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SUMMARY

This paper investigates the problems of J%, and % state feedback control design for continuous-time
Markov jump linear systems. The matrices of each operation mode are supposed to be uncertain, belonging
to a polytope, and the transition rate matrix is considered partly known. By appropriately modeling all
the uncertain parameters in terms of a multi-simplex domain, new design conditions are proposed, whose
main advantage with respect to the existing ones is to allow the use of polynomially parameter-dependent
Lyapunov matrices to certify the mean square closed-loop stability. Synthesis conditions are derived in
terms of matrix inequalities with a scalar parameter. The conditions, which become LMIs for fixed values
of the scalar, can cope with J#% and 75 state feedback control in both mode-independent and mode-
dependent cases. Using polynomial Lyapunov matrices of larger degrees and performing a search for
the scalar parameter, less conservative results in terms of guaranteed costs can be obtained through LMI
relaxations. Numerical examples illustrate the advantages of the proposed conditions when compared with
other techniques from the literature. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Linear matrix inequalities (LMIs) [1], substantiated by the Lyapunov stability theory [2], have been
largely employed to investigate the behavior of dynamical systems in the last two decades. Many
LMI-based results have been reported for stability analysis and synthesis of controllers and filters in
various scenarios, including uncertain linear systems, linear parameter varying systems, time-delay
systems, nonlinear systems, and Markov jump linear systems (MJLS) [3-9].

Concerning the applicability, MJLS are a remarkable tool to describe dynamical systems because
they can adequately model, for instance, plants subject to random abrupt variation in their operation
point or structure, such as Networked Control Systems, manufacturing, aerospace, economy, and
stochastic finance (see [10] and references therein). MJLS belong to a class of stochastic hybrid sys-
tems with multiple operation modes, where each one corresponds to a particular dynamical system
that can be affected by uncertainties. The jumps between the modes are ruled by a transition proba-
bility matrix, in the discrete-time case, and a transition rate matrix, in the continuous-time domain,
related to a Markov chain. Many researches assume that only partial information about the transi-
tion matrices is available because in real world problems, the exact knowledge of the probabilities or
rates is difficult or can demand a high cost to be obtained. In this more complex scenario, one of the
first approaches to deal with uncertain transition matrices was proposed in [11], where a polytope of
two vertices representing the uncertainties is generated by the multiplication of a nominal transition
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matrix and a bounded scalar parameter. Usually, in the literature concerned with continuous-time
MIJLS, the uncertain transition rate matrix is gathered in two classes: elements lying inside an inter-
val that can be known or inferred [9, 12—17] and limitless entries [18, 19]. As far as the authors know,
the LMI approaches for analysis and control of continuous-time MJLS do not allow the immediate
extension to cope with Lyapunov matrices depending on the uncertain parameters. In general, con-
stant (parameter-independent) Lyapunov matrices are used for each operation mode to assess the
MILS closed-loop stability [11, 20]. The main reason for such limitation is that the resulting robust
LMIs do not depend linearly on the uncertain parameters [18, 19].

In the literature, a common strategy is to study MJLS with precisely known transition matrix
and uncertainties affecting only the Markovian operation modes [21-24]. Therefore, the major con-
tribution of this paper is to provide a general approach to simultaneously cope with uncertainties
affecting both the matrices of the operation modes and the transition rate matrix in the problem of
state feedback control design for continuous-time MJLS. The matrices of all the operation modes are
supposed to belong to independent polytopes, which covers affine and interval uncertainty as well.
The transition rate matrix is considered partly known, that is, each row can be affected by unknown
but bounded components or completely unknown elements. Whenever the bounds of a given row
can be inferred, the row is described in terms of a polytope. Otherwise, rows with unbounded entries
require a special handling, which actually corresponds to the strategy that is currently used in the
literature. Therefore, the uncertainties in the system (matrices of the operation modes and transi-
tion rates) are combined into a single domain created by the Cartesian product of simplex, called
multi-simplex [25]. Using extensions of mean square stability conditions with J#%, and 7% guaran-
teed costs, new matrix inequalities that include slack variables and a scalar parameter are proposed
for the design of a state feedback control gain under the assumptions of complete or null mode
availability. For fixed values of the scalars, the conditions become LMIs. Differently from the
existing approaches in the literature, the conditions are expressed in terms of inequalities that are
linear with respect to the uncertain transition rates. As one of the main advantages of the proposed
formulation, polynomially parameter-dependent Lyapunov matrices can be used to certify closed-
loop mean square stability with 7%, and 7% bounds. When the Markovian model is not subject to
uncertainties and a mode-dependent gain is sought, the conditions become necessary and sufficient
for a large enough value of the scalar parameter. If uncertainties affect the system or the control
gain does not depend on the mode, LMI relaxations combined with the search of a scalar parame-
ter can provide less conservative results in terms of J#%, and % guaranteed costs when compared
with other approaches for state feedback control of continuous-time MJLS from the literature, as
illustrated by numerical examples.

