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RESEARCH ON IMAGE STABILIZATION MECHANISM
AND CONTROL ALGORITHM OF AERIAL CAMERA
BASED ON PIEZOELECTRIC DRIVE

ABSTRACT

With the rapid development of aerial camera image stabilization
technology and control algorithm, the problems of low shooting accuracy,
slow response, large volume and image deviation of traditional aerial
camera can no longer meet the requirements of aerial photography, and it
1s necessary to continuously explore the goal of miniaturization and
miniaturization. In order to realize the accuracy and control requirements
of aerial camera image stabilization, a new composite image stabilization
mechanism combining two-stage lever bar and triangular amplification is
proposed with piezoelectric ceramics as the driving unit, which realizes
aerial displacement compensation and meets the requirements of high
precision, fast response and symmetrical output. The specific work
contents are as follows.

Firstly, according to the requirements of optical image stabilization,
an aerial camera image stabilization mechanism was designed based on a
two-stage lever, triangular amplification, and a straight-circular flexible
hinge mechanism. The displacement magnification, stiffness, and modal
simulation analysis were carried out, and the mechanism parameters were
optimized. The mechanism had bidirectional symmetrical output
performance. The simulation magnification was 36.72, and the theoretical

error was less than 2%. The simulation stiffness was 53.3 N/um, and the
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theoretical error was less than 8%. The first-order natural frequency of the
mechanism was obtained.

Secondly, according to the mechanism model, the experimental
prototype was made, and the experimental platform was built. The
hysteresis characteristics of piezoelectric ceramics, the output
displacement of the mechanism, the repeatability accuracy, the
magnification, and the resonance frequency were tested and analyzed. The
maximum width of the hysteresis loop of the image stabilization
mechanism was 12.74%, the maximum output displacement was 347.2 um,
the maximum repeatability standard deviation was 0.614 pum, and the
resonance frequency was 150 Hz, which met the output performance
conditions of the image stabilization mechanism.

Thirdly, based on the aerial camera image stabilization mechanism,
the control model of the aerial camera image stabilization system was
established, and the hysteresis mathematical model driven by piezoelectric
ceramics was constructed. In order to improve the control accuracy of the
system, a compensation scheme for the output displacement of
piezoelectric ceramics was proposed. The input voltage piecewise
compensation method was used to compensate the output displacement
stage by stage, so as to accurately correct the output displacement deviation
caused by the hysteresis characteristics of piezoelectric ceramics and
improve the accuracy and stability of the output displacement of the control
system.

Finally, an incremental PID control system was built based on the
improved Bouc-Wen model and ITAE performance evaluation index. The
grey wolf control algorithm and particle swarm control algorithm were
used to optimize the PID control parameters respectively. The relative error
ranges between the output displacement value and the predicted value were

[-0.15,0.14] um and [-0.12,0.26] um, respectively, which realized the

v
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precise control of the image stabilization mechanism.

The image stabilization mechanism of aerial camera has the
advantages of large output displacement, high control precision and fast
response speed, which solves the problem of aerial camera photography
blur and provides ideas for the construction of micro-displacement output

compensation and control system.

KEY WORDS: image stabilization mechanism, piezoelectric ceramics,

flexure hinge, two-stage lever, grey wolf algorithm
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K 2-6 = MALAE UK
FEAKFIT AN — M AX, H=MABORES AT R, fEEET A —

Mt AR AyPU, MO G %L B 9

Ay
== (2-5)
p AX

AP AL AR AX 5, =ML A EE N on BN oz, € X HE
O=a1—az, A[{3:
aX =Lcosai—Lcosaz (2-6)
ay =Lsinaz2—Lsina: (2-7)
B (2-5). (2-6) Fl (2-7) A[:

Ay _sinaicosé —cosaisingd —sinaa
AX  COSa1—COSa1C0SE —SinaiSin @

B (2-8)

B BT AX BB ER N, BT ARSI M AR AR /N, A) ) A
ﬁl‘?ﬁ?ﬁd\l—cosaz%z, sin@=0KZ%, RAMEO JAKAT, Fi (2-8)
EINKAWSE

p=__1 _cota (2-9)
AX tana

Rk, =B ERRA EAE a 1k, SHRESEBAEMK
Wo = SRBORMURIIN A BE o TOBRERAT 90° I, = A BOR B BE A4 IHOR 5 Atk
Ny ZHTBORHUR AR R G T 05 M =M M B o $51E
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0° I, = ABORHUAL B AE B LA TBIROK,  Beis i B B3t ]
P HOR 80 A ERAR A o

PR AE BT HUAINS AR DRAIEFBOR AR A [R5 9 T Ay 5 AR P R X i
RAGEHIFEI, AL = A TBORH AR A LA B AR BT 2K

FlE AR B o, = MBOWUEURA o v 17.7°, HAKM 17.7°%
N 17.9°, BOLPEIME 17.8°UH = MAUBOR R, 3l (2-9) mIiF&

HIRHOREEL B M-

1 o
ﬁ::anu77°+179¢>:°m118 =31 (210

t
2

223 MMM AERITE
LR TR
R —FATA S = ABOR R TR A (2-4) M (2-10), ATTHE L
RNy ON R E PSR
Pp=Ax=12x31=37.2 (2-11)

2 A

VEBNE R ERR BN — AT BORAEE, A 2-7 Fros .

FEFG AR, AEF/EENETRIN 0.01 mm PHIAGIRS, IS b SN,
T2 & AT R BRI 2 5109 7 81 14 mm PIEBATAT, W A3A 38 M 0.12
mm, {EENES ] YA EECh 12 5, SEWEMR: R =HA
RHUBINAE a=17.7° , ¥KN 555 mm, SRRVERE, FEARFEFT A FEE B
BT, AR N17.9° , ARG H AR A28 0.37 mm. HHfE
32 AT AU B AR TR BN 37 1%, % SRR+
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e 2-7 1E B SR O 53
224 TR

FRNVEBBE AR D E HUR NI B B 2, o] DLAE B Bl I A7 R B I bz 7 £
Mt ol, HHESEEE . RESAAG G K S T IR ARERE RIS, WL

SR, RSB T A SRR REE, ik S5 AU B A g o7

Mo RIS A RS I, T R R AR B LG 1 25 TE RE .
RGN R B RS M B e it & 2-8 o . ORI SRR — 4%

RLAT TR S5 R A0 = A TR G5 R AT B0,

K 2-8 B[R MR EE
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£ EEF, t AMOJEE, h OVBBERE, b NEEEWE, L OVRBEKE,

NG AR BT T BRI 2 A 2 A,

_ 2Ebt*”

k
T o

(2-12)

PRIBLR B AR SR s Bk, AT RS xs HUA — I 3EAT 0 A e 4 38 LR 32
Bk AL R R RS s s, 2R RMN KBRS EE, 0 RIRNN:

