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RESEARCH ON FAULT DIAGNOSIS METHOD FOR THREE-
PHASE INDUCTION MOTORS BASED ON BSO-SVM

ABSTRACT

Three-phase induction motors are prone to increased failure rates due to
complex operating environments characterized by high temperature, humidity,
dust accumulation, and significant vibration. Equipment failures not only cause
production line shutdowns but may also lead to device damage, product quality
deterioration, and even personnel injuries. Therefore, research on fault diagnosis
methods for three-phase induction motors enables timely detection and
localization of operational faults, facilitating effective maintenance measures to
reduce downtime and enhance operational reliability. This study investigates fault
diagnosis in three-phase induction motors using an improved Brain Storm
Optimization (IBSO) algorithm to optimize Support Vector Machine (SVM), with
the following key contributions:

Firstly, a fault feature characterization method was established based on
energy, differential entropy, and sample entropy of Intrinsic Mode Function (IMF)
components. The fault mechanisms of inter-turn short circuits, broken rotor bars,
static eccentricity, dynamic eccentricity, and mixed eccentricity were analyzed. A
simulation model was developed using the Maxwell finite element platform to
emulate these fault modes. The model's validity was verified through

characteristic frequencies under five fault conditions, while stator current signal
I
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data under different simulated fault states were obtained. Employing the
Ensemble Empirical Mode Decomposition (EEMD) algorithm, the stator current
signals corresponding to five fault conditions were decomposed. By selecting
effective IMF components, the energy, differential entropy, and sample entropy of
current signals under different fault states were calculated, providing critical data
support for subsequent fault diagnosis research.

Secondly, a fault diagnosis method for three-phase asynchronous motors
based on an improved Brain Storm Optimization algorithm to optimize the
Support Vector Machine is proposed. Given that the traditional Brain Storm
Optimization algorithm exhibits high sensitivity to initial conditions and
parameter settings, which can easily lead to performance fluctuations due to
interference from the initial state, a chaotic mutation strategy is introduced to
initialize the population parameters. Meanwhile, to tackle the issue where the
algorithm is prone to getting trapped in local optima and struggles to efficiently
approach the global optimum during the solution process, a random differential
mutation strategy is incorporated, enabling flexible adjustment of the search path
at different iterative stages. Additionally, in response to the challenge that the
penalty factor and Gaussian kernel parameters in the SVM are susceptible to
subjective settings and difficult to automatically optimize, the improved algorithm
is employed to conduct a global search for the optimal SVM parameters.
Ultimately, a fault classification model for three-phase asynchronous motors

based on the SVM optimized by the improved Brain Storm Optimization
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algorithm is obtained.

Finally, experimental validation of the proposed diagnostic model was
conducted using both simulated simulation data and actual motor fault data.
Through the simulated data, the fault characteristic signals contained in energy,
differential entropy, and sample entropy were analyzed, and it was verified that
the proposed differential entropy feature was highly sensitive to the fault
characteristic signals in broken rotor bar faults. Additionally, after 100 cycles of
fault diagnosis training based on the simulated data, the variance of the IBSO-
SVM model was found to be 0.00078, which was significantly lower than that of
the SVM model, BP neural network model, and PSO-SVM model, indicating that
the IBSO-SVM model had the best stability. The average recognition rate of the
IBSO-SVM model was 90.03%, which was higher than those of the SVM model,
BP neural network model, and PSO-SVM model. Meanwhile, using the proposed
IBSO-SVM method combined with the multi-dimensional features of energy,
differential entropy, and sample entropy based on IMF components, actual motor
fault data was diagnosed. The variance of the IBSO-SVM model was found to be
0.00081, demonstrating its good stability. With an average recognition rate of
88.73%, the IBSO-SVM model could accurately identify inter-turn short-circuit,
broken rotor bar, static eccentricity, dynamic eccentricity, and mixed eccentricity
faults in three-phase asynchronous motors.

KEY WORDS: three-phase induction motor, fault diagnosis, Multi-

dimensional features, IBSO, SVM
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3.3.2 BEEMBIITE

TEPR DT =M 5720 B 1 HUIALME 5 75 1E 5 18 AT IR AS R L i 28 B R 8 F 1 R I0
i), 23 EEMD 73f#, XA IMF &3 TR EAE M5 . AT CL T AN A bt o
IMF4 73 & 1) RE5 2 2 & T IAl IMF 70 &, H& 8T8 IMF ge s A e R .
fln, EEFRET, IMFS FReEANE R AR T W ok fRns, IMF3 )85 0 5
NEEH. AN, RAEZSRASER RO SR, IMF2 KSR GH, X&) IMF fE&E 7
AT RS S ik = AH 57 20 AL OB AR AL

XF IE RS AR T S S A R IMF @ E 0, KA
PRI IMF4 Z5 20 I (R K T FAORAS T IME, A= I JR) 4 B Bl , %A IMF 2253
WEXNTIEE RS THE, B8O ZhE 0 AR S O FF) IMFS #2985 E 7K 00
/N, IXUEI T AN [E] IMF (922 93 88 20 A0 AT AR 7S 5 2 PR AR AL

X IE RSN AR N RS S AR IMF & T EREARE . £IEEIRS
T IMF BEAE AR Db, R ARG Wi 26555, IMFS FEACR{E I =5 T IMF4 FEA
WAE o A [T [ 7 % AR N, TMIF A I8 022 i T AR S T IME « IX R B AN [ ) IMF
FEARIE 3 A1 5 R 58 SRR AE DB

X = D L IE RS AN M SRS N I Be & REARR AN 22 2 SRR A (R AT 4t
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it AR R BdE g 3-2.
* 32 Bl EDWIREANS

