jriried applied -
e sciences m\"y
Article

Robust Stabilization of Linear Switched Systems with

Unstable Subsystems

Martin-Antonio Rodriguez-Licea "¥*({, Francisco-J. Perez-Pinal >¥® and Juan Prado Olivares 2

1 Departamento de Ingenieria Electrénica, CONACYT-Instituto Tecnolégico de Celaya,
Guanajuato 38010, Mexico

2 Departamento de Ingenieria Electrénica, Instituto Tecnolégico de Celaya, Guanajuato 38010, Mexico;
francisco.perez@itcelaya.edu.mx (E-J.P.--P.); juan.prado@itcelaya.edu.mx (J.P.O.)

*  Correspondence: martin.rodriguez@itcelaya.edu.mx; Tel.: +52-014-616-117575 (ext. 5164)

1t These authors contributed equally to this work.

Received: 5 November 2018; Accepted: 11 December 2018; Published: 14 December 2018 flr;,ej :tfgsr

Featured Application: The current analysis can be applied to a wide variety of switched systems
with unstable subsystems, for instance power electronic, mechanical, aeronautic, and nuclear
plant systems, among others.

Abstract: This paper deals with the robust stability of a class of uncertain switched systems with
possibly unstable linear subsystems. In particular, conditions for global uniform exponential stability
are presented. In addition, a procedure to design a mode dependent average dwell time switching
signal that stabilizes a switched linear system composed of diagonalizable subsystems is established,
even if all of them are stable/unstable and time-varying (within design bounds). An illustrative
example of the stabilizing switching law design and numerical results are presented.

Keywords: switched systems analysis; mathematically-unstable subsystems; robust control demonstration

1. Introduction

In recent years, the interest in Switched Linear Systems (SLS) has increased because of its capability
to represent complex nonlinear systems in a more tractable math form, and their analysis has spread
out as a new branch of stability and control especially for SLS with one or more unstable subsystems,
while some of the Lyapunov and other theories can be applied to those with all stable subsystems [1,2].

State-dependent and time-dependent switching signals are the main approaches to design
stabilizing switching laws. In the former, the whole state space is usually divided to facilitate the search
for Lyapunov-like functions; unfortunately, the system’s states must be measurable or observable.
In the latter, time-constrained switching is used, wherein a stable subsystem is activated for enough
time to stabilize the entire system [3-6].

The stability of SLS with one or more unstable subsystems is now well established from the
stabilizing switching signal point of view [7-13]. However, studies on time-dependent switching
stabilization with Mode-Dependent Average Dwell Time (MDADT) dedicated to the robust stability of
time-varying SLS have remained unfinished.

The authors in [14] aimed at the robust stability of a discrete, positive, switched system,
with bounded control inputs and with stable and unstable subsystems; the examples presented
showed that a stabilizing MDADT signal can be easily designed. In [15] was presented a switching
stabilization of SLS composed of both stable and unstable subsystems, easily extendable to all stable or
unstable subsystems. Although the study had typographic errors, the authors presented important
results on stability and the switching MDADT signal design. In [16], a parameter-dependent MDADT
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switching scheme related to a set of parameter-dependent Lyapunov functions was proposed in
order to control a class of switching LPVsystems; the proposed approach was applied to satisfy the
overall control objectives related to a variable-sweep, wing-morphing aircraft. A full-envelope flight
controller using switched linear modeling based on MDADT, with Locally-Overlapped Subsystems
(LOSS), was proposed for a full-envelope flight in [17]. A stability proof by using a common Lyapunov
function for each LOSS was also reported. It is worth mentioning that each active subsystem can
only switch to another adjacent LOSS subsystem, and this particularity relaxed the controller, stability,
and control problem formulation. In [18], multiple co-positive Lyapunov functions and an MDADT
technique were combined to derive sufficient conditions for the input-output finite time stability
problem. Additionally, a controller was derived, and numerical examples were also provided to show
the feasibility of the proposed technique. A quasi-time dependent H-oo robust controller for a switched
system with MDADT was proposed in [19]; a Lyapunov function was used to prove theoretical stability.
Numerical results in an SLS and practical results in a power electronic, boost converter were reported.
Unfortunately, the switching signal to control both systems had a variable frequency, which in the case
of the boost converter produced noise and EMI degradation. The stability analysis of time-varying
impulsive positive hybrid systems with time-varying, distributed delays, and all unstable subsystems,
by using an MDADT, was reported in [20]. Additionally, a concept of input-output finite time stability
was presented. Finally, their numerical simulations showed the feasibility of the proposed method.
It is worth mentioning the important contribution in the topic of adaptation and robustness of SLS
in [21]. This work was focused on four main areas: adaptive tracking using extended and average dwell
times, adaptive asymptotic tracking, robust adaptive tracking, adaptive stabilization with time-varying
delays, and robust stability and stabilization with switching delays.

