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Abstract

This thesis proposes the design of hybrid control laws for power electronics convert-
ers. These new type of control laws are based on some hybrid models which capture
the macroscopic dynamical behaviors of such electronic devices, essentially its hy-
brid nature. In the context of the regulation of DC-DC or AC-DC converters, applying
the hybrid dynamical theory, the proposed control laws are proved to ensure the sta-
bility of the closed loop as well as some LQ performances. For a half-bridge inverter
(DC-AC converter), a hybrid control law is proposed in order that the output voltage
tracks a desired sinusoidal reference. In the case of unknown load, an adaptive control
law is coupled to the hybrid control allowing the estimation of the load and therefore
leading to a more precise regulation or tracking. Notice that in order to achieve a per-
fect regulation or tracking, an infinite frequency is often mandatory for the proposed
control laws, which is inappropriate in practice. To tackle this problem, a space- or
time-regularization are added to the hybrid closed-loop ensuring a dwell time be-
tween two consecutive jumps and reducing thus drastically the switching frequency:.
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Résumeé

Cette thése propose la conception de lois de commandes hybrides pour les conver-
tisseurs électroniques de puissance. Ce nouveau type de lois de commande est basé
sur l'utilisation de modeéles hybrides qui capturent les comportements dynamiques
macroscopiques de ces dispositifs électroniques, essentiellement leur nature hybride.
Dans le contexte de la régulation des convertisseurs DC-DC ou AC-DC, en appliquant
la théorie des systémes hybrides, il est ainsi prouvé que les lois de commandes pro-
posées assurent la stabilité de la boucle fermée ainsi que certaines performances de
type LQ. Pour un onduleur en demi-pont (convertisseur DC-AC), une loi de com-
mande hybride est proposée afin que la tension de sortie suive une référence sinu-
soidale souhaitée. Dans le cas d'une charge inconnue, une loi de commande adapta-
tive est alors couplée a la commande hybride permettant I'estimation de la charge et
donc une régulation ou un suivi de trajectoire plus précis. Notons que pour obtenir
une régulation ou un suivi parfait, une fréquence infinie est souvent obligatoire pour
les lois de controle proposées, ce qui est inappropriée en pratique. Pour résoudre ce
probléme, une régularisation de l'espace d'état ou du temps est ajoutée a la boucle
fermée assurant un temps de maintien entre deux sauts consécutifs et réduisant ainsi
considérablement la fréquence de commutation.
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CHAPTER 1
INTRODUCTION

1.1. Introduction

What does a mobile phone, an electrical household appliance or electric cars have in
common? Of course, you answer me, electricity! Yes, all these devices use electricity
as an energy source, an energy very useful but very difficult to store. Hence, it must
be properly used and transformed according to our needs. Indeed, an electric oven
or the display of our telephone does not require the same electrical power. Currently,
we estimate that 15% of the energy produced must be converted and this is the role of
electronic power converters. They allow to obtain from a DC or AC voltage source the
desired shapes for the targeted application. We are talking about AC-AC, AC-DC (rec-
tifier), DC-DC, DC-AC (inverter) converters. For several decades and the development
of semiconductor technologies, designing such devices that are both accurate and ef-
ficient is a research challenge [1] [2] [3]. Roughly speaking, a power converter uses a
number of uncontrolled (diodes) or controlled (transistors, for example) switches to
manipulate signals issued (coming) from capacitors and inductors. The clever use of
the different switches and the choice of their switching frequency allow to manage the
energy transfer between the inductors and the capacitors in order to shape some out-
put signal to some prescribed references, this last performance is indeed associated
with this trajectory tracking, is the search for high energy efficiency (often over 90%),
that effectively requires semiconductor-type components for switching devices. In-
deed, these components are known to be lossless even if this last property related to
the switching frequency and should be then chosen ingeniously. In general, an higher
frequency increases the energy losses. However, reducing the switching frequencies
leads to other problems such as the introduction of high frequency components on
the output signal, limiting the accuracy of the devices [4][5][€].

A typical power converter is thus composed of switching devices, resistors, ca-
pacitors, inductors and transformers. Using classical assumptions (neglecting some
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high frequency dynamics for instance) and circuit analysis , a non linear time vary-
ing dynamical model can be achieved, where the states are often the current flowing
through the inductors and the voltages applied to the capacitors. The controlled input
signals are booleans, representing if a switch is open and closed. From a theoretical
point of view, this kind of system belongs to the broad class of hybrid systems and are
known to be difficult to handle.

This is why many engineers and researchers have turned to models that are eas-
ier to handle. The first developed ideas are thus based on the development of an
averaged model capturing only the macroscopic behaviors of the power electronic
devices [1][6I[Z][8]. It calculates the evolution of average state space variables over a
switching period neglecting the higher harmonics. This usually involves to set the
switching frequency. For the point of view of the system, the control signal is thus av-
eraged and considered to be a continuous time variable. One obtain therefore some
time invariant non linear models for which classical control may be designed. This is
how we will find the classical tools of linear and nonlinear systems (robust and adap-
tive control [9], feedback linearization [10], backstepping method [11] to cite a few).

The problem of such a model is the difficulty to control the quality of the approx-
imation made. Thus, this model cannot explain a certain number of phenomena that
may appear like ripples [12] or high frequency undesirable oscillations. Another prob-
lem is that it is often mandatory to fix the switching frequencies which may be a draw-
back for high quality power converters [3]. Then, in recent years, several studies have
been carried out to take into account the original hybrid model. Indeed, the develop-
ment of an increasingly comprehensive theory on the analysis and control of hybrid
systems has removed a number of mathematical deadlocks. This approach has thus
been at the heart of a number of studies that have allowed a more complex model to
be taken into account.

This thesis explores this same vein and proposes a number of contributions listed
below. In this thesis, we propose a control law based on the same idea then the ones
presented previously. Hence, this controls are based on Hybrid Dynamical System
(HDS) theory. As previously noted, in these strategies the real nature of the signals are
considered, providing stability properties and LQ performances of the hybrid system.

Contribution

The contribution we offer in this thesis aims to design hybrid control laws for several
converters. Indeed based on the Hybrid Dynamical System (HDS), firstly, we propose
a hybrid control law for the boost converter, whose system can be modeled by a non-
linear system and then a hybrid adaptive control is developed for this system to deal
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with the unknown parameter. Secondly,a control law is proposed for the NPC rectifier
which is modeled by a nonlinear time-varying model, in the aim to regulate the out-
put voltage to the desired reference. The last proposed hybrid control is devoted to
the half-bridge converter, where the objective is track the desired sinusoidal signals.

Organization of this thesis

This thesis is organized as follows.

- Chapter 2| gives the background needed to understand the roles of the chosen
converters. In this part, a model of each converter is given in form of state-space
and some properties of system are considered.

- The background about the Hybrid Dynamical System (HDS) is resumed in Chap-
ter[3] The important definitions and theorems are recalled and the singular per-
turbed approach are described in the end of this chapter.

- In Chapter {4 hybrid control laws are proposed in order to regulate the output
voltage of the converter to the desired constant reference. Stability and opti-
mality properties are discussed and some simulations show the effectiveness of
the proposed methodologies. As these converters are submitted to the parame-
ters variations, a hybrid adaptive control is proposed to deals with the unknown
parameters.

- Chapter [5|deals with the tracking problem. In this chapter a hybrid control law
is proposed in order to make the states follow a desired sinusoidal signals. As in
Chapter[4] the stability properties are checked and simulations are provided to
illustrate the effectiveness of the proposed control.

- In Chapter[g} space- and time-regularization schemes are proposed to deal with
the practical implementation problem, meaning to reduce the switching fre-
quency. Using a hybrid systems approach, we have addressed the practical sta-
bilization of operating points for switched affine systems, ensuring a minimum
dwell time and an admissible chattering around the operating point. To this pur-
pose, the proposed solutions induce uniform dwell time and provide useful tun-
ing knobs to separately adjust the switching frequency during transients and at
the steady state. The potentials of the method are illustrated by simulating a
boost converter.

- Chapter[7jsummarizes, discusses and puts into perspective the main results ob-
tained during my thesis work.
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MODELING OF POWER CONVERTERS
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2.1. Introduction

One of the main objective of power electronics is to achieve a conversion of electric
energy from its available form, to a required one by using electronic devices as power
converters. In order to get a high efficiency and reliability of this conversion, it is
necessary to design advanced control laws that govern the switches of the converters.
The common classification of these converters are [13]:

- DC-DC converter, where 'DC’ (Direct Current) refers to constant voltage wave-
forms. It relates to a regulation problem in control purposes.

- AC-DC converter (called also rectifier), where 'AC’ (Alternating Current) refers to
a sinusoidal voltage waveforms. It relates to a regulation problem also.

- DC-AC converter (called also inverter). It is a matter of a tracking problem in

control purposes.

- AC-AC converter is as the DC-AC converter, relates to a tracking problem.
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Control circuits are key elements in the conversion operation and performance of
power converters. Through the design of advanced controls, we can get a high effi-
ciency level. For example, DC-DC converters are used in many devices such as cell
phones, where the circuits require higher voltage than the one generated by a bat-
tery. Then DC-DC converters can be used to boost the voltage and yield the required
voltage [13].

In order to analyze and control the power converters, the first step is to get a math-
ematical model. To this purpose, we will start by describing these electronic convert-
ers, understanding how they work in order to design a mathematical model.

2.2. Modeling some power converters

In order to control power electronic converters, it is necessary to get a mathematical
model. To this end, the next section describes briefly the structure and the principal
functionality of some basic power electronic converters. Furthermore, some models
in the form of state-space representation are proposed.

2.2.1. DC-DC Converters: Boost converter

DC-DC converters are power electronic circuits that are able to convert a DC voltage
input level to a different DC voltage output level, often providing a regulated output,
which is a regulation problem. As fundamental DC-DC converters, we can cite, buck
converter, boost converter and buck-boost converter. In this section, we focus only
on the boost converter.

Boost converters are largely used in many kind of applications such as uninter-
ruptible power supply (UPS) systems [14] [15], power factor correctors [16], photo-
voltaic arrays, fuel cells, battery energy storage systems [17] and thermoelectric energy
harvesting systems [18] to cite few of them. A boost converter generates a DC output
voltage, v¢, larger than its DC input, V;,,, by manipulating the state of the switch, de-
noted by u (see Figure [2.]). As depicted in Figure the boost converter is fed by a
constant voltage source, denoted V;,,, and composed by a load filter, L, Cy, a purely and
resistive load, Ry, and a parasite resistance, R s, that encompasses switching energy
dissipation and the power loss in the inductance.
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Figure 2.1: [llustration of the boost converter objective.
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Figure 2.2: Boost converter circuit.

The system states are given by i;, € R, which is the inductor current and vs € R,
which is the capacitor voltage. Likewise, the control input manages the functioning
mode of the switch « = {0,1}, that corresponds to the case when the switch is ON
(u = 1) and when it is OFF (u = 0).

# NOTE:
Boost converter system exhibits two kind of dynamics, the continuous-time dynamic,
which is presented by the inductor current i;, and the capacitor voltage vc and the
discrete-time dynamic, which presents the dynamic of the state of the switch w.

Depending on the functioning modes of the switch, the boost converter operates
on two distinct phases, as follows:

Switch ON (u = 1): When the transistor is turned ON (u = 1) (See Figure[2.3), the boost
converter circuit can be modeled by:
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Rrs L

MWI ! C‘0 - Ve [] RO

[
l

o

Figure 2.3: Boost converter circuit (ON).

In this configuration, the inductor L charges up, the inductor current i, in-
creases and the inductance stores a quantity of energy as magnetic energy. At
the same time, the diode is reverse-biased and the capacitor discharges on the
load R,.

Applying the Kirchhoff’s law, the system can be modeled by the following state-
space model:

A L
. Rrs . 1
K I e A e L 21
dt B " '
(Yo (t) 0 - Rolco (Yo (t) 0

Switch OFF (u = 0): When the transistor is turned OFF (u = 0) (See Figure [2.4), the
energy stored in the inductance L adds up with the given input energy feed the
capacitor and the load. The diode becomes forward-biased to provide a path for
the inductor current. Thus, the inductor current i, ramps downward and this
current flows through the diode to the capacitor, the capacitor voltage increases
and capacitor stores energy as electrical energy.

Rrs L
| Y YN
SO N i

1L

o

Figure 2.4: Boost converter circuit (OFF).

Applying the Kirchhoff's law, the state-space model of system described by Fig-
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ure[2.4]is given by:
4o 2
L O P e e A R I 1 (2.2)
dt B " '
(Yo} (t) % - Rolco (Yol (t) 0

as:
( Au Bu
- ~ —~
_RLS _ﬂ Vin
O N FURS R
) —u 2.3
=) B ooms| o @)
Cu
—
y(t) = {0 1] z(t),

\

with z(t) = [ir(t) ve(t)]? is the state vector, y(t) is the controlled output and u = {0, 1}
is the control input.

To conclude, the boost converter can be modeled by a nonlinear time-invariant
model given in equation (2.3). Furthermore, the obtained model contains a continuous-
time dynamics, i,e; the dynamic of inductor current, i (), and the dynamic of capaci-
tor voltage, v (t). The control input of this model is the switching state u, which means
that the dynamic of the control input are a discrete-time dynamics.

2.2.2. AC-DC Converters: Three-phase three-level NPC Converter

AC-DC converters are power electronic circuits that are able to generate a DC out-
put from an AC input, which means it is a tracking problem. This converter is also
considered as a multilevel power converter since they can generate different levels of
the output voltage, The interest of the multilevel converters relies on the fact that by
increasing the number of levels, the voltages generated by the converters have more
possible steps to produce staircase waveforms. The sinusoidal waveforms can thus
be approached and the total harmonic distortions can be reduced. In this work, we
are interested specially in the three-phase three-level Neutral Point Clamped (NPC)
converter.

The three-phase three-level NPC Converters have the advantage to improve the
waveform quality and reduce voltage stress on the power devices. These converters
are widely used in the field of high power industrial application such as photovoltaic
(PV) system [19], fans, pumps and in the ones of wind energy conversion system [20].
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The considered converter works as a rectifier [21], whose structure is depicted in Fig-
ure This converter is connected to the grid through inductors of the same values,
L, and parasitic resistances, R;s. These parasitic resistances model not only the re-
sistive components of the inductance, but also the dissipated switching energy. The
phase voltages and the phase currents are denoted by vy, vs, vsc and ig, @, i., respec-
tively. The dc link contains two capacitors C; and C,, which respective voltages are
denoted by v., and v.,, and their two parasitic resistances R,, and R,,, which model
the parasitic imperfections of the capacitors C; and Cs. This dc link is also connected
to a pure resistive load R, and the voltage across this load is denoted by v,.. This volt-
age is the sum of the capacitor voltages (v = v, + ve,).

—

I

Rps L
A :

Rps L 0
/\/\/\/ . b

Rps L

SHI(EX /N
SHKEX

— 0,

Figure 2.5: Three-phase three-level neutral point clamped (NPC) rectifier.

The circuit contains 6 complementary switches (S¢, S7), with i = {a,b,¢} and [ =
{1,2}. The control inputs d;; € {0,1}, with i = {a,b,c} and j = {p,0,n}, control the
switches and they are assumed to be discrete variables:

1, if phase i is connected to level j

0, else.

The phase i is connected to level j means that the switches between these two
points are turned ON. The table |2.1 depicts when the control inputs are equal to 1.

10
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Furthermore, they are equal to zero in other cases. X means ON or OFF, i,e; the posi-

tion of the switch does not affect the value of the corresponding control input.

States=1| S¢ S* S§¢ S¢Sk ge | G@ gb Ge G@ gbo Ge
dy |ON X X ON X X |OFF X X OFF X X
doy |OFF X X ON X X |ON X X OF X X
dw |OFF X X OF X X |ON X X ON X X
dpy X ON X X ON X X OFF X X OFF X
dpo X OFF X X ON X X ON X X OFF X
dpn, X OFF X X OFF X X ON X X ON X
dep X X ON X X ON X X OFF X X OFF
deo X X OFF X X ON X X ON X X OFF
Aen, X X OFF X X OFF X X ON X X ON

Table 2.1: Relation between the control input and switches

At this stage, in order to control the whole system, we need 6 control inputs (d;; €

{0,1}) presented in table Moreover, according to the circuit presented in Figure

and since the switches are complementary, these control variables present the

following constraint [22]:

dip + dio + din = ]_, for i= {CL, b, C}.

ASSUMPTION 1:

Consider the following approximation of system depicted in Figure[2.5

. 0120220,'
'Rm:sz:Rp

ASSUMPTION 2:
The phase voltages and currents are balanced, that is:

Vsaq (t> + Ush (t) + Vsc (t) )
ia(t) +ip(t) +i.(t) = 0.

11
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If Assumption [2]is verified, then, the model of the NPC rectifier (Figure [2.5) in abe
coordinates can be expressed as:

Ldigit) = V5q(t)— Rpgiq(t)+ 2an = 2oy~ db%+ Ty~ den't ey Vge(t) (2.5)
= 2an— 2yt db6n+ dyp+ den+ dep valt)

Ldicbiit) = vg(t)— Rpsip(t)— fon = on Zdbn—g 2t Cen— Oy Ve (t) (2.6)
. gn+ dgp— deng 2dpp+ den+ dep valt)

Ldicch(ft) = Vse(t)— Rpgsic(t)— Gon— oy I _6dbp_ 2o+ 2oy Vge(1) (2.7)
. dant day+ dy +6dbp— 2den — 2dep ae(t)

cd”i;(t) = (dap— dan)ia(t)+ (dop— don)ip(t) + (dep— den )ic(t) 28)
- (% + Rip) Vae(t)

cd”;f) = (dapt dan)ia(t) + (dip+ din)in(t)+ (dep+ den)ic(t) — Rip”d(t)’ 29

where v, represents the dc-link capacitor voltage difference (vy(t) = v, (t) — ve, (1))
Notice that, vg, (), vs(t), vs.(t) are the grid voltage in the so-called abe coordinates. In
order to take into account the balanced phase voltages and currents, we propose this
change of variables [23]:

() (0]
ig(t)| = tabe—aBy |4y(¢) | (2.10)
[i5(2) ] ic(t)
) (8]
vss(t) | = Tavesapy [y (t) | - (2.11)
Vs (1) Vse ()
dip dip
dy, | = Tabe—apy |, | > (2.12)
| din | | din |

12
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with l = {a, 5,7}, i = {a,b, ¢} and Tipe—ap, Is given as:

R
2
Tabc—)aﬁw - g 0 \/75 _§ (213)
I .
Lv2 V2 V2 A

This transformation is named the Clarke Transformation [23]. Considering the
variables change given in equations (2.10)-(2.12) , then the model of the rectifier in
afy coordinates can be written as:

(

L% — ()~ Risia(t) = (dap— dan) 2 — (dop+ don) 242
L4804 o (8)— Risip(t)— (dgp— dpn) s — (dgy+ dpn) A2
Ol = (= dan)ia (t) + (dgp— dgn)is(t) = (34 7-)vac(t)

| OO — (doyt o Yia(8) + (dap+ dan)in(t)— valt),

(2.14)

where the control inputs d,,, dan. dg, and dg, are the transformed of the control inputs
dij € {0,1}, withi = {a,b,c} and j = {p,0,n}, given in (2.4). Notice that the control
inputs d,; and d;, do not appear in this model.