REE Z % FEA I

IMEL BIE 34.1216 3.7516 1.3516

Ty 7% 0.5115 0.1542 0.0428

IME2 BIE 19.6654 3.3962 1.1253

Ty 7% 0.4650 0.1258 0.0324

e IME3 i‘m‘a 9.3165 2.8316 0.5925

Ty 7% 0.4158 0.0945 0.0098

M4 B 53.8276 3.3166 0.4165

Ty 7% 0.5201 0.0658 0.0720

IMES ¥ 20.8153 3.6542 0.4319

T 7% 0.6431 0.1745 0.0305

IMEL B 24.5316 4.1168 1.3916

i 7% 0.5151 0.1006 0.0578

IME2 B 27.9215 3.4132 1.2498

T 7% 0.4052 0.0654 0.0289

7 IMES3 i@@ 26.0161 3.3445 0.6048

i 7% 0.4154 0.1824 0.0175

IME4 ¥ME 71.5192 5.5131 0.3481

T 7% 0.4150 0.1487 0.0674

¥ 6.1465 2.6481 0.3016
IMF5 i

T 7% 0.1026 0.0587

IMEL ¥ 33.0156 3.5130 1.4115

Ji % 0.3202 0.0956 0.0835

IME2 ¥ME 7.8134 2.8168 1.0045

i 7% 0.1110 0.0698 0.0746

o B 4.8156 2.4651 0.5864
[rf [i) 2 i IMF3 O

i 7% 0.2224 0.0521 0.0259

IME4 B 64.5168 3.4261 0.7416

i 7% 0.6078 0.1093 0.0432

IMES Bl 6.5138 2.4587 0.5413

Ji % 0.0952 0.0745 0.0489

IMEL ¥ 32.8201 3.4618 1.5752

Jj % 0.4557 0.1001 0.0512

IME2 ¥ME 8.4892 2.5161 1.3165

P Jj % 0.1004 0.0831 0.0357

IME3 ¥ME 4.6712 2.1954 0.7155

Jj % 0.0856 0.0741 0.0194

IME4 ¥ 46.7168 4.0058 0.4041

Uk 0.5307 0.1725 0.0147
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Z: 3-2

BEE E5IE FEA S
ST 5.2165 2.5497 0.4816

R (TEW IMF5 o
ik 0.0920 0.0272
ST 32.5161 3.8165 1.5476

IMF1 o
ik 0.3540 0.0814
ST 7.5651 2.3511 1.0380

IMF2 o
Vb 0.0711 0.0875
YA 4.0647 2.0912 0.4983

ENAAm O IMF3 . 1
ik 0.0754 0.0458
¥IE 78.5610 3.9857 0.3258

IMF4 o
ik 0.6128 0.0199
WH 4.5465 2.3549 0.5016

IMF5 O
i 7% 0.0943 0.0167
IMEL WH 31.6548 3.4856 1.0572
7 0.4312 0.0657
YA 7.4391 2.3605 1.2180

IMF2 o
Vb 0.1086 0.0581
YIE 3.6604 2.4510 0.7010

VA IMF3 o
Vb 0.0973 0.0398
YIE 80.4611 3.5182 0.3514

IMF4 o
ik 0.5720 0.0240
WH 3.7824 1.9608 0.4710

IMF5 )

%= 0.0935 0.0104

H# 3-2 o, 35T EEMD 4G ) IME fEE. E0 AR E, B
AR, AT AR AL 7] & 34T 4 25U

3.4 KRB

KRESFHNET FFT /N, EMD 71 EEMD F3- il 55 ) LR i DL I i R AiE
ST SRJE KA EEMD 3-8, o3 s IEW GO0 Wik ilhs ., RERELA . #S
s Zha& O S LA O BRI IMF 2 &E3ET T80 . EFTE IMF &
Hr, EHUA R IMF J3 &, V5 A P LS AR IRAS R IR R 220 AR AR
W, NS o SIS Wi SR R S
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& 4 E ET IBSO-SVM MR LB SIS 5 EM 5

=M LR B2 ] UA 45 D9 R S AR AR Rl 1) o A 07 LS B[R] B 155 0
NHE T HRE 52 E, MEBMTREGLEEE 0, JERX SRR R A P 2K T,
SR IS (R . A FHE H IBSO-SVM 1R ik 73 2835, %k =AH 520 FBLIR 2
MR EAT 73 2 W, MER VR AN FOECE S0 i, iR Rl SR ) ) AL

4.1 BSO 12ip

4.1.1 BSO B A [RIB D #R

L X AAL (Brain Storm Optimization, BSO) HiEUZE 2011 42, HHEZR
W T2 A0, i TR BRI . BSO %O fE T TE Sk fisi A 2
R RO S A AR R = AR BB AR IOAT e AN — R e B, Kok
RoTE T e Rl b O T B I 2 AR S 4, TR s Rl R T R R S 4 R
R . IR BT EZER m T BRSO L, 36 RURAR T AR N = i i i
PGS, o FEIRANEVEMEZL P, AR AL TERR AT AMERE A DUAS £ B B B e R B B,
X — 35 R i) RS )4 HEAH AR AT R 4. HEUOR SR, FEX — 3R eh, B
PR R AR EAT B AL AR SS S AR R . ARG IRENF= AR B, B0 AR
AR T — 52 (A2 oy A, FH DABADLE St S e (R BE AL PE AN 2R s Jo 5 e %
BB, 7RI HLARVENE 21 B B A A AR R DL S e AT I I B P (AT 45 6 A,
HH B I A 2 i el R S AT A o

BSO B2 AR pmcass fr MRS, ek T AR R seng, Rl AN TS 5 A
()T AR 45 G I 5 R SE D X PME TS W R T BN B, , X —ZS 8O e T 2
TR IS AT IR PR, 1) HAE A EVEIRAL T — AN RS & A 6 s e e . B
IS, HEPHe S — MO IRERETT . Bk, FIEFENLPRE B P AFE
IR, SRJE B R BEHLBROE — AR, MR — AT RO IEIE M. 35K,
XY B T — M, FRREE A X @E-1) 1R 5 E T A .
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X, =0, Xy +1-o)) X, (4-1)

