EUGRE I e
2023 47 H

O TR OR R

PERIODICAL OF OCEAN UNIVERSITY OF CHINA

53(7):147~152
July, 2023

LTI IR B AN E RO R G B G IR

KER', HRE, FART, BRFE

(L P RERCA R A0, IR 5 2661005 2. PRJRIE Tl K2 (i) B2EBe . LR B 264209)

B . ARSUITT 7T B —RANERE B SCR G AV A G R IR R L B T R A
A 57 R I 1) 23 K5 AR TR 46 e 50 X MR 0 A 5 e 5 1 A A o 2 A B SRS O AR . LU B SRS U5
FERAR Gehinm th 77 AR M AN A5 U T 4 T RGeS S 2 oA & e JC Uk Al 2 VR ik 9 s oM 030 O ik — 20
FESL T BTG AT A VR AT ARSI . TR L B 2 S R B R R GRAIE T P PR R GUR A RE A B 1k P ) U 4

Bl — N B BIIE 1A SCES R AR

KER:  HW ) XRGE W SPEICIENE; nATVRE

FEZESES. 0231.2 XEFREE. A
DOI: 10.16441/j.cnki.hdxb.20210370

NEHS: 1672-5174(2023)07-147-06

IR KRR, B, Bk, B ST REONERAGE B LRGN G EICIRE LT ], R

WCARPBIEID , 2023, 53(7) . 147-152.

Zhang Chengcheng, Ren Qifeng, Kao Yonggui, et al. Robust passive control of uncertain fractional order singular system
via sliding mode approach[ J]. Periodical of Ocean University of China, 2023, 53(7). 147-152.

S ECB RR G5 S XA B B ORI R A AR R A
Ber Bob RN & MR E I S
BOEA D e B R Ok B 22 bt A 45 R
SO T ARG N 2 . XA B B 2R G R E R AR
il [ AT R AR 9T 1 o b 0 L E A KA G
B g, SCHRC2 IR T X 73 508 R 48 1 —
YR B2 < pR R, SCHIR 3 TR 2 34 O B e vk o
JUEIARLAE B R G IR T A B RS Mit-
tag-Leffler £ 7€ i 5E X e 5853 405, SCHRL4 J0F5E 1 1)
T BB #4225 1Y) Mittag-Leffler [R] 25 0] f5, SCH#k
[5-6 J0F5E 1 08B T R GE R BEE [R]

TR ] 2 I 0 6 B 4 IR) Y — b A O
FEROT ) SEARR , VR AR L B A B R G
P T A Tl S B R A T SR W R g vk SOk
L1112 015 15X 53 BRI 28 Gt 1Y) A T 5 45 il 4
PP, SCHRL T3 ] i s 4 1l ] T etk 22 78 5 93 4
M RGERY SR T R, SCERC 14 ]33t 1 26 T4t sh i
DU A5 73 B R G i R4 il e . SCHERL15 J0F5E 1 23
BT ZR G0 fen B A UR U 25 (R A, AT ) 0 B B T
AT 22 SR ] 5 i A4 1) ) v o BT A ) 4
BRI BSR4 1 3 A R R SR IR — [ 5 50, 3 T A 45 2K
FERIEOT I AR S RS E M. SR, BIF 9O A R Oy

x  FEETWH ARG HRBFER AT H (ZR2019MF027) ¥ B

BT ) WL 7 ik A B A M B D) 2 A
TS By 1 B TR ) D048 R RO R 3 R 5

JCPEAEBRTE 1T LR 45 28 8 N RO RERE » X A 34 7
MR AR E B AN T AR R pR R
R PR BRIt T A G IR A M B, il L X
PR —F 2 B G . SR LA SC T 0 IR Y
THE FEAR PR RGO TS, EEH T
fift SRR SR G ICUEAE 3 i AR AT BB ST . AL
B HAT R AN B E SR - T LR St
Fre&mIcIRvE i

E0—J B I sh By A S BB T RS A
SETIBIEVHE T HEA IO R RE A& 1 1 25 1R
)R, ASSCTAR B 32 2 STk nT ARG D LA 9 5 I

(D XFas SRR 3 B AN Wi 2 20 L) LR B i it
SIHT B HT) 6 o B A 0 K09 A R A2 B X T
RSHEATRREYE T 45t Se o 25 AF

)UK AN E 0 B SR e 48 1 D0 AT
BVFIERI ST R .