2. PROBLEM STATEMENT
Consider the fundamental probability space (£2, F,{F:}, ") and the following continuous-time
MILS
X(1) = Ag, ()x(t) + By, ()u(t) + Eg, ()w(r)
G = q 2(1) = Czq,()x(t) + Dzg, ()u(t) + Ezg, ()w(t) D
w(t) € Ly, £(||x(0)||2) <00, Oy~ u

where x(¢) € R" is the state vector, u(t) € R" is the control input, w(¢) € R"¥ is the noise
vector, assumed to be an arbitrary signal in Hilbert space ., and z(t) € R"< is the controlled
output. The random variable 6; evolves accordingly to a Markov chain assuming values in the finite

set K 2 {1,...,0}, associated to the stationary transition probabilities
pijh + o(h), with pij =0, i#j
Pr(91+h=j|9[=l.)= . i
1+ pijh +o(h), with pij = — Z pij, 1=
j=1, j#i
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2016; 26:599-612
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e AND 5 CONTROL DESIGN FOR CONTINUOUS-TIME MILS 601

where & > 0, limy,_,o(0(h)/h) = 0, and p;; is the transition rate from mode i at time ¢ to mode
J at time ¢ + A, being grouped in the transition rate matrix I' = [p;;]. Additionally, this paper
assumes that each element p;; can be completely unknown, that is, p;; =?, or can lie inside the
interval [p;;, Pi;], thatis, p;; < p;; < p;;. For this end, consider the sets

j}'{é{j:gij$pij $ﬁij} and f(iJKé{j:jgéin(} 2)

Note that f}( covers two cases: completely known p;; and bounded p;;. For ease of notation,
whenever possible, 6, is replaced by i, Vi € IK. The set of matrices {4;(a) € R***"x B;(a) €
R Fi(a) € R C,i() € R D, (o) € R**M"  E, (a) € R*>"w} can be
written as a convex combination of V; known vertices

v,
Mi(i) = Y @iyM;y, VieK

v=1

where M;(c;) represents any uncertain system matrix given in (1) and «; is a time-invariant
parameter belonging to the unit simplex

n
ApERe=(01...5) eR": Y gi=1, §;20, j=1...7 3)
j=1

being 7 the number of parameters of the set A.

The aim of this paper is to propose new techniques to /%%, and .74 state feedback control design
for MJLS with uncertain transition rates and polytopic system matrices. For this purpose, it is neces-
sary to present a generalization for the concept of stability applied to MJLS, named as mean square
stability (MSS) [10, 26, 27], which assures that lim; . &||x(¢)||> = 0 for any initial condition
x(0) € R*, 6y € K.

To generically represent the uncertainties affecting both I' and the system matrices associated
to the Markov modes, a systematic procedure is proposed. The treatment for the uncertainties
associated to the transition rate matrix is split in two cases, i € .7, I’( and i € fl’}K. Supposing
that i € f[’] x» that is, when the lower bounds of the diagonal elements are unknown, this paper
employs an analogous strategy presented in [19] (see the proof of Theorem 1). On the other hand,
if i € .#%, then each one of the u uncertain rows of I" can be described by parameters lying
into the unit simplex Ay,, r = 1,...,u, by simply imposing that all elements of a row must
sum up to zero, that is, Z?:l pij = 0, similarly to what was done in the discrete-time case
where each row summed up to one [16, 28]. Thus, uncertainties affecting the system matrices and
the interval uncertainties associated to the partly unknown rows of the transition rate matrix are
grouped into one single domain, generated by the Cartesian product of m = u + ¢ unit simplexes
AN =Ap, x---x AL, x Ay, x--- x Ay,, called a multi-simplex [25]. The dimension of A is
defined as the index N = (Ny,...,Ny) = (L1,..., Ly, Vi,...,Vs).

Extensions for the computation of 7%, and 7% guaranteed costs [10, 26] for system (1) with
polytopic matrices and uncertain transition rate matrix I"(¢) in the multi-simplex representation are,
respectively, presented in the next lemmas.