¢~ Wy
X X o A T8 3 AN AN [ R B AL SR 28I R B A4k, i X U5k P AN B AL A 1
AR RIS . XS, —DREBIICR 0, EMBEEEZENT 02 1, #
A TR TR L MARL G AR EE I REUA . SR I AMERS, BENUERE B B B OCE
HITER], BRGE T RIG AR RIE T B2 A B Ll ML & Bk B TR E 0. T
K, ATH—BFEERIEE, S AMARE I — N BEYIEN. X T LA BTSN
W, AT AT R A SR ARR B AR, AR S B 2 IRy, B (s
JRARASFH R S AR OGRS, MA S R A X (4-2).
Xn = Xc +§N(77jio-gs) (4'2)
Aeb, X, EREAME, ERTMANRI, Ny, 0,.) BrBfiiftn, , HER o,
Hrek . s KA E A X N:
&=Insgn((0.51,,,, —1.)/k,)rand(0,1) (4-3)
| R XA ZSH, 43 BIARER G B BT REIE 2 1 B IR AR IR B LA K A T IEAE#EAT
HIIE AP BRE. Tk, e IR R RER B — D R v ViR =, 51N 7 BRIV
rand(0,1) KA B — L6900 E , X EAEH F T S A ) AT RE RO . B 1 FH X L b
WU RIBUENE S %, 5 e MBI X, 347 i s X oy =, T RAHE & —A
(e, Ve MR LL X, B4R, AT B e AT THE N 2 AL IS TR o 25 T A {0 e A
a2 5, (8 E B2 FTRE i | B AR E EAR k. XM IEAMES, |
BB — 2R U .

4.1.2 BSO B AT FE

FERAIRTT BSO BIEIK — i RHI AL TR, 1 S B S0 BRI AT V4 )
Bro THCRZIE BSO SHIA M BARSE UL AR T PR R A -
20, FIEITIR T AEEAS A 18] A BEATLAE R ny AT AE [ AR A AR o X MR
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R EMATRERIME T 5, MRARED KB R R UM, IRKREE E R T X L a g4
R

BOD, RN VA PR AE RO T . PR AR AE A TR A R A A, E
i B DR BE A8 A M B A BB R M 2 T R 55 . IR SO0 T, & MERE AT UL T
B T A4 B AR R BN STk A €, ABEAE A IR 4K 5

=00, FIEPATIERE T R =B MR n AMEANMAIEAT 0 A, XA A7 AR
N7 o B, SASARYE — € MR AE PR IX LA R 7 ym, AN B

A B2 Fe T R, [ It i 1 2 o FLAB 2H 5 5 s R B U

FIE, XM HA S E N AT Y. X8, ENE RN MES
POk ARy, OB RS T . AL RO R, BRG] R
BEFUHERAFIORCR, HRGE TR K MA S B B PR

FhD, BESIRELE, A RS E S . SR iR 2 AR AR A
VG o S o

a. BENIPRE —A, REEZAR O BRI, A A

b. FENLBEIE 2, SR N BENLIIC A, IFREINEENLICED, A RORT AN

c. BEHLBRIEPIA, SEaIFXMAR TG, AREHM EREHLEL, AR A,

d. BENLBEE A, 70 m WAL BENLIE A ME, BT &I Ja I ERENLIESh, A2k
HrAE,

FNA, P RAME S HFUR A AR IE B XS e IR BT MAEE N E L
L%, A2 R RS I AN B AL = e BT AR, DAL AR T 5

B, RAEIATIE MR . — BREOA R T IR R AR R R, [
2z i A2 % RIS AR BB T8 BIBANRF € IE N BIE, A FIRE & 45 GA A0, 121k
BB RAT N,

4.2 KRR RMUEZRI R

4.2.1 BUHRRG

J5s BSO Sk A LR A BUESICR SRR AT . fal A5 RS L
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- F B S PN R R L, MARE S = A 251, WRVEE G W KRB 5
KN (]2, DADROEE T 4 Ry e A o 1T EL SRV ) 0 R DL AR <R Ssk HA 40 A 4 R
A, ZHEUE S, NTRS A S 2 SRR ST . XL R ORRERE EHGR T
FIgaAh 5 IR, BRI, ARSI NRMAR R, FRARSIEXS 46 5% 1A 2 ) U
PE, SR ETE; BENLE AR B LA R 2, Bh R A LA -

(1) VRIEAR S i e — A TR 8 I AL SRE SO BOR, W TR TR
RESLIA I 42 RITY R BE /A R SR AU AU BE /0o HeAZ O RE AR A FH VR VI 2R e O BEALAE |
i P R AR, AEFRIAAGEI R T S N RIS, T G ) 2 R, SR
LS

Logistic M2 — Ml L AYAR VSR, R T B ilsh 1 R g i, A Tt
FRMILR . 73 @R AR NS /)5 HAARIE Ay

X, =a X (1-x) (4-4)

Hoit, a, c[0 1] REHBEL Ya 1M, RARTRRMRE: x <[01], HWIM

{H x;, # 0.25,0.50,0.75 . [¥] 4-1 &y Logistic BRI FEZEAR 500 15 21 1) 8 B A2 5 77 1A

Logistic map

150

100

50

0

0 0.5 1
(a) s K (b) HEI7H

Kl 4-1  Logistic B s ER % B T
Tent IS 2 —Fofr ] 8. 71 22 ML F)— IR RS, R ORIk 15 44 . B R
AR B RIE I R AR AN 53 0 A

(4-5)
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. % [0 NENFH, FIRME X, fa WARE IR . 2 = 210, WA St N

TRMUIRES s 2 g <20, ATREAL T A HINGS BOS IS . [ 4-2 O3 Tent MU EIEAR 500 %
15 2 A Hl R BRI R BT

Tent map 50 Tent map
RRORIE

-
R e My e
0.5 8w "o ra et T

0 200 400 0 0.5 1
(a) Hi K (b) HHK
Kl 4-2  Tent BB AR BT &
Logistic-Tent B & — Mt Logistic BLSTS Tent BT &5 S I E IR RS, @EHiLR
B P AEL AU (R, SRR S R R L 8 P AT R ). 0 AR
) FH P P SR PR AR R LR, AR AR VRS 5. H AR IA =0

