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Asynchronous switching control based on mode-dependent average dwell
time
HUANG Jin—jiel"QT, HAO Xian-zhi', PAN Xiao-zhen'

(1. School of Computer Science and Technology, Harbin University of Science and Technology, Harbin 150080, China;
2. Key Laboratory of Advanced Manufacturing and Intelligent Technology, Ministry of Education, Harbin University
of Science and Technology, Harbin 150080, China)

Abstract: In this paper, the problem of asynchronous switching control is investigated for switched linear systems
based on the mode-dependent average dwell time (MDADT) method, meanwhile, the time delay constraints of model-
dependent controllers are considered. In actual situations, owing to signal transmission, system detection, and the like,
the switching of controllers is often lagged behind their corresponding subsystems. Therefore, the time interval in which
one subsystem operates is divided into two parts: the matched and the mismatched. The controller of each subsystem is
designed according to its model-dependent dwell time. Then, combined with the lag time of controllers, the appropriate
dwell time strategy is derived based on Lyapunov stability conditions and system parameters, and the global exponential
stability of the asynchronous switched systems is guaranteed. Finally, a numerical example is provided to demonstrate
the effectiveness of the proposed method.

Keywords: switching system; asynchronous switching; mode-dependent; average dwell time; exponential stability

Vol.36 No.3
Mar. 2021

0 51 B

Y1 RGUE I LA SR B T KRR FT, R
Al g s S BB R 3 132, o AT S L LS AR
2120 PR A A R ) R e ) S TR D0 R
GEAEAE I L BB AE T 30T LU U R G0 %47
RO A — PRSI I e (421 1 B 7E 2
AN AR H . BeAh, Y 2 AT T RGTE
2 ISR A T BRI BE 1 3R 0 R o 1, i

Yk BEA: 2019-05-10; 1&[E HHEA: 2019-08-29.

UM RGBT AR KBS ). Bt K2 A A
1B 1 26 T D 8 58 G 1 428 1) 40 AT A 2 4 2 Y BISO). A2
e M 1) T 1L, i H F & 4t 89 3 [F] Lyapunov 2 B8
(R AEAE TR B A DT & G AeE 1 78 70 26 A1) 2R
M, ¥ 2 V) 1 58 9 A7 AE 3L [F] Lyapunov 32 58, 803
AE LR B, T2 A2 T £ Lyapunov iz i1, £
Lyapunov 72 B&P ) H . X L8 BOR At 5 1 )
e il R IR EERY. S — 71, DI RS Lo 1

HEWBE: HXARBFESTH (61305001); BRITHE BRFIEELTIH (F201222).

RERE: BEE.
Tl IAA/EH . E-mail: huangjinjiel63@163.com.



610 # % 5

xR %36 %

a8 7 U0 AN H o 28 41 e) U A5 3] T2 1 G E
OB FT.

VI 2 40 (1) U1 46 SEn 3 ZEAA I AE FLIE BE 1) [A] (1)
Wit A TV KRG e FaE, NI V) RS0
P 2P T & PP SR, a0 e/ D) e SR g U2 IR
D14 SRR U314 S35 0 B I (1) SR U 15T DL R A RS A
S0 ) 9 B BN () SR U7 A b TAT B )4 S, P 3
I B IS ) U] 6 SR W 2 — A Z BRI D) 345 5, 1IX =
W A BRI a] PR 170 4 0 52 A PR ), T L5 B Ik ) A
INT AN EEUS 1 AR R AR 00 A R A AT 8, DR
T35 55 B IS [R] D) 46 S &b B8 ST AR 1T 5 38 B A
RIS 2R ARG [17) 9 B I 1) 52 s 7™ A e S E ok ik 2
V-5 5 B I ) SR B — BT B e 1 &N &R
G S HRA XS & FR GE 0T BT TE] ) 82, A TR
Wt RS OR S, BRI B 52 1 S VG L

IR SR EAR ILAE [F] 5 D) AL SR T
EARFRA RGO T, BT T R G5 64 2 A4
TEAAAE — € MY RE I, 17 HLOK 22 2 2 i 4% 1 V) # r J=
TF RG R, PRtk 3 AR U] 4 ) 155 AU AT A B
BARKP PRV TS VR T RE R T 7 Y)
g ) (RO BIE 9 A SR 1O221 S 20 ) 46 (R M 2 O L B
T 2009 23 7E b 2 5, 8l TR X R G AR
#% AN ULHEC B ¥) Lyapunov 2 B8 20 0 (FEAE @ A EE3R
Lyapunov 72 B /& /™ 4 B 1 386 93¢ 1)), I 45 L 2 42 R
FoE I SR AT AL T A B IRDIR S 3 1 2800, 55 4b, B8
BRI 28 S5 0 )4 R S8 1) 2 28 St 52 31 1 5%
TERSBL BRI, IX BEAIE 5 I 7850 Fh e ISR ARG
) 3 PR N T 7 45 S v, DR kL, 45 - A5 AR RS 1Y 4 B
I ) SR AR e 20 ) 4 o LA o0 B IS
CA AP SCHRR XA U AT 1 — 288 55, 151 2z 3C
Bk [26] F) FH MDADT 5 8 %t — 4k 1) e 7 S8 347 29 #7,
1€ Fornasini-Marchesini J& %5 IR & 25 [A) 4% 8 A i A%
R (1) 425 i) 2 N A 2RV DTS 5, i R il
FoE B RA Hoo VERE; STHER (271 9 70T HLAL TR )
BRI 2 8 1) S A0 P ) SO (281 BIF 72 2 #f bk &
G LU R ) 7, il g 5] A MDADT 5B 3k 45 1
B A PR T AT R 2% A SCHR [29] 15 18 D) 46 16 AZ IS
it R GE S 2 #  in) 7, R 23 B Lyapunov 2 2R 1
MDADT #8453 2| 1 R Gifia B0 e (1) 78 53 564 SCHR
[30] 7 & 55 20 V) 4 T-S ORI 1Y 1Y) H o, Y8 3% 7] 8, )
F £ Lyapunov iz i 1 MDADT 1 51518 3] T R4t 4
Jay — BT I R N 2 H oo PEREFR PRI 78 73 55415 SC
HR [31] 0 TE DI AR I8 iy e Ve R G 1) 5740 Ly 45104 T
WEFE, Bt 1 FH N A 2 1) 2% A A] SV I D) A 5, Al