Eem S miAa? s S me AX2: 2 01624 2 1,672
2 2 2 2

Ep=1k1012 x2+1k1922 x4
2 2

A my, mo AR AC. EF JFGACH &
Ji, LN AC. EF Se85% D N H 3 )15 &
Ev, Ep, ANUHEEADNRE 5 H e,

EESEFSE

tan leﬂ
1

Aa  AAd  L2Ad
tan@=—= =
Ls L3 L:L3

T B AN SE PR A AR AN, i AR R0 -

6= Ad
L1

0 — L2Ad
L:L3

FIRARHE R (2-1). X (2-2) w40

Aa = auAd = 224
1

Ax = AAd = L2LsAd
L:iL3

frek, R 2-13)0 R (2-14) "B HESN:
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Ek:lMAdz— 1(m1L2 Ls® + mz2Ll2®La® + Jils® + J2L2° )Ad? (221
2 L L3’
EpleAd2—1(2le3 +42|(1L2 )Ad2 (222)
2 L Ls

NN K A
B 8kiLs* +16k1L2? (293}
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MRS LR, W 2-9 s,

T

A 4

AT R E

!

=TS LR E

P
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\ 4

FIUEBBETE UL

\ 4

TR

ARG B
LRHSH

FIWTBONATE
I P2 3 A S 2

[ T B S Eoifi e ]

| ghR |
K] 2-9 MR A S E AR
Stepl: PEIARAE ML B AR R FTRE K B XU R E 3 B PR ],

A R, I E AT .
IMUVEIRIE R R, =AU A AR, HRIRH 2

NS ONGIRAIN

Step2:
RAEHECESR, L E A BEAH
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Step3: i LA TBOR BRI, ST H SR B ) w8 L AN AR 2
Stepd: FIWTHLIY A M 2 561, RETENISHL
IR ES R 2-1.

®2-1 RV R HSH

5}%[ L L L3 L4 b t T
HE 7 14 9 54 10 0.5 2 5

W 2-1. 20 (2-12) A (2-23), AHHHE H AU R E S R N
58.1 N/um, FGHLIAIRIEEEAE 1-100 N/um 255 2 Wi AT 7 264050,

2.2.5 IRGHMLERTIT

EE TR BOREEOR . = AR 25 M) 72 e A L[R2 e s R 1
WUMITEN AT A S, 3 TS FENUEREH LM T 7 R, HasianE 2-10 fr
TN, CER S AERA AN 2-11 Fis .

18P & 2-ZABORIUY: 3-TUEHL;
4-ATALIE s 5-RNEELEE: 6- ZUATATIBURHLAL
&l 2-10 Fa LI
RGIIER TS ANLEsh T &, SRR &R WA B TT, )
R TCALHE PN X AR BEE IO B, TBOK 570 AR R R A R SRR R R 6 ok il
o
JBOR P TC A FE BN 58— ORI AN EE ORI s SRS R 4
AR HPF (S mmX S mmX 10 mm){ENZ) IR UG A AR AS, s F R e
FE ZRATALTORHUA B3 N s — GOALAL 36 i 55— AT A N\ S 2 A) e il 22
VERRBEREAT B, e KA H IR =, S RHURBOR GG RMBOR g
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P55 TR i o, e 3 H AT AR IR I8 3 F & R PO,

PR G IS Py R R LU, X T e B B it Ak sl i g, LRI s LB
el SN ) B e S eV N I L T i S WA K LY N (3 PSR (BN E 1PN
hike, GBORHR BTk M AT IOR R, £ S AL 3 B AT R 772
— M Aig, R G BRI,

2.3 fn== ARG E S

N T BAIERBT G FBORHU AL R 4 i RF 1%, 7E Solidworks R A4 i
P AR B, FIH ANSYS BRI SR BEAT 0 b RR ML
e FI IS 5 MO G IE I 65Mn 1R AATEL,  HSHULE 2-2.

£ 2-2 65Mn FE S
up s B (kg/m®)  HIAHL AR (Pa) BUUIREE(Pa) B RGRSE (Pa)
65Mn 7850 0.3 1.67x10" 7.69x1010 7.36x108

FEFASLIG IR NAC2013-H10 B S EH &, 7E ANSYS AFr ik B 45
IR} BRI AR S, SHOE 7, SR BRI A g, JFxF Hm
B e ILREE.

2.3.1 RBHMBAERNE

i FALER AL bR RCR oo M e et m, Bk, RS Hd—A4
JBOR 5 T 34T 47 B R TR AN R AR O VE R RCR o B ARG R TR LA
R J8] 5 s AT AL B850 T g [ S T, 6 s b o 8 79 00 1 — K 7 i N i
(IR R TET b, A BINERTT AR« BB ARSI P RS O

1E 120 V FIHURIREN T, e &AL 8 7E 10 pm /24, TES5/EH
B b R P AT 3R 10 pm SNALAS, AT e H M e 52 1 v s DR BT
IR, S, RERLE R BT ) o AR A S A LA, AR A I AR A ]
2-11 ffiors

FEFCE IR P RINE, ACTHIA 0.01 mm LR 15 218 B 7 1 i 4 AR
N 03672 mm, EIHURSERBUREECN 36.72, 545 U FE IR O 50N
37.2, EHRLTTAN, BUMEEGAS H AR H A RSB TH R IR ZE AN T 2%. BN
FEREAT BB TSI 1AL T SRR BEAE A, R IR AL M B2 o B A TR R A B 1 5

Wi, AEASASAR MU 07 A5 RIS AR T B THER 4R P8,
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D: 2.3 36.72
R

AR e
B{s: mm
A 1

0.36719 B
032639
0.25558
024479
0.20339
01632

01224
0.051595
0040799
a8

K 2-11 HLA L% N AR R =
ST ZS ARHURAR MR AT B T, R BRI B AT =Rl vixt b,
Kl 2-12 iR
P S A AURRAR A LAL B  A EE 5 0 JOM B R TH LRI R Z 20 N T 1%
2%, HHMI—E 2R EE: T HUTE SRR TAE b2 4 — 58 s e e
T, (RGN BARBOR B A — B R 2 NG S 50, ARG L
MR B R A — e R, AT 5 BRI 2 A Ul ™ A W 2%

120
= Fp(E
o fififh !
A TR
100
E
S S0
2 ?
60
i
40
z
1 N 1 " 1 " 1 " 1
1.0 1.5 2.0 2:5 3.0

FIADLLFE/um

] 2-12 FARM U TBOR A H0xT L 1
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232 RGH MM E R E

XN B BEAT KI8T, RN URREAL S N E ANSYS #ft,  [RIIS
FESTIHAT IR TCAR Y o A BT /DN R BEE DN 2 mm, AL AL ERIAT A ] R b
AN E QA X AT AN R A, 2 RIS TRKT . KN TN
71, 32BNl 2-13 K.

