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Load Frequency Control of Time-delay Power System

with Photovoltaic Power Generation

ABSTRACT

With the development of the smart grid, a high proportion of new
energy sources such as wind power, hydropower, and photovoltaics power
generation are connected to the power system. However, energy sources
such as wind power, hydropower, and photovoltaics power generation are
restricted by external environments such as climate, region, and
temperature, and their power generation is intermittent. With the
continuous high proportion of new energy and the application of numerous
power electronic devices, the power system has shown a "double high"
characteristic, which reduces the system frequency support ability of the
power system to deal with unbalanced power shocks, deteriorates the
frequency characteristics of the power system, and affects the power
transmission quality. On the other hand, the power communication network
1s an important infrastructure of the power system and one of the three
pillars to ensure the safe and stable operation of the power system.
However, the unavoidable time lag problem of the communication system,
large-scale wind, and solar grid connection lead to the shock characteristics
and control methods of the power system change significantly, resulting in

the shock related to the strong time lag in the power grid often affecting
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the safe operation of the power system. In view of this, this paper studies
the load frequency control problem of power systems with photovoltaic
power generation.

Aiming at the frequency fluctuation caused by the integration of
photovoltaic power generation into the grid and the transmission time delay
caused by the power communication network, based on the block diagram
of the power system with photovoltaic power generation, this paper takes
the frequency change rate, the excessive power and output power of
photovoltaic power generation, the change of the opening degree of the
steam valve control valve of traditional thermal power generation and the
output power of the prime mover as state variables, and adopts PID control
to establish a state space mathematical model of load frequency control for
the time-delay power system with photovoltaic power generation; Based
on the Lyapunov stability theory, the stability analysis of the power system
with photovoltaic new energy is carried out by constructing the Lyapunov
function with multiple augmented matrices, and the delay-dependent
stability criterion based on the generalized free-weight integral inequality
1s proposed; Aiming at the non-linearity of the delay-dependent stability
criterion caused by the PID control law, based on the idea of reinforcement
learning, a range search factor and a scaling factor are introduced to act on
the delay-dependent stability criterion based on the generalized free-weight

integral inequality, and a Gaussian distribution-based adjustment
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parameter search algorithm is proposed to optimize the PID controller
parameters. The design method of load-frequency controller for the time-
delay power system with photovoltaic generation is proposed. The main
research contents are as follows:

(1) Based on the load frequency control model of single-area time-
delay power system with photovoltaic power generation module, through
analyzing the working principle of each module of load frequency control
of time-delay power system with photovoltaic power generation module,
based on the expression of transfer function of each module, taking the
frequency change rate of single-area time-delay power system with
photovoltaic power generation module, the excessive power and output
power of photovoltaic power generation, the change of valve opening
degree of traditional thermal power generation and the output power of
prime mover as state variables, the state space mathematical model of
single-area time-delay power system with photovoltaic power generation
module is established. The load frequency control of the time-delay power
system with photovoltaic power generation is carried out by using PID
control law, and the closed-loop state space equation of load frequency
control of the time-delay power system with photovoltaic power generation
based on PID control is given, which provides model support for the time-
delay stability analysis and controller design of the time-delay power

system with photovoltaic power generation.
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(2) Based on the Lyapunov second method, an augmented Lyapunov-
Krasovskii functional with all time-delay terms is constructed, and a
generalized free-weight integral inequality is introduced to estimate the
upper bound of the integral term in the derivative of the augmented
Lyapunov-Krasovskii functional, and a delay-dependent stability criterion
is given to estimate the stability margin of the delay power system with
photovoltaic generation. A typical second-order system, a single-area LFC
system, and a single-area LFC system with photovoltaic power generation
are taken as examples to verify the superiority of the method proposed in
this paper.

(3) Due to the introduction of the augmented Lyapunov-Krasovskii
functional in the stability analysis of the time-delay power system with
photovoltaic power generation, when the closed-loop state space equation
of load frequency control with photovoltaic power generation with time-
delay based on PID control is analyzed, there are nonlinear terms in the
matrix inequality, and the cone complement iterative algorithm is not
suitable. To obtain the gain of the load frequency controller in the power
system and stabilize the frequency fluctuation caused by the load change,
this paper introduces the range search factor and scaling factor, and takes
the time delay margin of power system as the goal, proposes a search
algorithm based on Gaussian distribution to optimize the controller

adjustment parameters, and obtains the more optimized controller
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parameters. Finally, the effectiveness and superiority of the proposed
controller design method are verified by simulation.

Key words: Time-delay power system with photovoltaic power generation;
Delay-dependent stability; Load frequency control; Search lgorithm based

on Gaussian distribution; Linear matrix inequality
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JUETT LR E IR £ AR, (ERIEBIAT & — DL &, SEEE
IR R GUARME T BT A, 5 e B AR W R 8. S5, IR T
2 bR A BE S AN A R 2 RN R 2R, RGN AR IR A A% 3 bR AP
Lo 122 TR 2 T RE R L R G R P, R AR gt il ) R Guit
PR R TR, B TR 8] J7 REASE R AT 7T L ) 28 48 D0 AT A8 4% | 1601,
AR SCHRR[61 TBE5X LA I A o SR L F) L g 2 4, i S N SR N IR A 2 1) g
R, FEFANE OO ERE, DORFEEGE T3 QI Y 75 SR A A FUALZL ) B A3
B I S BE IR

MTEEAE, BRI L R EE BB IR 1A% G K 0 R R G Th AN
1AL GL R ) R GE R AIRE T 9910, J T2 W) 07 R AR A 1) 23 e U A v
FRY R 7 28 48 D A AR I IO B S AL, A0 SCR[621 8108 417K B REAT Lt if )
AN DXIREIBC L, 4 LI HE ) 2R 48 P 4% 2 BB AR, 07 28 X SR LI HE
ARG NORE A AR A, ST BB 7 R GE S R A kAT, e DAL Al
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Hbr, X2 XS i de 3 AT BT, Bt — Pl 20 A RS RS 425 1 1) 7 Ao A0
KPR TT % . STHR[63109 T H IR ITTBOE 1S W 2% 1 2 XI5 LFC H1 71 R4
HLRIIR RS, A 7890 78R8 Bde A b 25 0 A BEA LIRS e 58 St AR (1 2l B, 2
NL T IN G B SE R AT % BENLIBE R E M EAE B gt S EEL
I SEAR OG22 X3 LEC R, 3 e - W00 2 BE A L5455 SR A 4] ¥ LRC
VA SR FH R AR B AR B, S 2| 18 ) 156 P 7 iy

1.3 AXHRAR

BEXEE EARR BB FE ) R GUIa AT IR B g 22 4 5 2 B 2 3 sl R i
BLG, ARG S OGRS 14 . X s H 7 2R G e RS 22 8] 7 A A
Xt G AR HL PR IR P 0 2R G EAT I i RS E VE o M AN T PID 2 g A
. FEBFRAT:

