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ABSTRACT. This paper focuses on the guaranteed cost control issue of quadratic stabi-
lization for a class of time-delayed descriptor systems with norm-bounded uncertainties.
By applying the Lyapunov stability theorem, a feedback controller with multiple-loops is
developed to ensure quadratic stability of the system and restrict the cost performance
within a predefined upper bound. Then, the equivalent conditions of the system stability
and the cost function satisfying the requirements are given in terms of linear matriz in-
equality (LMI) method. Based on the convex optimization techniques, the upper bound
of the minimum performance index and the optimal guaranteed cost controller can be
determined. Finally, two examples are presented to demonstrate the reasonableness and
validness of the proposed scheme.

Keywords: Time-delayed descriptor system, Norm-bounded uncertainty, Quadratic sta-
bilization, Guaranteed cost control, Linear matrix inequality

1. Introduction. Descriptor systems, also known as generalized, singular, differential-
algebraic or semi-state systems, have been instrumental in a myriad of applications across
different fields, including but not limited to robotics, aerospace control, chemical process-
es, and multi-sector economic systems [1, 2, 3]. In contrast to the standard state-space
models, descriptor system models have garnered significant attention in the control and
mathematics communities due to their inherent advantages in describing physical systems
with greater convenience and naturalness. One of the key challenges in the process con-
trol of descriptor systems is how to ensure reliable stability and obtain target performance
[4]. In a network of linear singularly perturbed systems, to address the guaranteed cost
control problem, a state feedback controller is designed to realize system synchroniza-
tion and minimize the prescribed performance cost [5]. In [6], a non-fragile sampled-data
controller is developed to meet quadratic stabilization performance standards and handle
uncertainties. In [7], the authors propose a control protocol that utilizes local informa-
tion from neighboring agents to achieve leader-following consensus while preserving the
guaranteed cost performance for the agents. Drawing from the insights of these articles,
it becomes evident that guaranteed cost control is a critical aspect when discussing de-
scriptor systems. It should be noted that the presence of uncertainties and time delays
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requires the development of novel control strategies to ensure system stability and control
performance.

In the realm of real-world systems, uncertainties and time delays are intrinsic factors
that significantly impact the performance and behavior of various dynamic processes [8].
From the operation of complex industrial systems to the control of autonomous vehicles,
the presence of uncertainties and time delays poses formidable challenges for engineers
and researchers. Uncertainties in system dynamics stem from many factors, including
inherent variations in manufacturing processes, imprecise knowledge of system parameters
and unpredictable environmental conditions [9]. In [10], the main idea of the work focuses
on the development of reduced-order dynamic output feedback controllers for linear time-
varying systems with norm-bounded parameter uncertainties. In [11], the authors propose
a distributed robust optimal control protocol that is applicable for addressing parametric
uncertainties. In addition to uncertainties, time delays represent another critical aspect of
real-world systems [12]. Time delays emerge when there is an interval in the transmission
of information or when physical processes take a certain amount of time to propagate.
By constructing a modified Lyapunov-Krasovskii functional, the authors investigate the
utilization of both delay-product-type functions and delay-dependent matrices to improve
the stability conditions for generalized neural networks with time delays [13]. With the
help of switching Lyapunov function approach and free-weighting matrix knowledge, the
authors derive delay-dependent criteria for consensus control and fault estimation [14]. In
[15], the authors investigate the congestion control problems, where the Ad Hoc networks
have restricted bandwidth and exhibit greater susceptibility to time-delays.

