ker { [g] } , (8.6)
N := B'V*NKer {D}. (8.7)

Then, the following statements are equivalent:
(i) System X is IR;
(i) dim (R*) > 0orp > 0;
(iii) dim(N') > 0;

(iv) Transfer matrix G(s) of ¥ is not left-invertible, i.e. there exists a non-zero polynomial vector
q such that G(s)q(s) = 0 forall s € C;

(v) System matrix of Ps(s) is not left-invertible.

The next lemma offers an efficient way to compute dim N.

Lemma 8.3 ([KT21]). It holds
dim N = n+m —nrank {Ps } . (8.8)

Remark 8.4 (On (i)<>(ii)). Bearing in mind the definition of R* (see Appendix A), the equiva-
lence between (i) and (ii) can be obtained via the following insightful chain of equivalences:

isIR <2 3gc U\ {o}:H[0;a] =0

LT 3m e U\ {0} HL[0;7](r) € RY,VE> 0
0 >0, (since R* = {0} = [P ] 4 =0)
— or

dimR* >0, (sincep=0= [B]ii#0)
[ ]

Remark 8.5 (Normal rank of Py and G). Given a matrix T(s) parameterized by s € C. Its normal
rank is defined as follows:
nrank {T} = max rank {T(s)}.
se

It can be observed that (iv) and (v) of Th. 8.2 are equivalent to nrank { G} < m and nrank {Ps} <
n -+ m, respectively. °
8.2.3 Can IR be deduced from system dimensions?

Remark 8.6 (IR # m > p). The condition m > p is often understood as a necessary condition for
IR. Let us already provide a counterexample of this assertion. Consider the following square
system, for which m = p = 2 holds:




Then, IR follows from the observation that distinct input trajectories u; : £ — 0 and uy : t —
[9] produce the same output y = 0 for xo = 0. o

Right-invertibility can be characterized by nrank {Ps} = n + p [TSH12, Th. 8.13]. This
statement leads to the following corollary of Th. 8.2 and Lem. 8.3.

Corollary 8.7 ([KT21]). Assume that X is right-invertible. It holds
dimN =m—p, (8.9)
so that ¥ is IR iff m > p holds.

8.3 Annihilator

Referring to the introduction of this manuscript, let us turn our attention from the inversion
perspective adopted so far to the signal injection perspective.

8.3.1 Definition

Referring to (8.3), define the incremental input @ := u; — up. By means of this signal and
renaming (u2,y2) by (u,y), observe that (8.3) can be equivalently rewritten as follows:

A(u,y) € W(xg),Jid #0: (u+il,y) € W(xp). (8.10)

From a control point of view, this reformulation is of utmost importance. Indeed, it highlights
that 7 can be used as an increment to any input u which let the output unaffected. Therefore,
il can be shaped to serve a secondary control goal unrelated to the output trajectory.

Given xg € X and (u,y) € W(xq). By definition of W, there exists # satisfying (u +
ii,y) € W(xo) iff i € Uy and HJ0;i] = 0 hold, see (8.4). These two conditions are concisely
captured by (i7,0) € W(0). Equation H[0; 7] = 0 means that i has to be selected as an input
inducing zero output from the zero initial state, i.e. i lies in the kernel of H|[0; -]. This is the
motivation for calling “annihilator of 2" the operator introduced by the following definition
and illustrated by Fig. 8.1.

Definition (Annihilator of 2). The nonzero causal operator C |, associated with the map-
ping H | [xq0; -] : v +— 7 parametrized by the initial state x40, is an annihilator of X if:

x40, Vo(-) € PC: (i,0) € W(0), (8.11)

where il := H | [xq0; 7].

8.3.2 Construction of an annihilator of X

The fact that X is IR is necessary for the existence of an annihilator of X, by definition. The next
theorem shows that it is also sufficient.

Theorem 8.8. Assume that X is IR. Select any F in F(R*). Let N : N' — R™ be the natural
embedding. Then, the quadruple

(Au,Ba,Ca,Da) = ((A+BP)|R*,R*|B‘N,F’R*,N>, XaOZO, (8.12)

characterizing H, defines an annihilator of X.
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Figure 8.1: For all v and for all xy, there exists x,9 such that signal i is invisible from the output,
i.e. both u and u + 7 produces y.

Remark 8.9 (On 0 (A,)). The spectrum of A, can be assigned arbitrarily using F. In particular,
A, can be made Hurwitz. °

Remark 8.10 (Maximal range). The annihilator of Th. 8.8 has maximal range in the following
sense: For all i such that (i7,0) € W(0), there exist x,0 and v € PC such that H | [x,0;0] = ii.

Remark 8.11 (On the transfert function of C ). The transfer function matrix G, of C, satisfies:
G(s)G.(s) =0

foralls € C. °

Remark 8.12 (The case 0 € F(R*)). If the zero map belongs to F(R*), then selecting F = 0
makes iI independent of x, so that the input-output mapping of H, can be captured by the
static mapping v — Nov. .

8.4 How constraints impact input redundancy ?

So far, it has been assumed that ¥ is free from input or state constraints. However, from the
very beginning, IR has been considered as a way to deal with input constraints by redistribut-
ing the overall control effort among actuators to avoid saturation, see Chap. 7. Motivated by
this observation, let us now consider the more general case where constraints are imposed, not
only on u(t) but also on x(t), so that the following conditions hold for all t > 0:

u(t) el, (8.13a)
x(t) € X, (8.13b)

where Y C R™ and X C R”" are arbitrary given sets.

In the unconstrained context where ¢/ = R™ and X = IR" hold, it is shown in this chapter
that if one can find xp € X and y generated by two distinct inputs u;,u, € U, then such a
redundancy occurs for any other (x, y), see Prop. 8.1. An immediate question is whether this
uniform (wrt to (xg,y)) non-uniqueness of the input remains valid in the constrained context.
The following example explicitly shows that the answer can be negative, so constraints may
challenge the redundancy.

\

Example 8.13. Consider the following system
¥=—-x+[1 1Ju, y=x+[1 0u

for which each input is enforced to be non-negative, whereas state trajectory is unconstrained,
ie u(t) €U =R2,and x(t) € X = Rforall t € R>(. Observe that input-to-output mapping
is fully captured via the following equation, where y acts as a parameter and u =: [u,, 1|7 are
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unknown functions:
Y+y—up =ila+2u, (8.14)

with 1,(0) = y(0) — x(0). Consider the following cases:

(i) Define xp1 :== —land y; : t — —e'. In this case, u; =: [uy,, 11,7 = 0 is the unique
input satisfying u(t) € U leading to y; when x(0) = x( 1. Indeed, (8.14) reduces to —u;, =
1ig + 2u, with u,(0) = 0, so that a strictly positive value of u,(t) induces a violation of
constraint u,(t) > 0. Hence, 11 (f) must equal 0 at all times.

(ii) Keep x(0) = xq; and choose y, = 0. Clearly, either uy : t + [e72/,0]T or uz : t
[e=3, 63T produces y, and is compatible with the constraints.

(iif) Define xpp = 0 and let y = 0 unchanged. For the same reason as in (i), output y, can only
be produced by 11 = 0 for x(0) = xq.

To sum up, when x(0) = x 1, output y, can be produced by multiple inputs. In contrast, substi-
tuting the initial state by xg» or the output by y; makes the input unique. Therefore, the ability
to design different inputs giving rise to the same output depends on both the output trajectory
y and the initial condition x.

. J

This example shows that constraints give rise to unseen phenomena when instantaneous
values of input and state vectors are free.
8.4.1 An enriched framework
To allow a detailed analysis of the phenomenology highlighted by Ex.8.13, let us enrich our
framework by new notations and definitions.
From X to &

Let dynamical system & be derived from X by imposing input and state constraints. Sets of
signals associated with these two systems should be distinguished. For this reason, U, X, Q
and W are henceforth renamed Uy, X5, Qs and Wy, respectively. This allows us to associate
the sets U and X with & and redefine them as follows:

U={u:R—>R"|t>0=u(t) eUU} NUg,
X={x:R=>R"|t>0=x(t) € X} NXz.

Accordingly, the set Q(xg) of triple (u, x,y) compatible for xo with & is derived from Qs (x)
by excluding trajectories that violate constraints, that is,

Q(xp) = Qx(x) N (U x X xY). (8.15)

Thus, (1, x,y) € Q(xo) implies that (u(t), x(t)) € U x X holds for all non-negative ¢. Similarly,
denote by W(xp) the set of input-to-output pairs compatible for xo with &, that is, (u,y) €
W(xo) if there exists x such that (u,x,y) € Q(xo).

Qualifying pairs (xo,y) and the definition of IR in the constrained context

In view of Ex. 8.13, IR should be associated to a pair (xo,y) rather than to the system &.

Definition (IR pair). A pair (xo,y) € X x Y is IR if output y can be produced by (at least)
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two distinct inputs for the initial condition xo, i.e.

A(ur,y1), (2, y2) € W(xg) : Uy # o, Yy1 =Y2 = y. (8.16)
The set S C X x Y of IR pairs reads:

S :={(x0,y) € X xY:(8.16)}.
& is IR iff S is non empty. Besides, define also the set of admissible pair (xo,y).*

Definition (Admissible pair). Let A be the set of admissible pairs (xo,y) € X X Y:
A={(xo,y) € X xY|Ju:(uy) € W(xg)}.

Observe that the following inclusion chain holds:
SCAC((XxY).

The definition of IR applies verbatim in the constrained context.

8.4.2 Sufficient condition for IR to be preserved

In addition to being part of the description of &, system X. can be regarded as the unconstrained
version of &. Therefore, comparison of the set of signals associated with these two systems
allows evaluation of how constraints impact IR. This is the goal of this subsection.

The linear case

Let us first consider the case where both ¢/ and X" are linear. Next proposition generalized
Prop. 8.1 in this context.

Proposition 8.14 ([TK24]). Let sets Y C R™ and X C R" be linear over the field R. If S admits
an IR pair (xo,y) € X x Y, then & is uniformly IR in the sense that every admissible pair is IR, i.e.

A =S # {o}
The general case of arbitrary constraint sets

Via Ex. 8.13, it has been observed that constraints can destroy IR of a pair (xp, y), in the sense
that (xo, y) can be IR for X but not for &. The following theorem offers a sufficient condition to
prevent this situation from occurring, that is, for IR to be preserved in the constrained context.

Theorem 8.15 ([TK24]). Define the following relationships:
u(t) € int(U), (8.17a)
x(t) € int(X), (8.17b)

parameterized by t € R>o, u € U and x € X. Assume that the unconstrained system X is IR.
Then, the admissible pair (xo,y) € A is IR (for &) if there exist (u, x) and 0 < to < tg such that
(u,x,y) € Q(xo) holds and:

e ifp >0, (8.17a) holds for all t €|to, t¢[;

4Unless otherwise specified, admissibility shall be understood “with &”.
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* ifp =0, (8.17a) and (8.17b) hold for all t €]ty, t¢].
where p is defined in (8.6).

When U is open, (8.17a) (resp. (8.17b)) is valid for all u € U (resp. for all x € X), and for all
t € R>p. This leads to the following corollary.

Corollary 8.16 ([TK24]). Assume that the unconstrained system ¥ is IR. If one of the following con-
ditions is valid:

* o> 0and U is open,

* o = 0and both U and X are open,
then, S is uniformly IR in the sense that every admissible pair is IR, i.e. A = S # {T}.

Contraposition of Th. 8.15 is also of major importance. In the context of Th. 8.15, assume
that p > 0 (resp. p = 0) holds, and that (xo, y) is admissible but not IR, so that there is a unique
pair (u, x) satisfying (u, x,y) € Q(xo). Then, for all non-empty |to, f[C R>o, condition (8.17a)
(resp. (8.17a) and (8.17b)) is violated for some t = t; €|to, tf[, i.e. u(t;) € U\ int(U) holds
(resp. either u(t;) € U \ int(U) or x(t;) € X \ int(X') holds). This observation, together with
the piecewise continuity of u and continuity of x leads to the following corollary.

Corollary 8.17 ([TK24]). Define the following relationships:

u(t) e U\ int(Y), (8.18a)
x(t) € X\ int(Y), (8.18b)

parametrized by t € R>o, u € Uand x € X. Assume that the unconstrained system X. is IR. Then, the
admissible pair (xo,y) € A is not IR (for &) only if the unique (u, x) satisfying (u,x,y) € Q(xo) is
such that:

e ifp >0, then (8.18a) holds for all t € C;

e if p =0, then (8.18a) or (8.18b) holds forall t € C,
where C is the largest open subset of R>q where u is continuous.

If U and X are closed and X is IR, then Cor. 8.17 proves that admissible pairs (x, ) which

are not IR are necessarily associated with input and state trajectories that lie alternatively on
the boundary of ¢/ and X for all t where u is continuous.

Example 8.18 (Ex. 8.13 continued). Case (ii) proves that & and, in turn, > are IR. For cases (i)
and (iii), the unique input u; = 0 making pairs (xp1,¥1), (X02,y2) admissible satisfies u(t) €
U\ int(h) = ({0} DR>p) U (R @ {0}) for all C = R, as predicted by Cor. 8.17.

Remark 8.19 (Constraints might destroy IR). Constraints can completely eliminate redundancy.
A trivial two inputs example is the case where quadruple of X is (1, [1 1] ,1,0), with i =
span{[}]} and X = R. .
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8.4.3 Construction of an annihilator of & when 0 € F(R*) and X = R"
Extending the concept of annihilator

Given xg and (u,y) € W(xp), recall that the annihilator aims to shape i under the constraint
that (u + i7, y) belongs to W(x), see (8.10). In the general case where ¢/ and X" are not linear,
the equivalence between (u +1,y) € W(xg) and (%,0) € W(0) may not hold depending on
xo and (u#,y). From this observation, let us now enlarge the applicability of the concept of
annihilator from X to &.

Definition (Annihilator of &). The nonzero causal operator C | , associated with the map-
ping H | [xq0; ] : v — 7 parametrized by the initial state x40, is an annihilator of & if:

Vo, V(u,y) € W(xp), Ixq0, Vo € PC: (u+1,y) € W(xp), (8.19)

where i := H | [x,0; 7].

The expression of the annihilator in closed-form

Given xg and (u,y) € W(xp). If 0is a friend of R* and & = R" holds, then (u + il,y) € W(xo)
reducestou +ii =: ¢ € Uy < ii € Uy and

o(t) € (u(t) + N)nU (8.20)

for all t > 0. Condition (8.20) is treated as in Chap. 6. To see this, pick any P, € R (m—dimA)
such that P = [P}, N] € R™ ™ is orthogonal. Then, note that 8(t) € N + u(t) is equivalent
to PJO(t) = Plu(t) = ug(t), so that solving (8.20) is equivalent to solving P 9(t) = u,(t)
under constraints ¢(t) € U. Exploiting the results of Chap. 6 (see Fig. 6.4 where v is the output
of the block “Opt”), the following proposition solves this problem and summarizes the above
discussion.

Lemma 8.20. Assume that (i) S is IR, (i) 0 € F(R*) and (iii) X = R" hold. Pick any L such that
L &N = R"™ and any orthogonal matrix P = [Py, N] € R™*™ whose columns form a basis that is
adapted to L & N Let r := dim L = m — dim N Define

Uy, = {ul ER": Iy 1 € REMV g € PTu}

Z/A{r+1:m (ﬁlzr) = {ﬁr+1;m € RdimN ‘e PTU}
and the mapping H| : R" x RImN _ R

N(Sataﬂrl:m(P{u) (v) o NTu)’ (Z.fpiru € Z;{lir)

8.21
0, (otherwise) ®.21)

HL:(u,v)n—Hft:{

Ift — H, (u(t),v(t)) belongs to PC for all u,v € PC, then H, defines a (static) annihilator of &.

Remark 8.21 (Maximal range). The above annihilator has maximal range in the following sense:
Forall xg € X, (u,y) € W(xo) and i satisfying (1« + ii,y) € W(xy), there exists v such that
i(t) = Hy(u(t),v(t)) holds for all + > 0. Note that this condition is weaker than that of
Rem. 8.10 since v € PC is not required here. o
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8.5 Taxonomy and degree of input redundancy

8.5.1 Classifying the IR pair

The ability of distinct inputs to produce not only identical outputs but also identical state tra-
jectories is instrumental in classifying different species of IR. Let us introduce state trajectories
into (8.16): Given a pair (xo,y) € X x Y, define the following relationships

I(u, x1,y1), (2, X2, y2) € Q(x0) : g F# g, X1 =X, Y1 =Y2 =Y, (8.22)
I(ug, x1,y1), (U2, x2,2) € Q(X0) : Uy # U, X1 # X2, Y1 = Y2 = V. (8.23)

Observe that if (xg,y) is IR, then at least one of the above relationships holds.
Making use of (8.22) and (8.23), instead of (8.16), allows for investigating the origin of IR.
This gives rise to a taxonomy that distinguishes IR pairs.

Definition (IR pair of the k-th kind). Let (xo,y) € X x Y be an IR pair. It is of:

* The 1st kind if (8.22) holds but (8.23) does not, i.e. if the following implication

Uy # up

y=y1=yz} neE s
holds for all (u1,x1,y1), (42, x2,¥2) € Q(x0);

* The 2nd kind if (8.22) does not hold but (8.23) does, i.e. the following implication
Uy # up

N 8.25

y=y1=yz} e (8.25)
holds for all (u1, x1,y1), (142, x2,y2) € Q(x0);

e The 3rd kind if both (8.22) and (8.23) hold, i.e. neither (8.24) nor (8.25) is valid for all
(u1,x1,y1), (42, %2, 2) € Q(x0)-

The different kinds of pairs are mutually exclusive: No pair (xp, y) can be simultaneously
of different kinds. This motivates the partitioning of S as follows:

S=S,US,US;,
where S gathers IR pairs of the k-th kind and satisfies Sy N S; = {@} for all k # j.

8.5.2 Linearity implies uniformity

Focusing on the linear case, the next proposition enriches Prop. 8.14 by indicating that linearity
implies uniformity not only of IR but also of the kind of IR.

Proposition 8.22 ([TK24]). Let sets Y C R™ and X C R" be linear over the field R. If & admits an
IR pair (xo,y) € X X Y of the k-th kind, then S is uniformly IR of the k-th kind in the sense that every
admissible pair is IR of the k-th kind, i.e. A = S = Sy # {@}.

8.5.3 Characterization of the kind of IR and degree of IR

This subsection is concerned with the unconstrained context, so that % (and not &) is consid-
ered.
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Characterization of the kind of IR Prop. 8.22, together with Th. 8.2 and Rem. 8.4, allow to
characterize the kind of uniform redundancy of X.

Corollary 8.23 ([KT21]). System ¥ is uniformly IR of:
® The 1st kind iff p > 0 = dim R* holds;
® The 2nd kind iff p = 0 < dim R* holds;
® The 3rd kind iff p > 0 < dim R* holds.

Degree of IR Recall that dim A corresponds to the dimension of the input v of the annihilator
of Th. 8.8. Hence, it is the number of independent input directions (after regular state-feedback
with any friend of V*) that do not affect the output. To better understand the role played by
each directions, let us define v as the codimension of Ker {[B ]} in N i.e.?

v:=dim (N /Ker{[5]}) (8.26)
This leads to the following decomposition:
dimN =p+v (8.27)

where p is defined as the dimension of Ker {[ 5]}. The above sum indicates that among the
dim A input directions letting the output unchanged, p of them do not affect the state, whereas
v of them impact the state. This motivates the use of these two integers to quantify the degree
of IR.

Definition (Degree of IR). The pair (p,v), defined by (8.6) and (8.26), is called the degree
of input redundancy of the system ..

Remark 8.24 (Degree of IR and kind of IR). From (8.27), note that the following equivalence
follows readily by rewriting item (ii) of Th. 8.2 as p + dim(R*) > 0:

dimR* >0 < v > 0. (8.28)

This relationship, together with Cor. 8.23, allow to easily relate the degree of IR with the kind
of IR: Just replace dim R* by v in the statement of Cor. 8.23. Let us emphasize that dim R* and
v are by no means equal, in general. .

Remark 8.25 (The right-invertible case). In the case where X is right-invertible, combining (8.27)
with Cor. 8.7 yields (p,v) = (p,m — p — p). o

8.5.4 How constraints impact the taxonomy ?

Assume that the unconstrained system X is (uniformly) IR of the k-th kind. Given an IR pair
(x0,y) € S.° Then, a natural question is: Does (xo,y) belong to Sy ? Saying it differently, can
the constraints modify the kind of IR of a pair ? For k € {1,2}, the answer to the last question
is always negative, i.e. constraints cannot change IR of the 1st or of the 2nd kind.”

SObserve that Ker { B} N Ker { D} is indeed included in .V, so that v is well-defined.
6Recall that S and S1,3 are associated to &, and not to X.
"To see this, let (xg,y) € S. Assume that X is IR of the 1st (resp. 2nd) kind. Then u; # u, together with

y1 = y2 = y implies x1 = xp (resp. x1 # xp) for all (u1,x1,y1), (12, x2,¥2) € Qx(xp). Since Q(xy) C Qx(xp), this
proves that (x, y) belongs to S (resp. to Sy).
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Lemma 8.26 ([TK24]). Let X be IR of the k-th kind, with k € {1,2}. If & is IR, then & is uniformly
IR of the k-th kind in the sense that S = Sy # {@} holds.

If 3. is IR of the 3rd kind, then not only & can be of the 1st or 2nd kind (see [TK24, Ex.15]),
but IR pairs of different kinds can also coexist for &, as shown by the following example.

Example 8.27. Let X. be defined as follows:

#(t) = [(1) ﬂ x(t) +

y(t) = [0 1]x(t).

Constrained system & is derived from ¥ by imposing i = [—1; +o0[? and X = [0;1] x [0;2]. Let
us show that & admits IR pairs of each kind:

* Pair (xo1,¥1) = ([{],0) is of the 1st kind. Indeed, the first input necessarily equals

t — —1 for the first state not to escape from [0;1]. Together with y = 0, this implies that
x is constant and equal ¢ — xp;. Thus, y; can be produced by any input u € Uy that
satisfies u(t) € {—1} x (Ker {[1,1]} N [~1; +o0[?) for all t € Rx.

o 5 9]u

* Pair (xp,y2) = ([%°],t — 2) is of the 2nd kind. This time, the last two inputs must
equal t — —1 for y(t) = 2 to hold for all + € R>¢. Thus, y, originates from any input
u € Uy such that (i) u(t) belongs to [—1; +-co[x {—1}? for all t € R>q and (ii) the first state
belongs to [0;1]. In particular, 7, : ¢t — —ae(1=%)!/2 is a suitable trajectory for the first
input, whatever is « € [1;2]. To see this more easily, note that 7, can be interpreted as
the feedback of gain —« between the first state and first input. Furthermore, any of these
input candidates leads to distinct state trajectories.

* Pair (xg3,y3) = ([%],0) is of the 3rd kind. This can be proved by constructing triples

(us,x4,ya), (us, x5,Y5), (e, X6, ¥6) € Q(x0;3) satisfying ys = ys = y6 = y3, x4 = x5 # X6
and uy, (k € {4,5,6}), all distinct. Using distinct a1,y € [1;2], it can be verified that
ug = [1a,,0,0]T, us = (t — [14,(t),1,—1]T) and ug = [#a,,0,0]T comply with those
constraints.

8.6 Conclusions

As a summary of this chapter, let us recall its essential messages:

¢ IR is —LI, which coincides with m > p in the right-invertible case.

> is IR iff Ker { [IB)] } or R* is non trivial, see Th. 8.2.

¢ IR is equivalent to the existence of an annihilator generating inputs i inducing zero
output of X for zero initial state, see Th. 8.8.

e If U/ and X are linear, then the taxonomy of IR pairs is uniform, see Prop. 8.22.

* Input and state constraints can challenge IR only if input and state trajectories alter-
natively lie on the boundary of ¢/ and &’ for all t where u is continuous, see Cor. 8.17.

* By exploiting results of Chap. 6, an annihilator with maximal range can be con-
structed in the input constraint context if F = 0 is a friend of R*, see Lem. 8.20.
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8.7 Bibliographical notes

This chapter combines extractions from [KT21] (for the unconstrained context) and [TK24]
(dealing with input and state constraints) with unpublished materials on the annihilator that
are exposed in Sec. 8.3 and Sec. 8.4.3.

Existing works

Definitions of IR When examining literature on control allocation and IR, one might be puz-
zled by the proliferation of distinct definitions and characterizations of IR and its taxonomy.
Let us quote a few of them:

1) Conditions on the input-to-state mapping: Referring to the constraint of (7.1), namely
T = Y¥,(u), and under the assumption that X,(-) is linear and static, early definitions
read: The system is over-actuated if X, has more columns than rows, see e.g. [FS91, p.400],
[Dur93, p.718], [BF97], [Joh04], [ODB11], [BE96] to cite a few.

2) Conditions on the input-to-output mapping: In [BET98, p.458], over-actuation is related
to more controls than commanded states, what can be translated as p < m. See also [Luo+04],
[VSB07] and [Sig+09] for analogous statements.

3) Control problem oriented: “A characteristic feature of the over-actuated control problem
is that for a given reference output y* the corresponding equilibrium point is not unique.” [JS03].

4) Informal definitions: Over-actuated systems have “more effectors than strictly needed to
meet the motion control objectives” [JF13].

5) Formal characterizations:
[Zac09] : System X is said strongly IR if p > 0 and weakly IR if G* := lim;_,o G(s) is finite and
satisfies Ker {G*} # {0}.

[Ser12] : Under the following assumption that ¥ is minimal, strictly proper and right-
invertible, strong IR means m > rank { B} = p whereas weak IR means m > rank {B} > p.

[GP14]-a) : X is said strongly IR if p = m — p and weakly IR if p = 0.

[GP14]-b) : In the context of output regulation (see Chap. 9), and assuming that A ¢ c(A) and
rank {Px(A)} = n+ pholdforall A € (S), then X is IR at frequency w if Ker { P(jw)}
is non trivial ?

[DO19] : Under the assumption that X is minimal and strictly proper, the system is said
strongly IR if p > 0 hold and weakly IR if dim Ker {G(s)} > 0 holds for all s € C.

The comparison of the definitions of this chapter with:
¢ 1),2),[Ser12], [GP14]-a) and [DO19] follows from the material of this chapter;

¢ 3),4), [GP14]-b) and [Zac09] can be performed using results in Chap. 9.

8Sometimes, these definitions are not explicitly exposed, so the reader is left to identify them with the conditions
under which the proposed control law is relevant.

9We deduce this definition from the following statement: “For some w, a matrix N,, satisfying Im {N,,} =
Ker {P(jw)} is called IR matrix basis at frequency w”, [GP14].
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See Subsec. 9.6.1 of Chap. 9 for in-depth comparisons between [Zac09] and [Ser12].

A comparison between these definitions is not always trivial, so that seemingly distinct
(even if they are actually the same) as well as apparently identical (whereas they are distinct)
statements coexist. This strongly impacts the literature stream, which has become increasingly
sliced into hermetic rooms due to the lack of a common framework everyone can refer to.
We believe that this lack of homogeneity is a harsh obstruction to the recent attempts toward
formalization of the research field.!? Besides, scrupulous analysis of the literature reveals that
this heterogeneity introduces not only confusion but also fallacies.!!

Among the existing works, [Ser12] is the closest to the framework presented in [KT21]
and in this chapter. Yet, there is a number of issues that prevent the very important study
to receive the audience that it deserves.!? (i) Analysis is conducted under the assumption of
right-invertibility, minimality and strict properness.!®> Not only does this make the study less
general, but also does this not help in fighting against widespread misconceptions that are only
valid in this context. The main one is that m > p is a necessary condition for LTI system to be
IR, see Rem. 8.6 and example (a) at the end of Chap. 9. (ii) In the context of right-invertible,
minimal, and strictly proper systems, the analysis hinges on the claim that dim N equals m — p.
Right invertibility alone is indeed a necessary and sufficient condition for this equality to hold,
as stated in Cor. 8.7 that is formally proven in [KT21]. Note that without this assumption of
right-invertibility, dim A/, and in turn, IR (see Th. 8.2) cannot be inferred from m, p and p in
general.

Annihilator The concept of annihilator was first defined in [CG14, p.4248], even though it
was already introduced in essence in [Zac(09]. In the constructive part of [CG14], the offered
algorithm leading to an annihilator is deduced from the material of [Ser12] and coincides with
that of Th. 8.8 in the case where F is such that A + BF is Hurwitz and for a strictly proper
system. Building on [Ser12], another definition of an annihilator is offered in [CSZ18, p.216].
As the context of [CSZ18] is the output regulation problem, a comparison with this annihilator
is discussed in the next chapter, which is concerned with this control problem.

The construction of the annihilator proposed in this chapter uses standard result of geomet-
ric control theory, see Appendix A. The commutative diagram [Ser12, Fig.1] nicely illustrates
this construction for strictly proper systems.

As investigated in [CG14] , an annihilator can also be constructed from G(s), see also
[Wol74, Sec.5.5] on the left-inverse of G(s) or [CLS04, Sec.8] for factorizations of G(s).

19Hopefully, the work presented in this manuscript will be regarded as a valuable step toward such a unifying
framework, rather than yet another set of definitions of existing concepts.

1 As an illustration, it is claimed in [DO19] that weak IR (defined as dim Ker {G(s)} > Oforalls € C) “can also

be defined by a larger number of inputs compared to outputs”. If this statement is valid under the assumption of
right-invertibility, it is false in general: This condition on G(s) does not imply m > p, see e.g. example (a) at the end
of Chap. 9. In addition, the definitions of this paper are introduced in a quite ambiguous way by suggesting that
this study is a continuation of [Zac09], whereas it is much more in line with [Ser12] and the definitions proposed in
this chapter. As shown at the end of Chap. 9, [Zac09] and [Ser12] use distinct notions of IR.
Another example is [GP14] where it is said that “the central idea in [Zac09] (as coded in [Zac09, Def.1]) consists in
classifying [...] a plant as strongly redundant if it admits exactly m — p linearly independent strongly redundant
input directions, and weakly redundant otherwise.”. Using the terms of this chapter, this sentence can be rephrased
as follows: A plant is strongly IR as in [Zac09] if m — p = p holds, and weakly IR as in [Zac09] otherwise. This
is incorrect. Example (c) at the end of Chap. 9 is a counter-example: This system is strongly IR as in [Zac09] (and
right-invertible), but m — p = 2 # p = 1 holds.

12Gee also the end of Chap. 9 for additional facts on [Ser12].

13Note that minimality was already dismissed in [Zho+13].
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The constrained context From the very beginning, IR has been considered as a way to deal
with input constraints by redistributing the overall control effort among actuators to avoid
saturation, see the bibliographical notes of Chap. 7. Thus, IR and input constraints are intrin-
sically related research fields. Although the former is still in its infancy in many aspects, the
latter benefits from solid results on classical notions of control theory. Together with stabiliz-
ability, the concept of controllability has probably monopolized most of the attention of the
control community working on input-constrained dynamical systems; see [Bra72] and most of
the standard textbooks on this topic, such as [Tar+11; HLO1; Sab+00]. Roughly speaking, this
notion is related to the existence of a suitable input trajectory. On the contrary, IR deals with
the uniqueness of this input. The key point is that the question of existence has received much
more attention than that of uniqueness, by far.

In recent literature devoted to IR systems, several attempts to deal with constraints can
be found. In [Zac09], the natural embedding H, : Ker {B} NKer{D} — R™ is used as a
(non-maximal range) annihilator to inject i in such a way that i + u remains within the sat-
uration limits, see Fig. 8.1. The authors of [VG13; GV13] offer methods for the computation
of the zero-error steady-state solutions of the regulation problem under input constraints. For
the same problem, an online optimizer scheme is proposed in [Gal+15], with the goal of pro-
moting steady-state inputs with the smallest infinity norm. In the discrete-time case, a model
predictive control scheme is offered in [ZCS17] to ensure that the internal dynamics comply
with state and input constraints.

All these contributions are valuable attempts toward control design handling input and
state constraints. They share the following common pattern, though: First, IR is defined by
referring to the unconstrained context, and second, the control methodology is exposed and
implemented when input constraints affect the system. Consequently, it cannot be ensured
that the proposed methods apply to the class of IR systems characterized beforehand.

Works never seen elsewhere in those terms (=~ new)

It should be noted that one of the contributions of this manuscript is that it addresses the
concept of IR outside the context of output regulation. This concept indeed deserves separate
consideration. This point is reflected in the structure of the manuscript, in which the content
of Chap. 8 and Chap. 9 is kept separate.

Definitions of IR The definition of IR as non-left invertibility was first proposed in [KT21].14
We believe that adopting this open-loop signal-oriented formulation has several advantages.
In addition to being intuitive, such a formulation is intended for direct extension out of the
class of unconstrained LTI systems. The discussion of how input and state constraints impact
IR illustrates this potentiality. This also allows us to connect two parts of the literature. Among
other things, this achievement readily leads to a comprehensive set of equivalent characteriza-
tions of IR by exploiting the well-established literature of system inversions; see, for example,

14Note that this fact was sometimes approached, but to the best of our knowledge, no clear and rigorous state-
ment can be found in the literature. The closest quotes to this intuition are “IR with full-rank input operators con-
stitutes an intrinsic redundancy in the system, as multiple independently controllable state-trajectories exist that
are compatible with a given reference output.” [Serl2, p.4871]; “Weakly IR systems are characterized by multiple
independently controllable state trajectories that are compatible with a given output” [Gal+15, p.346]; “Obviously,
system (1) [an over-actuated system] is not left-invertible.” [Gal+11, p. 4771]. See also the definition of an anni-
hilator in [CG14]. If these quotations translate insightful intuitions, they can be seen as ambiguous. Indeed, they
acknowledge that the two notions are closely related, but they do not explicitly say that they can be defined (and
they are sometimes actually defined) as opposite to each other. This, in turn, suggests that the relationship between
the two notions is more involved, whereas it is not.
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[TSH12, Chap.8] and [NPO07] for geometric results on this topic.

The existing taxonomy of IR in this chapter comes from [KT21]. It revisits and enriches
the ones existing in the literature, see the end of Chap. 9 for an in-depth comparison with
those presented in [Zac09] and [Ser12]. The reader is referred to [KT21] for a discussion of the
definition proposed in [GP14].

Annihilator The (unpublished) definition of the annihilator introduced in this chapter sim-
plifies that of [CG14] by removing the requirements of ISS and “asymptotically-constant-input
asymptotically-constant-state”. In [CG14], an extra requirement for the annihilator is intro-
duced: The invertibility of its DC gain. Perhaps this assumption can be satisfied as a byprod-
uct of the minimality of the annihilator. This chapter also clearly states (i) that IR is a necessary
and sufficient condition for the existence of an annihilator and (ii) that the proposed annihila-
tor has maximal range. These two facts are also unpublished. Finally, the proposed annihilator
enlarges the constructive part of [CG14] by removing the assumption of strict properness.

The constrained context To the best of our knowledge, IR is defined and (partially) char-
acterized for systems subject to input or state constraints for the first time in [TK24]. This
challenge is tackled head-on, by exploiting verbatim the definition of IR introduced in [KT21].
By doing so, it brings closer the literature dedicated to IR and that devoted to input and state
constraints.
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Exploiting input redundancy in the
output regulation problem
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This chapter discusses the output regulation problem. Our aim is to unveil and exploit
all degrees of freedom related to IR in the design of the problem solution. The analysis starts
within the classical framework, where suitable reference trajectories are constructed from the
solution of the regulator equations. A key example shows that these equations can admit a
unique solution, even if distinct reference trajectories exist. This proves that these equations
are not an appropriate tool for investigating the non-uniqueness of the steady state. This mo-
tivates an extensive study on the “shapability” of the steady state, a characterization of this
property, and the derivation of a control scheme allowing full exploitation of this redundancy.
Remarkably, definitions of IR, coins as “weak IR” and “bounded persistent weak IR”, emerges
from this discussion.

9.1 Background on the output regulation problem

9.1.1 Problem statement

The output regulation problem deals with the exogenous bounded and persistent signal w
feeding the system X, which is derived from X as follows:

x(t) = Ax(t) + Bu(t) + Pw(t) (9.1a)
e(t) = Cx(t) + Du(t) + Quw(t) (9.1b)
where e(t) € R and w(t) € R7. The signal w represents either a disturbance to be rejected

or a reference to be tracked; both control objectives correspond to regulating e(t) to 0. The
following equation governs the dynamics of w delivered by the exosystem E:

w(t) = Sw(t) 9.2)

In the so-called full-information framework illustrated in Fig. 9.1, both x and w are assumed
to be signals available to the control law. The corresponding problem reads as follows.

Problem 9.1. Find a causal mapping from (w, x) to u such that the following two con-
ditions are satisfied:

(a) State of the system as well as that of the controller (if the controller is dynamic)
remain bounded at all time;

(b) Output error signal e asymptotically converges to zero;

for all initial conditions of the system, of the controller (if the controller is dynamic), and
of the exosystem.

J

As customary, solutions of the above problem are derived under the following standing
assumption, which is not recalled in the sequel.

Assumption 9.2. Pair (A, B) is stabilizable. Matrix S is semi-simple and such that o (S) C
CO.

In contrast with many existing works, note that the following so-called “non resonance
condition” is not assumed to be valid in this chapter.!

ISince this hypothesis is related to robustness w.r.t. to parametric uncertainties [Fra77], a detailed discussion on
this topic is offered in Chap. 11.
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Figure 9.1: The feedback loop of the full information output regulation problem.

Assumption 9.3 (Non resonance condition). System 2. is right-invertible and the set Z of
invariant zero is disjoint from the spectrum of S,i.e. ZNo(S) = {@}.

9.1.2 Problem solution

The classical controller solving the above problem is decomposed into two control units: (i) a
reference trajectory generator R : w — (1, x,) and (ii) a state-feedback stabilizer S : (u,, x,, x) —
u, see Figure 9.1.

e Rshapes (u,, x;) in such a way that this pair solves (9.1) as well as satisfies (b) at all time,
ie.

%,(t) = Ax,(t) + Buy(t) + Paw(t) (9.3a)
0 = Cx,(t) + Du,(t) + Qw(t) (9.3b)

* S ensures that (a) as well as u(t) — u,(t) and x(t) — x,(t) hold. If (9.3) is satisfied, then
S can be simply defined as follows:?

S (up,xr) — u=K(x—2x)+u (9.4)

for any K such that A + BK is Hurwitz. Such a matrix K exists if (A, B) is stabilizable.

9.1.3 Scope of this chapter and notations

In this chapter, neither input nor state constraints are considered, i.e. ¢/ = R™ and & = R"
hold. Thus, the original definition of function spaces U, X applies, see the beginning of Chap. 8.
In view of Prop. 8.22, the adjective “uniform” can be dropped in this context when qualifying
IR of 2.