O: Transient Structural
TR

AR IER:

BB rarn

il 1

1.875%e-5 B
1.66742-5
1.4592-5
1.25062-5
10422-5
8337226
£2529e-6
416366
2084326
08

& 2-13 WL SZ 18T
fE LR PR AL E R IN ), WU B AR &2 1.876 X 10° mm,
15 WAL BRI BE 290 53.3 N/ume AUAGRIEE T BAE S5 B8 (E 58.1 N/um +774%
i, AHXARZENT 8%
PR BRI I B2 5 07 BN E BB B, an ] 2-14 PR .
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200 - e
@
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]
£ 150 | 5
22 o
A
2 5
- )
& 100 F
| |
L]
50 F :
|
0 " 1 " 1 " 1 " 1
0 2 4 6 8
S S/ N

& 2-14 HURERIG R 5 0 BLRIEEXT L
i BT, A A LR BB R NI B0 FUAE S B T S+ ki, A
B, WA AR B2 B T SR T SEPEAR

2.3.3 FRGHES O

MUK L T A s S BR s TR 1, DRI a0 20053 M AR AT S LA R 5
FIFH ANSYS BAFXAGHIEATES 047, A3 HH 6 N EE R, NG
S HRAN SERR N FH PR BEEOE SRR . HUMIRT 6 B LSTR85 426
K 2-15 F15% 2-3 Bz, B 1 BB 91%6 08 153.69 Hz, ] LU & 100 Hz TAF
IR ER, BT —M Bz kB RAEH AL M RE .

SHASGAUAIRT NI RS AT T A0 FE58 1B 28 2 B 558 3 Al i /e H
T, B R AE ZATFN A = AN B E T, W xv z TR R A
ThIREsl: 5 4 M55 6 MIEAERT, SISk e AT A1 = f
WA, Wy T RAEMFIZE): 5 SPRMERT, miagkit z fil
7 AR A2 .
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K: Plank K: Plank

=51 B 2

B T AR BIFR

B 1556 Hz 45%: 15795 Hz

Bz mm B mm

2023/7/25 2058 2023/7/25 2059
97497 BA 85316 Bk
B854 7637
75831 BG4
4998 57277
54,165 41731
43332 38185
17400 %5639
21666 12082
10833 95462
[3-11¥ oSk

K: Plank K: Plank

BEER 3 SBIER 4

xm By s B

Wk 178.36 Hz #0%: 23395 Hz

BT mm B mm

202347425 2101 W23/7425 2101
25.672 BA 3.6 Bk
76155 74311
s6634 s5022
57115 55733
47595 46444
38077 37156
29557 27867
19038 18578
25131 02,2889
L= BN

K:Plank K: Plank

SRS BoFe

AR S SR B

%: 415,18 Hz 43676 He

EBfE mm B am

2023/7/25 2102 2023/7/25 2102
124.89 B 10161 8%
164,35 90323
14381 72033
12326 7742
10272 s452
22178 45,161
61,632 33871
41088 22581
20,544 1129
OB 9B

() 5 s (f) 6 Bl
2-15 B 7SPMREAAT B E

% 23 FlR b EA Sk

E A HZE/MHz  153.69 157.95 178.36 233.95 415.18 436.76
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24 KBING

L3R T — Rk ATA . = MTBORMUE DL SR I BB 4 6 AL T A AL AR
GHBTETT 5, AL T B AR AL, BT = ABORRN NI
- HH ARG BE A EOR A BRI LA B AR

2. SFRRGHU B AL IEAT IO H . WIEE RS A IR e/, 153 AR B
JRAEEZ) 0 36.72, HIfEENEAF ARG B0 37 SRR TR EL 37.2 ¥°
ZE/NT 2% P EWIEE 53.3 N/um 5 ERTHENIEE 58.1 N/um i Z /N T 8%; X#l
AT B, RN — B 3L IR1% 0 153.69 Hz, 7ESLPRERAEIAEE T N ik
Gk B LSRR
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53 B FLEs AR AT TS

LS A T RALH AN = A OB Bt AR B AL T R, EPRIESE
HEMFIS, XKL 7 HU BB, TR N B I 2 SRk B e 45 4
FETE T U RN URARALAL B BRI B2, o it 2 AR LASAR D LAG B AR BTt J7 FE ik
AT 05 FRAIE, WP SR IE 1 AU K AR T S S AL AL it R 1 S5 AR DG B o
FAE

AT X EE BB MBORNU T 5, Seln T SEVIRERL,  XTRERLEEAT
SCIR IS IE 5 AT, RN AR A L LR SO ROR AN [ H e B R Bl 1 7
RN AL R TBORAEE CRRL B XD AU AL B A BESE, S iE ARG LAG i
A ATRE . EE MR RIIRIR 2 B S E T8, JF HXHAME K
P BRI LT SR SR BE 2%, A SE R ] R R LB K .

3.1 ARG IAT 18R

T P AE O B A GLRSAR DS, RIS BLR S 4 SCARH 182, ik
DI TR RGO IR 2, — BB T, B 3-1 AR B )
K.

Kl 3-1 F gL S
P IR Rt %R, LN RAEE 2L D)E 7, Pk gom T
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A% BEIN T H ARG, HEAR T DL R IR H A R . TS AR B A
ARHALRATRE R SRR TH B AN KSR AL, AR TR g R4
H

WA =4, mLRGENE, LRV EEHUANSEBERE
(NAC2013-H10). JEH#ZHl2% (E00.D4). #OEMRIL (LV-S01). SiF T &
(QF-12-09-08) FITHETHLL AR, #EANSLLG & A0 B Kl 3-2 fis .

L5l 2-IS sl as; 3-Ipas; 430 TG S-BUGIR
&1 3-2 LS ARG T & LR e B
AR AL HE A4 b P AL PR R TR B T AL B, TR 5 70 R X R e AR TR B
RO AR 215, BEANBOR ST B 575 W AL BORRRE B, R DY AN 8 A R A R L
e AL T & b, BOGIHR SO LA IR AR #E o b, Btk
MBI AR, B %08 28 v ik . T PR B e A2 U MU A FH R 20 99l AP AS
J7 TR AN AL RS BEATTEOR 385 AH BT 1007 OB BRI R A2 A5 1R 72, LA
ATV A il A, sess i R 3-3 r .

L ﬁ%ﬁ Bt
P @mm PRAX

B 3-3 SRt AR AR ]
Stepl: fEUFEHIm B E BIESHL, 2] 5 R 2 A B .
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Step2: [k HLfE | &% AT ARIN 7 AL P tH A5 5 (LA PSS AR, TR
EAE T AT RN N 4 S i P R0, o LR INEh T i Pl e A A G

Step3: EHIFEMKIE, LI BONMEOR, MR TRENMIIZZT 5.