With the persistent research and exploration, there have been a lot of achievements on
the optimal control problems by using the single-loop feedback controller. However, people
are often confronted with various factors that tend to be much more complex in practical
applications. Most of the time, designing a simple state feedback [16, 17], output feedback
[18] or proportional-derivative feedback controller [19] does not achieve fast and accurate
control performance, as well as realize the expected optimal effects. Therefore, to achieve
this goal, we need to consider all aspects of the factors and take the advantage of multiple-
loop control technology to establish a multiple-loop feedback control system. Multiple-
loop control systems are widely adopted in process control, robot control and flight control,
which provides many conveniences for industrial production and daily life [20, 21, 22]. By
introducing the Lyapunov function and leveraging the advantages of multiple-loop control
technology, we propose a proportional-differential and static output feedback controller.
This controller ensures quadratic stability of the closed-loop system while constraining the
cost performance to a predefined upper bound value. Then, the equivalent conditions of
system stability and guaranteed cost function satisfying requirements are given by using
LMI method. Next, the upper bound of the minimum performance index and optimal
guaranteed cost controller are obtained based on convex optimization technique. Finally,
the effectiveness of this method is discussed and analyzed through simulation results. The
simulation results demonstrate the superiority of our proposed multiple-loop feedback
controller over the controller presented in [4] in terms of steady-state performance and
cost value. These findings highlight the efficacy of our approach in attaining the desired
control objectives. The results provide compelling evidence supporting the validity and
effectiveness of our proposed strategy for guaranteed cost control applications.

The main contributions of this work can be summarized as 1) a multiple-loop feedback
control scheme with proportional-differential and static output feedback; 2) LMI-based
sufficient conditions for quadratic stability; and 3) convex optimization techniques to
determine the upper bound of guaranteed cost performance.
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Notations: Throughout this paper, R™ denotes the n-dimensional Euclidean space, and
R™" indicates the set of all real matrices. The symbols ‘T and ‘*’ donate, respectively,
the matrix transposition and an ellipsis for the terms induced by symmetry in symmetric
block matrices. The matrix I represents an identity matrix with appropriate dimensions,
diag{- - - } for a block-diagonal matrix. Symbol |- || refers to the Euclidean norm for vector.

The remainder of this paper is structured as follows. Section 2 presents the formulation
of the guaranteed cost control problem and some necessary preliminaries. Section 3 pro-
vides the performance analysis and main theoretical results for different guaranteed cost
controllers. Section 4 verifies the main results through two numerical examples. Finally,
Section 5 concludes the paper.

2. Problem Formulation and Preliminaries. Consider a class of time-delayed de-
scriptor systems with norm-bounded uncertainties that can be described as

{ (E+ AE)z(t) = (A+ AA)z(t) + (Ag + AAg)x(t — d) + (B + AB)u(t), )

y(t) = Cx(t),

z(t) = o(t), te[-d0] (2)
where z(t) € R", u(t) € R™ and y(t) € R? are the state vector, control input vector and
output vector, respectively. Symbols (E, A, Ay) € R™™ and (B, C) € R™*™ are constant
matrices with appropriate dimensions, and rank(E) = r < n. Matrix C is of full row

rank, and AF, AA, AAy, AB stand for norm-bounded uncertainties with the following
form:

[AE AA AA; AB]=GF(t)[ Ny Na Na, Np], (3)

where G, Ng, N4, Na,, Np are known real constant matrices of appropriate dimensions,
and the unknown matrix F(¢) satisfies F'T(¢)F(t) < I.

For the system (1), a proportional differential and static output feedback controller is
designed as follows:

u(t) = Kpw(t) — Ky (t) + Key(t), (4)

where K, K; and K. are to be determined gain matrices with appropriate dimensions.
Substituting Equation (4) into Equation (1) yields a closed-loop system with three
interconnected feedback loops:

Ei(t) = Az(t) + Agz(t — d), (5)
where B = E+ AE 4 (B+ AB)Ky, A = A+ AA+ (B+ AB)K, + (B + AB)K.C,
Ay = Ag+ AA,.

Taking the system (5) into account, and introducing a set of positive definite matrices
Q1, Q2 and R, we can provide the cost function

+o0o
J = /0 (2" () Quz(t) + 7 (1) Qax(t) + u (t) Ru(t)] dt. (6)

Definition 2.1. Consider the system (1) associated with the cost function (6). If there
exists a control law (4) that makes the system (1) quadratically stable, and the correspond-
ing value of the cost function (6) satisfies the condition J < J*, then J* is said to be a
guaranteed cost. In this manner, Equation (4) is a quadratically stable guaranteed cost

control law (QSGCCL) for the system (1).