I R g fa e HBAA T8 M Ly 38 25 1% 6, SCHk [32]
I FH T-S AL A5 70 fif v 30 48 A 28 1 ik it 2R G 1 48 2K
e AU D4z i) 1)@, Rl e il T lRR ST
FA G ANULIEC [X [8] Lyapunov 72 BRI #7482 B A 15 It SC
Bk [33]1 118 1 7E MDADT J5 V& Al S5 5 D) ¥ 4 ) S 55
B &SR G R e e, Ly s A H o 1
1] ) L SRR (34 A 70 35 T W0 28 1) 20 ) 4 1 26
P Z2 58 1T Mg ) I 8, v RH LRI 2 |
)48 6 RS B AR 6 ~F- 35 3 B4 ) 1], DLORUE B A Ly 3
2 PR RE 1 P 2R 2R e (1) 8 Bl e 1t A O e . X e gt
FORRARR W T AR A IR R AN .

AN SC A B T % S D) 2 M R G E B AR Y
U B N [R) SR M T 1 0 D i) L DA ) S 2
fff 7 3 LA AE S 35 3 B B R] (R A3k Y, ~F- 38 5 B B
[) 2% i 1) 2 76 A BR IS TR) P 22 40 1) A e i ) . 53X
AR SR Db, 5S04 0 B B[R] SRS R 1R 520 D) 4
AAFE/NORTE, Bl THEN R E RS E S S
B, A 7 A5 TR P T B R T SR T e A 4%
BT TC PR 1] Py AR B D7) 45 4 ot R 4 ) 4
AR T b IR Y AR 11 1 35 S B B (R 792 R 1
S U4 SCHRAE B, A SO 8 B AR 7 VR R AR
00149 35 B B B ) (4 SR A 35 FE 38 AR ), AR S
T R G0 UG KON 2R G4 1) 2% P95 i B[] 5] A
YA 1T 5 5 B I R PR T 24 Ak, RG B
PEREMIAE B 7 i S R SCERAF A — e 22 . DRI,
AL TAFH O F B T T R 32 ) 7 1% DU
TR AR RS 14 2 o A i T ) R
1 AR

xR NS B M R 4

L(t) = Aoz (t) + Boyu(t) + Eqyw(t),

2(t) = Comyx(t) + Dogyu(?). (1)
Horbig(t) € RNIRESE ) u(t) € R™ NEHIHA;
w(t) € R™ NN, 2(t) € RPN o(t) -
[0,00) = M = {1,2,..., N} N5 BATELLH H R
BN RGBT IG5, N Bon F RGN EG A
BinCivDiE; (i € M = {1,2,...,N}) Ni& X445
{1 B B U1 IR 31 T LR 7R N { (to, o (t0)),
(t1,0(t1)), oy (bnyo(tn))s-.osm = 0,1,2,.. .}t R
NHIUEITR], ¢, RN n DM UIRBEN], 2t € (Lo, tngr)
B, S o (t,) N RAIEAT.

EX1P X FUIHIES LM RS (), R A7
EHE e > 0,8 > 0,815 B0 R S fiF AT
BVIEFMETNTHAERL > toll 2 ||z@)]. <
ce 000 ||z (to) ||, MAR Z R R TS 2 = OFFTE



F A THRARMIEY

B 18] 4 5 40 44 4 611

Y55 T R4 R —8URERR M.

EX2B FHUIBR ) ERTHR RS, 4
t € (to,t) B, A N, (to, t) Ron RGLEILIX [H] L1
Wﬁw\iﬂz,%ﬁﬁﬁ%ﬁj\mﬂfaﬁﬁ

—t
Ny (to,t) <No+ o

(@)

U'J%J\Taﬁﬁtﬂ?ﬁ%%ﬂ‘]?ﬁ%%ﬁ[ﬂ,ﬁ* No EoRik
R E.

135 T B IS ] i U8 P o A AT B PR ¢ D) $8 22 TR] £
I A]ANG N T— AN 7,

EX I fFHYI R o () B HBEA MAT &
GEMPH R L, 2t € (to, t) I, HH N, (to, t) Fon s
i RS L X A] E ()14 OB, AR AR A B I I
SEHL N ; A A4

ZNa,i(tm ZN01+ Z to’

1€M i€M ieM

)”JWJ”\TJ\U%i’l‘?%éﬁfﬁkﬂ?ﬁ%??ﬁ‘ﬁ%iﬂ{&%ﬁ
(0 5 B I ). A NG ROR R A T R GRS R
B, Ti(to, t) RANAERSIA] (to, t) W2 > T RBLIEAT I
sYinalan
H 5 SC2RIRE SC3 AT, 61 25 B B I ) S T,
AT RGEIRM NS HCR R E S T RENE
A R 8], RTF~ 25 95 A I 1 S I AR A TR MR . T
SE SC3 TR AROR Y 4T B I T S 7S 0 U T A
RGNS, R, R SR B AT SN GRS . A
SR AL AR ) B B I [ SRS, 25> 7 R G 5 B
R RESHRE. Hn( € M)RRFiANT
RGN SE B I [A].