Step4: WOLMIRD M ZLAME IR, A 26 e AR 27 1R B A2,
BB AR AL L BT LA

3.2 A= MR SE 5

3.2.1 EEEEIRHM N

s o B 8 i N IK B0 LU 5 (0 AL e 5 SR PR RS 2 [RIAEE R 72, B2 AR
R LM B O ARVE IR RN, 1IN R 2= 50 SR 3 2% 1R A HH RS B2 S8t g, i DA
i L PR BE AR R AT 520, 2 BRGNS SRE BE L i S R)SE S 4. W IR
SKIGBEHEAT AN R, RN FRE 0-120 V YEEEPY, TSN 20 V A FE R R B
17 2 UCAARAR N LA IR B 07 T AR TRl 2, T S5 25 SR 2] e Hh ol R 5 0
frkg M2, il 3-4 s

375
. % :
o [A[f%
300 b A iRRE =
@
Exnst 8
]
@ @
3_ [
Z 150 -
o @
|
75 | .
||
& A A A A
0 . ] . 1 . 1 . 1 : 1 : A
0 20 40 60 80 100 120
iy LU/ V
] 3-4 P B A M S
FH P FEL P B i A A2 IRV Rl 26 T U, FL A SRR MRS X R, T

HAEARML EE U T, PR AR B3R 7 i e B IFANFE . R B
IR Al 2 i KLY 12.74%, IRMRNEN, LRk RERUS, (B
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g

A% R JEE
3.2.2 BIhLFEAE

PEFERE I S5 T S8 @ e G, A TH A RIS, MR, oA
T ERHERKT, S ARG E g ESF e b, B 4 DN E &
SELEH NG, R TS H LA T PR B AT TS, IR T IO I RO AT
B, RTINS BT N

SO s FE s ) % i N R T X038 T L B S g R RS, e SO I R A
PR AL . RS HEAE 0-120 V LN, LL20 V oNEIRE, EAFBX 04
NHE Nidsgi i B, RGNV BRI AR, i 3-5 Fiow.

T

i 8] T /n;in
3-5 RGN FRIL AL
W R S A R AT RS, AR A th 2k an B 3-6 s

375

300 - -

[

[ o]

W
1

150 |-

WA FEL/um

0 20 40 60 80 100 120
IRV V

3-6 RS AL A Hh 22
s LB B A2 A L AT AR
L=3U-10 (3-1)
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3.2.3 BB Fz 48

§

g

g

i s
. i

P T HE P B [ R S, SR IREN G R, AT B T EE R S 1 L
M. BN HEJELE 0-120 V B, L 20 V ARG, M0 VIZEDTEZE 120
V, HIZPEER 0V, FIHBOGIRSOS 4 B AR, FUEH LA 0L 5 A1 72,

K 3-7 s

I =

>
-

'h"‘“ h"‘“ o Pr— ”'""*'

T T T T T
20000 40000 60000 80000 100000

T T
120000 140000

B T /min

T
160000

Kl 3-7 R B XUA (72
RGN 120 V BN LU T % A2 KON 347.2 um,  SEER T AT IK T
HLBE BEAE 120 V S LT T 9% HH A2 A2 0 10 pm, - BRIt AT B AR BLRS AR LA

S b an AL TBOR EE N 34,72

T T T T
180000 200000 220000 240000

MRGHI N EIRAE . 07 FE USSR E, i =Rk 507 2045 O£

BokAT R, HE K 3-8 Fras.

AL IR B . SEIE SRR IR ZE 73/ T 2% 6.9%. H i Blig
AT O R s, B O H S S ae R B e = R B R
I HTAETBORY UL RORE R 26 0 BAEA , M 7 SBsin T, AL RESE 261 AaiR
PR SR I AT I RE 7 A e B SR VE AR, AL R 2E — e AT AT 3 e
WRZE; ERI NI S AR AN A TS OL T, U B SR A B th o e AR A
SN BRI 2, T AR S b (e s RN AEAT BRoT/r frid fevh, - &ilo)
FITHE I, SZUFSEHLIERERZ M, FRITH RO AN RE A, & 5 BB EEE 7 A

v I\

—EmzE, HBUEAESHMEEN, 54
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120
= AR
o filif .
N Y
100
¥
g
\:L 80 -
A
=
=
&
60
|
40 +
B
1.0 1.5 2.0 2:5 3.0
i AL /pum
K] 3-8 R BRI TBOR X L ]
324 ESEERN

BN B A TR X ) AR B AR LA i A R e v, BT SRS e v
B B IR i 1t 7 AR AR R I AL A%, 30 TR T AR B MR (¥ € RoRG B kG FE AN
PR AMEAR I A6

S RGN A R BR S L R4 H 5 80, 2> BIXHE418dE+ 20 V. 40
V. 60V, 80V, 100V, 120V NASHUEHATELVESLR, I H SERrim b A7,
LA 56 AR ATAL B AR e AR B2, 5040 L3R 3-1

% 3-1 SIS S Hobr e 22
o WAL (um)
e 20V 40V 60 V 80V 100 V 120V
1 49.43 107.59 170.74 229.84 290.56 346.28
2 49.75 107.84 171.01 230.03 290.87 346.69
3 50.01 108.21 171.36 230.56 291.19 347.02
4 50.39 108.56 171.69 230.92 291.42 347.54
5 50.73 109.02 172.51 231.13 291.83 347.96
bRy 0.459 0.509 0.614 0.497 0.438 0.597

NI EINE, MFESEI AT, R K A AR 5 AR
NS N S, MU AR E PEAR

Xt LA EAT B S AR, AR N RS R AR AT T, 3T 5 HER
S, MM G- RS A RSE SR AR5 S, Siasi RN 3-9
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Frw.

375 2.0

- %—‘r/ th$

' ——t#'m%

=&

300 | 5 Ullu W&
BRI &= 115

I emsssss */]\"{1{7

Eoust -
— =

N
5 110K
=150 - E

75

0 " 1 L 1 " 1 : 1 L | " 1 0'0
0 20 40 60 80 100 120

M EU/ vV
Pl 3-9 R HLAL VG 250
FEFARL A X B AR PR O tE L RS HEAT 5 IRE BRSNS, ARSI S
HEMRL, SRR ESIEREAES, ZRESMREZEN0.614um, RSG5

FARE o

3.2.5 ARG M

BTG SR S ARG R 2 RN AR R, HYS
E B AR RS AT REAT R L, BEAT R SRR BRI S0 . S BRRE T L il
e [ A5 5 LI L B R AT IR 2 A5 5 IS L

DAY T ] 5 56 mP 8 P ) s P A2 1) 2 U A S YE DA 0-120 V, T LABEELIE
SEPE S UN 120V, MEHREAN 60V, IEZEHANGE ST LARRA:

U =60sin@t+60 (3-2)