3. Main Results.

Theorem 3.1. Consider the system (1) associated with the cost function (6). If there
exist matrices P > 0, M > 0, Ty and Ty such that
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Qi Qg s
Q= * QQQ 923 < 0, (7)
* * 933
where QH = ATl + Tle_l + M + Ql + (Kg + CTK;F) R(Kp + KCO>, ng = TlT/_ld, ng =
P—TlTl:H—f_lTTQ—(K:;F + C’TKCT) RKy, Qoo = —M, Qo3 = ATy, Qg3 = — TS E — ETTy+
Q2 + KTRKd, then Equation (4) is a QSGCCL, and the cost function satisfies J < J* =
A Y LN (T)Ma(T)dr.

Proof: Construct the following Lyapunov functional as

V(t) =2 (t)Px(t) + /ttd (1) Mz (7)dT, (8)

where P and M are real symmetric positive definite matrices. For introducing matrices
Ty and T3 with appropriate dimensions, we have

2[—2' (T — ()T, ] [Ei(t) — Ax(t) — Ag(t — d)] =0. (9)

Differentiating V' (¢) along the system trajectory with respect to ¢, and combining Equation
(6) with Equation (9), we can obtain

V(t) + 25 (#)Quz(t) + 2T (£)Qai:(t) + u” (t) Ru(t)
= 2T ()P (t) + 2T () Ma(t) — 2" (t — d)Max(t — d) + 2 ()Qx(t) + &7 (t) Qe (1)
+a2"(t) (K, + CTK]) R(K, + K.C)x(t)
+a" (1) Ky RKqi(t) — 227 (t) (K, + CTK.) RK i (t)
+2 [t ()T — ()T ] [Ba(t) — Ax(t) — Aq(t — d)]
= 1K), (10)
where £T(t) = [ 2™(t) «(t—d) @"(t) |. If Equation (7) holds, we have

V(t) + 25 (#)Qux(t) + 2T (£)Qai:(t) + uT (t) Ru(t) < 0. (11)

Thus, it can be seen that the V(t) < 0. This proves the stability of a closed-loop system
(5). Integrating both sides of Equation (11) from ¢ = 0 to ¢ = 400, we can get

+00 too
J = /0 [T () Q1z(t) + 27 (1) Q2 (t) + " (t) Ru(t)] dt < —/0 V(t)dt
= V(0) — V(+00) = x5 Py —l—/ ot (1) Mx(7)dr. (12)

—d

Therefore, according to the above Definition 2.1, the proof of this theorem is completed.

Based on the aforementioned Theorem 3.1, the method of QSGCCL has been found.
However, the norm-bounded uncertainties in £, A and A; make it challenging to obtain
feasible LMI conditions. Therefore, we need to perform the following equivalent trans-
formation for Theorem 3.1. Multiply Equation (7) both sides by AT and A respectively,

Vi 0 0
andlet A= | 0 Vo 0 |, Vi=P Y Vo=M"' Va="T," V, =T, 'TyP~"; then,
Vi 0 V3

we can get the following corollary.
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Corollary 3.1. Consider the system (1) associated with the cost function (6). If there
exist matrices Vi > 0, Vo > 0, V3 and Vy such that

Hll H12 H13
II = * IIyo 1Ilog < 0, (13)
* * H33

where

Moy = Vi + VI + VIV 4 VEQUVA + ViEQuVa + [V (KT + CTKT) — VEKT] RI(K,
+ K.C)Vi — K4V,

M =0, M3 =Vs+V'"A-V,'E+ V] QsVs+ [Vi" (K, + CTK)) — V'K | R(—K4V3),

Moy = = V3!, Tay = V3T AY, Mgz = —EV3 — V' ET + V5" QuV5 + (—VgTK;F) R(—K4V3),

then Equation (4) is a QSGCCL, and the cost function satisfies J < J* = af V[ ag +

[ 2T (r)Vy (T )dr.