If the concept of IR, as defined in the previous chapter, is fully relevant for the construction
of S, it is proved in this chapter that this is not the case when dealing with R. For this reason,
our focus in this chapter is on R.3 For this control unit, our goal is (i) to define the appropriate
notion of IR, (ii) to characterize it, and (iii) to address the associated degrees of freedom via a
suitable annihilator. To this end, the following set is of utmost importance:

R(w) = {(ur, xr) : (9.3),u, € U, x, € X}

2Let us emphasize that notations referring to the stabilizer S and the matrix S of the exosystem are closed but
distinct, see the general formatting rules at the beginning of this manuscript.

3See the bibliographical notes ending this chapter for a discussion on how redundancy shall be exploited in each
control unit, i.e. not only S but also R should be equipped with appropriate (and distinct) annihilators.
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Figure 9.2: Reference trajectories generator in the classical paradigm, where 6 parametrizes F
and is used to select the optimal pair (T, IT).

which is parameterized by a solution w of w = Sw.

To easily manipulate R(w), we define the input-to-state operator HY associated with (9.1).
It maps an input trajectory u(-) to the state trajectory x(-) produced by the system when ex-
cited by u(-) and w(-) with an initial condition x(0) = x9p € X. Observe that the following
relationship holds for all xg, ¥p € X and u, i € U:

H;U [.X'O + Xo, u + ﬁ] = Hz} [JCQ} M] + H, [.’fo; ﬁ] (9.5)

9.2 Comprehensive treatment in the classical paradigm
In the classical paradigm, the reference trajectory generator is defined as follows:
R:ww— (uy,x,) = (ITw, Tw) (9.6)

where (I1,T) € R"*7 x R™*1 solves the following so-called “regulator equations”, see [Fra77]:

I1S = ATl + BT + P, (9.7a)
0=CIl+ DI + Q. (9.7b)

Let us introduce the set F of solutions to the regulator equations:

F = {m e ROV mxq . (9.7)}.

We are interested in the case where F does not contain a single element, so that distinct
steady states solving the regulator problem exist. Clearly, this under-determined situation is
related to some redundancy. In this subsection, two questions are addressed:

¢ How to parametrize F and relate its dimension to some characteristics of X?
¢ How to proceed to on-line selection of the most appropriate element of F, i.e. how to
handle the time-dependency of [!I] on the output error e and on the internal stability of

Xp?

Fig. 9.2 illustrates how the online selection of (T, IT) can be implemented via a parametrization
of F by 6, which is computed via an optimization process.
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9.2.1 Exhaustive parametrization of the solutions of the regulator equations

Define the linear operator Hg : R("*"™)*9 — R(*+P)*7 a5 follows:

- |1 ATl —TIS + BT
T CIT+ DT
This allows us to equivalently rewrite (9.7) as follows:
IT p
i[5

This highlights that F is the affine space [?ﬂ + Ker {Hg} where [rrﬂ € F is any particular

solution. Parametrization of F thus amounts to computing a basis of Ker {Hg}. This is the
technical challenge associated with the following proposition.

Proposition 9.4. Define:

{M, . A} =0(S)
7v; = dimKer {Px(A;) }
Z={ie[l,q]:v >0}
J={G,j):ie€Z je[l,l}
Define I1;;,T; ;, ((i,j) € J) as in Appendix C.1. The set

< [I i,]} ) €
forms a basis of Ker {Hg}.

Proof. See Appendix C.1.3. O
Corollary 9.5. It holds:

_ ) (1o L
F = { [Fo} +(i’2 0 [r f] 10 € ]R} (9.9)

where [IFTS] € F is any particular solution to (9.7).

Prop. 9.4 provides the dimensions of F. Interestingly, one can relate dim F with some
properties of ¥, such as left and right invertibility or the set of invariant zeros.

Corollary 9.6. It holds:

dimF =) v =«[Z|+)_ 6, (9.10)
i€l i€l
where 6; is the number of additional dimensions of Ker { Px(A;)} w.r.t. the normal case:

Si=v7—xK (9.11)
and « is the normal dimension of Ker { Py }:
K= rAniqrzldim Ker {Pz(A)} = (n+m) —nrank {Ps}.
€

Besides, it holds:
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1. If X is IR (X is not left invertible), then «y; > 0 holds for all i € [1, q], so that |Z| = q.
2. If X is not IR (X is left invertible), then k = 0 holds.

3. If ¥ is right invertible, then x = m — p holds.

4. If 0(S) and Z are disjoint, then §; = 0 holds for all i € [1,q].

Let us emphasize how the above corollary relates dim F to IR. (i) If X is IR, then dim F
is strictly positive, i.e. there is an infinite number of solutions to the regulator equations. (ii)
The converse implication is false, i.e. dim F > 0 does not imply IR. Indeed, as shown by the
forthcoming Ex. 9.11, there exist systems X that are not IR (so that x = 0) but such that §; = ;
is strictly positive for some i, i.e. the eigenvalue A; of S is also an invariant zero of £.* This
means that the property of IR does not capture all degrees of freedom related to the definition
of the steady state.

Remark 9.7 (The non resonance assumption). Assume that ASM 9.3 is valid, so that m > p
holds. Particularization of Cor. 9.6 gives dim F = (m — p)q, see Appendix C.1.5. .

Remark 9.8 (Interpretation of k). From (8.8), it holds x = dim /. °

9.2.2 Online selection of (T, IT)

Sometimes, online selection of the most suitable [{] € F might be desirable to adapt the
references to the operating conditions. Next theorem shows how resulting time-dependency of
[ 1] can be handled, by relating each term of the basis of Ker {Hg } to the weakly unobservable
subspace V*, its “good” part V; and its controllable part R* (see Prop. C.5).

Theorem 9.9. Given any bounded differentiable signal 8;; € DN B,((i,j) € J) satisfying
0;; € PC. Let 0(t) € RY™7 gathers every signal 6; j(t). Select any F € R™*" such that A + BF
is Hurwitz and define the control law

(w,x) — u=T(0)w+ F(x —I1(0)w) (9.12)
parametrized by 6 where 6 — T1(0) and 6 — T'(0) are given by

H(G) =1IIy+ Z Qi,]‘Hi,]‘
(ij)eg

F(f)) = FO + Z Hi,]-l”i,]-
(j)eg

where 11;; and T; ; are defined as in Appendix C.1.2. Consider the following two conditions pa-
rameterized by G C I x [1,n + m]:

113% Y. 6;,i(HIT;w(t) =0 (9.13a)
(1,j)eg
Y. 6;,i(HIT;w(t) =0 (9.13b)
(1,j)eg

and define the following set via Prop. C.5:

jg = {(l,]) € J:Im {Hi,]'} - V;}

4This is just one the situations that is ruled out by the non-resonance condition.

154



(a) If (9.13a) holds for G = J, then (9.12) solves Problem 9.1.
(b) If (i) (9-13a) holds for all G = J \ Jg and (ii) F € F(Vy), then (9.12) solves Problem 9.1.

(c) If (9.13b) holds for G = J and x(0) = IT1(6(0))w(0) holds, then (9.12) solves Problem 9.1
exactly in the sense that e(t) is identically zero.

(d) If (i) (9.13b) holds for all G = J \ Ty, (ii) F € F(Vy) and (iii) x(0) € T1(6(0))w(0) + Vg,
then (9.12) solves Problem 9.1 exactly.

Proof. See Appendix C.1.4. O

Remark 9.10 (Rem. 9.7 continued). Consider the only non-trivial case where dim F > 0 &
m > p. In this situation, J equals J; so that assertions (i) of both (b) and (d) of Th. 9.9 are
vacuously true. Besides, item (ii) of (b) in the same theorem can be replaced by F € F(R*).
See Appendix C.1.5. .

9.3 Shortfalls of the classical paradigm

The above section suggests that the existence of degrees of freedom in the definition of the ref-
erence trajectories (u,, x) is directly related to the non-uniqueness of the regulator equations
(9.7). A counterexample of this statement is now offered. Specifically, it is shown that F can
contain a single element, even if distinct reference trajectories (ur, xy) solving (9.3) exist, i.e.
even if R(w) contains more than one element.

9.3.1 An under-determined steady-state

Example 9.11. Consider the following quadruple

2 —1 1|0
1 0 00
0 0 11 (k)
2 0 10

The control objective is to impose the value of output y to an arbitrary given y, € R. This
problem can be formulated as a standard output regulation problem by defining e as y — y, and
identifying vy, with w, i.e. (9.1) and (9.2) hold with S = 0, P = 03 and Q = —1. Here, we are
concerned with the construction of a steady state that achieves y = y, < e = 0. Specifically, we
aim to construct trajectories (ur, x,) in R(w), that is, (u,, x,) € U x X solving (9.3).

Following the classical paradigm, let us solve (9.7):

0 2 -1 1|0 0
o |1 0o ofo|[m m] |1
0|~ 0o 0o -1]1 {r}‘:’[r]_ 1
1 -2 0 110 1

The above unique solution (T, IT) gives rise to the following reference trajectories:

|

One can check that (u,1(t), x,1(t)) belongs to R(w) for all signals w solving @ = Sw, see the left
hand-side column of Fig. 9.3. In particular, it is clear that e(t) = Cx,1 () + Qw(t) =0 < y(t) =

0

(ur1 (£), %1 () = (Tw(t), Tw(t)) = <W(f), w(t) h
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Figure 9.3: Left and right columns gives two distinct reference trajectories (u,, x,) € R(w) for
different values of w = y,.

yr for all t. Let us define another pair of reference trajectories as follows:

cos(t + 7t/4) ] )
sin(t + 7t/4)

<ur2<t>,xrz<t>>=<”ﬂ<”"‘”“”+(Sm(t)' - |; (/)
cos(t+ 71

Once again, it can be verified that (u,2(t), x,2(t)) € R(w) holds for all w € {w : w = Sw}, see
the right hand-side column of Fig. 9.3.

The key point is (u,2(t), x,2(t)) is distinct from (1,1 (), x,1(t)), whereas the latter is the unique
pair of reference trajectories that can be constructed via the regulator equations. Thus, the
uniqueness of the solution of the regulator equations is not a suitable test to detect uniqueness
of the reference trajectory. IR is neither a suitable characterization of this situation, since one can
show that X is not IR.

9.3.2 The pitfall of the regulator equations for non uniqueness of reference trajec-
tories

The regulator equations (9.7) are derived by plugging (u,,x,) = (T'w, [Tw) in (9.3). Thus, this
strategy implicitly restricts the scope of the study to reference trajectories that are both time-
invariant and linear wrt w, i.e. one focuses on the set L(w):

L(w) = {(Tw,ITw) : T € R™*9,I1 € R"*}.

Saying it differently, by focusing on L(w) instead of R(w), the classical paradigm dismisses the
reference trajectories in R(w) \ L(w). This set can be non empty, as shown by Ex. 9.11.

The merit of the strategy relying on L(w) is to transform the search for signals (u,, x,) into
a finite-dimensional algebraic problem, leading to matrices (I, IT). This is fully relevant for
investigating the solvability (but not uniqueness !) of the problem, as shown by the following
lemma.
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Lemma 9.12. Let E := {w : w = Sw}. It holds:
(Vw € E:R(w) # {@}) & (Vw € E: L(w) NR(w) # {@}) & (F #{o})

Proof. See Appendix C.2. O

9.4 Strong annihilator and weak input redundancy

Recall that our goal is to detect when reference trajectories are non-unique. Two deadlocks
have already been exhibited. First, IR of X is not a suitable characterization of this situation.b
Second, the uniqueness of the solution of the regulator equations is not a suitable test either, as
shown by Ex. 9.11.

These observations suggest that the problem of parameterizing R(w) should be tackled
head-on. This is the goal of this section. The algebraic structure of R(w) is first exhibited.
Then, the input injection point of view is adopted to construct a reference trajectory generator
made of a copy of the system ¥, and a suitable annihilator. Finally, an extensive analysis of
the existence of this annihilator gives rise to a weaker definition of IR.

9.4.1 The structure of R(w)

Assume that there exists w solving @ = Sw such that R(w) # {@} holds. Pick any particular

(uf,x!') in R(w). Any other (u,, x,) € R(w) can then be defined relative to (u}, x} ) as follows:

(ur, x,) = (uf, x}) + (i, %) (9.15)

where (ii,, %) == (U, ;) — (uf xf ) holds, see Fig. 9.4b. From this reformulation and making
use of (9.5) with H, in place of H, one proves the first one of the following equivalences:

(uT/ x?’) € R(w) And (ﬁT/ f?) € R(O) And (ﬁr/ 0) € W(fr(())) (916)
The second equivalence is just another way to write (ii,, ;) € R(0), that is introduced here
for further references. By the definition of R(w), (7, X,) € R(0) means that input 7, generates
zero output when exerted on X from %,(0). %, is the corresponding state trajectory. We have

just proved the next lemma.

Lemma 9.13. Choose any w solving @ = Sw such that R(w) # {@} holds. Select any (ul,x!) €
R(w). It holds:

R(w) = (uf,x") +R(0) 9.17)
Set R(0) is linear and can be equivalently written as follows:
R(0) = {(ir, %) : (@, %,0) € Q(%:(0)) }

Hence, R(w) is affine.

5Tt will be shown in the sequel that other definitions existing in the literature like e.g. [Zac09; Ser12] are not
appropriate tools either.
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(a) The state trajectory x, is generated by an embedded copy of ¥, fed by w, u, = Tw and x,(0) =
ITw(0).

X

(d) Introduction of the two mappings H,; and ¥ composing the strong annihilator C; .

Figure 9.4: Gradual construction of the incremental reference trajectory generator R equipped
with a strong annihilator driven by v(-) and 7. Note the parameterization of R by (u}, x} (0))
where (u},x}) = (T'w,ITw) are particular reference trajectories in R(w) because [['] € F
holds.
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9.4.2 Strong annihilator: definition

Our goal is now to design the reference trajectory generator R allowing for online selection of
some suitable pair (u,, x,) in R(w). This is achieved via Fig. 9.4, which is now discussed.

¢ Fig. 9.4a: The starting point is the equivalent reformulation of Fig. 9.2, that is obtained
by letting the state trajectory x, be computed via a copy of the system >;,.

¢ Fig.9.4b: The conclusions drawn from Ex. 9.11 are implemented by substituting the (non-
exhaustive) parametrization of R(w) via (I', IT) (and 6) with the (exhaustive) parametriza-
tion of R(w) via (i, &) € R(0), see Lem. 9.13. This leads to Fig. 9.4b where, without loss
of generality (see Lem. 9.12), the particular solution (u!,x}) € R(w) is computed using
an arbitrary [I] € F. In this figure, the state trajectory %, is obtained using a copy of &
and exploiting the relationship %, = H,[%,(0); #i;|. Note that this amounts to parameter-
izing R(0) via %,(0) and if,, which can be selected independently. Note that the optimizer
delivering 0 in Fig. 9.4a have been removed. Indeed, what is to be optimized in Fig. 9.4b
is if, and %, (0), under the constraint that this pair leads to reference trajectories (i,, %) that
belong to R(0).

* Fig. 9.4c: The next step is to somehow factorize X and X, so that the increments %,(0)
and 7, are added ahead of X,,. This manipulation is supported by (9.5).

e Fig. 9.4d: As a final step, the dynamical mapping H | [x,0; |, parameterized by the initial
state x,0, and the static map ¥ are introduced. They are responsible for computing i,
and £,(0) from signal v and constant vector 7, respectively. Specifically, those mappings
should be tailored to code the constraint (i,, ¥,) € R(0) (where %, derives from i, and
%,(0)), that is, for any v(-) and #, condition (#,, %,) € R(0) must hold.

These two mappings H; and Y are the ingredients of a new kind of annihilator C; that is now
defined by making use of the last term of (9.16).

Definition (Strong annihilator). The nonzero causal operator C;, associated with the
mappings ¥ : 7 — %,(0) and H [x40;‘] : v — i, parametrized by the initial state x,
is an strong annihilator of ¥ if

Vi, 3xa0, Yo () € PC: (i1,,0) € W(%(0)), (9.18)

where %,(0) := ¥ () and i, := H [x40; v] hold true.

Pick any w that solves @ = Sw and any (ii}, %) in R(w). If ¥ and H [x,; -] define a strong
annihilator, then the output (u,,x,) of R depicted in Fig. 9.4d belongs to R(w), whatever is
v € PC or 7. In this context, these two variables can be freely optimized, as illustrated in
Fig. 9.4d.

From the (simple) annihilator in Fig. 8.1 to the strong annihilator in Fig. 9.4d, the key modi-
fication is the introduction of an additional mapping ¥ that delivers the increment %,(0) of the
initial condition x,(0) of the copy of X, This is just the essential difference that motivates the
introduction of this new kind of annihilator that is tailored for the reference trajectory genera-
tor R, whereas the (simple) annihilator of Chap. 8 is to be used as a subsystem of the stabilizer
S.

Remark 9.14 (Strong annihilator = (simple) annihilator). By definition, if X is IR, then a (simple)
annihilator of ¥ can be derived from any strong annihilator of X by setting ¥ = 0, provided
that the strong annihilator has maximal range (see Rem. 9.20). o
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9.4.3 Strong annihilator: existence and WIR

The next step is to ask when a strong annihilator of X exists, or equivalently, when two distinct
reference trajectories can be selected in R(w). From (9.16), it comes out that a non-trivial pair
(ir, %) # (0,0) can be constructed in R(0) iff one of the two following cases occur:

(a) i, = 0: Equality (0,0) € W(X,(0)) is equivalent to saying that %,(¢) identically belongs
to the unobservable subspace (KC|A). Because the pair (i, %) is nonzero, this subspace
is necessarily nontrivial.

(b) i, # 0: If %,(0) = 0 holds, then X is input redundant (IR), by definition. To the best of our
knowledge, the case %,(0) # 0 has been neglected in the literature. However, this is also
of interest. Ex. 9.11 indeed exhibits a non-IR and observable system for which (ii,,0) €
W(%,(0)) and i, # 0 implies %,(0) # 0. Therefore, distinct reference trajectories can be
constructed for non-IR or observable systems.

Point (b) motivates the introduction of a new kind of input redundancy:.

Definition (WIR). System X is weakly input redundant (WIR) if there exists an output y
which can be produced by (at least) two distinct inputs 11 and u, from possibly distinct
initial states, i.e. there exist xg 1, X2 € X such that

I(uy, 1) € W(xo1), I(uz,y2) € W(xop) : 1 # Uz, y1 = Yo. (9.19)

Two immediate comments can be made from this definition:

¢ IR implies WIR since IR corresponds to the particular case where x( 1 and x( are identi-
cal;

e Y is WIR iff there exists %y and iI # 0 such that (#,0) € W(X), by linearity of H and by
defining %y = x01 — Xo2 and @ = u; — up from the definition of WIR.

The following theorem is now in order. It summarizes the discussion in this subsection by
exploiting (9.16) and the definition of WIR. Tractable conditions of the considered situation are
also given by anticipating the forthcoming Prop. 9.16 where WIR is characterized. Recall the
definition of integer p € IN given by (8.6):

p = dim(Ker {B} NKer {D})

and bear in mind the definition of Z given by (A.17) in p.235.

Theorem 9.15. Choose any w solving w = Sw and such that R(w) # {@} holds. The following
statements are equivalent:

(i) There exists (1, Xr1), (Ur2, Xr2) € R(w) such that (1,1, x1) # (U2, Xr2);
(ii) There exists (ii,, %) € R(0) \ {(0,0)};
(iii) There exists (ily, %,(0)) # (0,0) such that (ii,,0) € W(X,(0)) holds;
(iv) X is WIR or dim (KC|A) > 0 holds;
(v) p > 0ordim(V*) > 0;

(vi) nrank {Ps} <n+mor Z # {O};
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(vii) 3z € C such that rank {Ps(z)} < n+m.

Proof. See Appendix C.6. O

Let us now associate tractable conditions with the definition of WIR. To this end, define the
subspace M C R™:

M= {g] B <v* & {0} + [’é] v*) 9.20)

and recall that the set of output decoupling zeros reads:
Zoq = 0 (A (K]A)) (9.21)
Proposition 9.16. The following statements are equivalent:
(i) System X is WIR;
(i) p > 0or dim(R*) > 0or dim(V*/(R* + (K|A))) > 0;
(iii) dim(M) > 0;
(iv) nrank {Py} <n+mor Z\ Z,q # {2}

Proof. See Appendix C.5. O

9.4.4 Strong annihilator: construction

Each equivalent item of Th. 9.15 is a necessary and sufficient condition for the existence of
a strong annihilator of X, by definition. The constructive part of this result is offered by the
following theorem.

Theorem 9.17. Assume that one of the equivalent items of Th. 9.15 is valid. Let N : N' — R™ be
the natural embedding. Select any matrix in IF(V*). Then, together with ¥ : V* — X the natural
embedding, the quadruple

(As, B, Co,D,) = ((A+ BF)|V*, V*|B|N,F|V*,N), xp0=1n=¥Y1%(0)  (9.22)

characterizing H, defines a strong annihilator of X.

Proof. See Appendix C.9. O

Remark 9.18 (The case 0 € F(V*)). If the zero map belongs to F(V*), then selecting F = 0
makes i, independent of x, so that the input-output mapping of H, can be captured by the

static mapping v — Nv. .
Remark 9.19 (The case V* = {0}). If V* is trivial, then A reduces to Ker {B} NKer {D} and the
strong annihilator of Th. 9.17 degenerates into the static mapping v — Nv. .

Remark 9.20 (Maximal range). The strong annihilator of Th. 9.17 has maximal range in the sense
that for all ¥,(0) and for all 7, such that (i7,,0) € W(%,(0)), there exist x40, v and 7 satisfying
H, [x40;v] = i, and %,(0) = ¥ (). See Appendix C.9 for the proof of this statement. o
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Figure 9.5: Equivalent reformulation of Fig. 9.4d, see Rem. 9.21.

Remark 9.21 (Reformulation of R). From Fig. 9.4d, one gets

% = HY[R(0) + %,(0);u” + 1,] & HO [ (0); 1] + H[%,(0); 1,].

The first term HY[x} (0); u}] equals TTw because x} (0) = ITw(0) and u} = T'w hold. Using the
notations of Th. 9.17, the second term H,[%,(0); i;] reads ¥x, with x, solving X, = A,x, + B,v
with x,(0) = 7, see the proof of Th. 9.17 in Appendix C.9. Bearing in mind that u, equals
ul +ii, = Tw + Cyux, + D,v, one concludes that (ur, x,) are the output of the linear dynamical
system X, fed by (w, v), initialized by # and characterized by the following quadruple:

(o w55 )

Fig. 9.5 illustrates this conclusion. o

9.5 Bounded persistent weak input redundancy

Pick any (u}, x}) in R(w). From the previous section, selecting another pair of reference trajec-
tories (u,, x,) # (u},x}) in R(w) amounts to choosing (ii,, %) in R(0) \ {(0,0)} and adding it
to (uf,x}). In doing so, each of the following two situations might occur. (i) (u,, x,) grows un-
bounded. (ii) Both (u,, x,) and (u}, x}) share the same steady state. In this section, it is argued
that these two situations are undesirable. This motivates the construction of tractable tests to

rule them out, as well as the construction of a new kind of annihilator.

9.5.1 Motivation

Without loss of generality, assume that (1}, x}) equals (T'w, ITw) for some (T,I1) € F solving
the regulator equations (9.7), see Lem. 9.12. Let us comment on the two previous situations.

(i) Since (u}, x}) is bounded, unbounded growth of (u,,x,) = (uf, x¥) + (i1, %) must orig-

inate from (i, %,). Therefore, avoiding (i) is equivalent to impose that (ii,, ¥;) remains
bounded.

(i) Recall that (u(t),x(t)) asymptotically converges to (u,(t), x,(t)), thanks to the stabilizer
S. Hence, if (u,,x,) and (u!,x!) share the same steady state, then any of those two ref-
erence trajectories leads to an identical permanent regime; that is, even if (u,, x,) and
(u},x!) are distinct, they shape the steady state in the same way. From the reference tra-
jectory generator point of view, there are no benefits to choose (i, x,) in place of (uf L xb )
in this case. Clearly, this situation is captured by the condition (#,(t), %,(t)) — 0.
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The bottom line of this discussion is that relevant redundancy for the reference trajectory
generator R is related to signals (7, %,) € R(0) that are both bounded and persistent. By
persistent signal, we mean a non-vanishing signal. The set of causal and persistent signals
reads:

P = {x(-) causal : if x* = lim x(t) exists, then x* # 0}
t—+o0

In the sequel, bp is used as a short for “bounded persistent”.

9.5.2 On R(0) and bp-WIR

Let us now describe the subset of R(0) gathering (i, %,) that are bp (and hence non-trivial).®
The following two situations arise:

(a) i = 0: In this case, &, = H,[%,(0); 0] must be bp, so that %,(0) is necessarily distinct from
zero. Such a situation occurs iff ¥ admits bp unobservable modes, whose characteristic
exponents are hence on the imaginary axis of the complex plane.

(b) @ # 0: If i is bounded but vanishing, then %, = H,[%,(0); 7] must be bp. It is shown in
the sequel that such a situation is similar to the case (a), modulo a vanishing transient, i.e.
boundedness and persistency are due to bp unobservable modes. The last case, where i
is bp, motivates the introduction of the following subclass of WIR systems.

Definition (bp-WIR). System X is bounded persistent weakly input redundant (bp-WIR) if
there exists an output y which can be produced by (at least) two inputs u; and u; whose
difference is bp from possibly distinct initial states, i.e. there exist x( 1, x02 € X such that:

I(uy, 1) € W(xo1), I(uz,y2) € W(xg2) :u3 —ux € BNP, y1 = 1. (9.24)

By virtue of the linearity of H, it comes out that X is bp-WIR iff there exists %) and il such
that H[Xy; ii] = 0 holds and i is bp. As shown in Subsec. C.3, this allows to prove that IR
implies bp-WIR.

Relying on these observations, the next proposition summarizes the discussion of this sub-
section. By anticipating the forthcoming Prop. 9.23 characterizing bp-WIR, it also provides the
conditions for all relevant situations when treating redundancy at the level of the reference
trajectory generator R. For that purpose, the two following subspaces are defined:”

* the bounded persistent subspace X, C X is the largest subspace V such that (i) AV C V
holds, (i) c(A|V) C € is valid and (iii) A|) is semi-simple;®

¢ the bounded persistent weakly unobservable subspace Vy, C & is the largest subspace V for

which there exists F such that (i) (A + BF)Y C V C Ker{C + DF} holds, (ii) c(A +
BF|V) C CYis valid and (iii) (A + BF)|V is semi-simple.

It can be proved that R* C Vj, C V" holds, see Lem. C.19 and Lem. C.20. Among other things,
this allows to introduce the following set

2y, = o((A+ BF)|V;,/R") (9.25)

6Let us emphasize that (ii,, ) € BN P is equivalent to (a) both 7 and X are bounded, and (b) i or & is persistent.
7See Appendix C for a formal proof that the following subspaces are well-defined supremums.
8Recall that a linear map M is semi-simple iff it is diagonalizable over the complex field C.
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where F € F(V*). As proved in Subsec. C.3, this set is well defined for arbitrary F € F(V*) in
the sense that (i) V,jp /R*is (A + BF)-invariant and (ii) Z;, is independent of F € F(V*), that
is, forany Fy, F, € F(V*), one has ¢((A + BF)|V;,/R*) = 0((A + BR)|V;,/R"). Note also
that Z,, C Z holds true.

Theorem 9.22. Choose any w solving w = Sw and such that R(w) # {@} holds. The following
statements are equivalent:

(i) There exists (1,1, xr1), (U2, Xr2) € R(w) such that (1,1 — U, X,1 — Xy2) 1S bp;
(ii) There exists (ii,, %) € R(0) such that (ii,, %,) is bp;
(iii) There exist Xy and (i, %, ) € Q(%o) such that (a) j = 0 holds and (b) (i, %) is bp;
(iv) ¥ is bp-WIR or dim(Xp, N (K|A)) > 0 holds;

(@) p>0ordim(Vy,) > 0;

(vi) nrank {Ps} < n+mor 2y, # {2}

Proof. See Appendix C.8. O

Tractable conditions allowing to test if . is bp-WIR are now offered. One of them uses the
subspace My, C R™ defined as follows:

B A
My, = M (v;:p {0} + [ C] vg;) 9.26)
Proposition 9.23. The following statements are equivalent:
(i) System X is bp-WIR;

(i) p > 0or dim(R*) > 0or dim(Vg‘p/(R* +(KJA)N V,j‘p)) > 0;

(iii) dim(My,) > 0;

(iv) nrank {Ps} < n+mor 2, \ 0(A|Ay, N (K|A)) # {2}.
Proof. See Appendix C.7. O

9.5.3 bp-strong annihilator: definition, existence and construction

Let us now introduce the concept of bp-strong annihilator, corresponding to a specific strong
annihilator (so that Fig. 9.4 still applies), inducing bp signals (i, %,). To this end, let the state
trajectory &, appear in the following equivalent reformulation of (9.18), which is used to define
a strong annihilator:

Vi1, a0, Yo(-) € PC: (i1, %,,0) € Q(%(0)). (9.27)

This condition is modified in three directions. First, it is imposed that (ii,, %) is either bp
or zero.” Second, cases in which the annihilator input v is unbounded are ruled out. Third,
ensuring that either i, or £, is persistent induces an interplay between the selection of # and
v. This is handled via sequential selection of 77 and v, where the latter is chosen based on the
former via the set-valued mapping V(). This leads to the following definition.

The case (iiy, %) = 0 is allowed in the same way as 7 = 0 is not excluded by (8.19).
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Definition (bp-strong annihilator of ). The nonzero causal operator C , associated with
the set-valued mapping V : x,0 — V(x50) C PC N B and the mappings ¥, : 7 — %(0)

and Hbf [%q0; ] : v — 7, parametrized by the initial state x,, is an bp-strong annihilator of &
if:
(ﬁr/ x?’/

V1, 3xq0, V0 (+) € V(xg0) : { ( € Q(%(0)), (9.28)

0) € Q(%,
i, %) € (BNP)U {0},

with %,(0) := Yy, (1), i, = lip [xa0; 0], and where £, is uniquely defined from 7, and

%(0) by (#, %,0) € Q(% ( ))-

All the equivalent items of Th. 9.22 is a necessary condition for the existence of a bp-strong
annihilator of X, by definition. These equivalent conditions are also sufficient, as shown in the
following theorem.

Theorem 9.24. Assume that one of the equivalent items of Th. 9.22 is valid. Let N : N’ — R™
be the natural embedding. Select any matrix in IF(V*) such that o((A + BF)|R*) C C~. Then,
together with ¥y, : Vi, — X the natural embedding, the quadruple

(Aq,Ba, Ca, D) = ((A +BF)|V;,, Vi, |BIN, FV;,, N) . X0 =1 =Y¥,1%(0)  (929)

characterizing th , define a bp-strong annihilator of . if V reads:

(BNPNPC)U{0}, (ifxm0=0),
V(x0) = { BNPNPC, (if Yppxao € R*\ {0}), (9.30)
BNPC, (otherwise).

Proof. See Appendix C.9. O

Remark 9.25 (The case 0 € IF(VJP)). The comment of Rem. 9.18 applies mutatis mutandis, i.e. if
possible, the selection F = 0 € F(V*) simplifies H, to the static mapping v — Nv. .
Remark 9.26 (The case Vg‘p = {0}). Under the conditions of Th. 9.24, if V[:p is trivial, then N
reduces to Ker {B} N Ker {D} and the bp-strong annihilator of Th. 9.24 degenerates into the
static mapping v — Nv. .
Remark 9.27 (Maximal range). The bp-strong annihilator of Th. 9.24 has maximal range in the
sense that for all (i7,, %) € (BNP) U {0} satisfying (ii,, %, 0) € Q(X,(0)), there exist § = x40
and v € V(x,) C PCN B satisfying Hbf [x20;0] = 1, and %,(0) = ¥y, (7). See Appendix C.9
for the proof of this statement. o
Remark 9.28 (bp-strong annihilator = strong annihilator). By definition, any bp-strong annihi-
lator of X is also a strong annihilator of . In general, the converse relationship does not hold,

though, i.e. given a strong annihilator of %, setting ¥,, = ¥ and HT = H, does not lead to
a bp-strong annihilator of ¥, irrespective of the definition of V. The origin of this fact is that
dim V* > 0 does not imply that Vj is nontrivial. .

9.6 Miscellaneous

9.6.1 Comparison with existing definitions of IR and WIR
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Figure 9.6: Comparison of the proposed taxonomy with the ones of [Zac09] and [Ser12].
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In the last two decades, several definitions, characterizations, and taxonomies of IR have
been proposed in the literature in the unconstrained context. Let us quote two important
studies in this respect:

* [Zac09]: “System X is said strongly IR (SIR) if p > 0 and weakly IR (WIR) if G* =
lim,_,0 G(s) is finite and satisfies Ker {G*} # {0}.”
¢ [Ser12]: “Under the following assumption:
ASM-S: ¥ is minimal, strictly proper, and right-invertible.
strong IR (SIR) means m > rank { B} = p whereas weak IR (WIR) means m > rank {B} > p.”
These concepts are now related to our definitions via the Venn diagrams of Fig. 9.6. Hereafter,
without further details, IR (of the k-th kind), bp-WIR, and WIR refer to the definitions proposed
in this chapter and in the previous one.

Letters on Fig. 9.6 identify examples offered in Tab. 9.1 and serve as counter-examples of
hypothetical inclusions. Comments on Fig. 9.6b are as follows:

¢ SIR as in [Zac(09] is equivalent to IR of the 1st kind or IR of the 3rd kind;

SIR as in [Zac09] does not imply WIR as in [Zac09], see examples (a) and (c);

WIR as in [Zac09] implies WIR, see Appendix C.10, but not bp-WIR, see example (g);

bp-WIR does not imply WIR as in [Zac(09], see example (f);

IR of the 2nd kind implies neither SIR as in [Zac09] nor WIR as in [Zac09], see example
(b).

Fig. 9.6c¢ illustrates that:

¢ If ASM-S is valid, then SIR as in [Ser12] (respectively WIR as in [Ser12]) is equivalent to
IR of the 1st kind (resp. IR of the 2nd kind or 3rd kind);

¢ If ASM-S is not valid, those concepts are not equivalent any more, see examples (a) and
(B);

¢ SIR as in [Ser12] does not imply WIR as in [Ser12];
* bp-WIR and, a fortiori, WIR imply neither SIR as in [Ser12] nor WIR as in [Ser12], see
examples (d), (e), (f) and (g).

9.6.2 On IR and left-invertibility
Recall that X is left-invertible (LI) if the implication

(1 =y2) = (m1 = up) (9.31)

holds for all xp € & and for all (u1,y1), (12, y2) € W(xp). By definition, system X is IR iff it is
not LI

Similarly, both bp-WIR and WIR concepts can be related to some variations around the
notion of LI. The first one is strong left invertibility (SLI): X is SLI if (9.31) is valid for all xo 1, x02 €
X and for all (u1,y1) € W(x01), (42, y2) € W(x02). By definition, it holds:

WIR < —SLI (9.32)
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To go further, let us introduce yet another notion of left invertibility. X is said asymptotically
strongly left invertibility (as-Ll) if the implication

1 =y2) = (n(t) = ua(t))

holds for all xp1,x0> € X and for all (u1,y1) € W(x01), (112, 2) € W(x02). This definition is
related to bp-WIR as follows:
bp-WIR = —as-LL

However, —as-LI does not imply bp-WIR because 11 — u> can grow unbounded.
The next table summarizes this discussion and can be obtained by inspection:

IR = bpWIR = WIR
LI < —bp-WIR <« SLI
N i 7

as-LI

The first line is illustrated in Fig. 9.6. The second line is the contraposition of the first one. Note
that X is not bp-WIR if the implication

(1 =y2) = (ua(t) —uz(t)) — {0, £oo}

holds for all x( 1, xg2 € X and for all (u1,y1) € W(x01), (112, y2) € W(x0.2).

9.7 Conclusions

As a summary of this chapter, let us recall its essential messages:

* A basis of the set F of solutions of the regulator equations can be constructed from
the system matrix Px(s), see Cor. 9.5. This allows to predict dim F on the basis of
the invertibility properties of X and its zero structure, see Cor. 9.6. This also leads to
sufficient conditions for online selection of elements of F, see Th. 9.9.

¢ The regulator equations parametrize the subset of the reference trajectories that are
linear wrt w. For this reason, there exists output regulation problem for which the
regulator equations admit a unique solution, even if distinct reference trajectories
exist, see Ex. 9.11.

* There exists distinct reference trajectories (resp. bounded and asymptotically dis-
tinct reference trajectories) for the regulation problem iff there exists a strong anni-
hilator (resp. a bp-strong annihilator). Thus, a suitable annihilator for the copy of
2w embedded in the reference trajectory generator R is a bp-strong annihilator. As
a strong annihilator, it delivers not only # but also £y such that the corresponding
output is zero. It also has a specific feature, in that (i, X) is bp.

¢ A strong annihilator (resp. a bp-strong annihilator) with maximal range can be ex-
plicitly constructed, see Th. 9.17 and Th. 9.24. Its state space is V* (resp. V). In
general, the (simple) annihilator of Th. 8.8 leads neither to a strong annihilator with
maximal range nor to a bp-strong annihilator with maximal range, regardless of the
selection of Y.

e For the output regulation problem, throughout exploitation of the existing degrees-
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of-freedom requires to equip the stabilizer S and the reference trajectory generator
R with a (simple) annihilator and a bp-strong annihilator, respectively.

¢ There exists a strong annihilator (resp. a bp-strong annihilator) iff (i) X is WIR (resp.
bp-WIR) or (ii) (K|A) is nontrivial (resp. A, N (K|A) is non-trivial), see Th. 9.15
and Th. 9.22.

¢ It holds IR=bp-WIR=WIR<« —SLI In general, the converse implications are false.

o ¥ is WIR (resp. bp-WIR) iff Ker {[B]} or R* or V*/(R* + (K|A)) is nontrivial
(resp. Ker {[f]} or R* or Vj;,/(R* + (K|A) NV;,) is non-trivial), see Prop. 9.16
and Prop. 9.23.

9.8 Bibliographical notes

Existing works
Output regulation

Classical references to the output regulation problem include [Dav72; FW75a; Fra77; DW80;
IB90]. The vast majority of studies devoted to this problem neglect the non-uniqueness of
reference trajectories. Notable exceptions have now been listed. As shown in this chapter,
the reference trajectories can be constructed in two different ways: compare [Ser12, Fig.2] and
[Gal+15, Fig.1] (and the associate definitions) to appreciate the distinctions between the fol-
lowing two lines of research.

1. The classical paradigm amounts to selecting a solution (T, IT) of the regulator equations
(9.7), and then setting (u,, x,) to (T'w, [Tw), as in Sec. 9.2.

2. Starting from any particular trajectories (u!,x}) € R(w), the incremental perspective con-

sists of adding any (ii,, #,) € R(0) to (u},x}), as in Sec. 9.4.