Hrp: (ORI, @ =271 TR, fFRRIEZEESME,

IESZ IR NS SHIEEARZ 9 20 Hz, LA 20 Hz AFEREIRZ 61, R EOL
TNPRAC HAE A [F g NAS 5 50R T RGNS AL RS, AR 4 SeBria 15 H
MRS N2 KR, WK 3-10 Aix.
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180
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i
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=160

T

— cos ““
= | e /
- g

‘FAA“
[ ]

150

0 50 100 150 200
IS/ Hz

P 3-10 % th 2 S A AR A
RGN B A S 2 Bt e AR (K T v B IG5 ARy 150 Hz I,
eI P SRR B  AEIIR LS, SR A R BRI HiE b
R BH RS Hr el i, SRR AG TN 150 HZ R TAE T, &%
BOWUR R EICIR, AT S RS LR Bt 5 o D i KR JEE PR AR AR LA i o
PNEREHEIE, N BRI AR S 5

33XWERS S

EF I AR AP S0 &, SRR AL IR 25 TP Rk A7 A 5
KT, WAImEE U 4 120 VI, AU B0 S A2 R% 000 347.2
um F 328.4 pum, HUREEERERTBOREECN 34.72 1%,  HAMEHLAG R H A7 # Bl
BN I ORI MRS K, K E B AR HEZ N 0.614 pm, FRBHIMTER
A 150 Hz SRy, 2 SEN ARG, Sl abLa i —prE G i,
B Ar ik B PAR R o I DA XS AR AU LI il s 5, Rz st T B A
HHAAT, FINRIGIE 7SN EIIE SO & RV S 2.
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3.4 KENE

LR BHUR AT 258, 45 H A% N RS FEIZE 0-120 V I, [AIREA 20 V
i, FRGHURIR A M 28 B K DE PSRBT 12.74%; (EAHFSIN RS EE T, A6
HALREI N R S AL 2 R RS R M m R U N 120 V i, 2
GH I K5 AL 8 347.2 pm,  BINLAETECR 5 434.72, 5HIRRZE/NT 6.9%.

2 AEAHRI R SR AT T, 26T 6 RS RR LS AL 1 5 I SRS a0 i,
RN R KR E S YEARHEZIA R T 0.614 um, 30 BZ AR B ) sE A
R T R SR A RTINS AR BH UM I LRI 150 Hz, BiiE 7 H 5
PiE AR — 8k, TAEPREE N S8 G IS
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4B BB BT 5

N T ERIEEYZYE PID #26] FOG AR R Mttae, 18 m A nta e
PERRERE . T PID 4%, SIASIREIEARL TR IEXS PID S 8tAT 5 E L
e, PRGNS S HU SR L, R EAR S . R BE 79
FRF A, R NLAME K LR ROR W L R B R R g8, 2l 2 AR
R RLK 4l PID EHIZ8, X ARG =R, R sedlr 6 1A
A, PR R G A H G NS RO,

HRM PID {ZHIZRBCT B A8 W Z R SMA RIS B HK R, P
AR AR, SEMAR R GuE i, I ORG-S9 70 Jnll x4 1) 2 Bk AT
Pk, Wt RGN, BRI SRR SO0 S AL RS HEYE s X AR
RO 7 BB 5 A% Bt R AT X0 B 2 i, e BB i S AR AR LA ) SR
VRN HASHIRE, A —EFEE EORIE T 6 ARG LA I 2K,

4.1 5% PID =)

ERZENROT, NATE MU TR e . geB b Ha bz
o, MEUFAEST PID R BAT R R A5 A HACRE A SIS A s
PR BH IR, — BRI PR &8, R IR 5 AL A2 () F

NARGRN, ZRGETEAHISI T u) « RZE e(t) PL S AL y(t) 52
o, WA () Sk AR y() MRS RZE e() MEAHM S ER T EER

b, SEIUSUE AR B2, BE i SEBU HU AL A2 H o

i MRS PID 56 R4, WK 4-1 fow, HApo@d oo & 404 1 H sl
P). RAOMHMIO =S4, =4 EIMEHE, ERRMNBR, 5Tk
XoF i LA R
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—» Lol P
+
) Ol gy |-+ “O L s ks T TN
. +T
Ly 4D

K 4-1 #2142 24 PID =4I &
BBRARGH: r(ORERGWNE, yORKRGHEE, u()fCE PID B45
HIHEERIHE, d((ORRRFREME, RIELWT:

e(t) = r(t) - y(t) (4-1)
PID 45 il HUE A

de(t)

1 et
u(t) = Ke[e(t) + f.[o e(t)dt +To T

1 (4-2)

s KpERIH, TR TRIAR S, Tn AR I T .
Kol (4-2) U5tk i sk Aok

VIO TP _
G(s) = £(s) =K [1+_|_IS +ToS] (4-3)

PRI, SR GO i B e AR R i N\ S 40 S [ A0 RO AR N ARAE, Ak
EHSHL HARGIRE e(t) R ATREFEAL, RS IEHIR AR .

WX PID Fif o S EUE RVIESRE E MELH, A PID 2HIRIIES, BEK
RGP AN NI [E], PRI RGPERE, (M RGE B HIUIRS . FRE
HRGSHALE, FERIEH RGN TEREAN S A7 A% R Ag e E

fegt PID EHIJNEA PR, il R EXMA BN, XAl T EALRK
IR RGN REBAT R0, GBORZEZ M/ — A BT, AL E
ANGER AT AL B RRZEE N T N ZI A, K2R ZE-T Rn. (&
HEFAAXLT:
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t=kT(k=0,1,2,3,---)
J;e®~T> e(iT)= T e() (44)
de(t) _e(k)—e(k -1)

d¢ T

u(k) = Kp{e(k) +I—Zk:e(i) +TT—D(e(k) _e(k -1))}
o (4-5)

= Kre(k) + K|ie(i) + Ko(e(k) —e(k —1))

i=0

Arb: T RERENEHI RGN EHY; K ARRGET R KT RERS

BIHCTREI 1) TL4I 1 24 05 KP%:Kl; Kp%:KDO
|

A B A B T ER R R GRE e(OfF N TN ZI%A, IPRHRZI T R
m, AMUEIEOMRRRERHSHRGBITNAA, MH—H—atEgS Rk
FRE, BaRASGRREBREN, AHTRERG WSS 8.
BT LUSE 2 A8 F 37 3 R BOR RS E I3 U s, HafE e sl T

u(k —1) = Kee(k —1) + Klkz_lle(i) + Ko(e(k —1) —e(k — 2)) (4-6)
Au(k) =u(k)—u(k -1) 4.7
= (Kr+ Ki + Kp)e(k) — (Kr + 2Kb)e(k —1) + Koe(k —2) 7
FZ45 A=K+ Ki+Ko; B=Kr+2Ko; C=Kb. NFH:
Au(k) = Ae(k) + Be(k —1) + Ce(k — 2) (4-8)