EX 4P FEAE RS o 3 T A%
PGS, AR R G0 RAT HR AU Hoo PERE :

1) 4R ER, RGTRHDE
2) TEFWIG AT T, BN A EFN R G000 2
L‘je*a(t*to)z ()2(t)dt < 72 f W™ (H)w(t)dt.

2 FEE®

T R (1), % IEHI AN u(t) = Ky ) x
z(t), o (t) RoRFEH S KV 1G5, Ky o) NPT
[958 ) 28 38 2. R 15 S PR DA A, R A4 ) 4 v
J& T R RN E A, — tp,n = 0,

- DR, 3 ) B8 A U i ) A RS LR R A

{(to + Ao,oo(te)), (1 + Ao (t))s s (tnoy +
A1, 0(tne1))s e in =0,1,2,...}

FH 2 R B 15 T LAAS BAH R 1) 32 21 ) (1] P 3R
5|

< Tn = tn+1

|4 B
C; 0

a(t)
w(t)

],iEM. “4)

Hr: A, = A, + BK;,E; = E;,C; = C; + D;K;.
Bkt = t, W, Fo(t,) = i M T RGBTt =
tns1 B, o (thy1) = FAF RGISAT, WIAH R 1
A I BERT TR 73 N €, 4+ Ay tgr + Appr. BRI
YV 5 T F RERIYI e, SAE R G018 47 1 (8]
(to, t) WAFTEIE I 88 5 T R G ULEL 1 X 18] T (to, t)
FUASVCES I DX A T (o, t). X PR RT LAY Sl AT
ma HH R Gt (4) 7] LA B HA e DU g i) & 4t B

- te [tn+An7tn+1)a
5 0] |w(?)
1P ©)
i Ei| =t
el B A BRSPS
/EEPA A+ BiK;, E; = E;, C; = C; + DK,
Ay = Ai + BiK;j, E;j = E;, Cyj = C; + DK

TERE TR T, 2 7 Ron T RGBS 1)
I IR, G 3R BL A BE R TR A B 2 4L T,
7FDT gy TARRE o(ty) N RGBT I FE A5 5
T RGILE SRR, f € o) = {o(ty) =
i,i€ M}.
EIE1 AEEFEH o >0RB; >0, > 1,4 ¢
M. HAFE—HIE & S RFERE P, € R, IE bR &
Tin G RI—ANESEH y, 6,5 € M,i #

. 2T 0| <0, (©)

* * —

_A;Fjpi + Pizzlij - BiF; ]DiEij C’E
. 2T 0 | <0, ()

* * i
P < Py, (8)

In g1
Ti > ) )
Gi
inf L00) @+Q (10)
t>ty T (i) Q

WW%%@E(S)?@J?@?U (t) FaR—sfatifae
Hil I8 Ho MEREFERR . ¢ € (0,04),4 €

M,fegp()—a(tf)—z,zeM.

UER BB R P, %7 RG] 25 i
Ja B TR AE 5 7 R GRS AR OR, DR U, 2 2 1 1 7
HRAI VI HFNE T, K A a8 M s G35 75 18, BT
ATLMS RIS T R GG &S I 8,2 RS/ —



612 # % 5 Xk K %36%
SR L T O =N

Bt € [t tnin) W, B o(ta) = i T RIS e~ (t0) Teg) HBatro) T a<fo>V(t (to)- (19)
?‘T't € [tnttstn2) W, Ho(th) = T RS > o

. % R FHER R4 (5) i Lyapunov B 30N Nt € [to, t) I, BB i N F RAEM TR IREER TR NN, ;.

Vi(t) = 2T (t)Px(t), i € M. (11)
LA E, N A EH 25 T RGAHILAS, BIt €
[tn + Apnytoy1) B, X Lyapunov BRECKR 7, 715
Vi(t) = #7(0) Pur(t) + & (1) Pi (1) =
2T (1) AT Pi(t) + 2" (1) P A (t) =

2T () [AT P, + P A;)x(t). (12)
i1 2 (6) A1 (12) AT %0
Vi(t) < —ouVi(t), (13)

Bt € [ty 4 A, togr) B X (13) R T FE, AT 15
Vi(t) e lt—tn=dayip 4 AL, (14)
MRS T REARITE, Bt € [t,,t, + A,) 5T

THRRGEG)H

Vi(t) = 2T () AL Pa(t) + 27 (t) P Az (t) =
aT(t)[AL P+ PA; ) x(t). (15)
f = (7) F1(15) AT %0
Vilt) < BiVi(t), (16)

Bt € [tn, tn + Ap) B X A6) K TT 1R, 7T 13

Vz(t) < eﬂitfﬁitnvi(tn) — eﬂi(t*tn)Vi(tn). (17)
RG24t € [t tgr ) B, 9 — BN D04 AR . i
ilt S [tm tn-l—l) Hﬂ-,ﬁ

Vo(tn)(t) <
e_aa(tn)[tn+An7tn+l)+ﬁ0(t")[tn7tn+An)Va(tn)(t ) <

/’LU(tn '
e_ad(tn)[tn+sz tn+1)+ﬁo(tﬂ [tnstn+An )Va(tn 1)(t )
(18)
BT = b+ Anstnin), Ty ) = [tnstn + An), H
A (18) [ 15

Vo) (t) <
e Yoltn YT (tn)+B(7(fn) o‘(tn)v(t ( )<

oty T S HBatn) T -
Her(t.)€ Qo (tn) Loty Bo(t (t">Vo(tn71)(tn) <

fo(t)e % tm) Ty FBotn) Ty .
e—oca(tn 7T g(tﬂ 1)+ﬁo(tn T, a(tn 1)Vo(tl 1)(t )<
. <