The classical paradigm In [Joh04; JSO5], the authors design a continuous-time optimum-
seeking control unit. In [Sig+06], this idea is immersed in the classical output regulation frame-
work discussed in this chapter, where the exosystem model is not restricted to pure integrators
as in [JSO5]. The system considered in [Sig+06] is a hypersonic vehicle with more inputs than
the regulated outputs. As in Th. 9.9, the reference trajectory generator exploits redundancy
by selecting the optimal solution in the regulator equations (9.7). See also [SS06a] for a di-
rect exposition of this result in a more general context. This line of research, culminating in
[Gal+15], is pursued in [Gal+11]. Note that in [Sig+09], these results are extended to the LPV
case. However, regulator equations in this context are generally untractable. For this reason, a
“frozen” LPV regulator problem is considered to derive approximate solutions corresponding
to the true LPV setup. As is customary, the stabilizing controller is decomposed into an LPV
state feedback and an LPV reduced-order observer.

On the set of solutions of the regulator equations The regulator equations (9.7) can be found
in [Fra77, (27)]. A standard reference for matrix equations is [Gan00; Gan(9], see also [TSH12,
Sec.9.3] for a concise introduction and [AntO5a]. The tractable condition for the existence of
solutions of the regulator equations was first offered in [Hau83a], and is now reported as a
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classical result in textbooks such as [Sab+00, Corollary 2.5.2] and [TSH12, Th.9.9] for an alge-
braic statement and [BM92, Chap.5-6] for the geometric treatment of this problem. Unique-
ness is also implicitly characterized in [Hau83a], see also [Sab+00, Lemma 2.5.1] stating that
“The regulator equations has at most one solution iff X is left-invertible and ¢(S) N Z = {@&}
holds.” Only recently, deeper investigations on the case where many solutions exist have been
conducted, under the assumption that m > p holds and that the non-resonance condition is
valid. In this context, the characterization of the set of all solutions is obtained. Following the
terminology of [Ant05b, Chap.6], the Kronecker product method (relying on vectorization of
unknown matrices) was implemented in [Sig+06]. The dimension of the space of the solution
is also given in [Sig+06, (31)]. Quite implicitly, a more informative parametrization of the set
of solutions is obtained in [Gal+15, Proof of Prop.2] via the invariant subspace method, under
the additional assumption that p = 0 holds.

The existence of solution of the regulator equations is also investigated in the context where
input constraints affect an over-actuated system. The mapping w +— (x;, u,)(w) is considered
piecewise linear in [GV13], where the focus is on a purely integrator exosystem, and poly-
nomial in [VG13], when sum-of-square techniques are utilized to derive a tractable tool to
construct the trajectories. The problem of the existence of a solution is interpreted as the max-
imization of the set of exogenous signals for which regulation can be achieved.

The incremental perspective The second line of research, first proposed in [Ser12], dismisses
the regulator equations and considers the direct synthesis of the reference trajectories (u,, x,) €
R(w). In this paper, a trajectory generator called the “extended reference model” or “extended
servomechanism” is introduced. This subsystem is driven by (w,v). As in Sec. 9.4, v is used
to shape (1, x,). In this framework, the implementation of an MPC strategy to accommodate
the input and state constraints was proposed in [Zho+13; ZCS15; ZCS16; ZCS17]. To this
end, a discrete-time formulation of the setup in [Ser12] is adopted. Starting from the case of
turbocharged internal combustion engines for automotive [Zho+13], this analysis is getting
deeper in [ZCS15], [ZCS16] and [ZCS17]. In the last paper, a distinction is introduced between
non-intrusive actions, when the reference trajectories are compatible with the output to be
tracked, and intrusive actions, where the requirement of perfect output tracking is relaxed.
Obviously, the controller is parameterized to promote the former over the latter. To achieve this
purpose, the range of the subsystem producing the reference trajectories (u, x,) is enlarged:
[ZCS16, (5) and Prop.1] can be recovered from [ZCS17, (6), (8)] by setting ¢>(0) = 0 and v, = 0,
thus excluding intrusive actions.

Note that the robust counterpart of the regulation problem is tackled in [CSZ16; CSZ18].
The plant is affected by uncertainties, and the regulated error is the only measured quantity.
Structural stability is ensured. Asymptotic optimality is also achieved in the case where w = 0
holds.

Annihilator for the output regulation problem In[CSZ18, p.216], an annihilator is extracted
from the “extended reference model” defined in [Ser12]. Note that this annihilator is distinct
in nature not only from the original definition of an annihilator offered in [CG14] but also
from the one offered in this chapter. Indeed, the annihilator in [CG14] is related to a (simple)
annihilator (see Chap. 8), whereas that of [CSZ18] ressembles to a strong annihilator because
its initial state can be adjusted, see below for a detailed comparison.

Exploitation of system zeros The role played by the zeros in the output regulation problem,
and its robust counterpart, has already been investigated in [DW74; DW77; FW75b]. Once
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again, those results are on the existence of solution. The uniqueness is beyond the scope of
these studies. Recently, the importance of zeros for non-uniqueness has been acknowledged.
As shown in the bibliographical notes in Chap. 8, the literature on IR navigates between (i)
zero-based definitions, as e.g. in [Zac09], and (ii) zero-free definitions, as e.g. in [DO19; Ser12].
See also [GP14, Def.2] and [GS18, Def.1] for pioneering works on the exploitation of system
zeros to select the optimal steady state.

Left-inversion

The concept of left-inversion is standard in control theory, see e.g. [Wol74, Sec.5.5] and [TSH12,
Chap.8]. The term strong left-invertibility (SLI) is borrowed from [LE23], where it is coined
in accordance with the terminology “strong detectability” introduced in [Hau83b]. See also
[LE23, below Def.6] for other synonyms of SLI existing in the literature such as “time-domain
left-invertibility” used in [EGM04; Bon+07]. A characterization of SLI in geometric terms is
offered in [Bon+07, Th.10], but only for strictly proper systems.

Never seen elsewhere in this term (=~ new)
Output regulation

Comprehensive treatment in the classical paradigm The material of Sec. 9.2 is unpublished,
namely the exhaustive parametrization of the set F of the solutions of the regulator equations,
its dimension, and the sufficient conditions for online selection of (T, IT). These results extend
those of [Sig+06; Gal+15] in the following directions:

¢ Under the only assumption of semi-simplicity of the exogenous matrix S and stabiliz-
ability of (A, B), any proper system can be handled, i.e p might be strictly positive and
the non resonance assumption ASM 9.3 is not required. This gives rise to new solutions
that emerge whenever some eigenvalues of S are invariant zeros of .

e Abasis of F is explicitly constructed by making use of the system matrix Ps,, see Cor. 9.5.1
This pivotal tool in linear system analysis allows for insightful connexion with systemic
properties, like left or right invertibility and the invariant zero structure, see Cor. 9.6.11
Compared to the Kronecker product method of [Sig+06] which typically involves large
sparse matrices, this feature is also computationally attractive. In addition, no change of
basis is required, unlike the parametrization offered in [Gal+15].

e Sufficient conditions allow for online selection of (I, T'), see Th. 9.9. Whenever it is pos-
sible, conditions of [Gal+15, Th.1] have been weaken (i) by considering (9.13a) in place
of (9.13b) and (ii) by enlarging the set of initial conditions leading to exact solving of the
output regulation problem from {T1(6(0))w(0)} to T1(6(0))w(0) 4- V.12

10Following the terminology of [Ant05b, Chap.6], this achievement is obtained by implementing a mixture of the
invariant subspace and eigenvalue methods.

HNote that the equality dim F = (m — p)q in [Gal+15, Prop.1] is recovered from Cor. 9.6 as a special case, see
Rem. 9.7.

12 Adopting the non-hybrid context of this chapter, [Gal+15, Th.1] can be rephrased as follows: Let F make
A + BF Hurwitz. Let G = J. (a’) If (9.13b) holds, then (9.12) solves Problem 9.1; (b’) If F € F(R*), then (9.12)
solves Problem 9.1; (¢/) If (9.13b) and x(0) = I1(0(0))w(0) hold, then (9.12) solves Problem 9.1 exactly. (d’) If
F € F(R*) and x(0) = II(6(0))w(0) holds, then (9.12) solves Problem 9.1 exactly. These conditions are now
compared with those of Th. 9.9, bearing in mind that the non-resonance condition is assumed in [Gal+15] so that
Rem. 9.10 applies. From (a’) to (a), the condition (9.13b) of (a’) is relaxed to (9.13a). Conditions (b) and (c) are
equal to (b’) and (), respectively. From (d’) to (d), the condition x(0) = I1(6(0))w(0) of (d’) has been relaxed
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The shortfall of the classical paradigm The discussion in Sec. 9.3 and that related to the
affine structure of R(w) are unpublished. Note that the existing literature navigates (some-
times in the same paper) between the nonequivalent two perspectives, where either (i) R(w)
or simply (ii) its linear subset R(w) N L(w) is considered. Using chronological ordering, per-
spective (i) is retained in e.g. [Ser12, Def.3.1 and Prop.4.1], [ZCS15, (5) and Def.1], [ZCS16, (5)
and Def.1], [ZCS17, (6) and (8)], and [CSZ18, (5) and Def.1]; whereas perspective (ii) is used in
e.g. [Ser12, Sec.5.A], [Gal+15, (6)], [ZCS15, ASM2], [ZCS16, ASM2], and [ZCS17, Sec.V.A]. We
believe that this might be a source of confusion, and sometimes even fallacies.'

Strong annihilator and the output regulation problem The entire Sec. 9.4 is unpublished.
Recall that it includes (i) the definition of a strong annihilator, (ii) the conditions of its existence,
(iii) the relationship of this concept with the output regulation problem and the associated
control schemes, (iv) the construction of this annihilator, and (v) the proof that it has maximal
range. Among the existing concepts available in the literature, the annihilator (An) in [CSZ18,
p-216] is the closest to the strong annihilator (SAn) proposed in this chapter. The differences
between (An) and (SAn), and their respective properties, are now outlined:

(i) Definitions: First, linearity and strict properness of H, is assumed in the definition of
(An), unlike in (SAn). Second, the output of (An) is (i, X,), whereas (SAn) produces
ii, and %,(0). Clearly, ¥, = H[%,(0);ii] can be reconstructed from i, and %,(0), so the
two formulations are equivalent. The formulation retained in (SAn) is preferred for two
reasons. First, it is closer to the definition of WIR: Just like the (simple) annihilator is
obtained by following the definition of IR and decomposing the input of X as u? + i, the
definition of (SAn) can be viewed as the result of decomposing not only the input of %,
as uP + i (written ureg + Uy in [CSZ18, (7)]) but also its initial state as xg + Xp. Second, it
mimics the interconnection of the (simple) annihilator introduced in Chap. 8: A cascade
is used to interconnect (SAn) with £, just like the (simple) annihilator feeds X (compare
Fig. 9.4d and Fig. 8.1).

(ii) Existence: The existence of (An) is implicitly characterized by the set of assumptions
made in [CSZ18]. Among them, right-invertibility and m > p shall be thought of as the
key hypotheses, see Cor. 8.7 proving that this context corresponds to IR. Several equiva-
lent characterizations of the existence of (SAn) are explicitly offered in Th. 9.15. In view
of item (iv) of this theorem, (SAn) enlarges the scope of (An) from IR to WIR or unob-
servable systems.

(iii) Relationship with the output regulation problem: (SAn) is specifically designed for this
control problem, with the aims of capturing all the degrees-of-freedom offered by the
redundancy, see Th. 9.15. If (An) is designed in the context of output regulation, its
features are related to IR (not WIR), as shown in Chap. 8.

to x(0) € I1(6(0))w(0) + Vg at the price of substituting F € IF(R*) by the stronger condition F € F(V7). Note,
however, that if F(R*) ¢ F(V§) holds in general, it is always possible to select F € F(Vy) such that A + BF is
Hurwitz, i.e. from (d’) to (d), the set of acceptable F is reduced but the scope of the theorem remains unaffected.

Finally, note that [Gal+15] allows for a discontinuous signal 6(-), whereas the current version of Th. 9.9 does not.
We expect low technical difficulties in extending Th. 9.9 in this direction.

13Tn [GS18], it is said “whenever m = p, and provided that Assumption 2 [stabilizability, detectability, and
non-resonnance assumption] is verified, the correct steady-state input achieving output regulation is uniquely
determined, as entailed also by the existence of a unique solution I', T to the well-known Francis Equations”. By
exhibiting a minimal system for which the non-resonance assumption is valid, Ex. 9.11 is a counter-example of
this statement because multiple suitable reference trajectories exist, even if the regulator equations admit a unique
solution.
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(iv) Construction: The state-space of (SAn) is V*, see Th. 9.17, whereas that of (An) is R*.

(v) Maximality: By considering V* instead of R*, maximal range of (SAn) can be proved,
see Rem. 9.20.14

Extended reference model Following the terminology introduced in [Ser12, Def.3], note that
the subsystem ., depicted in Fig. 9.5 (together with a copy of the exogenous system E) is an
extended reference model. In view of the above items (i) and (iv), it differs from that of [Ser12]
for two reasons. First, X, is driven by not only v(+) but also #, which is instrumental in setting
(or resetting) the initial state of £,. Second, observe that using in (9.23) the definition of the
quadruple (A,, Ba, Cy, Dy) of the (simple) annihilator (as in Th. 8.8 and not as in Th. 9.17), one
arrives at the extended reference model of [Ser12, Def.3 and Prop.4].

bp-strong annihilator and the output regulation problem The whole Sec. 9.5 is unpub-
lished. Recall that it replicates Sec. 9.4 in the bp context, namely it includes (i) the definition of
bp-strong annihilator, (ii) the condition of its existence, see Th. 9.22, (iii) the relationship of this
concept with the output regulation problem and the associated control scheme, see Th. 9.22,
(iv) the construction of this annihilator, see Th. 9.24, and (v) the proof that it has maximal
range, see Rem. 9.27.

Left-inversion, definitions of IR and WIR and associated taxonomy

The zero structure Together with Chap. 8, this chapter clarifies that the zero structure is re-
lated to WIR (and V*/R*), but not to IR (and R*), see Th. 8.2, Prop. 9.16 and the bibliographical
note at the end of Chap. 8 showing that this point is ambiguous in the existing literature.

IR, WIR, bp-WIR and annihilators The unpublished material of Sec. 9.6.2 summarizes the
relationship of the existing concepts around the notion of left-invertibility with those related to
IR. This clarifies that the definitions and characterizations of WIR (see Prop. 9.16), and bp-WIR
(see Prop. 9.23) can serve as characterizations for ~-WIR=SLI and —bp-WIR. In particular, —(ii)
and —(iii) of Prop. 9.16 are geometric characterizations of SLI that are distinct (yet equivalent,
but hopefully more insightful) than those available in [Bon+07, Th.10] and whose scope is
restricted to strictly proper systems. Note also that the algebraic condition —(iv) coincides
with [LE23, Th.12], even if completely different paths are used to obtain this result.

Comparative framework Along with the end of Chap. 8, this chapter offers a framework
allowing an in-depth comparison between the two most important definitions of IR existing
in the literature, see Sec.9.6.1 where pieces of [KT21] have been collected and enriched with
unpublished materials like Fig. 9.6 and Tab. 9.1. Compared with [Zac(09], the proposed tax-
onomy introduced in [KT21] refines the study by distinguishing: (i) IR of the 1st kind from
IR of the 3rd kind, which are different in nature, (ii) IR of the 2nd kind from WIR, which are
distinct concepts, and (iii) bp-WIR from WIR, the former already capturing all relevant cases

14Tn [CSZ18, p.216], one reads “Roughly speaking, an annihilator is a dynamical system whose outputs
parametrize all the possible inputs and state trajectories that are invisible from the output e.” This suggests that
(An) has maximal range. This is incorrect even under the assumption of the [CSZ18], that are right-invertibility
and strict properness. Indeed, in this context (An) exists iff m > p holds. Ex. 9.11 exhibits a right-invertible, strictly
proper system and square system for which distinct reference trajectories exist, even if (An) is the zero system in
this case. This is in contrast to (SAn), which can be constructed in this case via Th. 9.17, and that can produce
(@ir, %r(0)) # 0 like (uy0, x,2(0)) — (11, %,1(0)) defined in Ex. 9.11.
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from the control point of view. Besides, the scope of [Zac09] is enlarged: (i) By removing the
requirement that G* is finite and (ii) by considering non-constant bp steady-state, i.e. the en-
tire imaginary axis is taken into account to characterize bp-WIR. For a comparison between
the materials of this chapter and the definitions proposed in [GP14], the reader is referred to
[KT21].

Contributions wrt [Ser12]

Let us continue the discussion started at the end of Chap. 8 on how this chapter and the pre-
vious one contribute to strengthen and enhance the framework exposed in the pionner and
seminal paper [Ser12], then completed by [CSZ18] where this setting is equipped with a new
definition of annihilator. Recall that the study of IR offered in [Ser12] is immediately immersed
in the output regulation problem and implicitly uses an annihilator whose state space is R*.

¢ The proposed taxonomy aims refining the study by distinguishing IR of the 2nd kind
from IR of the 3rd kind, which are different in nature, see Fig. 9.6c.

¢ Studying IR for its own, and exploiting this feature for the output regulation problem,
call for distinct treatments making use of distinct concepts. The division of the material
of the two chapters is meant to establish a clear distinction between those two studies. In
particular, the concept of (simple) annihilator (resp. strong annihilator) emerges as the
natural control tool for exploiting IR of X (resp. for exploiting WIR and unobservability
for 2,,). In doing so, dealing with the input redundancy in the context of output regula-
tion calls for equipping (i) the stabilizer with a (simple) annihilator and (ii) the reference
trajectory generator with a strong annihilator. Note that the resulting modular control
scheme fits into the classical framework where the reference trajectory generator deals
with the steady state, whereas the duty of the stabilizer is related to the transient, see
Sec. 9.1.

¢ From the (simple) annihilator to the strong annihilator, the state space is enlarged from
R* to V*. Besides, the strong annihilator has the unique feature of producing the incre-
ment %,(0) to the initial state x,(0) to be used to initialize (or reinitialize) the copy of the
system X.;,. These two features of the strong annihilator are essential to prove maximality
of its range. Indeed, for this property to be achieved, it must be possible to drive the state
xr of Xy, out of R* while preserving e(t) = 0, i.e. x,(f) has to reach V* \ R*. This scenario
requires that x, be directly manipulable because acting on X, via v does not offer enough
control authority. As a result, as soon as the state space of the annihilator becomes V*,
the set of decision variables to be used when optimizing (x;, #,) must include not only
o(-) but also £,(0).1°

¢ The bp-strong annihilator and the bp-WIR concept highlight that the suitable concep-
tual tools for the reference trajectory generator is actually in between IR and WIR. The
roots of this statement can be traced back to [Zac09], where both the boundedness and

15Note that for the (simple) annihilator, manipulating %,(0) can still be useful for cancelling (or shortening) the
transient regime of x,. In [Ser12, p.4873], this point is clearly made: “the selection of the trajectory ¢(-), which is
the available degree of freedom in (8), is accomplished by setting appropriately the initial condition ¢(0) in the
extended servomechanism and by controlling the evolution of {(t) via the control v(-)”. A similar statement can be
found in [ZCS17, below (6)]. Other references are more ambiguous, though. It is unclear why ¢(0) is not included
in the decision variable set of [Zho+13, (12)] and not mentioned in the sentence “the selection of the assignable
trajectory ¢(-) through the input v(-)” [ZCS15, p.4569]. Analogous comments can be made in [CSZ18, below (7)
and above (9)] .
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persistency of the incremental input were already sought by focusing on G(0). From this
point of view, the bp-strong annihilator could be conceived of as the outcome of a fruitful
mixture of [Zac09] and [Ser12].

176



Chapter 10

Control of a modular DC/DC converter

Contents
10.1 Parallel modular DC/DCconverters . . . . . . .. ..o i v v i v i, 178
10.1.1 Context and control problem statement . . . . ... ... ... ... .. 178
10.1.2 The case of buck converters and resistiveload . . . ... ... ... .. 181
10.2 Solution to Prob.10.3form =2 . ... .. .. ... .. ..., 182
10.2.1 Decomposition of the input-space and the state-space . . . . . ... .. 182
10.2.2 The feasible set of the optimisation problem . . . ... ... ... ... 183
10.2.3 Open-loop reformulationof . . . . ... ... ... .. ... ... 184
10.2.4 Problemsolution . .. ... ........... ... .. .. .. .. .. 185
10.3 The underling output regulation problem and its geometry . . . . . ... .. 187
10.3.1 An output regulation reformulation . . . ... .. ... ... .. .. .. 187
10.3.2 The geometric structureof X . . . . ... ... ... L L. 188
10.3.3 Revisiting the problem solution in the known load subproblem . . .. 188
10.4 Comparison with a standard problem solution . ................ 191
10.4.1 Standard problem solution . . ... ... .. ... .. .. .. .. ... 191
10.4.2 The priority-aware controller of Subsec. 10.2 . . . . . . ... ... ... 192
105 Miscellaneous . . . . . . . oo e e 192
10.5.1 The CAMsolution . . .. ... ... ... ... ... ... .. ...... 192
10.5.2 An Hamiltonian pointof view . . . ... ... ... ... .. .. .. .. 193
10.5.3 A robust cooperative distributed control approach . . . . ... ... .. 194
10.5.4 Enhancing matrix conditioning via appropriate change of variable . . 195
106 Conclusions . . . . . . .. .. . e e e e 195
10.7 Bibliographicalnotes . .. ... .. ... ... ... ... .. . . . ... 196

177



dq
Y

module 1
power .
supply f E s load
module m
4

Figure 10.1: Input Parallel Output Parallel modular DC/DC converter.

This chapter deals with the output regulation of a parallel interconnection of buck DC/DC
converters, for which control specifications are intrinsically ordered. This topic is relevant from
the power electronics research field [TV98; Shi+99; HT07]. From the control point of view, it
is not only illustrative of the material exposed in the previous chapters but also inspiring. It
serves as a realization of the discussion of the introduction, enriched by the materials of the two
previous chapters. In particular, an “input space decomposition perspective” to this problem
is offered. This chapter goes beyond Chap. 9 by also addressing the robustness issue, paving
the way for extending the materials of the previous chapters in that direction.

10.1 Parallel modular DC/DC converters

DC/DC power converters are electronic devices that aim to adapt the output voltage level of
a DC power supply to the input voltage level of a load. Modular DC/DC power converters
are built by combining several DC/DC power converters. The Input Parallel Output Parallel
interconnection depicted in Fig. 10.1 is one of the possible assembling topologies of power
modules.

10.1.1 Context and control problem statement

Why parallelling modules ? An essential feature offered by parallel interconnection of con-
verters is the possibility to distribute the load current over the different modules, also called
“current-sharing”. Therefore, each module handles only a fraction of the total power delivered
from the supply to the load. This technical solution has several advantages. It increases both
the overall system efficiency and reliability owing to redundancy. Each of the following items
contributes to the latter: (i) distribution of stresses of components, (ii) ease of maintenance and
repair, and (iii) improved thermal management. In addition, the reduction of output ripple by
interleaving phase of Pulse Width Modulation (PWM) is yet another benefit of this solution.

Main physical variables The output voltage is denoted by v [V], and the current flowing
from the k-th power module is referred to as iy [A]. The magnitude of the voltage source E [V]is
supposed to be known and constant. The m power modules are composed of passive electrical
components and one controlled leg. It is assumed that a PWM strategy is implemented for
each leg so that the duty cycle dy € [0,1] plays the role of the control variable of the k-th leg,
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Figure 10.2: Example of load-dependent optimal steady-state current locus (Fig. 10.2a) that is
made stable by the controller of Th. 10.7 so that experimental closed-loop current trajectories
track this locus (Fig. 10.2b) in the current plan for m = 2.

instead of the binary input in {0,1}, see Chap. 6 and Fig. 10.1. Thus, the input set reads:

D =[0,1]" (10.1)

Defining the current distribution The current-sharing policy over the modules is indirectly
defined via a cost function | that penalizes the undesirable steady state. Typically, | equals
Y« Jx where J; expresses, for the k-th module, the power losses, thermal state, or stresses of the
electrical components, see Fig. 10.2a for an illustration in which | models the overall power
losses. The current-sharing strategy is also defined via some constraints such as the upper
bound on the current iy. These limits are captured via the set 7 to which the steady-state
current must belong:

Z=10,i1] X ... x[0,in] (10.2)

where 0 < i, holds for all k € [1,m], see Fig. 10.2a for an illustration. Note that the in-
troduction of Z makes it possible to engage or disengage modules while supplying the load
continuously by temporarily setting iy to zero by adjusting Z. This discussion suggests a pos-
sible time-dependency of the optimization problem defining the steady state, either by letting
J depend on the online measurement (like the thermal state of the modules) or by allowing
7 to be changed by the user during the operating phase. Finally, note that this framework
encompasses balanced current sharing (uniform current distribution) as a particular case.

Unknown load In most of practical situations, the dynamical behavior of the load is not
fully known. Typically, it is modeled via a capacitor connected in parallel with an electrical
component having a known algebraic current-voltage relationship, for example, v = Riy, or
vi, = ¢, where iy, is the current flowing through the load, and R [(2] and ¢ [W] are used for
purely resistive and constant power loads, respectively. Let us stress that the magnitude of the
constants R or ¢ appearing in those mathematical models are unknown.
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Table 10.1: Description of parallel DC/DC converter as an over-actuated system.

Parallel DC/DC converter || X, | Xy | d | v | 0
Over-actuated system (see Chap.7) || X, | Xy |u |y | T

d o v

—>§ii—>EJ—T—>

Figure 10.3: Coupling between current and voltage dynamics.

An over-actuated system point of view Following Chap. 7, the overall system mapping d
to v can be decomposed into two subsystems, as shown in Fig. 10.3. Each module can be
identified with a (dynamic) actuator. In this figure, ¥; is the dynamical system associated with
the set of actuators. It maps d to the total current o corresponding to the current feeding the
load, see Fig. 10.1. The load is assimilated to the plant X, mapping ¢ to v. Tab. 10.1 summarizes
the elements of this analogy.

Control problem From the above discussion, distinct control objectives are of interest:
(CC) Current Constraints: i € Z;

(VR) Voltage Regulation: v = V;;
(OC) Optimal Current: i — J(7) is minimal.
As stated below, the control engineering problem hinges on these control goals.

Problem 10.1. Design a control law computing the duty cycle d from the measurement
of (i,v) and achieving asymptotic (OC) under the constraint of (CC) and (VR). This
control law must be independent of the unknown load parameters.

Remark 10.2 ((CC) during transient). For a solution of Prob. 10.1,i(¢) € Z canbe violated during
the transient because (CC) is only achieved asymptotically. This is motivated by the fact that
the upper bounds i; translate thermal capacity of electrical components, so that overtaking
those limits for a short period of time will not dramatically change the temperature of the
devices and, hence, is fully acceptable. This suggests that imposing i(t) € Z at all times is
not only useless but also conservative, in the sense that performance could be lowered by this
restriction. .

Hierarchy of competing control goals In general, the control objectives are competing. Typi-
cally, satisfying (OC) alone leads to i = 0. This prevents (VR) from being achieved for standard
practical cases, see e.g. Fig. 10.2a. In Prob. 10.1, this conflit is resolved by formulating the de-
sired steady state as the solution of an optimization problem, where (OC) is the criterion to be
optimized, and both (CC) and (VR) are the constraints. This prioritizes (CC) and (VR) over
(OCQ), so that the goals are (partially) hierarchically ordered. Accommodating this hierarchy is
the real challenge for the control design.

Coupled dynamics From Fig. 10.3, the dynamics of v governed by X, is affected by ¢ and the
dynamics of o described by X; depends on v. Therefore, even if the control goals are ordered,
addressing them reintroduces a bilateral coupling, for example, regulating v to address (VR)
can only be achieved indirectly through the control of ¢, driven by duty cycle 4.
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Figure 10.4: Considered electrical circuit of the load and the power modules.

10.1.2 The case of buck converters and resistive load

Considered system The load results from the parallel interconnection of capacitor C [F] with
resistive load R, as depicted in Fig. 10.4b. Magnitude of R is supposed to be constant and to
satisfy

R € [R,R] C Rxo.

The bounds of this interval are known, unlike the value of R. The power modules are buck
(step-down) DC/DC converters so that the output voltage is lower than the input voltage E.
Their electrical circuit is depicted in Fig. 10.4a. The inductance of the k-th leg is denoted by L;
[H]. Let us stress that the magnitudes of these inductances are not assumed to be identical.

Model It is assumed that the power modules operate in continuous conduction. Electrical
components and switches are ideals, i.e. parasitic elements (resistances, losses) can be ne-
glected. The switching frequency of the PWM is supposed to be sufficiently large for the dy-
namics to be approximated by an average model. In this context, the load dynamics is captured
by the following equations:

d
cSv=0—0v/R 10.
tv o U/ , ( 038.)

whereas the following relationships govern the dynamics of the set of power modules:

Vk € [[1,71’1]], Ly d

aik = -0+ Ekdk. (103b)
m

o=y i =1%1i (10.3¢)
k=1

Observe the internal feedback of v in the last equation, see Fig. 10.3.! Those equations can be
gathered in the following state-space equation

diag{L} o] d [i] [0 —1,]/[i ElL,
[ 0 C] dt |o| — 1], —=1/R| |v + o', 4, (104)
where the state vector reads:

et 1]

The expressions of the state and input matrices A(R) and B can be deduced from (10.4).

Problem statement We are now ready to formalize Prob. 10.1.

1Asan averaged model, (10.3) refers to mean value of the signals. However, for the sake of simplicity, we do not
distinguish the instantaneous value from the mean value in the notations, as in Chap. 6. Henceforth, mean value
is implicit.
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Problem 10.3. Given any | and any V, € [0, E], design a (possibly dynamical) causal
state-feedback control law (i,v) + d such that, for all R € [R, R], the closed-loop system
admits an asymptotically stable equilibrium (i, v,) for which there exists d, satisfying:

(dy,iy,v;) € argmin J(i) st A(R) [l] +Bd=0, 0=V, (10.5)
(d,iv)€DxIxR v

The control law must be independent of R and d(t) must identically belong to D.

For further reference, let
(dr(-),ir(-),0r(-)) : [R Rl = R" x R" x R (10.6)

be the argument of the optimization problem (10.5) parametrized by the value of the load
R, i.e. the load-dependent to be stabilized by the controller. It is assumed that this profile
is known via offline computation. The blue segments in Fig. 10.2a is an example of the
locus of i,(R) when R describes [R, R], so that the blue stars correspond to i,(R) and i,(R).

Remark 10.4 (About state-feedback). As shown in the sequel, X is not observable (and not even

detectable) from the output voltage measurement. This motivates the use of state feedback in
Prob. 10.1. o

10.2 Solution to Prob. 10.3 for m = 2

Henceforth, let us focus on the case of m = 2 modules. This choice is expected to enforce the
didactic purpose of this chapter.? In this case, the model description is recalled.

4 |h 0 0 =1/L; i E/Ly O J
g l2l=10 0 UL ||b|+| 0 E/L Lzl] (10.7)
v 1/C 1/C —-1/(CR)| |v 0 0 2
Let us also make the following assumption:
L1 <L (10.8)

to emphasize the added value of this chapter wrt to the literature where Ly = L, is almost
always assumed.’

10.2.1 Decomposition of the input-space and the state-space

In view of (10.3a), the voltage dynamics does not depend on each current 7; individually but
rather on the total current ¢. In order to better exhibit this dependency, let us introduce the
new state coordinates (6,0, v) € R x R x R where ¢ explicitly appears:

0 1 -1 0| [# i1 1 1 1 0f (¢
ol =11 1 0] || < |ir| = 5 -1 1 0| |o (10.9)
v 0 0 1 v v 0O 0 2 v

2See the bibliographical notes at the end of this chapter for references on the results for arbitrary value of 1.
3Note that the case L; = L; can be also be treated using the same philosophy, see the bibliographical notes for
references.
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The new coordinate § € IR represents the difference between the two currents. This quantity
reflects the current distribution, an information that is indeed missing in ¢ = iy + 7. Fig. 10.2
depicts the axis related to these new variables. Let us also proceed to the following change of
input coordinates

A _ L(S/Ll —L(s/LQ dl dl _ 1 Ll/L5 Ll/LU A
M i | R il | (1010

where
=t e (10.11)

Lo L 'L Ly L L

Physically, A and p are related to the difference and sum of the two duty cycles, respectively,
after scaling by L; and L,. For instance, if L, = 2L, one gets:

Al 12 —1||d
| |2/3 1/3] |da]”
The axis related to those new input variables is represented in Fig. 10.8.

10.2.2 The feasible set of the optimisation problem

When equating o to zero, one obtains ¢ = v/R. Setting the derivative of i to zero imposes
d = (v/E)1y, which belongs to D if v € [0, E] holds. As a result, the feasibility set of (10.5)

reads:
{‘g m} 8 {; {—11 ﬂ [i] U= ?/563{}“1 x {V:} (10.12)

Assignment v = V, thus imposes ¢ and d but let current distribution J free. In other words,
rewriting problem (10.5) in the new coordinates leaves us with an optimization problem for
which the set of decision variables reduces to {J}, as equality constraints assign values of o, v
and d. Referring to (10.6), this gives:

Vi [1

where 0, refers to the coordinate o of i,. Observe that d,(-) is independent of R. Fig. 10.2a
allows us to visualize {i : i1 + i, = V,/R} via the dash-dotted black line, which translates from
the top right to the bottom left when R increases. The intersection of this line with the white
rectangle represents the coordinates i of the feasibility set. This set is non-empty iff R > Rgat
where Rg, is related to the case in which the intersection of the dash-dotted black line with the
white rectangle reduces to a unique point.

Assumption 10.5. The following inequality holds:
Vr/(l_l + 1_2) = Rsat < B (1013)

This assumption simply states that the magnitude of the total current is limited by 71 + 7
so that [R, R] must be bounded from below.
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Figure 10.6: Circuit theory interpretation of X in the new coordinates.

10.2.3 Open-loop reformulation of =

State space in the new coordinates In this new basis, (10.7) becomes

PR 0] o0 —1/L; 5 E/Ls| 0 3
wlo|=10]0 —1/L, o |+ 0 |E/L, [] (10.14)
v 0/1/C —1/(RC) | | v 0 0 K

where the state matrices admit a block triangular structure. This allows us to interpret the
system as a cascade of two dynamic blocs. The upper-subsystem ¥, governs voltage dynamics
through total current ¢ controlled by input u

Ly Ol d ] [0 =1 1]]c E
s Q& o= 18 ] ]+ (o] (10.15)
and perturbs the lower-subsystem X5 corresponding to dynamics of § driven by control signal
A

d
% Lig0 = —v+EA. (10.16)

This cascaded structure originates from the independence of the dynamics of (¢, v) from 4, so
that the upper subsystem impacts the lower one but there is no signal in the other way around.
Fig. 10.5 illustrates this structure. Compare it with Fig. 10.3 and note that the dynamics of ¢ is
associated with X, in Fig. 10.5 and with X in Fig. 10.3.

Circuit theory interpretation From its dynamical equation (10.15), the upper subsystem %,
can be physically interpreted as the averaged model of the buck converter illustrated in Fig. 10.6a.
The duty cycle of this virtual device corresponds to y and the current flowing through its coils
is nothing but ¢. It is connected to the same load as the original system. Its inductance and
voltage input are equal to L, and E, respectively. Note also that L, is nothing but the equiv-
alent inductor resulting from the parallel interconnection of the two coils L; and L,. Hence,
the inertia of this virtual buck is smaller than that of each of the two original bucks because
L, < min{Ly, Ly} holds.

As far as ;5 is concerned, its dynamics can be interpreted as yet another electrical circuit, as
depicted in Fig. 10.6b, where EA acts as a controllable voltage source that affects the current &
flowing through the coil L;. In this circuit, v acts as a time-varying voltage source that disturbs
the current dynamics.
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Figure 10.7: Proposed control scheme, deriving from Fig. 10.5.

Significance of the new formulation for control purpose The previous change of variables,
leading to Fig. 10.5, facilitates the control design for reasons that are now exposed. The forth-
coming discussion is supported by Fig. 10.7a, which can be viewed as the natural control coun-
terpart of Fig. 10.5.

1) From the previous subsection, it comes out that A parameterizes the part of d that is
invisible to ¢ and hence v, whereas y is the remaining part by which ¢ can be affected. As a
result, regulation of v boils down to the design of the controller

Co: (0,0) =y,

which is actually nothing but a voltage regulation problem for a single buck converter.
2) The new formulation allows for sequential modular design. Provided that all trajectories
are bounded, once C, has been defined (step 1), it suffices for

Cs: (6,0,0)— A,

to ensure zero stability (step 2), that is stability of the down stream system C; x 25 when the
upper stream C, x &, is at the equilibrium, see the next subsection.*

3) The ordering of the cascade complies with the hierarchy of control objectives. Indeed,
(VR) dominates (OC) in the control objective hierarchy. This is consistent with the fact that
C, * X, is unaffected by Cs x ;. As shown in the next subsection, this cascade and, in turn, this
hierarchy can be preserved even when the input constraints come into play.

10.2.4 Problem solution

A procedure leading to subcontrollers C, and C; is now offered, together with a theoretical cer-
tificate that the overall resulting controller solves Prob. 10.3, see Th. 10.7. What is highlighted
is the potential offered by the design framework rather than a definite answer to each step.
Therefore, what follows is expected to be sufficiently simple to fulfill the didactic purpose, yet
leaving large room for improvement.

Control design without input constraints Exploiting the cascaded structure depicted in Fig. 10.7a,
the proof of stability of the reference can be established using classical tools for such an inter-
connection. For this purpose, the stability and O-stability of C, x X, and Cs x X5, respectively,

are the key ingredients. This allows us to cope with non-linearities that are introduced by load
estimation as well as input constraints.

4The operator x interconnects its arguments.
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Figure 10.8: Input space R? with the set D (delimited by the red dashed lines) and the axes of
the new coordinates A and yu (grey arrows).

¢ The interconnection C, x X, can be robustly stabilized via the following state-feedback
with integrator on voltage deviation:

: z = (VV - U)/C
Co { o= —kiz— kp(Vr —0) — kyo. (10.17)

e Controller C;s has to ensure 0O-stability of 6 = J,(R). Remarking that the equilibrium
must verify v = Ro, the computation of V; /o can serve as a simple load estimator that
asymptotically converges to R provided that v — V,. By saturating the quantity V, /o
outside [R, R] to prevent division by zero, we obtain the following estimator R:R —
R, R]:

R(0) = satjg 5 (V;/0)

The following static map is thus a simple suitable candidate for C;:

_1

Cs: A
0 E

(ks(6:(R(0)) = 8) + V) (10.18)

whenever ks > 0.

Under the following technical assumption, this leads to a solution for Prob. 10.3.

Assumption 10.6. The map J,(-) is Lipschitz continuous.

Theorem 10.7 ([TD19]). Under ASM. 10.5 and ASM. 10.6, the map (i,v) +— d described
in Fig. 10.7b and (10.9), (10.10), (10.17), and (10.18), solves Prob. 10.3 if ks > 0O holds and
(kp, ki, kq) makes C, x X, robustly stable.