Lemma 1

System (1), with B; () and D; («) identically null, is MSS and ||¥4| 0 < y if and only if there exist
symmetric positive definite parameter-dependent matrices X; (o) € R***"x_ Vi € I, such that the
parameter-dependent inequalities*

#The symbol * represents a symmetric block in the LMI.
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602 C.F. MORAIS ET AL.

Xpi(@) + Ai (@) Xi(@) + Xi(@)Ai(@) *
Ei(Ol)Xi (Ol) —I * <0 4)
Czi(@) Ezi(@) —)’21

hold for each i € KK and for all @ € A, being X p; (o) = Z‘}zl pij (@)X (a).

Lemma 1 can be viewed as the bounded real lemma [10] applied to uncertain continuous-time
MILS.

Lemma 2

System (1), with B;(«), D;;(«), and E;(«) identically null, is MSS and ||¢4]|» < p if and only
if there exist symmetric positive definite parameter-dependent matrices X; (o) € R™"**"x Vi € K,
such that the parameter-dependent inequalities

D o wi Tr (Ei(@) Xi(@)Ei(@) < p (5)

i=1

[Az- (@7 Xi (@) + Xi(@)A; @) + Xpi(@) * } <0 ©)

Czi() -1
hold foreachi € IK and forall « € A.

Lemmas 1 and 2 present infinite dimension problems, since the conditions must be fulfilled for all
a € A. However, as shown in [25, 29], robust (parameter-dependent) LMIs admit a homogeneous
polynomial solution of sufficiently large partial degrees, whenever one solution exists.

To derive tractable conditions, the following notation and definitions related to homogeneous
polynomials in the multi-simplex domain are required. Any homogeneous polynomial matrix
P; (o) of partial degrees g = (g1,...,8m) € IN” can be generically represented by P;(x) =
Zke #(2) ak P;;, where o are homogeneous monomials of degree g, in each variable o,

. k ki ko k _ kr1 kyo krn, _
that is, @ = oj'o,” ... 0p" and " = o, o) e where k, = (k;1,...,.krn,),

kryy € Nt = 1,...,N,, is such that k,; + ... + k,n, = g, being N, the number of
vertices of each unit simplex and P;j the corresponding matrix-valued coefficients. The indices
k = (ki,ka,...,km) are obtained by combining all the N-tuples of the sets .Zn,(g,), r =
1,...,m. By definition, .#J, (g,) is the set of N-tuples obtained from all possible combinations
of N, non-negative integers with sum g, and the set #(g) is the Cartesian product 7 (g) =
N, (81) X ... X KN, (gm). Operations of summation k + k’ and subtraction k — k" (whenever
k' < k) are defined componentwise. Additionally, the coefficient 7 (-) represents the product 7 (k) =
(ki) (ki) - (kany ) - (kpa D) -+ - (kmn,,, 1), for any index k, and () = (g11)(g21) -+~ (gm!), for
any m-dimensional vector.

Following the definitions presented earlier, the multi-simplex representation of any polytopic
matrix M;(«) from (1) is given by

Mi@)= Y oM
ket (er)

u a

e | e e
being &; = (0,...,0,0,...,1,...,0) a unit vector with m elements, whose component u + i is
equal to 1. For instance, consider an MJLS (1) with two modes, whose modes 1 and 2 are described
by polytopes with V1 = 2 and V, = 3 vertices, respectively, and a transition rate matrix with
u = 1| unknown row (L; = 2). The representation of any system matrix of the 2nd-mode in the
multi-simplex domain is given by

My (o) = az1 Mo + a3 Moy + a3z Ma3 = 31 M20000100 + @32 M20000010 + *33M20000001

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2016; 26:599-612
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where @« = (oq,02,03) € A = Ay x Ay x A3 and each vertex j of a polytopic mode i is
represented by M; j = M, j = 1,..., Vi, and k € 7 (g;).

3. MAIN RESULTS

This section presents a systematic procedure to synthesize robust state feedback gains assuring MSS
with an upper bound to the 7%, and % norms of system (1). The proposed technique is based
on LMI problems (for fixed values of the scalar parameter), which provide homogeneous polyno-
mial solutions of arbitrary degree in the multi-simplex [25, 30] that fulfill the infinite dimension
conditions of lemmas 1 and 2.

The first theorem presents sufficient LMI conditions to synthesize a mode-dependent state
feedback controller assuring robust MSS for system (1) with an J#%, guaranteed cost.

