N
N

N

HAL

open science

Hybrid adaptive control for the half-bridge inverter

Sabrina Hadjeras, J J Prince Agbodjan, Carolina Albea Sanchez, Germain

Garcia

» To cite this version:

Sabrina Hadjeras, J J Prince Agbodjan, Carolina Albea Sanchez, Germain Garcia. Hybrid adaptive
control for the half-bridge inverter. American Control Conference, Jul 2019, Philadelphie, United

States. hal-02045484

HAL Id: hal-02045484
https://hal.science/hal-02045484v1
Submitted on 22 Feb 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02045484v1
https://hal.archives-ouvertes.fr

Hybrid adaptive control for the half-bridge inverter

S. Hadjeras, J. J. Prince Agbodjan, C. Albea Sanchez and G. Garcia

Abstract— In this work, we propose a hybrid adap-
tive control law for the half-bridge inverter subjected
to the common problem of unknown load. This con-
troller ensures the system robustness with respect to
the output, taking into account the real nature of the
signals, which means the continuous-time variables,
(voltage and current signals) and the discrete-time
variables, (switching signals). The adaptation is ac-
complished using a state observer and assuming that
all states are measurable. Then, stability properties
can be ensured using hybrid dynamical system the-
ory and singular perturbation analysis. Finally, the
proposed hybrid adaptive controller is validated in
simulation.

Index Terms— Half-bridge inverter, hybrid dynam-
ical system, adaptive control, singular perturbation
analysis.

I. INTRODUCTION

Nowadays, power converter control is a subject of
more and more research topics. This is mainly due to
the fact that power converters have a very wide range
of applications, for example, the half and full bridge
inverters, which are used in Adjustable Speed Drives
(ASDs), Uninterruptible Power Supplies (UPSs), static
var compensator, active filters, Flexible AC Transmis-
sion Systems (FACTSs) and voltage compensator [1].
Frequently, their connected loads can change or suffer
perturbations. This problem is usually solved by using
adaptation mechanisms, guarantying a robust output
signal with respect to these load changes. Hence, in [2],
a load adaptive control algorithm is designed to cover
a variety of loads largely inductive using square wave,
asymmetrical duty cycle, and pulse density modulation.
Likewise, in [3] a load adaptive tuned frequency track-
ing control strategy using PLL (Phase Locked Loop)
is used to control a half bridge series resonant inverter
for induction heating operations. And in [4], a multi-
loop nonlinear adaptive control is designed by using a
backstepping technique. It is important to emphasize
that all these control laws are based on averaged models,
losing the properties of the discrete signals.

In this work, we aim to use a more accurate model of
half-bridge inverters, considering the real nature of the
signals, which means, continuous (voltages and currents)
and discrete (on-off state of the switches) signals. To
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this end, we extend the results presented in [5], 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 con-
sidered in [6], where the authors stabilize the output of
a DC-DC converter to a desired reference, considering
a regulation problem and an unknown load. However,
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 [7][8] 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. This
method is simpler than the one presented in [6]. Then,
uniformly locally asymptotically stability is ensured by
applying the scale-time separation and by using a singu-
lar perturbation analysis.

The paper is organized as follows: in Section II, a
model is defined under some assumptions and the prob-
lem is stated in Section III. Section IV proposes a
hybrid adaptive control that achieves the objectives of
our problem. Section V deals with the proof of our main
result. Some simulations are performed in Section VI.
Section VII draws the conclusion and future works.

Notation: Throughout the paper, R denotes the set
of real numbers, R" the n-dimensional Euclidean space
and R™ ™ the set of all real m x n matrices. The set 8™
denotes the set of symmetric positive definite matrices
of matrices R™*". PRe(c) is the real part of a complex
number .