HRAER RGN R AT freifasE, Koo KA Ko BORFFARE, 725
U i B AT SR AT R AR, MO T I TR R R RCR .
AT SLA RS R S I — A 8E, B R AT R IR, ARG
UM T A, 18 S PID S AR BN B S PID 21 5y ] 5E
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4.2 IRERFEEE AL PID 124 SR A%
42.1 mIREER (GWO) EAKRRIE

IRRFIE RIBRIETIRBENAT A AL GWO B Erh, itk /Z1m .
PREFAE VI B SOV S 3R, GWO H T syl ik i @, 5 2 75 A i IR 2
Wt B RAETY, DUt B v S AR B AR I IE BB e R, bR
FEHFFER RS Bm ) S H R . A GWO it R 32 R ke AL AP
=AM, TRELMMAEY REALE, WEVIEIHEE, HARE LH =
REESHRIGIT, FENEEYMHE A E, B0 5 R AR e,

IRARFEL I ECF R T

X(t+1) = As(t+1)— A-D (4-9)
6:\6%(0—?(0\ (4-10)
X CREEESRIEL XORES « JOERRMAE, X({t+) RF

8 ORISR E, D RFLHTRINS BFr2 MR, AMCRERY,
2 308
A=2ar.-a (4-11)
C=2r. (4-12)
Kb rACYRBENLIAE, L, €[02], a SEEMERE .
HiEMEEREREMIL o . p IS K tEfR, BRI E, Akl

BN AR BIRLEE YD, BEAE I (] B HERS , IR 18] (1) R B L AEARAH167), H
ARG
X1=X.—A-D.
YZZYﬂ_KZ'Bp

X3=Xs— As-Ds

(4-13)
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D« :‘6&—?‘
Bﬁ = ‘62?{5 - Y‘ (4-14)
55:‘63%—?‘

X (te) = X+ X;(t)+X3(t) 15

A X, Xo, Xs NRMHER IS, Do, Ds, Ds N BRISHE
HADREAEESE, X., Xo, XoNa. BHMSRITYUNE, A, A, A

NESORMAE RS, Ci, Co, Cs NHAMMIAERH.
TR AR, WIRBE R RS, AW AE, SR Z H AR, R
(4-16) Ha5E.

t
a=21-— .
Y o

Kb T OAERAEARREL CROSERKE, ai i 2 &Ry 0, hix
(4-1D) " Aver-ai aig | A <1, STER, 25 |A| =1, sk
W, AT AN BAR BT RRER.

FUFIBRSTIEAR ARG R SR bR, W 42 R, HRRIZ TR
LI

Stepl: FHARBEHIFIBESCE . EARKBAIVIIAR B SHOT A, RN b
BLRITLS IR RE B R

Step2: ARHR I8 N BR BT 4G IR KE A, AR 7 MY 56 374 1R
R, PR

Step3: FRBHMRMEUEAT RS, WeiFUnTArE, oM AR A E AT

Step4: 4T Heft A BRI (F A RGEA PID AN E, HINH S Bz
fHZRII RIS, WA b2, 5 AR L B AT AR

StepS: i HH £5e DR AFE LA S o I8 B 40
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[ i ]

\ 4

[ e ]

A 4

[ SRR AL E ]

P

) 4

fr BRI RS,

| bk L AR 2

THEL & B H AR
B ML ESH

[ R B ]

23
K 4-2 IIRF RS R G R R TR K
422 NFREEE (PSO) HAKRIEE
KL HESE N SR AT NP2 B R, KLy — IR E AR
PSO HJIEAR, fER—UGAERET, Sl M AR E LRI E, R
B IR BB ALA BAE SR AE, R A e AR R R A
FHAETT IR BOE M R N R LS RO ST S A
PR B AR R L S BB R
Vi(t+1) = vi(t) + car(pi(t) — xi(t)) + Coro(pa(t) - xi(t)) (417
Xi(t+1) = xi(t) + vi(t +1) (4-18)

ERre  RIERREL o o NWINER T, riy 2 N[01EEIIBENIE, =
BRIk AR VR BT 2 SR ik 38 SR 5 7 FEE B 0 s 2 SR B 1B AT
AT IENAFB NS, BN SR B R R, 48 m ENE
%77, Eberhart ZECSR A 5] NBHAEALE o 4L PSO Hi%, HRALJE B PSO 245
LEL I
Vi(t +1) = avi(t) + car(pi(t) — Xxi(t)) + czr=(po(t) — xi(t))  (4-19)
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o AR+ 1IN ZZ B I ZIR I AR o HIVK/NS 2 RS RRE
TR, SRS R 2R,

FLF R HIR SR R G R B oG R AR L, W& 4-3 P

HEAKIZ TR T

Stepl: ML FHFBLEFEEACE . IXAURBONWIMGE L KVEEF 25, DR
HLRARRL R BN JEE

Step2: MRHEIEH (IE N R, TR B ERRNRL T G NAE, RGN K
ANTA S Ty AR VA= W e S VA B S EX A REPSE TR

Step3: ERFEMZN, BRI 2MRYE B QR LRI E, Az E
MBl— e .

Step4: KL HEM) 2 AT S OUA B MI/E 992 R4t A PID S A&, AW
5 BRI 2R, Wil e M2 b5, S IRk AR S A AR

Step5: i tH e HIE AR LA BT L ) b KA

| Tl |

\ 4

[ I KL T ]

>
>
A

y

WA . A B AE S R T
IFBRFIRL T BB

A 4
[ tserrn |

v

i B R ml R4t
FIBHTIe - 22

[ ot TR ]

A 4

4-3 FLyHEFIE S RGR R TR K
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4.3 RIGIESIRZIRBEE

43.1 EXEERH RS
GWO/PSO-PID #% il 23 HI4= Hl| SR FE W Bl 4-4 s .

GWO # : Simulink &4t
N FHih i —
b T HRIKIRAE

iB17
y : Kp/Ki/Kp

B ]—7 | ]

R
BITAS

Fo 7Y
—

\ 4

Y
—

it PR RE
EEEAY

Fi 2
A 2

K AH- 2

4-4 {4k PID il i 2 K

GWO F1 PSO {4k PID ZHULARF LU -

Stepl: WESHWIMEME. E X PID =ASEHMBMRE, GWO BE S
YEREN 3, FREERUBON N, 2ARKECH M, W1 =TT IR A BRI FER K AL
B; PSOBEA MY N 3, MEMEN, BN E0, Ko Kifl Ko ZHEUE
0 [Xomin, Xmax)s JEE G [Vinin, Vinax)s JEERFEF 1y c20

Step2: BT RGAEA, KPR (4-21). R (4-22) A (4-25) @I FHFF
BOERR R AV REVEN RS AT RS, H RS H 103E B R IMEN B R E
NERRRME, JHEHSE .