(1) FEE AR AT ) B DX SN i F 77 3R G g PR s A TR i
A 73 IR R g 2R 8 G AR A A AR (R A% IR BIL. & HL- ST
PID & oA AR B TAR 5, T Bt s BORIA T, BLEDBIR
R R 1 B X N R 0 AR G AR AR A A, R R AR 3 B D S R L T
TGt K 77 7% HBOTRT 2 ) 1RO AR AL DA K R s L H Th o RS AL &, R
PID 4 il X 25 06 DR H B IRt P 0 2R GEEAT g AR A2, 9 e AR L PRI
i FEL 77 28 G I IR RS 1 2 M A ) s B T SR AR R S 9%

(2) B X5 & 6 AR o B0 I il F 0 2R 0 1A I AR 8 R 0 A 1) R, kT
Lyapunov 2| Big, HEME—ME A IRSZ R Lyapunov B3, &
RE AP UL R GRS K SR, TR RS 9l — 2238 (0 B HAERE, ) X
B HBR 7> AZE AL B Lyapunov 32 B —IRAR D IT,  FHA5 216055 e K Fe VI i
EFESEAR A A B X ) R GRS E VA - 0 ASR Y T R G A
X4 LFC RGN &R K ISR IX I8 LFC REUNBI, WA AT 7L
P

(3) BFXSI ) RGP R R BT i, H 8 B E MR, T
IR 2 1A AE T LA It 387 M 5 92 A - A 4 PR SR A RE P A S SO AR R PR AL, TR
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5 FH A% 8 B HE RIS ARSI SR AR o A SCR 2 T v 0 20 A (10 1 S B R St AT
F ] 5 0 2 AR 1) DS, RIS P (0 2 4 25 18 2 FH - HL ) R GEadb AT T R
P, i R S b B A ST ) AR R RE R AT
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£ 28 FRARKENIFENRFEARRITHIER

2.1353|8

B R BRI H 2 B, Se IR HIF N, O 2R 48 10 B 2 A
JRER Y, T EE AR B I, B T ARG R I B B AR . AR, O
PR S 526 R T AN A B B 4, = REOR ) RS0 D%
ABRWA, 1 AT R A H 2 om,  H AT IR AR N, X LR i
SR L RE BT RO . Dy T AERR AR AR AR A S BT N e sl g
PR 22 e ) IR BE T [ C L E 2O,

FESK PR g SR 5 1] R G, FE 45 5 n] DAAE T L R 28 Gt ik B i)
BAE WA TS SR 3E, SCBURVE IR EHE S e, 7532 B i R A Al e
2L IE 28 . Hn B0k AR BRI AR i REEOO), BRI AR A e M A L i OR
KATHA, ERN RGN RERE L AIa T H AR BB BRI B &R B
i B ) RGP S AN A ST AT S B, R SR E I U A

2.2 SAfar SRR I B AR L5 4

TR AR HVE N H 31 & HE 42 # (Automatic Generation Control, AGC) ) 55 5%
Thie, AR R ENUREETE SOHZ /e 471847 HLARE X 3R] I 45 8 A8 e Th A E 1
KV BB SHE R AR, 25l RGBS,
MBI ARSI 2 I R — U R %, B R FS
REVE B R RS, DADCEC AR FELZE  SERRTh S TR 2L, /N ) RGO
), SR — YRS R BEIR AR S, AR DRIESR AR E, &—MA 2R,
AR A ZE AR NG 54 FH T G077 90 5 4 1l 88 PR o Nt El A o 2 P 7 A 4
i EH S R R T TR T A A0 m| B R e YR A . — R ATOR T R AR A 2 o
1 ZG G g A ) JE 3 ] 2-1 B

10
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[ KHL
AP, *
> fashila > JHERS
{\\\_E&ﬁﬁ
S A 1 8 [
Af
B fif
AP,

K 2-1 HE )RG5 far e 4 o) i 24 ]
2 R R HT BEIR 1 i ELBBE , A SCHIE FT 18 6 AR e H AR B [ B X 3 B, )
F4 LFC ZEHNEE T -

= SR
AP Kl APD‘ j_2+5 APpV + - APd Af

—sh J - A+s s
e
- ACE - +
G, (s) 11 AR, + T | AR 1] 2+ .
1+5T, “l1+sT, D +sM

2-2 BRI B R IX I8 ) R 4G LFC AE A
N HEARYE B 2-2 BRI LFC 25 P HE BRI 3582
(1) PR AR
KA R B a3 AR 4 0 ae7 i 50 5| AR I SR ST 7l i A2 A, 1%
VRIS p R, M s bR, AR R EON -

A\ 4

_AR(S) 1 Af(s)
C1+T,;s 1+4Ts R

AP, (s)

\

2-1)
A AP ROV IR RIT AR & T Rl s ORI () W % AR, R
ANBASTE R A A B HNE 5 R R I a8 R VR R4

(2) JRBNHIAERY

ACE R RN AR AGRAE N, HAL R O

11
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G (5)= il:;:((ss)) B Ttsl+1 -2)
X AP, FORIREEHINUR I 2 AR s T, iR AR P 1] 3 4L
(3) BRI A
HISCHR[67] R0, SGAR AR5 RO — i % 8 bR B AL Dy -
-7

FHOCHER[68]FT AT, FIN AR, it BEThER,  3(2-3) AT LA il LA AN 1

AR, (5)= 3 AR () 4
AP, (s) =225 4P (s) (2-5)
A +S
A AP VR IR R AP, NRGEMHIE S KON ®EE: 4 M4 70
IARERAL 8 PR AR R AR AR AR SR A, % B AR AR AR S

(4) AP

L RGFEIBITIN, REGATHFEPEAIRE, N KRG 7
H:

AP +AP =AP, =0 (2-6)
X AP FIR AT IR AR & .

Mg R AR, HAATAL R AP, £oRn, I, REH ThIhE I
WERAEZN, REMH IR0 RS, . ik
RGFEPFIE RN ERES, KB H Dl 2 (B0 Sh AL AL S 3 A AR
RKEINFEZ KB, A AP, AP FI AP, Bi3 A2

AP +AP =AP, #0 (2-7)

BRI, B R G TP R A B ATIRES o
SR, T RSN UM T, 3 B0 AL R AT R AT SR S B LA
Thag, MRS IR mZE &, ’:

12
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1
D+ Ms

Arf: DERRKENIHERE: M BRI E .

