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Abstract

This paper deals with robust guaranteed cost control for a class of linear uncertain descriptor
systems with state delays and jumping parameters. The transition of the jumping parameters
in the systems is governed by a finite-state Markov process. Based on stability theory for
stochastic differential equations, a sufficient condition on the existence of robust guaranteed
cost controllers is derived. In terms of the LMI (linear matrix inequality) approach, a linear
state feedback controller is designed to stochastically stabilise the given system with a cost
function constraint. A convex optimisation problem with LMI constraints is formulated to
design the suboptimal guaranteed cost controller. A numerical example demonstrates the
effect of the proposed design approach.
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1. Introduction

Descriptor systems capture the dynamic behaviour of many natural phenomena, and
have applications in many fields, such as network theory, robotics, and so on (see
for example [6,7, 14, 19, 20] and the references therein). Descriptor systems are also
referred to as singular systems, implicit systems, generalised state-space systems
or semi-state systems. Many results on descriptor systems have been proposed and
various methods obtained (see for example [6, 7, 14, 19, 20] and the references therein).

Stochastic modelling has come to play an important role in many branches of
science and industry. Much research has been focused on the Markov jumping linear
system (see for example [3, 5, 8,9] and the references therein). Nevertheless, these
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results are only applicable to Markov jumping linear systems without delays. More
recently, increasing attention has been focused on stochastic systems with time delays
(see, [1,4,11-13]). References [1, 12, 13] presented stability criteria of stochastic
systems with time delays. Robust control of uncertain stochastic systems with time
delays was considered in [1,4, 11].

Robust guaranteed cost control for time-delay systems has been the focus of much
attention [2, 15-18, 21, 22]. Some useful results have been established. These results
can be classified into two cases: the continuous-time case ([2,15~17,21]) and the
discrete-time case [18] and [22]. Guaranteed cost control for uncertain descriptor
systems was considered in [23, 24] based on the LMI method. However, little attention
has been paid to robust guaranteed cost control for linear descriptor systems with state
delays and Markov jumping parameters.

In this paper, motivated by the results in [21], we address the robust guaranteed
cost control of a class of descriptor systems with state delays and Markov jumping
parameters based on the LMI method. The transition of the jumping parameters in
the systems is governed by a finite-state Markov process. The class of systems is a
hybrid class of systems with two components in the vector state. The first component
refers to the mode and the second one to the state. The mode is described by a
continuous Markov process with finite state space. The state in each mode is denoted
by a stochastic differential equation. The synthesis problem proposed here is to design
a memoryless state feedback control law such that the closed-loop system is regular,
impulse free, stochastically stable independent of delay and satisfies the proposed
guaranteed cost performance.

2. Problem formulation

Consider the following descriptor time-delay systems with Markov jumping para-
meters:

E(r@)x() = A@r(@), )x(@) + A(r(t), )x(t —d) + B(r(t), u(e),

2.1
x(t) = (), forall ¢+ € [-d,0],

where x(t) € R",and u(¢) € R’ are the state vector and the control vector, respectively.
Here d represents the discrete state time-delay and ¢(t) € L,{—d, 0] is a continuous
vector-valued initial function. The random parameter r(¢) represents a continuous-
time discrete-state Markov process taking values in a finite set N = {1, 2, ..., s} and
having the transition probability matrix I1 = [m;;]; jex. The transition probability
from mode i to mode j is defined by

ﬂijA +0(A), i # j,

Plre+a=plro=i}= 14 7m0 +0(d), i=j
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where A > Osatisfies lim,_,q(0(A)/A) = 0. Here r;; > 0Qis the transition probability
from mode i to mode j (i # j) and satisfies Z,.# Tij = ~Mij.