Step3: W H BRI ERS B K. K Ko, 384T Simulink BB
ARG R GE, 49 30 AT Z00E SR B A e RGURE I —H S HL

Stepd: 4 E—HSHEIRIENRZGE K« K F Ko [N, 153 — %)
R BE AR, SRS IR, IR H SN I

%I

\)

o

—

Step5:  JAIWT 45 i AL I L JEE o KM B AR Ko /2 T Um e L 2% 1, AR 34
SR, R LRER 0] 25 =P kSIS AT R G
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Step6: i AR L2 2 4L
432 EHIRARIESHEE

EEe g ARG EN R | NS AR SN R SR i | I 2 P e P A 2
AL, AR IR IL G 2 N T8 O A s, (L BT Dy s e o 2 ) A A
BMEEN, HAERAIUNOK, BEREREE AR, FEUESREGTER
BB kS, HARY S B HE 72,

fld s L B A A IR 2, 0 s f B A AR DU AL OR Bl . A AN
RMERIRAY /2 Bouc-Wen 807N, HHCERIAL N .

mx(t) + b x(t) + kx(t) = k[du(t) — h(t)] + 7(t)

. . . (4-20)
ha>=aduay—ﬂuaﬂha)—yuaﬂha)

e u)RERERBERANBE; x() REEBREERBAE: ht)RE
JE R ER AR, mAARIERRERE, Bii(kg): o p y ARRBMHRE
WILIEAR: n(t) e L[0,T)MERAIMATI: b KM E R %, #BA(Ns/m); k

RENIE, BA(N/m); dREEBEREL, BA(m/v).
A (4-20) HHLEN:

X(1) = (A+ AA)X(t) + Bv(t) + Bap(t) (421)

v(t) = H [u(®)] = du(t) - h(t) (4-22)
o 1) (0} (0

A, R—[_k _E . Bi- h . B2- 1 . ;(t) = (xa(t) Xz(t))T ,
m m m m

xa(t) R85 X(t) 4TI IR B A s xa(t) = xa(t) ¢ H [u()] AR Hhub
Ve R E T BRGNS s AA PO th AR R A R MR st R 2 T
Hi. 1% Bouc-Wen UL AT 98 RAHA L 1t 2 1126 R MR b, il 4-5 F
R, B SUE BB I RS A Y (1) = xa(t) «
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s Eatalalelele Y

& 4-5 Bouc-Wen %Y
HF Bouc-Wen #78Y, ALAL K WL B A R SRS HL R T IR AL RE, DA (4-
21) M (4-22) wEFEMERITRFEHRELY, EENTSHIBEEGIM RS, &
Simulink Fig1T &4, K IEZESENRKRGHmABE ), FIFHRIREEAE L
FERELE AL Ko« K AT Ko S48, FEZ Hu(t)] 1 M (s) A B84k 15 3 4 Hi A

% y(t) . MMV BIEH KRG s EER, Wk 4-6 s,

=
e ] e et T A HI
HLu(O] — j’@
] _
|i|‘
I —

4-6 Fa g izt RGHER
HNTE S S IO IR, 28 H U LB RIS v, (9 M (s) BB
S, BRSBTS B SR, B  SEGE S, AT M (s) Bk
NI
LI Sk Hh B x 5 B AR x(t) Z AR o0 RIS REHHEE e

AT BN, EBURZE BAEANG—HSEL ENERERE, WAKe. Kl
Ko 47,
B 4-6 1 H [u(t)] F1 M (s) RELLE Simulink F AN 4-7. & 4-8 FioR.
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function v = fenlx)
if x<20

v=0. 825%x;
elseif 20¢=x&&x<40

=0, 5254546 ()

1/2
elseif 40¢=x&&x<60 _ 1} ]
y=0. 20254x+12; | AUEEAAD)

elseif BO<=x&&x<30 X »
v=—0. 135%x+33. 6; C>
elseif B0{=x&&x<100
y=-0. 375%x+52. §; '( 1 )

elseif 100<=x&&x{120

y==0. T65%x; ~~—
else \

v=1/2;

end o)

] 4-7 Hlu(t)] s HL P & R Gips A
P N RN H R R BN, e 2s R R R A B IR Wi R T R R 2,
PUAR t B ZN IR EEv(t) , BEv(t) TEAM(s) RGE— N N Ao H, [HE

y

X
—@ fcn

HL R AR RS, R O = T s PP R S 0 5 H R AR i 2 A S e i B 4-7
MIFEFPBL: 38 0-120 V A\ FL R 23 7N NBBL AN [ 4 N\ L 2EAT 70 B
St TR AR, DLIA SRS B A T L P RSB AR H Y

HH P 4-1 11, TR R DN I R RS . A T AME R B R

IRFILE, BB M RGO, ] 4-8 B
g ¢
r(t) e(t) v(t) y(©)
1/d »  H[u()] > M(s) >

4-8 RV AME R G Asi Y
NY TS 4y M TR H W AR i AN, R H MR AR (4-21) A (4-
22) BUEEREANR

kmzAxm+BM0+pmﬂmxm+
Uz(t)Q‘X (t)‘ + Dr(t) +ec(t) (4-23)
y=CX(t)

Ko xm=(x" x' @) REH T RERE L&,
U =(w' () Uz () AR RERBMARE, wO=u®), ut)=u) .
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e =((an %) o) AR BLH A R W H KPR E L W &N

ec(t) SAH X (1), |AH||<1; Af:

ok 1b ok 0 0 00 0
— e . 2590 : M=/0 0 0
m
0 0 0 o «d 00 -5

00 0 0
00 0 D=|[1|; C=(1 0 0).
00 —y 0

AP RR A M R SR R KR O

EO) =T AX (D) +TBU(t) + |u2(t) [ T™ X (1) +

L(H)TOIX ()] + L(y(t) — C X (1) (4-24)

X (1) = £(t) + Ny (1)

Tk, E() FEFR MBSO A s X () FRFr 8 (4-23) ik i
X (O MBI T o N AL FCZ2 IR R RTE e 2 1) 2 MR

RIER (421 #BEM(G) KGR, WHE 4-9 .