(5) T PID il #5 ) LFC

— RS B R T B R FELRE S 51 1 R Go /i FE SR AR, BARTT LA F
T RAE, HRTIEHERRGA TR IRZE, X 20O, A SCRA
PID # M| #85347 LFC [ =AM, AR 3 s HOR -

Af = (AP, (s)+AP,, — AP (s)) (2-8)

_ )y K :
GK(s)_ACE(S)_Kp+ 5 +Kps (2-9)

A K FoRHBHERIE ., KRR EHE e, Ky R mmiiga: u
FoniEhl gt ACE Kox X 1i% Z 15l (Area Control Error, ACE).
FEHL X3k LFC H, ACE 1] & X M,
ACE = BAf (s) (2-10)

{f: B=YR+ D EFHERERE T

(6) fEFINIAY: fEHL )RS LFC H, I £ 2R AE T4 i o AT 8
P 2215 T RS R TE . AT s R IA : UM,

Gyay () =€ (2-11)

P hRoRIHE o(t) B B 5, BT 358 LEC RYIAR 2 PE R

2.3 BHAR A BIER B XA HE N RERSEEHFEER

Sl ST A AR 1 DRI TR N P T AR ST A A 2R, DU B A e AR 4
Fe S A3 bR BCREAT W ST RN A, 10 4% 328 BR AN AN BE LA A B AR B2 TR R R AR
BRI V] Se IRIX — BRI, e ] PASE B tuitid RGN IR A4, I
HEZ A TARLMMANE RS ZMAMZHIT RS0 EH AN 2 R80T
SETED TR 25, T DA SR APIRZS 22 8] J5 R R RS & AR AL R A g AR R

RYEE 2-2, PR, SR I DR MR T A5tk
LRI RE R IR AR A S AN SR Sl Lt Sh RO RS AR, DX 22 F ) D

13
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A
x(t)=[Af AP, AR AP, APR]
y(t)=ACE(t)
A9 2 R G KPR A 2% (AL
{)‘((t)_Ax(t)+Bu(t—r(t))+FW(t)

y(0) = Cx()
A
w(t) =AP,,
AP (t
u<t—f<t>>—[ °”],
AP, (t)
b1 0 1
M M M
o - L 9
T T
A=
1 o -L 0
TR Ts
0 0 0 —A A4
0 0 0 0
B=[Bl BZ],

B,=[0 0 0 K, K],

Bzz{o 0o X o o},
T

G

F=

1

iOOOO},
M

C

[ 0 0 0 0]

I AN R EY 7 () B 2 R AR SR A

14
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0<z(t)<h |#(t)<u (2-15)

2.4 &F PID #£HIR 2 KR L BIRRATTHER N REG LFC R
~i(2-9), FIEIRA FBLEI T 7] R 48 LFC 1) PID %11

u(t)= K,ACE (t)+K, [ ACE (t)dt+K, dAi'tE(t) (2-16)
BB T R fUh A AR B AR S AR
) [y (tdr
y(t ) [y () —y (O 17

HTCB=0, RGUQ2-17)AHEH]%(2-16) AT LA FF i S5 R 4t
X (t)=Ax(t)+Bu(t—7(t))+ Fw(t)

¥ (t)=Cx(t) + D,w(t) (2-18)
u(t) =—Ky(t)
v
. A 0] s B,
= B=|B B, =
C 0 [ ] 0
C 0
_ |B| _ [F| _
{ }F{ }c 0o 1)
0 0
CA O©
0
D,=| 0 | K=[K, K, K]
CF
R ER A S R G ] AL NI AT R
X(t)=AX(t)+AX(t—z(t))+B,w(t) (2-19)

XF: A =-BKC-B,KC, B,=F-BKD, -

B M RGE(2-19)I84T P SO X (t),

15
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0=AX (t)+AX (t—z(t))+B,w(t) (2-20)

LX) =XO-X 1, A=AA=A-
1 2(2-19) 08k 2 =0(2-20) AT 15

%, ()= A (t)+AgXs (t—r(t)) (2-21)
A
b 1 0 1 0 0
M M M
0 L L 0 0 0
T, T,
A = 1 0 S 0 0 0
T.R T,
0 0 0 -, A=A 0
0 0 0 0 A 0
B 0 0 0 0 0]
i 0 0 0 0 0 0
0 0 0 0 0 0
KB BDK, PKy PKp 0 K
T, MT, MT, MT, T,
A =
K1KDﬂD _ KlKPﬁ _ KlKDﬂ 0 _ KlKDﬁ O _KlKl
M M M
KlKDﬁD _ KlKPﬂ _ KlKDﬂ 0 _ K1KDﬂ O _K1K|
M M M
i 0 0 0 0 0 0 |

AT A5 B R LB BB L R SR B — SO 5
X(t)= Ax(t t—z(t),t>0
(t) = AX(t)+ Ax(t=r (D) t> o)
x(t)=p(t),te[-h, 0]

e AR A HRGHRE, () 2R 0<r(t) <h Rz (1) < o MR A2 R 4K,

o (t) WA

16
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2.5 KE I

AN B R BRI FEL 7 2R G A pR B Y, ) i & F g
15 W EAT A SN A7 AE R IR I 5, 3 75 e AR RS [ B XIS i P 77 R G0IR
SRR R, R PID 2 & AR K AR (1 B ) R Gt 4T LEC,
AT PID S e R SR IR B DX S i Fi 70 AR S it S 5 A
WEHI ARGV R R K25 8 A% 34 bR BOE IR AR B IN AR N if R 8, P AAR SO
TR R TARE IR RGP T 5 AR ZH ISR AR, RS E IR AR B (1
X S5l i FEL 77 28 8 IR A R R 0 A AT 1) 2 e T SR AR SO

17
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£ 3T FRRKEIHE NRGEINRIRE ST

3155

[T B SR A A7 A T AR PR TE R, B RAMEREZ I, Wit RELIE
W TARIREAS . A 7 L ORI F0 I Vil R G R R e M 1) R, IS 388 6 0 9 R S IR i AT
I AR il o (HAESERR IR RGN S R B 2 AW, ARk, AEETHE2
B LR B G ARK HL IR L) R GUIRES R T AR, B AL % L ) R G I A O
e M I, e I ) 5 IS AR NS B 2 G) T Lyapunov-Krasovskii 2 B, %7
Lyapunov FeiE /AT EEIe, $H & 6 R K B IR B iy i 70 3R G B A G A A e
EEZIE/ T

AREAR GBI : RYAR™™ 73 313278 n 4ERC LB AT ) 5 25 (8 A nxem SE%L
FEREAEE; MTATM ™ 2 BN FEBE M B AR R AR RE MO AERE: 1, 0,
M0, 7 nx N BALEERE . nxn ZHEFEM nxem FHFE; P >0EKR—> P 2sixf

PRIEFERERE: diag{...} X ARRE: Sym{X}=X+X"; “*” FoRHF R0

Fi [ j;cammgxﬁﬁ%;bﬁz = m)'(“jo

3.2 FEER

FEREAT WL R GE I i RS € 1k 0T 2 A, AN S 4 B g AR e i A e TE 2>
e il K 2R 5 SCRT5| PE

K FAL R RSG5 T e
%= f(xt) 3-1)

A xR n 4RIRERE, U n JEREREL thid x At I AL AR L o 2
BOTERG-DTE (t, %) KIFIIIE T, A ME— 1 fE:

X =o(t; X, 1) (3-2)
A X =o(t; X, 1) AR At =t I HPIRAS
 RGTTREG-DEAE BN ZIH AR K& X, » E1F03-3)%aL, WK x, Y

18
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RGP HIRAS
f(x,t)=0 (3-3)
5|3 3.1: T Lyapunov 55 7%, RGFaeMFELT:
LV () IEE V(.0 7sE, WRSEFERIRES x, & — St . #t—
R RN H)l(‘i‘LTZOV (X,t) =00, MIRGHFHEPIRAS x, A2 R0 — Bt is e 1 .