The voltage variables, v, (t) and vys(t), and the current variables, i,(t) and i5(t),
are the transformations in a3y of the phase voltages and phase currents, respectively.
Notice that, according to Assumption 2} as the phase voltages and phase currents are
assumed to be balanced, then the last transformation leads to:

Vg (1) =0
iy(t) = 0.
A. Modeling of the voltage input v, and vy

The grid voltages in a8y coordinates are expressed as follows:

Usa(t) = Viasin(wt) (2.15)
vsp(t) = Vg cos(wt),

where V;,, Vi3 and w are, respectively, the amplitude and the frequency of the grid
voltage. We assume in the following that V;, = V3 = V..

# REMARK 1. Note that from (2.15), it is simple to deduce that

Via(t) +v5p(t) = V.

13
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We can therefore define the following set

B = {(vsalt), vas(t) € RZ, 02, (1) + v25(t) = V1. (2.16)

As depicted in Fig. the set can be embedded into a polytope described

as:
4

4
Q.= Zijj for 0 S v S 1 and Zyj(t) = 17
j=1 j=1
where Q; (j = 1,2, 3, 4) represents the vertices of the polytope in the (vs,, vs5)-plane:

The evolution of system (2.15) is depicted by a green circle in Figure and it
evolution dynamical can be included into a polytope, surrounded by a red square,
defined by four vertices (1, 2, 3, 4).

3 Vea 1
b 3 — = X Q
-
s @))\\ "
/ \
/ \
_VSB V55>
'1)85
\ /
\ /
N e
~ —
4 —Vsa 2

Figure 2.6: Representation of a set (2.16) and the proposed polytope.

B. The NPC dynamical model based on instantaneous powers

The control algorithm is easier to express using instantaneous powers instead of cur-
rent variables [24]. Furthermore, phase currents i, and iz can be also expressed in
terms of instantaneous active and reactive powers [25]:

ialt) = 75 (0eal0(0) — vea(t)al) @17
i5(t) = T (0ap(t) + vaaD)a(1) 218)

where p and ¢ represent the instantaneous active and reactive powers of the system,
respectively.

14
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Then, model (2.14) can be rewritten according to the new state variable 1z =
[p(t) q(t) vac(t) va(t)]":

\

( Ay () By
2
e oonp S0 &0
—or _ Ris &(t) §a(t) 0
:L‘(t) _ f L 2L 2L Jf(t) + ,
M) : &(t) €a(t) 2 1 (2.19)
(=) oz —oz (wetwe) O 0
&(t) 0] 1
L CBVSQ _C4_VS2 0 " R,C L 0 i
Cy
——f
y(t) = {0 0 0 11 (1),

where, f is the frequency of the phase voltages, and

§1(t) = urvsa(t) + u2vss(t), §a(t) = urvsp(t) — ugvsa(t),
E3(t) = ugvsa(t) + ugvss(t), Ea(t) = usvsp(t) — ugvsa ().

These equations can be rewritten as follows:

£(t) = u. (2.20)

with £(t) = [61(t) &) &) &@)]Tand T'(t) = Usa(t)  vsp(t)

vsp(t)  —Vsa(?)
u=[u; us us uy|’ is avector containing the control variables

Uy = dap — dan Ug = dgp — d,Bn
Uz = dap + don Uy = d/jp + dﬁn.

At this stage, let consider vector u = [u; uy uz ug)? with u € U, where U is a set of all
possible combinations for the control inputs. For the considered synchronous rec-
tifier, there are 27 possible combinations of the switches [23], but as there are three
redundant zero switching states, it suffices to consider 25 combinations, meaning that
u € {uM, .., u®)} with u € R%. Note that, the model is a nonlinear time-variant
system.

To ease the stability analysis, a new formulation of this nonlinear time-varying sys-
tem is proposed, based on a polytopic presentation. First of all, notice that the matrix

15
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I" defined in (2.20) can be written as a polytope:

4
L=> w®r;,
j=1

where p;(t) € [0,1] is a function satisfying 2?21 pi(t) = land I'; are defined as

‘/sa ‘/s _Vsa ‘/s
T, = B ’ I, = B
‘/sﬂ _‘/sa ‘/sﬂ ‘/sa
Vjsa _‘/:s _V:soz Vs
P3 = ’ ) 1_\4 = ’
__ sB _Vsa __ sB ‘/sa

Then, equation (2.20) can be written as:

4
I, 0
E=Y )|’ u.
=1 0 T,

Matrix A, (t) defined in system (2.19), can also be written as follows:

Au(t) = Zuj(t)flu(j),

where
3 I
Add) = \py, My, M, M, u | ® 14+ Mo
0 T
and ) _
—BLs  orf 0 0
—orf —fs 0 0
My = F=
0 0 —(%JFR;C) 0
1
L 0 0 0 " R,C
0 0 —5 0 0 0 0 0
0 0 0 0 0o 0 L 0
Mlz ) M2: 2L )
1
oz 00 0 0 —CLVE 0 0
| 0 0 0 O] 0 0 0 0]

16
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0 00 —5 0O 0 0 0

0 00 0 0 0 0 5
M3: ) M4:

0 00 O 0 0 0 0

1

vz 00 0 | 0 —zz 0 0]

Consequently, the original nonlinear model (2.19) can be rewritten as a polytopic
system as follows:

(1) =) my(t)Au(f)a(t) + B, (2.23)

j=1

with z = [p(t) q(t) va.(t) va(t)]” is the state vector and v = [u; us uz wuy|” is a vector
containing the control variables.

The three-phase three-level NPC rectifier can be modeled by a nonlinear time-
varying model given in (2.19). The model contains a continuous-time dynamics, i.e;
the dynamic of inductor currents and the dynamic of capacitor voltages. The control
input of this model is the switching state u, taking its value in the discrete set U, which
means that the dynamic of the control input are a discrete-time dynamics.

2.2.3. DC-AC Converters

This section deals with inverters that produce an AC output from a DC input. Inverters
are used in applications such as adjustable-speed AC motor drives, Uninterruptible
Power Supplies (UPS), and running AC appliances from an automobile battery. In this
work, we are interested specially in the half-bridge inverter and the boost inverter.

A. Half-bridge inverter

We consider a half-bridge inverter depicted in Figure This inverter is fed by a dc
input, 2V}, and generates an ac output. This inverter is composed by a load filter, L, C,
a purely resistive load, Ry. The parasite resistance R;s models not only the switching
energy dissipated, but also the resistive component of the inductance.

17
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o\ fls L

+
Vvin ==Cl — > +

L

QVZ p— C() - Ve Ro

/T

+
Vin

T

Figure 2.7: Half-bridge inverter.

the variable i/ (¢) is the inductance current, v (t) is the capacitor voltage and these
two states are considered as the continuous-time state variables. u:= U; — U, is the
control input and it is assumed to be a discrete variable:

u=—1, if U; = OFF and U, = ON.

uw=1, if U= ON and U, = OFF.

In this circuit, the number of the switches is reduced to 2 by dividing the dc source
voltage into two parts with the capacitors. Each capacitor will be the same and will
have voltage V;,, across it. When U, is ON, the output voltage is vo = —V},,, when Uy is
ON, the output voltage is ve: = +V;,

The dynamic behavior of this system can then be described by the following model:

s Ay By
- % ~ /_/\
_Brs  _1 Vin
ity=1| " Ela@y+ | " |u,
) 2.24
=) & —m 0 22
Cu
\ y(t) = {0 1] z(t),
with z(t) = [ir(t) ve(t)]T is the state vector, y(t) is the controlled output and u =

{—1,1} is the control input.

The particularity of this model compared to the model of the Boost converter
(Equation .(2.3)) and the model of the rectifier (Equation .(2.19)), is that, the control
input takes place in the command matrix B and acts as a perturbation.

18
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2.3. Switched Affine System (SAS)

All these systems can be modeled by a switched affine system with parameters that
can change or vary periodically and can be rewritten under this formulation:

T = A+ By, z(0)=ux (2.25)

Yy = Cux>

where the control input u : R — N :={1,2, ..., N} is the switching signal, assigning
a specific desired mode among NV possible ones at each time. Moreover, in dynamics
(2.25), x € R is the state, y € RP is a performance output, and 4;, B; and C; have
suitable dimensions for all i € \V.

We aim to provide feedback strategies determining u such that practical stabil-
isation of an operating point z. € R" for switched affine systems is achieved, with
guaranteeing some LQ performances.

2.4. Conclusions

This chapter has described and modeled some converters for which we will design
some control laws in the next chapters. The obtained models are either a nonlinear
time-invariant systems or a nonlinear time-varying systems. A particularity of this
kind of system is that, the control input can take values in a discrete set. Further, as
the dynamics of the states are a continuous-time dynamics then, a natural way to
model these systems is to use the hybrid dynamical systems presented in the next
chapters.

19
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CHAPTER 3
HYBRID DYNAMICAL SYSTEM (HDS)
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3.1. Introduction

Dynamical systems that are described by an interaction between continuous-time
and discrete-time dynamics are usually called hybrid systems.

Some notions about hybrid dynamical systems [26], are presented in this section,
in particular, the notion of hybrid time domain and the notion of solutions which are
essential in this framework. Furthermore, the stability properties need to be charac-
terized.

The aim of this chapter is to provide only the basic concepts of this framework and
the definitions needed in the rest of this dissertation.
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3.2. Hybrid systems: modeling framework and basic no-
tions

According to the formalism developed in [26], any hybrid system can be represented
by a quadruple # = (C, F, D, G). In particular, we consider hybrid system in the fol-
lowing form:

t €F(x), =xz€C (3.1)

v €Gx), x€D

where z is the state of the hybrid system, & represent the derivative and 2" indi-
cates te value of the state after an instantaneous change.

Equation shows the combination of continuous and discrete behaviors of the
hybrid system. These evolutions are represented by four data and are detailed in the
sequel:

- Cisthe flow set, otherwise, it indicates the set where the system evolves accord-
ing to a continuous evolution (flow), meaning that, the continuous evolutions are
allowed. Such an evolution is specified by the differential inclusion & € F(z);

- The set-valued mapping F' is the flow map;

- D is the jump set. In other words, it indicates the set where the system evolves
according to a discrete evolution, meaning that, the discrete evolutions are al-
lowed. Such an evolution is determined by te difference inclusion z* € G(z);

- The set-valued mapping G is the jump map.

In particular, a hybrid system with the data as above will be represented by the nota-
tion’H = (C, F, D, G), or briefly by H.

In the next, we present some definitions, which are important for the rest of this chap-
ter.

= DEFINITION 3.2.1: (Domain of a set-valued mapping). For the set-valued map-
ping F' : R" = R" (respectively domain of G : R" = R"), the domain of F' (respectively
G) is the set

domF ={z € R": F(z) # 0} (respect, domG = {z € R" : G(x) # 0})

= DEFINITION 3.2.2: (Compact set). A set A is a compact set if and only if A is
closed and bounded.

22
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In the following, we are focused on hybrid systems with state in R™. In that case,
the data of the hybrid system # can be defined as below.

= DEFINITION 3.2.3: The data of the hybrid system H = (C, F, D, G) are defined
as follows:

- CCR”

- F:R"=R" withC C domF

-DCR"

- G:R*"=R" withD C domGG .

3.2.1. Hybrid time domains

The solutions are parametrized by different ways depending in the nature of the sys-
tem, meaning continuous-time or/and discrete-time systems. Thus,

- The continuous dynamics, the solutions are parametrized by a real scalar vari-
able t € R, that is, by the ordinary time.

- The discrete dynamics, the solutions are parametrized by an integer scalar vari-
able j € N, that defines the number of jumps or of the elapsed discrete steps.

Only some certain subsets of R, x N can parametrize the solutions of hybrid sys-
tems. Such sets are called hybrid time domains, whose the definition is given:

= DEFINITION 3.2.4: (Hybrid time domain). A subsets E C Ry x N is a compact

hybrid time domain if
J-1

E = J{lt; t]. 5}

=0
for some finite sequences of time0 =ty < t; < ty < --- < t;. Itis a hybrid time domain
ifforall(T,J) e E, EN([0,7] x {0,1,2, ..., J}) is a compact hybrid time domain.

For a given (¢, ), (t',j') € E, we have (t,j) < (t,j") ift + j <t + j'. Furthermore,
for a given hybrid time domain E, then the supremum of the ¢ and j coordinates are
given, respectively, as:

sup,E = sup{t € R>( : 3j € Nsuch that (¢, j) € E},
sup; L = sup{j € N: 3¢ € Ry such that (¢,j) € E}.

= DEFINITION 3.2.5: (Hybrid arc). A function ¢ : E = R" is a hybrid arc if:
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1 E is a hybrid time domain;,

2. for each j € N, the functiont — ¢(t, j) is locally absolutely continuous on the
interval I’ = {t : (t,j) € E}.

Figure[3.]shows an example of a graph of a hybrid arc ¢ with the associated hybrid
time domain dom ¢.

o(t, )

$(0,0)
0 t to ts ta

1 .
—
2 ._./
3
j /

dom ¢

Figure 3.1: Hybrid arc ¢.

= DEFINITION 3.2.6: (Types of hybrid arc). A hybrid arc ¢ is called:
- Nontrivial, if dom ¢ has at least two points.

- Complete, if dom ¢ is unbounded.

- Zeno, if it is complete and sup,dom ¢ < oo .

Here, we have only mentioned those that are relevant within this thesis. For more
specifications, the reader is refereed to [26].

Now that we have defined and established the principals definitions, we are able
to define the notion of solution to hybrid systems used throughout this work.

3.3. Solutions to a hybrid system

=¢ DEFINITION 3.3.1: (Solutions to a hybrid system). A hybrid arc ¢ is a solution to
hybrid system H if:
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1. the initial condition ¢(0,0) € C U D, where C denotes the closure of C;
2. (S1)forallj € N such thatl’ = {t: (t,j) € dom ¢} as nonempty interior:
o(t,j5) €C forall t € int(I7),
b(t,§) € F(o(t, ) for almostall t € I’,

3. (S2)forall (t,j) € dom ¢ such that (t,j + 1) € dom ¢,

¢(t,j) € D,

o(t,5 +1) € G(o(t, 7)),

=¢ DEFINITION 3.3.2: (Maximal solutions). The solution ¢ is maximal if there does
not exist another solution i) to H such that:

- dom ¢ is strict subset of dom

' ¢(t7j) - w(tvj>'v<t7j) € dom (b

#)» REMARK 2. The complete solutions are maximal, but the converse statement is not
true.

3.4. Basic assumptions on the hybrid data

Before to give the required assumptions to ensure that a given hybrid system is well-
posed in the sense specified in [26] Theorem 6.5]. Let start by given some basics defi-
nitions.

= DEFINITION 3.4.1: (Outer semicontinuous [26, Definition 5.9]) A set-valued map-
ping M : R™ = R™ is outer semicontinuous atx € R™ if for every sequence of points x;
convergent to x and any convergent sequence of pointsy; € M(x;), one hasy € M (x),
where zliglo y; = y. The mapping M is outer semicontinuous if it is outer semicontinu-

ous at eachx € R™,

= DEFINITION 3.4.2: (Local boundedness [26, Definition 5.14]) A set-valued map-
ping M : R™ = R" is locally bounded at x € R™ if there exists a neighborhood U, of x
such that M (U,) C R™ is bounded. The mapping M os locally bounded if it is locally
bounded at each x € R™.
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ASSUMPTION 3:
(Hybrid basic conditions).

- C and D are closed subsets of R";

- F : R" = R" is outer semicontinuous and locally bounded relative to C, C C
dom F, and F(z) is convex for every x € C;

- G : R" = R", is outer semicontinuous and locally bounded relative to D, and
D C domG.

THEOREM 1. (Basic conditions and well-posedness) [26, Theorem 6.30]. If a hybrid
system H = (C, F, D, G) satisfies Assumption[3 then it is well-posed.

Well-posedness is an important notion that is required for the applicability of a
large number of results presented in [26]. We invite the reader to see the proof of
well-posedness in [26].

3.5. Hybrid system stability

In this section, we are interested to characterize the stability of a certain compact set
A. To this end, let start by providing some definitions concerning stability of hybrid
systems [26].

Firstly, some definitions used throughout this chapter are given.

=¢ DEFINITION 3.5.1: (Distance to a closed set). For a given vector x € R™ and a
closed set A C R", thedistance ofx to A denoted|z| 4 is defined by |z| 4 := inf e 4 |z—y].

= DEFINITION 3.5.2: (Class K,). A function a : Rsy — R, is of class Ko, if a is
zero at zero, continuous, strictly increasing and unbounded.

=¢ DEFINITION 3.5.3: (Uniform global asymptotic stability [26, Definition 3.6]) Con-
sider a hybrid system H onR". A closed set A C R" is

- Uniformly globally stable for system H, if there exists a class K., function «,
such that every solution ¢ to H satisfies |¢(t,j)|4 < a(]#(0,0)|4) for every (t,7) €
dom ¢.

- Uniformly globally attractive for H, if every maximal solution to ‘H is complete
and for everye > 0 and . > 0 there exists T > 0 such that, for any solution ¢ to
H with |¢(0,0)|4 < u, (t,j) € dom ¢ andt + j > T implies |4(t, j)|a < c.
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- Uniform globally asymptotically stable (UGAS) for H, if it is uniformly globally
stable and uniformly globally attractive.

In the next, we consider Lyapunov functionals, which are a fundamental tool for
stability analysis. We suppose that, all solutions are complete, (otherwise, the pre-
stability need to be proven in such case).

= DEFINITION 3.5.4: (Lyapunov function candidate) A function V: domV — R is
said to be a Lyapunov function candidate for the hybrid systemH = (C, F, D, G) if the
following conditions holds:

1. CUDUG(D) C domV;

2. V is continuously differentiable on an open set containingC.

In the next we provide a [26] Theorem 3.18], which gives the conditions on a Lya-
punov function candidate that guarantees uniform global asymptotic stability:

THEOREM 2. (Sufficient Lyapunov conditions) Let H = (C, F, D, G) be a hybrid sys-
tem and let A C R" be closed set. If V is a Lyapunov function candidate for H and
there exist oy, ay € Ko, and a continuous positive definite function p such that

a1(|za) < V(z) < as(|z|la) V2 € CUDUG(D) (3.2a)
(VV(2), [) < —p(lzla) VzeCl, feF(x) (3.2b)
V(g) — V() < —p(|z|a) Ve €D, g € G(x) (3.20)

then, A is Uniformly Globally Asymptotically Stable (UGAS) for H.

Let consider now the hybrid system parametrized by a small, positive parameter
e, of the form

] € F.(r), e C.
z (x) T (3.3

rt € G(x), z€D.

=¢ DEFINITION 3.5.5: (Semi-global practical asymptotic stability (SPAS) [27])
For the hybrid system (3.3), the compact set A C R" is said to be semiglobally
practically asymptotically stable ase — 07, if there exists 3 € KL[|and for each A > 0

'8 e KLif B: Rsg x R>g = Ry is continuous, (-, 7) is nondecreasing for each r > 0, (s, ) is
nonincreasing for each s, and lim,_,q+ 8(s,7) = lim, o 5(s,7) = 0.
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CHAPTER 3. HYBRID DYNAMICAL SYSTEM (HDS)

and§ > 0, there existse* > ( such that, for eache € (0,¢*), each solution x of (3.3) that
satisfies |z(0,0)|4 < A also satisties

2(t,§)|a < B(x(0,0)| a4t +75)+6  V(tj) € domu.