1 [k
% &R AEAHE T LARG

Supported by the Natural Science Foundation of Shandong Province(ZR2019MF027)

Wk B 3. 2021-10-20; &1T H . 2021-12-21

YEZ WA R ARFE (1997 ) . & Wi+ . E-mail: zhangec0402@126.com

sk JHINAE# : E-mail: renqifeng@126.com



148 hOoE WO R ¥ ¥ W

20234

ESDix(0)=AWx @) +B, w®)+h(t,.x@))+B0 (@),
y(@&)=Ct)x(t)+Deo(t),

(D
€ (0.1) T FRHME ECR RN r<asx (1) €
R RS & u () ER” I ALy (0O ER 2
AR, o (1) ER EIEHA AT A ) =
A0 (),C)=C,+AC, (1) .5 A, .B,.B,.C,
MD HRECHMHEARGEMAELR. A, () M
AC, () JERR AR FFE I R R G SEON I M
WE A ()=M,F()N,AC, (t)=M,F ()N, JE%
M, M, 1 N A GE YL F (O €ERY ZEHA
FLRBLIEE FT(OF (O<I, Mo, KA AEL M
Bh(t, oD ER" R R x| <cllx@ |,
Hp g >0,

SDex (O FRF xRN 03] ¢ ) a By Caputo F
B, FHEZA I LA SORE R 310 04 F 2 A A, oAt
AHOC I 43 B SR A3 1) 7 SR o2 WL SCiik[1-3 .
EX Y EHT RS

ESDix()=Ax (), a € (0,1) (2

CIOIEMRY, R AE7E 5 4 s 15 det (sSE —A)
Ve

CID Tk by, a2k deg(det(sSE—A)) =r;

(D #cfa 2, R det GE—A) =0 BT A

AR |arg(5) | >

CIVO AT AR o 2R 2R 52 ) s 2 TE 0 ) L DI Bk o £
FIHEASSE 19 .
EX 2 MBI RS (D YRR RS EI IR, 2
u () =0 I QERAFAEFEL >0 453 50

—yf 0 (Do (Hd < zf 0Ty @d
0 0

SRR ¢ =0 UL R AT 2594 1Y R GEAH 2 PETE R W IR
LT AR AT
EX 3 HEB LRGEYRR N EA TTHEMERE &
BT 2RV, G SR 28 G0 X AT ] v] 25028 A0 S W 5 1 ) el
it JE B TC IR AN T 25
SIF 1% WTHEN A%
SDix () =f(x1)), a€(0,1), (3)
MR x () =0 Z RGNV IR MRS DO PFR 2
(DOBEEN. WRATE x () A0 fifg x" () -
S x@)=<<0 W07
CID R AR 1 RT3 x ()40 (753 x T () -
f(x())<<0 T,
5138 21 Y M1 Z J& HLA A3l 4 500 S0 B S AT AT
JEVIVIT (AERE V Jw 8 e >0, A%
YVZ+(YVZ) " <<e 'YY'+eZ7Z

2 FEk

AATEXS B X RGBT B B B )
8t bR ORI 53 5090 i S 4 o O 1%, MU S U TR T = A )
Eﬂﬁ:

(D anfaf 15 1153 %5 o B2 B ) 46 ek B80T 15 21 1 50
N N

(2) Grar i O 1 S8 B & 4 JC IR I n] 2597
P 25 Hh ORI R 78 53 25 A o I e s il S A 4 2 R B 7

(3) Gy i v v A4 il A (o PR 8 0030 AT LA 28] 56 T
IEGERZIE TN
2.1 S E AR 5> B ) $ ok 3

S ARG BRI PRSI AT

s(t)=GEx(t)—G(A,+B,K)I‘x(), 4)
K :GER"FH 2 GB, Al ; K € R 245 il [ 15kt
W R IS SO .