Ni

V() IEE V) WIEE, MRGENTFEPRE x, —RAFRER .

V(X ) IEE V()0 MRGENFHARE X, & Lyapunov & R
—HEREE .

513 3201 X T IR Z e R™ DLEATEHERE N e RV, fEFE—/NE
MAE[a, Bl R" LT FERE G, WA T ARG A SR

757 (s)2x(s)ds < 25 TLN&, +(B-a)&INTINE, (3-4)
FaveeF

Iy =[n0) 7 @) ... 7y (N)]

sziag{£1 i1 1
Z' 32" (2N+1)Z

X (B) X ()] \N=0

SN = T T 1 T 1 T 9T
[X (ﬁ) X (Ot) ﬁ@o E®Nfl] ,N >0
I —I],N=0
7\ (k)={ 1 ]
0 ()t e .. eNMLN=1

oi — @j+D((-D"7 -1, j<Kk,
" o jsk

F (s):(—l)kg[(—l)i [Tj(krljl[;_—ﬂ

0, = /f F(s)x(s)ds

YN =21, H(GB-4)nr LS AT

19
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/X7 (s)2%(s)ds < 2] TINE, + (- )& NTINE,

A
Z, 0 0
Z=|0 3z, 0
0 0 57,

&, = col {XT (B) xX'(a) @ wz}

@, = Lj: X(s)ds

T . p [ (B-9xe)s
| —I 0 0
r,=(1 1 21 0
| —I —61 121

512 3.3(Schur 5/ #): X T — M4 ERFERES =ST e R™
e
S, Sy
XH: S, eR™, S,eR" ™, 5 RN
4 Sy, Sy AR AT R, U B = AT AFAESF I % & -
(1) $<0
(2) S,<0HS,,-S/S;'S,, <0

(3) S,,<0HS,-SLS,'S, <0

(3-5)

Bk, D75 RS e RO L B L R e AT R M p . s ik

) BRI PR 9 R
1

w, (t)= " )It o x(s)ds

20
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w, (t)= Wf_:t) (t—z(t)-s)x(s)ds

1 t
w,(t)= TZ—(t)J't_T(t) (t—s)x(s)ds

() =D (1) X (t=2(t)) X7 (t=h)T
M ()=l ()W (1) (= (Ow' O (-z(Ow,' ) 7 (t)w, (O)F
m(t)=0ma (1) ()
7, () =[X(s) x"(s) X' (1) X'(t-z(®) X (t—h)]
SO=D(1) X (t-7(1)) K (t-z(t)) «(t=h) X (t-=h)T
&)= (1) w'(t) w'(t) w (O
£()=I&'® &OT

€= [On><(i—l)n In Onx(g—i)n]ai =129

3.3 £T T XBANRSANEFXNTE N RE AR E S

R T8 2 ST A E AR BN i L R G8(2-22), AN T Lyapunov
P E LR AT RS E M, JEI A AR AR E AR I T

FH 31: WAEWHREN u>0, MR HFEECHMEPeR™,
Q.Q, eR™", R eR™AIR, e R™, LARAEREIREN, e R®™", N, e R*™", {EI}
R LR O <z (t)<h, |2 (t) < p MW, AU T AR A S 0L,

U 2 458 (2-22) 7 IR AH ST 0E A2 72 1Y
Z(0,7(t JvhN]

* _ R2—1

(3-6)

21
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(3-7)

[E(h,r‘(t)) JﬁNf]<O
* R

Kof.
=(r(t),7(t)) = Sym{IL] PIL,}+ I} QIL, - (1— £(t)IT} (Q, —Q,)II,
_H;ans + he; RleA +h(1- z:(t))e; (Rz - Ri)e3

+Sym{I1,QH, +I1,Q,H,}- D

@ = Sym{TT{ N, +TT{ N, }

M=[el ¢ e c(t)e] (h—r(thel (i—z(thel z(t)e] |
I, =[e, @-7(t)e; &l

I, = —(1-7(t)e;

M, = (L-7(t)e; —€}

I, =#(t)e) —e; +(L-7(t))e]

M,=—7(t)e; —(L—7(t))e; +e&

M,=[T; I I I, Il

H3 = [eTA

2,
<D
N('D
.;SD

M=[e; & ¢ & el

M=[e] € €& & &l

O, =[e] —e, z(t)e; z(t)e] z(t)e, z(t)e,T
I, =6 —¢

Hn:[(h—r(t))eg (h—r(t))elT (h—r(t))eg (h—r(t))e}]T
M =[e] —€] ¢ +e] 2] ¢ ] +6e] ~12¢] |

I, =[e; —e; € +e, —2e] e —e +6e; —12¢]

22
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H(t)=[e; e e, @-7(t)e; el

€= Asel + Adsez

R, 0 0
R =|0 3R 0
0 0 5R,
R, 0 0
R,=[0 3R, 0
0 0 5R,

WERH: #i& 40N Lyapunov-Krasovskii 72 B :

V(t)=m OPm(t)+ ] 7 (t.5)Quma(t.9)+ [0 .9, t.9)

(3-8)
j (=t )K" (s)Rx(s ds+ft:; (h—t+s)X (s)R,x(s)ds
Kf: P>0. Q>0. Q,>0. R>0. R, >0.
R, V(1)>0, IR EREGEE, HHV (1) TR A R ST
V (t) =27 (©)Pr (t) +7, (L. OQu, (1. 1)

17, (G- (1)) A= (Q - Q) (L.t -7 (1))
7 (-MQm(tt-h)+2f 7l (ts)Q T 5’72 DM
w2 e s)QZLdsmx (H)RX(1) (3-9)

—(h—d@®)X" (t—7(t))(R, ~R)X(t—7(t))
[ (SRX(s)ds— [ K (s)Rx(s) s
— & ()R- & (SIRX(s)ds - (%7 (s)R,x(s)ds

Q(t) = Sym{HI PH2}+ H;ans - (1_ T'(t))HI (Ql - Qz)H4 - H;ans + he/TA RleA
+h(1-7(t))e; (R, — R)e, + Sym{IT.QH, + IT,Q,H}}

23
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1 38(3-9) T 40
V()= ()QMEW)- [, X (SRX(s)ds~ | TR (s)R(s)ds  (3-10)
RiFA 51 HE 3.2(N = 2 i) R(3-10) P B TEAT S, Al 5

t

~ ))’(T (s)Rx(s)ds

t—r(t
<&M {Sym{IT N3+ ()N RN £()
(3-11)

(), ,
—f 'yt (s)R,x(s)ds

h
<&M O{Sym{ITEN, 3+ (h—7 ()N RN, | £(t)