The convergence toward a small neighborhood of A in the definition of semiglobal,
practical asymptotic stability is uniform over the set of initial conditions considered,
whereas this attribute is not explicit in the definition of global asymptotic stability.
However, under mild regularity assumptions on the data (C, F, D, G), global asymp-
totic stability implies the existence of such that 5 € KL such that each solution x to

satisfies

lz(t,7)]a < B(J2(0,0)[ 4t +35) V(¢ j) € domu.

When [ has the form ((s,r) = cisexp(—cor) for some constants ¢y, ca > 0, the
compact set A is globally exponentially stable. For more details, see [28 Theorem
6.5].

3.5.1. Singularly perturbed hybrid systems

Singular perturbations approaches are used to simplify a complex systems by sepa-
rating the dynamics of the whole system into two dynamics (slow and fast dynamics)
[29]. The slow dynamic represents the dynamic of the reduced model and it is dic-
tated by a separation of time scales. Usually the fast dynamic is neglected. The fast
dynamic is treated in the first step and represents the dynamic of boundary layer sys-
tem evolving in the faster time scales. Moreover, the boundary layer model represents
deviations from the predicted slow behavior.

(X1) (X2)
Let's suppose that z = (7, 29, ...,%.., ;) € R", with X; € R"*™, X, € R™*" and

ni + ny = n . Then the hybrid system can be written as [27]:

diag(l,,,el,,)z € F(x), x€C xC
sl L) € F(2) X C o

xt € G(x), x€DxDy

where ¢ > 0 is a small positive scalar. I,, denotes the n; x n; identity matrix. X;
contains the slow variables, whereas X, contains the fast ones.

The singular perturbations system can be composed in three steps:

1. The first step is to consider the boundary layer system, which contains the fast
variable evolution and neglects the dynamic of slow variable (X; = 0). In this
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step, the considered model evolves in the faster time scales and represents de-
viations from the predicted slow behavior. In [29], an approximation of the evo-
lution of the fast variable is given as

Xo(t) = Xo (1) + O(e),

fort € [t1,T] where t; > t,. This approximation establishes that during an ini-
tial interval [ty, t1], the original variable X, approaches X, , and during [¢;, 7],
remains close to X5, .

2. In this second step, the quasi-steady-state equilibrium manifold is considered.

3. The reduced system, generally the one that we want to control. In this step, we
consider that the fast variables are in the steady state and we consider only the
slow variables. Furthermore, the stability of this system can be proved.

We are interested in the stability of the next compact set for the reduced model.
Ay ={X1 =X, }

The following basic assumptions are considered.

A. Manifold:

The quasi-steady-state equilibrium manifold of classical singular perturbation theory
appears in the case of hybrid approach as a set-valued mapping H : R" = R"2.

ASSUMPTION 4 (Regularity of "Manifold"):
The set-valued mapping H : R™ = R™ js outer semicontinuous and locally bounded,
and for each X, € C, then H(X;) is nonempty subset of C,.

B. Boundary layer system:
The family of boundary layer systems is given by:
& € diag(0, I,,) F(z), x € (C;NpB) x Ca. (3.5)

with p > 0 makes the flow set compact.
The boundary layer system ignores jumps and the state X; remains constant during
the flows.

ASSUMPTION 5 (Stability of boundary layer):
For each p > 0, the boundary layer system defined in (3.5), is such that the following
compact set
M, ={(X1,Xs): X; € CiNpB, Xy € H(X4)}

is globally asymptotically stable.
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C. Reduced system:

The reduced system is given by

X, €eF(X)), =z€eC
1 ( 1) 1 (36)
X1+ € GT‘(X]_)7 S Dl;
with

Fr(Xl) = @{Ul e R™ : (Ul,vg) € F(Xl,XQ),XQ S H(Xl),UQ € RnQ} (37)
Gr(Xl) = E{Ul e R™ . (Ul,’UQ) € F(Xl,XQ), (XQ,UQ) € CQ X CQ} (38)

ASSUMPTION 6 (Stability for the reduced system):
For the reduced system (3.6), the compact set A, € R™ is globally asymptotically sta-
ble.

THEOREM 3. Under Assumption[3and Assumptions[4{f for the hybrid system (3.4),
the compact set A, x Cy is semiglobally practically asymptotically stable ase — 0.

The reader is referred to [27] to see the proof of Theorem 3]

3.6. Conclusions

In this chapter, we have presented the hybrid dynamical system used in this disserta-
tion. The principal definitions and properties used in this work are briefly provided.
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4.1. Introduction

This chapter deals with the design of control laws for a DC-DC and AC-DC convert-
ers. Since, these systems exhibit continuous dynamics (current and voltage) and dis-
crete dynamics (switching signals), thus, a natural way for modeling them is to use
the hybrid dynamical system described in Chapter [3] The control problem of these
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classes of converters is characterized by the regulation of an operating point, which
can be achieved by a combination of the different functioning modes defined by the
switched signal. Therefore, we get a solution of the voltage and currents in the gen-
eralized sens of Fillipov.

First, we focus in Section on the boost converter, which is a DC-DC converter.
This section proposes a hybrid dynamical model formulation with the corresponding
control law. Furthermore, an hybrid adaptive control law for the boost converter is
proposed to deal with the unknown constant resistive load and to ensure that the
voltage value is robust with respect to any reference. This adaptation is accomplished
using a state observer and assuming that all states are accessible. Then, the full system
stability can be established by using a singular perturbation analysis.

Secondly, in Section [4.3] we are interested in a Neutral Point Clamped (NPC) con-
verter working as a rectifier. A hybrid dynamical control is proposed in order to reg-
ulate the output DC voltage and stability properties are guaranteed. The difficulty in
this case is that the model of the NPC is a non-linear time-varying model.

4.2. DC-DC Converters: Boost converter

In this section, we are interested in the regulation problem of the boost converter with
an unknown resistance load. The objective of the controller is to regulate the output
voltage to a desired operating point with a fast response, low overshoot and low noise
susceptibility. To this end, based on the work presented in [30], we propose to add to
the hybrid scheme an adaptive control scheme in order to ensure a voltage regulation
with the presence of unknown resistance load. This adaptation is accomplished using
a state observer and assuming that all the states are measurable. Then, the full system
stability can be studied by using a singular perturbation analysis.

As it is presented in Chapter[2] the boost converter can be modeled by a nonlinear
model given in (2.3). The obtained model exhibits two kind of dynamics

- a continuous-time dynamics, i,e; the dynamic of inductor current, i1 (¢), and the
dynamic of capacitor voltage, vo (1),

- a discrete-time dynamic, i,e; the dynamic of the control input w.

Hence, it is not easy to handle rigorously the problem with standard mathematical
tools since its dynamic is complex.

A first classical approach widely studied relies on the control design of averaged
models.

As proposed in the introduction of this chapter, a natural way to handle this kind
of system is to use the hybrid dynamical systems theory, more precisely the switching
affine systems. Recently, the control community has concentrated some efforts to the
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study of new hybrid control techniques [30], [31] such as the switched system, which
can be considered as a subclass of hybrid systems.

Applications to DC-DC converters can be found for example in [32] where the
problem is formulated in terms of control of switched systems whose modes are de-
scribed by affine differential equations.

It is possible to show that the obtained switching rules can be interpreted as sliding
mode control laws with sliding surfaces implicitly determined in terms of the state-
space variables (current, voltage) and of the selected equilibrium operation [33]. Even
if the implicit discontinuous nature of DC-DC converters is taken into account by an
appropriate switched model, the limitation is due to the practical implementation of
the control law whose properties are only ensured for an infinite switching frequency,
while for practical reasons, the switching frequency must be constrained.

To deals with, this chapter states a control problem in the context of the control
of hybrid dynamic systems [26] which seems to be an adequate way for handling
the specificities of DC-DC converters while guaranteeing theoretically and practically,
that the implemented control laws will satisfy all the specifications in terms of stabil-
ity and performance. The interest of this approach is the possibility of identifying and
managing some design parameters affecting important practical indicators such as:
switching frequency, dissipated energy, overshoot... which are not easy to manage in
general by using other methods like sliding mode control for example.

Here, the considered paradigm is the one developed in chapter[2jwhich associates
to a continuous-time flow whose model is of a differential equation type, a discrete-
time behavior capturing the switched characteristic imposed by the control law. Two
subsets included in an extended space, built from the state and the control spaces,
determine the regions where the continuous and discrete dynamics are active. The
main tool for proving stability of a compact attractor defined in this extended space,
proceeds by an appropriate extension of Lyapunov stability theory developed in the
context of hybrid dynamic systems in [26] and [34]. Due to the affine structure of
the modes, a quadratic Lyapunov function can be selected from a positive definite
symmetric matrix satisfying a set of Lyapunov inequalities. A hybrid control law with
its two associated flow and jump is deduced from this matrix and an upper bound of
a LQ performance index for the controlled system can be computed. It is possible to
deduce an optimal guaranteed cost control law leading to the tight upper bound, by
solving a LMI optimization problem.

4.2.1. Problem formulation

The main considered assumptions are

ASSUMPTION 7:
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Let consider
- the converter current is continuous and all the components are ideal,
- the current and voltage are measurable,
- the load Ry is unknown constant or/and slowly variable in the interval [Rg', R} ].

- x9 = 0 corresponds to the starting operation mode, and any starting strategy is
used to bring our system to x5 # 0.

The used components are modeled and assumed to be ideal components, meaning
that, they do not dissipate power. Nevertheless, it is important to note that the real
components present always some imperfections and the real components never have
exactly their specified values. In this work, we consider only that the inductance L dis-
sipate energy and they have a significant parasitic resistance denoted Rs. However,
we will not consider the imperfections of the others components.

Let start by rewritten this model by considering the unknown load Ry. To do this,
let consider the following variable change

B = (8™, BM]. (4.1)

! €
Ry

Then, considering the variable change given in equation (4.1), the model of the
boost converter given in (2.3), can be rewritten as follows

( Au(B) a
- % ~ —~ =
_Brs  _1zu Vin
p(t)=| " Fla)+ | "
lw _ 8 0
(2) : L o (4.2)
/—_/H
10
y(t) = (t),
0 1
\ L
where the available input u is the switching signal, assigning its value in:
w:={0,1}. (4.3)

Moreover, in dynamics (4.2), V;,, € R, is a constant voltage source, the vector x(t) =
[z1(t) o(t)]T = [ir(t) ve(t)]T € R? is the state and y(¢) € R? is the controlled output.
We focus here on the design problem of a feedback control law for the switching
signal u, in such a way to ensure suitable convergence properties of the plant state « to
a value z., which is not necessarily an equilibrium for the continuous-time dynamics
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in (4.2), but can be obtained as an equilibrium for the switching system with arbitrary

switching and the estimation of the load j to its real value, 8.
Notice that, the all attainable equilibrium points for the boost converter are not

difficult to find from and are given as [32]

+ RrsRoxt — RoVipz1, =0} (44)

Vin 5
I2e

All equilibrium points given in the set[4.4} can be represented in Figure 4.1 Figure

shows the evolution of x5, with respect to u.. Notice that one can obtain larger
value for z5, compared to the input value V;,, set to 100V in this example.

250

200 r

150 r

Toe (V)

100 -

T

50
50

0 16 20
SUle(A)

Figure 4.1: Attainable equilibrium points in sens of Fillipov.
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Figure 4.2: Hybrid adaptive control scheme.

#* PROBLEM 1:
The goal is to ensure the asymptotic stability of z. for and adaptation of the load

for ensuring a reduced error in the voltage regulation.

Le
—“ CONTROL | u "I SYSTEM(B)
A
T I—
. i v
B | | ADAPTIVE OBSERVER +——
| CONTROL |
Figure 4.3: Hybrid adaptive control scheme.
PROPOSITION 1:

To do this, let divide the problem in two parts:

36



4.2. DC-DC CONVERTERS: BOOST CONVERTER

- The first one is dedicated to the design a hybrid control for the boost converter
with a known parameter (see for instance [30]).

- The second part proposes an extension of the first part, by adding an adaptive
control on the hybrid control scheme.

Let start with the first part of proposition [, where, we detail the work done in
[30] and we propose a hybrid formalism for the design problem associated with the
determination of a switching signal u suitably stabilizing a point z..

4.2.2. Hybrid control for a boost converter

Here, we are focused on the design problem of a feedback law for the switching signal
u, in such a way to ensure suitable convergence properties of the plant state = to a
value z.. A sufficient condition characterizing this equilibrium is then represented by
the following standard assumption (see [32] 35]).

ASSUMPTION 8:
There exists \. = [Aey; \e,| satisfying 3}, A, = 1, such that the following convex

€0

combination holds:

1
> A (Aize +a) = 0. (4.5)
=0

#» REMARK 3. 1t is emphasized that Assumption [8|is sufficient for the existence of a
suitable switching signal ensuring forward invariance of the point x. (namely induc-
ing an equilibrium at z.) when understanding solutions in the generalized sense of
Krasovskii or Filippov. Indeed, under (4.5), this switching signal is a periodic sequence
of arbitrary small period 7', spending a time equal to A., 7 in mode i. Conversely, if As-
sumption[8ldoes not hold, such a signal does not exist because any arbitrary switching
signal can only generate an equivalent action on & corresponding to a convex combi-
nation of the right hand sides obtained with each mode (namely, equation (4.5)).

In the next, we will assume the existence of the following set of matrices P and @
satisfying the next property.

PROPERTY 1:
Given matrices A;, i € [0,1] in (2.3), there exists matrices P, Q € §* satisfying

ATP + PA; +2Q <0, (4.6)
foralli € [0, 1].

Note that Property [l enforces the strong requirement that all matrices A; be Hur-
witz. Selection of matrices P and @ satisfying Property[lwill be discussed in Section[A]
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where an optimization-based procedure will be suggested, also in light of the stability
and optimality theorems presented below.

Let detail here the control law proposed by [30], where a formulation of the design
problem as a hybrid dynamical system is proposed, following the formalism proposed
in Chapter[2] wherein continuous-time behavior captures the evolution of f(.) in (2.3),
and the discrete-time behavior captures the jump of the control signal u from one
mode to another. We represent the overall dynamics as:

T
= flz,u), (z,u)eC
U
H:g (4.7)
e
€ G(x), (x,u) € D,
"y

with f is a single-valued mapping capturing the continuous evolution of the state and
G is a set-valued mapping capturing the switching logic:

A,x+a

0
(4.8)

T

argmin (z — z.)T P(Ajz + a)

ie{0,1}
where the “flow” and “jump” sets C and D encompass, respectively, the regions in the
(extended) space (z, u) where our switching strategy continues with the current mode
u (set C) or is required to switch to a new mode (set D). If switching is allowed (namely,
if (z,u) € D) then u will switch according to G in (&.8). For the solution proposed in
[30l,the flow and jump sets are selected based on the desired equilibrium z. intro-
duced in Assumption [8/and on the parameters P and () introduced in Property [l| as
follows:

()
I
—~
8
£

3T P(Ayz + a) < —n3' Qz} (4.9)
= {(z,u) : " P(Ayx + a) > —n3iTQ7}, (4.10)

where & = 2 — z. and scalar n € (0, 1) is a design parameter that will be shown to be
useful for suitably achieving a trade-off between switching frequency and optimality
level as characterized later in Theorem[5land commented in Remark[Zl
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#1 REMARK 4. Note that hybrid system (4.7)-(4.10) provides a solution strategy for the
selection of the switching signal u. Indeed, sets and correspond to a speci-
fication about “when” a jump is or is not allowed, and map G in specifies where
a solution “may” jump (that is, what values of u are allowed after the jump. It is em-
phasized that both these elements of our solution may be sources of non-uniqueness
of the solutions. Indeed, sets in and have overlapping boundaries so that
multiple solutions (flowing or jumping) may arise from the same initial condition.
Similarly, the "argmin” in the definition of G in may be non-unique. Despite this
non-uniqueness feature, the stability and optimality results proven below refer to all
possible solutions and therefore it is not really important what solutions we select in
a possible implementation of this control law (or in a MATLAB simulation) because
stability and optimality properties hold for all of them.

The next lemma is a fundamental step to prove our main result in Theorem 4| be-
low.

LEMMA 1:
Consider matrices P, Q € §? satisfying Property@ a point z, € R? satisfying Assump-
tion|8 Then, for each x € R?,

n%in] ' P(Ax +a) < 31 Qi (4.11)
i€[0,1

Proof. First notice that the left hand side of is linear in A\, = [Ao, A1}, and A, allows
to the compact set A = {\, = [Ao, 1], >;_, A = 1}. Then, the following minimum is
obtained at the extreme points:

min 77 P(A;z. + a)
i€[0,1]

1
_ i AT
= glg}xx P {Z An, Aje + a}

=0

1
<z'p {Z Ao, Aje + a} =0. (4.12)

=0

Then, the proof easily follows from applying and as follows

min &7 P(A;x + a)

1€[0,1]
< min #' PA;Z + min (2" PA;z, + 7' Pa)
1€[0,1] 1€[0,1]
< -3 Q.
which concludes the proof. O

#1 REMARK 5. We note here that, if 7 # 0
—37Qz < —mz’ Qz.
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because n < 1.

In the following, we comment here on its relevance in terms of the nature of the
switching signals generated by the solution proposed in [30]. In particular, property
combined with shows that unless 7 = 21 = 0 (which means that we are at the
equilibrium = = z.), the solution always jumps to the interior of the flow set C. Indeed,
T # 0 implies

—i1Qz < —nz’tQz,
because n < 1. This fact, together with stability (ensuring boundedness of solutions)
and the sector growth condition coming from the linearity of the flow dynamics (2.3),
implies that there is a uniform lower bound on the dwell time between each pair of
consecutive resets before solutions approach = = z.. Clearly this lower bound shrinks
to zero as solutions approach = = z. because only arbitrarily fast switching can lead
to z. and equilibrium, in general.

In [30], following up to standard stability theory for hybrid systems given in Chap-
ter [3|they have established suitable stability properties of the point z, in terms of
uniform global attractivity of a bounded (and closed) set in the higher-dimensional
space spanned by (z, ). In particular, they have established properties of the follow-
ing compact attractor:

A:={(z,u): x =z.,u € {0,1}}, (4.13)

encompassing the fact that we are interested in uniform stability and convergence
to a set where z = z. and u assumed some unspecified value or pattern within the
desired limit set of solutions.

THEOREM 4. Consider a point z, satisfying Assumption|8 and matrices P,Q € S?,
satisfying Property[l Then attractor is uniformly globally asymptotically stable
(UGAS) for hybrid system (4.7)-(4.10). Moreover, UGAS is robust because the attractor
is compact.