II. SYSTEM MODELING
A. Inverter model

We consider a half-bridge inverter presented in Fig. 1,
which is fed by a DC input, 2V;,, and generates an AC
output. This inverter is composed by a load filter, L, Cp,
a purely resistive load, Ry. The parasite resistance Rpg
models not only the switching energy dissipated, but also
the resistive component of the inductance. The dynamic
behavior of this system can then be described by the
following model:

| e & 2 RS A D

where iy, is the inductance current, vc is the capaci-
tor voltage and these two states are considered as the



continuous-time state variables. u:= U; —Us is the control
input and it is assumed to be a discrete variable:

u=—1, if Uy = OFF and U; = ON.
u=1, if Uy = ON and U; = OFF.

+
Vin ——Cl Ul L
Rps L +
e Co—=— Ro Ve
2Vin
+
Vin —I_CQ U2

Fig. 1. Half-bridge inverter.

Assumption 1: We assume that,

o current and voltage are measurable.
o All the components are ideal.
e The load Ry is an unknown constant and can suffer
disturbances in the interval [RS*, R}].
let define 8 := R%) € [Bm, B, which belongs to the
following polytope

Q= AgmBm + Ag,mBums

with  Agm + Mg = 1.
Using definition of 8, the system (1) is rewritten as
follows

A /\B,m7>\ﬂ,M S [0, 1],

& = A(B)x + Bu, )
y=x,

with = [z1 22]7 = [ir ve]T, and A(B) and B are
easily deduced from (1). Note that A(8) is Hurwitz for all
B > 0. Moreover, we assume that the following property
is verified.

Property 1: Consider matrix A(8) in (2), with 8 €
[Bm, Bar], and a chosen matrix @ € S2. Then there exists
a matrix P € S? satisfying the two following Lyapunov
inequalities:

AT ()P + PA(Bm) +Q <0,
AT(Ba)P + PA(Bu) +@Q < 0.
This property imposes finally a common Lyapunov func-
tion for the polytopic model (2). In the next subsection,
we propose a desired tracking trajectory, described by a
linear time-invariant model.
B. A reference model

The desired trajectory for the voltage and the current
can be modeled by the following equations:

Zoe = Vi, (t) = Vinae sin(wt),
T1e = ir,(t) = CowViaz cos(wt) + Ve sin(wt),

3)

where V.. and w are the desired amplitude and fre-
quency of the voltage, respectively, applied to the load
Rp. In order to impose such behavior, let us define the
exogenous input z € R? produced by this time-invariant
exosystem:

5= L?} . 2(0) = {V:J .

From (3), and considering that 3 is the estimated value
of 3, we have

} —t (4)

] s v e =[50 76

Remark 1: Note that from (4), it is simple to see that
A(t) +2() =V,

max*

Consequently, let define the following compact set

® = {(21,22) €R?, 2(t) + 25(t) = Voo )
Firstly, define T'(8), such that, the following algebraic
equation is verified:

A(B)II(B) + BT(B) = II(B)6. (6)

A simple calculation shows that, T'(5) does not depend

on  and can be written as:

r() = (% - Cow? + fge ) (£ |
The dynamics of the overall system is defined by

& = A(B)x + Bu,
Z =0z,
e=Cz+ Dz =z —1II(f)z,

o wL,(;’ _ wRrsCy
Vin Vin

(7)

where e = [e; e3]T € R? is the tracking error, C' € R? is
the identity matrix and D = —II(3).
Note that, equation (5) and (6) are the well known
"regulator equations” [7][8].
Then, by using (6)—(7), the tracking error dynamic is given
by

where II' := ‘;—U .
In order to present the control law, consider the fol-
lowing model:

¢ = A(B)e + Bd(B, B, 2),

10
Z =0z, (10)

where v is the available input given in (9) and it is
composed of a continuous-time signal I'(3)z and a switch-
ing signal u. The following assumption must be hold to

ensure the existence of signal u, making e = 0.