755 B-9)FR3B-11), A[H#ESHR3B-12):

V(1) < £ () {Q(t) + Sym{ITgN, + TTEN,}+ o
(NIRIN, +(h—z ()N R, N, | £(1)

o Schur 4h 52 3 A &0, U G3-6) M 3L (G-7) [ B R LR WK OE
O(t) + Sym{TTy N, +TTg N, } +7 () N RN, + (h—7 (t))N, R,*N, <05 BV (t, x(t)) < 0 »
T 51 BE 3.1 WA, I H ) R GE(2-33) 2 N A X — BT dt AR 2 1, R SE

VERE 3.0:/E 24T Lyapunov-Krasovskii ¥2 B, %31 T 4 (t)Pr, (1) +

J.t (0772 (t S)anz(t S)+J. m, (t’S)anz(t’S) BE 7RG AHES AR 21

IS G o0 R AR TS AR S PR AR E 4

A FH MATLAB #) LMI T HAH, 7T LURZE 5 HK H N R GEAE AN R AS E 1
HIIE HL T BT REAK 2 1 S R SO VFREIR b5 . R G0 RN RS e AR TH B BRI AR Il
K 3-1 FioRe

24
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T

VI R %5 (2-22) 1%
. B hy o KA

FFIRS A T FEHRAS
LFCH 245 Y

\ 4
4h = Ah

B EPIDIE 28 S50

L

Y

HIBTLMIS(3-6) il (3-7) 2 75 47 HI A7 i

i

h=h, +Ah

IR AUE MR h

h—Ah

K 3-1 Wi RGBS D IR AR

34 BUESH

AT S UE AR P BRI AR OCAR e ME IR CE B 3. ) I BCHEAR R AR T, 43
SXof B ity 45 1) 2R G I O 48 L ) PR A R VR I R 4 B DX A ey AR 4 o) R G
AR R FE ST I B IX 5 B A A% 2R G AT I AR SR e PR AT
3.4.1 BT MRS

BEXTI i R G0(2-22) A& JL ) RGUIRE S Bl RUO71,
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-2 0 -1 0
& = ’ Ajs =
0 -09 1
53 BUREFE SCIRL70] SCHRLT1 VRIS 2 P52 B0 3.1 6 328 — B ZRGE 4766 A
SRATEPEAHT, 31 4T p SV AIEL 0.1, 0.5 FI 0.8 I, ZALEII A A0 VI

J:?%o
R 3-1 AN g AR S0 e 2R G (0 B K R VRN i _E 57

BreLIE] BeugE] Ut
P 0.1 0.5 0.8
paded gt ot

SCHR[70] 4.900 — 3.160 — 2.730 —
SCHR[71] 4.921 0.428% 3.221 0.782%  2.792  2.271%

EH 3.1 49283 0.0014% 32789 1.975%  2.8573  2.338%

M 3-1 FTRVE H, SRHIAS T B 3.1 $R15 10 ML B R 458 1) e oK 90 VI
ST SCRR[70TAN SCHR[7 L] BT I i AR SR g PP, R a4 I i AR AL R L
BRI, FLATBANE S, a4 i A4 R A1 = 0.8 1, et 1 73 ELak ]
2.338%

3.42 AEXRE B BRXIEATINRIEH RS
e SCHR[72] 0 AR B DX 5k B Ao A0 15 1) R 8 2 OB RN -

b 1 0 0
M M
o X 1
A%: TT TT
1 o - 9
TR Ts
s 0 0 0
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0 0 0 0

0 0 0 0

As=| BK, o o K
TG TG
0 0 0 0

ﬁqj: D::I.O’ R:0057 TG:O].O; M :107 TT:0'3O

43 BN SCER[ 720 A 2= e BE 3.1, FERHRARAL R = 0 A AR i 1= 0.5

MEOLR, FETAE PL B a5, 50 X 38 60 ] SR 328 1] R G v A e A an R
3-2 F1Z% 3-3 Fiass

A2 3-2 A K X LR R I R E MR (1 =0)

K, =0.05 K, =0.40 K, =1.00
“ YHR[72] ACER SCER[72] AR CER[72] ANER
0 30.853 30914 3.377 3.381 0.922 0.923
0.05 31.263 31.874 3.496 3.501 0.969 0.970
0.20 27.763 34.242 3.784 3.792 1.077 1.078
0.40 22.194 35.830 3.472 3.980 1.116 1.118
1.00 0.594 0.595 0.515 0.517 0.360 0.362
2 33 ARIF K, 0 IV AR AR I 3 R MR FE (= 0.5)
K, =0.05 K, =0.40 K, =1.00
o STHERT2] ACCHEE SCEAT2] ACHEE SCERT2] A
0 27.324 29.106 2.962 3.205 0.743 0.849
0.05 27.240 29.876 3.068 3.323 0.785 0.896
0.20 22.524 31.960 3.212 3.581 0.853 0.993
0.40 14.868 33.100 2.578 3.668 0.768 0.984
1.00 0.435 0.505 0.390 0.445 0.300 0.327
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MPHASZR A BT AR A SO VAL H B K J0 VR IR B 57 72 B SCRIR[72] H 1)
B R FCVRIR Ay, SRR 1 AR SCHR M A I i A g U DR T 1k A

NV DU AT R EE 3.1 OUIE, SIALRS BN 2, M
X R Z2 (R 1 W IR A SRS P 8 AR DR ST 1

FAXS 22 AT U0k 2 TR EEE, ik L R SRR R e b, RD

Az, = med T2 . 100% (3-13)
Tmax 2

K T =12 RT3k i BBV L5 A, >0 UHITIL 1 &
REGF, PRI
R 3-4 FI2 3-5 0 SIS A2 =0 M = 0.5 F AN £ AT, o

R 3-4 RICT7EEE SR i LA BRI 2 Az (%) (u=0)

KI

Ky
0.05 0.40 1.00
0 0.188 0.118 0.108
0.05 1.954 0.143 0.103
0.20 23.33 0.211 0.093
0.40 61.52 14.63 0.179
1.00 0.168 0.388 0.550

R 3-5 ARITTEEESCR[T2) s i BB 22 Az (%) (= 0.9)

K,
Ky
0.05 0.40 1.00
0 6.52 8.20 14.3
0.05 9.67 8.31 14.1
0.20 41.89 11.5 16.4
0.40 122.6 423 28.1

1.00 16.09 14.1 9.00
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WA B, SRS M B R ST i, S EE 3.1 B I i L
GRS ESCRI720H BB AR EERRTE T A0, 0 REIR T 545 R R P, it
BB T 3.0 MARRE.