It can be noticed from the above state of the art that the robust stability and stabilizing
switching MDADT signal design for SLS with any combination of stable/unstable systems is a
topic of recent interest for researchers and industry. Therefore, in this paper, the robust stability for
diagonalizable uncertain SLS is analyzed, and a new result is presented. Such analysis allows the
design of a stabilizing switching MDADT signal, and it is not restricted to positive systems, nor to all
stable/unstable subsystems.

Although this paper is inspired by [15], a generalization to uncertain SLSs is demonstrated by
analyzing the uncertain polytope for the design of a stabilizing switching law, and an additional
simplification of the conditions for stability is obtained. An illustrative example is presented,
and a numerical analysis complements the proposed approach.

This paper is organized as follows. Section 2 is aimed at the math preliminaries. The principal
result is presented in Section 3 and the numerical example in Section 4. Finally, conclusions are
presented in the last section.

2. Preliminaries

In this paper, R represents the real numbers’ set, I represents the positive integers’ set excluding
zero, I, represents the set of integers { 1, ..., n } where # is the dimension of the system, Q is the identity
matrix of adequate dimensions, Z represents the positive integers’ set including zero, and the set
operations are denoted as follows: C, C for subset and strict subset, respectively, U, N for union and
intersection, respectively, @ for addition, and C for the complement. Re(-), Max(-), Min(-) stands for
the real part, the maximum of real parts, and the minimum of real parts of a real or complex number.
A(-) and 4(-) are the eigenvalues and singular values of a matrix. || - || and || - ||, denote the spectral
norm and the spectral norm with restriction to a subspace 7, respectively.

Consider a Linear Time-Variant Switched System (LTVSS) as follows:

x(t) = Ag(t)x(t) )
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where x(t) € R" is the vector state, A,(t) € R"*" is a time-varying matrix that can commute
(e.g., from Aq(t1) to As(tp) to Ap(t3)...), and o(t) : t — I is the stabilization switching signal to be
designed (I = {1,2,..,s} C I, where s is the number of subsystems). For a switching sequence
t1,tp,..., o(t) is a piece-wise continuous function and o(t) = p € I, Vt € [t;, ;1 1) withi € I and
t <ty <tiyo, ..

The total number of time-varying entries of A,(t) is denoted as v; if all of the entries of A, (t) are
time varying, v = 2"*". With k < n denoting the row and ! < n the column of a matrix, an entry of
Ap(t) is denoted as ay, i 1 (t), and if it is known that ap, . ;) < a, i (£) < a[ k1), €ach p™ subsystem can
be written as a Linear Parameter-Variant Subsystem (LPVS) by a polytopic simplice representation [22]:

xX(t) = AP(t) x(t) = AP( (Ze A[p]]) () 2)

wheref € @ = {6|0 < 6;(t) <1,16; =1,Yj € V={1,..,2°} },and A, j is the T vertex of A, (6(t)).
For instance, the vertexes can be built with the combinations of a(,, ; ;) and @}, j):

Api2 - Upr] Apa2 - ap,1,1)
Appp) = |, App= | Ap21] Yp22) - |, Apz= | Lp2,]

Ap1]
p1 = | Ap21]

P12
p22 = |, (3)

LSS

Below are definitions and previous results to be used.

Definition 1 ([23]). Suppose A € R"*", and S C R" is a subspace. S is A-invariant if AS C S, that is,
VbeS= AbeS.

