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Abstract: In this paper, the optimal exponential Ho, control problem for singular networked control systems with short
time-varying delay is studied by using the nominal point method. The system is first modeled as a discrete-time system
with norm-bounded uncertainties in order to reduce the influence of network-induced delay on the system conservativeness.
Then, the existence condition and the design method of a general and an optimal H state feedback controller are given
respectively based on the linear matrix inequality technique and the Lyapunov stability criterion. These controllers enable
the system to be exponentially stable. Finally, three numerical examples are delivered to verify the validity of the work in
this paper.

Key words: singular systems; networked control systems; exponentially stable; Ho, control; linear matrix inequality

Citation: ZHOU Hongyan, ZHANG Zhao, CHEN Xuebo, et al. Optimal exponential Ho, control for singular networked

control systems with short delay. Control Theory & Applications, 2023, 40(4): 673 — 682

1 58

WX £% 35 il 2 3t (networked control systems, NCSs)
e R [B] %0 Ik ) 4% AT R I S s ] R 3.
FH T 2 48 HH 10 X 287 9 52 20 P R PR 1, DRIt S 380 4%
5 I AE PR = AR et Sl 25155 S S (AR AE XS
R RIVERRRE IR K RIS, 2 ARG AR
A, X6 T B A B 9E FNCS s B 78 Ui 28 A2 4 1] Ao 3k

SRR H 3H: 2021 —-09—06; 3F HIH: 2022—06—30.

P38 (54 . E-mail: zhangzhao333 @hotmail.com; Tel.: +86 412-5929816.

ASCTHERE: R,

AT,

ION SN

ARG DO TG R LIRS R4, E ] X
BUSEAE SR P A B LR GEEAT AN B AR IR | AR
G LT ISt b, 3F HE 2z B T4 vt
W T HBER TR KRG ®
RIS R [ AT J I AR I SE ) UNCSs ) A2
S BUE HREAT 1T, SR (910 — 8 i 7 HiAf B

Z BB REEWH (T1771112), Fk Tk B SR o SLi TR £ 5 B H (PAL-N201801), IL T RHER AT A A Hi 77

H (2019RCO5) ¥ 1.

Supported by the National Natural Science Foundation of China (71771112), the State Key Laboratory of Synthetical Automation for Process Indus-
tries Fundamental Research Funds (PAL-N201801) and the Excellent Talent Training Project of University of Science and Technology Liaoning

(2019RCO05).



674 oA R 5 N A

40 3

BRSNS R BHRBEAR ) RS Rk R
5 ] FLHEA T TR

SR, TESEFRRL A R, K2 B R RS AFEE A
AN 1 DA S 7 S AN o TR 3R 4. R, AR UE
RGeS T e A b, 7 R e
PR RN E . B A F ROk, B
FRBT R EEFH [P RVEFI A, U 22 43 ) Ak g — A~
FFF 7T 8 B 10121 Sk (616 B AN e T SCREL
LR BER B AR 22 40 i B ] 1] /AT T WAL S
FR (13128 T UL I8 A s RABHRIE 7E 1 — AN e AR 2K
PET SCRGER HIE N 242 7 . SCHR 14125 T 28
4 5 B A 25 30 (linear matrix inequality, LMI) 57 A X}
BB X RGBSR SR e ME AT TR
R [15-161%F ] UNCSsHIH o RS S 1542 il 1] gk AT
T T, SCER[17-181%F ) UNCSsHIH o 8 74 i Hi
T ) e BRUHEAT T AR, AR, £ STk (15181, Fh
AT YR B ) 7 3K Bl NI K 7 B %E. STk
(19143 5l%5 H T BAG T e ) T SUNCSsHIH IR ZS
S A ) A R0 Bl A R U g I T i 3C
R [201AF 78 1 HLAG [ 5 I R AN B 25 2R ) UNC-
SSITH  F2 il v @, {572, 75 SCER 19201, 1E#&
FIAR T 19X 4% 175 5 P S 2 [ o 4, Iﬁtiéﬁ%ﬁ?r
R, ELRR# 7 IR RS, SR 2113 Thrfr b
RN B AR AR ZE T SUNCSsHIFE BUR A %*ﬁ%lJ
Al AT TR AL SRR AE S BT, H Ane & A ¥4
1 FFRFR A 7 920 LA 46 AR B ZE 7 L NCSs 1)
H, 1] [ B T 75

AR FHARFR 55 7515, ot BA I AR ZE ()
NCSs 1 It i Z0H o 35 i1l i) BUEAT 78R 1T, 155k, 1
FARRFR i J7 18 SENCSsIERL, AT /N T W 25 15 5
I ZE X 2R G (R 57 M e . LV, T 2R R AR

TE M E B AILMIE AR, g5 7 — AT AR FIHE 20
ARAS IR G il A AFAE [0 S AR RS T . Ba, P
S A R I 34N B A 0 ABGAIE.