343 BRKE RN OFRELHRS

9T WL 3.1 B T4 2 R A D BN 1 R ) R RO

Btk FRGRAIERELTT

b1 1
M M M
0 L L 0 0 0
T, T,
A = 1 0 S 0 0 0
T.R T,
0 0 0 2, A=A 0
0 0 0 0 -, 0
B 0 0 0 0 0]
i 0 0 0 0 0 0 ]
0 0 0 0 0 0
B Kpﬂ+ﬂDKD _BK, 0 _BK, 0 Ky
T, MT, MT, MT, T,
As =
K.KpBD KK.p - KKoB o _KKoB KK
M M
KlKDﬂD _ KlKPﬂ _ KlKDIB 0 _ KlKDﬂ 0 _KlKI
M M M
i 0 0 0 0 0 0 |

. 4, =99.497. A, =-50. A, =0503. K, =-18(RZSHkH CHR[68]), H'E
A 3.2 p—3. 3R 3-4 138 3-5 73l TP B4R 1 =0 u=0.11f, &

TAFE PG T, RAHER 3.1 153 2180 E 6 AR K H I i 67 A7 A9 e 4
] 2R LAY I i A S M L
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R 3-4 AKX R 5E H IR RS E M (1 =0)

KI
Kp
0.05 0.10 0.15
0 1.007 0.374 0.148
0.05 1.634 0.755 0.413
0.10 1.259 0.751 0.464
0.15 0.537 0.480 0313
0.20 0.289 0.246 0.201
R 3-5 AN[A K X L i AR AR E AR (1 =0.1)
KI
KID
0.05 0.10 0.15
0 1.002 0.371 0.145
0.05 1.623 0.752 0.411
0.10 1.239 0.736 0.458
0.15 0.513 0.395 0.305
0.20 0.283 0.242 0.198

N TR DR AR A R, T SCHR (721 B S R A S BUE
K, =0.05,K, =0.1, ZER AL 1 =0, WHFFEMIEN 0.755s( 3k 3-4), FIH]
MATLAB %t i) Simulink 65, 385 75 PR 2 IR AT 5 6 PR K H g # IX
SRR 1A A 4 ) R GEREAT N S5 AT LI 3-5 Py R e i 22 Hh £,
3-6 MUK Zh =5 th e 2 2 AT 3-7 e R T =t i B2 £8), - AE 01732 108 IREARA
5459 0.01pu 15N, B APy =0.01pu i, REMNAR KA RSN, M A HHITTHL
WA AR TR O TE P PR B84 R P AR, 645 4003 22 7F
t =140s It} HE N IFQRFFAE B ) R QLIS AT Z A TER 2 0, X VLU RGER T B 5
0.755 P72 AJ LLORFF R GUIMAFRE ) o
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0.01 T T T T T

0.008 - *

0.006

0.004

0.002

Af(p.u.)

-0.002 F 2p10° : | . |

-0.004

-0.006

T

-0.008 + ) . . g . B
140 142 144 146 148 150

_001 | 1 | 1 | 1 | 1 |
0 50 100 150 200 250 300 350 400 450 500

Time/s

B 3-5 H1L) R ST i 22 1 28

0.15 T T T T T T

0.05

APm (p-u.)
(e}

-0.05 - _

_015 L 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

Time/s

3-6 ML) 2400 H iih 25

31



LA TRER SR 183

015 T T T T T

0.05 .

AP v (p.u.)
(e}

-0.05 a

| 1

_015 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

Time/s

B 3-7 SR T g Y it £

3.5 KE /N4

B RSN IORE M, AFRAIES 2 BRI X i ) AR G A SR 1 A
A, R B I OGS SRR LKF, SIAET B HERER SOR
AR AL LKF FECP R I,  $2 Rl BAT SEAR O AT 1R R I AR DGR
VEAE, Hom, DUIRAL TR R GE. BIXR LFC J7 SME ek F i L IX 38 LEC
B, BUE EEBCRN 5 50 B BT R e 30 RO AE O < AT R
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%45 SRMEBNNHENRAEHERH

41 5|8

FEGEIIR T SO . RN M e MDD 2 B K™ 2 Pl
FATHOR AL, TR ARSI 7 s R R AR H S B R
57— T AR o 2R 50 PR A RS LIPS0 1L IR A sl 25
i35 LA RS 0, T DI VRS th T B LT IR e st . AT
(T AT AR ORE I, B BRI 5 £ 5 K MU RO IR DS 4 SR 60
AR, AL SR LT LAE I YR HERRL R R R R RO, T AU o
S5 7 B2 A ) T B SEOUMIR R o BRI, 44K BT A P B
Hh T B N B R RS B ORI, SEORA RO & T, cfisfit
HRGE RIS TR T SERBUAN 35 HERARF 1 R AT . S LR,
AR S, T 196 P 0 2 25 B L o, I SR A B S R TR 4
9 T B AR GORSE IR AT, 890 RN O 7 A LT RO 08 28 G U i
25 R, AR T T T BMRIEAE SN SR B T e 2B A7 e
SRR RUBUR 2, A GRS BRI, SRPERRID, e
e

SHERRIATH, 09, H, [H, BI7) Riceati J7REET, 1 4% 470 Lyapunov
FIBEEAE . BIATSCARIBO]R 2 [X B MU L6 T LM 4018 H, 1o
PSR, (VR IR MR G 0L B RSB i, i
AR AN T AT H, P38, BURTE 39 15 MM R G AT S

T AE SCBR0 TARRBEAI T, PID 6 8852 B, S0 S0 P 26
ST PID SR SY, AUBESIEN, RTREEN | R R
B, ER OB SCRRIF AT R I TR 0 R G F 3. SCRR[S41 % A
R Al el 7 3R 5 4L A T A 9 2 X B0 P ) 28 % (Multi-Area Power
Systems,MPS)74 F& 51 13K [ SREE IR % (5 5 P HIB A LR, 4l T —FhIE Tt
s FEEAR AL RO ZE L -3 - S MU PTD) R 7 S AL BB SEIR o S Wt
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AR SE I PY S 3RS E PEIA G, DIl 1 IBAS I ZEX) PL 2408 € P AN R SE R
BT it T &, SRS FS S HO T . TEAR IR 1)
Ui E A5 RO T B 7 R0, 1205 Z6e 0% S Um0 T3,
IR N R, 3R B A EVE A RGP 5 7 SR AE A A0 1 5
JrHHEAIR KIS AT 5. SCIRIBSPHRPHRE . XAE. SRS Al A RRIEIE A
WA B IR R 2 FLIRTR & L R G, W FUAE TSR B PR B (R N AR e 1, 1
Je R T W Pl B VR 5 - 4% 2R AL Ak 5% (Chaotic Atomic Search Optimization
CASO)A RN, iz HA b FEXT L, 455K CASO B R A LT
FRIBNAS A o T i A 3 79 DX 3N i FEL ) R e, SR R R M B AN 4 202 1 B e e o
e SEMB BE, A3 R 0 BRI R0 3 AT 17 LR R S8 B3R Y ] PR IR ¥ 8 FEE ] 42 o 85
W AR TSCER[8S R E R A R AR R, DME B R BCA AL HAR, B RER
T RGERIFER, (B R DAL IS R BO AL B b, 1A DORZS 2 1) 7 B AR
WER, BRI SHOERME, 1 HEA —RIMLAR,