The experimental results obtained via the control law are reported in Fig. 10.2b. It can be
seen that the optimal steady state is tracked when R is time-varying, all the more precisely as
R(t) (related to 1/7) is small.

Dealing with input constraints Fig. 10.7a depicts the conceptual scheme that guides control
design. The implementation of the controller is illustrated in Fig. 10.7b. In this last subfigure,
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input constraints can be modeled by saturating the output of the controller to enforce d to re-
main within D. Let d; be the desired input vector before this saturation, and denote by (A4, 114)
its expression in the new coordinates. As on Fig. 10.8, assume that d; ¢ D holds because d; is
larger than 1, whereas 0 < dj, < 1 holds. Thus, the effective duty cycle impacting the system
is (d1,dy) = (1,dy,), as identified by the green cross in Fig. 10.8. Clearly, both A and u coordi-
nates of this last point are distinct from (A, y4), so that not only é but also (¢, v) are impacted.
Saturations restore a bilateral coupling between the dynamics of o and é.

The key point is that the coordinate yi; can be preserved. Indeed, the subset of D for which
U = Mg is non-empty. It corresponds to the continuous blue segment in Fig. 10.8. In this
segment, it seems natural to select the point that serves (OC) at best, that is, the point of the
segment closest to d;. In contrast to the first naive choice, this second choice complies with
the hierarchy of the control objectives, where (VR), related to p, is prioritized. Mere unilateral
coupling is achieved.

From Fig. 10.8, the above strategy is applicable as soon as the continuous blue segment is
non-empty, that is, if yp; belongs to [y, 1]. This is the motivation for imposing the following
constraint on the design of Cy: N

weE [pp =101] (10.19a)

Then, it suffises to apply the following u-dependent saturation to the output of C;:

T — Lo Loy oLel i foke L Ls
Ae [Ap),Ap)] = [max{ LTk 2L2},rrun{2L1 Lt LUVH (10.19b)

In order to preserve the cascade, the proposed methodology amounts to embedding the sat-
uration directly into C, and C;, after back propagation of the saturation mapping from the
output of the controller through the input change of variables, see Fig. 10.7b. As for prov-
ing Th. 10.7, the stability certificate can be obtained by exploiting the cascade, provided that
Cy % X, is robustly stable when the saturation of u applies, see (10.19a).

10.3 The underling output regulation problem and its geometry

In the remainder of this chapter, our goal is to review the design framework for solving
Prob. 10.3 offered in the previous section by adopting the under-determined output regula-
tion point of view used in Chap. 9. Standard solutions for Prob. 10.3 are also exposed, in order
to highlight the benefits of the proposed approach.

10.3.1 An output regulation reformulation

By adding the (fairly reasonable) requirement of the internal stability of the controller, Prob. 10.3
can be recast into an output regulation problem (i) by defining v as the output y of X and (ii) by
letting the regulated output e be the voltage deviation with respect to V;, which is assimilated
to the exosignal w, that is,

y=uv, w=V, e=y—w

This leads to the following matrices that complete the definition of X, see (9.3):

C=[0 01, D=0, P=0 Q=-1

Setting S = 0 implies that V; is constant.
From the discussion above, this output regulation problem is (i) under-determined, be-
cause there exists more than one stationary steady state satisfying e = 0, (ii) uncertain, owing
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to the unknown load R and (iii) subjected to constraints, because the current must belong to
Z x R at the steady state and the input d is confined to D at all times. As in Chap. 8, & derives
from X by taking D into account, but letting the state freely evolve in R?, see Rem. 10.2.

10.3.2 The geometric structure of X

Fundamental subspaces The geometric structure of X is now unveiled by computing some
of its fundamental subspaces:

(A|B) = R® (10.20)

Ker {B} NKer{D} = {0} (10.21)
R* =V, =V = (K|A) =Ker {[1 1]} ®{0} (10.22)

N =diag {L}Ker {[1 1]} (10.23)

Thus, one concludes that:
e Y is IR of the 2nd kind and of degree (p,v) = (0,1);
e 0 € F(V*) since V* = (K|A) holds;

e ASM 9.2 is satisfied, i.e. (A, B) is stabilizable, and the semi-simple matrix S satisfies
o(S) c C°.
Remark 10.8. The transfer function matrix is as follows:
ER

G(s) = L, L
() = CLIRZ + Lilas - (L T )R 2 1]
so that G(0) = ﬁ [L, Li] admits a non trivial kernel. As a result, this non-minimal system
is WIR in the sense of [Zac09]. °

The roots of the changes of variables Let ¥ be the first column of (J,0,v) — (i,v), see (10.9),
and let N and L, be the columns of the matrix of (A, u) — d, see (10.10):

1
._1 o _1 Ll/L5 Ll/LU
¥i=3 Ll] o IN L) =3 [_Lz Ls Ly /LJ : (10.24)

A key observation is that the matrix of (4,0,v) — (i,v) is adapted to R* = Vi ie Yisa
basis of R*. This means that ¢ is nothing but the coordinate of x in R*, whereas (0,v) are
those in a complementary subspace £, of R* in IR? spanned by the last two columns of this
matrix. Similarly, [N L,] is adapted to V. Hence, A and y are the coordinates of d in A" and
Im {L,} = L,, respectively, which is a complementary subspace of A" in R?. Note that £,, has
been defined to satisfy

[g} L, C Lyo {0} (10.25)

to separate the contribution of d to each subspace of R* ® L,.

10.3.3 Revisiting the problem solution in the known load subproblem

As a preliminary step, let us tackle the subproblem where the magnitude of the load R is
known. For the time being, let us also allow the input d(t) to take values outside D.
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Figure 10.9: Standard problem solution equipped with the annihilator introduced in Chap. 8.
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Figure 10.10: As in Chap. 8, an annihilator adds d to the input of ¥, see Fig. 10.10a. The
input space is then decomposed according to N’ @& £, = R? which leads to Fig. 10.10b from
which Fig. 10.10c is derived by moving ¥ ahead of the sum. Note that the dashed line conveys
the zero signal. The open-loop decomposition of Fig. 10.5 then derives from Fig. 10.10c by
exploiting (10.26).

Standard problem solution The answer to this simplified problem can be easily obtained
via a two-step procedure corresponding to the classical treatment of the output regulation
problem, see the beginning of Chap. 9:

1. Compute the optimal reference trajectories (u,, x,), i.e. the solution of the optimisation
problem (10.5).

2. Define a stabilizer which makes this equilibrium stable for the closed-loop system. Be-
cause X is controllable, the existence of K ensuring that A + BK is Hurwitz is guaranteed,
so that the standard stabilizer x — d = K(x — x,) + d, can be used.

Direct implementation of the methology of Chap. 8 If the hierarchy of the control objectives
is satisfied at the steady state, this might not be the case during the transient regime, though:
There is no guarantee that satisfying (OC) will not perturbe the optimal (VR) transient.

This is the motivation of implementing the methodology introduced in Chap. 8. This boils
down to add an annihilator C; of X to the standard problem solution, see Fig. 10.9. From
0 € F(R*), it comes out that A + d = NA is a suitable annihilator. Given an arbitrary
trajectory y = v, any transient of ¥ inducing the same output can be imposed by way of the
appropriate use of A, since C | has maximal range. In this sense, full exploitation of the degrees
of freedom is ensured during the transient regime. By addressing (OC) only through C; via A,
one ends up with a “priority-aware” controller that strictly meet the hierarchy of the control
goals.

Comparative analysis It is now shown that adding this annihilator is equivalent to decom-
posing the system, as shown in Fig. 10.5, i.e. Fig. 10.9 and Fig. 10.7a are equivalent up to a
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change of variables. To see this, let us focus on Fig. 10.10a where Fig. 10.9 have been partially
reported. From the caption of Fig. 10.10, one ends up with Fig. 10.10c. First, observe that the
cascade of N with ¥ in Fig. 10.10c corresponds to XJ, that is Z; for v = 0:

) : (A|R*, R*|B|N,0,0) (10.26a)

The output of this subsystem is zero. Specifically, XJ is the largest subdynamic of T that is
invisible from the output y = v. Second, note that the cascade of L, with ¥ in Fig. 10.10c
corresponds to 2,. This subsystem is derived from X using the canonical projection associated
with R™/R*:

% (A|(R"/RY), B[(R"/N),C|(R"/R"),0) (10.26b)

This corresponds to X disregarding the invisible dynamics. Saying it differently, it isolates the
smallest part of the dynamics that impacts the output. This discussion leads to Fig. 10.5, where
Y is also fed by v. This last observation originates from the fact that £, ~ R"/R" is not
A-invariant, unlike R*.

As a last comment, note that stabilizer x — K(x — x,) + d, in Fig. 10.9 can be split into two
parts, namely Cs : 6 — A = Ks(6, — d) + A, to control Zsand C;, : [§] — p = K, ([77] — [9]) +
Uy to stabilize X,,. The resulting scheme is analogous to Fig. 10.7.

Remark 10.9 (On the dependency of X5 wrt v). If L is not A-invariant, it is controlled invariant,
considering AL, C L, + Im {B}. Hence, there exists a matrix F such that the (¢, v) dynamics
can be made invariant via regular state-feedback. This fact has already been highlighted by
the dotted line in Fig. 10.5. With such feedback, and bearing in mind (10.25), the subsystem !
reads:

25 ((A+ BF)|Lo, Lo|B| Ly, C| Lo, 0)

Without this feedback, X, feeds s, as shown in Fig. 10.5. °

Remark 10.10 (From signal injection to input space decomposition). The annihilator on Fig. 10.10a
takes the A coordinates of the effective input. Hence, the A coordinate of the signal entering
on the sum by the left-hand side is eventually ignored. This motivates the introduction of
Fig. 10.10b where only the y coordinate is retained. o

Handeling the input constraints Remarkably, a priority-aware controller can even be de-
signed in the input-constrained context. Indeed, it suffices to use the annihilator C; of ¥ by an
annihilator C; to & with maximal range. Using Lem. 8.20, this annihilator reads:

C,:RZxR — R?

([Ad] Aed={ N (sati i 1u (N = A )+ (i g € [, 1)
Ha 02, (otherwise)

Indeed, sets ., and Z/A{,H;m (11.r) defined in Lem. 8.20 correspond to the two following sets
A _
{y €eR:3AeR, [N L,] [V] ED} = [ 1]

{A €ER: [N L] m € D} = [A(u), A(w)]

respectively, see (10.19). One recovers the strategy illustrated in Fig. 10.8.

SUnlike in Lem. 8.20, note that the first argument d; of C | is given directly in the new coordinates.
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Figure 10.11: The ubiquitous two nested control scheme.

10.4 Comparison with a standard problem solution

The fact that R is unknown is expected to challenge not only the stability of the desired equi-
librium but also its location in the state-space. The stabilizer is in charge of the former, whereas
the latter is related to the reference trajectory generator.

10.4.1 Standard problem solution

Owing to the unknown operating conditions, the standard solution to solve Prob. 10.1 is to
resort to a sequential design procedure leading to two nested control layers consisting of (i) a
stabilizing inner controller C;, working in concert with (ii) an outer controller Coy¢ driving the
inner closed-loop toward the optimal equilibrium. The challenge of avoiding bad interaction
between the two layers is addressed by imposing that the two loops operate at different time
scales. Typically, the outer layer is slower than the inner layer.

Inner controller design Let the inner controller C;, be as follows:

(ks ik, 0) = dr = (@ (Viet + ¢) — (ax — 1)v — Brix) /E, (10.27)

for all k € [1,2]. Scalars aj and By are the tuning parameters. The signal ¢y is fed by the outer
controller, see Fig. 10.11. This signal can be interpreted as a voltage reference shift, which is
distinct from one module to another.

Outer controller design Recall that a load-dependent solution (d,, x,(R)) of the optimization
problem is available. Thus, identifying the desired equilibrium amounts to estimating the
load. This can be achieved via an integrator on the voltage deviation. When | is quadratic, the
following outer controller Cyyt can generate ¢ from the integrator output:

z = €Vt —0), (10.28a)
¢ = Fz+H. (10.28b)

For a suitable selection of F and H, signal ¢ drives the inner loop to the optimal steady state
if € > 0 is sufficiently small. This scalar allows to slow down the time-scale of ¢, which is
equivalent to saying that € can increase the time-scale separation of the two loops. Selecting a
sufficiently small € allows the exploitation of the steady-state model of the inner loop to design
the outer loop. The expressions of F and H can be obtained by inverting this model.

Problem solution Next statement summarizes this discussion, see the bibliographical note
for references on how to compute the controller parameters.
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Theorem 10.11 ([Del+19)). If | is quadratic and T = R?, then the map (i,v) — d described in
Fig. 10.11, (10.27) and (10.28) solve Prob. 10.3 for some «, B, €, F and H.

10.4.2 The priority-aware controller of Subsec. 10.2

In the general robust context, the direct implementation of the methodology outlined in Chap. 9,
and devoted to the reference trajectory generator R, is impossible. Indeed, every subsystem of
R depends on the system parameters, see Fig. 9.4d on p. 158.

On solution of Subsec. 10.2 For bucks, not only the annihilator but also the input and state
change of variables are independent of the load. Therefore, the decomposition of ¥ as in
Fig. 10.5 can be performed even if R is unknown. This allows the use of the control struc-
ture depicted in Fig. 10.7 in the robust context. This leads to the solution being exposed in
Subsec. 10.2: C; is augmented by an integrator, which serves not only to regulate v but also as
a load estimator. From this estimation, Cs can drive J to the optimal current distribution.

Comparison with Th. 10.11 Recall that the standard problem solution relies on time scale
separation as the key feature to achieve stability. If this strategy offers tractability, it also un-
avoidably lowers performance: The transient of the outer loop must be sufficiently slow not
to destabilize the inner one. In stark contrast, the approach described in Subsec. 10.2 does
not require any time scale separation. Indeed, interactions between dynamics are handled via
geometric decoupling.

10.5 Miscellaneous

Before concluding, three additional solutions to Prob. 10.1 are outlined, and a discussion on
the conditioning of matrices is proposed.

10.5.1 The CAM solution

Outline of the solution Relying on the analogy highlighted in Tab. 10.1, the strict implemen-
tation of the CAM (see Subsec. 7.2.1 on p. 97) gives rise to yet another solution for Prob. 10.1.
The core idea of this strategy is captured by Fig. 10.12, built on the decomposition of X pro-
posed in Fig. 10.3. Compare Fig. 10.12 and Fig. 7.12 on p. 99, and observe how the dependency
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of X; wrt to v (see Fig. 10.3) is implemented. On Fig. 10.12, the static mapping X7 sums the
entries of its input.®
In accordance with the CAM, the control law is structured as follows:

e Cyis designed to address (VR) by computing a desired global effort o? in order to control
the output v;

* A takes the total effort reference ¢ as an input and delivers suitable desired current

vector i such that (i) the total current ¢ tracks ¢ and (ii) (OC) is met;

o (; aims stabilizing the response of the power modules and delivers the duty cycle d by
an internal feedback on i and v.

The design of C, is based on deadbeat control. This makes it possible to include the duty
cycle constraints in the control allocator A. For a quadratic | corresponding to the power losses,
the allocator computes the desired current i via an active set quadratic optimization method.
Signal i allows the tracking of the desired total current while ensuring the feasibility of d and
addressing (OC) as a secondary objective.

Comparitive analysis Compared to the solution of Th. 10.7, this new approach allows us
to comply with current constraints i(t) € Z at all times, modulo a short transient owing to the
response of C; * 7. In view of Rem. 10.2, the relevance of this feature is questionable. In
addition, this new solution is much more demanding in terms of computational resources, as
the implementation of A amounts to solving an optimization problem online and at each time
step.

10.5.2 An Hamiltonian point of view

Outline of the solution Introducing the energy variables in the model is the first step to
adopt the energy-based point of view characterizing the Hamiltonian framework, i.e. the
capacitor charge Q = Cv and the magnetic fluxes ¢ = Liix of the inductors. Using x :=
(91, ¢2,Q) as the state variable allows us to rewrite (10.7) as the following Hamiltonian sys-
tem:

¥x=(J—-R)ViH(x)+ Bd (10.29)

where H : R® — R is the total energy stored by the circuit:
1
H(x) = 5(1/L1 + 93/ L2+ 0?/C) (10.30)

Energy dissipation is characterized by R, whereas J together with B describe the interconnec-
tion structure:

00 O 0 0 -1 10
R=R'=(00 0|, J=-J'=1({0 0 —-1|, B=E|0 1
0 0 1/R 11 0 00

Define C : (¢1, ¢2,v) — @1 — ¢2. Observe that, for d = 0 and for all ¢, one has:

ekt = L)) = 1 -1 0] (J - R)VH((1) =0

SUnlike in Chap. 7, £} cannot be defined as the DC gain matrix of &;. Indeed, this gain is not a well-defined
mapping because the state matrix of X; has an eigenvalue at zero. Instead, £} should be viewed as the DC gain of
C ix Zi'

193



This relationship is valid for all H, which proves that C is a Casimir function, by definition, see
[Vanl7, p. 87]. From C, we define the following change of variables, where @7 is introduced:

C 1 -1 0] [¢n
¢r| = |Le/L1 Lo/Ly Of |¢2 (10.31)
Q 0 0 1] |Q

Physically, C reflects the flux distribution, and ¢ is the total flux. Let us also proceed to the
following change of input coordinates:

m B [LU}Ll Lg_/lLJ {Zj (10.32)

The use of these new input and state variables leads to a new Hamiltonian system, character-
ized by the same matrices B and R but modifying H and J as follows:

00 O
H’:%(cz/(Ll+L2)+¢2T/Lg+vz/c>, T =00 -1
01 0

The obtained system consists of two fully disconnected subsystems. The state and input of
the first one X¢ are C and ¢, respectively, whereas the analogous variables for the second one
Lo are (@1, Q) and p. The second subsystem can be physically interpreted as a buck converter.
From this structure, the stabilizing controller can be easily found if the load is known. Other-
wise, a strategy analogous to that of Subsec. 10.2 can be implemented: Design a PI controller
for the second subsystem and feed the controller of the first subsystem with signals containing
sufficient information to define the optimal equilibrium. The stability of the whole system can
then be proved by exploiting the resulting cascade.

Comparitive analysis Compared to the solution of Th. 10.7, this new approach leads to an
open-loop decomposition of ¥ characterized by disconnected subsystems and obtained via a
completely different path.” However, the benefit of this feature is reduced by the necessary
reintroduction of a unilateral coupling from X to X to identify the optimal flux distribution.
Besides, note that input constraints are not treated in this new approach.

10.5.3 A robust cooperative distributed control approach

Outline of the solution In statement of Prob. 10.1, it is implicitly assumed that d can be
computed in a centralized manner using the measurement of the voltage and of all currents.
A less demanding problem is the one where dj is delivered by a local controller using only
the local current and neighboring currents made available by a communication network. The
following controller provides an example of such an alternative solution:

m
Ze = Vit =0 — 7Y 0kl — i), (10.33a)
=1
m
dx = axv + Biix + Fz + Gy Z Qk,j(ik — i]'). (10.33b)
=1

7See Rem. 10.9 where it is shown that fully disconnected subsystems can also be obtained for the solution of
Th. 10.7, but using regular feedback.
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for all k € [1,m]. The scalars gy ; satisfy

)L (ffk—jle{l,m—1}),
Ok 0, (otherwise).

They determine the communication among the power modules. This choice corresponds to a
connected, undirected communication network topology. The other parameters of (10.33) are
gains to be selected offline. In this context, it can be shown that (VR) and balanced current
sharing is asymptotically achieved. Note that the control design requires neither the magni-
tude of R nor the number m of power modules.

Compared to the two-layer controller of Th. 10.11, observe that each local controller embeds
its own integrator, which is fed not only by the voltage deviation but also by the imbalance of
the local current iy wrt the neighboring currents i;.

Note that the controller (10.33) can cop with unknown false data injection Adj added to the
input channel dj. It can be shown that if Adj is bounded, then both (VR) and balanced current
sharing can be arbitrarily accurate via suitable controller gain selection.

Comparitive analysis The distribution of the control computation has important advantages
in terms of reliability and plug-and-play features. However, compared to Th. 10.7, the pro-
posed solution considers neither (CC) nor input constraint into account. (OC) is also only
achieved for the particular case of balanced current sharing. Finally, there is no guarantee that
the hierarchy between (VR) and (OC) is met.

10.5.4 Enhancing matrix conditioning via appropriate change of variable

Numerical tools are often used for gain synthesis. Matrix conditioning is essential for this task
to be accurate. This is problematic for the considered system. As an example, the design of
C, relies on the following matrices of X, which are typically poorly conditioned owing to the
difference in magnitude between inductances L, and C:

[0 -1/L _ [E/L,
A“L/C —1MRcJ' B“[ 0}

However, performing a suitable time-scale, state, and input change of variables gives to those
matrices the following expression:

A= rao) #=1)

where Qc = /C/L,. It also transforms ¥; into a set of disconnected integrators that are no
longer affected by v (as in the Hamiltonian framework), that is, § = A holds.

Then, one can use those better-conditioned new models to design a controller, from which
Cy can be deduced via the inverse transformation.

10.6 Conclusions

Recall the most remarkable features of the controller presented in Sec. 10.2:

* The lack of time-scale separation requirement which limits the achievable transient
performances and complicates controller gains synthesis since the bounds on € is
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often hard to compute;

* The ability of the control law to strictly met the hierarchy of the specifications. Note
that this feature is related to the existence of a cascade, see Fig. 10.5 which allows
for standard tools related to this structure to be used and, in turn, formal stability
proofs to be more easily derived;

* The electrical circuit interpretation of the subsystems of the cascade, which not only
allows to reuse existing results for the control of single power module but also facil-
itates the spread of the framework out of the control community;

¢ The universality of the solution since every control scheme solving the control prob-
lem can be reformulated into the proposed framework, due to the fact that the de-
composition of X is performed by manipulating open-loop equations, instead of
some precompensated model like in the two-nested loop framework.

The key features of the system enabling these achievements are as follows:

* R* =V, which implies that the bp-strong annihilator for the reference trajectories
generator R and the (simple) annihilator of the stabilizer S coincide;

* F=0ec F(R*= Vg‘p) which induces that this annihilator degenerates into a static
mapping for which maximality of its range can be achieved even when facing input
constraints;

¢ Neither N nor R* = V[fp is affected by the uncertainties, so that the geometric de-
composition of the system can be performed even in the uncertain context.

10.7 Bibliographical notes

Existing works

For technological motivations and general considerations on the parallel interconnection of
DC/DC converters, see [TV98; Shi+99; HT07] and other references cited in the next chapter.

The vast majority of existing results on this topic have been derived in the context of the
same converters (the same class of converters sharing identical electrical components). In this
context, balanced-current sharing is fully justified by the fact that it equally distributes stress
among the converters. However, several papers have demonstrated that making non-identical
converters work in concert would improve the unloading transient response and reduce the
output voltage overshoot [MZY10; STT14; Svi+13]. In the patent [Rep+17], asymmetric induc-
tors in multiphase DC/DC converters are proposed to achieve a fast transient response and
to optimize efficiency over the load range. In this case, a uniform current distribution is no
longer optimal.

Existing solutions to achieve nonuniform current sharing relies on “virtual droop resistors”
which can be interpreted as a low-frequency negative feedback (the feedback gain is the so-
called “droop resistor”) on current which aims adjusting equilibrium current [Ham+15; SK15].
Then, a rule of thumb is to fix the droop resistor magnitude for bus voltage to remain into
allowed bounds when the converter injects its maximum power [Gue+11; Ham+15]. As noted
in [SK15], this strategy maintains a constant current ratio between converters, whereas optimal
current sharing requires a load-dependent current ratio. In addition, this approach deals with
current distribution and voltage regulation as competing objectives. If priority is given to
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voltage regulation, the current distribution deteriorates, and vice versa. As a result, an optimal
current distribution can only be obtained by allowing a static error on the output voltage (see
[MTAO08]), see also [Bar+19] for an extension of such a method for a DC microgrid, and [BSL94].

Other methods fall into the category of “active current-sharing mechanisms”, that is, feedback-
based methods. Literature in this area is well surveyed in [Shi+99; HT07] for identical convert-
ers. Remarkably, almost all existing solutions use the two-nested-loop scheme depicted in
Fig. 10.11. Many solutions exist, depending on how ¢ acts on the inner loop, e.g. as a voltage
or current reference shift, and how it is produced, e.g. “master/slave” and “democratic” strate-
gies. However, theoretical proof of the existence of some attractive equilibrium for the overall
interconnection is seldom provided, even for the inner loop alone and under the assumption
that ¢ is constant.

If this strategy offers tractability, it also unavoidably lowers performance: The transient of
the outer loop must be sufficiently slow not to destabilize the inner loop. Relying on mod-
els with complex impedances, interesting research directions have been opened to go beyond
this frequency separation: In [TV98] arbitrary number of identical converters are considered,
whereas the case of two different converters is treated in [Sun+05]. However, theoretical stabil-
ity certificates of the overall system are not formally provided. Furthermore, control schemes
(the so-called “master/slave” and “democratic”) are a priori imposed even if discussions about
their intrinsic conservatisms seem hard to handle. Moreover, the variability of the load must
also be taken into account. In addition, generalization to an arbitrary number of non-identical
converters along those lines leads to a calculus burden.

We believe that the limitations of most of those existing results are inherent to the retained
methodology, which heavily relies on the interconnection of single-input single-output (SISO)
transfer functions.

Rephrased existing works

The interested reader can consulte [TD19, Sec.3] for an extensive analysis of the classical lit-
erature, the ubiquitous two nested loops, and the highlight that time-scale separation is the
fundamental tool for achieving closed-loop stability (even if it is seldom acknowledged).

Never seen elsewhere in this term (= new)

For all cited contributions below, an arbitrary large set of heterogeneous converters can be
handled, that is, power modules must not share the same value of L;. Furthermore, load-
dependent current distribution is treated either after off-line computation of the reference profile
(d:(+), xr(+)) as in [Del+19; TD19] or by on-line implementation of a continuous time gradient
descent controller [Kre+21a]. Finally, the constants Ej are not necessarily identical. Note that
this makes the proposed solution applicable to DC microgrids, where each power module con-
nects a generator/storage unit to the DC bus.

Literature on over-actuation were inspiring for those contributions, even if is rarely (never
?) acknowledged that parallel interconnection of buck converters is an overactuated system.

The two nested loops framework A comprehensive statement and proof of Th. 10.11 can be
found in [Del+19], where the preliminary study [TDG16] was extended. In particular, explicit
expressions of F and H are provided, together with guidelines to select suitable gains «,
and €. In those two papers, however, neither the input constraint nor the current saturation
are taken into account. It is also proved in [Del+19], both theoretically and experimentally,
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that the constant-current ratio is not always optimal. Considering an example of m = 2 non-
identical buck converters, it is shown that for low output power, most of the power should
be conveyed by one converter, whereas the opposite ordering should be preferred for higher
output power.

Note that the time-scale separation rationale makes those results close in spirit with the
approach offered in [Zac09]. They all rely on the idea that the inner-loop equilibrium (d, x)
can be slowly shifted to its optimal location. However, the strategy of [Zac09] consisting of
optimizing u is inapplicable to bucks. Indeed, all inner-loop equilibria share the same input
irrespective of the expression of Ci,, see (10.12). The quantity to be optimized is x (not u). This
makes this system beyond the scope of [Zac09].

The geometric approach Based on [TD17], the proof of Th. 10.7 can be found in [TD19]. If
the strategy to handle the saturations was already outlined in [TD19], a throughout treatment
of this solution is offered in [Kre+19].

Other approaches The implementation of the CAM is exposed in [Kre+21b]. Note that the
proposed design methodology notably differs from the classical one: When constructing C,,
both the limits of ¢ and the time delay induced by the internal loop A x C; x &; are formally
taken into account, see the end of Subsec. 7.6.1 in Chap. 7.

In [Kre+21a], the Hamiltonian point of view is adopted. This work was inspiring to de-
velop the change of variables offered in [Ndo+22, Lem.18], which improves conditioning of
the model and decouples the two subsystems. This result can be regarded as an extension of
the modular converters of the normalization proposed in [SS06b, p.15] for single converters.
The distributed controller is offered in [Sad+22], see Lem.3 of this paper for the controller gain
tuning.
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This chapter introduces new research avenues and intends to explore existing ones more
thoroughly. The first one aims to build a universal framework for the control of modular power
electronics converters. In this sense, it extends the results obtained on parallel buck convert-
ers and the 3-phases inverter. The challenges identified justify a series of research directions
around IR and its exploitation in control, that aimed at completing and extending the results
of this manuscript. Finally, the expected benefits of co-designing the system, its control and
the specifications are highlighted. To this end, the importance of inversion in the context of
constrained dynamic systems is emphasized.

11.1 A universal framework for the control of modular power con-
verters

Modular Power Converters (PC) are made of power modules that are connected via a certain
topology to let them serve a common goal by working in concert. Chap. 10 provides an exam-
ple of such a device, namely, the input-parallel-output-parallel connection of buck converters
feeding a common load. The star-connected inverter in Fig. 5.1 in Chap. 5 can be seen as yet
another modular PC for which the positive pins of three modulated voltage sources (corre-
sponding to the power modules in this specific case) are linked to the positive pins of the
loads, whereas all negative pins of the loads are connected to the neutral node.
Let us review the main arguments in favor of the modular approach in PC design:

¢ Enabling technical solutions (1/2): Input series-connected (resp. input parallel-connected)

modular PC can reduce the voltage exerted at the input of the power modules (resp. the
current flowing through the power modules) by distributing the input voltage (resp. in-
put current) among the modules; see [LDT18] and [Che+09, Tab.1]. This feature not only
reduces stress on the electrical components, but also enables technical solutions that can-
not be realized with standard non-modular solutions [MCR20]. For instance, the topol-
ogy of modular multilevel converters allows the distribution of the input voltage among
power modules such that each of them merely withstands a part of this voltage, which
typically has a very large magnitude [Per+21].

¢ Enabling technical solutions (2/2): Modular PC can also be used to reduce the out-
put voltage/current ripples by interleaving the currents of each power modules, at a
level that is unreachable via a single module for the same switching frequency [Tha+09;
Cid+11].

¢ Standardisation of the production and design: By using functional building blocks that
can be used for multiple applications, the modular approach results “in high volume
production and reduced engineering effort, design testing, onsite installation and main-
tenance work for specific customer applications” [CKKO09].

¢ Increase reparability: By using standard modules, this kind of power converters are ex-
pected to be more easily reparable. This, in turn, is expected to reduce the ecological
impact of such devices, when measured over the entire life-cycle.
11.1.1 Background on model and control of modular power converters
Control of modular PC
Existing control laws for modular PC often result from ad hoc developments. In [Gat+02], the

case of a 3-cells flying capacitors PC is treated via input-output linearization. In [GCG17],

200



a standard matrix converter is considered using binary control. Interestingly, an arbitrary
number of modules are sometimes considered see e.g. [HDD16] for flying capacitor PC us-
ing binary control, [Sim+23a; Sim+23b] for modular power flow controller in the context of
electrical microgrids using forwarding and singular perturbation theory, [De +12; Mes+23] for
parallel boost converters using linearization and LMI techniques, and flatness-based control,
respectively, to cite a few. If these results are valuable, it seems difficult to generalize them out
of the considered PC.

Besides, let us emphasize that formal analysis of the closed-loop is missing or unconvinc-
ing in most of the study (unlike in the above mentioned studies), see [TV98; Sun+05; Gir+06;
He+14; HT07; Shi+99] to cite a few and the literature review in [TD19, Sec.3].!

Least but not the least, very few existing control schemes comply with the hierarchy of the
control specification as the one in Chap. 10 does. As valuable exceptions to this statement,
Marc Bodson and its co-authors have successfully implemented the CAM on modular PC. The
case of 3-phases multilevel flying capacitor PC is treated in [BBF17]. The four-leg inverter is
the topic of [BBF18]. A modular multilevel converter is considered in [LFB22a; LFB22b]. As
outlined in Chap. 7, these solutions hinge on online optimization. Such an implementation
requirement is a real challenge for electrical engineering applications because the typically
involved dynamics can be extremely fast and in turn requires a demanding computational
setup.

As shown in Chap. 10, the inversion approach proposed in Chap. 8 and Chap. 9 requires
fewer resources for implementation. They are also scalable in the sense that increasing the
number of power modules does not lead to an explosion of the computation burden. This
should be confirmed by generalizing these approaches out of the context of Chap. 10.

The development of a comprehensive framework for the control of modular PC repre-
sents a highly significant research direction, which still offers substantial opportunities to
enhance existing findings.

Model of modular PC

The lack of a general model of modular PC is certainly an obstruction to the increase in the level
of generality of the control counterpart. For this task, rigorous mathematical formalization is
a major requirement because modular PC typically have a large number of inputs and outputs
with coupled dynamics. In this context, gain selection by intuition is hopeless.

The models that are useful for modular PCs are diverse and depend on their intended use.

¢ Design-oriented models: In the field of circuit design, the models usually considered as
relevant should provide information on the efficiency and thermal behavior of the circuit,
at the steady-state [Wan+09]. To this end, the challenge is to obtain current waveforms and
accurate loss functions, possibly via a frequency-domain approach [MD25]. To account

1 (i) Generally, formal proofs of stability (if any) very often reduce to the (local) analysis of a SISO model rep-
resented by a transfer function derived from linearization and linear circuit theory using impedances rather than
linear differential equations [TV98; Sun+05]. If eigenvalue analysis of the state-matrix is sometimes performed
[Gir+06], nonlinear analysis is very often out of the scope of the studies. In particular, this prevents the impact of
duty cycle saturations from being analyzed. (ii) Control law structures are often derived from mono-dimensional
nested loops [Sun+05; He+14]. This makes the analysis and guidelines for gain selection (if any) convoluted. This
is particularly concerning when stability actually relies on some hidden time-scale decoupling, whose validity just
hinges on the gain selection, see [HT07] and the analysis of [TD19, Sec.3]; (iii) Discussions of the results are some-
times hazardous, since they often attribute the obtained performance to the structure of the control law, without
demonstrating that the proposed gain selection is optimal [Shi+99].
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for power losses, including the parasitic elements of the electrical components is a com-
mon approach, see [Kaz08]. Note that if dynamical models are used, the complexity of
the model is not as concerning as that of the control-oriented model. Indeed, the former
are used for numerical simulations, whereas the latter often supports the construction of
formal stability certificates for a whole range of initial conditions.

¢ Controlled-oriented models: For control, on the other hand, what is expected of a model
is to be able to account for the dynamic behavior of the system, particularly in transient
regime. To achieve tractability, these models often ignore parasitic elements, as advised
by [SS06b, p.53]. Although we fully agree with this point of view for the transient regime,
we believe that these parasitic elements reflecting the power losses must be considered
when it comes to steady-state selection. This last subproblem is indeed part of the control
specifications in the case of a modular PC, as shown by Chap. 9 and Chap. 10. The
contradictions raised by this discussion are only apparent. As illustrated in Chap. 10,
steady-state selection can be made by taking parasitic elements into account via the |
cost function, as in Prob. 10.3 on p.182, whereas the dynamic equations discard those
elements given the closed-loop natural robustness properties.

Let us restrict our analysis to PC models that are useful for control purposes. In order to
obtain a universal version of these models, a wide variety of design choices and phenomena
must be taken into account. Let us list some examples.

¢ Different systems: There is virtually an infinite number of distinct modular PC, depend-
ing on the type of power modules (different type and sizing of electrical components;
different topology of interconnection within the module) and the considered topology
of interconnection of these modules; See [MCR20] for power modules made of submod-
ules; See [Per+21, Fig.2] for an example of the variety of topology of power module for
modular multilevel converters. As an example, Fig. 11.1 shows the classical four possi-
ble combinations of input-output connections of two modules. This diversity is mainly
motivated by the variety of applications, that is, the type of loads and sources that the PC
is intended to connect, see e.g. [Per+21, Sec.IV] for a review of applications of modular
multilevel converters.
In addition to the model of each physical electrical component, mutual inductances can
also induce non-negligible additional dynamics. This phenomenon can be intentionally
induced or be the consequence of the undesirable effect of the placement.

* Different state of health: The post-fault circuit can be distinct from any commonly used
topology. This dramatically enlarges the number of circuits to be considered.

¢ Different operating modes of the power modules: In Chap. 10, each power module is as-
sumed (i) to remain on and (ii) to permanently operate in Continuous Conduction Mode
(CCM). Improvement of the overall efficiency of the system is expected by allowing dif-
ferent operating modes, i.e. some power modules could be switched off or allowed to
operate in Discontinuous Conduction Mode (DCM) [Kaz08].

¢ Different loads: Purely restive load is considered in Chap. 10 as the most common and
simple choice. A constant power load is another more complex load behavior that is
commonly considered [Gri+98; El +19]. In this case, the output voltage v equals the
nonlinear function i — p/i where p > 0 is the power constant. Another common load
model is the ZIP load, which corresponds to the parallel interconnection of a constant
impedance (Z), a constant current (I), and a constant power (P).

202



+ + e 1+ 4
V ,in Vin Vol + + Vinl Vol Vo
+ + ] Vo Vi I: + _+
Vin Vo2 | 3 — Vin Vor |
(a) (©
3 + —+ + e
Vin Vini Vol Ve T Vini Vol +
- - v [ - ] v
e — N .
(b) (d)

Figure 11.1: Possible combinations of input-output connections of two modules, [Gir+06,
Fig.1].

¢ Different specifications: The specifications associated with modular PC are not uniform.
A control-oriented model must account for them. Similar to a conventional PC, the input
and output physical quantities may be either currents or voltages, and either sinusoidal
or constant [MCR20]. In addition, the hierarchy of specification items may sometimes be
reversed from those presented in Chap. 10, [MCR20].

¢ Different measurements: The types of measurements used by the control system also
vary widely.

* Different previews on load variations: In some context, the controller can have access
to some preview on the load trajectory, including transient magnitude and time of oc-
currence of the changes. Specifically, microprocessors, which are loads with fast tran-
sients, “can predict the energy requirement and time of code executions quite accurately”
[STT14].

A universal control-oriented model must accommodate various systems, states of health,
operating modes of the power modules, loads, and preview scenarios on their trajectories,
specifications, and measurements.

11.1.2 Toward a universal control-oriented model

Let us now give preliminary results on how to derive a universal control-oriented model for a
module PC.

Remark 11.1. As in the previous chapters, every current and voltage is assumed to be averaged,
unless explicitly stated otherwise, even if the notations do not explicitly mention this fact. e

General interconnection of healthy or faulty power modules

The electrical circuit of a modular PC can be very complex. The interconnection scheme can
indeed involve a very large number of power modules. For example, modular multilevel
converters used in a high-voltage DC system commonly have more than 200 submodules per
arm [Per+21]. In addition, each module can itself be an intricate circuit.
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Figure 11.2: Examples of inverter that belong to the considered class of voltage source invert-
ers.