FRAE A EUN B B Ex (O WM
Ex(t)=Ex(O)+E I:,Dx(t)=
Ex(O)+, [ [AWx @) +B, (u(t)+

h(t,x())+B0()], (5
B EOFRA (), B D s E R TE
s(1)=GEx(0)+,I:[GA,(t)x () +GB, (u(t)+
h(t.,x(t))—Kx())+GB,o ()]
Xt s ()R o Brdgiis
§Dis(1)=GAA, (1)x(t)+GB, (h(t,x())+
u(t)—Kx () +GBo (1), (6)
40 Dis (1) =0, 4321 3008 il
u,()=—(GB,) 'G(LA, ()x()+Bo())—
h(t,x())+Kx(), P
B ORARK D B seERn N
ESDix(1)=(A,+B,K)x()+[I—B,(GB,) 'G] -
(M (Dx@O+Bo (1)), (8)

HITE R, F RS RIC N A (1) 2A+
A().BAGB, . A2A,+B K,A(1)2AGMA, (1) .M, 2
GM,.G2I—B,(GB,)'G.

PRt i B AS () MR G2 (D iy th i #R AT S
1k

ESDix(t1)=A)x()+Bo ()
y(@)=C)x(t)+De(t)
2.2 EAELREENEEREIFES T

A/NYIRIEFE K (9) v SRS T O AR A B
TCURPE R T 25 VR PR R, BAR S W20 58—, X
RGOS HE K TEN A H RS E T, 245
R GE(9) TEW /2 TC IR R 251 T 1 & B W 450 78 40
oo B 20 B P B £ R K R 58 (9) 5

€))



7H SREERE. . FET W A AN E R SR G B BB G IR il 149

IEA TCIR MR 0 S FE T
EE 1 HEWE >0, 080 R85 (9 & HA TN
REAY &0 ATV INRAAAE A P E R IR B e >
0, fiits
P'E=E"P>0,
I, P'B—C? P'M,
x —yI—D—D' —M, [<0 (10)
* * —el
W7, Hi I, =PTA+ATP+eN'N,
LW EREHIEARRIE O, 2 RS (9) AN B E I
AA (1) =0 Fl AC, () =0 I}, RFE (D EE
ESDix (1) =Ax (1) +Bw (1)
y()=C,x(@)+Dew (1)
) 1 2 i 5% PR R
Vixt)Dax"(OPEx(t),
XV e ()R o By 5, T LIS ]
SDV(x()=5D(x" (1 )PTEx (1))<<
2xT(OPT(Ax (1) +Bo (1)),

aD

é\

_[P"A+A"P  P'B—C] } _[x(t)}
X= , ()= o
* —yI—D—D" o (1)
A=A x<<0, H Ik

CDVx)—20T(Dy(@)—y0 (D (1)<
o (X ()<<0, (12)
X B GES PR SCT ¢« B9[0,¢" J(Ve" >0
X [a] B —Br s T Ve (1)) >0, 1K
JALSDV(x (1)) =I5 19§DV (1) =

T Vx ()

170{ —
oIV (x (1)) « —0)

1 J
I1—arlo do >0

(13)
TEFANG A TG, I Y e >0,

77J;¥ o0 (Do (Hd < 2Jo o0 (Oy(D)de
TEERIUGTE 5L AT MO B 248 (11) &84 TR
.

S — 7T, ST AR R P FIA SR AR R 4 B 4 e =

P, P,] - |A, A
|: 11 12:|,A—|: 11 N12:|,P1l€Rr><”o H}lx<om

P2 P gzl Ao
LIfS5] PTA+ATP<<0, H]
® ®
s - <0,
® lezA 2»TA 212P22

Horp @ FR e h R M S, T PLA,, +
ALP,<<0. BAR Ay AR S, WL WG A, 24
SRR WAEAE i E70 173 A, E=0, TTT.ET (P, -

322+A%§P22)€:0 x5 P%égzz +A%§P22<O VR
L BRFR R GE (1) 2 IE MR TE ik i it

FHH Y 0 () =0 B ARPE 12 FI5 1B 1, AT H1 R
5 (1) [A) s 2 i i B 4 bR e 1 HE T S 8 AT 254
.