Ao (i) 7, a(t )+Bo(tn> a(t

Mo (tn)Ho(tn_1) - - - Ma(to)e

fep()=A{o(ty) =i,ie M}, B¢, RRIAKE
iNT RS RIEAT AL T2, il (19) [ 15
VU(tn)(t) <

-y Z TU

H'“ LEIVI Feae T
%

€M

+6i > T, ]
)G T Va(tg)(tO):

T > T ’Bl > To
H (ufv”e réaw ep* <ot (f))Vg(to)(to).

i€ M

(20)
1 2614 (10) 7T 40
—oi T, olts) + BT, a(tf) —Ciltys1 —ty), 2D
X1, 7] 15

Va(tn) (t) g

—ai Y T:t_+6i > T,

[T it oo ™o T ) (10) <

ieM
G 2 (tpaty)

H (; e Ie00) VVaito) (to) <
iEM

Y Noilnpi 30 *(Ci*mT:,%)(thrl*tf)
et efeMIe® Vo(to) (o)

(22)

H1 2 (9) F1(22) AT A, 24t — oo i, V() (1) W8T
% B, 25K (8) ~ (10) AL, I R 4t (5) 427 —
HobmiEtasE. nah

)\max(Pa(to)) %max{No In p;}

c=4| —————e > 0,
)\min(Pa'(tn))
1 In p;
= 5?61%\121 (Q p ) >0

i, Q2 (|2 (t)]l2 < e [l (to) 5. HIE XL
VAT BG4 R — B sR .
RN ARAE, WL € [ty + A, tosr) N A

Vi(t) < —aVi(t) = I(t), (23)
Vi(t) < em@t=tn= )y, + A,)—
L;An e~ (=) P(5)ds; (24)
Bt € [ty tn + Ay H
Vi(t) < BiVi(t) — I'(t), (25)
Vilt) < 4V — [T e Ir(s)ds, (26)

Hr(t) =27 ()z(t) — y*wt (w(t).



ERE FeA F A TREARA G i1 6 7 P b ds 4 613
Bt € [tn,tny1) M, BB o(t,) = i T REGIE ~? : A wT (s)w(s)e™ ¥t (t=3) (s, (28)

1Tt € [tnytstnie) B Ho(ten) = T RARE
1734, € Myn = 0,1,2,.... % H(8). (24) F1(26)
CIp:l

Va(tn)(t) <

e*%(m(t*tn*An)VU(tn)(tn + Ap)—

jt e_o‘“<‘1L>(t_s)F(s)ds <
tnt A =

e~ o (tn) (t—tn—An) (eﬁ“““)m")Va(tn)(tn)_

J‘tn—‘rA
tn

t
f e (=) (5)ds <
7L+A

ePo(tn) (tntAn— S)[‘( )ds)_

e—ao.(tn)(t—tn_An) (eﬁo(tn)(An)Ma_(t )Va(t 71)(t;)*

J~tn+A ﬁg(tﬂ>(tn+An—S)F( )d$>f

n

t
o)) P(g)ds < ... <
fthn (s)ds <o <

o= o (tn) (t—tn=240) (e,@gan)(ﬂn)#g(t Yoo

Ho(ty) (eiaa(to)(tlit[)iAO) (eﬁa(tO)(AO)VU(to) (tO)_

wao-‘er Bo(to) tUJFAO*S)F(S)dS)—

t1
e oltg (ti—s) — —
Jil et rs )ds)

t

tntA,
J.

L;An e~ (en (9) () dss. @7)

BEAb BT R Gia 2 () XL w(t) R

PERE, MU 2 (to) = 0. %% I'(s) FBFF, AR4E X B 0149 /)
TRAEMA(27), 7117

jotOJrAO 2T (5)2(s)ePrto) (to+do=s) 4 <

eﬁa(nn)(tn+ﬂn*5)[‘(8)ds) _

A
’YQ Jot(’* 0wT(s)w(s)eﬁ”%)(t°+A°_S)dS,

t —a (t1—s)

o (tg)\t1 <

LO 2 (s)z(s)e 0 ds <
2 (1

T — Qg (tg) (t1—35)
T a0 (shw(s)eerteo ds,

tntAn
L 2T(5)2(s)elotm (IntAn=s)qg <

n

to+A
'72 jOO 0 wT(s)w(s)eBU(‘")(t""‘An—s)dS’

t
T — Qo (ty,) (t—5) <
Ln+An 2z (s)z(s)e ds <

PR BR G I, HARE X (10) 1T 5
—Ci(ty+1—s) T

t
f QiEM FED(i) 2
to

—Ci(tyr1—3)

wr (s)w(s)ds.  (29)

(s)z(s)ds <

~y EiEM FER()
to

At € [to,t) I, EABLFEF ] &

€M, feo(i )
i

t >
j EIEMTES()
to

H Mi\/c,at(svthrl)zT(g)z(S)dS <
ieM,feg(i)

t >
j eiE]\l,de)(i)
to

H 'UJJ,V"”'(S’tf+1)’72wT(S)w(S)d5- (30)

7
i€EM,fep(i)

No,i(s, tf+1)

—Gi(tr1—s)

—Ci(tyy1—3)

Nm?‘,(tfytf+1) In p;

>
X} E P T ere v 7o) ke

t > —Gi(ty+1—8)—Noi(ty,s)Inp;
f EiEM FES(D) .
to
T
27 (8)z(s)ds <

¢ —Ci(tfr1—5)—No,i(ts,s)In p;
f ei€M,fed(d) .
to

Ywh (s)w(s)ds. (31)
A 3 TTHI Ny, s) < ——L, Hli & 9) 7T 41
6> B g
Noity,s)Inp; < G(s—ty). (32)
=G A1 (32) \ T4
t > —Ci(tr+1—ty)
L eiEM fES() 2T (s)z(s)ds <