The matrix E(r(z)) € R"*" may be singular with rank E(r (#)) = ng(r (1)) < n,
and A(r (1), t), Ay (r(t),t) and B(r (1), t) are matrix functions of the random jumping
process {r(t)}. For simplicity of notation, we let A;(t) represent A(r(t),t) when
r(t) = i. For example, A,(r(t), t) is denoted by A;(¢), and so on. Further, for each
r(t) =i € N, it is assumed that the matrices A;(¢), Aj;(¢) and B;(¢) can be described
by the following form:

A=A+ DA, Au() = Ay + AAy(1), Bi1) =B+ ABi(1), (29

where A;, Ay; and B; are known real coefficient matrices with appropriate dimensions.
Time-varying uncertain matrices AA;(z), AB;(¢t) and AA;(¢) are assumed to be of
the form

[AA:'(’) AB;i(t) AAli(t)]=DiFi(t)[Eli Ey E3i],

where D, E\;, E;; and Ej5; are known constant real matrices of appropriate dimensions,
which represent the structure of uncertainties, and F;(¢) is an unknown matrix function
with Lebesgue measurable elements and satisfies F7 (¢) F;(t) < I.
For convenience, it is assumed that the system has the same dimension at each
mode and the Markov process is irreducible.
Consider the following nominal unforced descriptor system of (2.1) with a state
delay:
Ex(t)=Ax() + Aux(t — d), 23)
x(t) = @), forall t € [-d,0]. '

Let xo, ro, and x(¢, ¢, ro) be the initial state, initial mode and the corresponding
solution of system (2.3) at time ¢ respectively. We have the following definition.

DEFINITION 1. System (2.3) is said to be stochastically stable if for all ¢(z) €
L,[—d, 0] and initial mode ry € N, there exists a matrix M > 0 such that

E [/ llx(t, @, ro)lI*dt | ro, x(t) = (), t € [—d, 0]] < xg Mx,.
0

The following definition can be regarded as an extension of the definition in [20].

DEFINITION 2. (1) System (2.3) is said to be regular if det(sE; — A;),i € N is
not identically zero.
(2) System (2.3) is said to be impulse free if deg(det(sE; — A;)) =rank E;, i € N.
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(3) System (2.3) is said to be admissible if it is regular, impulse free and stochasti-
cally stable.

Similar to [4], it is also assumed in this paper that for all ¢ € [—d, 0], there exists
a scalar h > 0O such that

llx( + )l < hllx@)]l. 24

Associated with the systems (2.1) is the cost function

J=E {/ [x" () Q(r@)x(r) +uT(t)R(r(t))u(t)]dtI, (2.5)
0

where the cost weighting matrices Q(r(¢)) and R(r(¢)) are symmetric positive definite
matrices for each r(¢).
When the following state feedback controller law

u(t) = K;x(t), when r(t) =1i,i €N, (2.6)

is applied to the system (2.1), the closed-loop system is obtained in the following
form:

Eix(t) = (Ai + BiK; + D, F;(t)(E\; + E5 K)]x(1)
+ (A + D Fi(t)Ey)x(t — d), 2.7
x() =), forall t € [—-d,O0].

Based on Definition 2, we have the following definition.

DEFINITION 3. Consider system (2.1). If there exist a control law u*(¢) and a
positive scalar J*, for all uncertainties, such that the closed-loop system (2.7) is
admissible and the closed-loop value of the cost function (2.5) satisfies J < J*, then
J* is said to be a robust guaranteed cost and u*(¢) is said to be a robust guaranteed
cost control law for (2.1).

With the above description, the problem to be solved in this paper can be stated as
follows.

PROBLEM 1 (Robust guaranteed cost control). Given system (2.1), determine a
memoryless state feedback controller (2.6) such that the control law is a robust
guaranteed cost control law.
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3. Main results

Before presenting the main results, we introduce the following lemma which is to
be used in the proof of the main results.

LEMMA 3.1 ([20]). The system

Ex(t) = Ax(t) + Aix(t — d),
x(t) = @), forall t € [-d,0]

is said to be admissible if there exist a matrix P and a symmetric positive definite
matrix Q such that ETP = PTE >0and ATP + PTA+ PTA\Q7'ATP + 0 <.

Based on stochastic Lyapunov stability theory, we have the following theorem.

THEOREM 3.2. System (2.3) is admissible if there exist matrices P;, i € N, and
symmetric positive definite matrices S;, i € N, such that

E,.TP,- = P,.TE,~ >0 and ) G.DH
I1; PiTA” .
Ei_[AITiH _Si:l<0, i=1,...,s, (3.2)

where H,’ = A‘TP, + IJI-TA,' + Z;:l nlJEIPJ + S,‘.