2 @A
AICHE AT L ARSE:
Ei(t) = Ax(t) + Bu(t) + Hw(t),
{ (t) = Cx(t) (1

z(t) = ¢(t),t <0,

Hr: mEz(t) € RENRGUIRE, MEu(t) € R™A
BN, B Ew(t) € RON AN N 3 2h, H i
RBw(t) € Lyf0,00), A Ey(t) e RPN i E e R
L ET R, AcRY ", BER™™, Hc R™ Al
C eRP*™ 2 REUHFE; o () —VMEREL

RGRFER BB h > 0. B5eds B MRk

BiZ1  RGO)AIENR, BICHKR.

BRiZ 2  FRG() TR R DRS00 X285 50N
P SR FH B DR Sh X 28 5 RABIAT A )
W26 175 ST (k) = oo (k) + Tea (k) A2 RIS AR 2E,
W0 < 7, < 7(k) <7y < h, (Tu #0).

A1 ESTRO5-18]H, $AT 48R I 1) 77 RBK S,
TS 77 TRYESN, AR R )77 K Eh 7 B B R, F
L B SRS N 2 55 A B0, TR T I, B
4 ( ): h, TAEASCH BT 25K FH SR IRE, AT 5

HBSL L AT R, — € AAAE TR PANQ), 1875

PEQ = diag{I,,0}, PB = [B} Bj]7T,
PAQ diag{A;, I, .}, 2)
= [H} HY|T,CQ = Cy.
22(t) = Q) =[] (t) 23 ()], Hrba (t) R,
x5 (t ) R” . /‘%éﬁ(l)£1)|?ﬁﬂ?%é}f

£1(t) = Aya(t) + Bru(t) + Hiw(t), (3a)

0 = xo(t) + Bau(t) + Haw(t), (3b)
y(t) = CaZ(t), (3¢)
z(t) = Q7'¢(t), t 0. (3d)

MERE](k + 1) b3t (3a)fisy, 713
(k+ 1)) = [ M@+ B () dst

j(k+1)h

Ar((ktDh=s) ) w(s)ds+
™ty (kh), 4)

b, (kR), w(kh) fw(kh) 5 9132 Fa, (k), w(k) R
w(k). HARB2AT A, FERERFEIX AN, w(t)# e —
MrBCERL BERTUERRA

) {u(k— 1), kh < t < kh +7(k), 5

(k), kh+71(k) <t < (k+1)h,

B, H1(3)~(5), AL &) UNCSsHEER A
W BSH ] R4t
1 (k+1) = Avzi (k) +Bio(r(k))u(k)+

By (1(k))u ( )+ Hw(k),
zo(k + 1) = —Bou(k) — Hyw(k + 1), (6)
y(k) = Caz(k),
z(k) = Q7 'o(k), k =

_ h
— eAlh, H1 = J;) eAlstHl, #E_

Buo(r(k)) = |

0

_1707

" s %)
1

h
Bu(r(k) = [, "By S48, LGS



Fam

JRILLHAAE: FEIAE) UM RS RR L TR HH o 722161 675

By 2 Bug(r(k)) + B (v(k)) = joh ModsBy. (8)
TEASCH, R TR R sl 2%
u(k) = Kz(k) = KQ™'z(k), 9)
PRI, FT LUK R 45(6)EUE 9T T 2%
T(k+1) = (Aq + Bao(7(k)) K)z(k)+
Bay(7(k)) Kz (k—1)+Hyw(k),
y(k) = Caz(k),