FETH 3 FEIMAGE P T I AE AL, S XN L ) FR G ) 2 2 SR g
PotiE i R AR REAN S IR 1S . SR1, Lyapunov-Krasovskii 32 5 H 5| A3
FEFERS, —Mfd A% Ge i #E 4% 48 (Cone Complementary Linearisation, CCL)%.v2:
KX — a8, G RERERG, REHAEHRIEE, FRIFLRMER A
RN AN AERX IR, SInA — a2, L SCHk[86]
TERGIE— RN FE Lyapunov 72 BRI, [RIEZEANSE 2 Hh )48 BEE B Z, R0 Z, B0
SMHAERAREMU, < LZ7L AU, < LZM L AEHR L, 580 7 0ROz
W9 T A R G g R sk tk. Fi b, ZMZ, R EHERNE, NEEL
WA BT CCL Bkt Hid ik, @il A a4 v, whnT DU 2
FEREANGE L AT SRR o B SR I 20 TR 2 U SR TG L, 4 4 o 4 Bt SRANE,
A—EAF B - F XS BB TE, — D7 T AT LA A N L R Sk AT SR,
17 HLIX S B SVETE AR I R B RSB T R, B T A ACR, AT
s H TR 2 ) 5 F2 B R o A BBt 0 428 1] 245 008 2 O SR AR ) R, 52 A0 2
IR, R — PP T A BT SRR R B, A 1 S Al
1T, PARAS B R 45
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42 T eHhomiAThSERREE

SRR, = TR B (Gaussian Function) A2 i 1257041 1%

e
=
=

C(x=p)?

e 2 4-1)

”KM®=UkE
Rebt: u Fa B, o FrbiE . [ a1 B7E 1 N 0B, o 405102, 0.4,
0.8 A1 | IMHURNT A ML, TTAT o B, TIPIGARSE, Aikesril, v
W o, BTG, D, R,

2 T T T T
sigma=0.2
= sigma=0.4| |
1.8 sigma=0.8
sigma=1
16 b
14 b
—~ 12F _
=
'
o) 1r b
::\_/
® o8l .
0.6 - b
04 I .
02 * jj &\ |
0 1 | 1 I 1 I 1 ] I
-10 -8 -6 -4 -2 0 2 4 6 8 10

Bl 4-1 i Aii th 2%
AAEFEP SN BT R f (X, 0) FIVEEERRE T 6, 558 3 EhmE

B 3.1 S5 A AE R R O IR HL R IR P 0 2R 8 DA AR A A 2% TR S AR R
Hik. Hrh, REHERET -

&= exp{ g } (4-2)

max

e oo RARRKIBREL, g Rom HANEAREL A T F R0y

F=Axexf(xuo)i=12 (4-3)
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A A R

FE R R Ak, B I NVEEHERE T e, IF HBEE AR BRI EE I,
896 FEHE R K 1 & BENUPEIZMES, IX AR AT DAE — @ A2 B2 B3G5 i A € 1t A0
e Gl

HIE 4.1 BT m oA S 88 w5k

Stepl: W44 E GAR A H BT LI il BB 70 R GE T AR 20(2-22) Y R G g A A
Ads ) hmaxﬁ hstep ) hup ﬂ] h, B%j(%’fﬁﬁ\éﬁ gmax » My Hyo

Step2: U 9 < g, WK, =K =K, =F =A xex f(x), B, % g=0,BEA
Step4-

Step3: M FHEM 1, 1y, MR <, BAFELRMERFE A 3-6) X 3-

7)Eﬁm‘/ﬁtﬁ$’ ﬁzﬁ Kp‘ Ki ﬂ] Kd ° é\hmax = h ’ Kpout =K, Kiout = Ki 4 Kdout = Kd °

p

%h=h_ +h R IA] Step3. # Ml g=g+1, h=h_ i&[A] Step2.

step
Step4: IR 9< 0 2K, =Ko xF, Ky =K, xF,, BEA Step5. &%

Hj K t> K'out‘ I(dout *D hmax °

pou i

StepS: X T4 EM py, py, IR h<hy BAEFELRIEREFEAER(3.6) 2 3-
7)5"]3??%, ;J%Hj Kp‘ Ki ;Fn Kd ° /&'\hmax =h ’ Kpout =K, Kiout = Ki ’ Kdout = Kd °

%h=h_ +h, ,» &I Step5, HEMg=g+1, h=h_ &[5 Step4.

step ’
FE AR
BN WA ARGE 2-22 KIHRSHEL h> 0N, e b O 245 4

while g<g,, do
setK =K, =K, =F =A x&x f(X)
while h<h, do

if the LMIs (3-6)-(3-7) exist a feasible solution then

K K, K

pout = p jout —

Ki’Kdout :Kd’hmax :h’h:hmax_+_h

step
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Bk

else
break;

end if
end while
g=9g+1;

end while

setg=0

while g<g,,do

set Kp:K x F

1, Ky =Ko X F,

iout iout

while h<h, do

if the LMIs (3-6)-(3-7) exist a feasible solution then
Kot = Ky Kigt = Kiy Ko = Ky hpe =hsh=h +h

pout — jout — dout = "Md? ‘max step

else
break;
end if
end while
g=9+1;

end while

iﬁt{j Kpout’ Kiout’ Kdout and hmax °

R 4.1 EIZENET, 1R FR RIS RUET LAORIE LA AR B AN ZE K (3-
OMGB-TED YR 2 B I 4 ATl AT, AL TR 5/ 6 REMEINAIREAT, BRAME
HER R, G 1A i A 3215 256 A2 T DORYE -8 H be it 5 K247 5
EdiDp

4.3 FEHI2F 1 RE ST A

LERS AR FABE TR P B DX S IR A i) AR e o, SR 25 v S 20
WS RFEATSHEEE, MASERED)Y, KIME p BUE 0.01, brifE% o I
{H 0.001, ERIEMIRHECH 10, HKN 1, PID HHIRLELH D N3, A NS0, &
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B i E s N K, K, K, €[0,1].

T 5 G 3 S EER R BN, T v E AR R R gE, e
2R B K, =K, =K, =R, f£="ZHHEAAERE DL 5 2R 45 2
#5 K =[0.0536 0.0536 0.0536] , Hiife MR 2.275s. AAJEHLK, =0.0536,
FESLD R PAE K Ky 5 K IR R, FALTHEH K =0.0692, K, =0.0728,
IS, FL ) RGN AR E R T 2,524,

B 4-2 REUN A 2.524s I3 85 K =[0.0692 0.0536 0.0728] 1] & St Al ki
Z & K 4-2, ATLLE R FI7E 70 BIHIRIS, RGEHE TiaeRa. ik
A, G Rk SR 4 R Re A A SE IR AEE . B 4-3 F1E] 4-4 730002
R BN T 2R 384 2 28 P10 S PR o 256 i S o 57 gt 2 4

0.01 T
—K=[0.0692 0.0536 0.0728]

0.008

0.006

T

0.004 |- B

T

0.002

Af(p.u.)
(e}
C
M~
|

-0.002

-0.004 B

-0.006 |- -

-0.008 |- B

I |
0 50 100 150 200 250 300
Time/s

-0.01

B 4-2 WL R G i 22 24

38



LA TRER SR 183

0.1 \ |
——K=[0.0692 0.0536 0.0728]

0.05

T

APm (p-uw.)

