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ADAPTIVE PARAMETER IDENTIFICATION

AND CONTROL OF PERMANENT MAGNET
SYNCHRONOUS MOTOR

ABSTRACT

PMSM has gained significant research and application value in
various control fields, including aerospace, machine tool manufacturing,
and autonomous driving, owing to its compact size, operational reliability,
and high power density. The performance requirements for PMSM systems
have evolved from emphasizing stability and reliability to a comprehensive
development encompassing anti-interference capability, high precision,
strong robustness, and rapid response. This paper addresses the issues of
poor robustness and low operational efficiency in the dynamics of PMSM,
which are affected by changes in system parameters and external load
disturbances. The study focuses on PMSM and conducts research on
adaptive parameter identification and sliding mode control methods to
improve system stability and the accuracy of parameter identification.

The primary research work and findings of this article are outlined as
follows:

(1) For system with unknown states and uncertainties, an adaptive

dynamic surface sliding mode control method based on LPV is designed
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on the basis of the traditional adaptive parameter identification control.
First, the mathematical model of the PMSM is established, and the system
model is reconstructed into a state-space equation containing unknown
disturbance parameters. An LPV observer is designed based on the
reconstructed system model to reflect real-time changes in the disturbance
parameters online and to accurately estimate the unknown disturbance
parameters. Second, an adaptive dynamic surface sliding mode control
technique is investigated, and an exponential reaching law is incorporated
to enhance the system's dynamic response characteristics and suppress
control-induced chattering phenomena. Finally, an appropriate Lyapunov
function candidate is constructed to guarantee global asymptotic stability
of the closed-loop system, while simultaneously enhancing tracking
accuracy and accelerating error convergence dynamics.

(2) To solve the problem of variations in PMSM friction-related
parameters due to mechanical wear and environmental variations, a
FANSSC method, incorporating dynamic and static parameter
identification, was designed to ensure finite-time convergence. Firstly, a
nonlinear system incorporating an improved GMS friction model is
established, wherein a genetic algorithm is employed to identify the static
friction parameters of the GMS model. Moreover, to capture the time-
varying characteristics of dynamic friction parameters, an adaptive

parameter identification algorithm is adopted for online estimation, thereby
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ensuring the accuracy of system parameter identification. Secondly, a non-
singular sliding mode surface is designed based on the traditional sliding
mode controller to effectively address the singularity issue inherent in
conventional sliding mode control. In the presence of parameter
uncertainties and external disturbances, the FANSSC controller guarantees
that the system achieves stable motion along the non-singular sliding
surface within a finite time, thereby enhancing overall system stability.
Finally, Lyapunov theory is applied to analyze the stability of the closed-
loop system, ensuring rapid position tracking and stable system operation
within a finite time.

(3) To address the issue that friction model parameters in motor servo
systems are susceptible to variations in operating conditions and external
disturbances, thereby reducing system robustness, this study proposes a
control strategy integrating fixed-time sliding mode control with an
adaptive parameter estimation law. First, an adaptive estimation law is
derived using the known system state and extracted parameter error
information, enabling accurate online identification of unknown system
parameters. Next, a fixed-time sliding mode controller is designed based
on this adaptive law, ensuring convergence time independence from initial
conditions. Additionally, an improved exponential approach law is
introduced to suppress inherent sliding mode chattering, guaranteeing

fixed-time state convergence and enhancing control performance. Finally,

Vi
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Lyapunov stability theory rigorously proves the system's fixed-time
convergence. Experimental results confirm the proposed scheme's
superiority over conventional sliding mode control methods,
demonstrating significant performance improvements.

In this thesis, the adaptive parameter identification method and sliding
mode control strategy for PMSM are investigated, enabling the unknown
system parameters to rapidly converge to their true values while effectively
enhancing the tracking control performance and robustness of the system.

Li Tongtong (Control Science and Engineering)

Supervised by Tao Liang

KEY WORDS: PMSM, sliding mode control, parameter identification,

friction nonlinearity, finite time control, fixed time control
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SCHR[4713E B & S A f AN S AR A &, St 0 R BRI 7 A & e 8 1M
AR S & BRI T 5o 1ZSEE A T e UL DN WL I S B, A I RE A



g SN e e S A7

B 7RI SCHR[481R M, LA AR AT AR S % ) T LK AU B P 3h %
WNVCEC 5] o 1% 77 0] FH AT BRI TRD RN 25 55 4 i 7 S o VA48 o) SRk A 25
ERMIEE SIS, WIRRGFENE. SCHR4915T X WU £ S50 5 A
BNHITEDL, FRH 1 PRI i AR ], A m P O SR A TR B B, S
DU R ESAE ], RAEWIRZ BME, ERMITVEART RGAERE
I TE] Y NS B RS e RS o SCER[SO1H8 H — B TR AR 45 44 1) PMSML 45 il
Jii%, X PMSM RS se Bl HA AR IS0, IRl 51 BT i e A,
BEAREL R KN, 1k BB I ROCR o

(2) EEBIFR I o

EV 451 B 431k 4332 1l (Proportional Integral Derivative, PID) DAL AT S m . R 1T
(e pe e VLM RS, RSB T AR R T Z N . BEARE A
) A AL il e TR SR B EAFAE 22 5, (R AT R 2 AR = A EE AR e b
Py A (DI HIFI (D) X =S h R n] DL AT N,
ATLAGS S A . B LRI P i), PLEZH, PID #2544 . PID #2878 THEFE ]
PHEEEEME, AL RGERMAE BT E AL T T B STIR[S113E
Y — R A AR T E N SO AR 5, R OTVESS & RO IR R R Gz
AVEGE R, i 5] N 280 RGNS IR ZE AT AME, A RORT T RGN
BEVE, TIIGE T RGO AN BN AR B AN 5 1 AR BTRE 1. SCER[S2]4
T RS R FAT BOFE A SR, I AR A0 e S S BT R, AR KRR
AT RGARE AR B, ARIUE T RGAEK R RIS AT I = A A R e LG . [H]
I, B IATREIHBR R P ZE AR ZEF SR, TN GE 1 R Gox SN0l &
G HOAHIE N BE . SCRR[S3AR I PMSM I iR 28 48 FH A7 (6 1 1) 3L, SR — b
GBI TTE, X PMSM fal IR RGEFEAT OIS0 o U, 750 32 AR RO
B, Tl SRR E S E S, DAY PLIZHIZH. B IR
) IR M ORI 38 1) R G080 g 2 PR e T PRI 1) R, SCRR[54191 N —Fh3E T PI4%
HHITUAR 7 AN B2, B I AME S HTH AR LRSS S 1) PL #E| Rk
B R R G R R GRS ENE N IR, BFRS T REEEEMRE
Y, SRR RGN, CRUEESD A SO AR P R RE A R, R R seill
Joid Az ] H AR