Proof. Let take the Lyapunov function candidate V() = 1&" Pz, where & = # — z.. In
the flow set, C, using its definition in (4.9), we get

(VV(Z), f(7,u)) = 3T P(Au(T + z) + a) < -3’ Q7. (4.14)
In the jump set, D, we get for all ¢ € G(z), denoting 2+ = g — =,

V(Et) - V(z) = % {#"Pi —2"Pi} =0. (4.15)

Uniform global asymptotic stability is then shown applying [34) Theorem 1]. In
particular, since the distance of z to the attractor (4.13) is defined by |z|4 = |Z| we
have that [34] eq. (6)] holds from the structure of V and from (4.14) and (4.15). To show
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practical persistent flow, we first need to build a restricted hybrid system #s A by in-
tersecting C and D with set

Ssa=1{7:7[>6 and |7|<A) (4.16)

(see [34] for details). Then, notice that after each jump, from the definition of G in (4.8)
and from inequality (4.11) (in Lemmal[l), we have:

T Ay +a) < —37Qi < —na' Qx, (4.17)

where we used the fact that n < 1 and that 0 ¢ S5 a. Therefore, if any solution to Hs a
performs a jump, it either jumps outside S; A (and it terminates prematurely) or, from
(4.10), it jumps to the interior of the flow set C N S5 4, Indeed, from we have that
T is bounded away from zero in S; A, so that, the right inequality in is strict from
positive definiteness of ). Then all non terminating solutions must flow for some time
and since C N S5 a is bounded, there is a uniform dwell-time p(d, A) in between each
pair of consecutive jumps. This dwell-time p(d, A) clearly implies [34] equ. (4)] with
the class Ko, function v(j) = p(d,A)j and N = 1. Then, all the assumptions of [34]
Theorem 1] hold and UGAS of A is concluded. O

Theorem (4) establishes UGAS of the attractor, which results in desirable uniform
stability and convergence properties. However, we are interested in further providing
a suitable performance guarantee for our solution, which follows the same paradigm
as that one in [32]. This performance guarantee may, for example, refers to desirable
levels of dissipated energy, current peak, response time among others. Let comment
in the next paragraph the choice of the matrices P and Q.

A. Optimality and parameters tuning

We first recall that solutions are parametrized by ordinary time ¢ (measuring amount
of flow) and discrete-time j (measuring the number of switches) so that the domain
of a solution ¢ (see Chapter|(3) corresponds to a finite or infinite union of intervals of
the following form:

dom¢ = |J I x{j}, (4.18)
jEdomj g
with IV = [t;,t;41] being a bounded time interval having the so-called “jump times”

t, as extremes, or possibly being a last unbounded interval open to the right and of
the form [’ = [t;,+00). In (4.18), we use the notation dom; ¢ = {j € Z : (t,j) €
dom¢, for somet € R}, namely dom; ¢ includes all j € Z such that I/ is non-empty.
Within this context, we represent an LQ performance metric focusing on flowing
characteristics of the plant state, using the following expression:

J© =3 / k) 2 dr, (4.19)

kedom, ¢ ¥ tk
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where ¢ = (z,u) : dom ¢ — R2x [0, 1] is a solution to hybrid system (4.7)-(4.10), (¢, j) =
Cut,j), Z(t, j) forall (¢, ) € dom & With the hybrid switching solution presented in [30],
we may then give the following guarantee on the performance cost (4.19).

THEOREM 5. Consider hybrid system (4.7)-(4.10) satisfying Assumption|§and Prop-
erty[l If
cTC <Q, (4.20)

then the following bound holds along any solution ¢ = (x,u) of (4.7)-(4.10):

J(€) < % #(0,0)"P%(0,0) = % | 2(0,0) |3, (4.21)

where Z(t, j) = z(t,j) — z., forall (t,7) € dom(§).
Proof. Consider any solution { = (x,u) to H. For each (¢, j) € dom¢, denoting ¢t = ¢,
to simplify notation, we have from (4.14)

J

V(@(t,5)) = V(#(0,0)) = ) V(Z(tsr, k) = V(2 k)

Z )y AN LR 422

J thet1 tkt+1
< / —n|z(r, k)|QdT < UZ/ |Z(7, k) |20 o dT,
t t

k=0

where the last inequality comes from (4.20). Considering %(r, k) = Ci(t, k), taking the
limit as ¢t + j — +o0 and using the fact that UGAS established in Theorem [4 implies
limyyjy 100 VI(Z(E, 7)) = 0, we get from (@.22), nJ(£) < V(2(0,0)) = 1]2(0,0)|%, as to be
proven. [

# REMARK 6. It should be emphasized that once matrices P and Q € S? have been
fixed compliantly with requirement (4.20), the guaranteed performance level for our
scheme (in terms of size of the upper bound for index J in along solutions) is
proportional to the inverse of n € (0, 1) (see (4.21)). To this end, large values of 7 (as close
as possible to 1) are expected to lead to improved LQ performance along solutions.

On the other hand, one may appreciate by looking at the flow and jump sets in
(4.9)-(4.10), that smaller values of  correspond to strictly smaller jump sets (and larger
flow sets), which reveals that solutions are expected to flow longer before switches of
control input v are experienced. Therefore we anticipate that solutions with smaller
values of 1 exhibit a smaller switching frequency. In other words, one may play with
parameter 7 to suitably adjust the switching frequency along solutions. This operation
clearly affects the level of guaranteed optimality, according to (4.21).
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The problem addressed next is the computation of parameters P, (), following
some kind of optimization with the goal of reducing as much as possible the right
hand side in bound (4.21). To this end, we make the following natural selection of
matrices Q:

Q=CTC +e«l, (4.23)

where ¢ > 0 is a (typically small) positive constant, which may be selected equal to
zero if CTC > 0. Then it is clear that selection ensures () > 0, as required, in
addition to ensuring bound (&.20).

Once parameters () are selected, under the assumption that A; are Hurwitz matri-
ces for all i € [0, 1], the following convex optimization problem:

min TraceP, (4.24)
P=PT>0

Such that ATP 4+ PAT < 20, Vielo,1],

witch provides the common matrix P satisfying Property [}

#» REMARK 7. Note that, parameter n can adjust the switching frequency. Indeed, by
decreasing n, we reduce the switching frequency and on the contrary, by increasing »,
we raise the switching frequency. For practical reasons, the switching frequency must
be low enough. Nevertheless, according to [30], this tuned parameter can manage
some LQ performances.

Now that the hybrid control is proposed for the boost converter, the next section
deals with the second part of proposition [} meaning, extend the previous work and
adding a adaptive control to deal with the unknown resistance R,.

4.2.3. Hybrid adaptive control for a boost converter

The idea of this sub-section is to adapt the control law proposed in the previous sub-
section to deal with the unknown resistance R,. Firstly, let begin with the proposed
adaptive law and then stability properties will be proven. Furthermore, assumption
and property[llare adapted to take into account to the unknown R, (3 given in equation
and are given as;

ASSUMPTION 9:
There exists \e = [Aey, Ae,] satistying Aoy + Ae; = 1, such that the following convex
combination holds:

1

D A (AB)ae +a) =0 Vg3 € [, BM]. (4.25)

=0
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ASSUMPTION 10:
Let consider that, the parameter  can be embedded into a polytope described as:

1 1
Q= N, B, forall 0<Xs, <1, ) A, =1,
m=0 m=0

where the vertices of the polytope are given by 3,, € {5™, 3M}.

PROPERTY 2:
Consider Assumption[10] then given matrices A;(3),i € {0,1} in@.2) with 8 € [3™, 8],
there exists matrices P, ) € 8* satisfying

AT (Bm)P + PAi(Bn) +2Q < 0 (4.26)

for alli,m € {0,1}, where 3,, € {8™,3M} are the vertices of the polytope given in
Assumption[10

Note that Property [2[ assumes that all matrices A7 (3,,) are Hurwitz. Selection of
matrices P and @ satisfying Property[Zare discussed as for property[land resumed in
sub-section

A. Adaptation law

The adaptive law is composed by an observer to estimate the value of the state x5 (&),
then gives an estimate 3, for the load 3, since the variable § appears in the dynamic of
the state 5. The hybrid dynamical scheme considers the continuous-time dynamics,
1,22, &2, 3, and the discrete-time dynamic, u. Hence, the goal of the proposed hybrid
adaptive control is to regulate the state z, around a reference value and find an esti-
mate of j3 (see Fig.[4.3). The proposed control is detailed, and the stability properties
are studied in the following.

The proposed adaptation law is composed of a state observer for the voltage -,
and an adaptation law for parameter /3, which are given as follows:

Gy = Ci(u — )21 — Bra) + s — 39) 4.27)
0
B = g(as, ), (4.28)

where g(z,, ) is the adaptation law to be designed, i, is the estimated state of z, 3
is the estimated value of 5 and « is a positive constant parameter, which is associated
with the convergence speed of the observer.
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A.l. Error equation

In order to achieve a mathematical expression for g(z5, Z2), let define the following
error variables, considering 3 = 0,

N

Ty=ay—dy, [:=0-0, f=-P (4.29)
From (4.2) and (4.27), we derive the error equation of x

572 = —a[ﬂg — 04572. (430)

Now, let introduce the candidate Lyapunov function

22
W (i, B) = % (:c% + %) , (4.31)

where v is constant and positive and the derivative of W (5, 5) along the trajectories
of (4.27) and (4.28) is given as:

s §) = o~ 220254 P sy (ﬂgf N g) |

The adaptation law is now defined by canceling the terms in parentheses, i.e.

5 QLY
= 432
& Co ’ 4.32)
and from equation (4.29)
5 YTy
= — . 4.33
B o (4.33)

#> REMARK 8. Note that v defines the adaptation speed, and consequently, if v is
larger, then the adaptation speed comes larger.

Stability properties of (4.30), (4.32) are then stated in the following lemma:

LEMMA 2:
Consider the system (4.2), and assume that its solutions are bounded. The extended
observer (4.30)-(4.32) has the following properties:

i) The estimated states Z, 5 are bounded.

ii) limy_,o0 B(t) = B, if and only if z,(t) # 0,Yt > 0.
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Proof. The observer and the adaptive law error equations are fully defined from
and (4.32), and stability properties of these equations follow from the Lyapunov func-
tion W defined above. Note that with the choice (4.32)

W<i'2a ﬁ) = —O[{Z‘g

and from standard Lyapunov arguments, it follows that the error variable &, and /3
are bounded. In addition by LaSalle invariant principle and from Assumption (7), that
specifies 2, # 0, we easily conclude that lim;_,,, #»(t) — 0, which implies from

that limy_,o, 3 (t) — 0. Likewise from (4.30), and concluding from lim;_,, Z2(¢) — 0 that
limy_, o0 2(t) — 0, we get lim;_,o, 3(t) — 0. O

Based on assumption [/} an adaptive law is proposed, and the convergence of the
error states (i, ) are provided using the standard Lyapunov arguments and LaSalle
invariant principle. Furthermore, a complete hybrid scheme, that encompasses the
adaptive law is presented below.

B. Hybrid model and proposed control law

In this section,. we design an hybrid dynamical system, following the paradigm pre-
sented in Chapter [2| wherein continuous-time behavior resembles the evolution of
z, given in and the evolution of Z, and /3 presented in @.27) and (4.33), respec-
tively. Moreover, the discrete-time behavior captures the jump of the switch boost

converter signal, u, and the jump of a discrete signal, ¢ € {1,2}, which detects if the
parameter [ needs to be adapted. ¢ = 1 allows the § adaptation and ¢ = 2 interdicts
this possibility.
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We characterize the overall closed-loop dynamics

( — —_

:li"g = f(-T,U,JAZ'Q,ﬂ), EecC

H - i (4.34)

jj;_ S G(l’,i’g,ﬁ,Q), fGD,

\ L*

where ¢ = [z u 2, ( ¢] and G is a (set-valued) map representing the switching logic:

Au(B)z +a
0
f(a:,u, i'27/8) = C’Lo(uxl — B‘IQ) + Oé($2 — .fi'g) (435)

_ yz2(z2—22)
Co

0

T

argmin 27 P(A;(6)z + a)
i€K

G(xa'@Z:Baq) = 2 (436)

T2

b

3—q

and where & = [I; ] is defined from the desired values z. = [i, v.]T = [ro1 ze]T as
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follows
T1 = T1 — Tel (4.37)
.%2 = (]32 — LL’eg) + (.TQ - fg)
Inspired by [30], we select the flow and jump sets as follows
C == {(z,%2,q) : {g =1} and |22 — Lo > €} (4.38)
Dy :={(x,&9,q) : {g =1} and |zy — 2| < €}, (4.39)

Co:={¢:{g=2}and |2y — &3] <e and ' P(A,(B)z +a) < —ni'Q.z}, (4.40)
Dy :={¢:{g=2}and |1y — 29| > ¢ or ' P(A,(B)z +a) > —ni’Q,z}, (4.41)

where D := D;UDyand C :=C;NCq, n € (0,1) and e > 0is small enough. The so-called
“flow” and “jump” sets C and D encompeass, respectively, the regions in the (extended)
space (x,u, T, B, q) where our switching strategy continues with the current mode u
(set C) or is required to switch to a new mode (set D). If switching is allowed (namely,
if (z,u) € D) then u will switch according to G in (4.36). For the solution proposed
here, we select the flow and jump sets based on the desired equilibrium x, introduced
in Assumption [9and on the parameters P and Q. The selection of C and D can be
summarized as in Figure

|xo — Za| > €
or/and
FP(Au(B)x +a) > 03" QuT

|zo — do| <€
|

Need adaptation I Forbid adaptation

Figure 4.4: Schematic representation of the flow and jump sets.

We propose therefore Theorem I} which ensures that the hybrid closed loop sys-
tem is well-posed.
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PROPOSITION 2:
The hybrid dynamical system (4.34)-(4.41) satisfies the basic hybrid conditions pre-
sented in Assumption[3 then it is well-posed.

Now, we invokes the lemma [30] Lemma 1], which is a fundamental step to prove
the stability properties and it is presented in the above section.

LEMMA 3:
Consider matrices P, € S? satisfying Property(2, a point z. € R? satisfying Assump-
tion[d Then for each x € R?,

min 77 P(A4;(8)r +a) < min —37 Q7 (4.42)
i€[0,1] 1€[0,1]

#» REMARK 9. We note here that, if 7 # 0
—-iTQ7 < —n3' Qi.

because n < 1.

We comment here the behavior of any solution to hybrid system (4.34)-(4.41) (see
Figure . Note that if any solution is in C; or D, that means ¢ = 1, the adaptation of
the parameter f is possible and, the contrary case is, if any solution is in C; or D, that
means g = 2. First, consider that any solution is in C;, then the observer error 5, given
in[4.29)is larger than any small and positive € and the parameter f3 is adapting. When
the adaptation error of g is arbitrary small, that means z, < ¢, then, the solution will
be in D; and the solution jumps. After the jump, we have ¢ = 2 and the solution is in
C, until that one of theses cases happens:

- |za — 9| > ¢, then solution is in D, and jumps to C;, flowing here until 7, < e.

- #TP(Ay(B)x 4 a) > —niTQ,Z and |z, — &5| < &, then solution is in D;, it jumps to
D, and following the result of Lemma [4f the solution jumps again to C,, flowing
here for a time (as proven bellow).

# REMARK 10. Note that when |z2 — &3] > ¢, any solution to H flows in C; with u
constant. Then the state z will flow according (4.2) to

Vi
.= 443
e~ TR (4.43)
Ve, = (1 - U)RQ’L'L’C. (444)

If u =1, 2, converges to vc,. = 0, however from l) we have z,(t) = xQ(O)e_ﬁt,
then zy £ 0, Vt > 0.
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Following up to standard stability theory for hybrid systems [26], we will establish
suitable stability properties of the point z. in terms of uniform global attractivity of a

bounded (and closed) set in the higher-dimensional space spanned by (x, u, &2, 3, q).
In particular, we will establish stability properties of the following compact attractor:

A={ v =x.,ue{0,1},dr = 15,8 = B,q € {1,2}}. (4.45)

THEOREM 6. Consider Assumption[49[10 and matrices P,Q € S* satisfying Prop-
erty|dand~ > 0. Then attractor is Semiglobally Practically asymptotically stable
(SPAS) for hybrid system (4.34) -(4.41).

Proof. The next section is dedicated to the proof of our main result. For this, we ap-
ply singular perturbation analysis presented in section due to fast dynamics in
hybrid control given in [27] assuming that there are slow time-continuous variables,
& := (,u, q), and fast time-continuous variables, & := (&,, (), then we apply singular
perturbation analysis to establish the stability properties. For this, we will rewrite the

complete system in singular perturbation form. O

B.1. Singular perturbation form

In order to put the system above in the standard singular perturbation form, let

N T | 5.
define the parameters v := -, a:= S5 and 7 := .

With these considerations, let rewrite the hybrid scheme as follows:

] | aeere
U 0
vis | T | aluzy — Bry) + (29 — ) ¢ec
yé —yx9(xe — T9)
q 0
H, - - T (4.46)
xt x
ut argggm T P(A(f)x + a)
il = By EeD.
A 3
\ _C_I+_ I 3—q |
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Note that the fast variables directly impact the stability of the slow variables. How-
ever, the jumps do not affect the fast variables, because they do not present any jump.
Indeed, when the resistance load need to be adapted (g=1), the control state remains
constant.

In order to perform a singular perturbation analysis details in we need to
check the assumptions given in section[3.5.1]

B.1.1. Regularity of “manifold”

The “manifold’, which corresponds to the quasi-steady-state equilibrium manifold
of classical singular perturbation theory [36], that means when v — 07 is

To —To =0
2 (4.47)

f—6=0.

Note that 3 — 3 = 0 comes from @.30). As (4.47) is continuous, we can ensure that the

manifold is empty outside of C, leading to the following set-valued:

(

X2
r9 €C
0 i) ¢C

\

Notice that M is outer semi-continuous, locally bounded and nonempty.

B.1.2. Stability for reduced system

The reduced system is the system (4.34)-(4.36) in the manifold M, which is

iy A,(B)x +a
ol = 0 & € C(M)
q 0
o T ) . (4.48)
at x
ot | = | argmin Z7P(4;(B)z +a) | & € DIM).
i€K
q" ] i 3—q |
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where {, = (z,u, q). Note there is no jump in M, therefore the reduced system ignores
i, and § when determining jumps. Moreover, remark that ¢ nor presents any effect
in the reduced system dynamic and neither generates any extra jump.

B.1.3. Stability of the boundary layer

The boundary layer, for each r > 0, is given by

( .
& =0

i’g = O_é(u.’ll'l — /B$2) + (iL’Q — i‘g) C = C NrB

L 8= —Jxo(w2 — T2)

being 7B a closed ball of radius r. Note that the boundary layer system ignores the
jumps, and during, flows & remains constant.

In order to evaluate the stability of the boundary layer, let consider the error equa-
tions of H;, and re-scale time ¢t to 7 = (t — ty) /v, getting

d

— &y = —axgy S — &
e 2613 2
— B = Aoy i
dTﬁ YXop L2
which can be rewritten as:
d
—z = Jz
dr
with
J _ —1 —O_é$2b1
Yo 0

Without lost of generality and from Assumption[7] o, € {R\{0}}. Therefore, we can
define the next property:

PROPERTY 3:
The real part of the eigenvalues of J, for xq; € {R\{0}} are all strictly negative, i.e.