—Gi(tyy1—s)

t >
J; QiEM, fED(3) Y wT(S)w(S)d57 (33)

R

—Gi(s—ty)

t 3 T
j eiEM, fEB() Z (S)Z(S)dsg

oo =
%t LM ¢ = 0F] oo B4, A7

0 > —Ci(s—tg)

f QiEMIFEd (i) 2T(s)z(s)ds <

E!amX4T%u, Iﬂﬂ%éfﬁ (33) W5 A FEH H o M BE
2R, O



614 # % 5

xR %36 %

iR ST 250 B B I 1) S ) 28 48 3R 4T 4 o), D )
AEF 1T a; > 0FB; > 0,u; > 1,5 € M, HIHUHE
Na>0FfB >0, pu>1,T&, TSR N

Hit1 HEIEFHa > 0MB > 0,u > 1.4
FAAE— 2 IE E SR IRFERE P, € R, IEFR&E 7. (Al
v i, 5 € M,i# 5,6
[ATP, + P,A; + P, PE; CT

* -2 0 | <0, (36)

* x* =T

AL+ PiAy; - B, REy; C}

" 2T 0| <0, (7
i * * i
P, < ph;, (38)
1
> 2H (39)
€
B+¢
éﬁi* a—¢ (40)

MR RS S EVIHF o (t) TR — B Efa e,
Hili 2168 Hoo VERESR AR . Hirh:¢ € (0,), T AN

T~ 5y MR 28 5 1 R Su LS e e i (8] FUAS [T
@aﬁﬁ'ﬁaﬂm

XF Bt e B 1R HE 1 1 P &, MDADT #H tE T ADT
TEPE AR BT B BA B R R RIS .

EIE2 AEIEHHa; >0MB >0,u >1,i¢€
M. AL 8 SERTFRHERE S, € R, Q; € R™, 1E
PRi T G —NESE Sy, 4,5 € M,i # j,H

(&, E; (C:Si+ Din‘)T
* —'yQI 0 <0, 41)
* * -1
G B (CiS;+DiQ))"
x —v2I 0 <0, (42)
* * -1
Sj < piSi, (43)
n hyi (44)
T‘i(tf) 51 + (z (45)
= Ty — G
mUIﬂ%/%éﬁ(S)fﬁJﬁia‘( ) PR BdR AR,
Hiwi e Ho YEREFERR . H: ¢ € (0,04),i € M, f €

(i) =ofty) =i,i € M.BAK
&; = A;S; + B;Q; + S; AT + Q' B 4+ oS,
®;; = AiS; + BiQ; + S;AT + QT BT — B,S;.
RIS T LA 4 25

K;=Q;S; " (46)

i EEmih4 S 2 P KS = Q. i
R (6) A1(7) ATIE R (41) A1 (42) Bz, = (8) AT 40

= 47) 7T 40
<0. 48
r po (48)
X (48) & AR 1§
—P ' — I (—pP) I <0, (49)

48, 2 prlAES; <
EF2430E. O

S 1 2340, 1 250 5 B BF ) SR M R e 1 1) 42 1)
%TmmTﬁ BRAS.

HWit2 ATIEEHa> 0B >0,u > 1. 517
E—HIEE SEXTFRAERE S; € R, Q; € R™,i € M,
EFRET (MY, i,5 € M,i# 5,8

11:S;, A (A3) FHIE. T2

(@, E; (CiSi+DiQy)"
x —2I 0 <0, (50
| * * -1
_@ij E;, (C;S;+D;Qj;)
x —20 0 <0, (51
| * * -1
1
> 2k (53)
¢
T+
inf L 5 B HC (54)

t>ie T— 7 a—(’
W 24t (5) VI o (1) N2 Jm— B Efa e,
Hi 2 Ho HEReFE R y. FHoH: ¢ € (0,a), LA A

P; = AiSi + BiQi + S; Al + QB +aS;,
+ QB - BS;.
4 2 A

®;; = A;Sj + BiQj + S;AT
#7130 (50) ~ (54) B AT AT fiff, 4% i) %
(46) R .
3 BUESLH
FE1 AHEEH, TR
EBRGIPNT R4S

3.9 15 0.2
Al = ) Bl
2.5 2.3 0.1
—-14 0.3 0.1
AQ = R BQ = .
1 =27 0.2

2B FE I, T 5 5 B I TR D) i SR AN AR S

LY, 25 F& 1 T D)4



%38

FaA F A TRARANIE G IR 6 F P by Bed= ) 615

FIT & H A ARSE 7R A 6 ) - 1) 9 R I ) ) 8 S R )
RGSHR R G 28 W3R 1 iR, AR 48 2 22 2 R it
W2 A5 P A S B IR 7, > 0.99 s, B R AR i A B
BRI 7 > 046s,7 > 0.99s. XF T 5725 U] ¥ 1
5, R EAE N A R G P YR
T 2. RG01 MRG0 2 145 i 88 i Ja I 18] 23 5 N

0.15s F10.4s. 7535 51 BY i 6] S R, ¢ B AT LIk B
NE = 0468, M7, > 1.506 8 s; 78 #5 A% Hfi () 4T B4
I (8] SRS T, RS0 LRI R G0 2 1) CAE AT LA Sl BN
G =1, = 06,7 > 0.69s,75 > 1.1552s. ik
A& RSB BN 7, = 28,71 = 28,79 = 2.