g SN e e S A7

(3) ALzl

PR 42 i) A2 AR B & BRAR « BRI V8 5 AR EONVROR 2 AR HE T 9 S Al (1) — b ek
BT, AU S8 G 2 37— P AR L M2 1) 2R SR A ok 2 A AN E PR A 1
PR, T SRNAR . G ESR . A  BE AR AN SEIL IR A, R AL AR
P DA AN RE PS5 ) AL BRI A Rk i A R, I RR ST 2 30 AL 5K
BRI, DRIEAE TC 3R RAF R G A, 75 B SIS it 2 1 ) 175 10 B
DIE o A0 BAT AR AR T 1) SRR 5 O AR 1K 20 B BRI AR ¢, SCRR[SS]
PR T RO PID 42 S ms, B MATLAB P ROBI 2 25 AT I0AE, 15345 %
B 7RO A R o SCHR[S 619 H 2k A IR IR TR ASORY 1 2k 7% A S s,
ORA A GE 2 AE AR ARLRAEIR T T BOAS LA v RSO 22 1) ) o 3 B T 3
WL 25 S O] (A E LB T BE 7, X R Geah a4 R HEAT 1R i A2 A 0
o 32 L A PRI T 42 f) PR A5 428 1) 2R Gt ) B ER 1R 22 BE W6 38D /N « FEA PRI [A)
P ERIE SR —MERIL T F X8, {8 R SERE s 5 DU | AE RIS S B BRES
SCRR[STIHRH T — ORI i) 45 & A 4t PID il i 59, B It H &R A% PID &
B Eh AL . 7 FL I AE SRR WY, O PID 2| AL g SE AT i N BT
&gty PID AR ], HAT B (1 B A5

(4) Eref

IR B 2 AR G U A BIF 7T 2 BEOCTE A A B R S I AN E A &
Zames $& tH (R BURTE B 2 — NI . A, T AT, R4S
B AMATAE 2B PR TR AETE T3 /T30, Bl SRS PRI HIE EARRT
PO ORIFIEREANA Az ] o IUACE P2 f) R R 2 ) SR T SE 1, BRI B s
FETARHER R RGUEBCOL LA BE L i e (R BRI 26T, HhiR RGER
ZRBLSE Yy S RENS SEIL AL Al 22 A ia AT . BRI H BA SRR, SO RWE. ST
LIRSS, TR p e RPN, 5 T SRBUAE, £ R G S HR AL
HNERT-IREITE DL T RE S OREF R GE AR E TE MBS TERE, X R GUREA Rk B 1tk 225K
BAR, & T B M E AR R G, SCHR[S8I5E ) 1 — Ml i) PMSM Z)25
T2 1) 122 ) 25 SR LN 2 AR SR B R S 58, AT/ 17 B B A A I F
FERA, LSBT PMSM iR R Ge MRS AR, ok T PMSM fr] ik & Gt 11 2k 4%
A5 RIS TERE TREREE . SCER[SOPR Y 1 —Fh Ik TRp AL 4544 73 e 1) & e L 451



g SN e e S A7

P T FREE SR o T R F 2 1) 7 318 28 00 B AL A A (L U, A 2t
AP ET RS ANASP A B i . SCER[60152 th 1 —Fh 3K 3h) st 2 il 1K) A
LRIETIN T7v0:, A RO R RIS AT I S HR S 51 AL IR 2, Tk T PMSM
Ak &G it s S| B RIS RE R IR R . SCERIO115T % RGHHAEE R 24K
AW E AN TR, Bt T — b BT RS LI 28 () 8 B ) 7 12, 3%
PhIT RS ot v ik RGBS AN E M LA S AP R R 520

TEAR 2 B hl A, B R X s S5 M TP B A AU, H
VAR RO e S AR S B R R R, T N T AR L R . AR
i) 0 B AR IRLAE FL ORI OO R 40 5 PN 8 DR 3R A TR RE T, A8
RGEA T BT E R E M, AImAE B Pl NI 518 2 U8
B T2 AE A R B 7E AT SEBR Tk A TE e e B, R A
TEVE B RHR ORI A G0 H AT RERE T T, 5 AN AE AR AR VI ) 01, 7T i 43 0] 38
PRIEHIR RIS AT FIREAREH RASFISE N . Ak, ASCEETigEss], MARIEHEAM
R PR R AN S AR PN T, % L RIIR DL S A5 i 22 46 1) v ) VH AR REAT B 7 2t
H¥ H N T PMSM [f)s2Br TR .

14 AXEEHRIIE

PMSM A7 B fr] IR 3K 5h 5 G2 T SRR R B, AN [R] i 4 l] SRS A1 S 309F R T
VARG % BN AT, TR R4 ) D R DL B e i B PR ) R
T PMSM 3 5 b B b, 75 0 A0 P o o i R 6 S B P R AR AR AT
CREFHEIE. NI, ASCE DL PMSM #EH 5REE A HIRE) KRGS AL H N
TR, RNIREHENSIT MR RE, #5L PMSM #UA58, 458 HiEM
SRS AR U ERS, STHLAT PMSM bR ek FEF B i 42 ) RV T 11 B3
HER. R FEHRANFWT:

1 BT IR R SO PMSM A B 17 IR UK B £ St 45 ] S BT 5%
PR, I PEANIE IR T PMSM LA WIS HO0R 5. A4 T PMSM IR R
B, SR T PMSM H &R, [FEEHER] 7 1£4 PMSM I EERA 2 2 AL,
AL 5 B AR MR LI 6 [ . 5 2 0] 6 PN A1 B 2 00 RO 1l B BTE 70 IR i3k
7T 4K, SRJE X ART HIBF S AT T 00T, B LR T AR B,
JE iR SR BT AR, MRS E B TAET T RIER A H.
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5% 2 BLARMG PMSM 9l Fixt R, B0 JL A P T B A i D VR AE AR E IR
A N WSS BE TGV R AN KT 52 e ) e R T PR R R X — 8, JRTFR AR, 42
7 A3 T2 1S 23 (Linear Parameter Varying, LPV) W28 1 & M 304
TR A2 ) Sl A RN PMSM RS H s i K Bl X — 1l ad )
RV R B ST, KRGS H 7 b iR S B 24, ot TS Al
RGNS EE) LPV Willas, @S HN BE NI 5#, IHE T3
SMEEAES S, SINIREBOEILHE, fEm 7 REHIshaSTERE, AROUMEIK T R4
HIRHR. BEAL, ShaS TR AR A& S8R AR T A I R NE 1,
Ehtm T RGBS TERE .

53 S T — R0 2 5 1 4 8 5 (Generalized Maxwell Slip, GMS)JE
VAL R I [) B i B T S I A ) 05 vk, AR R 5 L S B MBS AN
SEMRKIF . B9, ¥RRSERN D NEHEES BRSNS EESH, MR BHE
SV E U GMS BERT I ER EEE SR, ARG, N RESESH, MG T
A BRI [ 28 3 3& N RTT 2, 207 TR REAE 2R SN 1 [ N 3R 42 () 3 ) 5 S 504k
B Ja LSRRy B, Wt 1 — o BRI 1) 250 5 5d B VR ) A A e v AR
Jii%, MR ARGT S A R 1A% SriE R A Ay R R R A S AN E M R St
AT DL, 1A 68 ORIIE R GEAEAT BRI 1) A VR AR 2 ke TR TS S5 38 A
B, AROBIER T REHEHR, RIHE RIFRSISRE.