PROOF. Based on Definition 2 and Lemma 3.1, it follows from (3.1)—(3.2) that
system (2.3) is regular and impulse free. Next, the proof of stability is given. Let the
mode at time ¢ be i, that is, r(¢) = { € N, and consider the following positive definite
function as a stochastic Lyapunov-Krasovskii function of system (2.3):

V(x(t), r(t) =i) = x"(t)ET Px (1) +[ xT (1) Six (1) dt,
t—d

where S; is a symmetric positive definite matrix and P; is a matrix satisfying (3.1). The
weak infinitesimal operator L of the stochastic process {r(¢), x(¢)}, ¢ > 0, is given by

LV(x(@),r(t) =i)
= lim %[E{V(x(t + A), r(t+ A)) | x(@0), r(t) =i} = V(x(), r(t) = i)]
=xT@) [A,T P+ PTA + ijEjTPj + S,] x(t) +2xT ()P Ax(t — d)

j=1

—xT(t —d)Six(t — d). 3.3)
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The following inequality is obviously true:

T@PTAx(t —d) < xT()PTAST'APx ) +xT (@ —d)Six(t — d). (34)
Therefore, it follows from (3.3) and (3.4)that LV (x, t) < xT(¢)Z,;x(¢), where

T, =0+ PTA;S A, P
On the other hand, for x # 0 and each mode i, we have
V(x(®), r@t) =i) > x")E] Px(t) > 0.

Note that X; < 0, thus

LV(x(),r@t) =1 - T Zix(@®)
Vx@),r@t) =i) ~ xT@)E][ Pix(1)

or x #0.

Letting B = — min [Amin(Y;)/Amax(E] P.)] > 0, we have

LVam). ri) =i _
Vix@,r(y=1i) — 7

Similar to [4], using Dynkin’s formula and the Gronwall-Bellman lemma, we obtain
foreachi € N, E{V(x(1),r(t) =i) | ¢,ro =i} < eV (xo, ). Then

E{Vx@),rt)=i)|e,ro=1i}
= E{xT(I)P,»x(t) +f xT(0)Sx(t) dt | 0,10 = i}
1—-d
=FE {xT(t)I’ix(t) | @, rp = i} + E [f xT(@)S;x(t) dt ' @, rg = i}
t—d

<e PV (xo,i).

Thus we have E{xT(¢))ET Pix(1) | o, ro =i} < 7PV (xo,1).
Let 6,, = minjey {Amia(ET P;)}, and applying Fubini’s theorem, this yields

T
1
9,,,E’/ xT(t)x (1) dt l(p,ro = i} <-3 [e7?" — 1] V(xo, ).
0
Taking the limit as T — 00, and using (2.4), we obtain

r
lim E I/ xT(x () dt | ©, rp= i} < xOTMxo,
0

T—o0
where
1
M= m [OM + dhz)‘-max(si)] 1, 9M = r'neevx {)\max(E,'TPi)} .
From Definition 2, it results that system (2.3) is admissible. O
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REMARK 1. Theorem 3.2 gives a sufficient condition for system (2.3) to be ad-
missible. When it has no Markov jumping parameters, the system (2.3) reduces to
a descriptor system with state delays which is studied in [20]. It is easy to show
that Theorem 3.2 coincides with [20, Theorem 1]. Therefore, the results presented in
Theorem 3.2 can be viewed as an extension of results from descriptor systems with
state delays to descriptor systems with state delays and Markov jumping parameters.

Based on Theorem 3.2, we give the following sufficient condition on the existence
of robust guaranteed cost controllers for system (2.1).