Theorem 3.2. Consider the system (1) associated with the cost function (6). If there
exist a scalar X > 0 and matrices V1 > 0, Vo > 0, V3, Vy, S1, Ss and S3 such that

[ ‘/4 + ‘/4T 0 @13 @14 VvlT 0 VZLT S;F + 52T ]
* —2‘/2T @23 @24 O ‘/2T O 0
* * O33 O3y 0 0 Vit ST
* * x =l 0 0 0 0
* * * x  —Qr'—=V, 0 0 0 <0, (14)
* * * * * —Vs 0 0
* * * * * * —Qyt 0
i * * * * * * -R7t ]

where ©13 = V3 + V;PAY — VIET + STBT + STBY, ©y, = Vi'N} — VNE + SINE
+STNE, Ou5 = VAT, Oy = ViINT | Og5 = —EV; — ViTET + BS; + SYBY + AGGT,
Os4 = —V5'NE + STNE, and choose the guaranteed cost control law as

1
u(t) = (51 - 583%,‘%) Vi ta(t) + SsViti(t)
1 _
+ (Sz — 553‘/},_1‘/4) Vl_lcT(CCT) Ty(t), (15)

then Equation (15) is a QSGCCL, and the cost function satisfies J < J* = xf V| ag +
fi)d xT(T)VQ_Ix(T)dT.

Proof: For technique convenience, define some new notations:

CVi+VE 0 VAT - VIR ST+ 57
n= * —2V,t VP AY , K= 0 ,
i * * —EV3 —V,'ET ST
[0 0 (ST+57)BT
p=1x*0 0 ;
|« % BS3;+5{BT
AN Qi+V,t 000 Vi 0 0
v=1| 0 V' 0 0 V,boo 0 V» 0
L 0 0 W 0 0 @ Vi 0 V3
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For a scalar A > 0, recalling the previous condition FT(#)F(t) < I, and using the similar
method in [23], the following results can be obtained:

0 O14
n+e+p+v+| 0 |F@O) [0, 03, ©5 ]+ |6 |F'(t)[0 0 G']<0, (16)
¢ O34
0 O
Snt+rt+pu+rv+A| 0 [[0 0 GT]+X" |0 |[0f, 63 635]<0. (17)
G Oz

By applying Schur complement, it is easy to obtain that Inequalities (16) and (14) are

equivalent. Moreover, we can set
1
S1=KpVi — EKdVAh

1
Sy = KCVi = 5 KaVi, (18)

Sg - —Kd‘/g
Then, by associating Equation (4) with Equation (18), we can obtain the guaranteed cost
control law (15). Substituting Equation (18) into Equation (16) yields Equation (13).
Therefore, according to the above Corollary 3.1, the proof of this theorem is completed.
Theorem 3.2 presents a method of designing the QSGCCL for system (1). However, the
guaranteed cost performance in Theorem 3.2 depends on the selection of the guaranteed
cost controller. The following theorem provides a solution to obtain the upper bound of
the minimum performance index, and the optimal guaranteed cost controller can also be
derived using convex optimization techniques.

Theorem 3.3. Consider the system (1) associated with the cost function (6), and suppose
that the initial condition xq is known. If the following optimization problem

min {p + trace(Z)}
)\,p,Vl,VQ,V37V4,S1,SQ,53,Z

( (i) LMI(14),

.. —p

<0
o [ ] <o (19)
-7z Ut
(iii) [ U —Vz} <0,
has an optimal solution set: (5\ >0,p> O,Vl > O,VQ > O,%,m,gl,gg,gg,z > 0), then
ult) = (Sl - %&,V;%) Vita(t) + SV ti(t) + (S2 - %SSV;;%) vt (ect) y ()

is the optimal guaranteed cost controller for system (1).