% 4 TED AR IR RGAE LRI TR T 5 2 AL S B s S AN
PEBNHIRZ, 1™ R R SR SR Mh R R, 258 3 BAARAL b, L
PMSM {7 B Al ik RGN0 T G, AL AT S it S BE Y, vt [ 5E I TR) H
W S, S VEREE T SR T SR ZE B RS, E [ 58 I R] YRS T R 2K
IR SHORZ(E B . ERBEN AT, IREWSCEIEEN, RESERIEL
BIFSE, AROCRSEATE RS DU, SrasiiEhes, @l H
TN AR SRS E, AR 99 G S ) B RHIR ) L, R [ i TSRy
P, INPRARZWSIOEE, 3R 1A% GEH A ) S B AR AR B AR ZE I SIU#

B ENRMGSRE, HGN T CERFIR AR, MSRingi R T 84, Y
TR SHHREE SRR RS LA 5 AL, 456 B AT E A SMEZ SUS T 7T
BERE, AR BT T R R B
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£ 28 ETHMSTINEN B ENISHEHEFRES

PMSM H5E T H it ZHIEN LA T IS A Jm ik, 2R IRR G RIshSE
RE. B = E R h RGN e THRE . 7 B E B RREEOR H s, ALR
GiARE KGN R G SR, TR R SIS HIRCR, S BUE SRR
ARAEAEBABTUAR Hbr. Frid, #E—Bitm PMSM SHGRRIHESRTE, it
HE A% S W0 2 A/ FS R AR AT U o 2 P S 7 A SR, X DO R R 2 ) R
PSR AR GUIERE T K. Ik, AFSRM A LPV WL ES K B & N sh A T i
R A e o T A R G, Bt TSIl T RGPS S H LPV L
&%, ARELHL T PMSM ARG ZHIAELHHR, EiEfaEiast, RAStEE
Hon Rsh S NEA SRS 7 REREHR, & 1 RgiEthlitkee. &G, 0
HEREN], AFE Pt S E R R S R B35 1R 7 R msiSERe.
2.1 PMSM #5155

HARMEA PMSM, A E il A AT R BT BAH S5, BRI 1y =1, =1
Ry =R, =R. PMSM fE[A e Ahhn & d — g T BB R 5 e m] 5 D 302,
ézw
o =-a,0+bji, —¢

. 1 . .1 1 2-1
h::—Ibgq—04md—Ia§u+qu (2-D

. 1U .1
Id :—I 2|d +C20)|q +Iud

B 3nA T
A, aa=—; p =L ¢ =2
J < 2] N

PRI, 2R d Bl O 4k B E 7 U s ORI T o L
FERE s iy Aig 2 AR AT 2 d BT O e B R n SRR B 2 0
WURERE: 7 B ROVETHIF: ASEMMEG I Z¥ahBiE: B AT
FEVR AR AL

AT IR H PMSM RGHIERL, E LT X =0, X, =0, X =i, X, =y,
IRt 28 Gt B EE Rk IR A= 20 T

; a,=NnA; b,=R; c,=n; u, Mu NRFHK]

12
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X =X,
Xz =—a, X, + blnX3 —C —a,,X +b1mX3
X3 :_TaZnXZ_TbZnX3+|_uq _C2X2X4_|_a2mxz_|_b2mX3 o

2m~t4

X4:—%b2nx4+%ud+czx2x3—%b X
Hr, & =a, +a,; b1:b1n+b1m3 a, =a,, +8,, 5 bZZbZn"'bzm: ay, bln’ &,
ban"j*i_‘%/J‘?z%%&’ alm’ blm’ aZm’ b2m’ Cl’ Cz%ﬁtﬁ]%ﬁo
» N = g T
BECRETR X =[x % % X[, #&#EAu=[u, u, |, 4 PMSM &
G R R LPV

X = Ax+Bu+v(x,®) (23)
y =Cx
0 1 0 0 | 0 0]
0 —a,, bln 0 0 0
>N I:':' ’ A: 0 ]I- on _%bzn 0 B= 1‘ 0 C:[O 1 O 0] H
I
1
0 0 0 b, 0 7

x)=10 0 0 XX, —=X, —=X |} ®:[C1 a, b, C &, bzm]T;

0 O 0 XX O —=X,

v(X,0) = x(\)© Rx ARG HPREAL B E NS

PMSM &SR EAT SRR S AR TE R R 2 R ME R e, HMER B R R (1
Sz BRIk . v T RIS LR B A, 38R (R A LA T EARR
&, R LR E MBS AT AR P OB S S H AL, HERR IR
Rt 4R e, (BN E T SR AL OB 35 S IR 9% 0 A, 25 SR N 2 Pk HAS S M AR i,
R FEANGRA IS SR AL T, ARBE K WA AT BEL S RN 55 o 3R B BRAE AN
FKHEFRD LSRRI RTIR &, B 7 B .

13
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22 LPV BiE MM MES
2.2.1 WNZZAIR T

LPV [ 3d BOULI 5 2 — Mg el SR sh MO 28 SR JI ) 75k . A0k
ETAQ3)BEME I LPV BE M WES, A5 HH Lyapunov i 4h &
Lipschitz Y 53 UE B 7 %5035 B i S0,

i Fhor E T URPIRAS L 28 6 R F S HOH AT b T2 AT D ), A ik
FELL IR U LPV ORI &8 At o1 FORAS 1) & AR RIS 4L

{i:AfH Bu+v(X,0)+L(y-Y) (2-4)

§ =Cx%

He, 8. 6. Yo AX. . YIMbiHE, L2000 853556 .
FHIRIEHERE A By C, LI RGUIRSE B EM, JRd 8 m kR L %y

B TR R, SRS R R g PaEIr . BRI, WIS Y T el

AIFEAL N FRBE 1S RS R E I SE L BR8N T HRE R GUIRES S Bl 1t

L SR ZB T %, WMRAFE—DXFRIEESERE Py FEFE MY Jf 2

ATPT + PA-MC-C'M™ +PQP" +Y <0 (2-5)
M=PL (2-6)

A SE R
O =T, (X)PK 2-7)

Her, v(R,0) NRGHPRE LRI FERR S HIO ML R 6 NikshSHh
s T=diag( 7,747 7%6) s T=T>05 Vi~ Yo~ T~ Vs Viss Vs A
i xR N G AE; K=x-S WREMITHRENE; 6=0-0 NS
iR EmE. #iFQ=A-LC, ®EHSHEARWT:

X=Q%+7+ 7(R)O (2-8)
Hih, v=v(x,0)-v(X0),

LPV WE FZH T HHR RG240, Ak E g LR RGURE RN .
FERGURE MR T, @S MWESEA TR ZEZES T, WL 54
HHTRENCS . R WL 2 25 1) REUS A BERBUR S E T SISE B, NS EUb
P AREAE, 8 UL 28 N Y KR AUMBh A R S8R DAL I8 2 B0k 22 1 PR A ME L
i, HAREA IR 2 R IR 5 e 2 R S EUS T SICER FE R BT ot R g, &

14



QA N T = VA8
T Lyapunov Fae PEER B TH LI 28 34 25 56 0%, AMUBE LRAESEUG THR Z 1)

Wit s, RS A LN 8 TSRS i T B S B R R R R
2.2.2 WMBIRE M3

TEHT RS faE EZ Al, Jadh i T 5] 2.