In the following, o (t) is considered a strict piecewise continuous (must commute), mode-dependent
average dwell time function; that is, each mode has its own average dwell time in order to obtain
more flexible and less conservative stability conditions, in comparison with analyzes that use a single
average dwell time [24]:

Definition 2. For a switching signal o (t) with T > t > 0, let Ni, ,) (T, t) be the quantity of switching events
(in [24], this term was originally called switching numbers; in this paper, this is changed for clearness to the
quantity of switching events) that the p™ subsystem is activated along the interval [t, T) and T, (T, t) the total
running time of the p™ subsystem over the interval [t, T], p € 1. We say that o(t) has a mode-dependent
average dwell time Ty if there exist Njg ,; > 0and T, > 0 such that:

Tp(T,t)

Niep (T:8) < Nioy) + ==

S NT>t2>0 )
In this paper, a mode-dependent average dwell time switching signal is denoted as o(t) €
Frmpapt[Nio,p), Tp)-

Definition 3. The equilibrium of x = 0 of (2) is Globally Uniformly Exponentially Stable (GUES) under
a certain switching signal o (t) if for initial conditions x(to), there exist constants 71 > 0, 17 > 0 such that the
solution of the system satisfies | x(t)| < e~ 210 ||x (ko) ||, VE > to.

3. Main Result

The whole state space can be divided into two subspaces Sf, and S,Lf defined as follows:
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Definition 4. The stable subspace S3, p € 1, is spanned by the eigenvectors corresponding to the eigenvalues:

(Fron).

2?}
ke K; = {m S ]In|R€ <Am <29](t)A[p’]]>> > 0,p €el,e®T>t> 0}
=1

Definition 5. The unstable subspace S,lgl, p € 1, is spanned by the eigenvectors corresponding to the eigenvalues:

(fron).

21}
k e Kz = {7’}’1 S I[n|Re <Am <29](t)AW]>> <0,peldcO,T>t> 0}.
=1

On the other hand, the following proposition will be used later to demonstrate the main theorem:

Lemma 1. Consider the switched linear system (2). If S is Ap(0(t))-invariant Vp € I and V0 € ©, then S is
e Ot _invariant Vp eI, V0 € ®,andVt > 0.

Proof. Consider a fixed § and p = 1 for a A period, then A, () = Alpa) = Apa- Sis Apq)-invariant
Vx € S by assumption; for any sequence of events in [p,A] € Z?, p € I, A € Z:

Alpa)x = Al g Apal® 5)

with x1 = A[p,A]x €S,
Afy ¥ = A 21 ©)

with x, = A[p,A}xl €S,
Ap, X = Afp_j] X @)
8

with xp = A[p,A]xr_l €S,

ATP,A]X = A[p,A]xV €S )

From the matrix exponential definition:

AT‘
Al y = Qx + AA[, A X 44 A[p NERRTE: 7!Aﬁg,A](e)x + ... (10)

For sufficiently small values of A in a succession [p1, A1], [p2, A2], [p3, Az], ... (without loss of
generality), one has the decomposition:

Ap(0(1)t AL Ay 234 s AIAT, A
ey X = Q + AlA[PLA]] + AZA[Pz,Az] + ...+ 2!1' L+ 2 2+ .+ é + .t (11)

B1b2Alpy ) Alpaa] T BB A A Afpaag) + o F A1A2A[p2,A2]A[P2/A2] +o)res

where properties for the sum and intersection of subsets are used to complete the proof. O
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This last property is known and demonstrated, in a different way, by some authors as the cocycle
property (see for instance [25]).

Lemma 2. Consider the subsystem x = Ap(0(t))x and let:

A= { Max (A Ap)| Re (A (45) ) <Opeje {127 ke T}

d:
" At = { Max (M Ap, ) | Re (A (A)) ) Z0p e Lje {1, 2%, ke T}

then there exists a constant €, > 0 such that:
||€Ap(9(t))t||55 < eep-&-)\"’t (12)
”eAp(e(t))t lsu < ee,,+AMt (13)
where S° and SY are the stable and unstable subspaces of A, (0(t)), respectively.