®1 T Ho ARFRMYIRKER THRGSHINITEER

DI

ADT

MDADT

a>07,38=0.28,

ay 2 1.5, as > 0.7,
B1=10.8, B2 =0.5,

RASH uw=2,¢=0.46, H1 = o =2,
Tq > 1.5068 ¢1=1, (2 =0.6,
1> 0.69, 7o > 1.1552
e~ K; =[-30.3211 — 31.0749], K, = [—27.8766 — 45.9406],
Ky = [43.5274 — 20.059 2] Ky = [-57.0201 — 20.4800]
WEMMEIRE 2(0) = [-3 5|7, RGN 23 10

2 — s N — X,
IV A5 5 B 1 B R4S 5 8, P 3E st e X,

(] SR M T B A I 245 6 1 R G B U1 R
A0 P 2 P s s B 2R A0 ) 9 B o T SRS T T
(1047 1) 25 4% 1) 1) 38 G0 e 20 D e R IR AS s P 3 o
7. HHE 2 ATE 3 AT DL H, P R S 20 4 il SR g 3 ] LA
SEML RS FRGE.

XF LG 2 FE 30 B 2 HORAS 1R IR B S 2 1
—12.5,7E£7.5s o a A e da g, 1 HAE 6 s b A B S
51 B 3 H RPIR A 1A —9.5 R IEE, £ 6.5 s £ 4
L) T RRGE. B2 R RES 2 R G IR AE N 6.5, F2 e i
) K2 75 2T s, 76 2.15 s /b 7= £ P 3y, I 3 R IR A 2
1A 2.8 IR GIRAE, KATE6.3 s AR e,

3.5
—— subsystem

R R controller
<
525y
w
20
R
5 15}
z

0.5

0o 2 4 6 8 10
t/s
1 REVHRESIRED

10

—x
5 -.....--"""0‘;"\ ------- X,
g 0t
. \ [
-10 . \ ) )
o2 4 6 8 10
t/s

2 ADT THISHIRA GRS (TR 1D

states
I
(9} [w]

-10

0 2 4 6 8 10
B3 MDADT FEISSYHRRGRIRESHIE (HE 1)

M0 <t < 2W, T ARG ST, ANE3 R LA
ti, 7 MDADT S0& N BT 7% 1 &5 e 1 R G AR
I ANCSICIRZS; T 24215 < ¢ < 4l FR%218
17, WIEI 3 ] A i, SR MDADT 3 T it 42
& ORI, (BF AR A F I, 24.2 <t < 6
I5F, N 2 1 0] DU Y, 72 ADT RIS T Wi 1T R 45
132 ) 2 ) T RS VRN TAR S B A A T B R
1. BRI AL ADT SEM R 3L R S 5 E &
TRG2, N BLAE 187> 7 R G0 1 HFE I PERE; M
MDADT S0 T ¢ v 142 il 25 it 1 A>T R0 %
H R HIPERE. LS5 RE], A ST 78 i B

NRAER =940}
HE2 Z5EH, Wi, BRI TR NF RS

(1.5 0.2 ] —0.2

Al - ) Bl - )
| 0.3 —1.5] 0.2
[—0.2 0.1 ] 0

Cl = ) D1 ’
| 0.1 —0.1) —0.1
(0.1 0

E1 = ,
K 0.1]




616 # % 5

xR %36 %

o [—1.2 0.3 ] b [—0.2] . 010
o2 —r7)T T o)’ *“ ot o]
ol 02 Cor SRR g N, S B I ] )45 S i A
Cy = Oi (’)2 , Dy = 0' : 45 H R TR ) S ) T 5 6 () ) s 1
- L Gi 5% RGN H o VRIS RR 12 2 .
F2 A H. ARFFERRER FORRS YT EER
e ng
ADT MDADT
a; 22, az 2 0.7, 1 = 0.8,
?é}f%éﬂ[ a > 0.7, BZO.S,}LIQ, [—}2:0'57 ,u1=,u2=2,

¢ =0.46, 7, > 1.5068

¢1 =1, (2 =0.6,

71 > 0.69, 72 > 1.1552

o K; =[-2.0172 0.7785], K; =[-0.2182 —1.0893],
Pl s

K, =[-1.2795 2.7229] Ky = [—0.7984 — 2.2006]
H b ~ = 15.5433 ~=1.5199

M2 WAl LU, AR AR R 00 5 B ) 5
W BT 4R 2 Y H o YRR AR B AL TP 38 5
B N [A) SRS R Vi h B 2. RA LR G2 W 5
B 1) 50 M 0.15 s 710.4 5. B & # 2 AR 2 v A1 7
S35 5% B I [A) SE RS R, CAE AT BUE BN ¢ = 0.46, 10
Ta > 1.506 8 s; 7E A5 B ¥ 03 B I 1) SRS N, R4t
LRTR G2 (1 CIE T LA ERCN ¢ = 1, ¢ = 0.6, 1]
71 > 0.6958, 75 > 1.1552s. BEEUFT A 2514 it 4 B3 i 1)
NTe =28,7 = 28,7 = 25.

WA AN

[5cost 6sint]T, 0 <t < 8;

w(t) =
[0 0]", otherwise.
Y5 5 i 4 s,
3.5
—— subsystem

R R controller
<
E" 251
&b
g
ﬁ 1.5¢
Z

0.5 . ; !