52 2.1141; pri v (X, ©) 5K T X3 &2 Lipschitz 564, Xf TR X, Ei#v(x 0)
A LAZES X Lipschitz 254 N B Hr &£k N

v Qv < x"Yx (2-9)

Forp, HERE O RXTARIE @ RFE, MMM Y & e, Rk, REH L v(x 0)
XF X EBE AT 2, TT AR Q-3) T AT R # W] LA™ X Lipschitz J& 205 #7

52 2,265, WfFAE—AXRFRIEEERE R, R HIE R RROT .

XTI+ITX <XTRX +JTRJ (2-10)
FE AT RE WS KN Lyapunov PR
V=XP%+OT'® (2-11)

For P AN T 2 FRIE 8RR .
M ARQ-IDHATRE, KAKXQ-)MRANIE FHERIE, A 2]
V=K PR+ X PX+OTO+0'TO
= (QX+V+ y(R)O) PX+ X P(QX+7V + 7(R)O)
+O'TH+OT O (2-12)
=X OX+V P X+ X P +0" " (R)PX
L Py(R)O+OTO+O'TO
Hi, o=Q"P" +PQ.
H1 5] B 2.1 1 Lipschitz 2% {41 5] B 2.2 d i 5, Foedi 18] A4S 20 R A&
VPTR+XPr<v QU+ X PQ'P X< x'Yx+ X PQ'P'X (2-13)
A Q2-12)m a4
V<K (@+Y +PQPT)X+0" 4T (R)PX
P (RO+O T +OTO
=X (D+Y +PQ'P")X
1207 T (R)PX+20'T0
W RGRE KM, XA ERATH A R (Q2-14) AT 15 21

(2-14)

15
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O 4 ()PX+O'TO<0 (2-15)
T AR SR R AR B, HO=0, Hitd—_d, BHEEN
A

O=T, (R)PX (2-16)
Fa 23 R(2-5)F 2 3(2-16)4 N 3(2-14) AT 4
V<K (ATPT+PA-C'M" —~MC +PQ*PT +Y)%<0 (2-17)

HiV <0, FIRIRGARE, B 5E R0 1 X Sl 28I S iR R IE -

TR, AR LPV I ES 10 2 B R EOR N SRS TR Z 52 7 AR
Wfgte BESHNGTHRERD, SRR LK SHE, X5 EAHSH
HIE N REE XS . S5 A E AR 2 B BE T ERER Z 17,
HERERR G TEN, WS R — D EDEE, ERAMEA LK S
Bl thh LPV I & AR THIhRE, Aoy EAT X LA ) 2R Gt v il
o

PR R RN PMSM, Rk A 22 38R e T RO I AR i, XD 44
AT LA USRS S PR, BB A, S LA e B, Feal iR
K. 2800, TR BEP PMSM s rERE, FE0ZHILH
ENASTEREME B VEAX G Z o IEAh, ZRGEHRE TR EEHR SR S it AT P 1 AL
TR Al s B I Rk 1 BE R A IO D B A TR X 88 Ak, X T4 R ST B A
PERRHEEL, LPV ZHHHRGIRS NS RAPEEI S B IR 2 A, X
AT LR B R NURG 1 B 5 AR B AR A N R KN ) 2 Bt AT S 95 R, 7
RO R AR L IR SR AR R K T, B2 T RSB
2.3 FISHEERIEH

5 HA GRS A 2 EIH, SRR R,
ZER TR L WCSIOE FERR . SHOHTTEH D) TAESERR TR SEDL, &M TR R
WAL A ARG LA R SN S RS2 R R 5, &Rl B
WIENEAN AR S I B S HEI ) g . DAL AR ) LPV LI 2% A HE SR Dy FE
fitt, ANCREARSE BT DA TR S, 5 RS R RGN B ER AR A ERE .
2.3.1 fEHlgFT

B, EXRFREEREL . LARELWT:

16
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2, =% —X (2-18)
L, =X~y (2-19)
L3 =%~y (2-20)

Hrp, X AR ERERIE, oy . o4 HIRERE.
Tz, (s TE) 2O -
2, =7, +a, — X (2-21)

—20 Lyapunov BRI EUE XN :

v, = % 22 (2-22)
Rk, wrLA5 3.
V, =2,(z, +ay, — ) (2-23)
BT ROP SR AR AR, R s h R o,
LTI

+X (2-24)

“TTER T
Hit, E(z)=p+1-p)et; ie{l2,3,4}, pAHHHEO<p<1, k>0 2#ilS
.

TEAL GRS B, 28 O W S BB, S BOR B % A 3
AR RIGEHRE . TEARQ24) T, BATEPREIE BN 258 SRk E(2) | flif
o 94 25 B MR BRI R 2% 2, HEAT B A A . SRR IS 7, W MR 0 T A
E(z) P, Hh0<p<l, Wifslibasme k.o, XHEE T L3 E
PRI 250, T R BR B 22 2, i Sicht . 4 BR B R 2 WO B P4 5, E(2)
IHEAE 12547, P an ke, SRR ILIRIRR R 1 38 25 A S, X BT
A 2R R IR 2

WSS TG R I, SR IR R R S, P <A MEARE” 1A

s EEXPRAS AR oy, Bt MBS, (E T o Wi — AN O 7
— I B B gy, B 0y, T ORI S B I R
S IE AL T

\

17
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{Tlddl tag =a (2-25)
a4,(0) =, (0)

Hor, 1> 02 PR AR R AL B MR BRZE A Y = ag —ay
i B AR sy A B T PR OR N
dy, = (a,—ay) 7, (2-26)
HARQ2-21). AR(2-24). A (2-25)A] LA 3

,=2,+Y,— Elzlzll) Z (2-27)
A2 A H(2-23) 7] 15
V, = 2,2, + y) - (2-28)
E(D
HAR(2-2) A5
z, =—a, X +b,2;+b a,—Cc —a, X +b X —ay (2-29)
% 2 ¥ Lyapunov & XUH:
V=V +yialzetgre g el (2-30)
27 2 Yu o Y Vs