Theorem 1
If there exist symmetric positive definite matrices P;, € R™"~, k € J#(g), Vi € K, matrices
G; € RW>"x 7, € R | = 1,...,0, partial degrees g = (g1,...,8m) € N", r; =
max{g,&i}, w;i = max{g + 1,¢;}, and a given scalar parameter £ > 0, such that the following
LMIs hold

P, —Pj, <0, Vk e #(g), Vi,j€ Fx, JjH#i 7)

e vy &g oy TSy o vk ea (). Vie sy

k k'
T[( ) k’e}i’(ri/—g) T[( ) ket (ri—e;) JT(k)
k=k k=k
)]
(w; 7 (w; 1 w(w; — &
( l)q)k‘i' Z Z (w; é:’ )®k+ Z (l—~l)\11k<0
(k) , (k') . (k)
k'ex (wi—g—1) kGX(]l) ket (w;—e;) (9)
kzk! k=k'+k k=k
Vk € #(w;), Vie Ik
with
[0 * * k% Orip * *  * %
—£G; —G; —GI » x « Orr1 0 *  * %
ch = 0 0 0 * * s @k = ®k31 0 ®k33 * *
0 0 0 —y21 « 0 0 0 0=«
0 0 0 0 -—I 0O 0 0 00
g (Aik—EGi + Bik—lg Zi + GITAi]IZ_~ ZTBLYI: 1;) * * * *
GlTAiT _+ Zl-TBiT ; 0 * * *
k—Fk k—
Y = 0 0 * *
i i 0 0 0 x
i f(czikflgGi + DzikflEZi) CzikflgGi + Dg; %Z, 0 Ez; 0_
where

Ok11 = &Pik; O21 = Pik_,;’ O3 = QiTPik_A O 33 = —diag (6;) ﬁik_,;, ifi e fLi/K

ik’ k’

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2016; 26:599-612
DOI: 10.1002/rnc
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0 = [Pijln Pijiln -], Py = diag (Pj. Py ..

with diag(6;) P;, , defined ¥ p;; # 0, Vi € I}, Vj € Ik, Mo = — Y e Py Vi € S and

Ok 11 =Pii,€Pi Oz = P Ok 31 =T,€Pi

k—k’—k’

O 33 = —diag (Ti/e) P, .. ifiesg

k—k/—k’ k—k'—k’

o k k k k
Tie = [p®1 o p® 1 pET, - 5P,
Pik :diag (Plk, ey Pi—lkv P,'.Hk, ey ng)

u g
. . _ (I;) o ; ~ _ P
with diag(Yi, ) Py, defined Vp;;* # 0, Vi, j € Iy, Vk € (1) where 1 = (1,...,1,0,...,0),
then K; = Z; G} ! is a mode-dependent mean square stabilizing state feedback gain for system (1).
Additionally, y is a guaranteed cost for the %%, norm of the closed-loop system.

Proof

Consider Pi(a) = Pi(@)" = Xi(@)~", Aci(@) = Ai(@) + Bi(@)Ki, Ceri(@) = Cz(a) +
D;(a)K; and He(X; (@) Ae; (@) = Xi(a)Aeri (@) + Aeri (@) X; (). In the case where i € Sk
the conditions (7) and (8) are coupled. First, note that multiplying (7) by a*, summing up Vk €
A (g), applying Schur’s complement, and a congruence transformation, one obtains

Xi(a) = —Pi(a) * Xi(a)
[ X (a)} [ Piw) ~P, (a)} [ 0 X (a)] <0 e X@-X@<0 a0
Now, multiplying (8) by o* and summing up Yk € # (r;), one obtains

_&’K Pi(a) * * *

T T
£l Acli(a) Acli(a) 3
Pi(a) 0 * * ok I —1 —1 I
0T Pi(a) 0 —diag () P(@) +  |T|[O|GI| O | +] 0 [G|oO]| <0
0 0 0 0
Ei(@)T 0 0 —y21 % 0 c c 0
0 0 0 E () -1] L 2 cli cli
vT Ut
Q
Y
Choosing the following bases for the null space of U and V'
I 00 0 I 000
Acti(@)T 00 Cepy (@) —§1000
Ny = 0 10 0 andNy =] 0 100 (12)
0 01 0 0 010
0 00 I 0 001
and using the first equivalence of the Projection Lemma, one obtains
(_"K — 25) Pi(@) . .
NEONy = | OFPile)  —diagB) Pile)  + x| <
E;(a)T 0 2 *
0 0 E;i(x) -1
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2016; 26:599-612
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Mo AND 5 CONTROL DESIGN FOR CONTINUOUS-TIME MIJLS 605

that provides a lower bound to the scalar parameter, § > &"K /2. Since the maximum admissible
value for A’ is zero, one suitable choice for the scalar parameter is £ > 0. Now, using the second
inequality of the Projection Lemma, one has