THEE BN, HA@MCORE AR
C -H

4 a {PTA(t)—Q—AT(t)P P'B—C" (1) }

x —yI—D—D"

x+ﬂp Ml]F(t) [N 0])+
*Mg

UP Ml}F(t)[N 0]} (14)

ALY

R X, RIg5IHE 2 n] A
T
I(OH<xox+e FOV } [N 0]+

I{PTMI
S 7MZ
%545 Schur FhEHL, 1= (10) AT A1 X <0, M X ()<<
0. BT RMUEM LR SRR IE O T AHIA. I, RS
(9)J&HA ToUE M RE M) & 1 nT 25V 1Y
1 IR R O AT S R R
BB g e W R B T
SCFR G HE IS 2 1) T IR A o AN R — TR AT
55 o ARSI Wb b A DX [R] 2 850R S B0 TR 43 7 4
iy 2 e (IR PIE =S
F2 YMEM M ER RS (O LISEHLEA
TR RE 0 7T 25 P L (R SCBR RO IE A ok
R HIE 2 MR K. T 4 R Af Y 25 B K 4%
4 [R5 R 40 (9) & T IR G FE T 25 1F 1Y
EE2 HERHH >0, 25D 2 BALEERNE
Bl VR WARAFEH B e >0, i HER " FIL €
R i

II, B—L"'C! M, eL'N"

¥  —yI—D—D" —M, 0

* * —el 0

* * * —el
Wz Ho . I, =A\L+L"AT+B H+H"BT., H{
(O YRR K B2 E N K=HL '
PR 254 Schur #hEHE, 2L (16) [ 75

}[M?P —M7]. (15

<0 (16)

II,+eL"N"NL B—L™CT M,
* —yI—D—D" —M, |<<0.
* * —el

an



150 HoE I NI - (1 20234
FIH diag{L~". 1.1} XX QD eE R, K4 TH 0.5 0 0.2 0.2 0.1 0.2
AP AN AR 1 R P, FEEE A H =KL W13 M,=|0.3 0.6 0.1, N=|0.3 0.4 0.2],
H3 L*TBic’ll“ LiTl‘i/Il 0.4 O.Z 0.3 0.1 0.3 0.8
¢ —yI—D—D' —M, |<0. D=0.4, M,=1[0.3 0.4 0.3],G=[0.85 1 0],
* X% —el Jﬂﬁﬁl‘,é\a:o 859@%&’1(1‘9.‘7(2‘)):0 167[X(l‘)7
Hi L I, =L "TA+ATL T+eNTN, Y410 P B o =0. 1, /M4 5h @ (1) = AT B AR

IRP=L "B, 238 1 i 4] LU 2, IR 5 (9
S HAA TCIRERE BB R T A
3 BRI
AN IR g R G (D TR RIRES
W AEHAE R T ARk U
EE3 UIRE s O R WHL . s O TR G
2 GB, I3 K e 2 15 8, B h i a il
BF .
u(t)=Kx(@)—(GB) 'C[[GM, || || Nx®) || +
NGB | x| +1GB: || @@ || +p) -
sgn(s(£)), (18
K =0, RGE (D) BPRAEPIE AT LA A VI 1 s (1) =
0.
IE K w ORARIE ) 1153
§Dis(1)=GAA  (Hx@)—C[|[GM, || || Nx() || +
NGB | x| +1GB: || @@ || +p) -
sgn(s (1)) +GB h(t,x())+GB,w(t), (19)
T M2 R PRI
‘I’(t):is'r(t)s(t)o

Xt WK a B S8, A 2]

DWW (H<s" (D () =s"(t)(GAA, (1)x (1) +
GB h(t,x(t)+GBoo(t)—s"()C||GM, || || Nx() || +
NGB I x| +16B, | o) || +p)sgnls (1)<