Assumption 2: There exist two functions of time
A1, A_1 € [0,1] satisfying Ay + A_; = 1, such that the
following equation holds:

M—A —T(B)z=0. (11)
Note that this assumption provides the existence of e =
with 8 = S, allowing to be v = 0 through a convex
combination of the two operating modes of u as follows

v = /\1 — )\_1 — F(B)Z
Remark 2: Tt is important to understand that in As-
sumption 2, the solution e = 0 with B = 3, is obtained
in sense of Filoppov solution. Indeed, the signal u =
A1—A_1, is a periodic sequence of arbitrarily small period
T, spending a time equal to AT in mode u = 1, and
A_1T in mode u = —1.

III. PROBLEM STATEMENT

This paper focuses on the design of a switching signal

u € {—1,1} and an adaptive law B, which guarantee the
two following properties:

o a suitable trajectory tracking properties of the volt-
age xo(t) to a desired trajectory xs (t), ensuring
that, the error e = x — x, with 2, = [7¢,7,]T
converges to the equilibrium e = 0 in the Filippov
sense.

o The convergence of the estimation of the load B to
its real value of 3.

)

Inspired by [6], we extend the work presented in [5],
for model (2) with an unknown parameter §.

Problem 1: The idea represented by Fig. 2 is to de-
sign a hybrid adaptive controller that considers the
continuous-time dynamics, x1,x2, and the discrete-time
dynamic, u, estimating £ in continuous-time, at the same
time that x; and zo converge to a sinusoidal references
given by (3).

CONTROL [ u SYSTEM(S)
T

CONTROL

Le

Fig. 2. Hybrid adaptive control scheme.

In order to solve Problem 1, we propose firstly an
adaptation control law with the aim of estimating the
unknown constant 3. Then, we design a hybrid adaptive
controller that considers both, the continuous and the
discrete dynamics.

IV. HYBRID MODEL AND PROPOSED CONTROL LAW

Consider that és and B are the estimated states of
es and B, respectively. Then, the system (10) and the
estimated variables mentioned before, can be modeled
as a hybrid dynamical system, following the paradigm
given in [9], wherein

¢ the continuous-time behavior encompasses the evo-

lution of e, z, é5 and B and,

o the discrete-time behavior captures the evolution of

the input signal u, (through v in (9)).

We characterize the overall dynamics by the following

hybrid model:

(12)

where £ = [e z v éy B], f is the flow map and and G is
the jump map containing the evolution of the state after
jumps

A(B)e + Bd(¢),
@Az
f(&) = —I'(p)oz ,
zoler — Bez) + afer — &)
__yea(e2—éa)
- Co _
G() = 2rgmin e"P(A(B)e+ Bd(€)) | -T(B)z |,
ue[—1,1]
I B |
(13)
being
d(§) = (v(572) + W@) , (14)

and with «, v >0 are design parameters. The error € =
[61 &3] is defined as follows

él = €1
- R 15
{ 62:€2+(€2—€2). ( )

Inspired by [10] and as proposed by [6], we select the
so-called flow and jump sets

C:={¢: &"P(A(B)e + Bd(¢)) < —né" Qé},
D :={¢: &"P(A(B)e + Bd(€)) > —né" Qé},

(16)
(17)

with n € (0,1) is a tunned parameter.



Remark 3: To achieve the control objectives, i.e. reach
the desired equilibrium, e = 0, the proposed control
generates arbitrary a fast switching in the steady-state,
due to the fact that this desired equilibrium is achieved
in Filippov sense. But from a practical point of view, the
switching frequency must present a minimal dwell-time
between consecutive switches. Note that the switching
frequency is reduced if n — 0 and, it is increased if n — 1.

Proposition 1: The hybrid system (12) — (17) satisfies
the basic hybrid conditions given in [9, Assumption 6.5]:

« sets C and D given in (16) and (17) respectively, are
closed.

e f is a continuous function, thus is therefore outer
semicontinuous and locally bounded. Moreover, f is
convex for all £ € C.

o G is closed, therefore it is outer semicontinuous [9,
Lemma 5.1] and locally bounded.

Then, we can conclude that the hybrid system (12)—(17)
is well-posed.

