SCIENCE CHINA
Information Sciences

@ CrossMark
& click for updates

« LETTER -

April 2025, Vol. 68, Iss. 4, 149201:1-149201:2
https://doi.org/10.1007/s11432-024-4306-1

Observer-based stabilization for discrete nonlinear
semi-Markov jump singularly perturbed models with
mode-switching delay

Wenhai QI', Runkun LI', Ju H. PARK?", Zheng-Guang WU? & Huaicheng YAN*

1School of Engineering, Qufu Normal University, Rizhao 276826, China
2Department of Electrical Engineering, Yeungnam University, Kyongsan 38541, Republic of Korea
3Institute of Cyber-Systems and Control, Zhejiang University, Hangzhou 310027, China
4Key Laboratory of Smart Manufacturing in Energy Chemical Process of Ministry of Education,
East China University of Science and Technology, Shanghai 200237, China

Received 9 April 2024 /Revised 20 August 2024 /Accepted 8 January 2025/Published online 24 February 2025

Citation Qi W H, Li R K, Park J H, et al. Observer-based stabilization for discrete nonlinear semi-Markov jump sin-

gularly perturbed models with mode-switching delay. Sci China Inf Sci, 2025, 68(4):

s11432-024-4306-1

149201, https://doi.org/10.1007/

Semi-Markov jump systems (S-MJMs) not only characterize
hybrid systems but also address the limitations of Markov
jump systems (MJMs) [1-3]. Due to their ability to ex-
hibit multi-time-scale features, singularly perturbed mod-
els (SPMs) effectively model practical systems influenced
by multiple time-scale phenomena [4]. In this study, the
observer-based output feedback controller is asynchronous
with the original system due to the time delay in the con-
troller mode switching. A nonlinear plant with singularly
perturbed parameters (SPPs) is represented using an inter-
val type-2 (IT2) fuzzy model [5].

Currently, most studies on nonlinear S-MJSPMs adopt
the traditional T-S fuzzy modeling approach, which neglects
the impact of uncertainty on modeling accuracy. Existing
research on IT2 fuzzy S-MJMs typically assumes an ideal
synchronous mechanism between the controller mode and
the system mode. However, no previous research has ad-
dressed observer-based control law design for discrete IT2
fuzzy S-MJSPMs while considering the mode-switching de-
lay. Therefore, this study aims to design a suitable observer-
based control strategy to enhance the dynamic performance
of IT2 fuzzy S-MJSPMs with incomplete semi-Markov ker-
nel (SMK). The main contributions are summarized be-
low. (i) Unlike previous IT2 fuzzy S-MJMs, which assume
synchronous switching between the controller and the sys-
tem, this study accounts for the asynchronous phenomenon
caused by the mode-switching delay in the controller.
(ii) Based on fuzzy rules, SPPs, and SMK method, suffi-
cient conditions for the existence of a fuzzy controller are
established to ensure mean-square stability.

Preliminaries. Consider the IT2 fuzzy S-MJSPMs as fol-

lows:
s(l+1) = Z::’i FY(S(0)[A7, Ees(€) + B, u(0)],

y() =37 FU(S(0)CF, Ees(0),
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where s(¢) = [sT(¢) s?(é)}T € R™, 55(0) € R™ss, s4(0) €
R"*f represent the slow and fast states, respectively. The
term E. = diag{I™ss,el"*/} and ¢ > 0 defines the SPP.
The variables p(¢) € R™+ and y(¢) € R™ represent the
control input and system output, respectively. The ma-
trices Af,, B/, and C;, are known and appropriately di-
mensional matrices, where the semi-Markov chain {T’e}[ez+
takes values in the set M £ {1,2,...,M}. The evolu-
tion follows the SMK TI(t) = [Foq(t)]o,qem. The index
1 €1, £ {1,2,...,me} denotes the fuzzy rule number,
where m, signifies the number of IF-THEN rules for oth
system mode when r;, = o € M. The firing strength of
the /th fuzzy rule is defined as Fy, (S(¢)). For all 0,q € M
and ¢ € Z31, define M#! £ {p € MJif 7pq(¢) is available},
MY £ {p € MIif 7pg(r) is unavailable}, where MA &
(MA(1), MA@),..., MAMA)} with 1 < MAQ) <
MA@2) < -+ < MAM?) < M, M represents the to-
tal number of elements in M, and M;*(n) denotes the
MA (n)th number of M and nth available element in M.