Such complexity can be handled via graph theory. This subsection aims to illustrate this
statement by treating the class of voltage source inverters made of two voltage level legs. Even
in this case, it is worth noting that many different inverters can be found in the literature. They
differ by the considered topology. As an illustration, a few of them are depicted in Fig. 11.2.
The star-connected 3-phases inverter of Chap. 5 also belongs to this class, see Fig. 5.1.

The considered class of inverter The considered framework is as follows:?

e Arbitrary large number of loads z, (k € [1, p]), is considered, see Fig. 11.3a. These loads
are not necessarily identical;

* These loads are fed by (i) g voltage sources, see Fig. 11.3¢c, and (ii) m modulated voltage
sources, i.e. voltage generators connected in parallel with a two-level voltage leg, see
Fig. 11.3b. Denote by Ej; the magnitude of the k-th voltage source. Let di be the duty
cycle of the k-th leg.

2Notations of Chap. 5 are reused, after renaming u as 5.
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Figure 11.3: Elementary dipoles making up inverters.

Figure 11.4: Circuit of the considered class of voltage source inverter. Dashed lines illustrate
possible connection (i) of the positive pin of the k-th load and (ii) of the negative pin of the j-th
modulated voltage source.

* Depending on the considered topology, the positive pin of the load z is linked either
to the positive pin of a voltage source (modulated or not) or to some of the two pins of
another load z;, see Fig. 11.4. To take post-fault operation into account, the positive pin of
zj can even remain unconnected, leading to a floating potential. An analogous possibility

of connection is offered for the negative pin of the load z.

* Negative pin of voltage sources E; (modulated or not) can be connected either (i) to
the absolute reference voltage v, or (ii) to some local ground reference voltage v;, see
Fig. 11.3b. Hence, a non-zero voltage drop may exist between this negative pin and v,.

It is straightforward to verify that any of the inverters depicted in Fig. 11.2 and Fig. 5.1 falls

within the framework described above.

From the electrical circuit to the input/output model Based on the above discussion, each of
the considered inverters is a collection of components selected from the set of devices depicted
in Fig. 11.3. Since all of them can be viewed as dipoles, the digraph corresponding to the
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Figure 11.5: Digraph corresponding to the circuit of Fig. 5.1 in p. 52.

circuit is the result of the standard procedure described in e.g. [CDK87; DSB18]. For didactical
purposes, this procedure is now outlined for the star-connected 3-phases inverter in Fig. 5.1.

1. Construction of the digraph: The digraph deriving from the circuit of this inverter, de-

picted on Fig. 5.1 and equipped with current arrows, as in Fig. 11.3, is proposed in
Fig. 11.5. Observe the similarity between Fig. 5.1 and Fig. 11.5.

. Defining the current and voltage vectors: The nodes and edges of the digraph are ordered
to arrive at the following definition of the current and voltage vectors:

i=[i i i3 iw iwa ims)"
v = [01 Uy U3 Uy U;f]T
u=/[ uy up us Eod; Eody Eods ]"

N—_— ——
Uz

. A first model: The incidence matrix B of the digraph in Fig. 11.5 is specified as follows:

1 0 o1 0 O
o 1 0|0 1 O
B = 0o 0 1|0 0 1
-1 -1 -1, 0 0 O
o o 0 ]-1 -1 -1

Exploiting the fact that Kirchoff’s voltage law (KVL) reads u = BTv, direct algebraic
manipulation leads to the following model:

u, = Eod — (v, — v,)13. (11.1)

In this simple case, the above equation is nothing but uy = Eody — (v, — v,), (k € [1,3])
derived from KVL.

. Eliminating floating voltages: In (11.1), the output voltage u, depends not only on d but
also on the floating voltages v, and v,. Those voltages being unknown, the mapping
d — u, is therefore not suitable for control purposes. This obstruction can be overcome
by defining the natural projection P : R®> — Im {13}l, where Im {13}L is the orthogonal
subspace of Im {13} in R3. Projecting (11.1) via P gives the largest part of u, which is
always independent of v, — v,. This corresponds to the only physical quantity that can
be assigned via d. This can be interpreted as the af coordinates of u,, which means that
the 0 coordinate of u, remains out of control.

Fortunately, in the balanced load case, it appends that u, belongs to Im {15}", so that u, is

actually intrinsically independent of v, — v,. Exploiting this fact in the last step of the above
procedure allows to recover the equation u, = Hd, given at the beginning of Chap. 5 and
where u; is indeed independent v, — v;.
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Post-fault model The proposed framework can easily cop with post-fault control. To see
this, suppose that a short-circuit damages the leg of the inverter leg of Fig. 11.3b. Then, the
corresponding voltage u becomes either floating or equal to 0 or E. The above methodology
can readily handle any of these cases. Thus, a new model can be automatically generated.

Graph theory automatically considers all the different interconnection topologies of
power modules, regardless of their state of health.

Switched non linear models for elementary power modules

Power modules are usually dynamic systems Unlike in the above class of inverters, the
causal path from the duty cycle to the output voltages/currents usually involves a differential
relationship, so that the resulting input-output is captured by a dynamic model. As shown in
Fig. 10.3 on p. 180, the modular PC of Chap. 10 illustrates this fact: The output voltage only de-
pends on the duty cycle indirectly via the total current. In this case, the suitable mathematical
framework is closer to the contents of Chap. 8 and Chap. 9 than that of Chap. 6.

Even when focusing on the above class of inverters, note that the following two observa-
tions suggest that dynamical model is the appropriate tool to extend the previous discussion
further.

¢ The control of voltage vector u, considered in the above discussion is usually a mere
intermediate step toward the control of the currents flowing through the loads. The
discussion opening Chap. 7 illustrates this statement by recalling that a possible use of
the voltage-source inverter considered in Chap. 5 is the control of the currents flowing
into the phases of the AC motors. The causal path between the duty cycles and these
currents is captured using a differential map.

* Appropriate treatment of the criteria to be optimized when handling the degrees-of-
freedom in the inversion procedure call for dynamic systems. Recall that power loss
is a criterion for selecting a suitable homopolar duty cycle dy in Chap. 5; see the bibli-
ographical notes ending Chap. 5. Among others, switching losses motivate the use of
a current model, and hence a dynamic model, because switching losses depend on the
current value at the switching instant [Kaz08].

Power modules should switch between operating modes To reach the optimal steady-state
in any operating condition, power modules should be (i) turned off and on, and (ii) switched
from Continuous Conduction Mode (CCM) to Discontinuous Conduction Modes (DCM).

Let us consider these two points. (i) To allow a transition between on/off modes, a new
binary control input should be introduced for each power module. (ii) If the legs are made of
a controlled switch and diode, as in Fig. 10.4a, the rule governing the transition between DCM
and CCM depends on the magnitude of the current. In contrast, if two controlled switches are
used for the same leg, as shown in Fig. 11.3b, they can be driven in a complementary manner
or not [Kaz08]. This induces CCM or DCM when the average value of the current is sufficiently
small. As a result, the transition between these two modes can also be (partially) controlled via
yet another binary control input per power module. Let us emphasize that this kind of binary
input is non-standard: In the vast majority of the literature, binary inputs directly drive the
state of the controlled switched, whereas, here, the proposed binary input enables or disables
the lower controlled switch, while remaining within in the PWM framework.

The CCM and DCM averaged current models are distinct. As an example, the following
equation is proposed in [Jia+01] as a dynamical current model for the single buck converter in
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where T [s] is the switching frequency and E [V] is the input voltage. Compare (11.2) with
(10.3b), where CCM is considered. Note the nonlinearity of (11.2) wrt to (d, [1]).

Bilinear models capture the dynamic behavior of most of power modules in CCM The
most common types of DC/DC converters are well reviewed in [SS06b, Chap.2], namely buck,
boost, buck-boost, non-inverting buck-boost, Cuk, sepic, zeta, quadratic buck, boost-boost,
and double buck-boost converters. For any of them, it is shown that the implementation of the
PWM strategy leads to a dynamic averaged model that belongs to the class of bilinear systems,
provided that the load is purely resistive and the converter operates permanently in CCM.

The switched nonlinear model captures the relevant dynamics for the control purposes of
most of the power modules of interest. Bilinear models are a suitable class for capturing
the dynamics of power modules operating permanently in CCM.

11.1.3 Toward arobust, priority aware, and constraints compliant universal control-
law

Consider any member of the class of voltage-source inverters considered in Sec. 11.1 for any
state of health. Based on the above discussion, the mapping from the manipulable duty cycles
d to the load voltages u, can be captured via a static affine system. Consequently, the inversion-
based tools of Chap. 6 apply, verbatim. They lead to a controller that is relevant during both
the transient and permanent regimes and in any faulty condition. Because this procedure can
be entirely reduced to an algorithm, any faults of this type can be handled automatically, that
is, post-fault reconfiguration is at hand, provided that the fault can be appropriately detected.
In addition, the control framework is universal in the sense that any controller can be viewed
as the implementation of a particular policy for dealing with the degrees-of-freedom. Finally,
remark that the incidence matrix of the digraph is the only ingredient used in the construc-
tion of the model. Unlike system parameters, this matrix is not subjected to uncertainties, so
robustness is not expected to be an issue in this case.

The ultimate goal is to achieve analogous results for a universal (dynamic) model of mod-
ular PC. To this end, preliminary investigations are outlined. They are intended to complete
the material for Chap. 8, Chap. 9 and Chap. 10.

Change of variables to isolate the dynamic induces by complex load behavior

The framework of Chap. 10 not only complies with the hierarchy of the specifications but also
greatly simplifies the treatment of nonlinearity in the load model. Indeed, the decoupling
introduced in this chapter can be achieved regardless of the load model. This implies that non-
linearities in the load model are confined to subsystem X, with a single virtual module, which
can be treated via any results of the literature devoted to standard nonmodular PC, for exam-
ple, see [KK07; He+18; El +19] for buck, buck-boost, and boost converters, respectively. It is
expected that the same decoupling approach can be achieved for some other parallel modular
PC, and perhaps other interconnection topologies.
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The changes of input and state variables, similar to those discussed in Chap. 10, could be
employed to address nonlinear load models by allowing the use of standard results for
nonmodular PC on the same type of load.

Hyperrectangles for duty cycle, current and voltage constraints

For any PC, the set D to which the duty cycle vector d belongs is the hypercube [0, 1]™. Hence,
the specific case where the input set is a hyperrectangle already encompasses any case of in-
terest when a PWM strategy is implemented.

Guarantying that both the current and voltage limits are not overtaken is also of utmost
importance. Overvoltages can indeed destroy submodules in modular multilevel converters
[Per+21; Mar18], just like overcurrents can damage the coils in the modular PC considered in
Chap. 10.> Importantly, these limits are also decentralized saturations and can therefore be
captured by the class of hyperrectangles.

The simple class of hyperrectangles already allows the modeling of the duty cycle, current,
and voltage constraints.

Control of modular PC is an under-determined output regulation problem

General control problem of PC is an output regulation problem Any control problem as-
sociated with a PC can be coded as an output regulation problem. It suffices to associate the
input and output references of the PC to a component of the exogenous signal w. Depending
on the considered problem, these components can be made constant (DC) or sinusoidal (AC)
by defining matrix S accordingly. Recall that treating robustness against parametric uncer-
tainties, including parametric load variation and output feedback, is the standard second-step
topic following the full information problem considered in Chap. 10, see [Isil17].

Controlling current/voltage sharing dynamics in a robust and optimal way As in Chap. 10,
the steady-state power flow through the modules must be optimized. To this end, essential
tools can be found in Chap. 9. Besides, this optimization should be performed despite the load
variations.

Let us review the answer to this requirement offered in Chap. 10. In the output regulation
problem paradigm, the integrator of C, in Chap. 10 plays the role of an internal model of the
exosystem. By embedding such a model, this enables robustness of the closed-loop voltage
deviation dynamics wrt uncertainties of the model, like load variation. In contrast, the current
distribution deviation (wrt the optimal one) has been computed by solving an offline model-
based optimization problem. This approach is intrinsically fragile to modelling uncertainties.

To enhance the robustness of the optimal current distribution, one can perform an online
computation of the optimal current sharing problem. Implementing an extremum-seeking
strategy on the § dynamic is one way to proceed. As customary, bad interactions of this addi-
tional control layer with the § dynamic should be easily prevented by resorting to a time-scale
separation strategy [AKO4]. Let us stress that this extremum seeking strategy does not affect
voltage regulation at all.

Note that another motivation for solving the optimal steady-state problem online is the
difficulty in computing the analytical solution, see Sec. 7.6.3 in Chap. 7 for insights into how to

3 As far as the current constraints are concerned, recall that distinct limit values should be used depending on
whether the transient or permanent regime is considered; see Rem. 10.2.
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Figure 11.6: Impact on the transient of preview on load trajectory. Observe that phase (d) can
be made shorter by reconfigure the steady-state in phase (b) before the disturbance changes.

implement this online optimization. Finally, recall that in the most general context, selecting
the operating modes (on/off and DCM/CCM) should be part of the optimization process.

Taking advantage of preview on load variations Let us outline another motivation for solv-
ing the steady-state optimization problem online. Consider the case of two power modules
connected in parallel to a common resistive load, as in Chap. 10. Assume that the load sud-
denly increases, so that the total current must quickly decrease to regulate the output voltage.
Assume further that the controller has some preview on this load variation. In this case, we
claim that the transient can be enhanced by taking advantage of the heterogeneity between the
two modules. To see this, assume that the first module has a lower inertia than the second one,
as in Chap. 10.

¢ Consider first the scenario where the controller has no preview, as illustrated in Fig. 11.6a.
In this case, when the load changes, each power module decreases its current as fast as
possible (the duty cycles hit their lower bound, that is 0), individually. In general, the
transient duration in phase (d) is determined by the slowest power module.

e If the controller know in advance how the load will vary, as in Fig. 11.6b, more current
can flow into the first module than in the second module before the load variation, as
illustrated in phase (b). Let us emphasize that this can be achieved in an invisible way
from the output by reconfiguring the current sharing and letting the total current un-
changed. When the load increases, then the slowest module is already close to its new
reference, so that the transient is shorter, as in phase (d). This opposite observation can
be made for the other module. This strategy allows for the reduction of the overall tran-
sient.

Note that low inertia typically comes with high steady-state losses, so that the steady-
state reconfiguration before load variation should be performed at the last moment, i.e.
phase (c) in Fig. 11.6b should be as short as possible.

The control of modular PC is an under-determined output regulation problem for which
the steady state, related to the power flow through the modules, can be optimized online
for e.g. avoiding complex analytical solving, improving robustness, and taking advantage
of preview on load variations.

210



11.2 Perspectives on the control of IR systems

Each of the research directions outlined in the previous section for modular power converters
can be related to gaps in the control literature. Some existing results that partially fill these
gaps are now discussed. Each of them can be seen as perspectives of the previous chapters.

11.2.1 Nonlinear spaces

Reference trajectories compliant with the constraints Unlike Chap. 9, Chap. 8 includes re-
sult for the constrained case. Extending the results of Chap. 9 in this direction is to be done.
The first step is to enlarge the scope of the incremental analysis developed in [TK24] which
enabled the derivation of the result in Chap. 8. This results in expressing (u,, x,) relative to
any (uf ,xf ) € R(w). As stated in Lem. 9.13, the resulting incremental trajectories (i, X,) lie in
R(0), i.e. y = 0 is induced by (ii;, %,). In the constrained context, (#,, X,) must also belong to
some time-dependent sets. It is anticipated that a result similar to that of Th. 8.15 holds true:
The trajectories for which redundancy is destroyed by the constraints are singularities.
Generally, the generation of optimal trajectories satisfying some given constraints can be
seen as an optimal control problem. The time horizon corresponds to the period of the peri-
odic exosignal. The initial conditions w(0) and x(0) parametrize the problem and define the
terminal constraints to impose the continuity of the periodic trajectories. This topic is closely
related to what is often called motion/path planning in robotics [LaV06; Mal+22; Ioa+21] and
guidance in the aerospace field [Lu21]. For IR systems subjected to input constraints, the sum-
of-square tools used in [VG13] is an interesting starting point for constructive results.

Dealing with the state set Set invariance theory is the traditional framework used to handle
state constraints [BMO08]. Control barrier function has also be proposed as a tool to achieve
constructive results [Ame+19]. See also projected dynamical systems, for which set invariance
is ensured by redirecting the vector field at the boundary of the set [HT23].

Particularization to specific type of sets The main results in Chap. 8 on the characterization
of IR in the context of input and state constraints are general because they apply to any set.
Particularization of Th. 8.15 to some class of sets of interest could strengthen these results
with a low loss of generality from the control practitioner point of view. The case of convex
sets or even polytopic sets is of particular interest. In the context of convex sets, a suitable
characterization of the set S of IR pairs (xp,y) may be achieved by leveraging the extremal
trajectories. This would mimic the analysis of the null controllable region performed for LTI
systems subjected to input saturation, as discussed in [HL01, Chap.2].

Preserving the classical architecture of output regulation One of the aims of this manuscript
is to propose an treatment of IR that preserves the classical architecture illustrated in Fig. 9.1
and where the reference trajectories generator R feeds the stabilizer S. Without constraints, it is
shown in Chap. 9 that the use of this architecture is not conservative, i.e. any controller solving
the output regulation problem can be reformulated in this framework.

Perhaps, this architecture can be exploited to handle nonlinear input and state constraints.
The obtained solution will differ from that in [ZCS17]. In this last study, R is indeed allowed
to generate reference trajectories for which e # 0 by allowing what are called intrusive actions.
This relaxation is meant to help the stabilizer ensure compliance with the input and state con-
straints in the transient. In line with Chap. 9, what is envisioned here is to rather make a
clear distinction in the roles played by each subsystem: The transient is handled by S, whereas
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R only accounts for the steady state and therefore only delivers trajectories compatible with
e = 0. Equipping both stages with appropriate annihilators is expected to be beneficial for
addressing these constraints.

How can constructive results be derived to handle the input and state constraints? For
the output regulation problem, is the classical architecture helpful for this purpose?

11.2.2 Nonlinear dynamics

First results on IR have been obtained for linear systems and linear input and state sets. Very
often, dealing with nonlinear dynamics is envisioned as the next step. In this manuscript, we
rather tackle the case of nonlinear sets. Let us now give a few references containing insights
for the case of nonlinear systems.

Considering the flavor in this manuscript, differential geometry seems to be the natural tool
to extend the analysis to a nonlinear vector field. In the control community, standard references
on this topic are [NV90; Isi95]; See also [Res90] for results on left and right invertibility.

Perhaps dealing with a less general problem as an initial treatment would yield valuable
insights.

¢ Given the importance of bilinear systems for modular PC, this class of nonlinear sys-
tems is of particular interest; See [PY10, Chap.1, Sec.7.3] on left-invertibility of bilinear
systems.

* LPV or quasi-LPV systems could be used to enable a linear treatment to nonlinear dy-
namics [MB04].# Results on IR for LPV systems can be found in [K]22; VK]24c; VK]24b].
In [K]22, Def.1], robust IR is defined by the following condition:

dxo, Juy # w2, VO 1y =12

This definition is close to the treatment of uncertainties proposed in [BM87; CPM91],
where a constant subspace is said to be a robust controlled invariant if it is controlled
invariant for all parameter values. A less restrictive perspective is adopted in [VK]24c]
where adaptive IR means that %(#) is IR for some 6, i.e.

36, 3xo, Ju1 Fup :y1 =y

Note that, 6(-) is allowed to be time-varying in [VK]J24c].

It is expected that IR of (i) the electropneumatic system discussed in [Abr+16] and (ii) the
permanent magnet synchronous motor [Kre+18b] can be treated via LPV systems. Phys-
ically, IR for these systems originates (i) from the independence of the piston position wrt
to the sum of the pressure of each chamber, and (ii) the independence of the torque wrt
to the current in the d-axis.

* The above discussion highlights that the case of parallel buck converters feeding a con-
stant power load is an example where the nonlinear model is actually an nonlinear SISO
mapping surrounded by SIMO and MISO linear maps, i.e. a sandwich system [SSS12,
Chap.10]. This feature allows for a linear treatment, effectively confining the nonlin-
earity to a low-dimensional subsystem, which is merely unilaterally coupled with the
remaining linear systems. This kind of combination of linear and nonlinear methods is
expected to give elegant constructive results in other cases.

4See also [T1c89] and, in particular, the discussion in the introduction on the advantages of treating nonlinear
systems as linear time-varying systems when possible.
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How can constructive results be obtained in the case of nonlinear dynamics?

11.2.3 Resolving under-determination of the steady-state

If an exhaustive parametrization of the acceptable steady states is offered in Chap. 9, the com-
putation of the optimal solution was not discussed. Even in the constraint-free context, some
remarks can be made on this topic. First, the relevant application can require a non-trivial setup
such as a mix integer or non-smooth optimization, even for a set-point steady state. The opti-
mal power flow in modular power converters is an example: Recall that binary inputs should
be associated with each module to identify its operating modes (on/of and DCM/CCM). In
addition, the cost function (typically, the overall losses) could be non-smooth owing to possible
non-differentiability at the transition between the CCM and DCM. We now make two further
remarks.

Disturbance rejection with preview Inspired by the above discussion on parallel power
modules, we believe that disturbance preview can be exploited for many other systems.® The
discussion supported by Fig. 11.6 can be generalized as follows: Before an abrupt change in
the operating condition, the zero dynamics can be reconfigured by driving the slowest sub-
systems closer to their expected post-perturbation new set-point. In general, the states of the
other subsystems are also modified to make this internal reconfiguration invisible from the
output. However, their ability to move faster to the new set point could make the direction of
this pre-motion insignificant. Such a strategy could be seen as an internal energy redistribution
ahead of the disturbance strike.

An additional application of previews is to increase the overall energy of the system, thereby
reducing its sensitivity to external disturbances. As an illustration, consider the pneumatic
cylinder shown in Fig. 11.7. Assume that the control goal is to regulate the position y of the
mass to a constant value. Suppose that a hammer strikes the mass when the system is at rest.
The magnitude of the resulting motion of the mass depends on the intrinsic stiffness of the
system, which is closely related to the sum of the pressure. Thus, increasing the total pressure
ahead of the strike is expected to decrease the post-strike motion. Importantly, this variation
in the total pressure can be performed in such a way that the mass does not move. It suffices
to preserve the difference in pressures in the two chambers. We emphasize that these conclu-
sions are independent of the aggressiveness of the feedback control law. Indeed, the impulsive
nature of the strike prevents the servovalves from modifying the pressure in both chambers
fast enough to reject the perturbation, i.e. both servovalves are at their full capacity in the first
post-strike phase.

A similar third example is studied in [Kre+18b]. A permanent-magnet electrical motor is
considered. An abrupt torque demand is assumed so that the manipulable inputs hit their
bounds in the immediate post-demand phase. Depending on the direction of torque demand,
it is shown that the total energy can be increased or decreased beforehand by adjusting the
current in the d-direction. If this current has no impact on the electrical torque, it can be related
to its maximal derivative. Because this preloading is energy consuming and must comply
with both input voltage and current limits, an optimization problem is formulated to let the
user adjust the level of preloading.

5The preview scenario over a short horizon could be seen as a realistic tradeoff between the too pessimistic Heo
case (where nothing is known on w) and the too optimistic one, where w is known on the entire time axis. Note
that knowledge of the model of the exosystem, which is commonly assumed in the output regulation framework,
is yet another tradeoff of this kind.
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Figure 11.7: Pneumatic cylinder, [Abr+16, Fig.2].

The problem of disturbance rejection with preview is considered in [Tom75; MNZ05; MMO6].
In [MNZ05; MMO06], the optimality of the rejection is measured via the H, norm of the system
mapping the disturbance to the output. An explicit connection between this problem and
IR has not been reported in any of those papers. In fact, assumption A2 of [MMO06] implies
left-invertibility, i.e. not IR. In this case, the pre-strike reconfiguration necessarily affects the
output. In addition, no input limitations were considered in those studies.

Non stationary permanent regime Most of the times, “optimizing the permanent regime”
is thought as “selecting the best input and state constant set-point”. According to the follow-
ing quote, in many cases, the search should be enlarged to a nonstationary regime and, in
particular, to a periodic steady state.

“The fact that a periodic operation may be advantageous is well-known to mankind
since time immemorial. All farmers know that it is not advisable to always grow
the same crop over the same field since the yield can be improved by adopting a
crops rotation criterion. So, cycling is good.” [BC09, p.x]

It has been shown that some uncertain systems can only be robustly stabilized by resorting
to periodic control [KPT85]. This type of control can also improve the closed-loop performance.
For instance, “waste production may be suppressed by cycling” [Bai74]. See pioneering appli-
cations of this idea in the area of chemical and aerospace engineering fields, see references
[1-5] in [BCO9]. Furthermore, periodic control has been proposed to stabilize some under-
actuated systems [Fre+08; Mor+95; Shi+06]. PWM control of power converters are obviously
relevant examples of this kind, considering that binary inputs are nothing but a particular
kind of under-actuation; see, for example, [Ben+16] for the construction of an optimal periodic
steady state with binary control for multilevel converters. Finally, obstruction to stability via
time-invariant control is a strong argument in support of periodic control. One can cite the
stabilization in SO(3) [CSM11] and the control of non-holomonic systems [BMZ05; Cor92].

In the output regulation framework, periodicity is induced by the types of trajectories that
the exosystem is capable of producing. For suitable control, these persistent oscillations lead
to an internal periodic motion of the closed-loop system. Thus, a non-stationary permanent
regime is commonly thought to be the (unavoidable) consequence of the periodic reference
to be tracked and/or a periodic disturbance to be rejected. Out of the two situations, many
examples suggest that periodicity is also desirable. To illustrate this point, consider the orbital
station-keeping problem, that is, keeping a spacecraft at a specified distance from, for instance,
Earth. The deviation with respect to this distance is the regulated output. In this context, set-
point stabilization means that the spacecraft is maintained at a constant location. This, in turn,
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requires that a constant force is produced to counteract gravity. Such a scenario is unrealistic,
considering the induced energy consumption of the actuators. The well-known solution is
to induce an orbital motion while keeping the altitude of the spacecraft constant. In other
words, it creates an internal periodic regime while maintaining output regulation at zero. A
spin stabilization spacecraft is yet another example where a periodic steady state is created by
setting the spacecraft spinning (just like a spinning top) in order to use the gyroscopic action of
the rotating spacecraft mass as a stabilizing mechanism and, in turn, to decrease the sensitivity
to external perturbation. In view of the above discussion, it seems that intentionally creating an
internal periodic regime can improve the achieved performance in some cases. This scenario
is more easily induced on IR system, because the dimension of the zero dynamics is typically
larger.

“Unfortunately, as pointed out in [15], periodic control was still considered “too
advanced” in the scenario of industrial control, in that “the steady-state operation
is the norm and unsteady process behavior is taboo”.”[BC09, p.x]

In this quote, reference [15] dates back to 1972. Has this perception fundamentally changed?
The material of Chap. 9, and in particular, the concept of bp-strong annihilator, is a suitable tool
to induce a periodic regime and then optimize it, because it allows an exhaustive parametriza-
tion of the set of admissible steady states for the output regulation problem, hence including
periodic motion.

How can IR be used for the disturbance rejection problem? An internal periodic steady
state can be more easily induced if the system is IR. How can this feature be exploited?

11.2.4 On robustness

The entire manuscript relies on the concept of inversion, that is, feedforward. Not feedback.
This approach is usually considered as fragile.® We agree with this statement to a certain
extent, as indicated by the following observations.

¢ Inversion can be (sometimes) successfully implemented in practice: The inversion strat-
egy discussed in Chap. 5 for the voltage source inverter has been implemented in prac-
tice for years. And it works. Similarly, successful experimental results implementing
inversion-based control of the parallel bucks of Chap. 10 were reported in [TD19].

* Choosing between feedback and feedforward is not the question: It seems to us that a
suitable control scheme is an ingenious blend of inversion and feedback. As a general
guideline, we suggest to “inverse what is known by feedforward, and tune the rest online
by feedback”, see [Dev02] on this topic.

¢ Fragility is not an absolute concept, because not everything needs to be precise: Gener-
ally speaking, control specifications can be classified into two categories: Stability and
optimality (of the transient and/or the steady-state). Stability issue is rightly considered
very crucial. No compromise should be accepted regarding this. The optimality is dif-
ferent. It seems that in many practical cases, near-optimality is fully acceptable. As an
illustration, consider the case of output feedback in an SISO dynamical system. Provided

®One should rather say that it is periodically considered fragile, in view of the following quote: “Feedback is a
very powerful tool, but, maybe because of its simplicity, it often gets overlooked and forgotten, and it seems that
its advantages need to be rediscovered every 20 years or so.” [Sko09, p.149].
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that stability is at hand, the closed-loop performance achieved by a simple proportional
controller can be considered satisfactory, even if a small output deviation remains at
the steady state. Equipping the controller with an integral part to reach perfect/optimal
steady state could sometimes be seen as an unnecessary complication and even irrelevant
if, for example, the basin of attraction is reduced. As in the introduction, the message is
that the specification list is ordered. If robustness is required for the foremost control
goals, near-optimality can be accepted for less important goals. Perhaps our efforts as a
control scientist should be allocated in accordance with these lines.

Bearing these generalities in mind, the issue of the robustness of IR systems is discussed.

Necessity of the Non Resonance condition (NRC) is about modelling, not control

NRC is necessary for structural stability Consider that ASM 9.2 on p.150 holds true. In
this context, the NRC ASM. 9.3 on p.151 is necessary if structural stability is required, that
is, preservation of both closed-loop stability and assumptotic regulation in a neighborhood of
the nominal case in the parametric space [Fra77, p.487]. The key point is that, in [Fra77], this
parametric space is related to every matrix of the system. In other words, structural stability is
related to the robustness wrt any matrix entries of the systems. In general, this requirement is
too demanding, because some system parameters are known, for example, for a SISO system
in the observability canonical form, a single column of the A matrix is parameter-dependent.

The above comment suggests that there exist systems for which the NRC is not valid, but
the output regulation problem can be solved robustly, i.e. for any relevant parametric variation.
Next example is just an illustration of this statement.”

~ ")

Example 11.2. Consider the following system

X=—ax+ut+w (11.3)
e = px = —afx + Ppu+ pw (11.4)

parameterized by & > 0 and B # 0, where w is driven by the exosystem w = 0.
In this case, observe that:

detPs(s) = det [_“ TBS 1} = —Bs (11.5)

so that
rankPy (0) < nrankPy, = 2 (11.6)

is valid for all (¢, ) € R x R*. This proves that 0 is an invariant zero of the system (as well as an
eigenvalue of S) whatever are («, ) € R x R*, i.e. the NRC is valid nowhere in the parametric
space.

However, the output regulation problem is indeed solved if u = —ke + up, k > —1and u, is an
arbitrary constant. This can be easily seen from the transfer function matrix of (up, w) — e:

s
(1+k)s+a 1

As a last comment, note that the set R(w) of reference trajectories for which e = 0 reads R(w) =
{(ur, %) : —axy + ur + w = 0,1, = % = 0}. For all constant w and all « € R, this set does not
reduce to a singleton, i.e. the steady-state is under-determined.

\. J

"Note that the less trivial system w = 0,%1 = —yx1 +axy +au, Xy = axy +au+ pw,e = yx1 + pw parametrized
by &, B,y € R* leads to an analogous conclusion.
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NRC is necessary for universal solvability of the regulator equations The same conclusions
can be drawn by focusing on the regulator equations. Under ASM 9.2, recall that the solvability
of these equations is necessary and sufficient for the non-robust problem to admit a solution;
see Lem. 9.12. The NRC is necessary and sufficient for the regulator equations to be universal-
ly/generically solvable, that is, to be solvable for any small enough variation of any entries in the
data of the problem; see [Hau83a] reported in [TSH12, Th. 9.10]. This is indeed a well-known
fact that robust solvability of algebraic problem is easier to handle than individual solvability,
i.e. solvability for given parameter values.® Rem. 9.7 of p. 154 can be seen as an illustration of
this statement.

Structural analysis for the output regulation problem An intermediary point between uni-
versal and individual solvability pertains to structural analysis [DCV03; RAP22]. Recall that
the data of structural analysis are merely the identification of which parameters are identically
zero, the others being free. For LTI dynamical systems in state space form, it corresponds to
the location of fixed zeros in the matrices of the quadruple. From these information, structural
analysis investigate systemic properties (like controllability, invertibility, the finite and infinite
zero structure) which are true for almost any value of the free parameters (not fixed zero).”
Structural analysis can be seen as more realistic than the two extreme cases where all param-
eters are assumed (i) to be perfectly known or (ii) to be subjected to uncertainties. Based on
this discussion, solving the output regulation problem for structured systems is desirable. This
strategy would enable us to leverage a more accurate model that clearly differentiates between
elements that are genuinely uncertain and those that are definitively known.

By focusing on super-robustness, that is, structural stability or universal solvability, the
non-resonance condition could be too pessimistic. Adopting the point of view of struc-
tural analysis when solving the output regulation problem would be more realistic.

An internal model approach

Robust output regulation for IR systems has already been tackled in the literature. We interpret
the approach proposed in [CSZ18] as an adaptive strategy where the dynamics of the input
of the nominal annihilateur is defined via gradient descent flow dynamics, see [CSZ18, (17)].
References [CPM91; CP93; KJ22; VK]24b; VK]24a; VK]24c] already cited for the LPV case could
be used as an essential ingredient to treat the robust case by following the standard strategy of
designing an adaptive control law fed by an observer of the uncertainties.

The above strategies share a common characteristic: They do not apply the internal model
principle, saying that the internal model of the exogenous system must be embedded to achieve
the “super robust” structural stability. We believe that there is potential for further enhance-
ment in the effective application of this principle to IR systems. The following example illus-
trates the potential results that can be obtained by applying this idea.

[ Example 11.3 (Ex. 7.4 of Chap. 7 continued). Consider the case in which the second actuator is ]

8 As an example, Ax = b is universally solvable in x iff A is full row rank. This condition does not depend on b,
unlike the more involved individual solvability condition b € Im {A}.

9Note that terms in the literature are quite confusing: Structural analysis as in [Fra77] is about non-structured
systems as in [DCV03].
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Figure 11.8: An internal approach for the robust case.

dynamic. Recall that the quadruple of the cascade of X, and X, reads as follows:

Al B -1 g |10
C =| 0 —a|0 «
1 0100
The system parameters and their nominal values are « = 1 and B = 2. Define e = y — w with
@w = 0. The set of admissible steady-state trajectories

R(w) = {([w_ﬁxﬂ ) [“’D Xy = —ozxz—l—uz,uzeBﬂPC}

Uus X2

can be parametrized by u, which is assumed to be bounded and piecewise constant. Let us
denote by R;(w) C R(w) its subset that gathers the time-invariant trajectories:

| w(0) —p
R;(w) = (t > b, xi) : Bl’} €T = w?O) + span g
r
0 1

Recall that the standard problem solution is obtained by selecting beforehand the optimal steady-
state (u,, x,) in R;(w) and then implement an internal model strategy, that is, adding the inte-
grator Z = e and computing a robust stabilizing output controller u = k(z, e) for the augmented
system. The closed-loop system then converges asymptotically to the desired steady state. This
strategy would be entirely satisfactory if (i) it ensured that the steady state remains optimal, even
in the face of unpredictable disturbances, and if (ii) (i, x,) were optimal wrt to R(w), and not
its subset R;(w).

We propose retaining the advantages achieved here without questioning the existence of the
internal model. In the absence of an accurate plant model, optimality would be pursued by
exploring R(w) via an extra term u. added to u. As an initial discussion, let us replace R(w)
with 7 in the previous sentence. The corresponding picture is shown in Fig. 11.8 where the
output of the stabilizer has been renamed us. The crucial point here is that this exploration
of 7 is significantly facilitated by the super-robust inner and outer stability of Z. Indeed, this
feature ensures that the necessarily partially blind exploration of Z to achieve optimality does
not undermine its stability. The foremost control goal e = 0 is satisfied in a super-robust manner,
whereas optimality in 7 is treated via a best-effort approach and achieved asymptotically.

Let us comment on the above example.

¢ Exploration of Z: Perhaps an extremum seeking strategy can be implemented to explore
7 [AKO04], provided that the cost function can be measured (or estimated). Note that the
perturbations on e induced by the persistent signal used to locally estimate the gradient
of the cost function can be easily rejected within the output regulation framework: It suf-
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fices to equip the robust stabilizer with an internal model of this persistant signal. The
performance of this rejection is related to the aggressiveness of this stabilizer and can,
therefore, be easily tuned.

Perhaps an adaptive strategy can be implemented for this exploration. Recall that the
fragility of this approach is not an issue because output regulation and closed-loop sta-
bility are at hand.

¢ A well-known two loops control scheme? Fig. 11.8 ressembles to the classical control
scheme, where a slow external loop drives a fast internal one toward the suitable equi-
librium; see the bibliographical note of Chap. 10. Let us stress that the two approaches
are fundamentally different by the fact that the output regulation is achieved here via
the inner loop. As this loop is typically the fastest one, the foremost control loop is not
artificially slow down by the secondary objective.

e Comparison with [Zac09]: In a way, the proposed approach can be seen as a robusti-
fication of the solution in [Zac09], where the role of the annihilator in the WIR case is
played here by the combinaison of the stabilizer with the internal model. They become a
super-robust dynamic annihilator so that u. becomes asymptotically invisible on e.

® Reconstruction of the annihilator: From Sec. 7.3.4 in Chap. 7, recall that the Input-to-

Output annihilator reads:
u, = |0 =P 0
CLiuy = [O O}X—F[JW

If such an annihilator is known, then R(w) could be entirely explored. Perhaps C; can
be reconstructed online by perturbating .. Roughly speaking, the idea is to define C, in
such a way that the cascade of £ o C| converges to the null operator. A suitable excitation
via the input channel u. may be the solution.

Let us make the following final comment: The entire manuscript can be read as elements
for answering the question: How to define a control strategy that decouples distinct dynamics
that are related to distinct control purposes? At least how to induce a cascade between them.
Two fundamental tools exist to achieve this purpose. The first is time scale separation [Sim62].
This was the central idea in [Zac09]. The second is geometric decomposition. This is at the core
of the underlying solution [Ser12]. Perhaps the incertain context is an invitation for control
scientists to take advantage of both ideas.

Time-scale separation is robust but slow. Nominal geometric decomposition is fragile,
but there is nothing faster than it because it computes the inverse of the model. How can
geometric decomposition be made robust by suitably exploiting time-scale separation?

11.2.5 Miscellaneous
A degree of WIR and bp-WIR

In Chap. 9, the following chain of inclusions has been obtained:
(Ker {B} NKer{D}) C N C M, C M. (11.7)
This allows to decompose the dimension of M C IR™ as the sum of four integers:

dim M = p+ v+ pp, + 1, (11.8)
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where p, = dim(My,/N) and p = dim(M/My,). Each of these integers contributes to
the dimension of M and, in turn, makes ¥ WIR. Thus, p, and p could be associated with
the degree of WIR and bp-WIR, respectively. As for (p,v), it would be interesting to relate ),
and yu to the number of some particular input directions, just as it is for p and v at the end of
Chap. 8.