Next, we invoke Lemma in [10, Lemma 1], for setting
up stability properties.

Lemma 1: Consider matrices P,Q € &? satisfying
Property 1. Then for each e € R2,

min &7 P(A(B)e + Bd(€)) < —éT Qe.
v=u—T(8)z
u€[—1,1]

Remark 4: We note here that for n € (0,1) and if € #

0, then
—eTQe < —nel Qe.

Thereafter, using the Hybrid Dynamical System
(HDS) theory, we will establish stability properties of the
given compact set

A={€:e=0zed,uec{-1,1},é = ey, 3=} (18)

Theorem 1: Consider Assumption 1, 2 and matrices

P,Q € &7 satisfying Property 1. Then attractor (18)
is Uniformly Locally Asymptotically Stable (ULAS) for
hybrid system (12)—(17).
The proof of this Theorem is given in the next Section.
Here we will comment the choice of matrices P and Q.
These matrices are selected following some optimization
criteria given in (34) for a hybrid system (12)—(17).
Specifically, we use [5, Theorem 2], where some LQ per-
formance level is guaranteed, then the following bound
holds along any solution of our hybrid system

J<nte'pe (19)

defined in a compact hybrid time domain [9, Definition
2.3].

On the other hand, we find that the suboptimal-level
corresponds to a high frequency switches, which can
increase the dissipated energy. Therefore, the choice of
7 decides a trade-off between any LQ performance level
and switching frequency as noted in Remark (3).

This next section is devoted to prove the stability of
hybrid system (12)—(17).

V. PROOF OF THEOREM 1

Let us now remind the observer and adaptation dy-
namics given as

by = 2 (e1 — fea) + afes — 22), (20)

=&
b= _762(65— é2)
0
Lemma 2: Considering Assumption 1, then é; = e =
0, ¢ = 0 and 8 # B is not an equilibrium of the
differential equation (1), (20) and (21).

Proof: Consider that 8 is unknown and constant.
Note that (5) is not accomplished, i.e. if § # 3, then the
reference I1(j3)z is different to the desired trajectory (3),
which directly depends on the real value of 3. Therefore,
¢#0,é#0and 3#0 n

Lemma 3: Regard system (10), Lemma 2 and Assump-
tion 1 and assume that its solutions are bounded. The
extended observer (20)—(21) has the following properties:

. (21)

1) The estimated states éa, /3 are bounded.
ZZ) limt%oo éAQ (t) = €2 (t)
iii) limy_o0 B(t) = B.

Proof: We can guarantee that the solutions of (10)
are bounded from [5, Theorem 1]. Let define the following
error variables:

€ = €2 — éQ, B . ﬂ - B (22)
and from Assumption 1, we have B = —é. Next, from
(II-B), (20) and (21) the errors dynamics are given by

6o = ——CO €y — Qes (23)
5 e2e2
Co (24)

To ensure that the errors converge to 0, we propose to
design a suitable candidate Lyapunov function, given by

32
W:1<622+5>.
2 Y

The derivative of W along the trajectories (23)—(24)
gives:

(25)

< VW (ea, B), flez, 2, B) > = —aes?,

and from standard Lyapunov arguments, it follows that
the error variables e, and B are bounded. In addition,
by LaSalle invariant principle, we easily conclude that
ez — 0, which implies from (24) that 3 — 0. Likewise,
from (23), and concluding from e3 — 0 and Lemma 2,
we get B — 0. ]

To prove the stability of a hybrid system (12)—(17),
let us use the fact that we have two distinct behaviors.
In one hand, there are slow time-continuous variables
& = (e, z,v), in other hand, & := (éq, B) represents the
fast time-continuous variables. Using this last assump-

tion and by considering these variables change, v := é,



5= Clo, we will rewrite the complete system in a singular
perturbation form given as follows:

é
z
72 = fp(&), §ec,
UB?
M, : Zf (26)
ot
vt e G8), €¢eD,
éf
5
A(B)e + Bd(§)
@Az
fp(&) = —F(B)GZ )
%0(61 — Be2) + (ea — é2)
—vyes(eg — €) i
Gp(§) == Uiﬁa‘i?(ig)z e"P(A(B)e + Bd(€)) | —T(B)z
ue[—1,1] .
i B ]
(27

where £ = [e z v & f].