ICAIAE x(t) « S v(t) NN E M (s) T, 15 3 HTIN 20t S

MB—hi S8 x . B SH X, X—iig S TR, 531
AT ZIE AL RS x o« AT STEt+ LR Z, MR IR AL 2 M (s) R4t
B, DULE SIS, HEREBHRIE.
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140 X
ATAL TR > ;C]I
CoO—
0+0
A+A
- X
>
@& L.
P
— x —
112
»>
1/2+0 p X >+ klm
Kim+A L
0 )
| =
n
1/2+0 >
] R » .
o/m*A C| %
112 >
1/m :

B 4-9 M(s)fr Hi A R A U AE 1A
44 HESERIILES 7t

RGUERUITAE (B[R] X AR ZE B FIFR 73D AR R G Re PPN 48 47 2R L

HAT DAR A R 22 B I 8] 18467770, 258 = 0an F
ITAE = [ "tle(t)]dt (4-25)

MR IR EAIE AR B EE AT IRBOR 2, 19 ) 45 Sl 4
R BARARI, AU AR R RGP RE VRN o8 B0 TAE (B AN . IR 2 5000
UEH, ITAE H4& RIFMRREERI A2, AT LA N R Guf i S 8PP Faas,
T AR E )z R 08,

AT RAEFTE A GWO. PSO i 524k PID #2H| S8ttt , X
B RAGERAE T G BRI ATXT EHT . B2, T ARECT & B R B
BOR, WS LR AR R EERAE R S ETE, Koy KiRTKo 15250 50 2
WA 1569, -4.42 5-95.11, KFHEHIEVERMAIZHISHTGE Ke . K FlKo [
S HAE 5 N-32.35, -34.16, -86.67.

Felg V- G 45 R AL o3 FE DR VR oL FHESIAIER T, B8R4
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IR S, i 4-10 Frzm: PAMEH SRERRMRAGE 5, BIIESZE S5 A
MERAE S, AR ph R i 4-11 RN 4-12 Fis, A2 AP ) S5 R 11
GYERETRAR, WK 41 PR IS4G S R RS S M GRS SR 20H, 4o
42 iR,

IO—/\» PR SO —— T2 )
! - - GWORH
[ PSOFfil
U
g |
=
R
Hosp
(
!
" 1 M 1 " 1 M 1 M
0.0 0.2 0.4 0.6 0.8 1.0

Isf 1) /s

Kl 4-10 ~F & B BRI BLG EG

1 — B
. - — GWO#EH|
PSO# il

~MLES /um

7

HE

i 1) /s

K 4-11 IEZ(E S5 AL A2 2k
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10 === -
] ER7 0%
- — GWO#i|
' -~ PSOF%
Zos|
0.0 fesraich
0 2 4 . 6 8 10
B 18] /s
K] 4-12 BYERAG 5500 A A% Hh 4
K 4-1 MEReLLE
) 32 T (s) B & o(%) Fa AR R ZE (um)
R ERt] 0.15 1.5 0.06
TR 0.25 3.5 0.15
42 BREFA R AR 5 1R 2= 0
e e R 22 70 Fl (um)
Frpfat TR RS
1E5%fE 5 [-0.15,0.14] [-0.12,0.26]
Mrikfs [-0.09,0.09] [-0.18,0.20]

AT S5 OMMIRIE A, AR ) Sk R R ) S R
AL QMR IEOLE , AIRIEHISE L P ek, Ry R ) Sk e
BROK: OMNRSKHES, KIREH AR SR E LR T RS B SRR ILEAL .

ERHRIRD, PR AR R B A B LR GBS ERE, A bid
SEH % R AL A B Bt a2, BEAE Ak I R B R R T I B R

4.5 RE /24

1. #£T Bouc-Wen 81 ITAE YA EFRE MATLAB HJ Simulink 7144
R PID M RS, FIHE P IR LI HdE, KA 6 B/ BiaMzti
AR NS, MR T H e R R 1)
2. 3T GWO. PSO 54k T PID KRG (iR HI S48, SHMNIE T
i tH A2 ASAE 5 F0INAE <2 [A)AH A 1% 22 78 B 43 501 9 [-0.15,0.14] pm A1[-0.12,0.26] pm,
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WAFIE] 3 7008 0.15 s A1 0.25 s, HEHE A 0.5%H 3.5%, IEH 1 iR R4t
FESEAAL J5 6 2 mz hi R FE K

3. it GWO 5T PSO HA BIFshALrGtae, FiEil 7 REm
N3 RS SR T, A T B T B B R Gt i By, e R LM
AT H R 2 DK I 8, Y R iR M 0 2R GO R M2 R, SIILT TLR R
fan A A I H Y

50



S W YN R VAT

51 & E%

ST 23 W R AR AR AR N DR R R R KAT R O AR R IR B 3
BIFER, T SHTF . S MBOCMEEREESH, it i E S
TGN o X LM B IR B AR AR LA AR BE AA . SRR 50 UF 142 il
RGBEFZITHFATIG, 3T 7 WU % R A R B2, AR B %
TH R RGO AR AR . BIFFE AR RO LR LA T I

(D G+ =AM E G ATV BII . @30 T R B
WAL, S ARG BB O S B B AL RO LA AR NI B2,
TEBENEG B ALHEATIGNE s 2] ANSYS FAFIEIENAL 7 RO EZ 0 36.72,
SR TR 37.2 IR/ T 2% NS0T ENRIE Y 53.3 N/pm, 5B THER]
£ 58.1 N/um 2 Z 28 8%; HLA —FrIL4RMZ A 150 Hz, iE NI REZE 20 A
MHRIE s BB RUFIEE . ZhatErt.

(2) FERCT FRAGHURIAE DS SIS0 . A PR P e N F R 5 % A B 2 [ 6
F, BNHHALREIAR 347.2 pm, BYERWERCNZRS, HUMALRAT IR 2R
HUR SR s WLAA LA JBOK A5 B T 3RS T8, 1E J7 R 977 1) AR TBOK 3% 5
SR 34.72 A1 32.84; BEF4ai AR R EE WL EAT EE ML, 13 B AL

AR B KEE A MEREZENUN 0.614 pum, HE—BIGIENLI B Bk, A4
AR SEIRZ 150 Hz, HARZRA i O B I , IEBANLA TAE
o T8 G ik AR

(3) M SHVLAG IR RS & H I B A\ s T 2504
PR R ZE R REFEARI I AR, SR AR SR AIURL - 3 B30 2 TR S AL AR AR
B RGA, HEE TR RGN R AT REEH ST I, PR
T AR R ZE RO AR R R, AT ARG RO B H R R 4k
Si, BT ST FE AT FRARS HH3h,  3E T S E AR AR AT AL T R AR AR R GidR
FHg RS BE R RTATVE . 15 A% R G0 R AR SVE RORL 1 3 SR AL S5 1 4 B
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[B] 53528 0.15s A1 0.25 s, HIFHESAIN 0.5%F1 3.5%, UERH T KIRIEHILALHE
TR R H R G TR

52 T1ERE

BT ARDLRENLAG, B RATRE . DR R A ke SRS R, A0
(Y FiL R NS S ) Y E 6 S DA E 9K, (B AFAE — 22 AN g Z A 7 2 AT AL -

(1) SRR S, A H % AL TEORBE 77 (14 IR IR A2 K 30K
BAh: FREREEIL . RRBHU AR RTIi e, R RETH Br e O A N TR 224
pie =YL LR AN A

(2) FIFEEERERGEL, BT EH, s 28, Ralftik
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