Hrf, S=e—s, o 3R0, Ay by A, SFIRC MR, $ R MM
AR (2-30)k P

= 2,(2,+ )~ '2 =2

+2,(-a, X, +b,2; +b oy, —C -, X, +b X — ) (2-31)

1. 1. ; 1~ &
_2(_ GG +—anay, +7/_b1mb1m)
13

Y1 V12

+Y1Ys

BT SO J77E A Lyapunov FUE BRI, B85 AN BRMEHIER BN T

1 A ~ )
a, :bl_(amxz +C +anX, _blmx3+adl_%zzz)

524K, 6 ext R R B RS, BOHRERERERT

{Tzddz tay, =a,
a4,(0) =, (0)

Horb, 7, >0 2URU AR R E R, B AR RIEORE A Y, = ag, — @, .
U3 388 I PR Bl A B AT LSRR A

2,-1,) (2-32)

(2-33)

18
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Ay, =(a, —ay,) I 7,

Fa (23205 A R(Q2-33) RN 2 K(2-29) 7T 15+

ZZZbl Cl a:LmX +b1mx _?2) Zl+bln23

A F(2-20)3Rk F15F).

, 1 1 1 1 1 .
i3 = _Taanz _TbZnX:’: +Tuq —C X%, _I_aZmXZ _ImeXB —CQy;
% = Lyapunov pREUE L I0T:
1 1 1. 1 . 1 -
V, =V, +=y,+>z2+—C°+—4&, " +—b, ?
2 2 Via Vis Vis

% EP ) 62 N §2m ~N 62m %%i_\‘ Cz A a2m Al b2m E/‘J/fﬁi‘l_:[’%%éo
XA 3(2-37)3K 3] LA
k11 2 _

V, =— 7, K 2,2 +b, 2,2, - 62, -8,_X,Z, +b,_7,x,

' E(@) " E()
1

. . 1 1
+4,y, +b1nyzzz T+t Y.y, t+ 23(_|_a2nX2 _IbZnXS +_uq

1 . 1 _: 1.
—C, X, X, _I_amez _Tmexs _adz) _2(_C1C1 +—a,,a,

1 Y12

~ A 1. - A
+_b1mb1m — G+ — 3, +_b2mb2m)

e S PR R Ug T R

_ . R A . K,
U, =a,,X, +b,, X, +1€,X,%, + &, X, +0, X, +le, ——E lz,—1Ib,z

B ARQ-3CANARK(2-36), A5

. c l ~
Z;=——C a2m 2mX3 Elzlzg ) Zg _banZ
3

PRV SR B
Z, =X, —a,
Hort, TR R A S A R, d R 0, May =0,
Br A2 IR ARQANRSE, TGS

X4

2m

z, = —|}b2nx4 +I}ud +C, X, %, —%b
Y25 Lyapunov BRI HUE XU T

19
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(2-35)

(2-36)

(2-37)

(2-38)

2 (2-39)

(2-40)

(2-41)

(2-42)
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1
V, =V, + > % (2-43)

2 3U(2-43)HFHON:

; k k k
V,=——2 7212 72 __ B 72 @7 —& X2
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[ 7 I TG E ) o WSS 18] g«

< ! + ! (4-4)
¢i(r,-1) ¢,(1-17,)
FJ'I@ 4.2181;  f Holder Z:%ﬁ?%"%ﬂy %VXERn’ E-O<K‘<S ’ ﬁ:
s (4-5)
X[, <[[x]l, < n~ = {x]

FIE 4304 fEE— D (), xeR"0-(resp.,0o-) 255k, HICHE
= ERIR (6, %, To)(resp., (r,, 9., 1.)), Hrir(resp.,r,) e R WAUE, S (resp.,d,)
R, fo(resp., f)imflm &, x5t FaA i e{L....n}, d, + 1, =0(resp.,d_ +r,, >0)
Heg g £ e xt T —MRBEC e R"\{0} HRE— e >0, f77E A (resp., 4,): X

B max,_ | (2" OOX)—fOi(x)|£g, vie(0,4] H W & A"0x=[1%x,..,A%X ]
(resp.max, . | f (j %) —f (0 [<e VAe[4,, 0]} A=0x=[A"X,... A" X.]) o

G HE 4.4 fRE— AR EY T, xe RUIRLE 0 IRFIR, £~ HIRFF
o NRRELAE o B PR_E5F IR
FIE 4.5 XfT p>0, fHFLUFAEREIL, 455E 4,8y, 8, > 0 2 :
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Zlaipl 2 ni_pl(zlai)plv p>1
i=1 i=1 (4'6)

iaipl Z(iai)pl,0< p, <1
i=1 i=1

N TSRS HRIELHER, B BEN ST, RIS HOREE R
b, HSHOREWSCTEN, SECKRWESCT e EME. NAKXE-3)r L3

u(t) = §+ésign(x2)+%x2 +%|x2|x2

1 1 1 1
- (4-7)
) . a
=[% sign(x,) %, [%,|X, ] ai
a4
1 o 0. o,
Hr, a1=§, 32232, 33233, 342341%1‘%@5&%[17&3%&, FEIES WIS
1 1 1 1
HE T VR A 1T

EXW:[XZ Sign(xz) X, |X2|X2], (’92[31 a, g, 3.4]T, p=u(t), Xj4¢
By R MR A, TR S AR EATIERL, AREH e v,
T 25 SR AR o3 A HE P ), {EGEE E % 8% ] et R U,

{héd +¢y =¢.¢,(0)=0 (4-8)
hyy +vy =y,p,(0)=0

e, gy wa e wIREIEAR R NN R RIS S G 3 4,(0) A
e (0) ARG ~ vy IWMH.
MAR@E-TFN AR (4-8), REFHEHE]:
b =¢-1¢, =y, 0 (4-9)
FUFINFET My A W90 )15 77T

{M =—IM +y iy, M(0)=0 (4-10)
A=—IA+y y,, A(0)=0
o, DyRiRZ48: M(0). A0)7r 710 M AT A HIHIHE -
A 2 (4-10) AT A1S 31
(4-11)

M (1) = [ (e g (s (r)dr
At) = [ iy (g, (r)dr
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2 (4-9)M A (4-11), AR H]
A=MO (4-12)
MIFERAEREM RGN, HARG12)ATURIZHIRZERFELE:
MO-A=MO-MO=MO, FIHX—KREIT [ HEENELSE &M
Y
O=-TIM" (MO " +|M&|")] (4-13)
e, |- =] sign(s), 07 <1, 7, >1, T=diag(y,",y," Y5 Y:") >0 MIEEH
FiE

€ X 55— Lyapunov FR#EUA:

w:%@r@ (4-14)

A R (4-14) 7T LLASF]:
¢t H@Hz <V, <c;t H@Hz (4-15)
Hop, T=diag(yy Yo, Vs Ya)s Vi Yau Yas Yo NHEEG T>0;5 ¢=24,/(@D0);
C, =240 (1) 5 Ao (@) 1 A (®) 73T RN EE [ © (4 d /INRRAE A AN 5 R ARFAEAE
XA F(4-14) 17 R F W15
V, =6 T0
~ . - (4-16)
=-0'M" (MO +|M6|")