Proof: It can be seen from Theorem 3.2 that the upper bound of guaranteed cost is
obtained as J* = 3V, 'zo + ff) LT (T)Vy 'z(7)dr. By applying the Schur complement
to the condition (ii) in Theorem 3.3, it is easy to get 1V, 'z¢ < p. Next, by recalling
trace(AB) = trace(BA), and according to (iii) in Theorem 3.3, we have

/ ’ 2T ()i e (r)dr = / " brace (2" (7)Vy (7)) dr

—d —d
= trace (UU"V; ") = trace (UV, 'U") < trace(Z),
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where [° x(r)2T(r)dr = UUT. Therefore, we can obtain the following result: J* <
p + trace(Z2).

Several special cases can be listed as follows.

(i) When K, = 0, then we have S; = K,Vi — SK4Vi, So = —1K Vi, S5 = —K,V5.
Next, let Hy = S1 + S = K,Vi — K4Vy, Hy, = S5 = —K;V3, and we can obtain
K, = (H1 - H2V3_1V4) Vl_l, K, = —HQV;I. In this manner, the designed controller
is a proportional differential feedback controller.

(ii) When K. = 0, K4 = 0, then we have S; = K,Vi, Sy = S3 =0, K, = S;V;"*. In
this case, the designed controller is a state feedback controller.

(ii) When K, = 0, K; = 0, then we have S} = S3 = 0, S = K.CV;, K, =
S,V tet (CCT)_T. In this case, the designed controller is a static output feedback con-
troller.

Thus, according to Theorem 3.2, we can provide the following results.

Corollary 3.2. Consider the system (1) associated with the cost function (6). If there
exist a scalar X > 0 and matrices V, > 0, Vo > 0, V3, V4, Hy and Hy such that

TVi+VE o 0 O3 Oy vt o v' HI
* —2V' Oy Oy 0 vVt 0 0
* * O33 Oy 0 0 Vr HY
* * x =M 0 0 0 0
. . . f QT -, 0 0 0 <0, (20)
* * * * * -V 0 0
* * * * * *  —Qy" 0
L * * * * * * * —R7 ]

where @13 = ‘/3+‘/1TAT—VZLTET+HFBT, ("‘)14 == ‘GTNX—‘QTNE‘FHFNE, @23 == %TA}‘}
Ogy = VQTNEd, O33 = —EV3 —V,'ET + BH, + HY BT + \GGT, ©3, = —V,' N} + HI N},
choose the guaranteed cost control law as

u(t) = (Hy — HoVy 'V)Vite(t) + HoVy (1), (21)
then Equation (21) is a QSGCCL, and the cost function satisfies J < J* = af V] twg +
[ 2T (r)Vy (T )dr.
Corollary 3.3. Consider the system (1) associated with the cost function (6). If there
exist a scalar A > 0 and matrices Vi, > 0, Vo > 0, V3, V4 and Sy such that

TVi+ VI 0 O3 Oy v o vr ST
* —2V,8 O3 Oy 0 vVt 0 0
* * Osz3 O3y 0 0 v 0
* * x =M 0 0 0 0
* * * x —Q'—V, 0 0 0 <0, (22)
* * * * * -V 0 0
* * * * * =@yt 0
L * * * * * x =R

where ©13 = Vs + VAT —VPET + STBY ©1, = VN —VINE + STNE, Og3 = V,FAT,
O = V3’ Ny, O3 = —EVs = V' ET +AGG", O34 = —V4' Ny, choose the guaranteed cost
control law as

u(t) = StV ta(t), (23)
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then Equation (23) is a QSGCCL, and the cost function satisfies J < J* = afV oo +
J2 2T (Vs a(r)dr.

Corollary 3.4. Consider the system (1) associated with the cost function (6). If there
exist a scalar X > 0 and matrices V1 > 0, Vo > 0, V3, V, and Sy such that

[ Vi+ Ve 0 O O Vit 0 v Sy T
* —2V,F O3 Oy 0 %% 0 0
* * O33 Osy 0 0 Vit 0
* * x =M 0 0 0 0
* * * *  —Qi'=Va 0 0 0 <0, (24)
* * * * * -V 0 0
* * * * * * —QQ_1 0
i * * * * * * * —R |

where ©13 = Vs + ViPAT —VIET + ST BT, ©1, = VNI —VINE + STNE, Og = VP AT,
Oy = V3' Ny, O3 = —EVs—VPET +AGG", O34 = —V5' Ny, choose the guaranteed cost
control law as

u(t) = SV 1CT(CCT) T (), (25)

then Equation (25) is a QSGCCL, and the cost function satisfies J < J* = afV; twg +
J2 2T (Vs a(r)dr.