14 /1= datya,?
Alzs)%e{ * 5 O‘W”’l}<o

1 — /1= daPya,?
Agzme{ O‘mb’}<o

2
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Proof. From the analysis given in [B.] and Proposition [2] we prove SPAS of attractor
(4.45) by applying [27, Theorem 1]. O

# REMARK 11. In order to ensure a singular perturbation form, we need to ensure that
the observer time response must be larger than the time response of z, i.e, | \s| << a,
where )\, is the minimum eigenvalue of the slow subsystem.

#» REMARK 12. Note that the real part of the eigenvalues are strictly negative for all

~v > 0. However, we deduce that

- the response of the fast variables &, is non-oscillating for all

O_ZQ

0<y < .

- likewise, we get oscillations in the transient response of the fast subsystem for

d2

> —.

4.2.4. Applications

In this section, we validate our hybrid approach for the boost converter in simu-
lation. These simulations are performed in MATLAB/Simulink by exploiting the HyEQ
Toolbox [37].

Consider V;,, = 100V, R = 29, L = 500uH, Cy = 470uF,

Ro = 500 € [25,75]Q = 3 = 0.02 € [0.0133, 004], (4.49)

which corresponds to 50% of variation with respect to the nominal value of Ry and a
sampling time T, = 107 %s.
The switched system state space model (2.3) is defined by the following matrices:

_E 0 _R 1
L L L
Al - ) AQ - )
0 1 11
RoCo CO ROCO

1
By =B,=|*
0

For our simulations, the chosen equilibrium is

z. = [i.(B) 120]". (4.50)
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Following the specification given at the end of Section and considering the
variation of 3 (4.49), the quadratic cost function is defined as

tet1 0
J = min Z / ——(Ve(T, k) — ve)* + R(ip (7, k) —i.(B))*dr (4.51)
Y kedomy(e) Ytk Ro

with p = 1000 to suitably penalize the voltage error.
Multiplying the cost by (pR)~!, one clearly sees that this corresponds to selecting

1 R 0

C = [0 (RRy) 2] and ¢ = p~t in (4.23), which gives Q =

0 p/Ro
With this value of @, in order to satisfy Property[2] we choose

23.14 1.08
P= -1072,

1.08 37.04

Moreover, we take = 0.1 which corresponds to a sub-optimal value that guar-
antees a trade-off between performance level and switching frequency, as shown in
[301.

Let start by a known resistance R,. Figure. 4.5/ reports voltage and current evo-
lutions for different selections of 1 and for the choice A\, = [0.22 0.78] that satisfies
Assumption 8 Just as before, Theorems [4| and [5| guarantee asymptotic stability and
optimality for the scheme. Once again, as 7 gets larger, the transient becomes closer
to the one obtained when the switched control proposed in [32]. In all cases, the tran-
sient duration is less than 30ms with a maximum current peak near 3.25A4 of magni-
tude. The switching frequency in a time slot of the transient is reported in Figure.
for different values of 1, we see the expected trend (from Remark[7) of the switching
frequency, as a function of 7.

A more informative picture can be grasped by Figure. 4.7/ where, it is shown that
selecting small values of 7 allows us to suitably adjust the switching frequency while
giving up a little on the performance guarantee (even though Figure. 4.5/ shows that
the performance is not much deteriorated when 7 is very small, thus showing some
level of conservativeness of our bound). Note that, the value of n for which we obtain
essentially the same behavior as the scheme in [32] is much larger than 0.5 and grows
up to somewhere around 0.95.

Let simulate with the unknown resistance Ry. Likewise, we select the convergence
speed of the observer state, a, according to Remark[l]and, having |\,| = 4000 for the
slow sub-system minimum eigenvalue. Then, we need to satisfy 4000 << «; for this
issue, we chose a = 40000.
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120} .
_ 118} = .
2 s
S 116y Y —— HD Control n=0.01
= 14 5 HD Control n=0.5 I
= {1l F , - = ~HD Control n=0.99 I
/ — — Control in [Deaecto et al. 2010]
1 10 | | | I I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
t(s)
<
E —— HD Control n=0.01
5o : HD Control n=0.5 a
© ~- - ~HD Control 1=0.99
= = Control in [Deaecto et al. 2010]
1“ I I I

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
t(s)

Figure 4.5: Voltage and current evolution of the boost converter.

The next step is to select the adaptation speed, v, according to Remark[12] At the
first instance, we choose v such that, there is no oscillation during the steady-state
(T, = Tea = 120),1.,0 < 7 < 2’ — 61-10~* Then, we take v = 5- 1074 in Figure.

4752%1 B
and v = 50-10* in Figure.[4.9] Finally, we take ¢ = 1073, Note that in these simulations,
the load changes twice, in the transient time at ¢t = 0.001s and in the steady state at
t = 0.03s.

Figure [4.8}-a) and [4.9}-a) show the convergence of z, to the equilibrium (4.3.3) for
any change of 3, which is achieved with A, = [0.17 0.83]7 satisfying Assumption [9]
Note that during the adaptation of 3, that means, when |Zs| > ¢, at ¢t = 0.001s and

= 0.03s the states flow with u constant converging to i ., vc,. given in (4.43)-(4.44).
When |Z;| < ¢ the states evolve switching the discrete variable u. This evolution can

be seen in the zoom of v in Fig. [4.8-d) and [4.9}-d) for different adaptation speed, .
Note that if 7 is larger the adaptation faster is, according Remark [g]

We can also see during the load changes that, the error i, increases, but it con-
verges to zero, due to the fact that Bis adapted to its real value f, as is established in
Lemma|2] Then, we can conclude from Theorem [7]that our attractor is SPAS.

Now, we show some simulations for the case when the adaptation presents some
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Figure 4.6: Zoom of u in the boost converter.
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Figure 4.7: Evolution of the normalized switching frequency w.r.t. n for different initial
conditions in the boost converter.
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Figure 4.8: Evolutions for v = 5 - 107 of the voltage and current in a) and b) resp., 7,
in ¢) and, zoom of w in d).

58



4.2. DC-DC CONVERTERS: BOOST CONVERTER
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Figure 4.9: Evolutions for v = 50 - 10~ of the voltage and current in a) and b) resp., 7,
in ¢) and, zoom of u in d)
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Figure 4.10: Evolutions for v = 0.1 of the voltage and current in a) and b) resp., and
zoom of Zs and w in ¢) and d) resp.

oscillations in the steady state, i.e. v > >—2 = 61 - 107%, according to Remarkl We
select v = 0.1 in Figure. and v = 1 in Flgure [4.11 Note that #, converges to zero
after some oscillations in Flgure. [4.10}-¢) and in Figure. c), maintaining x5 robust
w.r.t. its equilibrium value. Wa can also see that the observer convergence is faster, as
~ larger is.

4.2.5. Conclusions

A hybrid adaptive control for unknown constant or/and slowly variable load is pre-
sented for a boost converter. The method focuses on a hybrid dynamical theory,
that considers the real nature of the signals, that means, the continuous-time and
the discrete-time signals. On this paradigm, an adaptive control is proposed which
guarantees the robustness of the voltage in a reference value. This adaptive control is
fed by a state observer designed by assuming that the state variables are measured.
SPAS of the full system is proven by using a standard singular perturbation analysis.
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4.3. AC-DC Converters: Three-phase three-level NPC Con-
verter

The main control objective of this device is to generate a desired sinusoidal input cur-
rents, that provides a DC link voltage keeping it constant at the desired reference value,
while maintaining the neutral point voltage close to zero. In order to achieve these
control objectives, some control strategies have been developed in the literature. A
first classical approach widely studied relies on the control design of averaged models
[381[39]. The most employed averaged controller for the NPC rectifier is called Direct
Power Control (DPC) method. This approach generally uses several PI controllers, one
for the instantaneous powers, the second one to keep the neutral point voltage close
to zero and the third one to regulate the dc-link voltage to a desired value [23][40].

Recently, some control strategies have been proposed to control the switches with-
out considering an averaged model, which led to discontinuous control laws. Among
them, we can cite predictive control algorithms (for inverters in [41] and converters
in [42]), sliding mode controllers (for inverters in [43],[44] and converters in [45],[46])
and hybrid controllers (for inverters in [47] and converters in [30]). For the case of the
NPC, to the best of our knowledge, only a few papers have considered explicitly the
discrete nature of the switches. In [48],[49], a predictive control algorithm is used to
predict the capacitor voltages for the next sampling time. In [50], a sliding mode con-
trol design is considered and the sliding surfaces use directly the error between the
state variables and their references.

In this work, we propose to model the NPC as a hybrid model by considering, the
voltage and current signals as continuous dynamics, as well as, the switching control
signals as discrete dynamics. However, compared to the others topics studied in this
thesis, the main challenge is to consider the nonlinear time-varying nature of the sys-
tem. Following the Hybrid Dynamical System (HDS) theory [26], we propose a control
guaranteeing Uniform Global Asymptotic Stability (UGAS) of the operating point.

The NPC converter can be modeled by a nonlinear time varying model given in
(2.19) and is remembered in the following

(t) = Au(t)z(t) + a

y(t) = Cx(t),

(4.52)

The next assumption is necessary to guarantee the existence of a switching signal
that ensures forward invariance of the equilibrium point, z., in the generalized sense
of Filippov, considering v € {u, ..., u(*} and equation (2.21), and A4,(t), a and C given
in Equation (2.19).

62



4.3. AC-DC CONVERTERS: THREE-PHASE THREE-LEVEL NPC CONVERTER

ASSUMPTION 11:
There exist 25 functions of time Ay, (1), As,, (1), ..., A2s,, () satistying S5 A, (t) =1 for
allt > 0, such that the following convex combination holds for every t:

25
> A, (A (Hze +a) =0, (4.53)
=1
with
I 0 0
Au(z)(t) =M, My, My M, U ® 14 + M,
0 I

whereu") € U and z. is the desired value of the regulation, meaning that the equilib-
rium point is reached in sense of Filippov. The matrices My, M;, Ms, M; and M, are
given in equation (2.22).

In order to establish the stability properties of the equilibrium point z., we intro-
duce the following property.

PROPERTY 4:
For matrices A,(j) defined in (2.22), there exist common matrices P,Q € S* satisfying

Ay ())TP + PA,»(j) +2Q < 0, (4.54)
forallj € {1,..,4} and u®) € U withi € {1,...,25}. Therefore, matrices A, (j) are

Hurwitz.

Proof. The statement can be easily proven choosing

L0 0 0
0L 0 0
pP= :
00 CV: 0
00 0 OV?
~Rrs O 0 0
0 —Ris 0 0
Q= ,
0 0 —(z+)V 0
0 0 0 —5h

which are found from the system structure and energy-like arguments, meaning that
the energy of the system is dissipated only through the resistances.
O
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4.3.1. The control objectives

The objectives of the control problem are summarized as follows:

1. Theinstantaneous active power p and the instantaneous reactive power ¢ should
track their references denoted p* and ¢*, respectively,

*

p—p

q—=q-.
2. The sum of the converter capacitors voltages v4. should be regulated towards its
reference denoted v,

*
Udc — Udc

3. The difference of the converter capacitors voltages v, should be as small as pos-
sible,

vg — 0.

The desired equilibrium point can then be represented as r. = [T¢1 Tez Tez Tea]? =
" ¢ vy 0"

In order to achieve these objectives, while taking into account the characteristics
of the system, we propose a control algorithm described in the next section.

4.3.2. Hybrid model and proposed control law

Continuous-time and discrete-time dynamics are present in the considered system
and the HDS theory developed in [26] is a potential way to take both dynamics into
consideration. The continuous evolution (or flows) represents the evolution of the in-
stantaneous active and reactive power states and the voltages v,. and v,. Likewise, the
discrete evolution (or jumps) represents switching control inputs u € {u®, ..., u®}.

Then, the closed loop system can be easily described as a hybrid system of the
form H = (C, f,D,G):

v = f(t,z,u), (x,u) €C,
U
H : - (4.55)
o+
€ G(t,z,u), (x,u) € D,
ut
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A,z +
flt,x,u) = (t)z +a ,
0
(4.56)
x
G(t,z,u) =
argmin 7 P(A,u (t)x + a)
i€k
withi € {1,2,...,25} and & = = — z. the error between z and the equilibrium z..
The flow and jump sets are given as:
C:={(z,u) : 3" P(A,(t)x + a) < —ni" Q7}, (4.57)
D :={(z,u) : 3" P(Au(t)z + a) > —ni’ Qi}, (4.58)

where n € (0, 1) is a design parameter.

The basic idea used in model (4.55)-(4.58) is as in Section [4.2.2]and is given as fol-
lows: assume there exists a common Lyapunov function, V(z) = #” Pz, for all modes
of the system, then

- if the Lyapunov function is sufficiently decreasing for a given control input, then
this value of control is maintained.

- If the derivative of the Lyapunov function is not sufficiently negative, the control
input is changed in order to improve the decreasing of V().

PROPOSITION 3:
The hybrid system (4.55) — (4.58) satisfies the basic hybrid conditions given in assump-
tion@ Then, we can conclude that the hybrid system (4.55) — (4.58) is well-posed.

The next Lemma guarantees the control mechanism described before, ensuring
that the Lyapunov function is decreasing enough after each jump.

LEMMA 4:
Consider matrices P, (Q € S* satisfying Property a point z. € R* satisfying Assump-
tion[1l then, for each x € R?,

min ' P(A,0(t)x +a) < —31Q17, (4.59)
withs = ¢ — x..
#» REMARK 13. We note here that, if  # 0
—-3TQx < —niT Qz.

because n < 1.
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Following the hybrid system theory, we will establish stability properties of the
given compact set

A:={(x,u):x=x,ueU}. (4.60)

THEOREM 7. ConsjderAssumption and matrices P, Q € S8 satisfying Property
Then, the set (4.60) is UGAS for hybrid system (4.55)-(4.58) for each x. satisfying As-

sumption

4.3.3. Applications

In this section, some simulations are performed on the proposed closed loop sys-
tem by using MATLAB/Simulink and by exploiting the HyEQ Toolbox [37] to verify the
properties of the closed loop (4.55)-(4.58).

The parameters of the NPC are given in Table[4.]] The simulations are made for differ-
ent values of sampling time 7T (where the switching frequency is f; = Tis). Moreover,
we choose 7 = 0.1 following up the trade-off between switching frequency and per-
formance mentioned in Remark[Zl

Table 4.1: Simulation parameters

Parameter Convention | Value/(Units)
Estimated series resistance Rrs 0.4(2)
load resistance R 30 ()
Estimated parasitic resistance R, 20 (KQ)
Inductor L 15 (mH )
Output capacitor C 1500 (uF)
Total dc-link voltage reference v, 150 (V)
Amplitude of the grid voltages Vsa 62v2( V)
Grid frequency f 50 (H 2)

The chosen matrix () can achieve some LQ performance level, for example, reduce
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o1 0 o
0005 0
00 0 0.1]

the levels of dissipated energy, following [30] Theorem 2]

4.3. AC-DC CONVERTERS: THREE-PHASE THREE-LEVEL NPC CONVERTER

Further, a common matrix P can be obtained such that Property[4]is satisfied:

791 0 0 0
0 791 0 0
P = 1072,
0 0 2773.78 0
0 0 0 3040.37 |

The desired equilibrium point is given as follows:

T
Te = |:ZL‘1€ 0 V;l*c 0:| ’
where ;. is obtained from the equilibrium of model (4.52)
2Ry +R 1x
_ 8Rrs < + ) ‘/d;

2 2
2V -V, \/4 V2 \ R«R,
Tle = )

4Rrs

[782.4 0 150 0].
Figure shows the evolution of states for different values of sampling time 7 =
{107*, 1075, 10~%}s. Note that, for these different values of T}, the instantaneous ac-

tive and reactive power, p and ¢, and the voltages v, and v; converge respectively

which is, z,

towards their desired references with a response time of to 0.02s. Furthermore, we
can notice that the instantaneous active and reactive powers signals admit a high-
frequency ripple phenomenon due to switching control. Note also that, when the
switching frequency is increased, then the ripple amplitude is reduced. Similar argu-
ments are found for the phase currents, as shown in Figure[4.13] showing the trade-off
between switching frequency and performance (if 7, increases, then the ripple signal
increases). Finally,these simulations illustrate Theorem 7| statement.

Furthermore, the evolution of the Lyapunov function is depicted in Fig. we
can remark that when 75 is small then the steady state error of V' is reduced. Likewise,
when Tj is large, the Lyapunov function increases because we forbid the switches
along period 7.
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Consequently, we can conclude from the simulations that:

- the desired equilibrium point is reached in the generalized sense of Filippov as
expected in Assumption. |1} It means that the desired equilibrium is generally
obtained for a not constant control, meaning that the control switches between
several values at an infinite switching frequency. As expected, a Zeno behavior
appears.

- In practical applications, as well as in simulation purposes, it is necessary to in-
clude a maximal switching frequency to avoid a Zeno behavior at the steady-
state. However, a significant impact on the quality of the convergence towards
the desired equilibrium is expected as shown in Fig. and Fig.

- If the switching frequency is reduced, then the difference between the balance
and the state increases, and the ripple also increases. Hence, it appears that a
right trade off between the number of switches and error should be found. This
phenomenon has not only been studied in the context of hybrid framework (see
report [51]), but also in the problem of the discretization of the sliding mode
control [52].

4.3.4. Conclusions

We have considered a nonlinear time varying model of a three-phase three-level NPC
converter. Furthermore, to ease the design of an efficient control law, a polytopic
model is developed. Then a hybrid control scheme is proposed, ensuring that a de-
sired attractor is UGAS for this hybrid closed loop system. Finally, the main result is
validated in simulation.

4.4. Conclusions

This chapter is devoted to the regulation problem for two different cases. Firstly, an
Hybrid adaptive control is proposed for the boost converter. The idea of the control
is to manage the switches in order to perform stability properties and an adaptive
control is used to deal with the unknown resistive load. The stability of the system is
provided using the hybrid theory.

Secondly, a hybrid control law is proposed for a three-level three-phase NPC con-
verter. Basically, a polytopic representation of the entire system is proposed to deal
with the time varying of model of NPC. This control law makes the system switches
infinitely (Zeno phenomena). From practical point of view, the Zeno behaviors are
not suitable. In order to deal with this problem, in Chapter [f] a practical stability is
ensured by imposing a dwell-time between consecutive switches.
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Figure 4.12: Evolution of the states for different values of sampling time 7.
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Figure 4.13: Evolution of the phase currents for different values of sampling time T
and forn = 0.1.
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CHAPTER 5

HYBRID CONTROL FOR DC-AC
CONVERTERS

Sommaire
B Introduction] . .................. ... .. .. .. ... 73
[5.2 DC-AC Converters: Halt-bridge inverter{ . . . . . ... ... ... ... 74
521  Problem formulation] ... ........ ... ... . ... ... . 74
.22 Areferencemodel . . ... ... ..o 75
523 Problemstatementl. . .. ...... . ... 0L 76
[5.24 Adaptationlaw| . .. ... ... oo 78
[5.2.5 Hybrid model and proposed control law| . . .. ... ... . .. 79
[5.2.6  Stability of the hybrid system| . . . ... ... ... .. ... .. 82
[5.2.7 Applications| . . . . ... ... 87
B3 Conclusionsl . . . ........... ... .. ... 91

5.1. Introduction

This chapter deals with the design of control laws for DC-AC converters. Contrary to
the previous chapter, the control objective is to design a hybrid control, such that, the
output follows a time-varying reference. More precisely, we are interested in design-
ing a hybrid adaptive control law, in order to guarantee a minimum error between the
output and the reference. for the half-bridge inverter.