‘. - { cos(z(r.; sin(zx)+2(1—r-)x —0.5)), x <0.5 P e
cos(z(r.; sin(zx,)+2(1—-r;)1-x%)—-0.5)),05<x <1
Hrx e[0,1], 2%, &T[0,11X1H], EXIHS I8 12247 AR HIEEA. X1,
HUEARALES, 2 HCR R TR R AR ERR S . IRGFFESE . B8] 4-3 5 Logistic-Tent
RS EIRAR 500 XA 21 Bk s B A BT 1
1 Logzmc Tent map 50 Logistic-Tent map

0 200 400 0 0.5 1
(a) BRI (b) HITK
4-3  Logistic-Tent MLt 1 Hi EIASAR B 5 &
(2) BEWLZE 732 7 SRt 22 o A S A% OB 2 —, BB T2
AR ORI R, SRR A R A R BE U AT R R s A RE T . 2 BEAL SRR
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REX AR AMRREAT 220 7 A MRS RIEAAL R . HFRB AN

X(ty, +1) = rl[xa = X(t)] - LIX () — X (t)]

(4-7)

At MERUEG 6, [0, RENLEUE X, eI MR E, X

NEENLEAMRAL B . BEHLZE 022 5 Sl ad 5 ARENL MR Z RS S, A E LA

et 7 RIS A, T A AR R S R TR R T B

4.2.2 MEEEMIE

AR R A T X o8 R VP A B WU et ) BSO SR RIVERE . SEIRAE 12 M hRifESEifE
B BT, X AE B R IR AL (F1-F7) MZ4E2 0% (F8-F12) , A
HHIMRE RN 4-1. N T SRBIARGIRZEF ALY, R S 02 HioE i

FIRME, 4ERECE N 30, S KIAARIREBE Hy 200 K.
2% 4-1 FrAED s pR £

BRI £ B YeJz RV AR
Fl1 Sphere 30 [-100,100] 0
F2 Schwefel 2.22 30 [-10,10] 0
F3 Schwefel 1.2 30 [-100,100] 0
F4 Schwefel 2.21 30 [-100,100] 0
F5 Rosenbrock 30 [-30,30] 0
F6 Step 30 [-100,100] 0
F7 Quartic 30 [-1.28,1.28] 0
F8 Generalized 30 [-500,500] -12569.5
F9 Rastrigin 30 [-5.12,5.12] 0
F10 Ackley 30 [-32,32] 0
F11 Griewank 30 [-600,600] 0
F12 Penalized 30 [-50,50] 0

18 30 45640, % BSO S92 itk i) BSO BHEEAE 12 MhndEI it ek Bt 347,
AEEAT 30 IR, e FERR I BAEIE N (H (best) s “FH3{H (mean). PS5 R WK 4-2.
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R 42 MleR B s R XL

PR 2K HUE BSO IBSO
Best 2.3785e-50 4.3961e-132
F1
mean 5.1656e-49 7.1662e-131
Best 1.9309¢e-26 2.8611e-67
F2
mean 6.7674e-26 9.4811e-66
Best 3.1726e-31 2.6595e-120
F3
mean 1.6561e-30 4.6562e-120
Best 2.1003e-18 1.9219¢-63
F4
mean 5.5734e-16 6.6115¢-62
Best 1.2223 0.4449
F5
mean 1.6482 0.5165
Best 8.9181e-07 2.2512e-07
Fé6
mean 1.6515e-06 9.4864e-06
Best 0.0064417 1.1915e-05
F7
mean 0.0078676 2.6511e-05
Best -5159.1967 -9009.2518
F8
mean -5034.6875 -8616.1667
Best 17.263 0
F9
mean 18.685 0
Best 4.8222e-05 4.4409e-16
F10
mean 6.1651e-05 5.3661e-15
Best 0.034131 0
F11
mean 0.04161 0
Best 0.03969 0.0011922
F12
mean 0.04384 0.0026164

F1-F7 #2 BUgpR AL, X S8 pR AAE o SN (AT — A R A R B B R vl /M
FEA TP LA SRR IERE . AR 4-2 AT 4-4 SIS RATLAE Y, XK
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ZH k¥ (F1 - F4) , IBSO 33N EmAMAE LR A BSO /MREZEES, W F1 w3k, A
A BSO FARAE AN 2.3785¢ - 50, IBSO 4 4.3961e - 132, B3 IBSO £ FHRFEMAFLXILE
UF, RESE LT HE R e R AE - X T FS BR%L, IBSO IR ALAE 0.4449 /N T3 BSO ) 1.2223,
AR 7 SRR . Fo e AR BSO mALE Y 8.9181e - 07, IBSO Jy 2.2512¢ - 07,
HUH FIRAE F R B AN B — 2R FT REIEA BSO I AL{H 0.0064417 KT IBSO 1)
1.1915¢ - 05, Huidk SLIAAE 12 R 40 E Re K 21 58 47 1 s D0 -

F8-F12 AR & Z W s B, XIRBOH 2 AR AME B R AR, il 7] 8 0 48
SIS, JR A BCE L RIE N, 2R EEH TR EEN 2R R R
0 f MR B0 E S BE T DA R B DL R RS E M . AE F8 - F12 XU b, IBSO
TEBAAE A E R b @It F BSO. XK IBSO TEX LA R A7 F R, Lk
FREAMERRES, &R 2 IET IR e RS BT T, #RIMAFHE i, Sok st
TR R T RRAEA .

M 4-4 2500, EEBARE SR, 4R &4 /AR R )
VERE, TES AR, SEW AT DBk R R E TR, R E A R R .