255

oM Mo =SlermT| —fermT @17)
i=1

7+l

Hrh,

H 512 4.2 856 ~(4-17) ] LIA3 3.
[6"mT]<[erm

o T 1 R L R A A

(4-18)

7n+l
BT 0<y, +1<2<y, +1H5L, HAR@-17)MAK(4-18)7] LIAF

o e ¥ jormr| @19

KA (4-1971 N2 3((4-16), AT 2
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7o+l

=M -|é"™
oW e

1-
7+l 4 ‘ Yo+l

<Joru

:—i(@TMTmé) -n ? Zp‘,(@l\/l M) ©

7+l ~ |72 +1

oo

~o|

(}’1"'1)

Sl P RO MAMEREMI ML 5 212 (5)>00 0, =n & A%D2(5) >0

5=Zp:MTM >0,
i=1

7 A 7 (4-15)F1(4-20) ] LAFF H -

n+l +1 ntl +1 72+l +1 72+l +1

V,<-0,6,2 V, 2 —0,C,2 V, 2 (4-21)
ny 1 N 1
W KRGS S |y 10 ndt +1 2ty +1

cz(l—%) c2<72 =\

4.3 [EERTEERIEHI2E
FEAT T, Vert 1 —Fh et 0 ] g i TR WS TR R R S K RGBS HU T
1B T 7 I TR USSR TR R B s ] 2 2 v, LRI S 408 Al iy R 08 o o
RGBT, = 07 (8 B S AR GRS i BRER 5 42 i P e
4.3.1 #EHIZRIT
HiE, ENRGREFIREUT:
e =X —X (4-22)
Hp, X 2EENNESERES
FRLI M ] 72 I TR A TS T B T
s =6, +4sign“ (&) + A,sign* (e, (4-23)
Hop, SRR, A4 A 4 BREREYSH, By >1, 0<y, <L
XA H(4-23)R F A 15
s=&+uhlel" e v mh el e
= QU(t) —0,5igN(%,) — 0%, — 6, [%,| X, — %, + A |e|* " & + 2, e €,
% 8 B PR EF VR ZE € 7R 2 S = O I il 5 I [ A2 2 IS &y, R EATIE R -

(4-24)
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s =0, 2R @4-24)i L
€, =—Asign” (g ) — A,sign” (e,) (4-25)
58 4P Lyapunov B UE SUN:

szgef (4-26)
IV, HEAT 3R ST 4
V, =e6
= e, (—Asign” () — A,sign** (&,))
1 Mo 4'27
=2 e =4 e] (4-27)
Mol
=22 AV, 2 =22 1V, ?
T < 1 N 1
I 4.1 AT LA e 72 I ] 2 2@121(%;1_9 2@1%(1_%;1)
ST,
Pt 0 ] s i )
ut) =4,(% —whlel" & — A e 6)+4,sign(x,)
L RIEIe -
+a,X, + 4, X, | X, ——— + +
X, +a,[X| X, Qs) Dy
o =2 s+ s (4-29)

SHEERART:

O=-TIM (MO [* +|M& ")+ (2aBz|s [ +2apz|s ["HH]  (4-30)
Herd, 4, 4. 4, 88, &, &, a,[fiHE, Q(s)=n+@L-n)e ™, 0<n=<l
PONER . IRBI IR 2 E € O Y/Q(S), A5l 1 i e % AR 4 VB 5 11 S i2F
ITENAS TR . I LI S B W0 2517 mi i, O@s) M, H0<n<1, JEiysii
W AhE N, XMECE R DLSAS S G E,  ATTIE B3 s S i
St HERER R ZEWSEFE AN, Q()RIMEAE 1 24, EXMIEN R R R
FXT AR A HIE 25, A BT 0t k2 L% 1n) 8

WA K(4-28) i A A (4-24) AT IR EI G0 R -
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~ =8, - Al 6 - e )+ dsign(x,)
1
< < 1 P
#8508, l% - 5o (s +Ls]) + o (4-31)

:@)H_%Qsﬁﬂsﬁw

_Xr — i |el|ﬂr1 & — i, |el|#271 &
]T , H — Sign(xz)

X,
%|%,

Ffliitix%E; 6=[4 & a a

432 RBEMSH
WRYE AL br, AT RIS 240 T & B
EH 4.1: G ENUER R GU4-1), @ BaE NS T 4-30). [EE
IF [P A4 ) 29.(4-28), WUV AR AR B s 7 1] 5 N ) Py g8l 3 25 e B 3 ) — > 43
BN, BETAEAR A RS E N ML e, HIRERRZR SBWE T %,
ER: IR ASER:
V7t <y Aty vy <1 (4-32)
VEC A VEE S VIR AV | (4-33)
7€ L E =% Lyapunov BREUN T«

v, = 2P | 2P (4-34)
& e
AT (4-34) 5k BT

—Zaﬂ;(OLSJ —+2aﬂ I_SJ —+2a,6(p0(p0

l

=2aﬁ;(0Lsf“‘l(- (s] +|s])+@+O"H)

Q(s)

2apy,| s [ (—mq_s [ +[s])+ @, +OH) +2aB0,0,

_ ZS(ﬂsjgo (LSJSa—l N szzmafl N szzmﬁul N LSJSﬁ—l)

+O" 2af,| s [+ 208y, s [T )H

(4-35)

BAR, Hs=0if, V,<0" (2af1, LSJZH +2afy, Lsfﬂ_l)H o JET LaSalle N84
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TR R 2 A
JEEUT, At —ooltf, SWSITE, HX=1(X)2&eRinTiEer.
Mo, 2gx=1x). x=f,0)Fx=f, (X) &4 FEEemr. R

[74], % dvO =2a>maX, Iy, H de =2>max;_, L, fF7E—/NEZERER TR
Lyapunov Hi%rV : R* >R, S5 =04 (r,do, f) &5k, Hdn =[Lal,

dO :a_l; Eﬁ%zj—ﬁzﬂ(n@!dw fﬁ*&ﬁﬁ?\]%?ﬁ‘?ﬁ(, EEP’ rw :[1’ﬂ]’ doo :18_1’

@iﬁz—\;f(X)%ﬁ%H@o G, 3 BETATAT A, ARV

N (x) <k EV™ V) (4-36)
OX
. d, +d, 3a¢-1 d, +d, 38-1
:/Hi“ ’ g IE SE % ) m= ki 0 = ’ - Lo z - ’
i kR E A d, 2« d, 28
a
E(a,b) = ——(1+b) -
1+a
H MBS
(1) Hy >1 8, v BIESE] S EU L .
oV v"
—f(x) <=k 1+V 49
OX (x) V1+Vm( )
s—k—ZV(1+vq) 4-37)
s-ﬁvq
(2) v <1BF, v ]S 205 2 -
oV YAl
— f(x)<-k 1+V
OX () V1+Vm( )
<k (4-38)
1+V"
s—ﬁvm
€ X B VYP Lyapunov BRI T
V4:ia~f+ ! &+ ! a+ ! a+v, (4-39)
2y, 2y, 2y, 2y,