THEOREM 3.3. Consider system (2.1) with cost function (2.5). There exists a
memoryless state feedback controller (2.6) that solves the addressed robust guaranteed

cost control problem if there exist matrices P, i = 1, ..., s, and symmetric positive
definite matrices S;,i =1, ..., s, such that
E'P,=P'E; >0 and 3.5)
I+ Qi + KTRK; PT(Ay; + D;F:(t)E3) .
[(Au+D,-E(t)E3.-)TP,~ -5, <O i=hoos 69
where

I =[Ai+ BiK; + D:F;(t)(Ey; + E5 K)]" P,

+ P,-T[Ai + B;K; + D; F;(t)(E\; + E;K)] + ZnijE,'TPj + Si. 3.7

j=1

PROOF. It follows from Theorem 3.2 and Definition 2 that the closed-loop system

(2.7) is admissible for all uncertainties if there exist matrices P;, i = 1,..., s, and
symmetric positive definite matrices §;,i = 1, ..., s, such that (3.5) and the following
inequalities hold:
T PT(A\ + DiFi(t1)Ey) .
! 0, =1,...,s.
[(A,i + DiF(1)Ex) P -5, =0 ’

From (3.6), the closed-loop system (2.7) is admissible. On the other hand, from
Theorem 3.2 and (3.6), we have

LV(x(@t),r(t) =i) < xT(t)(— Qi — KT R K)x(t) < 0. (3.8)

Based on cost function (2.5) and (3.8), we obtain
J=E [/ [x" () Qr@))x(t) + uT(t)R(r(t))u(t)]dt]
0

=E {f xTOIQUr®m) + KT(r(t))R(r(t))K(r(t)JX(t)dt}
0 .

https://doi.org/10.1017/51446181100010142 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181100010142

576 Yan-Ming Fu, Di Wu and Guang-Ren Duan (8]
o0
< — / LV(x@),r@))d:
0
= —E{lm V&), re)] +V (xo, 10). (3.9)

As the closed-loop system (2.7) is stochastically stable, it follows from (3.9) that
J < V{(xo, rp). From Definition 3, we may conclude that a robust guaranteed cost for
system (2.1) can be given by
0
J? =x0TE,TOP,oxo+/ xT(1)S,,x(¢) dt. O
-d
In the following, based on the above condition for the existence of robust guaranteed
cost controllers, a design method for such controllers is given.

THEOREM 3.4. Consider system (2.1) with cost function (2.5). Then there exists a
memoryless state feedback controller (2.6) that solves the addressed robust guaranteed

cost control problem if there exist matrices P;, i = 1, ..., s, and symmetric positive
definite matrices S;, i = 1, ..., s, such that
EI'P,=P'E; >0 and (3.10)
¥, P'B; PTD; PTAy PT B, (Eni + Z_L;EZI'B,'TP:')T
B,-TP,- —a;l 0 0 0 E3T,
DI'p; 0 =8I 0 0 0
AT p, 0 0 =S 0 0 <0
BT P, 0 0 0  —4e?R! 0
Ei+ 5-ExBl P/ Ej 0 0 0 -g7'1
(3.11)
Jfor some positive constants o; and B;, i = 1, ..., s, where

q!i = ETAi +A,TP, + Q'+SI+ZNUE}-P}

=t

In this case, the memoryless state feedback
1
u'(t) = —BT Px(z) (3.12)
2(1,‘

is a robust guaranteed cost control law and

0
J*=xg E] Poxo +/ xT ()8, x(t)dt (3.13)

-d

is a robust guaranteed cost for system (2.1).
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PROOF. Define
(Ai + B;K))TP, + PT(A; + B:K)) T
s T T P Ali .
Q= +Zj=l7f,‘jEij+Si+Qi+K,‘ R;K; ! , =1,
A.{;P, -Si

Then (3.2) is equivalent to

T
P.D; i D
Q+ [ 0 ] Fi(t)[Ev + ExK Es)+[Ey+ ExK Esi]T Fl@) [POD] <0.

By applying {10, Proposition 2.2], for any scalars ; > 0,i = 1, ..., s, and all F;()
satisfying F7 (¢) F;(t) < I, the following inequality holds:

PTD, 7D, 1"
[ '0 ] F()[E:i + ExK Ey)|+[Ey+ ExK E3i]T Fl @) [P'OD ]
PTD1[PTD;]"
<B [ '0 ] [ ‘0 ] + B [Ev + ExK Esi]T [Ev + ExK Ey). (3.14)

Based on Schur complement results and Theorem 3.3, it follows from (3.11), (3.12)
and (3.14) that a robust guaranteed cost for system (2.1) is given by (3.13) under the
memoryless state feedback (3.12). O