0
10 100
50 10-20
e 10 =
¥ =
= #1040
= =
= 1100 =
10-60
107150 10780
50 100 150 200 0 50 100 150 200
LA IEARIEL
(a) F1 (b) F2
10° 10°
—
-20
- - 10
= 10°%0 =
s jann 10-40
10-100
1070
0 50 100 150 200 0 50 100 150 200
AR EL B
(c) F3 (d) F4
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10°

P 2 A1

10°

50 100 150 200
AT

(e) F5

[REZRZSE/EiH

50 100 150 200
ISR

(g) F7

50 100 150 200
e AN

(i) F9

50 100 150 200
BRI
(k) F11

A%

Hofai i

50 100 150 200
AR L

(f) F6

-2000

50 100 150 200
FER U
(h) F8

50 100 150 200
JEIANV€ 4
() F10

1010

50 100 150 200
IR
() F12

Kl 4-4 P ARSI IS0 26
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4.3 IBSO-SVM B %
4.3.1 SVM t&AIIH P

SVM FHE A I B R 5675 4 B AR B0 P K R4 R RIS B 2,
T T A 0% 5 AL 2 IR LR . SVML (K02 STREAHT (X} s i'=1,2, N
X €RY, y.el+l—10, RIBREAME, N RAE. HANHIRE X, BARIEL Y, .
CEREARE SIS, SVM RIS T, 35T A LA RS S 2 A
HHl. Hik
f(X)=w,0(X)+byy (4-8)
K1, (0 TR LMV R, AR o, Bk, by, FRMERE, 7,
P AR T B SR TR T E R0, T4

@0(X.)+0y, > Y, (4-9)

{15 D, R PSR ITRG . HE SVM HEARE 3, D, =2/|o

» |o] RERJLE

THEEL, oI R UG 5 9 DAL ) RRUREAT AL #E -

min o] / 2
(4-10)
sty (0% + by ) 21, VX,

AR 2PN BPIRES, AT DA AR st A & & TROSE X T T 2R, IR ST
TS B MER I 72 I H o DR A (4-10) Y :

infolf /2+C &
min o] / 2+ iZ:l:gﬁ @i

sty (0X. +byy)21-&,i'=1,2,---,m

FERAL I R SIS BRI E SR, JRXTHSKRAE, MRS SVM [ S L 11 7328
PRAL

f(x)=sgn {Zei.*yi.k(xi,, x)+bm4 (4-12)

Ao, mARAEH € " Hiik, e MBLHFEA S zu fiid, R eR U k(X X) ik .
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X ARZRE IR R, ] DA A o\ [ SR A B B e 4 S TR A R, I REAE A
RHOIEAT . —RIGHLT, SVM Rk s e A v A ok B iz s 2

»

4.3.2 IBSO-SVM SZIiT72

KH SVM BB HEAT = A0 7 LR 7 SIS, 5T [R5 C 811 1 iR ZE U 7 T A
B, BN g 7R B TR 2 SN R I Fo Vi) “BGAER T K/ Cl/N, R
FRAAHL, BARSIE K E AR A, HE4e s TR e ) CBRR, Ik
FEFERS, AR 5 G . RS o RO MR- F I E FH AR L,
o BUNN, I —ANBOTIRIREL S 4 o BRI, REDFHBF[E AL,
o FH Sk i ARG SR B 51 7 C Il o AT A4k, AN $ s i 20 R i e .
S FET SR R SR SVM. I = A0 728 L R 7 SR . IBSO-SVM 115
A 4-5 Bk

Tk

| I

|
| v ¥ v

N=Ni i =" VAN Y

| Y

|
: WisE AMRIE R | ¢
. | . P
| | IBSOMRAL.SVMB: %
| WiEkhit, SRR |
| B |
| + |
| —  LEHCR o
| PATEA A R |
| e | ¢
| | y
I = o : SVMIIZE L e RSN
| e
| R 1 I
| |

'

4-5 IBSO-SVM i f2 &
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(1) fE—/~ SVM BAY, & L SVM &K1 C M i o WU

(2) SINBMAE RIS H . XS T B E IR AMA R S 5N
FITT R (R 20 m DL BE S SR AT IR AR R 5 R IRELT,

(3) BT &N VAL R AL, R AN AT S HOE B AR o 3 L A IR 1 T iR 2
Puse #EAT THE:

1 &
Puse = N_ Z (Sa - Sb) (4-13)

A, Puse NSCHF BRI FE S, MBIME Sy M2, 22 EBAC WERRZ
SRR AL -

(4) WEHHEP, B, P, P IUFATRERK/N, Sl RS, ik 205t
MAERATIEARE R H B

(5) TEAHIE R L e BORT SVM IYAETT IR 7 C AR % o RGN AR B AR

(6) SINZEITA ST EL TR

(7) FREXADMRRATE Y, HEIERIURE SR HIRENIE, AU IE,

(8) I KX E AL, 193] SVM LT C Mm% o mAOUE, Rt
PR E A AT 5

4.4 AERBMEGENI
4.4.1 IBSO-SVM #&=#Y

fE MATLAB i SF2FACRS, BEAT 055087, W EARNMRES KB MR, W
% 4-3 fin. @I 100 F07 H IR IGIE, PG T IBSO JiEMBARVIMG S Kk B n
N WIGGBENL A AMARCE N 100, DURRERAIUERIBERI 2 REME . 2R S,
T XAANRER MR FRIERREE N 100, DEEHIEIERTHE R BEALE AT
&) @R FE 5, P, B, P, PArAIN 0.2, 0.5, 0.5, 0.8, KA IBSO J7%f SVM

TS C s o SR, WE M C A o FIME 75128 200 F1 100, #2045 58
[1, 200]%1[0, 100].
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*® 4-3 WPERRRE
&R IEW g WEER HSme SISk REERO
br
AT HET IBSO-SVM B AL 73 A2 Wi Y, Rl 4 DI 2R 86 70%, MIAEE A 30%
FINIRIEAERE, K BB RN 2] IBSO-SVM # A i, il IBSO-SVM A5 7 i {HL 71 2,
N 4-6 fross TR C AR HTZ o BImILE 77109 144.72 1 23.56.