(k) = Q'o(k),k = —1,0,
(10)
Hr: Ag=diag{A,,0}, Hy=diag{H,,— H,}, w(k)=
[wh (k) w(k+1)]", B
Bao((k)) = [Bio(r(k)) —B;]", (D
Bai(1(k)) = [B}y((k)) 0]". (12)
A1y € [, Tyl AN CAIIRRFR AL E X
o(r(k), v, k) 2 7(k) — 7. (13)
LEARSCH, 56 (7 (K), T, k) RIS 6. RIRATLIAGE]
6 €[, — ™, Tu — T~ (14)
B XA, TSR]
Bio(7(k)) = Bio + DO(8) By, (15)

i D = ei(h-m0), 9(5) £ f;‘s eMiids, FLByy =
Bio(my). H(®)(15), 7T LASH]
By (7(k)) = By, — DO(8)By, (16)
HA By, = B (). BRASHRARA D), 7175
Bao((k))=Bay+MO(8) By,
Hi By = [BY, — BH]T, M = [DT 0]". ¥:X(16)18
AR (12), 7118 Bay (7(k))= By — MO(8) By, Hh

By, =[B}; 0]T. FHIt, R4c(10)7] 5 MU~ RS

2(k+1) = Ag(8)2(k) + Haw(k)+
A (0)z(k - 1), an

y(k) = Caz(k),
z(k) = Q7' ¢(k), k = —1,0,

Hrr:
Ao(6) = A + (Byg + MOG)B)K,  (18)
Ay(6) = (B, — MO(0)B)) K. (19)

FE7) PR ECANH € IO () 2 ME— I A2 T3 (3¢
BR LRI, 24035 /2 X (13)RT, O(8) =& Ta%0h 7L, B

sup [|[©(6)]| =

min max
TLETNSTU TL—TNSOSTU—TN

10| < o (20)

St 0 ARSI o B
Hik1 4s=—t MO(s) = ”fo e~ 415ds|. &
—A1 == A/l’ I)_I\IJ

5
o8 = || fo e ds]. 21)

CVRNRERE AL Rer B J5 B, Ay F) 4 SRS AEAE Bk
SEFB Ny, — Ay B AR AR AR 1 50 R SE R Ny, XA
A, &F /R (Schur) 73 i, BIAAAE IEZZFE RS, 4% - =
FAFE BET RN A FEA, 13 ST ALS = A+ THUOL.
AR, AL AR I 5K S e, — AL A
R AE AR A B K SRR Ay, . o B A &% KR (Schur) 73 i,
BISTALS = A"+ T, Hovp: A/ = — AR #1540 B,
T = —T 2™ b =R

R QDATCHER (2219533, 740

r—1
10()] <6(0) = kgo IT|[*e1(d), (22

Forfa
o1(6 )
20k i Sk—i
k14 er? (=1)%6 o )
, —., %0 >=0, 0;
( ) Yo =6 ’Yé(kfl)' V2 7é
—1 ol k (—1)i|g)kt
(7)k+1+e Z(IL)‘ |.|J§5<0v%7’é0§
M T oizo Yi(k =)
|5’k+1 e
(k;—i— 1)!, /\’ﬁij..
H(22), M TAEM ™ = 7, AT LA E]
10@0)] < max  o(r),

TL—TNSTSTU—TN

_Imax

NTHAREE, BE  max ()l
S| ©(8) |0 2T . TR, T LR A7 DL 48
He AR

min max
TLESKTy TL—Ss<r<TU—$

Q2RI Hr > O, o (r) BEE - (G iy 1
B 2 < O, o (r) BEZE |r| B3 0T 50 98 326 4, R
o (r) BEE T 3G DT SR . PRk, 3X(23) mT LAk
N

Omin= min max{d(m, —s), 6(ruv —s)}. (24)
TLSSKSTU

W24, FTRATH R iy =7n, UK S o fd, B
0 = Gmin = 0(1, — ™v) = 6(Tu — ™).

FiE2 BR[| AL = 0 HAL KA, = 0. K,
X TAEESZBRT LRG| Ay # 089K, Frbh, m
SCER (11T 5] EE L, w50

10)Il <

Ly = v MIO0)] <

a(r). (23)