As presented in the previous chapter, since this kind of system exhibits continuous
dynamics (current and voltage) and discrete dynamics (switching signals), the goal is
to use the hybrid theory presented in Chapter[2] in order to improve performance, as
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well as, stability properties. Moreover, as for the boost converter, an adaptive law is
added to deal with the variation of the resistance load. The chosen DC-AC converter
in this chapter is a half-bridge inverter.

5.2. DC-AC Converters: Half-bridge inverter

In this work, we aim at using an accurate model of half-bridge inverters, considering
the real nature of the signals. To this end, we extend the results presented in [47],
where a hybrid control is designed for the half-bridge inverter considering a constant
and known load.

The novelty of this work lies in the design of a hybrid adaptive control for a half-
bridge inverter regarding an unknown or perturbed load. A similar problem is consid-
ered in [53], where the authors stabilize the output of a DC-DC converter to a desired
reference, considering therefore a regulation problem and an unknown load. How-
ever, here the problem is different, because we are dealing with a tracking problem.
To this end, we transform the problem in an output regulation problem [54][55] and
we propose an indirect adaptation mechanism in the hybrid dynamical scheme, in
order to adapt the load variations. More precisely, we consider an adaptive law fed by
a state observer by assuming that all states are measurable. Then, uniformly locally
asymptotically stability is ensured by applying the time-scale separation and by using
a singular perturbation analysis.

5.2.1. Problem formulation

Let start by rewriting the model of the half-bridge inverter given in equation (2.24),

considering the unknown value of resistance Ry. To this end, let define g := €

1
Ro

[Bm, Bu], which belongs to the following polytope

Q:= )\ﬁymﬁm + AB,MBM? A )\ﬁ,m7 )\ﬂ,M € [Oa 1]a

with  Agm + Mg = 1.
And let consider this next assumption

ASSUMPTION 12:
We assume that:

- Current and voltage are measurable.
- All the components are ideal (except the load R,).
- Theload Ry is an unknown constant and is assumed to be in the interval [RJ*, R} ].

- x9 = 0 corresponds to the starting operation mode, and any starting strategy is
used to bring our system to x5 # 0.
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Using definition of # and Assumption[12} then the system (2.24) is rewritten as fol-
lows

( A(B) B
Ve N\ ~ /_/\\
_Rs  _ 1 Vin
it)y=| * Elamy+ 1" |u,
1 _B 0 (5.1
Co Co
c
—
w0 = o 1=
\

with z(t) = [ir(t) ve(t)]T is the state vector, y(t) is the controlled output and u =
{—1,1} is the control input. Note that A(/) is Hurwitz for all 3 > 0. Moreover, as in the
previous work, we assume that the following property is verified.

PROPERTY 5:
Consider matrix A(B3) in (58.1), with 8 € B, Bum], and a chosen matrix Q € S*. Then
there exists a matrix P € §? satisfying the two following Lyapunov inequalities:

AT(Bm)P + PA(Br) + Q <0,
A"(Bum)P 4+ PA(Bu) +Q < 0.

This property imposes finally a unique Lyapunov function for the polytopic model
(5.1). In the next subsection, we propose a desired tracking trajectory, which will be
described by a linear time-invariant model.

5.2.2. A reference model

The desired trajectory to be tracked by the voltage and the current are given as:

.1}26(t) = VCd (t) - vmax Sin<wt)7 (5 2)

T1e(t) :=ip,(t) = CowVipaz cos(wt) + Ve sin(wt),

where V,,,, and w are respectively the desired amplitude and angular frequency of the
voltage applied to the load Ry. Note that, only x4.(¢) is imposed and x.(¢) is therefore
calculated using equation (5.1), meaning that is an admissible trajectory for (5.1).
In order to impose a such behavior, let us define the exogenous model, whose the
output y,(t) is the reference to be followed

A(t) = 0z(1), (5.3)
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where z € R? is the state of the exosystem and

yd(t): iLd<t) ’ o — 0 w and H(ﬁ): —wC(] 5

V(jd (t) —w 0 0 1

#» REMARK 14. In our case, as 3 is an unknown parameter, this reference cannot be
used directly for the control design. This is the reason why an estimate of 3, named £,
is designed in Section[5.2.4] given via an observer and adaptive control. This estimate
should be used to produce the estimated output of the reference model.

ga(t) = I1(B)z(t), (5.4)
with §4(t) = Z(t) = [i1,(t) Ve, (t)]T is the estimated value of the real output of the

reference model.

#) REMARK 15. Note that from (5.3) and by considering that z(0) = [0 V},,..]”, it is simple
to demonstrate that
() + 250 =V,

mazx*

Consequently, define the following compact set
© = {(z1(t), 22(t) €R?, 2(t) + 25(t) = Vo)

Now that, we have described the model and the reference, the problem of tracking
for the half-bridge inverter with unknown resistance is stated in the next section.

5.2.3. Problem statement

In this work, we are focused on the design of a switching signal v € {—1,1} and an
adaptive law 3, which guarantee the two following properties:

1. A suitable trajectory tracking properties of the voltage z5(¢) to a desired trajec-
tory xo, (t), ensuring asymptotic convergence properties of the error ¢(t), be-
tween the state x(¢) and desired tracking trajectory y4(¢) :

lim e(t) = 0.
t—o0

where e(t) = x(t) — ya(t).

2. The convergence of the estimation of the load /3 to the real value of 3, such that
the error between y,(t) and g4(t) converge to zero. meaning that if

lim 3 =3, then, lim §q(t) = ya(t).
t—o0 t—00

In the first place, let us rewrite the original system in term of the error between
z(t) and yu(t).
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A. Error dynamics model

Let us define the error state variable e(t) = [e;(t) ex(t)]T € R? between the state of the
model (5.1), z(t), and the real output of the reference model, y4(t). Then from equation
(5.3), the error equation can be written as:

e(t) = x(t) — TI(B)=(t). (5.5)

Furthermore, this error equation can be rewritten as follows:

e(t) = z(t) = I(B)=(t) + W(A)(t) — TL(B)2 (1), (5.6)
by defining this new variable

e(t) = x(t) — TI(B)=(t), (5.7)

0 -3 (5.8)

The goal is to prove the asymptotic stability of the error e(¢). To this end, it will be
decomposed the problem into two parts:

1. The convergence of j3 to 3, which will be ensured by an observer and adaptive
control explained in Section[5.2.4]

2. The convergence of the estimated error é(¢) towards zero.

In order to find the estimated error dynamics, let us firstly, consider a vector T,
such that, the following algebraic equation is verified:

A(B)II(B) + BL(5) = ()8, (5.9)
A simple calculation shows that, I'(3) does not depend on 3 and can be written as:
[(8) = | —wLf _ wheato (% — Cow?* + RLTSﬂ) v%] :

At this stage, let us consider the estimated error given in (5.7), then the dynamic of
this variable is given as:

é(t) = i(t) — TI(B)2(t) — BIT(B)2(1) (5.10)
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) _ dII
where IT' = iR

Then, by substitution of equation in (5.10), we obtain

= A(B)e + Bd(B, B, 2), (5.11)
where . I
d(B,8.2) = (v(ff, ) -5 Bz2> : (5.12)
with
v(3,2) =u—T(3)z, (5.13)

which is finally a new control input to be designed. Nevertheless, we need the keep
in our mind that, the control applied to half-bridge inverter is defined by:

~

u:=v+I(p)=z.

# REMARK 16. Note that, if = $3, than equation and (5.9) are the well known
"regulator equations” [54][55].

Inspired by [53], we extend the work presented in [30], for model with an un-
known parameter 5. The idea is to design a hybrid adaptive controller that considers
the continuous-time dynamics, 1, 9, and the discrete-time dynamic, u, estimating
f in continuous-time, at the same time that z;(¢) and z5(¢) converge to a sinusoidal
references given by (5.3).

The next section is devoted to the design of an adaptation control law with the aim
of estimating the unknown constant .

5.2.4. Adaptation law

For the purpose of designing an adaptation law, we consider a state observer for the
estimated error é,, and an adaptation law for parameter 3, with the following structure

(1) = Oio<é1<t> — Bes(t)) + a(éa(t) — éa(t)) (5.14)
B = g(es(t), &2(1)), (5.15)

where é,(t) is the estimated state of é,(¢), 3 is the estimated value of and « is a positive
constant parameter, which represents the convergence speed of the observer. g(.) is
the adaptation law and to achieve a mathematical expression of g(é;(t), é(t)), let us
define the following error variables, considering 5 = 0

~

Gt) =ty —ba(t), B=P-f = [f=-p (5.16)
Next, from and (5.14), we derive the error equation of &(t)
Co
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The error model is then rewritten as:

. (5.18)
b=—p
Now, let us introduce the next candidate Lyapunov function
NI T
W(éz, B) = 3 &(t) + =) (5.19)

where v is a positive scalar. Considering system (5.18), W (&, ) is positive definite and
radially unbounded. The derivative of W along the trajectories of (5.18) gives:

IV@%ﬁy:—a%@y—éﬁfﬁﬁﬁ+f%l:—a£@)+é(—éi%?§2+§). (5.20)

The adaptation law is now defined by canceling the terms in parentheses, i.e.

0
Consequently, by substitution of (5.21) in the second equality of (5.16), the adaptation
law is defined as

(5.21)

; 5 (t)éa(t
Ol 108 (5.22)
Co
#> REMARK 17. Note that v defines the adaptation speed, and consequently, if v is

larger, then the adaptation speed comes larger.

Now that we have designed a adaptive control law, we will couple this law with a
hybrid control to form a hybrid adaptive control proposed in the next Section.

5.2.5. Hybrid model and proposed control law

Now, we model our system under a hybrid dynamic scheme, following the paradigm
given in [26]. Wherein

. the continuous-time behavior encompasses the evolution of é(t), z(t), é(t) and

~

B,

- the discrete-time behavior captures the jump of the switch half-bridge inverter
signal v € {—1, 1}, (through v),
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We characterize the overall dynamics by the following hybrid model:

é

\ L -

(5.23)

where £ = [¢ z v & (. f(€) is the flow map and contains the continuous dynamics of

the system. and G(§) is a jump map capturing the switching logic:

A(B)é + Bd(&),
0z
f(&) = _T(B)e- : (5.24)
(61— Bea) + a(éy — éy)
| (6 —6)/Co
] é _
2
G(€) == argaiin TP (A(B)é + Bd(§)> “T(B)> |, (5.25)
ue{-1,1}
é
E _
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where
vLé, (éz - éQ)

5.26
V;nOO = ( )

d€) = |u—T(B)z+

with « and v are positive constant parameters, and ¢ = [é; é;] is defined as follows
(5.27)

Inspired by [30] and as proposed by [53], we select the so-called flow and jump
sets

- {5 TP (A(B)é n Bd(g)) < —néTQé} , (5.28)
D= {5 TP (A(B)é + Bd(f)) > —néTQé} , (5.29)

with n € (0,1) as for the boost and NPC converters, is tunned parameter.

#» REMARK 18. To achieve the control objectives, i.e. reach the desired equilibrium,
é = 0, the proposed control generates arbitrary fast switching in the steady-state,
therefore the desired equilibrium is achieved in a Filippov sense. But from a prac-
tical point of view, the switching frequency must present a minimal dwell-time be-
tween consecutive switches. Moreover, as for the boost converter, a time- or space-
regularization can be added in the closed-loop in order to reduce the switching fre-
quency at the expense of the performances (See Chapter|6)

PROPOSITION 4:
The hybrid system — satisfies the basic hybrid conditions given in Assump-
tion[3 Then, applying Theorem|l we can conclude that the hybrid system (5.23)—(5.29)
is well-posed.

Now, let us define the following compact attractor for the system (5.23)-(5.29):
A={c:¢=0, ze®, ue{-1,1}, é&=¢é, =7} (5.30)

Indeed, we are interested in uniform stability and convergence to a set where é = 0,
B = 8, and é; = é,, whatever the value of z € ® and u € {—1,1}. The Section is
dedicated to prove the stability of the hybrid system (5.23)-(5.29).

Let now comment the choice of matrices P and Q. As in section [Althese matrices
are selected following some optimization criteria given in for a hybrid system
(5.23)-(5.29). Specifically, we use [30, Theorem 2], where some LQ performance level
is guaranteed, for example: response time, reduce the dissipated energy, current peak
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among others. To this end let take the following cost function to get any LQ perfor-
mance level.

tkt1
J = min Z / Ri(vc(T, k) —veq)? + R(ip (7, k) —ing)dr (5.31)
' GR

kedom,

with p is a positive scalar.

On the other hand, we find that the suboptimal-LQ performance level corresponds
to increase of switching in the transient time, which can increase the dissipated en-
ergy. Therefore, the choice of n decides a trade-off between any LQ performance level
and switching frequency as shown in Figure

5.2.6. Stability of the hybrid system

This section is dedicated to prove stability of the hybrid system (5.23)-(5.29). Note that,
the observer and adaptation dynamics are given (5.14) and (5.22) respectively. Stability

properties of this adaptation are stated in the following lemma:

LEMMA 5:
Consider the system (5.1), and assume that its solutions are bounded. The extended
observer (5.14)-(4.33) has the following properties:

i) The estimated states é,(t), 3 are bounded.
i) limy_ye0 €2(t) = éa(t).
i) limye0 B(t) = 5,
Proof. The observer error and the adaptive law equations are fully defined from

and (5.22), and stability properties of these equations follow from the Lyapunov func-
tion I defined above in (5.19). Note that with the choice (5.21), we obtain

W<52a6~) = —Oéég

and from standard Lyapunov arguments, it follows that the error variable &, and /3
are bounded. In addition, by LaSalle invariant principle and from Assumption|12} we

easily conclude that ¢, — 0, which implies from (5.21) that 5 — 0. Likewise from (5.17),

and concluding from &, — 0 that &, — 0, we get 3 — 0. O]
Consider now the quadratic Lyapunov function V for all system (5.23)-(5.25) as

with W (&,, ) is defined in (5.19). The derivative of this equation a long the trajectories
of the system (5.23)-(5.25) is given by

V = —aé 4+ 2¢T P (A(B)é + Bd(¢)) (5.33)
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with the expression of d(&) is given in equation (5.26).

To prove that a such function is negative definite, is very complicated. This is why,
to prove that the hybrid system (5.23)-(5.29) is SPAS, we apply singular perturbation
analysis presented in section [3.5.] and assuming that there are slow time-continuous
variables, ¢, := (¢,z,v), and fast time-continuous variables, £; := (¢, 3), then we
apply singular perturbation analysis to establish the stability properties. For this, we
will rewrite the complete system in singular perturbation form.

A. Singular perturbed form

In order to put the system above in the standard singular perturbation form, let define
vi=1,5:= ¢ and then, we can rewrite the hybrid scheme (5.23)-(5.25) as follows:

o _ -
é A(B)é + Bd(€)
Z Oz
ol ~T'(3)0:z  §€C
véy & (él - Béz) + (éz - éz)
_VB_ —V’vég (ég — é2>
o o] ; ' (5.34)
o+
2
ot
o € argmin &7 P (A(B)éJrBd(f)) “T(B): |, ceD,
v=u—T(B)z
é;’ ue{—1,1} A
€2
B+
( I p i

with € = [é z v é, f).
Note that the fast variables directly impact the behavior of the slow variables.

In order to fulfill a singular perturbation analysis, we will check the assumptions
given in section|3.5.1
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B. Regularity of “manifold” and the fast sub-system

The fast sub-system can be written as

vinl)| _ & (a0 - 8a0) + (a0 -a) |
Wil L " : TN <é2(t)—ég(t)> 535
At 2
€9 (t> c 62(t) ’ & €D,
|| B B

where &; = [é,5(t) (. The “manifold" corresponds to the quasi-steady-state equilib-
rium manifold of classical singular perturbation theory [36], that means when v — 07,
then

(5.36)

Note that 3 — 3 = 0 comes the fact that B = —B1in (5.16). As (6.36) is continuous, we
can take that the manifold is empty outside of C, letting take the following set-valued:

(
e (t
& (?) ex(t) € C
Mies®) =3 | 5
L 0 62(t) ¢ C
where é(t) = [é1(t) é2(t)]". Note that M is outer semi-continuous, locally bounded

and nonempty.

From Lemmal5] the fast sub-system is locally asymptotically stable. Now, we sub-
stitute this solution in (5.34), obtaining the reduced model or just the slow model,
presented in the next sub-section.
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C. Stability for reduced system
The reduced system is the system (5.23)-(5.25) in the manifold M, which is

é(t) A(B)é(t) + B
)| T Oz(t) ) & € C(M),
KN | T(Hex(t) | _
H, - - é(t)
e (t)
z(t)
)| € , & € D(M),
ot argmin é(r‘f(t)P (A(B)é(t) + Bv) | —T'(B)z(t)
- - v=u—T'(B)z
\ L ue{-1,1} i

(5.37)
where &. = (é(t),2(t),v). Note that, there is not jump in M, therefore the reduced
system ignores é, and 3 when determining jumps.

According to equation (5.36), implying that:

éx(t) = éa(t)

(5.38)
5=0,
and replacing them in the expression of d(B B, z), we have
d(B, 2(t)) :==u—L(B)z(t) = v(B, 2(t)) (5.39)

According to remark [16] and in order to satisfy the constraint on the value of u (ie.
u € {—1, 1}), the following assumption must be hold.

ASSUMPTION 13:
There exist two functions of time A\, A\_y € [0, 1] satisfying \y + A_1 = 1, such that the
following equation holds:

Z Ai(A(B)éc(t) + Bui(B, (1)) = 0.

with é.(t) = 0 is the desired equilibrium for the error. Hence by substitution é.(t) = 0
in the last equality, we obtain
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#» REMARK 19. It important to understand that in Assumption[13] the solution é(¢) = 0
is obtained in sense of Krasovskii solution. Indeed the signal u = A; —A_1, is a periodic
sequence of arbitrarily small period 7', spending a time equal to ;7" in mode u = 1,
and A\_;7 in mode v = —1.

Now, we invoke the lemma presented in [30], which is important to prove the sta-
bility properties.

LEMMA 6:
Consider matrices P, () € S? satisfying Property[8 Then for each é(t) € R?,

min &7 (t)P (A(B)é(t) + Bv; (B, 2(t))) < —&X (#)QE(t).

1€[—1,1]
# REMARK 20. We note here that for n € (0,1) then
—el (H)Qe(t) < —ne’ (t)Qe(t).

Note that the switching frequency is reduced if » — 0 and, it is increased if n — 1, as
has been proved in [30].

THEOREM 8. Consider Assumption(12[13 Lemmalfland matrices P,Q € S? satisty-
ing Property[5 Then attractor is Semiglobally Practically Asymptotically Stable
(SPAS) for hybrid system (5.23)-(5.29).

D. Stability of the boundary layer

The boundary layer is given by

& =0
Hu = | ves(t) = & (61t = ) + (ea(t) — o)) € €CNTE
\ Vé = —vyéx(t) (éz(t) - éz(t))

with rB a closed ball of radius r. Note that the boundary layer system ignores the
jumps, and during flows &, remains constant.