Proof. Choosing from the set of diagonalizing matrices T[s ;, composed of the basis of S° (a matrix for
each stable vertex in the stable subspace), one has:

m

4| < Tig i Tis aey [ Diag (250 | < Ty Tis wae’ (14)

where Tjg ) = max {‘

Tisy|| - and Tis ey = max {| Tl | }-
On the other hand, choosing from the set of diagonalizing matrices Tj;; ,), composed of the basis
of SY (a matrix for each unstable vertex in the unstable subspace), the worst vertex one has:

. A M
HeA(e(t))tHu < Tiu,m Tiu,m2) HDW‘O’ (6’ [’"“"]) H < Ty T vz (15)
where Tjy pr) = max { HT[U,E]‘ }, and Ty ppp) = max { HT[;E] H }
Setting:
€p = Max {L” (T[S,Ml] T[S,MZ]) ,Ln (T[U,Ml] T[U,M2])} (16)
completes the proof. [
Theorem 1. Consider the switched linear polytopic system (2). For given constants:
M €p
0<Ay, +T—p<txp, (17)
A S g <0 (18)
P T ﬁl’ ’

p € I, and 6 € ©. If there exist two sets I,I, C I with [; Ul = I such that O = Yoer Sy and
0, = m,,e,zsg are Ap(0(t))-invariant Vp € I, C(y) 2 OPGIZSE,, then the system (2) is GUES for any
switching signal o(t) € Fypapt[Nop, Ty satisfying:

Y wpen Tp(T,0) < = 3 BpTp(T,0) — }_ Npg pjép- (19)
pel

Pell PGIZ
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Proof. It is obvious that {3y and ), are two subspaces in R", and it is also clear from the definitions of
4 and ) that:

01 Ny =09, (20)
C(Mn) =C(NpepSp) = Y C(Sp) = Y S = (21)
peh peh
which implies:
0 & =R" (22)

For any sufficiently large T > 0, let ty = 0 and ty, t5..., t;, ti 11, ...tN, denote the switching times on

the interval [0, T|. With initial condition x(0) € R", Lemma 1 yields:
(1) = T A0 =t Aao() |10 A0(0)] () (23)

Therefore, using (4) and Lemma 2:

Ix(T)|| < H tg+1~1g) Alg (fq)l]‘ He(tqﬂ‘tff)A[ (tq).1] H 1x(0)
ged, M ged,

< H tr1—tg) Alo(y), /]H H H (tgr1=tg) Alo(ry), ;]H 1x(0) |
qed; P qed;

< H e N (T,0)ep EAQ,/ITP (T,0) H Nl (T,0)ep eAngp T,0) I x(0>”
reh pel

— ZpeINJp](TO)epgzﬂell /\MTP(TO)JFZPGIZ Apﬁ] TO ||X( )”

oEpet N rets Mo T0) ety My T+ Dy PRI 0

IN

< et Nogerglren (FH5) IO Tpen ()T o) 24)

where @1, P, denote the sets of g satisfying o (t;) € I, I, respectively. Therefore, if:

€

> _wpel 25
€

Ty > W,Vp €l (26)

is used, then:

Ix(T)|| < elvel Nopp oLpen @ Tp(T0)+Lper, BpTp(T.0) 12(0)]

which means that the system is GUES under MDADT, satisfying (19). O

It is worth mentioning that this theorem can be used even if all of the subsystems are stable; in
suchacase, 1 =@, I, = I,); = @, 3, = R". Even more, the result can be used even if all of the
subsystems are unstable; insuchacase, [, =@, 1 =1, =0, () = R"™

4. Simulations

In this section is illustrated the main result of this paper through MATLAB simulations.
For simplicity and demonstrative reasons, the following system is proposed:

£(t) = Ap(D)x(t) = Ay (6( (26 ) x(),0(t) : R - {1,2} @7)
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with vertexes:

01074 0.0154 0.0966  0.0206 | [ 01069  0.0189
A= , A1p = , A1z = ,
/ —0.0154 0.2026 ' —0.0206 0.2234 / —0.0189 0.2231
A _ | 00971 o071 [ —49701 —0.1995 | e [ _5.4816 —0.1228
A= 00171 02029 |7 72 T | 01995  —6.3299 |7 TF* T | 01228 —6.3184 |’
Ao | 4956 02962 | [ 54671 02194
237 02962 —69744 |7 TP T | 02194 —6.9629 |’

In Figure 1 is shown the dynamic behavior for the system (27), with nominal parameter values
and the switching law plotted in Figure 2. Note that while the first state converges to zero, the second
state is not GUES, and a switching law is designed based on the main result of this paper; the objective
is to design a switching signal p = o(t) € Fypapr[Ng ), Tp| such that (27) is GUES.