TF

7

1 2 3 4 5 6

IBSO-SVM
i 4 =92.5926%

B EES
w
(3]

0 20 40 60 80 100 120
A

(a) IBSO-SVM HEAL i) 2

IBSO-SVM

100.0% 94.4% 94.4%

(b) IBSO-SVM A5 B IR 4 [
Kl 4-6 1BSO-SVM #5547 tH 45 5t
NT AR AR e, K0 EEAREAR N IBSO-SVM B h, JE3F 100 56, &EH
WAL, K 4-7 s,

57



24 W N 2T e VAT DS

IBSO-SVM

(%)

T %

0 10 20 30 40 50 60 70 8 80 100
(EERIRVN

Kl 4-7 IBSO-SVM FEAIZ 4 B
4.42 SVM 158

(EBREL AR 25 W LSE T ORI R 2 5 SRR S f L AT MRS 7.
TR ERAR (E RN, 2 43 HOR K BIRRAS (E Rt AR AR . 1H
5 SVM AR, BRI o, RN py,, KT X+ Py =0
555N A YA T TR SRR S0 T, 20 KK A B, SAJF AR 0 (4-14)
HEAT B

. 1 :
min f(a,) = > (0w )+ CZfi (4-14)
i-1

A (@) Fom HinEL
LI R KAT
Vil (%) + Py | 21-E,& 20 (4-15)
Kb X, V2 A AREREAR B AE AN A B2
IR GEE T RURURR PR AS ) AR R A, 3R T — AR T A A & > 0 i
BT  SH T, R, FIAR@-19RESH, WESR a8, 1k
fh, AR LB UNNIS TR T 2 (E 2 KR, (IR B AIE M A SRR AL

17> 4% -

58



730 MNP TR e VAT

AR 58 = 5 A 25 A S 1) B L I3 58 - LR IR AR AR o K A B R R, I 2%
FAMFEARLIEENL 7 2 2, HAIIGRER 70%, MEN 30%. FIHNIZLFF SVM
SN A D AL E T IR IR S B0 AT 7 JS W, AT A BN RS Y 4y
FIREE, SER T AR LR 2R 12 W, ] 4-8 Jy SVM BEALIENZ I 100 (KT
M5

SVM
85 :

80 .

0 10 20 30 40 50 60 70 80 90 100
T U

K] 4-8 SVM L2 45 R

4.4.3 BP A MK IER]

K H BP ML A 288, S =AH 530 ML 2 R T 22 . 18
K100 52, 25800 4-9 EATR

BPHIZE 4%
85 : : :

80 r ]

75

70 H

(=]
{_4
— ==

——

«——__‘k

HEfEE (%)

60 -

55

50 ‘ ‘ ‘ ‘ ‘ . . . .
0 10 20 30 40 50 60 70 80 90 100
AR

4-9 BP AN BALZHE R

59



730 MNP TR e VAT

4.4.4 PSO-SVM #1&#

FIRRLFEAA (PSO) Hizkiifk SVM HIZHIFCE . PSO F ikl il — Rk
TV ZIHPERE, SR FRE-DTRINSHERE, SRIEH ALK
JE R R R B O E . X R 750, PSO g FHR BN C Mo
£, XL e e Rk SVM IPERE . a2 SVM E £ b B BRI 25,
MG L PSO &5 RAE NS, X C 8o BHATHOA, DUME R B IE Az 8 £
LA E . XA EE IR E SVM BIZALRE T, I RE G oS AU R R0 030 1o B
P, 15 A AL &P & A% in] ) SE AR A AT 58, 1] 4-10 24 PSO ik SVM [ R4k
MR,

v
YIIEAPSOZ %Y

A 4

Wt N T 5

A 4

= M IR AL B

A 4

VPRSI, IF T RIS B

7 A2 ELR BIR B
e KIS EL

BARRAE NSIMSHL,  XTHFE
AGL AT Wk fE 2 W

Kl 4-10 PSO-SVM Jif2
(1) SRy REA R, RRERRE. I R S EREHT TV
(2) X SCHF R ENLRE TS S S BT YR
(3) IR TR, X SRR AT B AU, R IR 23 lE 2 S I = AL
H, SR ERACHE R . 1N EE R HOH SR A T s

60



730 MNP TR e VAT

i(pj—qj)
_ iz
2.7

£ x100% (4-16)

b m, RGPy R R o R A HLE | th)
R LI RE AR

(4) FEMLIERY b, RAPRCT RS E, WA B T IS S B, Ik
PR AT HORLIE 17— R AOIE S

(5) 5T IR FEE R S8R T O E AT LA s T RE R b
I R (S DU FT A B 2 A P B AR s 7500, S BT O O A
.

(6) VRN ROLERIIE R T4 B2 . ISR AFA M, A FTRALR) C i
0 ZHIE SVM LT LIBEBIT: R2, MEESEE).

9 T FRHUE AT MBI, 6 A B R TR R n, =30 . JUK S| IR
€, =C, =205, LU IO SORE . BRI RUCHBLEL A K o = 30, BEHESHO 0.8
BUTEIRE] 0.5, /MBS BT OA NIRRT RAES, (LR (R

SE HIBENL AN A4 - 72 MATLAB #4400, Rl X882 S8, 34T T E 2T .
PSO-SVM R Z 5 100 IREFIEI 2 W2, HEERRBIERE 4-11

PSO-SVM
90 ‘ ‘ :
88 |
|
86 - |
" " LD
1 l
X l
E oyl
ot ] 1 ‘
78 ‘ ‘ l '
76
[ ]
74+ N
72 ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 70 80 90 100
TEIEE TR