[s | oM, || IINx() ||+ [|GBy || || x) || +

I1GB, || o) [[)—s" (Ol 6M, || | Nx@) || +
NGB, || x| +11GB, || |leo(t) || )sgn(s(z))—

psT(Dsgn(stN<—p s | <0, 20
HrrsT(Hsgn(s )= s ) || o Rtk ARSI AT LA
F AP

3 BEF B
XA E T LRGE (DR T T S8

1 0 0 —1.5 0.4 0.2
E=|0 1 0 aA1: 0.3 —0.6 0.4,
0 0 0 0.9 0.6 1.1

B, = 0.7 , B,= 0.5 7C1:[1.4 2 1.7]9

el
KA L M AFERIE w (¢) MERGE D RIN AA ST
DRE T R] 2

A MATLAB #3222 i (16) #EA73R
fif, 1T 78 € =0. 6, i

H=[0.476 0 0.423 8 —0.571 2],
0.781 6 0.289 9 0
L=| 0.2899 0.8573 0 ,
—0.837 8 —1.0203 0.184

MM K=[—1.750 4 —2.607 1 —3.103 3], =
Bo=0.01, FEWH %M xo=[—10 6.8 9.5],
54 BRI 4 M SR DT HES R I 1~ 3 FiR,
B 1 AR IR L x (o)L [ 2 3348 (0 2 V) e pR 5L
s (), Bl 3 Fon il u (o),
10
x (1)

! e (D)
e 5 1)

RE 1 B BT x(r)
T S

State vector trajectories x(7)

|
[=}

0 10 20 30 40 50 60 70
A (8] Time/s

K1 RS EBUE x ()

Fig.1 State vector trajectories x(z)

Y146 it 187 2R £ (0)
Switching surface function s(7)
<

0 lIO 26 3‘0 40 5IO 6IO 7‘0
A (8] Time/s
B 2 gt B % s (¢)

Fig.2 Switching surface function s (z)



7H SREERE. . FET W A AN E R SR G B BB G IR il 151

= s

2
3¢
£
iE o
M3

8 |

-

R

20

0 10 20 30 40 50 60 70
A [E] Time/s
B3 WREEHS u ()
Fig.3 Sliding mode controller u (¢)
4 i

ARSCEE R SN ER L B B AN RE B LR G
TR R B e pR B A T D) e eR R O3 B
Br S ROF R 0,45 3] T AR BT T R
AR B Ik DI . A DI 2 R 20 EU L
RRITHOPE J5 o 368 3 P R B AN 25 S O T T sl e
AR JCIRNE RE I 4 AT A VRIE A ST o PR OF HL
fifp ke 1 U SRS Y R G AL AR AR SCE Y B8 R
TSI 5 iR AT 22 T 20 By S 3 R ST
IR I R

SE 3k -

[1] Kilbas A A, Srivastava H M, Trujillo J J. Theory and Applications
of Fractional Differential Equations[ M]. Amsterdam: Elsevier,
2006.

[2] Aguila-Camacho N, Duarte-Mermoud M A, Gallegos J A. Lya-
punov functions for fractional order systems[ ]]. Communications
in Nonlinear Science and Numerical Simulation, 2014, 19 (9).
2951-2957.

[3] LiY, ChenY Q. Podlubny I. Stability of fractional-order nonlinear
dynamic systems: Lyapunov direct method and generalized Mittag-
Leffler stability[J]. Computers &. Mathematics with Applications.,
2010, 59(5): 1810-1821.

[4] Kao Y G, Li Y, Park ] H, et al. Mittag-Leffler synchronization of
delayed fractional memristor neural networks via adaptive control
[J]. IEEE Transactions on Neural Networks and Learning Sys-
tems, 2021, 32(5). 2279-2284.

[5] YuY, Jiao Z, Sun C Y. Sufficient and necessary condition of ad-
missibility for fractional-order singular system[]J]. Acta Automati-

ca Sinica, 2013, 39(12): 2160-2164.