ololll Al _ 1

=" @
a(r). ATk

max
TL—INSTSTU—TN



676 oA R 5 N A

40 3

RRGBRTHE BE max  o()EEEE
10(8) | FLSCAE AT, FRIIEE, W7 LT sk A fA
i R R I

min max  o(r). (26)
TLSSSTU TL—SSTSTU—S$

SR, o (r)BE3E |r| R0 s R . Rk, 2026) AT ik
TLLSKTU (TU_S)}' EE:EQ

SYHE(r) = 6(~r). My = 7 = o (e + 7o) R

Xﬂ‘ & E,:J g = 6—min - 5—(7—L - 7~—N) - &(TU - 7’:N) =
e%(m—n)llz‘hl\ -1

A
!t’t, 1% JFEAF 20T 5, 2463 2 (14, 15
B E IO () =270 H0A A1, I H, T U8
T7E1(ETT15:2), 1380 = G (B0 = G i) FIAERT S
FIrn = Tn(@irn = ), 153 3K(20) 07
3 =S
TERIT MR/, B oedh i R 24 e B
EX 1 HHAMNHRGADEw(k) = Ob [T
BRI ||z (k) < afF R0 V0 < ko < K, MR
RAENTRIBEFE R, Hh: Ao > 0, ZK
KB e (0,1), FH
¢m = max {[|Q o(=1)[|, Q7 4(0)]|} .
EX 2 WTRGA17), HH w244
D) Hw(k) = O, RGE(17)2FaE0ke 1,
2) FEEWIMGE AT, M TAEEMw((k) # 0, 7 H
w(k) € Ly[0, 00), Friy > 0, y(k)iie
N N
kgo ly(R)[I* <+ kg@ o (k)7 27)
IR R GE(1T) BA Hoo TE A FRERE.

Eﬂjjamm— min max{ (7, —s),

EE 1 Hebiiy > 0FEEHIER©9), WRAFE
EHREP > 0, P, > OFifrEq > 0, 13
[P, — P+ C{Cy * *
0 — P, *
0 0 —~2I
Aq + By K Bu K Hy
0 0 0
L B K - B K 0
* * -
* * *
* * *
_p . . <0 (28)
acMT —al x
0 0 —al |

AL, MR A AW (t) € Lao[0, oo) FUIRAS S 15t

FEHIF O RFE1T) A AH IO AR EFRE .
iE 1) HRIEHRFAT)HERQ2T).
PR 1 2 B R
V(k)=z"(k)Pz(k)+2" (k — 1) Pz (k—1). (29)
HAELEMEEP, > 0F1P, > 0. 55 KRG HPIRA
B, WTLR )
AV(k)=V(k+1)—-V(k)=
Nk +10)Px(k+ 1)+ 2" (k) Pz (k)—
)P z( k- 1)Pa(k—1) =
& (k)Z12(k), (30)
(k) z8(k —1) @ (k)]",
21 =[Ag(6) Ai(0) Ha]"Pi[Ag(6) Ai(5) Hal+

diag{P, — P,,—P,,0}.
2J = Z( T(k)y(k) — 0t (k)w(k)). PR
1¢$ﬂﬁ(30) CIEE]
J =kZ (" (k)y(k) — v*w* (k)w(k) + AV (k))—

FR)ZE0) = 5 SRSk, 6D

Hobi 2, =[A0(0) A1(6) Hal'Py[Ag(6) Ay(0) Hal+
diag{P, — P, + C1Cy4, — P, —I}. HR@31), t
=y < 0, M= 27) or, BV RS (17) 258 L2 4%k
1£2). LA H Ey < OFIER.

HRHESchur#h 5|3, =5 < 04 HAVY

P,— P +ClCy * * *
_ 0 - b * *
3= <0
0 0 —~2I *
Ay(6) A(8) Hy P
1819 L, A1
P,—P+C{Cy  * * *
_ 0 — P, * *
=T 0 0 -2 x|

Ag+BaoK Bu K Hy —Pl‘1
p+e" <0, (32)

st =10 00 o2 (B K —BiK 0 0)

g



Fam

JRILLHAAE: FEIAE) UM RS RR L TR HH o 722161 677

HSCHR[1], ATE10(6)O0(8) T o? < I. HSCHR 111+
1282, KGB2)HAL, Y B e Ea > 0ff 550
28)MAT. Ik, RGE(17)i 25 L2 461E2).

2) LU IERH R GE17)i 2 52 L2 R 1).

T RG(17), 2w(k) = 0. #5209 H
ZEREAE A RYZ PR, T A

AV (k) =21 (k) E,2(k), (33)

e 5, = diag{P,— P, —Pa} +[Ao(8) A1(0)]" x
Pi[Ay(8) Ai()), (k) = [ (k) 2" (k — 1)]".