How can we relate i, and y to some input directions?

Computer-aided control design for IR systems

The development of a software environment supporting Chap. 6, Chap. 8 and Chap. 9 could
help disseminate their results. Examples include:

e Chap. 6: Automate the computation of Y and (H|U/)™ (y) when U is polyhedral. In the
LPV case, this leads to a symbolic implementation of the Fourrier-Motzkin algorithm, a
less frequent (existing?) feature of existing software solutions;

¢ Chap. 8: Automate the evaluation of characterizations of IR and the related taxonomy by
computing the degree (p, v) of IR. Compute the expression for the matrices of the anni-
hilator of Th. 8.8. Compute the matrices of input and state change of variables associated
with the decomposition of X.

¢ Chap. 9: Automate the computation of (i) a basis of the set F of solutions of the regulator
equations, (ii) the characterizations of bp-WIR and the conditions of Th. 9.22, and (iii) the
quadruple of ¥, in Rem. 9.21 in the case of the bp-strong annihilator of Th. 9.24.

A useful starting point for the numerical (non-symbolic) part of these computations is the soft-
ware developed by G. Basile and G. Marro in the context of geometric control theory [Mar04].
L. Ntogramatzidis and its co-authors also developed many results to compute bases of fun-
damental spaces in a non recursive way [NS14; PN18; NPF24]. This is an interesting path for
more numerically robust algorithms. A symbolic computation of these results would also be
highly beneficial, notably for the computation of a basis of V;; pr for which a Jordan normal form
needs to be constructed, a task generally considered numerically fragile.

A software environment supporting Chap. 6, Chap. 8 and Chap. 9 could help disseminate
their results.

An input space decomposition point of view in the dynamic case

Among the three points of view on IR outlined in the introduction (inversion, annihilator,
and input space decomposition), implementation of the last one for dynamic systems requires
additional developments that are neither included in Chap. 8 nor in Chap. 9. The goal is to
construct a suitable decomposition of dynamic systems, from which the controller is directly
derived by “mirror construction”, just like Fig. 6.4 is obtained from Fig. 6.3 in Chap. 6. In the
non-constrained case, this amounts to rephrasing the commutative diagram [Ser12, Fig.1] and
extending it to the non-strictly proper case. Block diagrams being a more common tools than
commutative diagrams in the control community, this is expected to enlarge the audience of
this study.

Providing an input space decomposition point of view for dynamic systems by construct-
ing a suitable block diagram could enlarge the audience of studies on IR.
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Figure 11.10: Design procedure rephrased as an optimisation problem.

11.3 Co-design

This section provides an overview of the closed-loop system design. The intention is to offer
a broad understanding. For this reason, the discussion does not prioritize tractability and
deliberately omits explicit consideration of constraints and parametric uncertainties.

11.3.1 An overview of the overall closed-loop system design
A sequential design

A classical view of the closed-loop system design is sketched in Fig. 11.9. The process starts
with high-level specifications, which can be roughly thought of as a description of some pre-
scribed behavior in specific case studies. Subsequently, the designer constructs a system by
effectively integrating personal skills with professional expertise and established methodolo-
gies. In some cases (not always), the control engineer comes into play at the last step to allow
an increase of performance of the system, that is confer/improve the ability of the controlled
system “to react to changes in demand, specifications, feedstock, and the environment in an
economical and safe manner” [PI92, p.3].

In this process, control synthesis comes at the very end, when the system is already fully
designed and sometimes even built. Based on a synthesis model and control-oriented specifi-
cations, his duty is to synthesize the control law to ensure that these specifications are fulfilled
by the closed-loop system.

In practice, this procedure is not strictly linear. Iterations frequently occur within each of
the three stages, as shown in Fig. 11.9. Nevertheless, the organization of the primary stages of
the overall approach often mirrors this sequential process.

Rephrasing the overall closed-loop system design as an optimization problem

Let us use “optimization grammar” to describe this process. Fig. 11.10 supports this discus-
sion. Let H and K be the sets of all (open-loop) systems and controllers, respectively. Denote
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by Hx K € H x K the closed-loop system resulting from the interconnection of the controller
K € K and the open-loop system H € H.!? Let A C H x K be the subset of closed-loop sys-
tems that are achievable and technologically feasible. Define ID C H x K as the set of closed-
loop system that meet the specifications.!! Then, the overall design process can be translated
as follows:

minJ(H+K) st HxKeDNA (11.9)

where | : H x K — IR>q denotes a suitable real-valued cost function.

The optimization problem (11.9) does not correctly model the procedure in Fig. 11.9, be-
cause it is not sequential, i.e. both H and K are computed simultaneously. To capture the
process shown in Fig. 11.9, let us introduce the following projection:

P={HeH:3Ke€K, HxKc DnNA}

Set IP gathers all systems for which a suitable controller exists. Note how “JK” anticipates the
control synthesis step. The control synthesis step then involves selecting K in the following
set:

KH) ={KeK:HxKeDNA}

Fig. 11.10 illustrates these sets. Problem (11.9) can be equivalently reformulated as follows:

i i Hx K 11.10
P iy /(0 (o

Control synthesis can be anticipated at the system design step via suitable projection of
the set of admissible closed-loop systems.

On control synthesis

Let us now provide a more precise formulation of the set ID, which is related to the appropriate
behavior of the closed-loop system. For this purpose, the following quote is helpful:

“At least conceptually, one can distinguish two types of requirements: flexibility,
i.e., the ability of the system to handle a new situation at steady state, and control-
lability, i.e., the ability of the system to accomplish the dynamic transition between
the operating states in an acceptable manner.” [P192, p.4]

Let us retain this terminology in this section.!? This leads to the following reformulation of D:
D =DsND,

where Dy and D, capture the set of closed-loop systems that are flexible and controllable,
respectively.
The next quote is useful to go further in the formalisation of ID:!3

0For simplicity, assume that any controller can be interconnected with any open-loop system so that the set of
closed-loop systems is H x K.

11Following [BB91, p.48], a specification is thought of as a boolean function or test on the closed-loop model. If
the latter behaves appropriately, the function gives true, and false otherwise.

214 important to note that the definitions of these concepts are inconsistent across the literature. This observa-
tion is particularly valid for the notion of controllability; see [SP05, p.162] for a discussion on this topic.

131n [SP05], this is the definition of what is called “(Input-output) controllability”.

222



“The ability to achieve acceptable control performance; that is, to keep the outputs
(y) within specified bounds or displacements from their references (r), in spite of
unknown but bounded variations, such as disturbances (w) and plant changes (in-
cluding uncertainty), using available inputs (1) and available measurements (v, or
dn).” [SPO5, p.160]

This definition seems effective for both flexibility and controllability. Let us formalize this
definition by considering that the closed-loop system H x K maps the disturbance w and the
initial state of the augmented system x,(0) to the regulated output e = r — y. For clarity of the
exposition, let us discarding the “plant changes” due to uncertainty. In this case, the concept
of controllability is coded as follows:

Yw,Vx,(0) : |le]] <e. with e= (Hx*K)[w,x,(0)] (11.11)
for a given €, > 0. A more precise definition of D, can now be given:
D, = {(H,K) € Hx K : (11.11)}

An analogous definition can be obtained to model the concept of flexibility by substituting
Vx,(0) by 3x,(0):
Ds = {(H,K) € Hx K: (11.12)}

with
Vw, 3x,(0) : Jle]| < ef with e = (H*K)[w, x,(0)] (11.12)

for a given ey > 0.
Note that ID. and Dy are parameterized by €. and €y, respectively. These scalars reflect the
strength of the requirements.

Remark 11.4 (Light notational framework). To keep the discussion fluent, this section retains a
light notational framework. In particular, it is implicite that signals w in (11.11) and (11.12) are
to be selected in some set W whose definition is part of the specifications modelling. Similarly,
the dependencies with respect to the scalars €. and €7 remain implicit. .

Remark 11.5 (On the modeling of specifications). The retained formulations of the specifications
in both (11.11) and (11.12) are very close to that of the output regulation problem. Specification
modeling is a research topic on its own, so we do not pretend to any exhaustiveness. The
reader is referred to e.g. [BB91] and [And+19] for the standard specifications. Some of less
classical formulations can be found in e.g. [BJV19; SVB23] for a contract formulation that was
originally developed in computer science and [BMO08] for set-invariance formulation. o

Remark 11.6 (Limitations of performance). We emphasize that the framework chosen here to
model the performance limits of the closed loop differs from what is classically discussed in
the literature in the context of “limitations on performance”, see e.g. [SP05, Sec.5-6]. The ex-
isting discussions are often general in the sense that they do not assume any particular control
architecture, but they are often specific because they focus on a particular class of controllers,
typically LTI controllers. It is known that enlarging this class can enhance performance, see
e.g. [Zha+19]. °

The control configuration

From the above discussion, the data for the control synthesis are the model H and the levels
€., of the required closed-loop performance. This implies that the outcomes of the following
tasks are already set:
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Figure 11.11: Sequential design, with feedbacks.

¢ model the control-oriented specifications, which includes:

— modelling of noises or disturbances that may act on the system, i.e. define W in
which admissible w belong to;

- modelling desirable or required qualities of the closed-loop system, i.e. select the
value of €;

— decide which variables are to be controlled, i.e. define the regulated output map
associated with ¢;

¢ select and place the actuators and sensors, i.e. define the input and measured output
maps;

¢ deriving a mathematical model that is suitable for control synthesis, i.e define H.

The outcomes of these tasks constitue what we call the “control configuration”. Note that many
textbooks on control focus exclusively on controller synthesis and closed-loop analysis. Thus,
the control configuration is implicitly out of their scope. However, after others, we believe
that this task is very important to control engineers. They should be involved in it and not
just provided with the data listed above. The control configuration is indeed a “middle area”
between the system design and the control synthesis.

Recognizing the point regarding the control engineer’s role in shaping the control config-
uration, let us nevertheless consider this step as a part of the system design to ensure that the
discussion remains coherent; see Fig. 11.11.

11.3.2 Toward co-design: a paradigm shift
What is wrong with the sequential procedure?

It is now argued that this sequential design is not always satisfactory. In particular, it may fail
in practice to produce a closed loop that meets the specifications. Note that the closed-loop
performance can only be entirely assessed once the ultimate step of the control synthesis is
completed.

e K(H) is poorly known. Indeed, control theory is limited, as are control engineers and
scientists. Consequently, in the case where control synthesis fails, the control engineer is
left with two alternatives. First, reconsider the control synthesis by, for example, chang-
ing the control architecture and the gain synthesis method. Second, give up, following
the conviction that a suitable controller does not exist, i.e. IK(H) is empty. Deciding the
right options between these two is a difficult task because an explicit expression of K(H)
is usually not available.

224



¢ Control limitations are not always correctly anticipated at the design step, so that I is
poorly known too. As a result, control synthesis may be very well implemented on cor-
rompt data for which H does not belong to P, i.e. IK(H) is empty. By definition, this
means that control synthesis becomes an unsolvable problem in this case.

Not surprisingly for control scientists, we feel that the answer to uncertainties is feedback.
In the present case, this amounts to providing the engineer in charge of the upstream tasks with
information related to the failure. Fig. 11.11 illustrates this process. With this representation
in mind, if something goes wrong at the control synthesis step, then it seems natural to start
by reconsidering the control configuration. Specifically, the specifications can be weakened.
Adding new actuators or sensors is another option.

Modifying the system itself

As indicated by Fig. 11.11, the control configuration is established for a specific system. In
cases where control synthesis is unsuccessful, one can look beyond the control configuration
itself. It may be necessary to "reconstruct” the sequential pathway depicted in Fig. 11.9 to
evaluate the system design critically. The challenge lies in determining whether the origin of
the fail can be attributed to H or K.

Viewing the design of plant and control laws as a unified entity is not a novel idea, as
evidenced by the following quote from a paper by Ziegler and Nichols published in 1943:

“In the application of automatic controllers, it is important to realize that controller
and process form a unit; credit or discredit for results obtained are attributable to
one as much as the other. A poor controller is often able to perform acceptably
on a process that is easily controlled. The finest controller made, when applied to
a miserably designed process, may not deliver the desired performance. True, on
badly designed processes, advanced controllers are able to eke out better results
than older models, but on these processes, there is a definite end point which can
be approached by instrumentation and it falls short of perfection.” [ZN42]

Just like control synthesis can be decomposed into control structure selection and gain com-
putation, system design can be split into (i) system architecture design and (ii) sizing of com-
ponents, as illustrated in Fig. 11.11. Typically, the decision variables of (i) are integers, whereas
those of (ii) are real numbers. To account for this distinction, the set of systems is decomposed
as follows:

H=H;(M)U ... UH;(M,)

where Hy, is the system corresponding to the k-th architecture and M is the set to which the
continuous variables for this architecture belong.

Integrate sizing and control synthesis Sizing is the problem of selecting suitable continuous
parameters for a given system architecture, i.e. find H in Hy (M), where k is given. The
following quote clearly highlights the interplay between sizing and control synthesis:

“To reduce the effects of a disturbance one may in process control consider chang-
ing the size of a buffer tank, or in automotive control one might decide to change
the properties of a spring. In other situations, the speed of response of a measure-
ment device might be an important factor in achieving acceptable control.” [SPO5,
p-160]
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To account for this coupling, the following subproblem is derived from (11.10) by substituting
H with Hy (M) as follows:
min min J(HxK) (11.13)
HEHk(Mk) KE]K(H)
In general, Hy (M) is a proper subset of H so that the minimum of (11.13) is greater or equal
than the minimum (11.10).

Integrate architecture design and control synthesis If the achievable performance for a given
architecture is unsatisfactory, one can go further than the sizing adjustment by reconsidering
the system architecture itself. In this case, the value of k can be modified via an additional
optimization layer, so that one obtains

min  min min J(HxK) (11.14)
ke[1,I] HeH(My) KeK(H)

Unlike (11.13), problem (11.14) is equivalent to (11.10). The added value of (11.14) is to high-
light the two-stage problem better, where the architecture is selected before seeking for optimal
sizing.

Remark 11.7. Structural analysis serves as an effective tool for distinguishing between architec-
tural design and sizing [DCV03; RAP22]. Although it is primarily an analytical method, it can
also be employed as a design tool in this context. o

11.3.3 How can control community contribute?
An open-loop perspective

It is now demonstrated that inversion tools can be helpful for computing IP. Recall that this
set gathers open-loop systems H such that there exists a controller K for which the closed-loop
H x K is achievable and meets the specifications. Let us focus on the specifications and treat
flexibility and controllability separately by way of the following sets:

p={HeH:3KeK, HxKeD.} O P
P, :={HeH:3KeK HxKcDs} DOP
Clearly, there is a suitable controller for the controllability task only if, for all w, there exists

a suitable input for the open-loop system (w, x(0),u) — e = H[x(0);u], i.e. the following
condition is necessary for the existence of such a controller:

Vw,Vx(0), Ju : |le|| < e with e=H"Y[x(0);u] (11.15)

It is also sufficient, as open-loop controller must not be excluded.'* Hence, IP§, is the set of
H € H for which (11.15) holds. Similarly, flexibility can be treated by substituting Vx(0) by
3x(0) in (11.15), i.e.

Vw,3x(0), Ju : |lef| < ef with e = H"[x(0);u] (11.16)
Hence, IP{D is the set of H € H for which (11.16) holds. The idea of this discussion is to

remove K from (11.11) and (11.12): Both conditions (11.16) and (11.15) depend only on H. This
reformulation is just what is required at the design step.

HEor simplicity, we implicitly assume that w is known, so that open-loop strategy is implementable.
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For simplicity, assume that the achievability of the design only depends on H, i.e. there
exists Ay C H such that A = Ay x K. Then, IP reads:

P={He Ay : (11.15),(11.16)}

Thus, the system design step can be implemented by testing (11.15) and (11.16) to validate
achievable open-loop candidates in the sense that the existence of a suitable controller is en-
sured.

Our point is that (11.15) and (11.16) are about the inversion of dynamical systems. A topic
on which the control community has recognized expertise. Therefore, control engineers have
suitable tools to help system designers.

Obstruction to the existence of a satisfactory controller can be anticipated by inversion at
the system design step.

How the tools of this manuscript are related to this discussion?

IR is super controllability Assume that (11.15) holds, so that there exists u such that ||¢|| < e,
holds, given arbitrary w and x(0). Then, this input u inducing this e is non-unique iff there
exists i satisfying H[0;#] = 0.15 This situation is just one of the key characterizations of IR.
An exhaustive parameterization of all u leading to output e can be obtained via the (simple)
annihilator given in Chap. 8 in view of the maximality of its range.

Therefore, if an IR model H is controllable in the sense of (11.11), then it is somehow super-
controllable. We emphasize that this discussion does not depend on €.

“WIR or unobservability” is super flexibility Similarly, assume that (11.16) holds, so that
there exist x(0) and u such that e = H"[x(0);u] is satisfied, given an arbitrary w. This pair
(x(0), u) inducing this e is non-unique iff there exist Xy and i such that H[%y; 7] = 0 holds true,
which is just the situation characterized by Th. 9.15. An exhaustive parametrization of the
pairs (#,x(0)) leading to the same e can also be obtained, this time via the strong annihilator
of Chap. 9.16

Therefore, if a model H satisfies any of the equivalent items of Th. 9.15 (like “WIR or unob-
servability”) and is also flexible, in the sense of (11.12), then it is somehow super-flexible. The
discussion does not depend on €.

Remark 11.8. The tools in Chap. 6 give rise to analogous results when the system is static and
affine. )

This manuscript focuses on success analysis From the outset of this section, it is suggested
that a comprehensive analysis is essential when a design fails. This is indeed true. However,
success requires an equally detailed analysis. Generally, failure results in the weakening of
high-level specifications or over-dimensioning, whereas success necessitates just the opposite:
strengthening specifications and/or downsizing to be as close as possible to the optimal de-
sign. In both scenarios, determining the appropriate actions requires a thorough analysis.

As discussed earlier, the tools presented in this manuscript facilitate the analysis of success.
For a given model H, sufficient conditions are available to predict at the design step whether
the controller demonstrating flexibility or controllability is unique. Furthermore, a subset of
such satisfactory controllers can be parameterized. Consequently, the tools developed allow us

15This follows from (9.5), which is valid with H” in place of HY.
16Recall that Chap. 9 also offers tools to treat the case in which bp of (i, %) is also required, with ¥ = H,[%; ].
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Figure 11.12: Sequential design, encapsulated within iterations.

to analyze the successes by identifying the directions where degrees of freedom exist. These
tools can then be applied to address new specifications without altering those that are already
considered. The list of specifications constructed in this manner is ordered naturally, as in the
introduction of this manuscript.

11.3.4 Discussion

On tractability This discussion demonstrates that the design process can be equivalently re-
formulated as a sequential process by utilizing projections. Additionally, a controlled synthesis
step can be anticipated through inversion.

The discussion is conducted at the conceptual level, discarding about tractability issues
of the considered optimization problem.!” In this context, the hierarchy of solving methods
follows a traditional approach. First, prioritize an analytical solution, although it is seldom
attainable outside the realm of affine sets and mappings. Second, look for convexity, as it
typically results in a problem that can be solved numerically.

Is successes more frequent than fails? Our review of the literature apparently suggests that
the majority of efforts have concentrated on analyzing failures rather than successes. This
focus is reminiscent of the disparity in attention the control community has paid to issues of
under-actuation compared with those of over-actuation. This focus in the literature is entirely
justified if the design approach is too optimistic. If the iterative process shown in Fig. 11.9 with
demanding high-level specifications, then the failure will most probably be encountered, so
that specifications will have to be weakened.

However, an alternative approach is possible. Begin a design with rudimentary specifi-
cations, reduce to the essentials, and then enrich it through successive iterations in specific
directions that are determined by analysis conducted at each stage. Start with a vague idea of
what the system can achieve and refine the specifications as the design progresses. Our feeling
is that this way to proceed can be more easily implemented. When facing a complex design,
one often starts with the foremost goal of the design, and nothing else. Analysis of the expected
success then certainly reveals that additional specification can be incorporated in some specific
directions.

Beetween formal optimization, heuristict and engineering expertize A perfect plug-and-
play algorithm for solving the universal engineering problem is obviously hopeless. The goal
of this section is to employ the language of optimization to offer an overview of the analy-

17There are two reasons for this decision. First, untractability is a vanishing horizon owing to computational and
methodological progress. Second, the aim is to provide a general picture of the problem, discarding the implemen-
tation details.
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sis, thereby facilitating interdisciplinary collaboration and distinguishing between steps where
mathematical optimization is feasible and those where the designer’s expertise is essential.

How can this process be performed? We firmly believe that control scientists should be
involved in the design discussion as soon as possible. Preferably, even at the step of defining
high-level specifications. The goal is to reach a mutual understanding of the challenges asso-
ciated with making specific design choices and using particular control configurations. Com-
mon tools are essential for such a discussion. One such method is structural analysis. Output
regulation can also serve as another one, in the way it captures various control-oriented speci-
fications.

In line with the previous discussion, the next step involves formulating an initial rough
specification. Maintaining a sequential process is not necessarily disadvantageous, provided
that it is encapsulated within iterations, as illustrated in Fig. 11.12. This approach allows for
the introduction of models that start simple and gradually increase in complexity. An idea that
is very familiar to control scientists who are used to play with models of distinct accuracy:.

In concluding this chapter, let us clearly outline the following research direction, which can
serve as a unifying theme for the entire manuscript.

How can we design a methodology for the co-design of modular power converters, that

is, the design of the topology (system architecture), sizing of components, control archi-
tecture, and gain synthesis?
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Appendix A

Background on geometric control
theory

This manuscript heavily relies on geometric control theory that was pioneered by G. Marro
and G. Basile [BM69], on one side (of the Atlantic), and A. Morse, W. Wonham [WM70], on the
other side. The useful concepts for our purpose in this research field are now briefly outlined.
For broader treatment, the reader is referred to standard monographs [Won85; BM92; TSH12]
and, in particular, to [Won85, Chap. 0] or [TSH12, Sec. 2.2] for the notational background. See
also the tutorial paper [Mar+10] for a concise introduction to this topic or [TK23, Appendix A]
for a personal note pursuing a similar goal, but focusing on the material related to the topic of
this manuscript.

A.1 State trajectories of autonomous system

Define X, as follows:
Xy =sup{V: AV C V,c(A|V) CcC }. (A1)
and recall the definition of Xbp, see p.163:
Xyp = sup{V : AV C V,0(A|V) C C°, A|V is semi-simple}
The intersection Xy N Ay, is trivial.! Thus, there exists a subspace X}, C R” such that:
R" = X, © Ay @ &) (A.2)
holds.
This decomposition can be related to the classical state-space decomposition into the stable
subspace X, the center subspace & and the unstable subspace &;, which are now defined,
following [Per01, Sec. 1.9]. Let w; = u; + iv; with uj, v; € R" be a generalized eigenvector of A

corresponding to an eigenvalue A; € ¢(A). Assume that the first 1 € IN eigenvalues are real,
so thatv; = 0, (j € [1,1]). Define @ € IN via 2@ — = n and let

{u, ..., u41,0,41, ..., Uo, Vo } (A.3)
be a basis of R”. Then, it holds:
X = span {u;,vj: \je C" },
X, = span {uj,v;: Aj € CO} ,
X, =span{u;,vj: A\je C"},

!By convention, the trivial A-invariant subspace {0} belongs to both X and Xpp-
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From [Per01, Th.1, p.55], those subspaces are all A-invariant and satisfy
Rl/l == XS @ XC @ Xu. (A.4)
Lemma A.1. It holds X; = Xy and X, C X..

Proof. To prove that X equals X, pick any V satisfying &; C V C A. Note that V C X,
implies that V is A-invariant. From &X; C V and (A.4), there exists an A-invariant subspace
Voo C Xy = X ® X, such that V = X, ® V,, by virtue of Fact. A.12. Hence, one gets
0(AlV) = 0(A|Xs) Wo(A|Vey). From V C &, this spectrum must be included in C~ which
implies 0(A|V.,) C C~. Since 0(A|V.) C 0(A|X,) C COUCT, this implies that V,,, is trivial,
so that V = A§ holds. This proves that & is the largest A-invariant subspace V such that
o(AlV) C C7,ie. X, equals X,.

Similarly, one can prove that X, is the largest A-invariant subspace V such that c(A|V) C
CO. This implies Xpp C e O