K 4-11 PSO-SVM HA114 i &5 H

61



730 MNP TR e VAT

4.4.5 SEEGXFEE

07 B AR AR B B VYRR R R K, 15k 4-4 o, IBSO-SVM B
YR R o 7 2 S T B ORI SAE I Z BORE  . T B 2 W Y iy
T, TSR 28K, B B AO R N I B 22 5K, RIAEIIATEE . IR 4-
4 AT F1, IBSO-SVM B J7 Z2 /N A =M . (R, IBSO-SVM AR A 43 5E P B

[P
K 4-4 =FETIVEAL S A
i) IR B/ NR A SR Uk
SVM 81.20% 60.68% 71.32% 0.00258
BP 125 [ 2% 81.34% 53.65% 70.58% 0.00305
PSO-SVM 89.74% 72.65% 81.43% 0.00116
IBSO-SVM 95.35% 84.57% 90.03% 0.00078

4.5 KRB

AR T T S AL SVM [ =41 5720 L2 i S T3k in
R FARAGSRF 1) BL ) = A0 2 DL 23 S A, JETEAN U T IBSO-SVM
TR RIS WP IR . R R A7 LSS BEE I T R AT AT, X SVM, BP #Z2 [ 2%
AL, PSO-SVM Al IBSO-SVM BALEAT | LLHR, 4341 22 RN 2505 R~ 38R 0 2 F0 7 22,
R T IBSO-SVM LAY (iR 6 i i, e 1 5t e o

62



S BN 2 TR R A7S'S

55 F St

P10 AR 7 A 45 2R Ll A IR o ARG 2 1 38E, (09 7 R DRATLER 734 RS
Ik SRR R 2R, 3 7 15 Bl Sk B B L b i SRtt — 2B IR . AR A B s Y £ R e
FE AR SO ) rE L e SRS — P PR IBSO-SVM B TERE, 70 #7 S
CrEap

5.1.1 SEIARGENE

SEIGAE B K 5-1 Fios, BANRFFEAFE— G2 7.5kW =AM 5P AL, s
B HERERS . RMEIEES . (55 KRB BEAhas IR e . H L R ES 2228 T ALK
LN A

&1 5-1 HUHL kR S50 4 K
S I6 p A T B0 = A SR L S Y160M-6, HRHLS T : T 7.5kW, #E
380V, 6 Wit & THEEL 36, # T %L 33, FLIEAIE S0Hz. ML L B4 K F & CHK-
600R FFIFEE /R AL IEAS, HFESHORE. HueM Bl CARUE) 600A, W&

63



24 W N 2T e VAT DS

B 0 2 +900A, FEMEHEE S5V, HE+1.0%. IRIMERISIER T 8962C10 &1k K
JEH S =k AL s, KRB HON. B 10g, HRmNEE 1~5kHz, REBE
500mV/g, TAFIRFEIXIA] 0~65C.

5.1.2 dRESEIG T FEHEIA

BEAT G T W A OB SR BRI, i SR AR A TR R ETL S 3 A RS IR R, K5
KX s BN RS 2R T4 . B IE R 1SS Ty R 1, MR
[ RN T 2 N TR . S AT R OB IE, R RO AR TE T 2% 15 AN 2 S B0 O
TN 58 B W 24 e 1t 1 5-2 BT

- \j>‘ . Y .
. «w n’ﬂ oy

5-2 ok T

FEFEAT I ) R S S B B (R S 3 s A DR L SR 2 I B R R JE DR 5 QL
Rl 5, TG CHE A IR0 Y L ARS E R o FE IR AR — B il (4
IS, SRR X P AT R 4%, TR ANl B A R A AR Sk o ISR AL T FE AL
SR PIRIALE, DR s A A IO B X k. K5 I X B se A 51 2, TR
Wi MsEh TAE. RIXBGRAR m PR e E, R k. EXFEREREL R
HEHT, HESGASEE B NENER. B DSk BIELIUE AR, LARIIE
HLER RS ARG E M. S fi B e — AN SR AER, SRR 2 (R A Ao
IR IE S, AT — A AL RS B AR . IR T S T SO U AR I ) 4
B, FAARUG, SRR R BE A e 2R AT SR . BRI, XA SR
Bt A AR g e i HL B

64



24 W N 2T e VAT DS

TEFFA OS] D, N 100mm. d,, & 55mm. B, 4 25mm [¥fh&. %
IR AR RS R I B Ol R (AT A AR d ) = dogge ~ Dy — Dypggy > 5mm
By, >60%B,, ) o i/ LANERITBEANM , =Dy, Mmy, = Dy o MRAF ML EI TR

O VHEE RO O (MR- BE S 1) = 9y X 8, » IFHIIE RO AME o BETHE B LA [l 7K
Sy it AR e T 2 B TSR i o il R 5 T BC AR (0 R 22, 5 B TR E 70 W AL= By, — B,
h=d,, -0.5mmAH =D, .

RSO F, BRI A RS, EFEEEN s R-ORA (R 2R
—d

d >5mm. D

i 2 iz = Dypis» Byp 260%B,) o LA BENM , =d,, ..,

2
Fimg, =dy, o HRAEENTFEBRT Oy, THEEH B O BE Oy IR BE RS 7= Gy X Oy »
Fbl A i O N 5 o -4 ] AT N A A i o ) i TH S8 4R 90 v A2 =B, - B,
h=d,,.-05mmfMH=D,, .

RGO SEierh, BT RECHR R, AT S ZOR IR G O AlK (R 2%
d, . —dg, 25mm . D, —D,...>5mm. B;260%B) . -0 ERFAM, =d, .,
m, =d, s WOSERTHM , =D, Fm , =D, . BEEIFEERT . 151
H BTl O B O N R0 P O, IO LB B 77 = g X O FH T = 0y X Oy o % MR FE S 7 N L

D ANE, B Core i ¢ I TR D N E
Kl 5-3 JyJiBichtizR. mE R Sha ok, RE 1)% L»iEH??(EI’ij%I

(a) BRACHHA (b) 5 i Lo il K

65



24 W N 2T e VAT DS

(C) B 25 Lo il 7 ()78 15 b Lo it K
5-3 HilRSE

5.2 &F EEMD WI{ES 5

K 52 B L BL R 2 W RO B E T IR BUE N B S = AR E
EEMD FEREfr. EIERXA 730, Sl A RSEIRE N IMF &K, kK 5-4 fr
o FH PTG B 7 =D LE T IR AR L R IR S TR B I H R R
PEARFIESS 5 .