Next, the IT2 fuzzy observer-based feedback controller is
designed as follows:

s(0+1) = Z::’i F(S(0))[A7, Be3(0) + BY u(f)
+ L7 (u(6) — 9()],
a6 =377 FUS(0)CF, Bes(0),

(o) =37 FY(S(O)KF, Ee(0),

where §(¢) and g(¢) denote the observer state and output,
respectively. The terms K/ . and L/ , Tepresent the con-
troller and observer gains, respectively. The notation 7
indicates the observer and controller modes with a one-step
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mode delay relative to the system, where 7y = ry_1. Defin-
ing e(£) = s(£) — 3(¢) and S(¢) = [sT(¢) €T (£)]T yields:

Mo
S(+1)= Z,:l FI(S(0)7, 7, ES(0), 3)
where
R B A 7
2:7e ’
A;“z + B;"e K:’e - L;’e C7l"e - D;’e D;:E - B;"e K:’e
Ee 0
Ee = ‘ E D;Y :A;’e—i_B;:sz,"(_L;:zC;l'
€

Stability analysis.
Theorem 1. For given d, > 0, Tp,x € Z»1, 0 € M,
g € M2, system (3) is mean-square stable if there ex-
ist matrices Por > 0, 0 € M, 7 € Z[lef’nax]’ such that
V90,715 -5V € 1o, VT € Zpy 1o 1 and ¢ € Ziie, 1>

T
T =1 oy T oYy o
(mz,j) (]'_‘['Y: Ap 0) PO(T+1) ]-_-['y:l mojomz,j

— 86Po1 < 0, 4)
T
TO. . t—1 “,B t—1
max Yo T it oL Y- "/L
szl Ql"'j) (HW:I Qlojo) Wo Hw 1 Qlo'Yle
-1

+ (1= @) @A) )T (H::1 9@70) Pg H gy
—Po1 <0, (5)

where mm = quMA Toq(1)Pg(0), wo £ wo+ (1 —10)p with

Wo = Z max ZCGMA Toc(t) and wo = quMg‘ Yoq-

Proof. Seo Appendlx A.

By Theorem 1, we establish the mean-square stability
of system (3), which involves a power of the matrix 23%.
This stability result facilitates the controller design. Theo-
rem 2 introduces additional matrix variables to address this
problem.

Theorem 2. For given 6, > 0, Tg,,, € Zx1, Yo € M,
g € MU, system (3) is mean-square stable if there ex-
ist matrices Uor, > 0 and U,y > 0, Yo € M, ¢ € MOU,
T E Z[l T9, e — 11> Vi € Z[O r—1]s Vi e Z[lngnax]7 S Z[l,L*l]?
such that Vo € M, Vo € Zj1, 10

max]

(lej—(;l)TUO(T+1)(2+2)QIZ;;1 — VYo(r+41)(2+1) <0, (6)
(WT.)TUO(TH)Qijj —8oUo11 < 0, (7)
dex L—
> () Uy Aae” —Uoig) <O, (8)
(Qlolo) ql(sz)nglo — VUql(t—1+1) <0, (9)
T2
Zblnax (QIM )TMOleW
B R S
—Uon1 <0, (10)

where w, and w, are defined in Theorem 1.

Proof. See Appendix B.

Controller design.
Theorem 3. For given 6, > 0, TG, € Zx1, Yo € M,
and [ ,, if we find matrices T, € R?"S, Opr, € R?™S with
3300733 > 0, O,y € R2"S with 330,,,JF > 0, Yo € M,
g € M, 7 € Zo7g, 1y V1 € Ziogl, Ve € ZpuTg, s
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V) € Zjp,) and sets of matrices UJ, NJ, ./\/'j“{7 such that
Vo,jEM,qEMOU,

-Al (A;Yj'oil)T :| < 07

L * —Oo(r+1)(1+2)

_A A%—_ T
2 (o)) ] <o, (12)
* —Oo(r+1)2

(11)

Yoo
O1 Lo, 1) [(A0le ") ® Inga(argy+a

<0, (13)

| * —dlag{Om o(]+1)}
_T A T

1 (Adl) ] <o, (14)
L _Oql(sz)
(21 (AY)T LHIAT)DT © Ingacarayii]

* _UglL . 0 . < 07 (15)

. —diae{00. 0041 }

then system (3) is mean-square stable with the controller
gain and the observer gains given by K = U;‘l;l and
L, = N, (Cp) L

Proof. See Appendix C.

Conclusion. The design of an observer-based output feed-
back controller has been proposed for 1T2 fuzzy S-MJSPMs
under an incomplete SMK;, incorporating a mode-switching
delay. The main contribution of this work is the formulation
of an observer-based feedback control scheme with modal de-
lays to improve dynamic performance. Nonlinear S-MJMs
have been derived using the IT2 fuzzy approach, and an
observer-based controller has been designed to establish the
stability criterion. Compared with the case in which the
SMK is fully available, the underlying mean-square stabil-
ity has been developed. Simulation results, presented in
Appendix D, demonstrate the effectiveness of the proposed
control strategy. In future work, these results will be ex-
tended to IT2 fuzzy S-MJSPMs with time-varying delays.
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