Remark A.2 (The two decompositions of X). From Lem. A.1, there exists X, such that X0 ©
Xpp = Ae. This leads to:
Xe
—_—
Xs S>) Xbp S>) XuO S Xu
~~~ N——

X X

which relates the different decompositions of IR". )

The set of xy such that Hy[xo; 0] is bp is not a subspace, since xy = 0 does not belong to
this set. However, it can be related to Xy and X}, as shown by the next lemma, by exploiting
classical results on state trajectories initiated in the stable, centered, or unstable subspaces.

Lemma A.3. It holds:

{x0 : Hy[x0;0] is bp} = (Xg + &pp) \ X (A.5)
{0} U {XO : H, [XQ; 0] is bp} D) Xbp (A.6)
{x0 : Hx[x0; 0] is periodic} = X, (A7)

Proof. Eq. (A.2) allows to decompose xo as Xo,g + Xgpp + Xop- From the linearity of Hy[-; 0],
x := Hy[xo; 0] equals x¢ + x4 + x; with x, := Hy[x4;0] for alla € {g,bp,b}. In view of e.g.
[CC97, Th.3.11, p.75], ||x4(t)|| tends to infinity iff xo, 7 0; x,(t) tends to zero for all xq¢; xp, is
bp iff xgp, 7# 0. Thus, x is bp iff x;,(0) # 0 and x;(0) = 0. This proves both (A.5) and (A.6).
(A.7) follows from the fact that x is periodic iff x, = 0 and x; = 0. O

A.2 The unobservable subspace

e Let K := Ker {C}. The unobservable subspace (K|A) C R" reads
<IC|A> = {XO cR" :H[XQ;O] = 0} .

* Assuggested by the standard notation (-|-), (C| A) coincides with the largest A-invariant
subspace contained in K, i.e. the largest subspace V satisfying:

m VvcVvae{o}

e Alternatively, (K|A) can be characterized as follows:

n—1
(K|A) = AT'K.
i=0
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A.3 Output nulling controlled invariant subspace

A.3.1 Definition, characterizations and general statements

* A subspace V C " is output nulling controlled invariant if, for all xo € V), there exists
u : R>o — R™ satisfying H[xo; u] = 0 and Hy[xo; u](t) € V for all t > 0;

¢ Vis output nulling controlled invariant iff it holds:

A B
v evorom{[2]) "
¢ Equivalently, V is output nulling controlled invariant if there exists F : R" — R™ satisfy-
ing:
(A+BF)V CV CKer{C + DF} (A.9)
so that
(A.8) & dF: (A9) (A.10)

* A matrix F satisfying (A.9) is called a friend of VV and the set of such matrices is denoted
by F(V), i.e.
F(V):={F:(A9)}

A.3.2 Instrumental results

Lemma A.4. Given any subspaces V C W such that F(V) and IF(W) are distinct from {@}. Pick
any F, € F(V). Then, there exists F € F(W) N (V) such that F|V = F,|V holds.

Proof. Let V = [Vl Vz] be a matrix whose columns form a basis of WV that is adapted to
VYV C W, i.e. the columns of V; form a basis of V. From F, € F(V) and (A.9), one deduces that
there exists W satisfying Im {W;} C V and:

m n= [vgl] * [g] th (A11)

with U; = —F,V; holds. Pick any F,, € F(W). Similarly, one proves that there exists W =
(W] W,] such that Im {W} C W and satisfying:

m v V2] = [VX{ vﬂ * B] Ui ] (A12)

andU = (U} U] = —F, [Vi V»]. Combining (A.11) and the second column of (A.12) gives:

m (i W] = [Vgl VXZ} + {g] (U U] (A.13)
Define F := — [Ul Uz] (VTV)~1VT, 5o that
Flvi ] =-[u U] (A.14)

holds, yielding [ 2fE] V = ["' W2]. This proves F € F(W). Equality F|V = F,|V follows
from FV; = —U; = F, V4 and implies F € F(V). O
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Lemma A.5. Given any V and F satisfying (A.9). Define
R = (A+ BF|V N BKer{D}).
Then, it holds:
(i) RCV;
(i) F(V) C F(R);
(iii) Forany F € F(V), it holds (A + BF)|V/R = (A + BF)|V/R;

(iv) Given any real monic polynomial q with degq = dim R, there exists F € F(V) such that the
characteristic polynomial of (A + BF)|R equals g;

(v) Forany F € F(V), it holds R = (A + BF|R NIm {B});

(vi) Subspace
N, = B~ 'V NnKer{D} C R"
equals B-'R NKer {D} and the pair ((A + BF)|R, R|B|N) is controllable;

(vii) It holds:
[A + BF

C+DF}y+[g]Ncy@{0}

forally € {R,V}.

A.4 The weakly unobservable subspace

A.4.1 Definition, characterizations and general statements
e The weakly unobservable subspace V* C X reads
V*i={x0 € R" | Ju:R>p — R" : H[xp;u] = 0}.
It can be proven that V* is a linear subspace of IR".
* V*is the largest output nulling controlled invariant subspace.

e V* gatisfies:

V= sup{V | F(V) # {a}} (A.15)
® Onehas (IC|A) C V*and 0 € F((K|A)).
* The stabilizable weakly unobservable subspace Vi C V* reads:

Vg =sup{V|[3F € F(V), ¢(A+BF|V) CC}

e The controllable weakly unobservable subspace reads?
R*={xf € R" | 3T >0, 3(u:[0,T] — R™) : H[0;u] = 0, Hy[0;u](T) = x¢}.
see [TSH12, p.170]. It can be proven that V* is a linear subspace of R” that is included in
V*.
e For any F(V*), it holds:
R*:= (A+ BF|V*NBKer {D}).

2By definition, R* gathers output-nulling reachable states, that is “controllable-from-the-origin”. Equivalently,
one can defined R* as the set of initial states which are output-nulling “controllable-to-the-origin”, i.e. xo belongs
to R* iff there exist T > 0 and u : [0, T] — R"™ such that H[xp; #] = 0 and Hy[xo; u](T) = 0, see [TSH12, p.163].
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A.4.2 Instrumental results

Lemma A.6. There exists F € IF(V*) that satisfies F| (KC|A) = {0}.

Proof. Bearing in mind that both F((K|A)) and IF(V*) are non empty, by definition of (K|A)
and from (A.15), it suffices to invoke Lem. A4 with V = (K|A), W = V*and F, = 0 €
F((K]A)). O

Lemma A.7. Choose any F € F(V*). Let N : N' — X the natural embedding. Given xo € X and
(u,x,y) € Q(xp). It holds

y=0< { gg}:euvi Fx+ Nv (A-16)
Proof. (A.16) derives from [TSH12, Th.7.11]. O
A.5 System zeros
A.5.1 Definition, characterizations and general statements
e Givenany F € F(V*), the set Z C C of invariant zeros reads:
Z:=0(A+BF|V"/R") (A.17)
This set is independent of F € F(V*).
¢ Theset Z,4 C C of output decoupling zeros reads:
Zog = 0 (A (K]A))
¢ The following inclusions hold:
Z D> {ze€C:rank{Ps(z)} < nrank {Ps}} (A.18)
ZqD{zeC: rank{ [ZI E A} } < n} (A.19)

A.5.2 Instrumental results

Lemma A.8. If R* is trivial, then Z,q C Z holds true.
Proof. Choose F € [F(V*) as in Lem. A.6, so that (A + BF)| (K|A) = A| (K|A) which proves

that (IC|A) is (A + BF)-invariant. Bearing in mind that (C|A) C V*, R* = {0} implies Z =
o((A+ BF)|V*) D o((A+ BF)| (K|A)) = 0(A| (K|A)) = Z44. O

Lemma A.9. Ifrank {Px(z)} = nrank {Ps} forall z € C, then V* = R* holds true.

Proof. The invariant factors of the polynomial matrix Ps are all trivial, i.e. equal to 0 or 1. In
view of [TSH12, Th.7.19] and picking any F € F(V*), this implies that the invariant factors of
sI — (A + BF)|V*/R* are all trivial as well. Thus, V* = R* holds. O
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A.6 Instrumental facts of general purpose

Fact A.10. The family of A-invariant subspaces is a lattice, relative to C, 4, and N, i.e. the intersection
and the sum of A-invariant subspaces is A-invariant.

Fact A.11. Given two A-invariant finite-dimensional vector spaces V,VV such that V C W holds. It
holds:

c(AlV) =c(AW)= V=W (A.20)

Proof. Equality o(A|V) = c(A|W) implies dimV = dim W, so that V = W holds. The other
implication is trivial. O]

Fact A.12. Given two A-invariant finite-dimensional vector spaces X1, X» such that Xy N X, = {0}.
For any A-invariant vector space V that satisfies X1 C V C X; @ Xb, there exists an A-invariant
vector space Vo C Xy such that V = X; @ V.

Proof. Consider an arbitrary basis {v/} of V. Let us decompose v/ as 0]1' + vé according to
X1 @ X so that V = }; Span{v} +v}}. Adding X} = A} + ) Span{?)} on both sides of this
equality leads to:

V= ZSpan{v]i + v]é, 0]1} + X
]
=Y Span{v}, 0]} + X
j
=W+

where V, :=}; Span{vJZ} C AX,. The sum is direct because V, N 1 C A, N A7 = {0} holds.
Let us prove that 1, is A-invariant. AV C V reads AX; + AV, C X1 @ V,. By intersecting
both sides by &> and exploiting A-invariance of X, inducing AV, C AX, C A), one obtains
XN (AX + AVy) = AV, + X N (AX)) C A, N (X @ V,) = V. This proves A-invariance of
V, since A-invariance of X} implies X, N (AX;) C A, N A = {0}. O

Fact A.13. Given any finite-dimensional vector spaces V,VV and any linear injective mapping i. If
YV N W is trivial, then iV NiWW = {0} holds true.

Proof. Let J = iV NiW. On the one hand, one has i '7 = (iLV)n (i~Liw) = (V+
Ker {i}) N (W +Ker {i}) = VN W. On the other hand, observe that dim(i "' 7) = dim Ker {i} +
dim(J NIm {i}) = dim J holds because J C Im {i} and i are injective. O

Fact A.14. Given any finite-dimensional vector space V, W such that V N'W is trivial and any linear
injective mapping i. It holds:
i(Vew)=iVeiw

Proof. Direct consequences of Fact A.13. O
Fact A.15. Given any sets A, B and any injective mapping i. Then, i(A\ B) = (iA) \ (iB).

Proof. i(A\ B)readsi{a:a € A,a ¢ B}. (iA)\ (iB) reads {ia: a € A,ia ¢ iB}. Hence, it is
sufficient to prove that a ¢ B is equivalent to ia ¢ iB3. First, note thatia ¢ iB < —(3b € B :
ia = ib) holds. Owing to the injectivity of i, ia = ib is equivalent to 2 = b. Thus, the previous
condition is equivalent to =(3b € B:a =b) < a ¢ B. O

236



Lemma A.16. Given a vector space W that is Ai-invariant and As-invariant. Given V C W an
Aq-invariant vector space. If A1|W = Ax|W holds, then (i) V is Ay-invariant, and (ii) A1|V = Az|V
holds.

Proof. By definition, recall that A;|)V : W — W,w — Ajw, see [TSH12, p.17]. Pick any
veV CW.Itholds
Ao = (A1W)v = (A2 W)v = Ao

Because Ajv € V, this proves that V is As-invariant. This also proves that mapping A; |V :
YV — V,v — Ajv coincides with mapping Az|V : V — V,v — Ayv. O

Lemma A.17. Given a map A and A-invariant vector space R. For any V D R, it holds:
AV/R)CV/R& AV CV (A.21)
Proof. Recall that A(V/R) C V/R reads:
{Aw+R):veV}C{v+R:veV}. (A.22)

< Pickany v € V and let v, := Av € V. Observe that A(v + R) = v, + AR C v, + R.
= Pick any v € V. From (A.22), there exists v, € V such that A(v+R) = v, + R. From
v, +R C V, one concludes that A(v 4+ R) and, in turn, Av belong to V.. d
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Appendix B

Proofs associated with Chap. 6

B.1 Proof of Lem. 6.7

Without loss of generality, assume that 6, = 0 because any other case can be recovered via
a simple change of origin. Our attention can be further restricted to the case where 0 €
[—7t/6,71/6][. Indeed, from this specific situation, we will show later on how the general case
where

6e€®:=102mn[-1/6

can be recovered by exploiting the symmetry of I/ as well as the periodicity of A(-).

The output being a scalar, one can simply choose Q(6) = 1. Therefore, the first step reduces
to the computation of the change of input variables. The orthogonal matrix P(6) given by (6.24)
and defined in the inverter context, achieves this purpose. Indeed, in this case, it holds:

Q(B)AE)PEO) = [1 0 0],

so that R(8) = 1, () := rank {A(8)} = 1 and #;(9) = § hold. The output set V() = ()
equals U (0), see (6.13). Let us now implement the Fourier-Motzkin algorithm to compute
U1 (6). The first step corresponds to rewriting 2/ (6) as follows:

A

UB) = {i: s e [13(0,d12),43(0, 412)] },
with

5(0, 1) = V3max {13u — P1»(0) 12}, (B.1)
3(9, MAlzz) = \@mln {13ﬁ — P1:2(9)MA1;2} , (B2)

S

so that
Uho(0) = {fio: s, 01 €U0)} = {12 : 115(6, h12) < 13(6,1112) } -

Next step starts with the following reformulation
U (0) = {0y € [0,(6,101),82(6,11)] },

leading to

A

Uh(0) = {1y : 3ip, fip € Uh2(0)} = {111 : (0, 11) < 12(6,101)},
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with

-1

tan(0 — 7t/3) Ty cos(6 — t/3)
0,(0,11) == —min ¢ |tan(0 + 7/3) | @13 + — | cos(0 + 7t/3) , (B.3)
tan(6) V2 cos(0)
tan(0 + 7t/3) T cos(6 + 7t/3) -
12(0,11) == —max < |tan(6 — 7t/3) | 1 — — | cos(6 — /3) (B.4)
tan(0) V2 cos ()
Ultimate step reads:
h(8) = T (0)[=1,1] with 7(6) — %(a — 1) cos(8).

Then, if y = § € Y(#) = Uy (8), the set of solutions reads as follows (see (6.14)):
(HO) 7 (9) = {y} xUaa(y) = {y} x {fes: 1 =y, 1 €U}
or, equivalently,
(HO)[U) " (y) = Pr(8)y + Pas(6) {123 : 13u — Pi(8)y < Pas(6) a5 < 157 — P1(8)y} -

Let us now investigate how to treat the general case, where 6 € ©. To this end, pick any
6 € ©. Then, define kg € [0,5] and ry € [—7t/6,71/6[ such that 6 = ry + kg7r/3 holds, i.e.
rg + 71/6 and kg are the rest and the quotient of the Euclidean division of 6 + 7t/6 by 71/3,
respectively. In addition to being 27-periodic, observe that A(-) also satisfies the following
identities for any 6 € ©:

- 0 0 -1
A6+ 5) =A(0)C with C==|-1 0 0 |.
0 -1 0
This induces: -
A(0) = A(ro + ko) = Al(rg)CFe. (B.5)

Pick arbitrary k € IN. Using identity C* = (—1)¥(—C)* and the fact that —C is a 3 x 3 permu-
tation matrix, one concludes that (i) C* is invertible and (ii) (—C)*U = [u,u]*> = U so that it
holds

cku = (-1)ku. (B.6)

Hence, one gets

V(0) = AU "2 A(rg)crory B0

(HO)U) ) ={uct:y= A0 B [CFCRy c U 1y = A(rg)Crou} = C S (rg, y).

(—~1)A(ro)U,

The key observation is that both sets A(rg)U and S(ry, y) have already been expressed in closed
form when considering § € [~71/6,71/6[< 6 = rs. From the expression of I (6), note also
that —A(rg) U = —Y(0) = —U(8) = U1 () holds, so that Y(8) equals ¢, (8) for all 6.
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Appendix C

Proofs associated with Chap. 9

C.1 The classical paradigm

C.1.1 Technical preliminaries

The notations in this subsection are independent of the rest of Sec. C.1. In particular, the vectors
v; are not necessarily eigenvectors of S.

Definition (s-conformably ordered). For s € IN*, a matrix V = [vy,...,v,,] € CP*™ is said
to be s-conformably ordered if the first 2s < m columns are pairwise complex conjugate,
while the remaining are real, that is

Oop—1 = Uk, Vk € [[1, S]] (C.1)
v; € RP Vi € [25+1,m] (C2)
The set of s-conformably ordered matrices (of all dimensions) is denoted by Cs. This def-

inition is naturally extended to the case s = 0 by letting Cy gather all matrices with real
entries.

The following lemma follows by direct computation.

Lemma C.1. Define invertible matrix U € C>*? as follows
111 —i
=3 L i ] '

5 2-u[,

Given s,m € N satisfying 2s < m. Define the invertible matrix Ny € C"™*™ as follows

Forany a € C, it holds

N; := diag {I; ® U, Lo } .

where @ denotes the Kronecker product. For any matrix V. = [vy,...,0,| € C"™ which is s-
conformably ordered, equality

IR”X'”BVNs:[SRe(vl) Jm(vl) 9{2(03) Jm(vg) 9%8(025_1) jm(vzs_l) U241 - -- Z)m}

holds.
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Lemma C.2. Given an matrix V. € C"*" that is s-conformably ordered for some s € IN. Define the
mapping My : RP*" — CP*™ W +— WV. Then, the range of My reads

{WV:W e RP*"} = {Y € C,NCP*™ | Ker {VN,} NR™ C Ker {YN,} N R™}.

Proof. The range of My is {Y = [y1,...,ym] € CP*" : IW € RP*"Y = WV}. Pick any k €
[1,s]. Inview of Lem C.1, observe that the columns 2k — 1 and 2k of the equation YN; = WV N;
read

1 0
0 )
[Re(yor-1) Im(ya—1) Re(yax) Im(ya)] (l) 1 U=W [op_1 x1]U,

0 1

1 0 0 -1

R R 1o 1] |1 o .
[Re(yar—1) Tm(yax—1) Re(yx) Jm(ka)]E( 1 ol Tl 1 ) =W [Re(vp_1) Tm(vye_1)],
0 -1 1 O

(C.3)
whereas the column i € [2s + 1, m] of the same equation reads
Yi = WZJZ'. (C4)

The right-hand side of both (C.3) and (C.4) being real, it follows that 751 = yax, (k € [1,5])
(the imaginary part of the left-hand side of (C.3) is zero) and y; € R, (i € [2s+ 1, m]). We
have just proved that Y € C; is necessary for Y to belong to the range of My.

Because Nj is invertible, this condition is also sufficient if, for any Y € Cs, the real matrix
equation YN; = WVN; admits a (real) solution W. This is true iff Ker {VN;} C Ker {YN;}
holds, where both kernels are subsets of R™. O

In the particular case where V is injective, Ker { VN;} = {0} is trivially included in Ker { YN},
whateveris Y.

Corollary C.3. Given an injective matrix V.€ C"*" which is s-conformably ordered for some s € IN.
Then, the range of My is the set of s-conformably ordered matrices of dimension p X m, i.e.

{WV:W e R} =CsnCP*™,
The last technical lemma is as follows.
Lemma C4. Define | .= [ % }].

(i) Given two real vectors v, w not all zeros. Matrices [v w] and [—w ] are linearly indepen-
dent;

(i) Given z € R?. The matrix [Jz z| is invertible iff z # 0.

Proof. To prove (ii), let z = [ a]' and compute det ([Jz z]) = a2 + B? which is zero iff
z = 0. Pick arbitrary &, B € R. Observe that

afv w|+p[-w v]=[0 0 (C.5)

reads:
V(e +B]) =V [z z] =[0 0] (C.6)

with V := [v w]. If z # 0, the right multiplication by [Jz z] ! leads to V = 0 which
contradicts the assumption of (i). Thus, z = 0 holds, which is equivalent to & = = 0, so that
V and V] are linearly independent. O
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C.1.2 Expressionof I[;; and T’ ;

Under ASM 9.2, there exist q pairs (A, vx) € C° x C¥ such that V = [oy,.. ., 0] is invertible,
and A := V1SV = diag { A1, ..., A, } holds. Without loss of generality, it is assumed that V is
s-conformably ordered (see p.241) for some s € IN. Define V, € R7*7 as follows:

V, = [Re(v1) Tm(v1) Re(vs) Tm(vz) ... Re(vps—1) Tm(vs—1) vass1 ... 7g).
(C.7)
Given any (i,j) € J. Let vectors ¢;; € C"*" be a basis of Ker { Pz (A;)}, i.e.
Ker {Ps(A;)} = span {¢j1,..., iy, } - (C.8)
Define matrices ®;; € R("*")*4 as follows:
DPop_1j = [O(nsmyx(2k—2) Re(Par—1j) Im(Par—1,) Opusmyx(g—20] Vi (C9)
Doej = [Opnemyx2k—2) —Im(Par—1,) Re(Par—1) Opuim)x(g—26)] Vi s (C.10)
ifk € [1,s] and j € [1, y] hold and
@ij = [Opsmx-1) #ij Opurmxig—i] Vi (C.11)

ifi € [2s+1,q9] and j € [1, v;] hold true.
For (i,j) € J, define
Hi,j = [In 0] (Di,j/ (C12)
ri,]' = [0 Im] q)i,j- (C13)

C.1.3 Proof of Prop. 9.4

Let us extend Hg : C"+")*4 — C("+P)X7 while preserving its definition when its argument is
non-real. Define Hy : C("tm)*4 —, C("+1)%4q a5 follows:

Y Yv-1 _ [AY — YA +BY
R I P c

where the columns of V are eigenvectors of S. From the diagonal structure of A, observe that

Ker {Hy} = { [Ul vq] : [;ﬂ GKeT{Pz()\i)}}

wl o .. wq l

Define the isomorphism My : RU##)*0 — C(n+m)xq a5 [11] s [11] V. Observe that Hy =
My o Hf o M(,l, so that Ker {Hg} = Ker {M‘jl oHy o MV} = M(,l(Ker {Hy} N dom(M‘jl)).
Since the domain of My, is the range of My, Cor. C.3 ensures that Ker {Hy} N dom(M;!)
corresponds to elements of Ker {Hy } which are s-conformably ordered, i.e. 0y 1 = vy and
Wyr—1 = Wox hold for all k € [1,s], and both v; and w; are real vectors for all i € [2s5 4+ 1,4].
Bearing in mind that Ay, equals Ay, so that Ker {Ps(Ag)} = {b: b € Ker { Pz (Ax_1)}}, one
gets

_ (% 0 v 03 -+ Ugg_ Tog— 4 SRR /)
Ker {HV} N0 dom(le) — 1 _1 3 _3 25—1 _25 1 25+1 q| .
w1 w1 w3 w3 - W1 W1 W1 - Wy

[;}i’;‘ﬂ € Ker {Pz()\zk—l)} ’ (k S [[1, 5]])/ {ZJZ] € Ker {PZ(/\z‘)} N Rn+pr (i € [[25 + 1,17]])} :
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Bearing in mind the statement of Lem C.1 and using (C.8), observe that [3,"‘2’;;11 ] € Ker {Px (A1)}, (k €
[1,s]) holds iff there exists ax_1,; € C, (j € [1,Y2k—1]) such that:

= Y2k—-1
U2k-1  O2k-1| _ ™ 1 | @2k-1, 0 ]
[w2k1 kal] ]; [¢2k_1’] (PZk_l’]}{ 0 Rok—1,j
ks 7 Re(ag-1,) Im(ax 1 )}
= _ . _ . u ~ r] ,] U71
Jg (o1, Pox—1,] [_ (1) Rl 1))
Yok—1 N 10 N 0 1 B
= ). [Re(da1j) Tm(Pa-1)] (Re(az_1,7) o 1| TImlea) |y oPU
=1
Y2k—-1
= Y (Re(age_1,) [Re(Par—1j) Im(Pax—1,)] + Tm(an_1;) [-Im(pp_1j) Re(Ppar—1,)]) U
=1

Since [me(qhk,l,j) Jm((pzk,l,j)] and [—Jm((pzk,l,j) iRe(cPZk,Lj)} are linearly independent for
any ¢p—1; # 0, by virtue of Lem. C4, this proves Prop. 9.4, since Lem C.1 ensures that
N;'V=1 = (VN;)~! = V7! where N, € C7*7 reads diag {I; ® U, I;_2}.

C.1.4 Proof of Th.9.9

Before stating the proof, consider the following intermediate result.

Proposition C.5. Define the subset 1, of T gathering the indices i for which the eigenvalue A; of S is
also an invariant zero:
I,:={i€[l,q9]:6; >0,7 >0} CZ,

together with its complement relatively to L
It ={ie[l,q] : 6; =0,7; >0} C Z.
Foralli € T and forall j € [1,;], it holds:
(i) Im {I1;;} C V*;
(i)) Im{I1;;} C R* & (i€ IV (i € [1,2s] Arank {II;;} <2)V (i € [25+1,4] ATl;; = 0));
(iii) Tm {IT;;} C Vi & (Im{IT;;} CR*V (i€ T, AA €CT)).
Proof. First, consider the case in whichi € Z N [2s + 1, 4]. Select any j € [1,;]. Define

X I, 0
=15 2o
A= /\Z'.

From (C.8), one has Ps(A;) [ ] = 0 which can be rewritten as follows:

[é] X= m A= [g} U. (C.15)

If X = 0, then II;; is a null matrix, so that Im {IT;;} C R* trivially holds. Otherwise, let
F = U(XTX)1XT € R™" so that FX = U holds. Substituting this last expression in (C.15)

gives
A+ BF X
A8 [ 16
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which proves that Im {X} = Im {II;;} C V*. This equation also implies that ¢(A + BF|X) =
o(A). Thus, Im{X} C R* holds iff c(A) N Z is empty, which is equivalent to saying that i
belongs to 77, by definition of this last set. Besides, since R* C V; holds, one has

Im {X} C V} & (Im{X} C R*)V (¢(A) C Z2nC"). (C.17)

and 0(A) = {A;} C ZNC~ isequivalent toi € Z, A A; € C~ by the definition of Z,. We have
proved (i)-(iii) forany i € ZN [2s 4+ 1,4].

Select any even i = 2k € 7 N [1,2s] and observe that i — 1 also belongs to Z N [1,2s]. Select
any j € [1,7;]. From (C.8), one has Ps(A;_1)¢;—1,; = 0 which also implies Pz(A;_1)¢pi_1; =
Ps (Xz‘—l)%,u = 0. By combining these two equations, one obtains

A B - I, 0 - Ail 0
[C D] [‘Pz‘fl,j 471'71,]‘] = [0 0} [4’:‘71,]‘ 491‘71,]‘] [ 01 )-Hl].

Right multiply this equation by U (see Lem. C.1) and insert UU ! = I before the last ma-
trix. Using Lem. C.1 and bearing in mind that A;_; € C° holds, one then arrives at (C.15) by
redefining X, U and A as follows:

[}Lﬂ - [1(1)1 0} [Re(Pi1,) Im(Pi1,)],

m

-1 0

Once again, if X = 0 holds, then Im {IT;_;;} = {0} C R* holds trivially. Now, assume that
X € R"™? is full rank. Let F = U(XTX) !XT so that U can be substituted by FX holds in
(C.15) to arrive at (C.16), which proves that Im {X} C V*. In addition, Im {X} C R* holds
iff i — 1 € Z¢ because (C.16) implies (A + BF|X) = o(A) = {A;_1,Ai_1}. Also, (iii) is valid
in the current context, since (C.17) applies. Since i — 1 € Z{ is equivalent to i € Z{ (recall that
Ai_1 = A;) and because

A = Im(Aiq) { 0 1] .

Im {Hi—l,j} =Im {Hi,]'} =Im {X} ’
holds, this completes the proof for any even i such thati,i —1 € [1,2s] and X is zero or full
rank. This first part of the proof was inspired by [NS14, Th.4.1].
Keeping the same value of i, let us consider the last case, where X is neither full rank nor
zero. Define T := [T T,] € R**? as a orthogonal matrix which is adapted to Ker {X}, so that
Ker {X} = span {T} } is non trivial. Right multiplication of (C.15) by T gives

C 0 o D

Because XT; is injective, one can define F = UT,((XT2)TXTz) 1 (XT2)T so that FXT, = UT,
holds. Substituting the last expression into (C.18) yields (C.16) with XT, and T, AT, in place
of X and A, respectively. This proves that span {XT>} = Im {XT} = Im {X} C V*. Now, the
right multiplication of (C.15) by T; # 0 leads to:

W [0 XTo] = [0 XTZ] TTAT — [B ] Uty UT]. (C.18)

m AT, = [g} Uur, (C.19)

This proves that UT; € Ker{D}, so that the vector XAT; belongs not only to V* but also to
BKer {D}. As aresult, XAT; € V*N (BKer{D}) C R* holds, see e.g. [TSH12, Th.7.14]. Be-
sides, from the expression of A and the fact that Jm(A;_1) # 0, Lem. C.4 ensures that [ATl Tﬂ
is invertible. Thus, one has

Im{X} =Im{X [ATy Ti]} =span{XAT1} C R*
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In summary, if i = 2k € Z N [1,2s] holds, then Im {IT;_; ;} = Im{II;;} = Im{X} is
included in V* for all i, j whereas Im {X} C R* holds iff (a) X = 0 or (b) i € Z¢ and X is full
rank or (c) X is not full rank. O

Th. 9.9 can now be proven.

Proof. (Boundedness of the solutions). The dynamical equation of the closed loop of (9.1a)
and (9.12) reads as follows:

#(t) = (A + BE)x(t) + £(6(t), w(t)) (C.20)

where f(6,w) = (BT'(0) — BFII(#) + P)w. From the linearity of I'l(-) and I'(-), the bound-
edness of 6(+), and the boundedness of w (recall that S is semi-simple), one proves that ¢t —
f(6(t), w(t)) is bounded. Therefore, x is bounded as (A + BF) is Hurwitz.

(Relative coordinates) Define x,(t) = I1(0(t))w(t) and u,(t) := T'(6(t))w(t). Using (9.7)
and (9.2), one can prove that

= Y 6(8)TT;w(t) + TI(6(t)) Sw(t)

(ij)eg
so that

f0(t), w(t)) = (ATL(6(t)) — ATI(6(t)) + BT(6(+)) — BFIL(6(t)) + P) w(t)

9.7 .
P2V T1(0(t))Sw(t) — (A + BE)x,(t) = 2,(t) — (A+ BE)x,(t) — Y, 6;;(1)IT;juo ()
(ij)ed
is valid. By injecting the previous expression in (C.20), this proves
( ) (A + BF Z 91] 1]w ) (CZla)

(i,j)eTJ

where ¥ := x — x,. In addition, subtracting (9.3b) from (9.1b) yields e = CX 4 Dii. Remark that
(9.12) reads @i = FX, so that
e(t) = (C+ DF)x(t) (C.21b)

holds.

(a): In view of (C.21), the sum of the terms 6;;(t)I1; w(t) acts as a vanishing piecewise
continuous perturbation on LTI dynamics with a Hurwitz state matrix. Thus, ¥ — 0 holds
and, in turn, e() tends to 0.

(b): The stable outer dynamics of the (A + BF)-invariant subspace V; is driven by a van-
ishing piecewise continuous perturbation. This implies that ¥(t) — Vg so that e(t) — (C +
DF)V; = {0}.

(c): The linear dynamics is unperturbed and initialized at £(0) = 0 < x(0) = I1(0(0))w(0).
This implies e = 0.

(d): The outer dynamics of V; is identically zero because it is unperturbed and %(0) €
Vi < x(0) € T1(0(0) )w(0) + Vg holds. This implies e = 0. O

C.1.5 Proofs of Rem. 9.7 and Rem. 9.10
Proof of Rem. 9.7:

Proof. Assume that ASM 9.3 is valid. Particularization of Cor. 9.6 to this particular case yields
k=m—p>0andd; =0,(i € [1,9]), so that dim F = (m — p)|Z| holds. Besides, v; = m — p
holds. In this context, dim F equals (m — p)q if m > p is valid and 0 if m = p holds. O
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Proof of Rem. 9.10:

Proof. Recall that ASM 9.3 is valid. One can check that y; = m — p > 0 implies Z = Z¢ = [1, 4]
and, in turn, Im {Hi,]-} C R ((i,j) € J) are valid, see (ii) of Prop. C.5. In this context, J
equals Jg, and in turn, item (b) of Th. 9.9 reads: If F € IF(V;;), then (9.12) solves Problem 9.1.
Following the proof of Th. 9.9, the condition F € IF(V;) can be relaxed to F € F(R") since, in
the latter case, the unperturbed stable outer dynamics of the (A + BF)-invariant subspace R*
converges to 0, so thate(t) — (C+ DF)R* = {0}. O

C.2 Proof of Lem. 9.12

As a preliminary step, consider the following instrumental lemma.

Lemma C.6. Given linear spaces X, Y, W and linear operators A : X — Y and B: W — Y. Assume
that there exists a mapping C : W — X (possibly non linear) satisfying A o C = B as illustrated by the
following commutative diagram:
G
7N
W—("X

A
Y
Then, there exists a linear operator C; : W — X that satisfies A o C; = B.

Proof. From A oC = B, we can deduce that Im {B} isincluded inIm {A}. Let A := Im {B} |A|A~'Im {B}
be the co-domain restriction to Im {B} of the domain restriction of A to A~'Im {B}. By con-
struction and from Im {B} C Im {A}, the mapping A : A~'Im {B} — Im {B} is surjective.

Hence, it admits a right-inverse A : Im {B} — A~!Im {B},i.e. AA™ is the identity of Im {B}.

Letig : Im{B} — Y and i, : A~'Im {B} — X be the natural embeddings. Define the linear
operator C; : W — X as C; := ixAﬂE]B. From the following commutative diagram

WS X <" A Im{B}

NN

Y <—i3 Im {B}
one can check that
AoC=Ao Cl
is valid. O

The proof of Lem. 9.12 is now offered.

Proof. The first equivalence follows by applying Lem. C.6 with linear spaces W = E C C,
X =PC x PD and Y = PC x PC and the linear operators:

A (up, x¢) — (Ax, + Bu, — %, Cx, + Duy)
B:w+— (—Pw,—Quw)
Indeed, using those notations, the left-hand side of the first equivalence means that there exists
an operator C : W — X solving A o C = B. By virtue of Lem. C.6, this implies the existence of a
linear operator C; : W — X satisfying A o C; = B, i.e. L(w) N R(w) is non-empty for all w € E.

The second equivalence can be proved by plugging (i, x,) = (I'w, ITw) into (9.3), which gives
9.7). O
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C.3 On Z,, and the implication IR = bp-WIR

C.3.1 2, is well-defined and independent on F € F(V*)

Applying Lem. A4 with (V, W) = (V[fp, V*) guarantees the existence of F,, € F(V*) N
F(V;,). Since F(V*) C F(R"), see Lem. A.5, this implies that both V;, and R* are (A + BFy)-
invariant, so that (A + BF, )|V, /R" is a well-defined mapping.

Choose any F € F(V*) C [F(R*). Recall that (A + BF)|V*/R* equals (A + BF,,)|V*/R*,
see Lem. A.5. Thus, using Lem. A.16 with (A1, A2, V, W) = (A+ BF,,, A + BF, V[fp /R*,V*/R*),
one proves (A + BF)-invariance of V;,/R* and (A + BF) \Vg‘p/R* = (A+ BFy) \VJP/R*, ie.
(A + BF)| (V,j‘p/R*) and, in turn, Zy, is independent of the choice of F € F(V*).

C.3.2 IR = bp-WIR

Assume that X is IR. Let us prove that it is also bp-WIR by constructing a bp signal 7 that
induces i := H[%; ii] = 0 for some initial condition .

If p > 0, any bp signal i : R>g — Ker {B} NKer {D} associated with %) = 0 achieves that
purpose and, in turn, proves that p > 0 implies X bp-WIR.

Henceforth, assume p = 0. By virtue of Th. 8.2, both R* and A are nontrivial. This allows
to build a matrix F in [F(R*) satisfying c((A + BF)|R*) C C~, see Lem. A.5, and to pick a
non-zero vector v in N. Note that p = 0 implies Bv # 0. Define the input

i1 .= FX + wo,

with w : t — sin(wt) and & := H,[%; if] and where w is a strictly positive scalar, to be defined
later on. Let T := 271/ w.
From Lem. A.5, recall that:

A+ BF
C+ DF

:|R*+[E}NCR*@{O}

holds. For any %y € R*, this proves that %(t) identically belongs to R* and  equals zero. This
allows to consider the system X = A% + Bii with state space R*, i.e.

% = A% + b (C.22)

where A, := (A + BF)|R* and b, := R*|Bv # 0. By construction, for any xy € R*, the signal
% can be related to %, in a bijective manner. In fact, i%, = % holds with i : R* — R" the natural
embedding.

If ¥ € R*, then X asymptotically converges to some T-periodic steady-state £ : R>o — R*
solving the state equation, i.e.

tginoox(t) —x(t) =0, (C.23a)
V>0, (t+T) = 7°(t), (C.23b)
AF* + Bi* = &%, (C.23¢)

with
ii* == F¥* + wo.
Let us now prove this assertion. First, remark that w can be rewritten as [1 0] w® for the

T-periodic signal w® solving @w® = Sw® with S := [ % ¢] and for some w*’(0). Second, by
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substituting X, by ITw® in (C.22), one arrives at the Sylvester equation I'lS = A,IT+ b, [1 O] .
This equation admits a non-zero solution IT in view of 0(A,) Nc(S) = {@} and b, # O,
[Gan00, p.225]. This proves that there exists a linear mapping IT # 0 that satisfies &, = ITw".
Let ¥* := iX, and observe that (C.23b) and (C.23c) are valid. To prove (C.23a), it suffices to
remark that ¢ := i 1% — &, solves ¢ = A,¢ in view of (C.23¢) and to recall that A, is Hurwitz.

Let us now prove that 7 is bp if w € R is chosen in such a way that T is not a multiple of
the period of some purely imaginary mode of A, that is,

T ¢ {kT,:k € N\ {0},i27/T, € o(A)} (C.24)

First observe that #* inherits continuity and T-periodicity from those of ¥* and w. Since #
tends to 7%, the former is bp if the latter is. Let us prove that ii* is indeed bp. By contradiction,
first assume that #i* is zero. In this case, it holds ¥* = A#%*. This contradicts the fact that * is a
T-periodic signal with w satisfying (C.24). Thus, ii* is a nonzero signal. Since it is also periodic
and continuous, this proves that it is bp.

C.4 Technical results on input and state trajectories related to V; and
by
Define the two properties Py and Py, that apply to a square matrix E:
* P,(E)isvalid if ¢(E) C C~ holds;
* Py, (E)is valid if o (E) C C° holds and E is semi-simple.

To keep things general and factorize the forthcoming mathematical developments, we in-
troduce the (abstract) property P. Our goal is to study the largest invariant subspace and the
largest output nulling controlled invariant subspace where P is valid, i.e.

X (P) == sup U, (P)
V*(P) := sup U, (P)
where

U, (P) :={V| AV C V,P(A|V) is valid} (C.25a)
W, (P) := {V | IF € F(V),P((A + BF)|V) is valid} (C.25b)
For X (P) and V*(P) to be well defined, it suffices to prove that both U, (P) and U, (P) pos-

sess at least one member and are upper semilattices with respect to inclusion and subspace
addition. Next assumption translates this requirement.

Assumption C.7. P is such that (i) both U, (P) and U, (P) contain {0} and (ii) the follow-
ing implications hold:

VW €U (P)=V+W e U, (P),
VW e U,(P) = V+W e U, (P),

for all subspaces V and W.

We also need to make the following assumption:
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Assumption C.8. P is such that the following implication holds:

W € U,(P)

AVCVCW}:H)E%(P)’

for all subspaces W.

Remark C.9 (Existing definitions captured by X'(-) and V*(-)). By definition, it holds:

X, = X(Py), Vi = V'(Py)
Xbp = X(Pbp)/ Vgp = V*(Pbp)

The validity of ASM C.7 and ASM C.8 for P = P, is well known. Analogous results for P = Py,
are offered in Subsec. C.4.2. o

Remark C.10 (X, as a short for X,;(A)). In the sequel, when there is a risk of confusion, the
notation X, (A), (a € {g,bp,b,s,c,u}) is used in place of X, to make explicit the state matrix
involved in the definition of X,. °

C.4.1 The largest invariant subspace of R"” and V* where P is valid

Throughout this subsection, it is assumed that both ASM C.7 and ASM C.8 hold.
By the definition of X' (P) and V*(P), the following relationships immediately follow:

X(P)N(K|A) C V*(P) C V™. (C.26)
The first inclusion can be derived from
A(X(P)N(KJA)) Cc X(P)N(K|A) C (K|]A) C Ker{C}

which proves F = 0 € F(X(P) N (K|A)) and the validity of P((A + BF)|(X(P) N (K]A))), in
view of ASM C.8 used with (V, W) = (X (P) N (K|A), X (P)). The second one can be deduced
from V* = sup{V : F(V) # {@}}.

In the following, we focus on the case whichere R* is trivial. In this context, our main
goal is to characterize the case where the first inclusion of (C.26) is actually an equality, see the
forthcoming Lem. C.13. To this end, several intermediate statements are first established.

Lemma C.11. Assume that R* is trivial. Given any Fy € IE(V*). Given any V and F € F(V). Then,
(i) Fo € F(V) and (ii) (A + BF)|V = (A + BFy)|V hold.

Proof. Since V C V* holds, Lem. A.4 applies and ensures that there exists F¢ € F(V*) NF(V)
satisfying:
(A+BF)|V = (A+ BF)|V (C.27)

For any subspace WV, one can identify WW/R* with W since R* is trivial.. This allows to use
Lem. A.16 with (A1, A, V, W) = (A + BF¢, A+ BFy, V/R*, V*/R*) since (A + BF®)|V* /R* =
(A+ BFy)|V*/R* by virtue of Lem. A.5. This proves that (a) V/R* is (A + BF)-invariant, and
(b) (A + BF®)|V/R* = (A+ BE)|V/R* holds.

Item (a) is equivalent to (A + BFy)V C V and, in turn, to (i) because V C V* C Ker {C + DFy}
holds. Item (b) equivalently reads (A + BF¢)|V = (A + BF))|V which is nothing but (ii) since
(C.27) holds. 0
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Lemma C.12. Assume that R* is trivial. Given any Fy € F(V*). Then, V*(P) is the largest subspace
YV C V* such that (i) V is (A + BFy)-invariant, and (ii) P((A + BFy)|V) is valid. Besides, (A +
BFy)|V*(P) is independent of the selection of Fy in TF(V*).

Proof. Define the following set:
U, (P, ) ={V | F € E(V),P((A+ BF)|V) is valid}

Given any Fy € F(V*). It holds U,(P) = U,(P,F): On the one hand, one has U,(P) D
U, (P, Fy), by definition. On the other hand, for any V that is proven to belong to U, (P) via F,
Lem. C.11 ensures that [y € F(V) and (A + BF)|V = (A + BF)|V hold so that V € T, (P, F),
i.e. U, (P) C Vy(P,Fy).

As a result, V*(P) is the largest subspace V in U,(P) = U,(P, ), i.e. the largest V such
that (a) Vis (A + BFy)-invariant, (b) (C + DFy)V is trivial, and (c) P((A + BEF)|V) is valid. One
can freely add the new item (d) V C V* to this list, since V*(P) C V* holds. In this case, item
(b) can be dropped since V C V* C Ker {C + DFy} holds.

Finally, the fact that (A 4+ BFy)|V*(P) is independent of the selection of Fy in IF(V*) follows
(A) by invoking Lem. A.5 to prove that (A + BFy)|V*/R* does not depend of Fy € F(V*), (B)
by using the identity V*(P)/R* C V*/R* and (C) by identifying V*(P)/R* as V*(P). O

Given any Fy € F(V*). If R* is trivial, then Lem. C.12 ensures that the following set is well
defined and does not depend on the choice of Fy in IF(V*):

Z(P) :=0o(A+ BFR|V*(P)) (C.28)
By choosing Fy € F(V*) as in Lem. A.6, one also derives the following relationship
c(AlX(P)N(K|A)) C Z(P). (C.29)

Indeed, J = X(P) N (K|A) inherits A-invariance from those of X' (P) and (K|A). Since,
RJ C K (K|A) = {0} implies (A + BFy)J = AJ C J, this gives (C.29) from (C.26).

Lemma C.13. Assume that R* is trivial. The following statement are equivalent:
(i) V*(P) C (K|A)
(ii) V*(P) = X(P)N(K|A)
(iii) Z(P) =oc(A|X(P)N(K|A))

Proof. Let us choose Fy € IF(V*) as in Lem. A.6, so that (K|A) C Ker {Fy} holds. Bear in mind
that V*(P) is (A + BE)-invariant by virtue of Lem. C.12.

(i)<(ii): In view of (C.26), it suffices to prove that (i) implies V*(P) C X(P). From (i), one
deduces F)V*(P) C K (K|A) = {0} and, in turn, AV*(P) = (A + BF)V*(P) C V*(P) and
A|V*(P) = (A + BF)|V*(P). Hence, P(A|V*(P)) is equal to P((A + BFy)|V*(P)), which is
proven to be valid in Lem. C.12. This implies that V*(P) is included in X' (P) by the definition
of X (P).

(ii)<(iii): Recall that both J := X (P) N (K|A) and V*(P) are (A + BF)-invariant. In view
of (C.26), this allows to apply Fact A.11 with (V, W, A) corresponding to (7, V*(P), A + BF).
This proves (ii)< (iii) since o ((A + BFy)|J) = ¢(A|J) holds. O
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C4.2 Proof that ASM C.7 and ASM C.8 are valid for P = Py,

Our primary goal in this subsection is to prove the following lemma.
Lemma C.14. ASM C.7 holds true for Py,.

Both U (Py,) and U, (Py,) contain {0}.! Therefore, it suffices to prove that these classes
are closed under the operation of subspace addition. Before tackling this problem, preliminary
results for Py, are established. One of these results proves that ASM C.8 is valid for P = Py,,.

Preliminary results about Py,

Py, (A[V) is valid iff A|V is C-diagonalizable and its spectrum lies on C”. An alternative char-
acterization is now offered using the geometric language.

Fact C.15. Given an A-invariant subspace V. Py, (A|V) is valid iff there exist A-invariant subspaces
Vi, (k € [1,4]) such that V = V1 @ ... ® V,, where for all k, it holds:

AY CY C Ve =Y e {{0},V} (C.30)
as well as o(A|Vy) C C°. Besides, if Py, (A|V) is valid, then it holds:

AYCYCV=3SC[LKk: Y=YV (C.31)
jes

Proof. From a geometric point of view, computing the real Jordan form of A|V corresponds to
decomposing V into the direct sum of A-invariant subspaces Vi where the matrices of A|Vj
are similar to one of the two following real elementary Jordan blocks, depending on whether
the eigenvalue ay + iby associated with A|Vy is real:

ay 1 Ek I,

ag Ex
v

1 12
aj Ek

where E; = [fﬁ b"} € R?2*2, see e.g. [Per01, Sec.1.8]. By definition, Py, (A[V) is valid iff

k Ak

(i) it is C-diagonalizable and (ii) o(A|V) C CP holds. On the one hand, (ii) is equivalent to
a(A|Vy) C C° for all k since 0(A|V) = W, o(A|V}) holds. On the other hand, (i) is equivalent
to (C.30). To see this, pick any k and observe that, in general, other subspaces must be added
to the class on the right-hand side of (C.30). One of them is the eigenspace related to the first
column (the first and second columns, respectively) in the real case (in the imaginary case,
respectively) of the elementary Jordan block associated with A|Vy. Thus, (C.30) holds iff those
subspaces coincide with V itself, i.e. the elementary Jordan blocks are either [a;] or E;. This
condition is necessary and sufficient for A|Vj to be C-diagonalizable. This concludes the proof,
since A|V is C-diagonalizable iff each A|Vj enjoys this property.

To prove (C.31), recall that the class of A-invariant subspaces included in W is a lattice
relative to C, +, and N. From (C.30), the nontrivial subspace of the smallest dimension of
this lattice is Vis. Thus, A-invariance of J C V implies that J equals } ;s V; for some S C
[1,k]. O

1See footnote 1 on p-231.
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By exploiting this characterization of Py, the following fact gathers several statements es-
tablishing how property Py, can be transmitted from one map to another.

Fact C.16. Given two A-invariant finite dimensional vector spaces V and WV.
(i) IfV and W are isomorphic, then Py, (A|V) is valid iff Py, (A|W) is valid.

(ii) If V C W holds, then validity of Py, (A|W) implies the existence of an A-invariant subspace J