Acti (@) Pi(@) + Py (@) At ()T + Mg Pi(c) * x*
67 P; () —diag (6;) Pi(@) *  *
T _ i
NU QNU = E; (Ol)T 0 _sz " <0
Ceri () Pi(a) 0 Ezi(a) —1
(13)

Defining )fi(a) = diag(X; (o), X;41(a),...) = (Isi(oz))_l, j € FL,j # i, (13) can be
rewritten as

Aeti (@)X (@)™ + Xi (@) At (@) + Mg Xi(@)™! * xx
0T X;(c)~! —diag (6;) Xi (@)™ * “0

Ei()T 0 2 *

Ceri (@) Xi ()™ 0 Ezi(a) -1

(14)

multiplying (14) by S = diag (X;(«), I, I, T) on the right and S” on the left, and applying the
Schur’s complement, one obtains

Xi(@)Acri(@) + Acti @) Xi(@) + Y PyiXj@) + Mg Xil@)  +  «

jesk
J#i <0
Ei(e)" X () -y *
Ceri(@) Ezi(a) —1

which is equivalent to

Xi (@) Aeri (@) + Acti (@) Xi(@) + Y Py @)X;(@) + A Xi(@) + R@) <0 (15)
TiK
with
R(@) = — (Xi(@)Ei (@) + Ceri (@) T E; (@) (Ezs (@) Ezy(@) — 1)
x (Ei(@)T Xi (@) + Ez; (@) Ceri (@) + Ceri (@) Ceri (@)

Knowing that

Y PuXi@= > piXi@.  AMe=— > py. and > pi=0
jesk jesk jesk €Tk
J#i J#i J#i J#i

if (10) and (15) hold, then

He (X;(@)Acti @)+ D pyXj@)— D pyXi@+ Y pij(X;(@)—Xi(@) + R@) <0

jesk jesk €Tk
J#i J#i JF#i
(16)
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2016; 26:599-612
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is also verified. Rearranging the terms of (16), one obtains

He (X; (@A @)+ Y piyXj@+ Y pyXj@+ = > pi— Y. pij|Xi@
jesi JEI jesk jeslk
J#i J#i J#i J#i

DPii

[oa
+ R(@) = Xi(@)Aeri (@) + Aeri (@) Xi(@) + ) pijXj(@) + R(@) <0
ji=1
(17)
that is equivalent to the bounde_d real lemma (4) for continuous-time MJLS [10, 26].
On the other hand, if i € .#%, multiplying (9) by o* and summing up Vk € ¢ (w;), one obtains
a condition equivalent to (11) with

[ pii(@)Pi(a) * * * x|
Pi(e) 0 * * ok
0 = [ Ti@)7" Pi(e) 0 —diag (Yi(e)) Pi(@) %  *
Ei) 0 0 e

i 0 0 0 Ezi(a) =1

Using the inequality NIZ ONy < 0 of the Projection Lemma, with Ny given in (12), a lower bound
to the scalar parameter is obtained, & > p;;(a)/2. Again, by choosing & > 0, this constraint is
always fulfilled. Now, multiplying the second condition of the Projection Lemma, Ng ONy < 0,
by S = diag(X;(@)~!. L I 1) on the right and S on the left and then applying the Schur’s
complement, one recovers the bounded real lemma (4) for continuous-time MJLS

Xpi (O[) + Xi (a)Acli(a) + Acli(a)TXi (Ol) * *
Ei(@)T X;(a) -2l x| <0 (18)
Ceri(@) Ezi(a) -1

where X i (@) = Y5, pij (@)X (@) = pii(@) X (@) + Vi (@)(diag(Yi (@) P (@) ' Vi (@) O

The following theorem presents sufficient conditions for the existence of a robust mean square
stabilizing state feedback gain assuring an upper bound to the 7% norm for the closed-loop
system (1).