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

Zhang Q H., LuJ G. He. control for singular fractional-order inter-
val systems; The 0<<a<(1 case[]]. ISA Transactions, 2021, 110;
105-116.
Wang Z, Xue D Y, Pan F. Observer-based robust control for sin-
gular switched fractional order systems subject to actuator satura-
tion[ J]. Applied Mathematics and Computation, 2021, 411
126538.
Zhan T, Liu X Z, Ma S P. A new singular system approach to out-
put feedback sliding mode control for fractional order nonlinear
systems[ ] |. Journal of the Franklin Institute, 2018, 355(14):
6746-6762.
WA, FENRY. — AR I IS R GE H A A B ) .
TR 5 R, 2019, 36(7): 1182-1188.
Hou M D, Wang Y S. An adaptive integral sliding mode control for
a class of nonlinear large-lag systems[]]. Control Theory &. Appli-
cations, 2019, 36(7). 1182-1188.
Sun G H, Wu LL G, Kuang Z A, et al. Practical tracking control
of linear motor via fractional-order sliding mode[ J]. Automatica,
2018, 94. 221-235.
Yin C, Zhong S M, Chen W F. Design of sliding mode controller
for a class of fractional-order chaotic systems[ ] ]. Communications
in Nonlinear Science and Numerical Simulation, 2012, 17 (1)
356-366.
Aghababa M P. Robust stabilization and synchronization of a class
of fractional-order chaotic systems via a novel fractional sliding
mode controller [ ] ]. Communications in Nonlinear Science and
Numerical Simulation, 2012, 17(6): 2670-2681.
Pisano A, Rapaic M R, Jelicic Z D, et al. Sliding mode control ap-
proaches to the robust regulation of linear multivariable fractional-
order dynamics[ ] ]. International Journal of Robust and Nonlinear
Control, 2010, 20(18): 2045-2056.
Wang J, Shao C F, Chen Y Q. Fractional order sliding mode con-
trol via disturbance observer for a class of fractional order systems
with mismatched disturbance[ ] ]. Mechatronics, 2018, 53: 8-19.
Belkhatir Z, Laleg-Kirati T M. High-order sliding mode observer
for fractional commensurate linear systems with unknown input
[J]. Automatic, 2017, 82: 209-217.
Wu L G, Zheng W X, Passivity-based sliding mode control of un-
certain singular time-delay systems[]]. Automatica, 2009, 45
(9): 2120-2127.
Sang H, Zhao J. Passivity and passification for switched T-S fuzzy
systems with sampled-data implementation[ ] ]. IEEE Transac-
tions on Fuzzy Systems, 2020, 28(7). 1219-1229.
Subramaniam R, Joo Y H. Passivity-based fuzzy ISMC for wind
energy conversion systems with PMSG[ ] ]. IEEE Transactions on
Systems Man Cybernetics-systems, 2021, 51(4): 2212-2220.
Khargonekar P P, Petersen I R, Zhou K. Robust stabilization of
uncertain linear systems: Quadratic stabilizability and H.. control
theory[]J]. IEEE Transactions on Automatic Control, 1990, 35
(3): 356-361.



hOoE WO R ¥ ¥ W 202 34E

Robust Passive Control of Uncertain Fractional Order Singular
System via Sliding Mode Approach

Zhang Chengcheng', Ren Qifeng', Kao Yonggui’, Gao Cunchen'
(1. School of Mathematical Sciences, Ocean University of China, Qingdao 266100, China; 2. School of Science, Harbin In-
stitute of Technology (Weihai), Weihai 264209, China)

Abstract: The admissibility and robust passivity of uncertain fractional order (FO) singular system via
sliding mode control (SMC) is studied. Firstly, a FO integral-type switching function with singular
matrix is designed, and the equivalent control is derived by calculating the FO derivative, and then the
sliding mode equation is obtained. Secondly, in view of the sliding mode equation and the system output
equation, the sufficient criteria for the robust passivity and admissibility of the sliding mode of the
system are given by using the technique of linear matrix inequality, and the conditions for the robust
admissibility with passive performance of the solvable are further established. At the same time, the FO
SMC law is designed to ensure that the state trajectories of the closed-loop system can reach the pre-
designed switching surface. Finally, a simulation example is provided to verfity the effectiveness of the
results.

Key words: fractional order; singular system; sliding mode control; robust passivity; admissibility
AMS Subject Classifications: 26A33; 93D20
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