satisfying J @V = W and such that both Py, (A|V) and Py, (A|J ) are valid.

(iii) If V C W holds, then validity of Py, (A|W) implies validity of Py,(A|W/V).
(iv) If V N W is trivial, then Py, (A|(V @& W)) is valid iff both Py, (A|V) and Py, (A|W) are valid.

Proof. (i): If V and WV are isomorphic, then A|V and A|W are similar maps and Py, is preserved
by similarity transformation.

(ii): From Fact C.15, A-invariance of ¥V C W together with the validity of P,(A|W) implies
that V equals ) ;.5 W, for some S C [1,4], where the A-invariant subspaces W satisfy VW =
W1 @ ... ® W, and the properties defined in Fact C.15. Therefore, WV equals V & J where
J = @jep,q)\s W;- By construction, and in view of Fact C.15, Pj,(A[J) is valid.

(iii): Use (ii) and the fact that J and YW /V are isomorphic so that (i) applies.

(iv): Validity of both Py, (A[V) and Py, (A[WW) implies the existence of A-invariant subspaces
Viand Wy suchthat V = Vi & ...®V,and W = W; @ ... ® W, holds, where Vy, (k € [1,7])
and W, (k € [1,q]) satisfy the properties defined in Fact C.15. Since V N W is trivial, this
proves that Py, (A[(V @ W)) is valid since VO W = V1@ ...V, @ W1 @ ... & W, holds.
Conversely, (ii) and the validity of P;,(A|(V © W)) ensure the existence of an A-invariant
subspace J such that both Py, (A|V) and Py, (A|J) are valid and J ©V = V @& W holds.
This last equality proves that JV and J are isomorphic, so that (i) induces that Py, (A|W) is
valid. O

ASM C8is valid for P = Py,
Lemma C.17. ASM C.8 holds true for Py,.
Proof. Just use item ((ii)) of Fact. C.16. O

Closure property on U, (P;,)
Lemma C.18. U, (Py,) is closed under the operation of subspace addition.

Proof. Pick any V, W € Uy (Py,). Since V + W is A-invariant, as the sum of A-invariant sub-
spaces, it suffices to prove that Py, (A|(V + W)) is valid. Fact C.15 proves the existence of A-
invariant subspaces Vj satisfying V = V; @...®V,, and forall k, 0(A|Vy) C C’and (C.30). An
analogous argument proves the existence of a similar decomposition of W as W; @ ... ® W,.
For all k, Vx N'W is A-invariant as the intersection of A-invariant subspaces. From (C.30), if
this subspace is not trivial, then it is equal to Vj, so that V, C W. Hence, the sum V; + W is
either direct or equal to V. This proves

W+V= P Wea@P Vs
ke[1,r] ke

where Z = {k € [1,9] : Vi " W = {0}}. By the definition of V; and W, this relationship im-
plies that V + W is A-invariant and that ¢(A|(V + W)) = Wi 0 (A Vi) & ez o (AW) C
C? holds. This proves that Py, (A[(V 4+ W)) is valid by virtue of Fact C.15. O
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Closure property on U, (Py,)
Lemma C.19. Given any V and F € F(V). Define
R = (A+ BF|V N BKer{D}).

There exists a mapping Fy and a subspace J such that (i) Fy € F(J)NE(R)NEF(V), (i) V =
J @ R and (iii) Py,((A + BFy)|R) is valid. In addition, if Py,((A + BF)|V) is valid, then (iv)
Py, ((A+ BFy)|J) is also valid.

Proof. First, recall that R is (A + BF)-invariant and contained in V), see Lem. A.5. This lemma
also ensures that F(V) C F(R), so that (i) is equivalent to Fy € F(J) NFE(V).

Assume that Py, ((A + BF)|V) is valid. In this context, Fact C.16 can be invoked to prove
the existence of an (A + BF)-invariant subspace J satisfying V = J & R, such that both
Py,((A + BF)|R) and Py, ((A + BF)|J) are valid. Because V C Ker {C + DF}, this implies
F € F(J) which proves (i), (ii), (iii), and (iv) for Fy = F.

Henceforth, let us remove the assumption that Py, ((A + BF)|V) is valid. Let r € N be the
quotient of the division of dim R by 2. Choose distinct strictly positive reals wy, ..., w, such
that

{zxiwn, ..., tiw,} No((A+ BF)|V/R) = {@}. (C.32)

Define the polynomials g.(s) and g(s) as follows:

r

ge(s) = [ [(s* + wp),
k=1
(s) = ge(s), if dimR iseven,
= s ge(s), otherwise.

Lem. A.5 guarantees the existence of Fy € F(V) such that the characteristic polynomial of
(A+ BFy)|R equals g(s). This implies (iii) by the construction of 4(s).

To end the proof, it suffices to prove that R is complementable (in V), i.e. that there exists
an (A + BFy)-invariant subspace J C V satisfying (ii). Indeed, in such a case, Fy € F(J)
holds since V C Ker {C + DF}. If R = V holds, J = {0} proves that R is trivially comple-
mentable. Besides, if dim R is even or if 0 ¢ ¢((A + BF)|V/R) holds, then (A + BF)|R and
(A + BFy)|V/R have a disjoint spectrum so that R is also complementable.

Let us investigate the remaining case: Henceforth, assume that R C V and 0 € o((A +
BF))|V/R)hold and dim R is odd, so that o ((A+ BFy)|R) = {0, +iws, ..., £iw, }. By splitting
this spectrum, one proves the existence of Ry, R, satisfying (a) Ro ® Rw = R, (b) 0((A +
BFy))|Ro) = {0} and (¢) 0(Ayn) = {£iw;,..., tiw,} with A, := (A + BE)|R,. Similarly,
all the zeros in the spectrum of ¢((A + BF)|V/R) can be separated from the rest to prove the
existence of Vy satisfying (d) R C Vnx C V, (e) (A + BFy)(Vn/R) C Vn/R and (f) o(N) =
{0,...,0} with N := (A 4 BFy)|Vn/R. Consider a basis P of V that is adapted to R, & Ry C
VN C V. In P, the map (A + BE)|V reads:

Avw 0| Az Anp

8 gAﬁ A024 (C.33)
0 0| 0 Ay
From (C.32), (c) and (f), it holds
c(Aw)No(N) = {o} (C.34a)
0(Aw) N (0(Aw) U{0}) = {2} (C.34b)
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R is complementable iff the following Sylvester equation admits solution, see e.g. [BM92,

p-132]:
Ao 0], [N 0] _  [As Ay
[ X O} XX [ ’ A44] _ [ L AZJ (C.35)
By splitting the unknown matrix X as follows
X1 X2
X =
[le Xzz]
equation (C.35) can be decomposed in the following way:
AWXH — X11N = —A13 (C36a)
AwXi2 — X1pAy = — Ay (C.36b)
— XN = —Aps (C.36¢)
— XAy = —Axn (C.36d)

Both Sylvester equations (C.36a) and (C.36b) are solvable in view of (C.34a) and (C.34b). Be-
cause (C.34b) also implies that Ay is invertible, (C.36d) is also solvable. Therefore, there exists
X solving (C.35) iff (C.36¢) admits solution. This condition is equivalent to A»;3Q = 0 where
columns of Q form a basis of Ker {N}.

Assume that A»3Q is distinct from zero. It is now shown that A»3Q = 0 can be imposed
by tuning F, i.e. there exists F; such that A5;Q = 0 holds, where A/, is obtained from A +
B(Fy + F,) in the same way as A3 has been derived from A + BEF,. To see this, let A, :=
B~V NKer{D}. Observe that the map V|B|N, is well defined and reads as follows in the
basis P of V:

(C.37)

This lemma also ensures that the following pair is controllable:

A, 0| [Bg
0 0|"|B
This proves that the single-line matrix B is nonzero and, in turn, full row rank. Consider some
mapping F : V — N,. From Lem. A.5, one obtains

A+B(Fy+ F) Vv A+ BF,
C—|—D(F()—|—F1) C+ DF

which proves (Fy + F;) € F(V). Without loss of generality, assume that F;|V in the basis P
reads [0 0 F3 0]. By construction, the matrix of (A 4+ B(Fy + F1))|V in this basis reads
as in (C.33) with Ay3 + B1Fi3 and Ay + BoFi3 =t A, in place of Az and Aps, respectively.
This proves (A + B(Fo + F1))|R = (A + BFy)|R so that Py, ((A + B(Fy + F1))|R) inherits the
validity of Py, ((A + BFy)|R). Thus, it remains to be proven that R is complementable in V
and w.rt. A+ B(Fy+ F;). In this context, the previous necessary and sufficient condition for
the solvability of the equation analogous to (C.35) reads as follows:

A%Q =04 (A +BFi3)Q =0 AnQ+ ByFj3=0 (C.38)

where F|, := F3Q. Since B; is full rank, there exists Fj, satisfying (C.38). Bearing in mind that
Q is a full column rank so that there exists Q' satisfying Q'Q = 1, this leads to Fj3 = 131’3QJr
solving (C.38). In summary, if A»3Q is distinct from zero, then there exists F; such that A},Q =
0 holds, which proves that R is complementable. O

]v+ {g] N, c Ve {0}
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Lemma C.20. U, (Py,) is closed under the operation of subspace addition.

Proof. Pickany V in U, (Py,), i.e. there exists F € IF(V) such that Py, ((A + BF)[V) is valid. For
further references, let us already define

Ry = (A+ BF|YV N BKer{D}).

Similarly, pick any W in U, (Py,) and define Ry, in an analogous manner.
Recall the equivalence (A.10), that is valid for any subspace V. This allows to conclude that

foom= e e omemm(2)

holds, which in turn proves that there exists Fy € IF(V + W). This allows to define:
Row == (A+ BF|(V +W) N BKer {D}).

By virtue of Lem. C.19, there exists a mapping F,,, and a subspace Jo, such that (i) F,y €
F(Jow) NEF(Row) NE(V+W), (i) V+W = Tow © Ruw and (iii) Py, ((A + BFyw )| Row) is valid.
In view of item ((iv)) of Fact C.16, to prove that V + WV belongs to U, (P}, ), it suffices to ensure
the validity of Pbp((A + BF,w)|Jow)- Since Jorp and

A= V+W)/ R

are isomorphic, this is equivalent to the validity of Py,((A + BFy)|.A), in view of item ((i)) of
Fact C.16. Note that (A + BE,y, )-invariance of both V + W and Ry, ensures that (A + BF,,)|.A
is indeed well-defined.

It is proved in the sequel that A can be decomposed as follows

A= (TJo+ Row)/Row + (Jw + Row) / Row (C.39)
AU -Aw

for some J, and 7y, for which both A, and A, are (A 4+ BE,y,)-invariant and such that

Py, ((A + BFyw)| Ap) is valid (C.40)
Py ((A + BFyw)| Aw) is valid (C41)

Insuch a case, Py, ((A + BFyw)|.A) is valid since the class {Q C (V+W)/Ruw : (A+ BFyy)Q C
Q, Py, ((A+ BFyy)|Q) is valid} is closed under the operation of subspace addition, as proved
via direct extension of Lem. C.18.

The existence of such a subspace 7, is ensured by Lem. C.19. Indeed, this lemma proves
the existence of a mapping F, and of a subspace J, such that (i) F, € F(J,) NF(V), (i) V =
Jo @ Ry and (iii) Py, ((A + BF,)|Jy) is valid. In view of Lem. A4, there exists Fj such that
FE e F(V)NF(V+ W) and (A + BF;)|V = (A + BE,)|V hold. Since 7, is included in V and
E, € F(J,) holds, this implies that .7, is (A + BF;)-invariant and that

Py, ((A + BE;)|Jy) is valid. (C42)
The proof of (C.40) is derived from (C.42) as follows:
(C42) = Py, (A + BF)|Jo/ (Row N Jo)) iV & Py (A + BES)|Ay) iv. & (C40)  (C43)

where “i.v.” means “is valid” and implication as well as equivalences are numbered for fur-
ther references. Before proving (C.43), note that every restriction of (A + BFS) involved in
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those identities is well defined if Ry is (A + BES)-invariant. In view of Lem. A.5, this is
indeed the case since F; € F(V + W) holds. Implication 1 of (C.43) can be proven by in-
voking item ((iii)) of Fact C.16. Equivalence 2 of (C.43) follows from item ((i)) of Fact C.16
and A, ~ Jo/(Row N Jo), see e.g. [Won85, p.11]. Equivalence 3 of (C.43) derives from
(A + BF%)| A, = (A + BEy)|.A, which can be proved via Lem. A.16 with (V, W, A1, Ay) =
(A, (V+W)/Row, A+ BF, A+ BF,,), which applies by virtue of Lem. A.5.

Similarly, one proves the existence of 7, satisfying (C.41) and W = J, ® R.

It remains to prove (C.39). This follows from R,, Ry C Row and Row C V+W = T, +
Ro + Jw + R which induce:

A = (jv +jw+va)/va = AU+AZU

To conclude, let us prove R, C Ryw. The inclusion Ry, C Ryw follows in a similar manner.
On the one hand, one has Ry, O (V + W) N BKer {D} D VN BKer {D} by definition of R .
Intersecting by Im {B} yields Ry, NIm {B} D VN BKer {D}. On the other hand, R, can be
written (A + BFS|V N BKer {D}) because R, C V holds. This implies R, C Ry because
Row = (A + BES|Ryw N Im {B}) holds by virtue of Lem. A.5. O

C.4.3 Decomposition of V*

This subsection is devoted to the analysis of state trajectories that identically belong to V* in
the case where R* is trivial. To this end, let us first particularize Lem. C.13 for P = Py

Corollary C.21. Assume that R* is trivial. The following statement are equivalent:
@) Vg, C (K|A)
(it) Vy, = Xy N (K|A)
(iii) Zpp = 0(A|Xp, N (K|A))

The use of P and Py, together with (A.2), also allows the decomposition of V* when R*
is trivial, as shown in the next lemma.

Lemma C.22. Assume that R* is trivial. Given any F € F(V*). Then, Vg and Vy, are (A + BF)-
invariant, and there exists a subspace V; C R" such that:

Vi=V; eV, oV (C.44)
holds. Besides, both (A + BF)|Vg and (A + BF)|V;, are independent of the selection of F in F(V*).

Proof. To prove that both Vg and V;, are (A + BF)-invariant, it suffices to invoke Lem. C.12
with P = Pg and then P = Py,. This also proves that (A + BF)|V; and (A + BF) ]V,jp do not
depend on F € F(V*). Define E := (A + BF)|V*. Exploiting (A.2) on E allows to decompose
RYE™V" into Xy (E) & X (E) @ X, (E). Define the natural embedding i : V* — R". From
Fact A.14, one gets

V' = iRV = i(X(E) @ Xyp(E) @ Xy (E)) = iXg(E) @ iXpy(E) © i, (E)

Clearly, iXy(E) corresponds to the largest (A 4 BF)-invariant subspace V C V* such that
o(A+ BF|V) C C7, ie. iXy(E) equals V; in view of Lem. C.12. Similarly, one concludes that
iXyp(E) = V;,- This yields (C.44), with V; := iX,(E). O
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C.4.4 Input and state trajectories when X is not IR

The following lemma exploits (C.44) to decompose the state trajectories associated with zero
output in the case where X is not IR.

Lemma C.23. Assume that ¥ is not IR. Choose any F € F(V*). Given xo € X and (u,x,y) € Q(xo).
It holds

yzO(:){ wel (C.45)
In addition, if (C.45) holds, then x can be uniquely decomposed as follows:
X = Xg + Xpp + Xp
where for all a € {g,bp}:
* x, satisfies x,(0) € V and:
%o = (A + BF)x,, (C.46a)
0 = (C+ DF)x,, (C.46Db)

* x, and Fx, identically belong to V,; and M,, respectively, where My,, Mg C R™ are defined
by (9.26) and the following equation:

My = [g} N (vg o {0} + H v;). (C47)

Proof. First, note that if ¥ is not IR, then both A and R* are trivial, as proved in [KT21, Th.3.1].
In this context, (C.45) is a corollary of Lem. A.7. Assume that (C.45) holds. Because R* = {0}
holds, Lem. C.22 applies. It allows us to uniquely decompose xy according to (C.44) and, in
turn, x in the same way, because # = Fx and by the linearity of xo +— e!(4*BF)x,. This yields
(C46a). For all a € {g,bp}, Lem. C.22 also proves that V; is (A + BF)-invariant, so that
x, identically belongs to V; C V* C Ker{C + DF}. This proves that (C.46b) and Fx,(t) €
Ma,, (t > 0), as in the proof of Prop. 9.16. O

Combining Lem. A.3 with Lem. C.23 gives the following lemma.

Lemma C.24. Assume that ¥ is not IR. Given xo € X and (u,x,y) € Q(xo). Assume thaty = 0
holds true. Then:

(i) xisbpiff xo € (Vg +Vy,) \ Vg hold.
(ii) w is bp only if My, is non trivial;
(iti) If “x bp” implies “u not bp” (for all xo such that y = 0 holds), then Vy, = Xy, N (K|A) holds.

Proof. Let us use the notation of Lem. C.23. Choose any F € F(V*).
(i): From (C.45), x = (A + BF)x holds with xo € V*. Define the natural embedding i : V* —
R". One can focus on the reduced dynamic associated with x = ixg and governed by xg = Exg
with

E:= A+ BF|V".

From the injectivity of i, x = ixg is bp iff xg is bp. From Lem. A.3 and Fact A.15, this is equiv-
alent to xo € i((AXG(E) + Xpp(E)) \ AG(E)) = (iXg(E) + i, (E)) \id(E) = (Vg +V;,) \ Vg
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since iXg(E) = Vg and i}, (E) = V;, hold, as shown in the proof of Lem. C.22.

(ii): Fxg(t) tends to zero and ||Fx,(t)|| either is zero or tends to infinity. Because u = F(x;, +
Xx¢ + x3) holds, owing to (C.45), this implies that u is bp only if Fxp, is non-zero. From
Lem. C.23, M, # {0} is a necessary condition for this to append.

(iii): Consider any x(0) such that x = x, + Xpp + Xp is bp. From (i), this is equivalent to saying
that x,(0) = 0 holds, and x;,(0) is arbitrary in Vi \ {0}. Hence, x; is zero so that u equals
F(xpp + xg) which tends to Fx;,. Assume that u is not bp. This implies x;,(t) — Ker {F}
which is equivalent to x;,(0) € Ker {F} because xy, is periodic. Therefore, V;, C Ker{F}
holds because x;,(0) is arbitrary in Vi \ {0}. As a result, and in view of Lem. C.22 and
Vip C V" C Ker {C + DF}, one gets:

Al _ [A+CF| L, x
Ayt = [42Sog, cvi2 0
which proves that Vj, is an A-invariant subspace contained in Ker {C}, ie. Vip C (K|A), and

in turn, V;,, = A}, N (K|A) holds by virtue of Cor. C.21. O

C.5 Proof of Prop. 9.16

Let us first assume that X is IR. Referring to [KT21, Th. 3.1], all conditions are valid (and
therefore equivalent) in this case, namely (i) since IR implies WIR, (ii) because IR is equivalent
to dim(R*) > 0 or p > 0, (iii) due to the fact that IR is equivalent to dim N > 0 and N' C M
holds in view of the following reformulation of N, see (8.7):

N = [g} e o) (C.48)

and (iv) since IR is equivalent to nrank { P} < n + m.

Henceforth, assume that % is not IR, so that p = dimR* = dim N = 0 holds, as well as
nrank {P} = n +m.

As a first step, let V* be trivial. In this context, all conditions are false (and therefore equiva-
lent), namely (i) since H[%p; ii] = 0 implies %y = 0 (see (C.45) for V* = {0}) and therefore ii = 0
because X is not IR, i.e. left-invertible, (ii) by inspection, (iii) since M reduces to Ker { [ 8]}
and p = 0 and (iv) because V* = {0} implies Z = {@}.

The rest of the proof is devoted to the case where V* is non-trivial (and X is not IR). In this
context, the negation of the conditions reads as follows. —(i): The implication H[%y; ii] = 0 =
ii = 0 holds for all ¥y € R". —(ii): V* = (K|A). —(iii): M is trivial. =(iv): Z C Z.q. It is now
proven that the negation of all conditions is equivalent.

—(i)= —(ii): This follows from the definition of (IC|A).

—(ii)= —(iii): V* = (K|A) implies that [ 4] V* C V* & {0}, so that M reduces to A" which
is trivial, see (C.48).

—(iii)= —(i): Pick arbitrary Xy and #, such that H[%o; ii] = 0 holds. This equality is equiv-
alent to H,[%o;11](t) € V* forall t > 0, see (C.45). Asaresult, [2]%(t)+ [B]a(t) = {;E:H
belongs to V* @ {0} for all + > 0. This implies that ii(t) belongs identically to M. Thus, if M
is trivial, then # = 0 holds.

—(ii)< —(iv): Choose F € F(V*) as in Lem. A.6, so that (C|A) is (A + BF)-invariant and
(A+ BF)| (K|A) = A| (K|A) holds. Applying Fact A.11 with (V, W, A) = ((K|A),V*, A+
BF) proves that —(ii) is equivalent to Z,4 = 0 ((A + BF)| (K|A)) = o((A + BF)|V*) = Z. This
is equivalent to —(iv) since R* = {0} implies Z D Zq by virtue of Lem. A.8.
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C.6 Proof of Th. 9.15

Equivalence between the first four items has already been proven in the discussion above the
statement of Th. 9.15.

Let us focus on conditions (iv) to (vi) for the time being. First observe that if X is WIR, then
those conditions are valid (and therefore equivalent) in view of items (ii) and (iv) of Prop. 9.16.
Assume now that X is not WIR and, in turn, not IR, so that p = dimR* = 0 holds, as well
asnrank {Ps} = n+m, V* = (K|A) and Z C Z,q, see Prop. 9.23. Note that Z C Z.q is
equivalent to Z = Z,4 by virtue of Lem. A.8. In this context, the conditions are as follows: (iv)
dim (KC|A) > 0, (v) dim V* > 0 and (vi) Z # {@}. Clearly, they are all equivalent.

Let us prove (vi)<(vii). From (A.18), (vii) implies (vi). Conversely, let us prove —(vii)=
—(vi). This implication can be reformulated as follows: If rank { Pz (z)} = n + m = nrank { Py }
forall z € C, then Z = {@} holds. This follows from Lem. A.9.

C.7 Proof of Prop. 9.23

Let us first assume that X is IR. Referring to [KT21, Th. 3.1], all conditions are valid (and
therefore equivalent) in this case, namely (i) since IR implies bp-WIR, see Sec. C.3, (ii) because
IR is equivalent to dim(R*) > 0 or p > 0, (iii) due to the fact that IR is equivalent to dim N > 0
and
B! B
N = [D] (R* & {0}) [D] Vg, @ {0}) € My,

holds in view of the identities R* C Vj, and N = B 'R*NKer{D} and (iv) since IR is
equivalent to nrank {P} < n + m.

Henceforth, assume that X is not IR, so that p = dimR* = dim N = 0 holds as well as
nrank {P} = n + m. If, in addition to that, V;, is trivial, then one can verify that all condi-
tions are false (and therefore equivalent), namely (ii) by inspection, (iii) since My, reduces
to Ker {[B]} and p = 0, (i) due to item (ii) of Lem. C.24 and M, = {0} and (iv) because
Zy, = {2} holds if V;y 1s trivial.

The rest of the proof is devoted to the case where Vl:p is non-trivial (and X is not IR). In
this context, the negation of the conditions reads as follows. —(i): The implication (H[%y; if] =
0 = il not bp) holds for all ¥y € R". —(ii): Vb*p C (KJA). =(iii): My, is trivial. —(iv):
Zyp = 0(A|X, N (K]A)). Note that the expression of =(iv) follows from (C.29) with P = Py,,.
It is now proven that these conditions are equivalent.

—(i)= —(ii): Pick any %y and any (i, %, 7) € Q(Xp) such that 7 = 0 holds. # not bp due to
(7). In this context, item (iii) of Lem. C.24 applies and proves that V;,, C (K|A), in view of
Cor. C.21.

~(i)= ~(iii): From V;, C (K|A), one obtains V;, & {0} + [4] vy, C (KlA)® {0} +
[4] (K|A) = (K|A) @ {0} C V* @ {0}. Hence, M, is included in [g]fl V*e{0}) =N
which is trivial since X is IR.

= (iii)= —(i): See item (ii) of Lem. C.24.

= (ii)< —(iv): See Cor. C.21.

C.8 Proof of Th.9.22

Equivalence between the first three items has already been proven in the discussion above the
statement of Th. 9.22.
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First, observe that if X is bp-WIR, then all remaining conditions are valid (and therefore
equivalent). Indeed, Prop. 9.23 ensures p > 0 or dim(R*) > 0 or dim(V;‘p/ (R*+ (K|A)N
V;,)) > 0, which implies p > 0 or dim(V;,) > 0 because R* C Vj, holds.

Henceforth, assume that X is not bp-WIR and, in turn, not IR (see Sec. C.3), so that p =
dimR* = 0 holds as well as nrank { Pz} = n + m and V;, C (K|A), see Prop. 9.23. In view of
Cor. C.21, this implies Vj, = &y, N (K|A) and 2, = o(A[Xp, N (K[A)).

In this context, the conditions are as follows: (iii) 3%, 3(iI, %, 7) € Q(Xp) : ¥ = 0, % bp, (iv)
dim &, N (K|A) > 0, (v) dim Vgp > 0 and (vi) 2y, # {@}. Clearly, (iv), (v), and (vi) are all
equivalent. Equivalence (iii)<(v) follows from item (i) of Lem. C.24 because dim V;p >0«
(Vs +V3,) \ Vg # {}, in view of (C.44).

C.9 Proofs related to the construction of annihilators

C.9.1 Strong annihilators
Proof of Th. 9.17

From F € F(V*), one obtains (A + BF)V* C V* which proves that A, is well defined. Matrix
B, is also well-posed because BN C V* holds.

Pick any ¥ = x,0 = x,(0) and any v. Denote by x, the corresponding state trajectory
of the strong annihilator. Define %, := Yx, and observe that this relationship is valid for
t = 0 by definition of the annihilator. By construction of the quadruple (9.22), it holds %, =
(A + BF)X, + BNv or, equivalently, ¥, = AX, + Bil, since il, = F%, + Nv holds. This implies
that (i, %, 7,) € Q(%,(0)) holds for some 7, because v € PC induces %, € C and, in turn,
il, = F% + Nv € PC. From %,(0) € V* and the definition of #,, it is ensured by Lem. A.7 that
Jr is zero.

Since both 7 € R¥™V and v € PC are arbitrary, this proves that the mapping associated
with (9.22) is a strong annihilator of ¥, by definition. Indeed, one of the items in Th. 9.15 states
that p > 0 or dim(V*) > 0 holds, which proves that the annihilator is non-zero, that is, there
exists v and 7 such that (%,(0), i,) # 0.

Proof of maximal range

Pick any %,(0) and any #, satisfying (ii,,0) € W(%,(0)). By virtue of Lem. A.7, %,(0) € V*
holds, so that there exists 7 satisfying %.(0) = ¥, and there exists v satisfying il, = F%, + Nv
where %, solves &, = AX, + Bil, = (A + BF)%, + BNv. As in the proof of Th. 9.17, one estab-
lishes that the state trajectory x, of the strong annihilator fed by v and initialized at x,(0) =z
is equal to ¥~ '%,. This proves i, = H | [x4; 7).

Let us prove v € PC. First, note that 7, € PC is implied by (ii,,0) € W(%,(0)). Then,
observe that H, [%y; PC] C C holds for all % so that ¥, € C holds. Since PC D C is linear then
Nv = il, — F%, and, in turn, v belongs to PC, due to injectivity of N.

C.9.2 Dbp-strong annihilators
Preliminaries

Lemma C.25. Assume that Vy, is nontrivial. It holds F(V*) C F(Vy,).

Proof. First, note that both IF(V*) and IF(VLTP) are non-empty because Vj, C V* are non-trivial.
Choose any F € F(V*). Since Vyp C V* C Ker {C + DF} holds, one should prove that Viw
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is (A + BF)-invariant. Applying Lem. A.4 with (V, W) = (V;,,

F;, € E(V*) NE(V;,). This leads to the following equivalences:

V*) proves the existence of

(A+BE,)V;, C Vi, < (A+BE,)(V;,/R*) C (V;,/R")
& (A+BF)(V},/R") C (V;,/R*) & (A+BF)V;, C V;,

Bearing in mind that Fj, , F € F(V*) C F(R*) holds, equivalences 1 and 3 follow from
Lem. A.17, whereas equivalence 2 is due to

(A+ BE,)|(V;,/R*) = (A + BF)|(V},/R"). (C.49)

This last equality can be proven by invoking Lem. A.16 with (V, W, A1, Az) = (V;,/R*, V*/R*, A+
BF;,, A + BF) which applies because (A + BFg’p)](V*/R*) = (A+ BF)|(V*/R*) holds, in
view of Lem. A.5. O

Lemma C.26. Assume that Vy, is non trivial. Let % (0) € Vy,- Choose any (tiy, %) such that
(iy, %,0) € Q(%,(0)) and any F € F(V*). By virtue of Lem. A.7, there exists v satisfying

il = F%, + Nv (C.50)
where N : N' — X is the natural embedding. It holds:
(@, %) € (BNP)U{0} & v e V(¥ %(0)) (C.51)
where ¥y = Vy, — X is the natural embedding.

Proof. Pick any %,(0) € V;‘p and any (i, X,) such that (i, %,,0) € Q(%,(0)). First, observe that
(d;, %) € PC x C is implied by (i, %;,0) € Q(%,(0)) so that Nv and, in turn, v are in PC, in
view of (C.50) and because N is injective.

Let x,(0) := ‘Pb’plfr(O). In view of Lem. C.25, using (A + BF)V;, + BN C Vip t R =V,
and similarly as in the proof of Th. 9.17, one proves that %,(t) identically belongs to V;, and
that x, := ¥, pl %, solves the equation governing the bp-strong annihilator for some v satisfying

(C.50). Let us consider a basis of the state space of this quadruple that is adapted to ¥ le*. In
this basis, one gets
A Ap

By
0 A»n | 0
since (i) F € F(V*) C F(R*) so that R* is (A + BF)-invariant and (ii) BN/ C R*. Besides,
An = (A+ BF)|R" is Hurwitz and Ay, = (A + BF)|V;,/R" is a semi-simple matrix satisfying
0(Axn) C C° recall that (A + BF)|V*/R* and, in turn, Ay, is independent of F € F(V*),

see Lem. A.5. Let us decompose x; as [3!]| according to the above basis. In this context (in

particular, recall that v € PC holds), observe that:

[ Aol )= |

vEB=>1x,E€B (C.52)
%(0) € ¥, )R* = (x, € BNP & Bio € BNP) (C.53)

To prove (C.52), observe that x, solves X, = Apx; so that x; is bounded, whatever is x,(0).
Besides, x1 solves X1 = A11x1 + A12x2 + B1v. Thus, x; is bounded for all v € B because Ay
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is Hurwitz. To prove (C.53), note that x,(0) € ‘I’b’le* < x(0) = 0 & x; = 0 implies
%1 = A11x1 + B1v. Therefore, x, and, in turn, x; are bp iff Biv is bp because Ay is Hurwitz.
Let us now prove the equivalence of (C.51), bearing in mind that v € PC holds:

%(0) € ¥,/ R* & ¥ppx0(0) = %(0) € R*

and that v € PC holds.

= First, observe that if (#,, X,) is bounded, then Nv and, in turn, v are bounded, in view
of (C.50) and because N is injective. Second, note that (i, ¥;) = 0 implies ¥, plfr(O) = 0and
v = 0 for analogous reasons. Thus, v € V(‘~If;p1 %,(0)) is valid in this case. As a third and last
step, let us prove that if (i, ;) is bp and %,(0) belongs to R*, then v is persistent. To see this,
observe that if %, is bp, then so does x, = ¥ pl %,, which implies Bjv € BN P, in view of (C.53),
and, in turn, v € BN P. On the contrary, if X, is not bp, so that i, enjoys this property, then the
bounded signal &, vanishes, so that ii, converges to Nv in view of (C.50). This proves that v is
bp.

b < Assume thatv € V(‘I’;plfr(O)) holds. First, observe that x, is bounded, in view of (C.52)
and because V(¥ pl %(0)) C B holds for all %,(0). This implies that (i, %) is bounded because
X = Yypxa € B which implies i1, € B owing to (C.50). Second, v = 0 and %,(0) = 0 render
v E V(‘I’;plfr(O)) valid. In this case, one obtains (7, ¥,) = 0 because x, = 0 which implies
%, = 0 and, in turn, i, = 0 in view of (C.50). As a third and last step, let us prove that if v is bp
and %,(0) belongs to R*, then (ii,, X,) is persistent. To see this, observe that if B1v is bp, then
s0 is x, in view of (C.53). This implies ¥, = ¥;,x, € BN P. On the contrary, if Byv is not bp,
then the bounded signal x, and, in turn, ¥, are either zero or vanishing, see (C.53). Thus, i,
converges to Nv in view of (C.50). This proves that i, is bp since N is injective. O

Proof of Th. 9.24

From F € F(V*) C F(V},), see Lem. C.25, one gets (A + BF)V;, C V;, which proves that A,
is well defined. Matrix B, is also well-posed because BN' C R* C V;, holds.
Pick any 4 = x4, = x,(0) and any v € V(x4). Denote by x, the corresponding state

trajectory of the bp-strong annihilator. Similarly, as in the proof of Th. 9.17, one proves that
% = Yp,x, satisfies (#,,%,0) € Q(%,(0)) with i, = F% + Nov. By virtue of Lem. C.26,
v € V(xg) implies (i, %) € (BNP)U{0}.

Proof of maximal range

Pick any (%,(0), ii,) satisfying (i, 0) € W(X,(0)) and outside the range of the bp-strong anni-
hilator of Th. 9.24, i.e. at least one of the following conditions is valid:

(VU/ )ZT(O) 7£ pr”) ~ )E,(O) é Vl;kpl (C-54)
Vi, Vo € V(y), @ # HP[n;0]. (C.55)

Recall that (if,, 0) € W(%,(0)) implies the existence of ¥ € PC satisfying
i, =H, [7;9], (C.56)

with 7 = lI’flair(O), due to the fact that the strong annihilator of Th. 9.17 has maximal range,
see Th. 9.17 for the definitions of ¥ and H .
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Assume that (C.54) does not hold, i.e. %,(0) € V;‘p, so that (C.55) is valid. In this case,
where %(0) € V;, it holds H, [;0] = Hlj_p [7;v] for all # and for all v, in view of Lem. C.25
and the expressions of the quadruples associated with Hﬁ_p and H . Thus, (C.56) yields that
il, = Hbf [7;9]. From (C.55), this implies 9 ¢ V(7). Let %, be such that (ii,, %, 0) € Q(%,(0)). In
such a case, (il;, %) is neither zero nor bp by virtue of Lem. C.26.

Summarizing, we have proved that for all %,(0) and for all (#,, %,) satisfying (ii,, %,,0) €
Q(%,(0)), if (%,(0), if,) is out of the range of the bp-strong annihilator, then (i, ;) is neither
bp nor zero. The contraposition of this statement proves that the bp-strong annihilator has
maximal range.

C.10 Proof that WIR as in [Zac09] implies WIR
Assume that ¥ is WIR as in [Zac09], i.e.

0€ Z,:={s: lim G(s) is finite, rank {G(s) } < nrank {G}}.

§——+00

First, observe that if X is IR, then it is also WIR. Henceforth, assume that X is not IR, so that
p = dimR* = 0 and nrank {G} = m hold, see Th. 8.2. In this context, WIR is equivalent to
V* # (K| A), see Prop. 9.16. By contradiction, assume that V* = (K| A). In this case, one gets

(K|A) = R* + (K| A) = V" 1 ((K|A) + (A|B))
so that the set Z}, of transmission zeros is empty, in view of the following characterization:
Zy = o (Ao (VTN ({K]A) +{A|B))) / (R* + (K[A)))

where Ay is a state matrix resulting from specific regular feedback and output injection, see
[AS84, Cor.1]. This leads to a contradiction because Z, C Z;, holds. Note that this last inclu-
sion is derived from the definition of Z;,, that is, the zeros of the numerator polynomials of the
non-trivial entries (i.e. not equal to zero) of the Smith-McMillan form of G(s).
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Summary

Replacing a single high-capacity actuator with several ones operating in concert is an increas-
ingly popular technological trend. The aim is to increase not only the overall capacity of the
actuation subsystem, but also its systemic robustness against the failure of one of its compo-
nents.

The control specifications for such a system are naturally ordered, since component pref-
erences must only be taken into account if their overall contribution to the control effort is
preserved. Strict compliance with this hierarchy is closely related to the notion of Input Re-
dundancy (IR). This property is redefined as the existence of distinct input trajectories giving
rise to the same output trajectory. In other words, IR is the opposite of left-invertibility. In
the case of linear systems associated with linear input and state spaces, IR is equivalent to the
existence of an annihilator, whose output can be injected at the system input without modi-
tying its output trajectory. Under the same assumptions, it is possible to isolate the part of
the input that influences the output. These three points of view (inversion, annihilator, input
decomposition) are illustrated by considering the case of the 3-phases star-connected inverter,
then generalized to general static and affine systems subject to input constraints.

In the case of dynamic systems, the structure of the control law is traditionally based on
control allocation. This strategy formulates the overall actuation effort distribution as an op-
timization problem, which is solved quasi-continuously, on-line. An in-depth analysis of the
literature dedicated to this approach is proposed, adopting a historical point of view and illus-
trating the techniques presented on a single academic example.

This analysis naturally opens on the extension to dynamic systems of the discussion adopt-
ing the three previous points of view. IR is formally defined for this class of systems. Taking
the state trajectory into account gives rise to a taxonomy of input-redundant systems, in the
linear case. Under the latter assumption, characterizations of IR and its taxonomy are pro-
posed. The existence, construction and implementation of an annihilator are also discussed, as
well as the impact of input and state constraints on IR.

The central problem of output regulation is also re-examined through the lens of IR. The
inadequacy of the regulator equations to take advantage of the degrees of freedom offered
by IR is highlighted. On the contrary, equipping the trajectories generator with an annihila-
tor specifically designed for this purpose enables exhaustive parameterization of acceptable
steady-state. This in turn offers the possibility of making an optimal choice of permanent
regime, on-line. In so doing, the notion of IR is weakened, then shaped into a version specifi-
cally adapted to output control: the bounded and persistent weak IR. The resulting framework
enables an in-depth comparison of existing definitions of IR, which are also linked to several
notions of left-invertibility.

The problem of output regulation of a parallel interconnection of buck converters is ad-
dressed. In addition to its relevance to power electronics research, this problem is inspiring
for control theory. It allows us to concretize and enrich the discussions on the three previ-
ous points of view, in the case of dynamic systems. The analysis carried out within a general
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framework is also made deeper on the closed-loop robustness.

Finally, three perspectives are outlined. The first aims to build a universal framework for
the control of modular power electronics converters. In this sense, it extends the results ob-
tained on parallel buck converters and the 3-phases inverter. The challenges identified justify
a series of research directions around IR and its exploitation in control, aimed at completing
and extending the results of this manuscript. Finally, the expected benefits of co-designing
the system, its control and the specifications are highlighted. To this end, the importance of
inversion in the context of constrained dynamic systems is emphasized.

Keywords: input redundancy, hierarchical control, control of power electronic converters, con-
trol allocation, inversion, output regulation, co-design.

288



Résumé

Remplacer un unique actionneur de grande capacité par plusieurs fonctionnant de concert constitue une
tendance technologique de plus en plus répandue. L'objectif est d’accroitre non seulement la capacité globale
du systéme d’actionnement, mais également sa robustesse systémique vis-a-vis des défaillances de 1'un de ses
composants.

Le cahier des charges de la commande d’un tel systeme est naturellement hiérarchisé, puisque les préférences
des composants ne doivent étre prises en compte que si leur contribution globale a I’effort de commande est
préservée. Le strict respect de cette hiérarchie est en lien étroit avec la notion de Redondance d’Entrée (RE).
Cette propriété est redéfinie comme 1’existence de trajectoires d’entrée distinctes donnant lieu & une méme
trajectoire de sortie. Autrement dit, la RE est le contraire de l'inversibilité a gauche. Dans le cas de systemes
linéaires associés a des espaces vectoriels pour 1'entrée et 1’état, la RE est équivalente a 1’existence d"un anni-
hilateur, dont la sortie peut étre injectée a ’entrée du systeme sans modifier sa trajectoire de sortie. Sous ces
mémes hypotheses, il est possible d’isoler la partie de 1’entrée qui influence la sortie. Ces trois points de vue
(inversion, annihilateur, décomposition de I'entrée) sont illustrés en traitant le cas de I’'onduleur triphasé en
étoile, puis généralisés aux systemes statiques et affines soumis a des contraintes d’entrée.

Dans le cas ot le systéme est dynamique, la structuration de la loi de commande s’appuie classiquement
sur l'allocation de commande. Cette stratégie formule la distribution de I'effort d’actionnement global comme
un probléme d’optimisation, dont la résolution est effectuée de maniere quasi-continue, en ligne. Une analyse
approfondie de la littérature dédiée a cette approche est proposée, en adoptant un point de vue historique et
en illustrant les techniques présentées sur un unique exemple académique.

Cette analyse s’ouvre naturellement sur 'extension aux systemes dynamiques de la discussion adoptant
les trois points de vue précédents. La RE est formellement définie pour cette classe de systemes. La prise en
compte de la trajectoire d’état donne naissance a une taxonomie des systéemes redondants en entrée, dans le
cas linéaire. Sous cette derniére hypothese, des caractérisations de la RE et de sa taxonomie sont proposées.
L’existence, la construction et la mise en ceuvre d’un annihilateur sont également discutés, de méme que
I'influence des contraintes d’entrée et d’état sur la RE.

Le probleme central de la régulation de sortie est également revisité au prisme de la RE. L'inadéquation
des équations du régulateur pour tirer profit des degrés de libertés offert par la RE est mise en évidence.
Au contraire, équiper le générateur de trajectoires d'un annihilateur spécifiquement congu pour cet objectif
permet une paramétrisation exhaustive des régimes permanents acceptables, et offre ainsi la possibilité d’en
faire un choix optimal, en ligne. Ce faisant, la notion de RE est affaiblie, puis fagonnée en une version spéci-
fiquement adaptée a la régulation de sortie : la RE faible, bornée et persistante. Le cadre obtenu permet une
comparaison en profondeur des définitions existantes de la RE, qui sont également reliées a plusieurs notions
d’inversibilité a gauche.

Le probléme de la régulation de sortie d"une interconnexion parallele de hacheurs série est abordé. En
plus d’étre pertinent pour la recherche en électronique de puissance, ce probleme est source d’inspiration
pour 'automatique. Il permet en effet de concrétiser et d’enrichir les discussions sur les trois points de vue
précédent, dans le cas des systémes dynamiques. L’analyse conduite dans un cadre général est également
approfondie pour ce qui concerne la robustesse de la boucle fermée.

Finalement, trois perspectives sont esquissées. La premiere vise la construction d"un cadre universel pour
la commande de convertisseurs d’électronique de puissance modulaire. En ce sens, elle prolonge les résultats
obtenus sur les hacheurs séries en paralléle et sur 'onduleur triphasé. Les verrous identifiés justifient une
série de directions de recherche autour de la RE et de son exploitation en automatique, visant a compléter et a
étendre les résultats présentés. Enfin, les bénéfices attendus d"une co-conception du systéme, de sa commande
et du cahier des charges qu’elle remplie sont mis en lumiére. Dans cet objectif, la centralité de I'inversion des
systémes dynamiques sous contraintes est exhibée.

Mots-clés: redondance d’entrée, commande hiérarchique, commande de convertisseurs électroniques de
puissance, allocation de commande, inversion, régulation de sortie, co-conception.