4. Numerical Examples. In this section, two simulation examples are provided to
demonstrate the reasonableness and effectiveness of the theoretical results.

4.1. Example 1. Consider the descriptor system (1) and the cost function (6), where
the system parameters are given as follows:

(100 4 0 1 -1 05 0 1.5
E=[010|,A=| 3 05 1|,A=|03 -05 1 |,B=]08],
000 15 6 1 08 05 15 0.4

[ —5.1 42 35 0.5
C=1] 42 28 71|, G=| 1 |, Ng=[1 02 05], Na=[15 1 02],
39 13 1.2 0.8

Nay=[05 2 0], Ng=08, @ =diag{5,5,5}, Q> = diag{0.2,0.2,0.2}, R =0.2.

Suppose that the initial condition is defined as ¢(t) = [ el et —et —¢ ]T, t €
[—1,0], and the uncertain matrix is given as F'(t) = sin(t). Since det(FE) = 0, it is clear
to see that the nominal descriptor system E#(t) = Ax(t) is a singular one. Moreover, it
can be calculated that det(sEl — A) = —s* — 3s + 22 deg[det(sE — A)] = 2 = rank(E).

In this simulation, the matrices E, A, and A, define the time-delayed descriptor system.
The matrices B and C represent the input and output matrices of the system, respectively.
These matrices determine the relationship between the control inputs, system states,
and measured outputs. The matrices G, Ng, Na, N4, and Np represent the system
uncertainties. These parameters influence the trade-off between system performance and
control effort. The matrices ()1, ()2 and R serve as the weighting matrices within the
cost function, delineating the relative significance of various states and control inputs in
the cost calculation. The initial condition ¢(t) specifies the initial state of the system,
affecting its transient behavior.
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Based on the above analysis, it is evident that the nominal descriptor system satisfies
the regularity and impulsive-free conditions specified in [24, 25]. Consequently, we obtain
a finite eigenvalue s = 1.1458 > 0, indicating that the nominal descriptor system is
unstable.

According to Theorem 3.3, and using Matlab LMI tool box for system (1), we can
obtain a set of optimal solutions as follows:

[ 04563  0.0624 —0.1899 | [ 01250 —0.0287 —0.1236 ]
Vi=| 00624 0.0404 —0.1237 |, Vo= | —0.0287 0.0575 0.0285 |,
| —0.1899 —0.1237 0.5889 | | —0.1236 0.0285  0.1225 |
[ —06783 —2.1904 —08043 | [ —2.0328 0.5659 1.1350 ]
V3= | —1.1330 4.1599 —0.1632 |, V, = | 005854 —48483 0.2240 |,
| —2.816 —1.0892 —0.3948 | | 14683 0.2826 —4.3932 |
[ 4853970 46.1767 1" ~2.9465 1"
Sp=| —52964 | , Sy=| 48317 | , S3=| —2.2218 | |
| —0.1136 —0.7939 —1.3518
A 21392 —5.0065 —2.1140 |
Z = | —5.0065 26.6714 5.0065 |, A=0.2039, p=7.5747.

—2.1140 5.0065  2.1392
Then, the gain matrices of the optimal guaranteed cost controller can be given by

K =[ —110.7510 —170.0478 —70.6795 |, K; = [ —1.3214 —0.2957 —0.6096 |,
K} =[287399 —18.3691 85.1763 ].

Further, the optimal cost value can be calculated as J* = 38.4742. With the above
designed controller, the state trajectories of the open-loop system and the closed-loop
system are displayed in Figure 1 and Figure 2, respectively.