Theorem 2

If there exist symmetric positive definite matrices P;, € R"**"x and W; € R"*"w, Vk €
H(g),i = 1,...,0, matrices G; € R**"x 7, € R"*"x | = 1,...,0, partial degrees
g=1(81.82,---,8m) € N, r; = max(g, &), w; = max(g + 1, &;), and a given scalar parameter
& > 0, such that the following LMIs hold

m(g)

_ 2
n(k)p <0, Yk € #(g) (19)

ag
3" Trace(W,)

i=1

iR oy TEy g vkew(n),  VieK Q0)

(k' N n(k
k/e,)f(r,'/—g) (') ket (ri—ei) (k)
k=k K=k
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2016; 26:599-612
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and

mr(w;) 7(ri — g) w(ri — &)

2l 20t 2 Ty et ) T pTve <o
kK'ex (ri—g) ket (w;j—s;) 2n
k=k’ k=k

Vk e #(r;), Yie Sy

n(wi)QGk-i' Z Z m(w; — g — ]1)®Gk+ Z ﬂ(wiTSi)\Iij<0

m(k (k'
(k) k'ext (wi—g— ﬂ)ke%(l) & ket (w;—s;) (k)
k2K skvk k=k
Vk € X (w;), Vie Ik
(22)
with
[—W; * 0
Or, = =k i| U, =[ i|
g L 0 P, g E‘k71€ 0
0 * * % Or11 * * *
_ | —€Gi =Gi —=G] » « _[®Ok21 0 * «
e =1 0 0 x| 96T |04 00
0 0 0 —I 0 0 0 O
g(A"k—k'Gi + By Zi + GlAL L+ ZiTBii_ze) * *r
T
wg, = (4i,_:Gi + Bi_; Zi) 0 ‘%
0 0 0 *
T
] £ (Caiy_Gi + Dzyy_ 71) (Ceiy G+ Dy, i) 00
where
Ok11 = APy ;o Oka1 = Pi_ o Oks1 = 67 Py, Oraz = —diag (6) Pi_, ifi € S

0; = [Pijln Dijsaln -+ |, Py =diag(Pj, Pisigs o),
with diag(6;) P;, , defined ¥ p;; # 0, Vi € I, Vj € T Mg = =3 jesg Dy Vi € I, and

Ok11 = piig Pi,_ Ok21 = Pi_,, o+ Orz1 = T Pii

Okss =—d1ag< ,)Pk L ifie g

K-k’

u o

(k) .. i ~ / N \
with dlag(T )P,k, defined Vp #0,Vi,j € I%,Vk € (1) where 1 = (1,...,1,0,...,0),
then K; = Z G !'is a mode- dependent mean square stabilizing state feedback gain for system (1).
Additionally, p is an upper bound for the .7 norm of the closed-loop system.
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Proof
Multiplying (19) and (20) by of and summing up, respectively, Vk € # (g) and Yk € % (r;),
one obtains

Z i Trace (W, (oz)) < p? (23)
j=1

—Wile)

[ Ei(e) —P (a)} <0 -

Now, employing the Schur’s complement and using the fact that X; (a) = P;()™!, (24) can be
rewritten as

~W;(e) + Ei ()" Xi (@)Ei (@) <0

recovering the trace condition (5). The proofs for (21) and (22) follow the same lines used in
Theorem 1 by eliminating the fourth row and column of (8) and (9). O

Note that € > 0 represents a degree of freedom to be exploited in the optimization prob-
lems of theorems 1 and 2 to determine stabilizing state feedback gains associated to smallest
guaranteed costs.

Remark 1

Because the complete availability of the Markov modes may be limited by cost, physical constraints,
difficulty of measuring, and other factors [31], it can be necessary to synthesize mode-independent
gains. To contemplate this assumption, replace G; and Z; by G, Z, for all i € K, in theorems 1
and 2.

Remark 2

The conservativeness of the sufficient conditions presented in theorems 1 and 2 can be progressively
reduced by increasing the degrees g of the Lyapunov matrices. Moreover, the corresponding LMI
conditions become necessary and sufficient when the system matrices and transition rate matrix are
completely known, and the information about the current mode is available. To prove the necessity
of theorems 1 and 2, the following steps should be performed: replace G; by G; /& and GiT by GI.T /€
in (9) and (22); apply Schur’s complement with respect to — (G; + GI') /€; and make G; = G] =
P;. Note that, when £ — o0, the resulting inequalities are equivalent, respectively, to the bounded
real lemma (4) and the controllability gramian (6) for continuous-time MJLS.