BROZ(4-21) (4-30)R1(4-35)%F 22 (4-39)K G 1] 45
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Vv —iﬁié1+i§é +i53é +Laa v
Yy, Yo oY o Y

=@T1—~—1é Zg,(BZO (L J3a 1+LSJ2ﬁ+a 1+L5J2a+ﬂ -1 LSJsﬁ,l)

+O" afy,| s [+ 208y, 5[

={-0'M"(MO|"+| M6 J“)-@T Qapy, s

+2af1, | s JZ“)H}—%(LSJS“ +s 77 (4-40)
+ \_sf“ﬁ_l + |_SJ3/H) +0O" (2apy, \_SJZH +2aBy, LSJZIH) H

—forw o

7o+l

2afy, 3a-1 2p+a-1 2a+p-1 351
———=(s +|s +|s + s )
s s L5 s

717'*'1 717'*'1 v+l oyl Vm
<- 2V, 2 — 2V, 2 -k,
0,C,° V; 0,0, V; 1y %

1+V,)

551 B 4.5, WV, BT KR

(1) & 4 R@15) . (4-32) . (@-40) /T &1, 5V, >1 V,>1 0, %

72+1
9, = mln{kz, 0,C, 2 }, jl:min{q,%ﬂ}m\ﬂﬁ:

nt

V,<-0,6,2 V, ? —Evv;*

<—g,(V," +V.,b) (4-41)
S _2171.1 gl (Vl +V3) jl
—_th 91V4j1

YUJ 28 ¢ AP o [ I TR0 RS E 1Y) o GBI TN T, <1/ (2 g, (j, —1))

Q) 4 4& AR @15) . (4-33). @40) A &1, MV, <L V,<1i, 4

l+l}ﬁlﬂﬁ:
2

k, e . y
g, =min 2, 0,C,?% > Jzzmax{m,

noptp

7 2 2 v/ m
V4£—O'1C2 Vl —E 3

G, (L +V") (4-42)
—0, (Vl +V3) k
= _gz\/4j2

I 25 G5 AL AL S I ORGSR 1, B I T, <1/(,A- 1)) -
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3) 4 & AN @15 . 4-32). @-40) " 50, XV >1 V,<1 B, %

k, 7+ . . y
g, =min 2, 0,C,2% ¢ j3=mln{m, 2

72 +1 72+l +1

V, <-0,C,2 V, 2 —V
S_gg(\/ljB +V3]3) (4_43)
<=0,y (V; +V,)*
:_93\/4j3
ARG BB LR 1, B 0 T, <1/(g,0— J,)) -

@) & AR @15 . @-33) . @40) T H . MV <L V,>1H, 4

ntl
g, _mln{kz, 0,C,2 }, j4=min{q,717+1})rlﬂﬁ:

n+tl  n+l

V,<-0,c,2 V, 2 —k—zvv;*

*1} i
2

<-g,(V, +V,*) (4-44)
< _94(\/1 "'Vs)j4
= _g4V4j4

N 22 45 U0 2 i 2 I TR 2 1o GBI ) A T, <3/(0, (L Ji))

BV, >1 V, >180V, <1V, <THIASERIRSY, 152 RGP0 [ 5E I 1) 1
SUBIT 4T, B SHIRIRET S BV, <1 V, >180V, <1, V, <THIARZH 4,
183 RGOS AE B E I T RN T, + T, EEVIEIRELE: HY,>1 v, <1
FV, <1V, <TRIASERR D, 152 R GHLAE B2 N R N WEEIT , + T, 5
FIEEIRES TR 2V, <L, V, <IN, 1S3 RGPULLE B E R W s ®T,, 85
WG AR ZS TE R o B A K (4-41)- 18 3 (4-44) 7T LLAZ 50 2R Gt e 2 W SR 18] Ry
T SMaX{T, +T,, T, +T,,, T, +T,5, T, )

max —

44 HESSH

N T IBRAEFT RS EOR R B SO S RS EREEVERE, 45 AR
IR 70, RIS P8R0 B 38 B2 200U 5 ] 5 N (8] T 4542 1 (APTHFTSC)
R G 2 B3R 5 A% 1 5 1(TPI+SC), Hoffi B4k B SR AE o fext L DL HL
BT 7 iR AR R
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TPI+SC 1R ] BT A

s, =6 +4¢ (4-45)

FEf A4 a0k s

U, =& (X — A& )+4,51gn(X,) +&;X, +4,|%,| %, —ks (4-46)
UGN AR R
aﬂ =V,,S, 46 —VY,.S X (4-47)
éz =-Y,,5,51gn(X,) (4-48)
&y = — Y55, % (4-49)
By = Y508, %] % (4-50)

Horb, A ONES, k>0 pFshasas, Bk &2 IORIHE RGRENE. Yo
Yoou Yo Yo NEIERHEETTSH

FEGiET, RAMSHEEN: M=4, k=3, f =5, =25, f =2
APHFTSC JriEizh 24w E ly: ¥, =10, vy, =180, y,=50, y,=2, x4 =101
#,=09, =01, p=3, 4=5, 4, =5, =051, =13, 5,=09, »,=18,
h=50, | =diag(0.4,0.4,0.4,0.4) , TPI+SC J5 Lz | ZH & B N: Y, =100, y,, =2,
Ve =1, V,,=1, 4 =15, k =1000, ¥j4ssixEHN: a(0)=0, a,(0)=0
2,(0)=0, a,(0)=0., HEH RGEHIBMLIR, KsHHMAU . U, FRHIJy|u| <40,

lu|<40,

1d
———, -APHFTSC | |
= = =x,-TPHSC

VL ™ |

L L L L L 14.88 14.9 14.9214.94 14.96) L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

IR ) (s) IR ) (s)
4-1 555 Xy EREAHL 42 ZH{E T Xy MEREARE
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350 T T . . T " . T " 30 . T . . . T T T r
——API + FTSC ——API + FTSC

R TPI+SC 1 | R TPI +SC
---q ---a
250 1
20
200
1.6
2
o 150 1 15
1.4 g
o 15
100 AP PG 1
12 10 ,
50 1 30 35 40 \45
36 38 40 42 44
0 4. \ 5 \
YATAY
i 3 N—
-50 - . - . . - . - . 0 - - . - . . - . -
° 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
I 151 (s) 117 (s)
K 4-3 a IS EHHN K 4-4 a, ISHHHR