Remark 5: In order to ensure a singular perturbation
form, we need to establish that the response time of
the slow subsystem, tr(A(S3)), is larger than the fast
subsystem time response. In this aim, we select v = Cpa
and

1
tR(A(B))} for B € [Bm, Bu]-

Note that, in the hybrid scheme (26)—(27), the fast
variables directly impact the stability of the slow vari-
ables. However, the jumps do not affect the fast variables,
because they do not present any jump (é}' = éy and
B+ = ).

In order to fulfill a singular perturbation analysis, we
will check the assumptions given in [11] for the model
(26):

o >> max{

A. Regularity of system’s data

Regularity of system’s data comes directly from Propo-
sition 1.

B. Regularity of “manifold”

The “manifold”, which corresponds to the quasi-
steady-state equilibrium manifold of classical singular
perturbation theory [12], that means when v — 07 is

627é2:o

B-h=0. @)

Note that g — B = 0 comes from Lemma 2,3. As (28) is
continuous, we can consider that the manifold is empty
outside of C, letting take the following set-valued:

e
M(GQ) — |: 38 :| es €C
0 €2 §é C,

for a given . Note that M is outer semi-continuous,
locally bounded and nonempty.

C. Stability for reduced system

The reduced system is the system (12)—(13) in the
manifold M, which is

é
2:5 = fr(gr)v §T € C(M)’
H, - Z+
2zt € Gr(&r% & € D(M)7
U+
(29)
A(B)e + B
fr(&) = @AZ ,
—r(B)e=
G, (&) = R N )
&) argmin eiTP(A(B)e + Bv) | —T'(B8)=z
et
’ (30)

being & = (e, z,v). Note that, the reduced system
ignores é; and [ when determining jumps. Then, we
can guarantee asymptotic stability from [5, Theorem 1].
Indeed the attractor 18 is ULAS for the reduced system.
D. Stability of the boundary layer

The boundary layer, is given by

ér =0

Hp = ég = CLo(el — Pez) + (e — é3)

B = —v7ex(es — é)

EeCnrB

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 equations of Hp; and let take as
particular solution é;,, € R equal to a constant value.
and re-scale time t to 7 = (¢t — tp)/v, getting

d v o~ .
562 = —60562,)1 — €2 (31)
EB = I/’?égblég. (32)

Then, the stability property of (31)—(32) can be es-
tablished using the Lyapunov function given in (25).
Note that, in this case, the derivative of W along the



trajectories in the boundary layer is relative to 7, instead
of to ordinary time t.

d
EZ = Jz
with z = [¢ 8]T, and
J = ( -1 e )Z
7@%76%1 0

Therefore, we can define the next property:

Property 2: By replacing v := 1/« then the real part
of the eigenvalues of J, for é;,, € {R\{0}} are all strictly
negative, i.e.

Yoo,
)\1 9%{<(1+ 1 40[26'863“) /2} < 0

Y.
)\2 :9%{(—1— 1_405261363!”) /2} <0

Proof of theorem 1: From the analysis given in V-A,
V-B, V-C and V-D for the model (26) as v — 0T, we
prove ULAS of attractor (18) by applying [11, Theorem
1].

VI.

In this section, we perform some simulations in MAT-
LAB/Simulink by exploiting the HyEQ Toolbox [13] to
verify the properties of the closed loop (12)—(17).

Let us consider for these simulations, the parameters
given in Table I.