In order to evaluate the stability of the boundary layer, let consider the error equa-
tions of H;; and given also in (5.16), and let take as particular solution é,,, € R equal to
a constant value. Then, we need evaluate the fast sub-system and re-scale time
ttor = (t —ty)/v, getting

d . Vo~ 5
%62(’5) = —50562“ — &(t)
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Then, the stability property can be established using the Lyapunov function given in
(5.19). Note that, in this case, the derivative of W along the trajectories in the boundary
layer, is relative to 7, instead of ordinary time t.

d
—n(t) = Jn(t)

with (t) = [£(t) B]T
. SRy
- CLOVé%z 0

Therefore, we can define the next property:

PROPERTY 6:
By replacing v := 1/, then the real part of the eigenvalues of J, for é;,, € {R\{0}} are
all strictly negative, i.e.

)\1:9%{((—1—1—\/1—4 2C? 2bl> /2}
Ao :me{(—1— \/1—4 26262“) /2}

Proof of Theorem|8} From[4|and the analysis given in proposition[B}[Cland D] we prove
the Semiglobally Practically Asymptomatic stability SPAS of attractor (4.60). u

#> REMARK 21. In order to ensure a singular perturbation form, we need to estab-
lish that the response time of the slow subsystem, tz(A(3)), are larger than the fast
subsystem time response. For that, we select v = Cyr and

o >> max{

1
m} for B € [Bm, Bul.

# REMARK 22. We have proved the convergence of 3 to  and the convergence of
the estimated error é(¢) towards zero. Then the convergence of the error e(t) to zero
is ensured. Meaning that the state z(¢) converges asymptotically toward the desired
reference y,(t) given in (5.3).

Finally, our control scheme is illustrated by some simulations, given in the next
section.

5.2.7. Applications

In this section, we perform some simulations using MATLAB/Simulink by exploiting
the HyEQ Toolbox [37] to verify the properties of the closed loop (5.23)-(5.29). Let
consider, for these simulations, the parameters given in Table
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Parameter Convention | Value | Units
DC input voltage Vi 96 \Y
Reference peak voltage Vinaz 2202 \Y
Nominal angular w 1007 | rad/s
frequency
Nominal load resistance Ry 240 Q
Estimated series Rrs 2 Q
resistance
Inductor L 50 mH
Output capacitor Co 200 puk

Table 5.1: Simulation parameters

Ry = 2409 € [120,360]Q2 < 5 = 0.0042 € [0.0028, 0.0083], (5.41)

which corresponds to £50% of variation with respect to the nominal value of Ry.

The desired trajectories are defined as

in, (1) 19.5 sin(1007¢ + 86°)

xe —= =
ve, (1) 220+/2sin(1007t)
Considering [30] theorem 2], let take the following cost function to get any LQ perfor-

mance level.

tet1 p
J=min E / L (velT, k) —voa)? +R(ig (1, k) —irq)?dr (5.42)
u t RO
kedom;(§)” “k

with p = 1000, and for a chosen matrix

Rrs O
Q= ;
0 %

for satisfying property|[5| we take
21.6862 0.1721

0.1721 0.0888
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Finally, in order to avoid arbitrary fast switching, we introduce practically a sam-
pling time T, = 10~%s in order to avoid a Zeno behavior. Moreover, from (5.1), and
the convex combination u = A\; — A_; with \; +\_; = 1, we get to stabilize e(¢) around
0in Filippov sense, with Ay = 0.5+0.036 sin(1007¢)40.32 cos(1007t), satisfying the con-
dition (5.40). Furthermore, we take = 0.1 which corresponds to a sub-optimal value

that guarantees a trade-off between performance level and switching frequency, as
shown in [30].

We select the convergence speed of the observer state, a, according to Remark 11}
Thus, we need to satisfy max {30, 40} << a. For this issue, we choose o = 200 and
«a = 400. Moreover, v = Cya.

Finally, we force two load changes, in the transient time at ¢ = 0.001s and in the
steady state at ¢t = 0.01s, changing 8 of £50%. From 3 = 2.8 - 1072 (Ry = 36052) to
B =83-1072 (Ry = 1209) att = 0.001s and from 8 = 8.3 - 1072 (R, = 1209) to
f=28-10"3(Ry = 3608 at t = 0.01s.

400 T T T T

fﬁ n \ \ r A A vc(t)
200 11 — (1)

ve (V)
(@]

200 1/ M | -

-400 1 | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3

ir(t)

-40 1 | ] | |
0 0.05 0.1 0.15 0.2 0.25 0.3

t(s)

Figure 5.1: Evolution of voltage and current for a = 200.
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a
400 T T T) T T
| N ' ve(t)
200 11 ——v,,(t)
— A
~ L
T 07 I
> |
N
_200 . /f \ | ‘ _
\J X \/ v V \
_400 | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
b
40 T T N) T T
ir(t)

| |

0 0.05 0.1 0.15 0.2
t(s)

Figure 5.2: Evolution of voltage and current for oo = 400.

90



5.3. CONCLUSIONS

a -3 b
0.015 Y 4 210 _n
—pB(t) a=200
——B(t) I ]
0.01
= =
0.005 | ]
0 ‘ ‘ 4 ‘ ‘
0 0.1 0.2 0.3 0 0.1 0.2 0.3
c -3 d
0.015 : ) : o 10 ‘ ) ‘
—@(t) a=400
— (1) I T
0.01
& =
0.005 | ]
0 ‘ ‘ 2 ‘ ‘
0 0.1 0.2 0.3 0 0.1 0.2 0.3

Figure 5.3: Evolution of the estimation of 5 and the error é; for & = 200 and for a = 400.

Figures [5.]land [5.2| show the evolution of the voltage and current for « = 200 and
for a = 400, respectively. In both cases, the states converge to their corresponding
references. For o = 400, the convergence of the state is faster than for a=200. On
the other hand, Figure 5.3/ shows the evolution of 3 and é,, under the load change of
f in the transient time (t=0.001s) and in the steady state (t=0.01s), respectively. The
simulations in Figure a) and Figure b) are performed for a value of & = 200
and Figure c) and Figure d) are done using a = 400. Note as « larger is, the
convergence of 3 to 3 faster is. Similar performance is obtained with the error é,.
Therefore, these figures illustrate Theorem [8]statement.

5.3. Conclusions

We have proposed a hybrid adaptive control for a half-bridge inverter with unknown
resistive load, which guarantees the robustness of the convergence of the states to-
ward the desired trajectories. The interest of such approach is the use of a hybrid
control scheme that considers the continuous-time dynamics as well as the discrete-
time dynamics for the control, avoiding the use an averaged control signal. An indirect
adaptive control is proposed to estimate the unknown resistive load. Finally, SPAS of
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the full system is proven by using a standard singular perturbation analysis.
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The power converters addressed in this manuscript can be modeled as Switched
Affine Systems (SASs), as mentioned in Section[2.3] In this chapter, we will deal with
the problem of practical stabilisation of operating points for SASs, ensuring a mini-
mum dwell-time and an admissible chattering around the operating point.

In the previous chapters, we provide an appealing switching strategy guarantee-
ing asymptotic stability of the operating point, which is also an equilibrium for the
average dynamics (Assumption [8] Assumption [9]in chapter [4 and Assumption [13]in
chapter [5). However, that results can generate arbitrarily fast switching. Indeed, the
equilibriums, z., considered for the DC-DC converter, AC-DC converter and DC-AC
converter, are not the equilibriums in the sense of Caratheodory but in the sense of
Krasovskii. It means that the equilibrium is obtained at a price of an infinity frequency
switching for the control. As a consequence, asymptotic stabilisation of the operated
point is not possible if only a finite switching rate is allowed. Hence, the fact that
z, is not a common equilibrium implies that arbitrarily fast switching is needed by
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any asymptotic stabilizer as the solutions approach z.. Other solutions, discussed in
the context of peculiar applications of switching systems such as power converters,
see [56] 57, 58], aim at ensuring a dwell-time associated with an admissible chatter-
ing around the operating point. Another interesting line of work is discussed in [57],
which focuses on the practical stabilisation of a family of power converters that can
be modeled as switching systems with all the affine dynamics in a Hamiltonian form,
see also [59]. Inspired by the physical insight coming from power converters, the au-
thors also define the set of admissible operating points having a similar form in terms
of equilibrium of the average dynamics, as used in [32]. Then, asymptotic stability is
guaranteed without ensuring any dwell-time between consecutive switches.

Summarizing the above, control of switched systems can exhibit transient chatter-
ing (or lack of dwell time guarantees) possibly due to the presence of sliding modes in
the proposed controller and, then, are bounded to unavoidable steady-state chatter-
ing when approaching the operating point. While the first problem can be avoided by
a suitable control action, the second one requires resorting to practical (rather than
asymptotic) stability guarantees. Hence, here we are interested in the practical stabi-
lization of operating points for switching systems. Important features of the proposed
control strategy are the following ones:

1. stabilization of an (arbitrarily small) set around the operating point z. whose size
can be adjusted by design parameters;

2. a positive minimal dwell time between consecutive switches during the tran-
sient and steady-state response, which can be adjusted by the design parame-
ters, to warrant practical implementability,

3. trade-off knobs (design parameters) that can be suitably adjusted to favor dwell-
time properties versus performance guarantees (an LQ cost for the transient
phase and the size of the stabilized set for the steady-state phase).

Without loss of generality, we focus here in a SAS for a DC-DC converters, with
constant parameters (Chapter[2). Then, let rewrite the model of this class of SAS as:

t = A+ B, z(0)=x 61

y = Cu,

where the control input u := {0, 1} is the switching signal, assigning a specific desired
mode among the possible ones at each time. Moreover, in dynamics (6.1), z € R" is
the state, y € RP? is a performance output, and A; and B have suitable dimensions
for all i € {0,1} given in Chapter [2} equation (2.3). The hybrid control of this sys-
tem was proposed in Section considering arbitrary switching in steady-state.
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To deal with this practical implementation problem, we guarantee a positive dwell
time by modifying (regularizing) the chattering controllers using either space or time
regularization techniques, where the former enforces dwell time using space-based
hysteresis logics, and the latter uses instead an explicit timer inhibiting switches up to
some guaranteed dwell time.

By casting the practical stabilization problem using the recent hybrid framework of
Chapter[3] we show that time and space regularizations are two variations of a central
result, consisting in our Lemmal7jin Section[6.2} which provides an elegant and unified
view of the two approaches. To the best of our knowledge, such a unified view, and
the distinction between transient and steady-state chattering avoidance has not been
proposed before, but only scattered results.

6.1. Problem formulation

We aim to provide feedback strategies determining u such that practical stabilisation
of an operating point z. € R”" for switched systems is achieved while satisfying re-
quirements 1), 2) and 3) of the introduction. To this end, as in chapter |4/ and [5| we
make the following standard assumption (see [32] 60! 35, [61]).

ASSUMPTION 14:
Given A := {\ € [0,1]| 3,_y \i = 1}, there exists A € A, such that
1

1
> Xi(Aiw. +B) =0, and > \iA; is Hurwitz. (6.2)

=0 i=0

=¢ DEFINITION 6.1.1: The set of admissible operating points Q2. C R" is given by

Q. := {x. € R" | I\ € A satisfying (6.2)}. (6.3)

Hence, z. € €, if it is an equilibrium point for the averaged dynamics

1
ie F(x):= {Z)\i(AierB) | AGA}, (6.4)
=0
and a stability condition is satisfied on the corresponding convex dynamics. See also
[57, 132135, [60] and the discussion in Remark[3] While requirement z, € Q. may ap-
pear to be non-restrictive for stabilizability of =, from v, it is already known that this
condition is not necessary even for the case of SLSs with N = 2, a; = a; = 0and z. = 0,
as commented in [62] Section 3.4.2]. The average dynamics can be perceived as the
result of arbitrarily fast switching and as the solution of the differential inclusion (6.4).
Such generalizations are well characterized in the context of hybrid inclusions of [26],
by way of solutions corresponding to the so-called hybrid arcs. Here, we adopt that
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framework and discuss properties of those hybrid arcs for hybrid formulations of SAS
(6.1).

More specifically, we address the following problem: Given the SAS (6.1), for each
z. € ), design a feedback law for the switching signal u that globally asymptotically
stabilizes an arbitrarily small neighborhood of x. by suitably adjusting the design pa-
rameters (in other words, a parametric feedback that practically stabilizes x.), while
satisfying requirements 2) and 3) discussed in the introduction.

Consider (6.1), z. € Q. and A\, € A satisfying (6.2). We select two matrices P and Q)
as follows

PROPERTY 7:
There exist P and () € 8" satisfying

N N
(Z Aeﬂ-Af) P+P (Z AW-AZ) +20Q <0. (6.5)

i=1 i=1

Clearly due to SV, \.;A; being Hurwitz matrices P, @ satisfying Property al-
ways exist. Note that Property[7} which can be already found in [61] and in the recent
work [63], imposes less restrictive assumptions than the one proposed in the previous
chapters, which corresponds to a special case.

6.2. Practical global results using space- or time- regular-
ization

The hybrid controls proposed in Chapter[4|and|[5] can provide arbitrarily fast switch-
ing as the solution approaches z.. In particular, given an initial condition in .4 given in
equation (4.13), one see that the hybrid dynamics (4.7)-(4.10) has at least one solution
that keeps jumping onto A without flowing. Infinitely fast switching is not desirable
in terms of energy efficiency and reliability in many applications, such as power con-
verters, because every switch dissipates energy and reduces the switch lifespan. For
this reason, we propose a redesign of the hybrid law, aiming at reducing the number
of switches when & = = — z, is close to zero, and avoiding infinitely fast switching.
This goal is reasonable for the proposed law, because it is possible to show that away
from A, during transients, our control law already enjoys a desirable property of pos-
itive dwell time between switches, as long as Assumption [14and Property[7/hold. To
do so, we change system (4.7)-(4.10) with shorthand notation # := (f,G,C, D), for a
non-negative scalar ¢, to the redesigned system:
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He = (f,G,C.,D.) (6.6a)
C.:=CU{(x,u): V(z—u1z.) <e} (6.6b)
D.:=DNn{(z,u): V(x—=x.) > e}, (6.6¢)

with V is the candidate Lyapunov function given as

N 1. | IR
V(z) = 5]:5\?3 =3 Tpz. (6.7)

A useful practical dwell-time property for H is then established next. Lemma [7| be-
low is a nontrivial consequence of the fact that Zeno solutions can only occur at the
equilibrium z. for the hybrid closed loop. The ensuing dwell-time results are the key
to prove the properties of the regularized dynamics of this section.

LEMMA 7:
There exists a positive scalar T* such that for each 0 < T < T*, there exists a scalar
e > 0 such that all solutions to H jumping from set D, flow for at least'T ordinary time
units after the jump, before reaching again set D.. Moreover, as T tends to zero, we
have that ¢ tends to zero as well.

Proof. To prove the lemma, it is enough to fix any positive scalar ¢ = ¢* in and
show that there exists 7* such that all solutions starting from D, flow for at least
T* ordinary time units after the jump before reaching set D. The rest of the lemma
follows trivially from the fact that smaller values of ¢ < &* are associated with the
solutions starting in D, (already characterized by 7*) plus additional solutions starting
in the compact set D, \ D.-, that enjoy a dwell-time property because any jump from
this set maps to the interior of the flow set (and then one can consider the minimum
flowing time over this compact set of initial conditions). Without loss of generality
we can impose that the dwell time 7" converge to zero as £ converges to zero, thereby
defining the function ¢ discussed in the lemma.

Let us then fixa scalare = ¢*in and first notice that any solution jumping from
D.- at time (t;,j — 1) satisfies, before and after the jump:

*

qmée
Pm

#(t5, Dy = #QF 2 gl > 2V (E) 2 T = 20, (6.8)

where the dependence on (¢, j) has been omitted at the right-hand side, and where
we denoted by ¢,,, and ¢); the minimum and maximum eigenvalues of (), respectively,
and by p); the maximum eigenvalue of P. Define now the function x(7) := 2¢¢ —
Z(t; + 7, j)|g and notice that implies x(0) < 0. Consider now the flow dynamics
in equation and introduce scalars a = A,z. + B, to get

i=Aux+ B=A,%+a, (6.9)
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so that we may characterize the variation of y as:
X = —28"Q(AuT + a) < K1|[3 + k2|0, (6.10)

. 94m 9 49Mm : ~ 12 :
where £ 1= 2L IIILIS\%(lAul and Ky := 2\/‘1722?}[( |b,|. Using now [Z|3, < [x| + 2¢¢, which
also gives |Z|g < +/|x| + \/2¢¢, because |x| and ¢ are both non-negative, we get the

bound:

X(7) < mi(Ix(7)] + 220) + ma(V/ X (T)] + /220) (6.11)
= r1|X(T)| + K2V [X(T)| + K3, VT < tjpn — 1y,

where k3 = 2k + K2+/2¢¢ > 0. Denote by ¢ the solution to the differential equation
induced by starting at zero. This solution is continuous by definition, and strictly
increasing because x; > 0 for all ¢ = 1,2, 3. Then there exists 7} such that ¢(7}) = ¢¢
and from standard comparison theory, and recalling that x(0) < 0 (by (6.8)), we have
X(7) < eq forall 7 < Tj, which implies

Z(t; + 7, 5)|5 =26 — x(7) > eg, Vr <T. (6.12)

Consider now equation (4.17) and define the function[]

- i1 (AZ + a)
<(2) = BREDEE + 1,

Q
which, from (4.17) clearly satisfies ¢(Z(t;,7)) < 0 after the jump from D... We prove

below the existence of T* such that
s(@(tj+71,j) <1—mn, forallr <T~, (6.13)

which trivially proves Z(t; + 7, j)T (AuZ(t; +7,7) + bu) < —n|Z(t; +7,5)[5 forall 7 < T,
which in turn implies that the solution does not belong to D, thus completing the
proof of the lemma.

To prove (6.13), we proceed again with bounding the derivative of ¢. Straightfor-
ward derivations provide, along flowing solutions according to (4.8):

28" P(A,i + a)iTQ(AuF + a)

T R
N i1 (PA, + ATP)A 2 + 2T (2ATP + PA,)a + o' Pa
2[5
1 1
<t +38—=5
[zl Il

ITo avoid overloading notation, the hybrid time is only specified on the # component, but the state
variable u should be evaluated at the same hybrid time in the derivations at the end of the proof of
Lemmal7]
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1 ~
m’x‘Q
in several places). Consider now any time 7 < T3, and use bound (6.12) to obtain ¢ <

where ¢, 63, 3 are sufficiently large positive scalars (and where we used |7| <

G+ gzgél/ ‘4 §3€é1, which, together with ¢(z(¢;, 7)) < 0, and integrating ¢, immediately
gives (6.13) for T* := min{T},T»}, where Tp := — -1 O

—-1/2 -1
S1te2eq / +C3EQ1

Lemma [7|ensures that a positive dwell time holds if solutions remain sufficiently
far from A. Then we have two possibilities to modify our control law to ensure that
dwell time is enjoyed by solutions. One of them corresponds to replace the jump set
D by the restricted version in D, (we call it space regularization) and forcing solutions
to flow in D \ D. (this is called space regularization and is addressed in Section|[6.2.1),
and the other one corresponds to force solutions not to jump unless some dwell time
has expired (this is called time regularization and is addressed in Section[6.2.2). Then,
it makes sense to introduce the following e-inflated version of attractor .A:

A= {(Fu): V(@) <e ue N, (6.14)

which evidently reduces to A as ¢ tends to zero. Practical stabilization of A comprises
finding a parametric control law (whose parameter is ¢) such that for each sufficiently
small value of € a subset of A, is UGAS for the closed loop. This is done in the next
sections.