Remark 3

The main technical novelty of the design conditions proposed in this paper, when compared with
other approaches in the MJLS literature, is the new definition of matrix X ; (o) = p;; (@) X; (@) +
Y; (o) (diag(Y; (o)) P; (@) "1 Yi ()T, which does not exhibit the square roots of the transition rates.
The resulting conditions are therefore linear in terms of the transition rates, allowing the use of
Lyapunov matrices depending on all uncertain parameters affecting the system to certify the closed-
loop mean square stability with .75, and 7% guaranteed costs for system (1), whenever the bounds
for all elements belonging to a row of the transition rate matrix can be inferred.

4. EXAMPLES

This section presents numerical comparisons between the proposed approach and other methods
from the literature. All routines were implemented in MATLAB (The MathWorks, Inc.), version
7.10 (R2010a) using Yalmip [32] and SeDuMi [33]. Furthermore, as the proposed LMI condi-
tions require the representation of I'(«) in the multi-simplex domain, a routine that automatically

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2016; 26:599-612
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generates the vertices of I'(«) is available for download at http://www.dt.fee.unicamp.br/~ricfow/
programs/Gamma_Multi_Simplex_Cont.m.

Example 1

Consider the numerical example of [18] where an MJLS with four operation modes is presented.
The aim is to design mode-dependent 7%, state feedback gains regarding three descriptions for the
transition rate matrix: the completely known case, the partially known Case I (CI) and Case II (CII).
When the transition rate matrix is completely known and all the modes are available, the conditions
of [18] and Theorem 1, with g = (0,0, 0, 0) and a large enough value of &, for instance & > 10, are
necessary and sufficient, achieving the same %%, guaranteed cost, y = 1.2046.

If the transition rate matrix is partially unknown, all the available LMI conditions are only suf-
ficient, and the proposed methodology becomes less conservative because of the employment of
slack variables, scalar parameter search, and to the use of polynomially parameter-dependent Lya-
punov matrices. For instance, Theorem 1, with the particular choices g = 1 = (1,1,1,0,0,0,0)
and §¢ = 10, provided %, guaranteed costs of y = 1.3066 and y = 1.3085 for the cases
CI and CII, respectively. These outcomes outperform the 7%, performance of [18] that provides
y = 2.0451 (CI) and y = 2.1265 (CII). The behavior of the 7%, guaranteed cost with respect to
the scalar parameter and the increase of the degrees associated to the Lyapunov matrix is illustrated
in Figure 1(a) (CI) and Figure 1(b) (CII).

Example 2
Consider the uncertain MJLS with two polytopic modes and precisely known transition rate matrix

[—2.49 2.45 —2.52 0.45 -1.22 0.43
An = | 0.04 —2.17]’ A1z = |:2.56 1.95}’ B = [ 0.84 } Bz = [—1.60:|

[ 1.15 —0.07 —2.77 1.96 1.67 —0.59
Aar = |—1.22 2.74 } Axz = [ 1.41 —3.28]’ Bar = [—0.42] Bz = [—0.06}

[—0.3 1 - -1.5 1.5
Eij =106 ] Cuij =[2]* Dzij=2. mi=05 Vijeil2, T 2[0.5 —0.5]

A mode-dependent stabilizing state feedback gain that assures an upper bound to the .7 norm of
the closed-loop system is investigated. Three conditions were tested: Theorem 8 (T8) from [22],
Lemma 4 (L4) from [22] (which is an % state feedback condition adapted by Theorem 4.1
from [26]), and Theorem 2 (T2) proposed in this paper. The aim is to compare the 7% perfor-
mance levels (p) yielded by each one of those methods. As T8 is based on the reciprocal projection
lemma [5], which does not contain the quadratic stability as a particular case, for this specific

(a) Casel (b) Case II

Figure 1. Behavior of the %, guaranteed cost with respect to the scalar parameter (§) and the increase of
degrees (g) of the Lyapunov matrix (¢ = 1 = (1,1,1,0,0,0,0) and g = 0 = (0,0,0,0,0,0,0)) for the
MILS of the numerical example of [18] for two cases of the transition rate matrix.

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2016; 26:599-612
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Table 1. 5% guaranteed costs (p) for
Example 2 obtained by Theorem 2 with
different values of £ and g = (g1, g2).