From Lemma 2, AM = 022, AT' = @, AV = @, A" = —5.00,

090 0.15 |
T = 2
L= 015 090 @8)
[ 1 015 ]
Tua = | 915 1 29)

€p = 0.6931 Vp. Set Ty(T,t) = 26s, Njy,3(T,t) = Nig (T, t) = 26. For (4) and using 7y, 72 < 1,
then Njo,1) = N2 = 1. From (17)—(19):

0.6931
54+ ——<B2<0 (30)
(%]
.6931
0<022+ 0 6T93 < (31)
1
2601 < —26B, — 1.3862 (32)

With 7
are satisfied.

Under the above designed switching law, simulations that include the introduction of
perturbations in the entries of A,(0) in aleatory sequences are performed. The entries are stepped
between their maximum and minimum values in order to illustrate the validity of the analysis.

T = 0.5s, B» = 3.5 and a7 = 1 are selected, and all the conditions of Theorem 1

1.5 T T T T T

1

0.5 |

State

Time (s)

Figure 1. System trajectories for an arbitrary switching law.
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25
2
Q15 8
1k |
05 1 1 1 1 1
0 5 10 15 20 25
Time (s)
Figure 2. Arbitrary switching law that unstabilizes the system’s trajectories.
In Figure 3 are shown the system’s trajectories for an initial condition x1(0) = 1 and x»(0) = —1,

with the designed switching law of Figure 4 and with the A,(0) entries’ changes plotted in
Figure 5. Note that even under hard parameter changes (abrupt changes), the system’s trajectories
converge to zero.

Finally, the switching law is designed for the above example, with the approach in [15] in order
to show comparative results. Such an approach is selected to provide the fairest comparison: other
approaches, do not provide a switching signal design method and/or involve discrete systems,
state estimation, fuzzy logic, LMIresolution, etc. Recall that the approach in [15] is not intended to
be robust against abrupt parameter changes.

Using the nominal parameters according to [15], it is possible to find a diagonalizing matrix
such that e; = 0.3365, e, = 0.3023, )\{VI = 0.2, and A" = 5.25. Selecting 71 = 0.5s, it is obtained
that 7p > 2.42 s such that 7, = 5s, and all of the stability conditions are met for the nominal system.
In Figure 6 is shown the state behavior for the same initial conditions of the previous example
(x1(0) = 1T and x2(0) = —1) and with the A, () entries’ changes plotted in Figure 5; since the time
restrictions for dwell times are more lax in such an approach, the transient state is longer than that
obtained with the approach of this paper (Figure 3). In Figure 7 are shown the phase portraits for
both approaches comparatively; note that the convergence with the presented approach in this paper
is achieved smoothly.

X

- = X

0.5 i

State
o
I
1\
\

1
1
1
051 .
(]

-1 | | |
0 5 10 15 20 25

Time (s)

Figure 3. System trajectories, under arbitrary changes in parameters/entries of the system’s matrix
and the designed switching law.
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25
2 —
Q15 ]
1 -
0.5 | | | | |
0 5 10 15 20 25
Time (s)
Figure 4. Designed switching law.
0.2
\ —2a
- \ 11
0.15 S P
. \
0.1 ’0_ \ ---‘am L
= N\ a
LR 2,2
0051 Fyl J
ven auy, L LTS 0 L ) Lo grnn, _amue oy
3 o g = U e LN S e P o P W T P et O
2 cann =
Yo0.05- _L/ 7
x
T 91k i
= 0.1
-0.15 ]
-0.21 y
-0.25 - -
0.3 1 1
0 0.5 1 1.5 2 25
Time (s)
Figure 5. Arbitrary changes in parameters/entries of the system’s matrix.
1 I
2
S
[

0 5 10 15 20 25
Time (s)

9o0f 11

Figure 6. System trajectories, under arbitrary changes in parameters/entries of the system’s matrix
with the switching law designed in [15].
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0.5

-0.5

0.5

-0.5

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

X4

Figure 7. Phase portrait comparing [15] (upper plot) and the approach of this paper (lower plot).

5. Conclusions

This paper is aimed at the robust asymptotic stability of a class of time-variant switched linear
systems composed of stable and unstable subsystems or all stable/unstable subsystems.

The main result in this paper, allows the design of a switching law ensuring the asymptotic
stability; this is exemplified with numerical results that include abrupt, but bounded changes in the
parameters and a comparison with similar (not robust) approaches, illustrating that the designed
switching law smoothly stabilizes the parameter-varying switched system.
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