1 =(28), AT fHE, <0. Hw(t) = Oif, H13X(33)AT
RARGATEIERE, 133
AV (k) < —pillz(k)?], (34)

Hrb By = Apin(—Z40) > 0. H13X(29), AT
V(k) < Bz (|2(R)?+ lz(k —1))*), (35

;H\:EFIBQ = max{)\max(Pl), )\maX(PQ)} > 0.
LBy By 9 Z KL, RN T o T 057

B2(8 — 1) — 510 + [2(0 — 1)0 = 0, (36)

B HREL B, > ORIy > 0, FF LT R (36) 2 47 L2 A
0> 1. X0 > 1M, AR (34)-(35), 77

OV (k+1) — 05V (k) =

O AV () + 6%(6 —

al ()07 2(R)|* + cx(0)0*z(k — DI?, 37
/\I:P

DV (k) <

as(6) = ( —1).
120(36)(38), 715
a1 (0) + az(0)0 = 0. (39)

SMERIEES L >
E)IRTRGIES

V(0) <an(6) 3 04 [2(k)|+

2, X @7 I E R 0%k — 1

0FV (k) —

0a(6) X 0"k = . 40

?T‘\R‘
»—lO

1
0%||z(k — 1)|* =
k=0

0"z (~

k—2
DIP+0 Y 0'z(0)]° <
=0
k—1
o, + 0 > 0|z, (41)
=0
H(39)-(41), AT LA1S3

0"V (k) <
V(O)+ax(6)%,+ (as(6)+as(6)0) 5 0¥ a(b) =

V(0) + cz(0) 7, (42)
H=0(29)(35), HI A

VE) > Auin (POl (R
(43)
V(0) < 26293,
H30(42)-(43), AT A2
—(1.\ |12 ( )+ 2ﬁ2 2
|Z(k)|I° < T(Pl)( ) G- (44)

g b RTIR, iR 2 IR 44), READ IR HE
7€, B A 27 25 R ). R, 15 3 B A S5
P Bhw(k) € Ly[0, 0o) MR ES W52 i 2489 R 4t
AN BEAEH T faraE. .

F2 BRE3), Lok)=0n, WERRGADRE, N
Z4 < 0. HIFP > 0F1Py, > 0, fiTbhEy < 0o, NS4 =
Ao(6)T PLAG(0)+Py—Pp < 0. Kk, Ag(8)T PLA(8)—Py <
0. b3 BT, W Ao (8) (5 FEAELISE 4 3B A7 T B A2 [ 9. 4
K = [K K], {3

AO((S) _ Al + Blo(T(k‘))Kl Blo(T(k‘))KQ .
—Bo Ky — B2 K>
HIsR () AN, 247 (k) = R, Ao (8) 54389 H B R
Al 0

Ao(O)r(ky=h =

—ByK, — BoKa|
WL T PR Ao () ()=, A L AR OFERE, ARG ZE
W, TS REARRKs A — By Ko FURHE B2 L. AR
I 42 95 T0 V20 Ay AR IR, 5 2R R gk e, W
WEREESR A [ REAE AR A 3B T B AL 5 P, B A FRRAE A 4
HHEA 7S, B RFADEIERE. B R A AR
FEAAL IR A FRFIEAE, B AL AR OSBRI B, v TR
SAA ATRERE, Wr (k) AN BETE A, fECHR[15-16]H, H
FAEE S 7(k) = h, HICA PR ] T HLATeh 5 000038
P

75 28 Rl A7 e 46 BE P AP, :R(28) A B
fEFHLMIEARBAT KA. RIba Han e .

EIR2  AEEyY > OFIEHI229), tRI7E
o > 0, PLUAGESERFEQ, > 0MIQ, > 0, i1

—Q2 - Ql * * *
0 — Q2 * *
0 0 ey

114 By KGQy Hy - @

0 0 0 aocM?T
BlKQl - BlKQl 0 0
efe 0 0 0




678 7w w5 N H 340 &
* % * i % * %
* * k * % *
% * * * * *
* * « | <0 (45) * * x| <0 47)
7 *
—al * * 0 ol o«
0 —al =« 0 0 1]
0 0 —1I]

AL, A Ty = AqQ: + BaoKQy, MEA MBI
WEhw(k) € Lo[0, co) HUMR 2 i 42 i 82(9) ) & 4;
(7 HAH TR T s

UE I Schurfh 7|2, Q28T

[ P, - P, * * *
0 —b * *
0 0 —~2I *
Aq+BowK BuK Hy —P!
0 0 0 acM™
B K - B K 0 0
Cq 0 0 0
* * * |
* * *
* * *
* * * < 0. (46)
—al  * *
0 —al =«
0 0 —1TI]

2Qu=Pr MQy =P PP, 1E R @6 7
B2 AN AT Fediag{ Pt Py I, I, T ), T
(45 L. Rk, BASMBALE w(k) € Ly[0, 00)
FLIRZS RG22 (9 I R Ge(17) R Hoo TE B R 15
HkaE.  iFE.