Figures 1 and 2 depict the simulation results, which clearly demonstrate the rapid
convergence of the system to zero and the minimization of the upper bound of the cost

%108
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-2 L L L L
0 20 40 60 80 100
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FIGURE 1. The state trajectories of the open-loop system
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—— I To =k —I3

> SRR OR-ah G014

0 20 40 60 80 100
t

F1GURE 2. The state trajectories of the closed-loop system

achieved by the designed controller. These results illustrate the significance of the pro-
posed multiple-loop control scheme with an optimal controller in addressing the guaran-
teed cost problem. Notably, the state curves presented in Figure 1 exhibit rapid diver-
gence, indicating the instability of the original system. Conversely, the state trajectories
displayed in Figure 2 showcase rapid convergence to zero, thereby affirming the efficien-
cy of the designed controller in stabilizing the system. Additionally, Figure 2 serves as
evidence that the designed controller successfully minimizes the upper bound of the cost
functional.

In summary, the simulation results provide compelling evidence supporting the efficacy
of the proposed multiple-loop control scheme with an optimal controller in resolving the
guaranteed cost problem. The fast convergence, minimal cost, and robustness exhibited by
the controller highlight its potential for successful implementation in control applications.

4.2. Example 2. To further verify the effectiveness of this method, consider an example
in [4] with the following parameters:

[ 105 —35 —3.5 045 805 505 -1 0 -1
E=1276 193 —187 |, A= 281 —112.11 771 |, Ay=| 1 -1 05,
| —12 —86 34 66.22 —1.22 0.18 31 -5 —1
[ 2 —4
B=|2|,G=|3|,Na=[2-1-6], Ny,=[—-1-0101], Ng=-01,
-2 -2

Q1 = diag{10,10,10}, R=0.1, ¢(t) = [0 0.5 0.5+ ], t € [-1,0].

Since the existing work [4] does not consider perturbation of the derivative term and sys-
tem output, the following assumptions can be made: Ng =0, Q)2 = 0, C' = I. By applying
the Matlab LMI toolbox and solving the LMI of Theorem 3.3, we can obtain the follow-
ing results: K; = [ —13.6182 6.7898 —0.4354 |, K; = [ 0.0953 0.0714 0.2147 |,
K: = [ —17.3461 —8.3300 0.7068 }, J* = 0.5245. However, the conventional state
feedback controller used in [4] yields a cost value of 12.8255. Figures 3 and 4 provide
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Ficure 4. The state trajectories with state feedback controller in [4]

a comparison simulation to demonstrate the improved convergence performance and ro-
bustness of the proposed controller compared to the existing results in [4]. As shown in
Figure 4, the first state component with the conventional controller exhibits significant
oscillation in the initial stage, and the convergence time is longer than that with the
multiple-loop feedback controller. These results indicate the advantages of our proposed
method in addressing the guaranteed cost control problem.

Furthermore, we will conduct a detailed analysis of the aforementioned simulation re-
sults. The results show that our multiple-loop feedback controller not only outperforms
the controller presented in [4] in terms of steady-state performance, but also achieves a
lower cost value. This also illustrates the superiority of our approach in achieving the
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desired control objectives. The obtained results provide strong evidence to support the
validity and effectiveness of our proposed strategy in guaranteed cost control applications.

5. Conclusion. In this paper, the guaranteed cost control problem of quadratic sta-
bilization is investigated for a class of norm-bounded uncertain time-delayed descriptor
systems. According to the Lyapunov stability theory, and introducing multiple-loop con-
trol techniques, a feedback controller with multiple-loops is designed, aiming to ensure
quadratic stability of the system and that the cost performance does not surpass the pre-
determined value. Then, the equivalent conditions of system stability and guaranteed cost
function satisfying requirements are given in the form of LMIs. Next, the upper bound
of the minimum performance index and optimal guaranteed cost controller are derived
using convex optimization techniques. Finally, two numerical examples are provided to
illustrate the reasonableness and effectiveness of the proposed method. The results of this
paper may facilitate the study of guaranteed cost control for saturated/Lipschitz nonlin-
ear descriptor systems and discrete descriptor systems with mixed-delays. These topics
will be the focus of our future research.
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