0 5 10 15 20
t/s

4 REUHRIES (HE2)

VIR S 2o = [-3 5T, WS AIE 65 52T
T B BT i) 7] e S s TR TR AR R ) ST 4 9 B B (1] 7] 46
TS IR 5720 V) ¥ R G011 RGUORSHUE. 76 ADT 5
NORE 1IN R GG UEAE 7300 N 20 4 s AE ) —0.41 F11
7 s ALHT0.35, ARAS 2 B PEAN IR W AE 43 30l N 29 2 s b
f90.75 A1 5 s &) —0.4. 7E MDADT 508 T, IRZ& 1)

PRSI AE L) 45 F1 7 s kb5 513k 5] —0.28 £10.27,
RAS 2 ARG V(B TE L 2 s AT 5 s 4b 3 3l 15 3 0.45
A1 —0.39. 4N K G, B S ATE 12 s /bl B Fa e, B
6 Z17E 10 s AbiX B F 2. B AT %0, MDADT & T %
THE G 30 A B A bt Hiee

2
_x]
....... X,
B
8
S
0 L
_1 1 1 "
0 5 10 15 20
t/s
E5 ADT THIRSYIRARZGHIREHIT (HE?2)
2 H
_xl
....... X,
1 I
8
8
0k
_1 N " 1
0 5 10 15 20

t/s
6 MDADT TR Z Vi ARGHTIRSHIE ((FE2)

FH N 1) Hoo P B8 48 £y 09728 1k it 28 o 18 7 B
/. Al LUF i, MDADT 5 8& T ~ 1) KAE /N T ADT
TG T~ 1 B AR, L3R 98010 B BRI, X 5 A
SO H ) E BTSSR A ERE R, TEY)
Wk HE IR 1)y B R AE T BRAR,  AOME RA BB B K — i,
X2 T IR B 7 FR G0 45 il 2R AN VT B T3 1.



%38

FaA F A TRARANIE G IR 6 F P by Bed= )

617

— ADT
------- MDADT
4 6 8
t/s
7 ADTHIMDADT FHIZ SV ARG H v HiLk

4 4 ®»

ST PSS R 056t 1) 9 B B ) ) 46 SR A T
Tl e Pk R G0 20 D) 4 1) L. AH BL TP 35 58 B )
Vi) S %, A% 7R A St 1) e R (1] 55 s 2L A B K I
YO [FII, 2% B8 FILE e 20 Uk o AN [R] - 5 G 1R 45 )
A5 S I T AR AT 5 AN AR, N TR B IR R SR
P R, 8 FH A28 A0 1 3 B I TR) SRS 0 % 1 RS
2 i) 9 B O B N R 3 AT Wovh. MRS S T R
AN UG T, ) FH 2% 22 4016 A2 450 20 40O 117 - 35 3
B W] (6] ) 4 SR s, 15 B BEA R A 7P V) TAE
FE B Fe e YR A, SR AR AT I, 72 AS DT AT X ] Y
H: Lyapunov B8 i F JE ™4 13 I, 31X FEAK 1 X 6 X 8]
() 2% A 20 0, H 2 Wk 35 LE JE VTS X 1] AN BE DR 1IE R
Gk FRoE . BRIk, I R R e 4 ) A8 B DT D
N 1] 5 < DT 0 B 18] ) LU AR (A R R B 2 JR —
FARHCRRE, T HAX AN #8305 7 F G0 [R] 2 A]
DA AR A 1Y) B i, W A 0 T SR R i e R T A )
LMIs, FE3RAG 1 AH L 428 1) 38 2. 38 i 250 {1 S 491 9k
T EW I IERTE.

S Rk (References)

[1] Bei L, Fen W, SungWan K. Switching LPV control
of an F-16 aircraft via controller state reset[J]. IEEE
Transactions on Control Systems Technology, 2006,
14(2): 267-277.

[2] GansNR,Hutchinson S A. Stable visual servoing through
hybrid switched-system control[J]. IEEE Transactions on
Robotics, 2007, 23(3): 530-540.

[3] El-Farra N H, Gani A, Christofides P D. A switched
systems approach for the analysis and control of mode
transitions in biological networks[C]. American Control
Conference. Portland, 2005: 3247-3252.

[4] Deaecto G S, Souza M, Geromel J C. Discrete-time
switched linear systems state feedback design with
application to networked control[J]. IEEE Transactions
on Automatic Control, 2015, 60(3): 877-881.

[S] Zhu Y Z, Wu F, Karimi H R, et al. Special issue

on advanced analysis and control design of switching

(6]

(71

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

[17]

linear parameter-varying systems and its applications[J].
Proceedings of the Institution of Mechanical Engineers,
2019, 233(1): 3-4.

Zhang L X, Ning Z P, Shi Y. Analysis and synthesis for
a class of stochastic switching systems against delayed
mode switching: A framework of integrating mode
weights[J]. Automatica, 2019, 99: 99-111.

Liberzon D. Switching in systems and control[M].
Boston: Birkhauser, 2003.

Lu B, Wu F. Switching LPV control designs using
multiple parameter-dependent Lyapunov functions[J].
Automatica, 2004, 40(11): 1973-1980.

Zhang L X, Gao H J. Asynchronously switched control
of switched linear systems with average dwell time[J].
Automatica, 2010, 46(5): 953-958.

Zhai G S, Hu B, Yasuda K, et al. Disturbance attenuation

properties of time-controlled switched systems[J].

Journal of the Franklin Institute, 2015, 338(7): 765-779.
Yuan C Z, Wu F. Hybrid control for switched linear

systems with average dwell time[J]. IEEE Transactions
on Automatic Control, 2015, 60(1): 240-245.

Jungers M, Gonzag C A, Daafouz J. Min-switching
local stabilization for discrete-time switching systems
with nonlinear modes[J]. Nonlinear Analysis: Hybrid
Systems, 2013, 9(1): 18-26.

Li C, Yang X B. Adaptive neural output feedback control
for a class of switched non-linear systems with unknown
backlash-like hysteresis of the actuator[J]. Transactions of
the Institute of Measurement and Control, 2019, 41(4):
900-910.

Guan Y, He W, Murugesan M, et al. Control of
self-excited thermoacoustic oscillations using transient
forcing, hysteresis and mode switching[J]. Combust and
Flame, 2019, 202: 262-275.