Xt 45 58 RS R Bz 1 45(9), WT LA i B2 5
IERGADMFSEVE. T4 HhE BX R G(17) 8
SE [ AT AT

T3 AEREy >0, WRAEEREQ >0,
PLAGEAESEREQ, > 0, Qy > 0F1Qs, fH15

_Qz - * * *
0 — Qs * *
0 0 a7

Ti BuQs  Hg —

0 0 0 aocM?T
BiQs —BiQs 0 0
e} 0 0 0

oL, H Yy = AqQy + BaoQs, MEAFNTHIAIL
HMw(k) € La[0, 00) M RG1(17) B A H, JEH TRy I5E
s, I HEEHMEANK = Q;Q7 .

ik fE@d6)H, Qs = KQy, 1T L5 3] :47)
BT LA, BA MBS w (k) € Ly[0, oo)1 &R
FANREAH JEE AR B E N, FHLRES R
I AK = QsQ7" . IEEE.

FE 3 HEH3, 2G0T R H oo 321 1) B AT DL
KRB BALAL T B min 8, H g =~2. B A LA

s.t.70(47)
J‘i’}/min =V 5nun?%E°§U’YE/‘JE%ﬁﬁTE
4 PirEH
4.1 Hph
10 —2.25 0
BRGS0 B | | A= ,
TSI &N 00 01
1.32 0.79
B= , H= , C=[-0.1 0.1], h=1s, 1.,=
l0.3] lo.ll [ s h=Ls, 7
0.1, 0s<t <85,
0s, 7u=1s,~=0.95w(t)= j *

0, Hfth.
RGN R L. 2FEP =Q =1, (9 1%
uw(k)=Kz(k) = Kz(k). HX(Q2), 7] 1§4, = —2.25,
By =132, B, = 0.3, H, = 0.79, H, = 0.1f1Cy =
[~0.1 0.1].

1 E BE3WTEFT R Ge(1 )R BEE el | 75 k1] 15
™~ = 0.7365 s, ¢ = 0.3597, K = [—0.0074 0.0000];
H J5 20 4K = [-0.0111 — 0.0000], 7 = 0.5 s,
o = 0.9245. HITIE VR ER2FTSIREIE (k) FE
FEARFERS ZN 7 (k) 43 B N ARTER B,

HIE 38 98 R G T) I B Hoo 221 1R, PR 751
A7k 2 ¥ a3 K = [—0.0095 0.0005], 7 min =
0.0366.

FESCHR [15-16]H, i TR AR IAT 4% AR [R] 77
HBEAT IR B, A & A7 sCaE AT 953l AT i
IS T) B 75 b )20, O EL 5 255 2R L AR A 21 2
A RESAE, NIAHUINR T IHE, Bl (k) = h, #EiMT
Wik T ARG OR . A SRR T S8R I SFEKE),

IR T WiT (k)BT 5L RE BN E TO (0) % &
GEOR Sy PR PTG R R . SCHR [15-16) (9 017 =45 R 40



Fam

JRILLHAAE: FEIAE) UM RS RR L TR HH o 722161 679

B3~ X EL L 2R3, ANk & B A S B A
(R4 I R SCHERk [15-16].

1l —x, (k)
= — x,(k)
B ol
v /
X 4k i

,2 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
t/s
(@) RGPIRFFILL

1.0 57— T T T o 1 T T

05t coolel 99 |4
00 Tf??‘l[IWJ‘ T?TT(T{
0 2 4 6 8 10 12 14 16 18 20
t/s

(b) RGAEEEA AL 2 X 2575 T 4
1 FHINFET IR R AR

Fig. 1 Simulation results based on Method 1 in Example 1
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Fig. 2 Simulation results based on Method 2 in Example 1
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Fig. 5 Simulation results based on Method 1 in Example 2
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