-0.05

| | |

-0.15 J :
0 50 100 150 200 250 300

Time/s

Kl 4-3 MDA D) 51 5 25

01 T T I
——K=[0.0692 0.0536 0.0728]

0.05

-0.05

Y (P-u)

AP v

-0.1

T

T

-0.15

0 50 100 150 200 250 300
Time/s

-0.2

] 4-4 R Tl i H i 7 2 P
N T BAUEAR SR BRI, X 4-1 4 70T, = - = 0 Il B 5Y
h TR L PR A 25 T 2
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F 41 HTF g1, = — g1y = O I 52 h BUAR SR04 2880 25

# - PRI
1582 K =[0.0274 0.05 0.0297]
0 0.974 K =[0.0457 0.10 0.0498]
0.496 K =[0.080 0.15 0.0659]

HBUCCHER[72]H03% I 28 3 8K =[00.05 0], 5 2IMIR R E N 1.007s,

A 7E t =10s IFANN AP, =0.01pu (543, 1MJEHECK, =0.05, Zid kT =i
Oy AR S B R A KR K BEAT S, T R AR A
K =[0.0274 0.05 0.0297], 115453 [P B9 1.582 #b . N 1 7 (X Lz il 2%
IPERE,  Z3 BT EURE ] s s B AN [ 4% o 25 AR 2R I 4-5 B0 EEmT N, STR(72]
2 s RGIRE I (k) — BAER Y, A 5T 5 R4 bl S ith 28
(LLLRERZ) 30 BT FF ARSI, Rl T g . Kl 4-6 A1 4-7 535l KA
Bkl = 335 it 2 PR Y ER Ty 5 B L o 12 T 2 1)

0.01 ' | | \
........ CHR[72]

0.008 - ——— K=[0.0274 0.05 0.0297]

0.006 - .
0.004 - a

0.002

Af(p.u.)

-0.002

-0.004 i

-0.006 |- b

-0.008 a

_0.01 1 1 1 1 1
0 50 100 150 200 250 300

Time/s

K 4-5 H 7 ZRGUAIA i 72 T 25
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0.1

0.05

APm (p.u.)

-0.05

-0.1 | a

_0.15 | 1 1 1 Il
0 50 100 150 200 250 300

Time/s

P 4-6 R ZNHLH LI 1 B 26

0.1

0.05

-0.05

APpV (p.u.)

-0.15 - a

0.2 I I I I |
0 50 100 150 200 250 300

Time/s
Bl 4-7 SGtRI 4 H w7 it 26 14
IR T I = 0 B SR R RE,  IUAE AT R B AR T A
PIERE, R 4-2 5 TN TAE 1, = — gy = 0.1 AU 5 h FIAR B G2 1) 28 80
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RA2 NT gy = —py = 0.1 I L 57 AR L AR 42 1) 45 1 2k

h Pinex 12 1l 45 2
2.540 K =[0.0651 0.05 0.0692]

0.1 1.494 K =[0.0688 0.10 0.0782]
0.996 K =[0.0774 0.15 0.0773]

BT HR[ 7213z f w47 X L, 280 K =10 0.05 0], B ¥4 A 1.002s,

A B 7E t=10s BF Jn AN AP, =0.01pu 7 f i $& 2 , B A% %€ IR iR £
h(t) =sin(0.1t) +0.902 . il 4.3 MWEEEHISHEITIM, FHSHEE RN
K =[0.0651 0.05 0.0692] , T4 #iith B2 N 2.540 #0 . MKl 4-8 HA] LA H 7E HUAH
[l R 1.002 FPBF, S G T SCRR[ 721 A0 hil 38, B2 T 42 il 38 5 1z 1 431
{22 it Ze(ZLE)AE R L) 40 PO TFAGURER, RGIBWHE TR, 1MfE 40 Fbf, 3¢
TR (720 4428 11 25 Xof L PRy A% A 222 |l 2 (I 20 )IEAE B 7, W BE TR I 28 A
AEEERI R . Bl 4-9 FTE 4-10 23302 AL D) 238 & it 22 A6 IR 1)
ek o 8t 2 P

0.025 . ;
- = CHR[72]
0.02 - I

i ——K=[0.0651 0.05 0.0692]

0.015 - ': i
\'I
ll ||
I, 1
1
0.005 "'I"|
' n bt
|||I|

0.01

Af(p.u.)

prh
-0.005 - doth 1
$h

-0.01 foh 1

0.015 - R .

-0.02 J

_0025 | | | | |
0 50 100 150 200 250 300

Time/s
Kl 4-8 H1L ) RGN 22 i 2K
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300

04
} - = XHk[72]
03+ .: ! ——K=[0.0651 0.05 0.0692]
1
’ |
02 E _
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\ || ll
0.1 :| ! i
— Lty
:.; O “LI Il [ D perr
& el
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SIS B -
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ll Il '
0.2 F yh e
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L]
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Time/s
Kl 4-9 NPT, 23 25 th 22
0.4 T T T )
A - = Xiik[72]
03+ hy ——K=[0.0651 0.05 0.0692]
n
I
I
02+ I' ! .
I
A
0.1+ |‘l o .
3 Y
= 0 % =~
& ‘l'l !
> [V
%m-o,l— |,|:|, 1
h !
0.2 F i 5
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1
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|
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4.4 REINGE

ATEREX R SRR L, T2 2 BEEOLIRR BRI LFC #2 5s
RERUFIEE 3 T8GR M R IX 3 LEC B i A DGR g 0 A, S NJE S &R A
TG A 7 e s 3R R TR AT R T S A R FR . NIRIIE
Pttt asvEne, 58 AMM AT MO, RHEHISRAEAT I H o, 4
RKW], Gl He T @A 1R SRR R BRI A8 5 DGR 72] 10 4
HARAEL, RGUIR i 2 WCOE R, 32 ) RO B
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K~

BHESRE

5°d
JrﬂlH

5.1 B2

BEE B 2020 SEAEHR A R EAR AT 0087 &g H Az, [FII 3 [ d i
AT R RE A S5 R SE L. ) VAL AME R AT R 8k g, o8 T AR TG
IR B, FEREIZHT AL GE K 1R e Rs 2] A il 2O, 1 BAR
FHEEN AR IV REIRG 2] T KRR, (B FHEAREAF R 2, H AT e 2R
KT HIEAISE, Fir LR E B K T LK IR o8, SR ETR K F O A )
HRHL A 2R G W REVR A LA S RT DAk e SRR RS, R BI ORI IR,
B2 B S HARE NS ER LTI RGBT, I iEmER R,
i AR GU IR AR BE 1855 -

RN B BHEBOR IR, BRI R J, AR GEIN /) 2R 4 = s S gk
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