6.2.1. Space regularization

Based on Lemma [7} for any value of a positive scalar ¢, let us consider the space-
regularized version of H = (f,G,C, D) given in (6.6). The regularized dynamics are
clearly motivated by the fact that jumps are forbidden when solutions are e-close to
the attractor.

Mainly using Lemmal[7|the following desirable results are enjoyed by hybrid system
H..

THEOREM 9. Consider point z. and a vector ). satisfying Assumption[14 and ma-
trices P and Q € 8" satisfying Property[7 The following hold:

1. for any positive scalar e, set A. in (6.14) is UGAS for dynamics H. in (6.6);

2. set A is globally practically asymptotically stable for (6.6), with respect to param-

etere;

3. There exists T > 0 such that all solutions to H. enjoy a T'-dwell-time property,
namely given any solution ¢ to H., all (t, j) € dom ¢ satisfyt > £ — 1.

Proof. First notice that sets C. and D, are both closed. Indeed, C. is the union of two
closed sets and D. is the intersection of two closed sets. Then, due to the properties
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of f and G, system H. satisfies the hybrid basic condition presented in chapter (3|and
we may apply several useful results pertaining to well-posed hybrid systems.

Proof of item 3). This item follows in a straightforward way from Lemmal7] Indeed,
solutions to H. can only jump from D.. Any such solution ¢ flows for at least 7" time
after each jump, before reaching again D., which clearly implies ¢ + 1 > 4 (where the
“1” takes care of the initial condition), as to be proven.

Proof of item I). Consider the following Lyapunov function candidate:
Vo(2) = max{V(z) — ¢, 0}, (6.15)

which is clearly positive define with respect to A. and radially unbounded. Since
outside set A. the hybrid dynamics . coincides with the one of #, then equations
and hold for any (Z, u) not in A,, which implies that

(VVe(@), flz,u) <0 VIel\ A (6.16)
Vo(@t) = Ve(2) =0, VieD.\ A (6.17)

Moreover, from the property established in item 3), all complete solutions to . must
flow for some time, and therefore from (6.16), we have that no solution can keep V.
constant and non-zero. UGAS of A. by applying the nonsmooth invariance principle
in [64], also using the well posedness result established at the beginning of the proof.

Proof of item 2). The proof follows in a straightforward way from the previous item,
after noticing that given any neighborhood Z of A, there exists a small enough ¢ > 0
such that A, C 7. O

6.2.2. Time regularization

Based on Lemma(7] for any value of T' < T*, we may introduce the following additional
state variable 7 to dynamics (4.7):

/

T
= f<x7 u)7

0 (z,u) € Ce,

F =),

Hept (6.18a)
o+
€ G(z,u),

ut (z,u) € De,,

™ = 0,
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where 7(s) := min{1,2 — s}, for all s > 0 and the jump and flow sets are the following
time-regularized versions of C and D in (4.7)-(4.10):

Cop := € x [0,2T]U{(z,u,7) : 7 € [0, T]} (6.18b)

D., :=D x [T, 27T).

The above regularization is clearly motivated by the fact that jumps are forbidden
when the timer 7 is too small, namely not enough time has elapsed since the last jump.
Then all solutions are forced to flow for at least 7" ordinary time after each jump. Note
also that function r at the right-hand side of equation allows a solution to flow
forever while ensuring that timer 7 remains in a compact set.

Before proceeding any further, we emphasize that forcing a solution to flow re-
gardless of whether it belongs to D or not, may lead to an increase of function V. It is
useful to quantify how much increase V' can experience from the set where V' (z) < er
(let recall e7 := ¢, being ¢ introduced in Lemma(7). To this end, we exploit the affine
nature of the dynamics and observe that along solutions of we have V(z) <
2||P||z| = |Z||P||2] < |#||P|(k1|Z| + K2) < 2aV (&) +28+/V (), where a and 3 are large
enough positive scalars and where we used positive definiteness of P and the sector
growth condition || = |#| < |Au(z — 2.)| + |Aure + au] < k1|3 + K2 (Which clearly
holds for some x; > 0 and k2 > 0). Proceeding as in [65 page 203], we obtain along
any solution ¢ satisfying (¢, j) € dom¢ and (¢t + T, j) € dom ¢,

VG 1 7.7) < V(L) + 3 / Ceds

= V) + (e 1), vr e 0.7)
Therefore, assuming that V(¢(¢, 7)) < er, we obtain for all 7 € [0, 7],

V(p(t+1,7) <ep(T) :=2e*Ter + %ﬂj(eﬂ —1)% (6.19)

This bound motivates the introduction of the following set:
Er = {(Z,u,7): V(%) <ep(T), u € N,7 €]0,27T]}, (6.20)

which enjoys the nice property of shrinking to .A. x {0}, as T' converges to zero.
Mainly using Lemmal7|the following desirable results are enjoyed by hybrid system
H., in (6.18).

THEOREM 10. Consider point x. and a vector \. satisfying Assumption|14 and ma-
trices P € R™" and () € R™" satisfying Property|7 The following holds:

I all solutions to H., enjoy a dwell-time property corresponding to T,
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2. for any positive scalarT < T*, there exists a compact set A. x [0,2T]| C Er, which
is UGAS for dynamics H.,, in (6.18);

3. set A x {0} is globally practically asymptotically stable for (6.18), with respect to
parameter T (namely as long as T is sufficiently small, the UGAS set A. x [0, 2T
characterized in the previous item can be made arbitrarily close to A x {0}).

Proof. Similar to the proof of Theorem[9|we start by noticing that hybrid system
enjoys the hybrid basic conditions of [26] As. 6.5], because sets C.,. and D.,. are both
closed and f and G enjoy desirable properties. Then we may apply several useful re-
sults pertaining well-posed hybrid systems (specifically, in the proof of item 2 below).

Proof of item 1. The dwell-time property of solutions follows in a straightforward
way from the fact that solutions are forced to not jump until the timer variable 7 has
reached the value 7. Since 7 = 1 for all 7 < T, then all solutions flow for at least T’
ordinary time after each jump (because 7 = 0 across jumps).

Proof of item 2. Consider the two hybrid systems H. and H., in and (6.18),
respectively. For any positive value of 7' < T™, we have shown in the proof of item 1
of Theorem [9that it suffices to pick 7 = ¢ (coming ¢ from Lemma(7) to obtain UGAS
of the attractor A, in and a dwell time of T for all solutions to H.. Since the
(x,u) dynamics of H. and ., coincide, except for the dwell-time restriction on H.,,
the above mentioned dwell-time property of solutions to #. ensures that (possibly
after an initial flow of at most 7" ordinary time) the (z, u) component of each solution
to H., remaining outside A. x [0, 277, coincides with a solution to H., therefore any
such solution to H., must approach A, x [0, 2T, which is a strict subset of &7 in (6.20).
Two things may happen then. Either the solution approaches A. x [0,27] without
ever reaching it, so it eventually remains in &, or it reaches A, x [0, 27] and may then
be forced to flow by the dwell-time logic of H.,. However, in this last case we get
from bound that such a solution cannot flow outside £r. As a consequence, Er
is uniformly attractive and reaches in finite time by all solutions, in addition to being
strongly forward invariant for #..,..

We now use the well-posedness property established at the beginning of the proof
to exploit a number of regularity results from [26] Ch. 6 & 7]. Denote by Q(&7) the w-
limit set of & (see [26] Def. 6.23]) and note that it cannot be empty, and must satisfy
Q(Er) C &p, because Er is bounded and strongly forward invariant. Then using again
strong forward invariance of £ we get boundedness of all solutions starting from &r
and we may apply [26] Prop. 6.26] to obtain that {2(€r) is compact, nonempty, uni-
formly attractive from &r, and strongly forward invariant. Since &r is also uniformly
attractive, we may then apply a global versionf|of [26] Prop. 7.5] applied to the compact

2A global version of [26] Prop. 7.5] is trivially obtained by establishing its hypotheses for any arbitrary
positive value of p.
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attractor (&), to conclude global asymptotic stability of 2(Er), which is equivalent
to UGAS from [26, Th 3.40 & Th 7.12].

Proof of item 3. Item 3 follows in a straightforward way by recalling from Lemmal(7|
that € converges to zero as T' goes to zero, and then that also ¢(T") in enjoys the
same property. As a consequence, set & in shrinks to A x {0} as T" goes to zero,
and since we established in item 2 that A. x [0,27] C &p for all T > 0, we can make
A. x [0,2T] arbitrarily close to A x {0} by selecting T" sufficiently small. O

6.3. Illustrative example

The two hybrid control schemes developed in Section[6.2.1|(space regularization) and
(time regularization) are tested on a boost converter model (2.3). The considered
nominal values are: V;, = 100V, R = 2Q, L = 500uH, C, = 470uF and R, = 5052
The desired equilibrium point is chosen as 7. = [3  120]7. Assumption [14is therefore
satisfied with A, = [0.22 0.78].

e=0.9
———¢e=05
————— e=0.1
115l ! ! ! ! ! ! ! ! ! |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.0l6 0.018 0.02
t(s)
6
51
= |
- L ey Wﬂ |
g “"i‘\..'\h',n‘lﬂl_\ W\ [t el ', il ' il ‘f "I' ”‘ “' (AR " "
=~ 3+ I ¢
S Wil ‘\ TPy W i ittt L ‘
QO (it 1:, il il :| I ]]"’U\!M'”' / | | }lill‘l‘i“rlm'"‘l l|‘|l'| i !
2+ [ | I AL \
1 L 1 1 1 1 1 1 1 1 1 |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

t(s)

Figure 6.1: Evolution of the states for different values of ¢.
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Fig.[6.]reports voltage and current evolutions for different selections of . Smaller
¢ is, smaller the set A, given by equation is. Also we can show the convergence
of the states to the desired attractor .A. with respect to the design parameter .

Now, we consider a time-regularization, applying Theorem[l0] Fig.[6.2reports volt-
age and current evolutions for different selections of 7. When T increases, the num-
ber of switches decreases according to Lemma([7] We can show the convergence of

the states to the desired attractor.

— T =107
——-T =107
————— T =107
---------- T=10"%

114L ! ! ! ! ! ! ! ! | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

t(s)

2 1 1 1 1 1 1 1 1 1 |

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

t(s)
Figure 6.2: Evolution of the states for different values of sampling time 7".

In Figure [6.3we report on the results of extensive simulation tests, and the arising
statistics about the switching frequency. To suitably illustrate the different roles of the
“transient” parameter 7 introduced in Section and the “steady-state” parameters

e and 7" introduced in Sections|6.2.1land [6.2.2] respectively, we select a grid of possible

values of (n, e) (for the space regularization case, shown in the two upper surfaces),
and a grid of possible values of (1, T)) (for the time regularization case, shown in the
two bottom surfaces). Two large sets of simulations have been carried out using space
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><1O6
1.13

Figure 6.3: Top surfaces: evolution of the switching frequency with space regulariza-
tion in the transient (left) and at the steady state (right). Bottom surfaces: evolution of
the average switching frequency with time regularization in the transient (left) and at
the steady state (right).

105

10



CHAPTER 6. PRACTICAL STABILISATION OF HYBRID SYSTEM WITH DWELL-TIME
GUARANTEES

140 T T T T

- -
135 + L J
-
130 | .
o 125+ .
a0
<
+~ 120 + [ ] -
r—f
@)
> 115 1
110 | .
-
105 . .
- s
100 1 1 1 1
-20 -10 0 10 20 30
Current

Figure 6.4: The chosen initial conditions.

regularization and time regularization, respectively, leading to Figure

Let us first consider the upper surfaces of Figure |6.3|(space regularization). Each
point on these surfaces correspond to a pair (7,¢) and has been generated by first
running eight simulations from eight different initial conditions, with good coverage
of all the possible directions of the initial error (given in Figure[6.4). These initial con-
ditions all correspond to an initial value of V'(z(0,0)) = 200 (they are all on the same
level set of V). Each simulation runs for 50 ms and the statistics reported in the left
of Figure[6.3]show the average switching frequency in the time domain preceding the
first time (£, j) € dom & when V(Z(¢, j)) < e (when the response is still in the transient
phase). The right surface shows instead the response in the remaining portion of each
simulation (where the response has reached the steady state).

For example:
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- Vgt; for e

for e .

t

STABILITE PRATIQUE

e =0.05

Figure 6.5: Evolution of Lyapunov function for two values of ¢ (¢=0.05 and £=0.9).

- t* is the time dividing the transit-time and steady-state for ¢ = 0.9.

- t** is the time dividing the transit-time and steady-state for ¢ = 0.05.

Each of these statistics represents the number of switches normalized by the length
of the interval, averaged over the eight simulated solutions. We may appreciate the
fact that the steady-state parameter ¢ has no effect on the transient switching fre-
quency and has significant effect on the steady-state switching frequency. The con-
verse holds for the transient parameter 7, which is shown to have an effect on the
transient switching frequency.

Time regularization is instead used in the lower surfaces of Figure[6.3] correspond-
ing to a grid of selections of the two parameters (1, 7T"), where for each point on the
grid eight simulations from the same initial conditions as in the previous case, are
performed. For this second case, a rough indication of the expiration of the transient
phase has been performed by detecting the smallest time (¢, 7) when V(Z(¢, 7)) < 1
namely it is 200 times smaller than the initial condition), and transient statistics (pro-
viding the lower left surface of Figure is the averaged switching frequency over
hybrid times up to ¢ = /2, whereas the steady-state statistics (providing the lower
right surface of Figure are computed by focusing on hybrid times after 2 and un-
til the end of the simulation run. The resulting two lower plots of Figure |6.3|confirm
the same trends as in the space regularization case, even though here the steady-state
tuning knob is given by scalar 7.

Figure 6.6/ shows the evolution of the Lyapunov function with space regular-
ization (left) and time regularization (right) for the same initial condition and different
selections of the steady-state parameters € and 7. In the left plot, we may see that as
e is decreased, the solution comes closer to the operating point x. but, as noticed in
Section[4.3.2] the price to pay for such proximity is a high average switching frequency
(indeed, z. is not an equilibrium for the two dynamics of the switching scheme). Con-

107



CHAPTER 6. PRACTICAL STABILISATION OF HYBRID SYSTEM WITH DWELL-TIME

GUARANTEES
A\ —T=10"
P —e=0.1 — -6
200 ~e=05 200 \ | T=1w0
Iy T =105
- N s oz,
. T,

150 150

t’OO
;1

100 +

50 50

e / 1004 |
10 ; 110 2
in(t) 0 120 ve(t)

Figure 6.6: Lyapunov function V' (Z) with space regularization (left) and with time reg-
ularization (right).

versely, for larger values of ¢, the number of jumps decreases and, as expected, the er-
ror between z and z. increases. Similarly, for the right plot of Figure[6.6] smaller values
of T' provide solutions that remain increasingly close to x. exhibiting a large switching
frequency, and vice-versa, the solutions exhibit a Zeno behavior when z — z.. In-
deed, the number of jumps increases when ¢ is small (respectively, when 7 is small).
When ¢ is large, (respectively, when T is large), the number of jumps decreases and
as expected, the error between = and z. increases, as we can see in Fig. Hence, for
practical reasons, it appears reasonable that a straight trade off between the number
of jumps and error should be found.

6.4. Conclusions

In this chapter, we have dealt with practical stabilization of operating points for the
power converters addressed in this thesis (which can be modeled as switched affine
systems) by using a hybrid controller that performs a trade off between minimum
dwell time and the size of the asymptotically stable set. Practical asymptotic stabil-
ity is obtained by two design strategies, involving space- and time-regularization for
SASs with constant parameters. Each one of these strategies is associated to a con-
venient tuning knob that may be used to perform a trade-off between the dwell time
and the magnitude of the steady-state oscillations around the operating point. The
switching frequency during the transient phase of the response can also be adjusted
using another convenient knob, as seen in Chapter[4] This result can be easily applied
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to DC-AC and AC-DC converters. The proposed construction has been numerically
illustrated on a boost converter example.
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CHAPTER 7
CONCLUSIONS AND PERSPECTIVES

7.1. Conclusions

In this dissertation, a hybrid modeling of power converters is used to design efficient
control laws. Indeed, unlike many works in the literature, we propose to design some
control laws taking into account both of continuous-time dynamics of the voltages
and the currents and discrete-time nature of the switches. As a matter of fact, it ap-
pears that the hybrid dynamical framework given in [26] can be a suited manner of
designing the control laws. Based on this formulation, some control results have been
designed and listed:

1. The regulation of the output voltage of the boost converter and the one of the
NPC converter, while considering the real nature of the electronic signals. The
systems are controlled by managing the switched states. Thus, the stability and
optimality of the hybrid closed loop are provided by using the hybrid dynamical
system theory. Due to the character of the solution, which can be generalized in
the sense of Filippov, the desired point is obtained with an arbitrarily fast switch-
ing, which makes the practical implementation impossible.

2. Following the main ideas developed in Chapter [5| we have proposed a hybrid
control law for the half-bridge inverter, in the aim that the states track the de-
sired sinusoidal references. As noticed in the previous item, This control law
makes the system switch infinitely (Zeno phenomena) when = — z..

3. To deal with the arbitrarily fast switching induced by the control, we guarantee
a positive dwell time by modifying (regularizing) the chattering controllers us-
ing either space- or time-regularization techniques, where the former enforces
dwell time using space-based hysteresis logics, and the latter uses instead an
explicit timer inhibiting switches up to some guaranteed dwell time. Each one
of these strategies is associated to a convenient tuning knob that may be used to
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perform a trade-off between the dwell time and the magnitude of the steady-
state oscillations around the operating point.

7.2. Perspectives

The development of this thesis has also generated several questions from different
point of view and can be listed as:

- From theoretical point of view

o For the NPC converter, to solve the problem of the time-varying system, a
polytopic representation are proposed in order to embed the time-varying
system into an uncertain model, which can be tackled easily by the pro-
posed methodology. But one knows that this approach may be conserva-
tive and one wonder if it is possible to find a hybrid control law by taking
the original model.

o Inthis thesis, all the dynamical matrices are Hurwitz, which is realistic since
it represents dynamics of the electronic circuit, which are at least asymp-
totic stable. A future work is to extend our approach to a larger class of
systems including unstable open loop systems.

o Extend this work on another complex converters, to cite some:

o The boost inverter is composed by two DC-DC boost converters con-
nected with aload which makes the closed loop nonlinear time-varying

hybrid model and make a such system tracks a sinusoidal reference is
a hard task.

¢ Three-phase five-level NPC Converters are complex system because of
the number of the state of the switches, which are important compared
to rectifier and these will make the control design complex since find
a common Lyapunov function for all theses combinations can be hard
or even impossible.

- From practical point of view,

o Altogether, the results presented in this manuscript remain theoretical re-
sults. As future works, the experimental implementation of the proposed
hybrid controls could be done, following for instance the work of [66].
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