SIMULATIONS ON HALF-BRIDGE INVERTER

TABLE I
SIMULATION PARAMETERS
Parameter Convention | Value | Units
DC input voltage Vin 96 Vv
Reference peak voltage Vinaz 22012 \%
Nominal angular w 1007 rad/s
frequency
Nominal load resistance Ry 240 Q
Estimated series Rrg 2 Q
resistance
Inductor L 50 mH
Output capacitor Co 200 nF

We assume that the load can vary in the following set:

Ry = 2409 € [120, 360]Q2 < 8 = 0.0042 € [0.0028,0.0083],
(33)
which corresponds to £50% of variation with respect to
the nominal value of Ry.
The desired trajectories are given following

o = [vee| _ 220+/2 sin(1007t)
© lire|  |19.5sin(1007t + 86°)

Considering [10, theorem 2;, let take the following cost
function to get any LQ performance level.

J = min

et 14 2 . . 2
o — (ve(T, k)—vea)“+RGL (T, k)—irq)“dr
k€dom; (&)

t, 0
(34)

with p = 1000, and

p_ 21.6862 0.1721 0= Rrs 0
| 0.1721 0.0888|" * | O RLO ’

It satisfies Property 1 and constraint given in (19).
Finally, in order to avoid arbitrary fast switching, as men-
tioned in Remark 3, we introduce practically a sampling
time Ty = 10~%s. Moreover, from (1), (3) and the convex
combination u = Ay — A_1 with A\ + A_1 = 1, we get to
stabilize e in 0 in Filippov sense, noted in Remark 2, with
A1 = 0.5 + 0.036sin(1007¢t) + 0.32 cos(1007t), satisfying
the condition (11). Furthermore, we take n = 0.1 which
corresponds to a sub-optimal value that guarantees a
trade-off between performance level and switching fre-
quency, as shown in [10].

We select the convergence speed of the observer state,
«, according to Remark 5. Thus, we need to satisfy
max {30, 40} << «. For this issue, we choose o« = 400
and a = 4000. Moreover, v = Cya.

Finally, we force two load changes, in the transient
time at ¢ = 0.001s and in the steady state at t = 0.03s,
changing 8 of £50%. From § = 42 - 1073 (R = 2409Q)
to 8 =83-1073 (Ry = 360Q) at t = 0.001s and from
B=283-10"3 (Ry = 36082) to B =28-1072 (Ry = 1209)
at t = 0.03s.

Fig. 3.

Evolution of voltage and current for o = 400.

Figures 3 and 4 show the evolution of the voltage and
current for = 400 and for a = 4000, respectively. In
both cases, the states converge to their corresponding
references. On the other hand, Fig. 5 and Fig. 6 show
the evolution of B and €&, under the load change of
B in the transient time (t=0.001s) and in the steady
state (t=0.03s), respectively. The simulations in Fig. 5
a), Fig. 6 a), Fig. 5 b) and Fig. 6 b) are performed for a
value of o = 400 and Fig. 5 c), Fig. 6 ¢), Fig. 5 d) and
, Fig. 6 d) are done using a = 4000. Note as « larger is,
the convergence of B to [ faster is. Similar performance
is obtained with the error és.

Therefore, these figures show Theorem 1 statement.
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Fig. 4. Evolution of voltage and current for o« = 4000.
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Fig. 5. Evolution of the estimation of 8 and the error é; in the
transit time, for & = 400 and for o = 400.

VII. CONCLUSIONS AND FUTURE WORKS

In this article, we have proposed a hybrid adaptive
control for a half-bridge inverter with unknown variable
load, which guarantees the robustness of the convergence
of the states toward the desired trajectories.

The interest of such approach is the use of a hybrid
control scheme that considers the continuous-time dy-
namics as well as the discrete-time dynamics, avoiding
the use an average control signal. An indirect adaptive
control is proposed to estimate the unknown resistive
load. Finally, ULAS of the full system is proven by using
a standard singular perturbation analysis.

A future work is to reduce the switching in the steady-
state by considering a time- or space-regulation in order
to generate a minimum dwell-time.
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