REMARK 2. Theorem 3.4 provides a design approach for robust guaranteed cost
controllers in terms of LMIs, which can be solved by the LMI toolbox in MATLAB.
The design of a robust guaranteed cost controller for linear time-delay systems is
considered in [16] and [21]. The results presented in Theorem 3.4 can be viewed as
an extension of results from linear time-delay systems to descriptor systems with state
delays and Markov jumping parameters. '

- REMARK 3. The solution of LMIs (3.10) and (3.11) parametrises the set of stochastic
guaranteed cost controllers. This parametrised representation can be used to design
the robust guaranteed cost controller with some additional performance constraints.
Similar to {21], the suboptimal guaranteed cost control law can be determined by
solving a certain optimisation problem, as presented in the following theorem.

THEOREM 3.5. Consider system (2.1) with cost function (2.5), and suppose that the
initial conditions ro and xq are known. If the following optimisation problem:

min  J* sr.(3.10)and (3.11) (3.15)

P..5,.a; and B;
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has a solution P, S;, aj, and B;, i = 1, ..., s, then the control law of form (3.12) is a
suboptimal guaranteed cost control law for system (2.1), where

0
J'=x]El Pyxo+1tr (/ x(®)xT(t) dtS,,,). (3.16)
d

PROOF. It follows from Theorem 3.4 that the control law of form (3.12) constructed
in terms of any feasible solution P, S;, o; and §;,i = 1, ..., s, is a robust guaranteed
cost control law. It follows from

0 0 0
/xT(t)S,ox(t)dt=/ tr(xT(t)S,ox(t))dt=tr(/ x(t)xT(t)dtS,o)
- d -

d - d

that (3.16) holds. Therefore, the problem of suboptimal guaranteed cost control is
turned into the minimisation problem (3.15). O

4. A numerical example

Consider the following two-mode descriptor systems with uncertainties and state
delays. For mode 1, the system matrices are given by

1 0 -5 1 02 0 11
E"[o J A"[] 4}' A“‘[o 0.1]’ B“[l 2]’

02 O
Dl:[o 0.2], E||=E12=E13=1’ Ql=17 R|=O.51¢

For mode 2, the system matrices are given by

00 -2 0 01 0 2 1
Ez“[o 1]‘ Az‘[o —6]’ A'Z‘[o 0.2]’ BZ”[l 2]’

03 0
Dz=[0 O.3:|v Ey=En=Ex=1 Q;=1 R,=05L

The time delay is d = 0.1, the initial state is () = [1 O]T and the initial mode
is ro = 1. The transition probability matrix IT is given by:

n=[‘1‘ _11]'

After all these parameters are given, we can then obtain a suboptimal guaranteed cost
control law for this system.

https://doi.org/10.1017/51446181100010142 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181100010142

[11] Cost control for descriptor systems 579

Selecting a; = a, = 10, B = B, = 1, applying Theorem 3.5, and solving the
optimisation problem (3.15) by using the MATLAB LMI toolbox, one gets

P 0.1986 0 g - 0.0277 0.0014

'~ -1.0703 -5.1863|" '~ 10.0014 8.1991}°

P 5.2088 —4.0571 P 6.3565 —3.6646

L ) 8.0011 |’ 27 | -3.6646 38.6054 |
Then using (3.12), we can obtain the following state feedback gain matrices for the
two modes:

K — —0.0436 —0.2593 Ko = 0.5209 —0.0057

=1 00971 -0.5186]" 27102604 0.5973

and the corresponding suboptimal guaranteed cost is /* = 0.2013.

5. Conclusions

In this paper, a robust guaranteed cost control via state feedback for a class of
uncertain descriptor time-delay systems with Markov jumping parameters is studied
using the LMI method. The uncertainty is time-varying and assumed to be norm-
bounded. Memoryless guaranteed cost controllers are designed in terms of a set of
linear coupled matrix inequalities. The proposed state feedback control law guarantees
that the closed-loop system is regular, impulse free, stochastically stable and satisfies
the proposed guaranteed cost performance. The suboptimal guaranteed cost controller
is designed by solving a certain optimisation problem. A demonstrative example shows
the effect of the proposed approach.
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