HEER 1. REH - ASHEETH: X =3sin(2t) o & 4-1 A1 4-2 5350
APIHFTSC A TPI+SC R EZ AN I BRER R 22 . IS AT 20, AHECT
TPI+SC =il 5ems, APIHFTSC 7E RGUEREMERE 7 H B B0 . fEshAsmm
RIRFE |, APIHFTSC HAT SR SIoH B AT SE /Nl A &, ks AR 5 7
Fa. BFaMER S, APHFTSC HUMREFIRZ W BALT TPI+SC, RILH H M
PEBIRE L . R RAE RSB B, APIHFTSC KR 22U SUa s i, i 2
FEONFR AR IX e REAR 54445 APIH+FTSC £ S L Rk i Aff BR i 5 T LA B 1) 45
BRI, 5o PE 4-2, APIHFTSC REfE K4 3 BNIERIRGRE, RE
ZEYN4x10"rad , 1 TPI+SC WIFHFEY) 8 BAREERIRE, HESREAE
2.4x10%rad -

30

——API + FTSC 12 fi ——API + FTSC|A

LY | R TPI+SC "I _____ TPI + SC
i 0 5 10 15 20 uﬂzﬂs(s) 30 35 40 45 50 0 5 10 15 20 uTﬁ(s) 30 35 40 45 50
4-5 a3 MZHHHR 4-6 a, (XN
KT ZHAG LS, B 4-3 218 4-6 JE/R T APIHFTSC 5 TPI+SC 45 3,
MRS FE AN SIOHR S F7, APTHFTSC 22K TPI+SC HEAL THENS

HA T IR, APIHFTSC fYZ B0 sl T ik, H 28U iR 22 8 2 /)
iy TPI+SC i A S B HREA I I B THE £ IUBCRIEE Ik, FEE HER
AAREMIRREE, M THERSIE BIA /D, (HIRZORBEIL B BAR AU SRS 1
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KRR S BE TR E B S R G HIRS T %, 351 52 i A4 4% 1l 2
BoBE, K47 5K 4-8 5 REIL T API+FTSC F1 TPI+SC ¥ 5 v (42 il

API+FTSC- il A u
TPI+SC- & il A u

LRV U LA

. . . . . . . . . . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
N} [81 (s) K} [71) (s)

4-7 API+FTSC-#= il 4 A U 4-8 TPI+SC-FEHilH A U,

ESEF 2. AHEAFANETENE, REF -ASEETAH
X,q =2.58in(2t) +0.5t . PrEEHISHHIEFELS ZHE T x, MIF. & 4-9 F1E 4-
10 3BT APIHFTSC J7#E 5 TPIH+SC 75k EREFHEE LA S e A 144 B (1 R iR
ZE. WEIHTTLEH, USHESKAESCEER, APIHFTSC 26| 5 s 7 g 9L
TR PR h 25 e S 4 1 o S L X EE 4 H7 , APTHFTSC RS AR 22 4EFF7F 3.2x10rad ,
ifi TPI+SC HIFaEIRZE LN 2.3x10%rad , LUNHTH 1 10 £ 1EBNAS M N IE B 7
[fl, APHFTSC I H B PR SICR 1, ok 348 e R A P 75 ) 18] B 2 4 T
TPI+SC.o X 8855 LU E R 78 70 UESE T API+FTSC 75345 M R0 & AR ARG 75 T
SRS, HEHIPEREI B T4 TPI+SC 7. REURMSERIFHRSE Bin
Kl 4-11 2 4-14 Jos. BTS2 b BAE H,  APIHFTSC A LAdE
PR SR EE SRS TR S 800N, BT DERGE N [l N #RR 2S8R
fH, MHEEZ T, TPIH+SC HIFF AR S0 Y WY it Jo 1k, ol SodR st HoAs
SHORG R G H B AR K2, THEN S8 e, Kiflitt, B2 5 ESK
BRI, TPI+SC X a, ANFFREARGF O HEAT HFIR, TOASTRERER B Sl , X5
W1, TPI+SC BVELESERR R, ST SR EE Iy B2, s
TEAT LRI T3 B RS AN IS . AHELZ N, APIHFTSC ik f FH (3%
RVERE, BEf8 0 E JlD IX PR ANE X 1, AT E S BR B F v R 3 H B R
Ho B 4-15 T 4-16 45 7 APIHFTSC Al TPI+SC P 7 v 4% Hilfa N\ B
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35

30

xw(rad)

_____ x‘-API+FTSC |
= = =x,-TP+SC

2428 243 2432

0 5 10 15 20 25 30 35 40 45 50

M i1l (s)

K 4-9 Z5(55 Xy MIERERHIZL

=)
[ ]
° 5
N Eay . 1
0 X
v o

15 20 25 30 35 40 45 50
11 (s)

K 4-10 Z2E155 Xyq MIERER R Z

300 . . . . . . : . . 20 . . . . . . . . .
——API + FTSC ——API+ FTSC
w0p e Tpr+sc e TPI+SC
---a 15 ---a .
200 4
150 16 1 10 : ’
- 14 SRS o 1
100 12 1 5 ,
30 35 40 45
! \
50 40 42 1 B S
o }
0 W"" =
50k | | | | | | | | | 5 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
I (s) I (s)
PSRN ] NSRRI
K 4-11 & S HHR 4-12 @, S HHHA
30 . . . . : . : . . . . , . . . . . .
——API + FTSC 12+ ——API 4+ FTSC |
A N N A S rer+sc |4 e TPI+SC
-==ag 10 F -==ay B
- !
1
8l L, 1
1
1 4 l! 0.72
mﬂ' 6 |l 0v7_ ------ i
08 | 1 068 sl S
4 l'\‘ 0.66 1
0.6 Y 0.64
36 38 40 \ 1 i
Y- 40 41 42 43
’ l 7y \ 7
\.-.h--
N j
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
I 8] (s) [ (s)
M e Y ] Map e N
K 4-13 a, SR 4-14 a, FIZHHHA
40 , . , | } , . ! ] 40 . . | . I . . . :
30 q 20 i
20
s _ 20
B
g;_ 10 <
% E 10
=
g " | 5
s o 0 i
Y10 1 +
a =
< 10 H i
20 4
30 H 1 207 7
40 ! I ! | | | I ! I 30 I ! I | | I ! I !
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 30 3 40 45 50

4-15 APIHFTSC-f% il 4 A\ U

I 151 (s)
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4.5 KENT

1o LA AR SNBSS R SR AR rE LA IR R G PR BT, Oy T 9B
SHWNAEL PR SES], ARRHY T Moo rfie RS B A v, SR
Gii I FE T IRICS, 3R T IR . ZE SRR BN T B,
MR T — P HIENSHHERE, FIH ORGSR EHM NI SER EZRFE R
FELLN R G IR IS HL, W18 RERASH RS PRI R BAE, 5658 7 RS
e VE . AL GU I A B LAl b, vt 1 e I AU S s il 48, KA e
RO S L BRI B ORI BL B A, A R T RGBSR
17 FUSE U0 B 45 SR T R I, T R P 7 Y R ST LV B L R 2
TR 2 M 359 38 1 R GRS (RS IO 5 i vk
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E5F HGRERE

51 FEMRIIESUFHS
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