Zhang L X, Boukas E K, Shi P, Exponential H-infinity
filtering for uncertain discrete-time switched linear
systems with average dwell time: A p-dependent

approach[J]. International Journal of Robust and

Nonlinear Control, 2008, 18(11): 1188-1207.

FiE, £75, FH, & 3T ERUKCF 5 5 8 )
(R R I V)4 3R G0 A7 BRI [B) Hoo #2511 [3). 42 ) 55 TR 3R,
2015, 30(7): 1189-1194.

(Wang T, Wang Q, Li W, et al. Finite-time H, control
for switched linear systems based on mode-dependent
average dwell time[J]. Control and Decision, 2015, 30(7):
1189-1194.)

Zhao X D, Zhang L X, Shi P, et al. Stability
and stabilization of switched linear systems with
dwell time[J]. IEEE

mode-dependent  average



618

xR %36 %

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

Transactions on Automatic Control,
1809-1815.

2012, 57(7):

Cheng J, Zhu H, Zhong S M, et al. Finite-time filtering for
switched linear systems with a mode-dependent average
dwell time[J]. Nonlinear Analysis:
2015, 15: 145-156.

Zhao X D, Yin Y F, Liu L, et al. Stability analysis
and delay control for switched positive linear systems[J].
IEEE Transactions on Automatic Control, 2018, 63(7):
2184-2190.

Li S, Ahn C K, Xiang Z R. Sampled-data adaptive

output

Hybrid Systems,

feedback fuzzy stabilization for switched
nonlinear systems with asynchronous switching[J]. IEEE
Transactions on Fuzzy Systems, 2019, 27(1): 200-205.
FEWE, BAIN, £5, & BT REZER LU
o 2% 75 ) 2% G A I (D). ) 55 3K, 2014, 29(11):
1951-1958.

(Wang Z L, Xu L J, Wang Q, et al. Fault detection for
the networked control system with locally over-lapped
asychronous switching law[J]. Control and Decision,
2014, 29(11): 1951-1958.)

FAE, BN, EIRE, E VRS H_/He 70 Y)
e b R I D e A BT (9. 4215 R, 2017, 32(2):
223-231.

(Wang J W, Cui Y M, Wang Z H, et al. H_/H
asynchronous fault detection filter design for switched
systems[J]. Control and Decision, 2017, 32(2): 223-231.)

Zhang L X, Shi P. Stability L; - L2 gain and asynchronous
H,, control of discrete-time switched systems with
average dwell time[J]. IEEE Transactions on Automatic
Control, 2009, 54(9): 2192-2199.

Yuan C Z, Wu F. Asynchronous switching output
feedback control of discrete-time switched linear
systems[J]. International Journal of Control, 2015, 88(9):

1766-1774.

Jiang Z Y, Yan P. Asynchronous switching control
for continuous-time switched linear systems with
output-feedback[J]. International Journal of Control,

Automation and Systems, 2018, 16(5): 2082-2092.

Fei Z, Shi S, Zhao C, et al. Asynchronous control for 2-D
switched systems with mode-dependent average dwell
time[J]. Automatica, 2017, 79: 198-206.

Zhang L, Wang X, He H, et al. Asynchronous control
for fuzzy switched systems with actuator saturations and

mode-dependent average dwell time[C]. 2017 Chinese

Automation Congress. Ji’nan, 2017: 1875-1878.
[28] Wang B, Zhang H, Wang G, et al. Asynchronous
control of discrete-time impulsive switched systems with
mode-dependent average dwell time[J]. ISA Transactions,
2014, 53(2): 367-372.
[29] Gao J, Wang X T. Asynchronous H-infinity control of
switched systems with mode-dependent average dwell
time[J]. Circuits Systems and Signal Processing, 2017,

36(11): 4401-4422.

Hong Y Z, Zhang H B, Zheng Q X. Asynchronous
H-infinity filtering for switched T-S fuzzy systems and

(30]

its application to the continuous stirred tank reactor[J].
International Journal of Fuzzy Systems, 2018, 20(5):
1470-1482.
[31] Xiang M, Xiang Z R, Karimi H R. Asynchronous
Ly control of delayed switched positive systems with
mode-dependent average dwell time[J]. Information

Sciences, 2014, 278: 703-714.
Zheng Q X, Zhang H B. Exponential

and asynchronous stabilization of nonlinear impulsive

[32] stability
switched systems via switching fuzzy Lyapunov function
approach[J]. International Journal of Fuzzy Systems,
2017, 19(1): 257-271.

Lu Q G, Zhang L X, Shi Y, et al. Hy -control

for asynchronously switched linear parameter-varying

(33]

systems with mode-dependent average dwell time[J]. IET
Control Theory & Applications, 2013, 7(5): 673-683.

He H F, Gao X W, Qi W H. Observer-based sliding

mode control for switched positive nonlinear systems with

(34]

asynchronous switching[J]. Nonlinear Dynamics, 2018,
93(4): 2433-2444.
[35] Liu S L, Xiang Z R. Exponential H, output tracking
control for switched neutral system with time-varying
delay and nonlinear perturbations[J]. Circuits, Systems,

and Signal Processing, 2013, 32(1): 103-121.

fEEEN

WENA967-), F, ##x, WL LW, AFENLE
W B4 Tolk i 72 0 4k 42 ) 2 3 R S5 47 98, E-mail:
huangjinjie163@163.com;

BIE (1991-), 5, W44, NFHPHIEH] . S
K 5T, E-mail: hxz_man@ 163.com;

WD (1989—), 2, W44, NHSHR 6], F4F
i J% 4% 1 (I 7T, E-mail: panxiaozhenvvip@ 163.com.

(GTHEwmiE: FB%)