3 g1 :2) P
10° 0 0 6.6061
102 1 0 6.6037
10° 0 1 6.6034
10 0 1 59167
10 1 1 5.8672
example, no solution has been obtained. On the other hand, T2, with the choices § = 10° and

g = (0,0), produces p = 6.6061, the same result provided by L4. Theorem 2 can yield lower
¢ guaranteed costs by performing a search of the scalar parameter and increasing the partial
degrees of the Lyapunov matrices, as shown in Table 1.

Example 3
Consider the MJLS presented in [19, Example 2], where the system matrices {A4;, B;, E;, C;;, Dz;}
can be found, with transition rate matrix given by

14 2 7 02
03 —1803 12
=138 92 9 > (25)

?7 03 ? -038

The purpose of this example is to design state feedback gains such that the resulting closed-loop
system is MSS with a bound to the 7% norm.

For the case where all the modes are accessible, the % guaranteed costs obtained by
[19, Theorem 3] and T2 for different values of the uncertain rate § are shown in Table II. If a
mode-independent controller is sought and 8 € [0.0, 2.0], the result attained by [19, Theorem 3]
is p = 0.5667 while the proposed approach, with §& = 10 and g = (0,0,0,0,0,0), provides
p = 0.5359. As can be seen, even without performing a search of the scalar parameter or increasing
the degree of the Lyapunov matrices, T2 outperforms the results of [19, Theorem 3] for both
assumptions on the mode availability.

Now, to deal with the case where the system matrices are polytopic, consider I' given by (25)
with 8 = 0.2, and assume that all modes are accessible and have two vertices, such that A;; = A4;,
Aip = Ai + 8L, Bij = Bi, Eij = Ei, Cg;; = Cgj,and Dy, = Dy, Vi = 1,...,4, V) =
1,2. The aim is to evaluate the conservativeness of the conditions presented in [19] (adapted for
MILS with polytopic matrices) and T2 for different values of the parameter § > 0. As illustrated
in Figure 2, the methodology of T2 is less conservative than [19, Theorem 3], because § = 3.77
is the largest value of § for which [19] yields a feasible solution, while the proposed approach can
synthesize stabilizing gains until § = 3.93. Figure 2 also shows that, for a fixed value of §, the
approach of T2, with § = 100 and g = (0,0, 0, 0, 0, 0), provides smaller attenuation levels than the
ones from [19]. Such outcomes can be improved by increasing the degree of the Lyapunov matrices,
as indicated in Table III.

Table II. s# guaranteed costs (p) for Example 3 obtained by the conditions in [19] and
Theorem 2 with £ = 10 and g = (0,0, 0,0, 0, 0).

01<B<06 015<B<055 019<p<053 B=02

[19, Theorem 3] 0.2950 0.2947 0.2946 0.2945
Theorem 2 0.2598 0.2592 0.2591 0.2589
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2016; 26:599-612
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40 . : : : ‘ . .

a5 L T2e0 :
30 g
251 ,

P 20 1
15f E
10 E

5| _

0 0.5 1 1'5 2 215 3 3‘5 4

Figure 2. Behavior of the .75 guaranteed cost obtained by Theorem 2 with g = (0,0,0,0,0,0) (T2g—0)
and the conditions adapted from [19, Theorem 3] ([19, T3]), with respect to parameter § = 0 for Example 3.

Table III. 5% guaranteed costs (p) for Example 3 with polytopic system matrices obtained by
the conditions in [19] (adapted for Markov jump linear systems with polytopic matrices) and
Theorem 2 (T2) with & = 100 and different degrees g.

8 2.0 3.0 3.5 3.75 3.77 3.875

[19, Theorem 3] (Adapted) 1.2463 2.0482 42090 18.2194 27.1025 —
p T2withg =(0,0,0,0,0,0) 1.1736 1.8291 3.1980 6.2385 6.8065 14.1162
T2withg = (1,1,1,1,1,1) 1.1729 1.8141 3.1556 6.0847 6.6308 13.6864

5. CONCLUSION

This paper investigated the 7%, and % state feedback control design problems for uncertain
continuous-time MJLS, whose uncertainties are modeled in a unified representation through the
multi-simplex methodology. Differently from the existing approaches, polynomially parameter-
dependent Lyapunov matrices are used to assure the closed-loop MSS with .7, or /% bounds.
For the case of an MJLS free of uncertainties and complete mode availability, the proposed condi-
tions are necessary and sufficient. Numerical examples demonstrated that the use of polynomially
parameter-dependent Lyapunov matrices of arbitrary degrees, combined with the search of a scalar
parameter, can decrease the conservativeness of the 7%, and 7% guaranteed costs for the considered
class of MJLS.
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