S

w©w
8]
w
S
o

N oo

w©
S
w
ES
w

9 1 1.1 12 1.3 1.4 1.5
! P“WWMWWWWMWWWWM
1 A i

9 1 1.1 1.2 1.3 1.4 1.5
2
-2

©
N
w
S
o

w©
N
w
S
w

%

i

. \
1.2 1.3 1.4

IRl /s
(@) IEHRE TN IMF 7 EE

w©

oo oo ohon obon o0oS oot oo Etod ©ood
[
’%’

IMF8 IMF7 IMFs IMF5 'MF4 IMF3 IMF2 IMF1

66



LR TR KSR A i 3

Re 1 1.1 1.2 1.3 1.4 15
2 ‘ ‘
~ 09 1.1 1.2 1.3 1.4 15
o
L ng«%wmwmm'mwwwww WMWW’WWMWWMWW%WM
= 1.2 1.3 1.4
E :g Ff\fu"mr-ﬂl‘J'v\."fw1“ﬁ,]'\mful~«'.'wwJJ\F\rM./‘J','«'mvu’u\n:‘/w"y’vﬂfu}ﬂ.r‘u"-."wf\fu'ku vy W"M"MPN A ‘ﬂ
= 0o 1 1.1 1.2 1.3 1.4 15
<
g?ﬁgvvw /\/\N\/\/wvvvvv\ 7 f\f\/\/\/\/\/\f\/\/\g
- 1.2 15
E 1§N\/\/\P\{\/V\/\/\(\/v\/\/\{\/\/\/\-’\(V'\/\/\ﬁf\/\/\/ E
=09 1 1.1 1.2 13 1.4 15
L~~~
= 1 1.1 1.2 1.3 1.4 15
~ T T = T T
= S —— ]
= 1 1.1 1.2 1.3 1.4
W
e
~ o9 1 1.1 1.2 1.3 1.4 15
I’ IRt /5
(b) WZRAET IMF 45
@WN’\AN mN MW»MM«/&MW ﬂ
1 1.2 1.4
2§ ; . F ‘ ; ; : |
E . i i
=23 1 11 1.2 13 1.4 15
¢ ‘Smwmww Mwmmﬂmmmwmwwww (Wt ottt B
1.1 1.2 13 1.4 1.5
E :g }Mdu‘-rw-w“.fMyw-wmwmr«fmw,wiﬁ-«mwmw\ﬂmm‘m«ﬁl\n‘/‘,’wu e e
=00 1 1.1 1.2 13 1.4 15
<
2 — ‘
L BN f\\/.\ /\[ \/\ N\f\// DAN X NAVAVAY
= oo 13 15
EQE\ /\»/\: /\/\/\/\/\zx/\-\/\/ o /\/\/\/\z\/\/\/\n \a
= 1 11 1.2 13 1.4 15
© T T =
LEL -Et’ E\“*’\ /.‘ﬁ\\‘""—\ N ‘—'ﬁ' '\"-\r . Q
= 1 1.1 1.2 13 1.4 1.5
E_@E‘\\ I e e —
= 09 1 1.1 1.2 13 1.4 15
[=e]
o —— —
~0e 1 1.1 1.2 13 1.4 15
i) t/s

(c) FEHPIRET IMF 432K

w 4g Ehwwwmwvwwm¢mmmmmw~a
1 12 13 1.4 15
L2 WWWWMW
= . ‘
N 2% ° ! 1 1.2 13 1.4 15
(']
= 1@Wwwwmwmwwwwwwmwwwwmwwi
- 1.1 13 ” -
E :g P~ g et disafidresatpatmfEeamshali
L 00 ! 11 1.2 13 1.4 1.5
<t
LﬁngI\/\f\f\/\f\/\/\/\)\/\/\/\N\/\/\/ TSI AT
_ 1.1 1.2 13 14 15
w
= 11 §F\/\ ~NAADANANANNNANATNANAACANANNNNN
= 1 1.1 1.2 1.3 » s
f e~
08 1 11 1.2 1.3 1.4 15
L0 — i — — S —
=) gh — e —
- 1 11 1.2 1.3 1.4 1.5
@ : - : I _ -
LEL -é Ik_i_ e ‘_‘i\-"\_‘i*_"{{k{ L H":l
09 1 11 12 13 1.4 15
e t/s

(d) %Au\'fﬁ LIVIj(‘L;\—F IMF %%@

67



24 W N 2T e VAT DS

1 1.1 1.2 1.3 1.4 1.5
T2 .
2-2§ ok ' L e T
~ o9 1 1.1 1.2 1.3 1.4 1.5
o~
5 }ﬁWMMHWMMMMWWWWWMMMMWWWMW
- 09 1.2 1.3 1.4 1.5
E @ e T e e e et
~ 09 1 1.1 1.2 1.3 1.4 1.5
520
£ 90N WANVWNVANWAwmm\nMWN
09 1.1 1.2 1.3 1.4 1.5
E Tgﬁ VAT ,:f AN AS T AT TN AT NAATY
~ oo 1 1.1 1.2 1.3 1.4 1.5
ol =~ T T T T
s -§ Y N
~ 09 1 1.1 1.2 1.3 1.4 1.5
~ T p— T T T T
E _m: \"\_ L _ “‘\.,_,_/""“‘\\_‘ _— _“\\_‘__,_,/-"’_\l__‘__,,-"'"“\3
09 1 1.1 1.2 1.3 1.4 1.5
@ 4 —— T T T
L S —
09 1 1.1 1.2 1.3 1.4 1.5
el t/s
o N EAL =Ny
(e) BAMCIRET IMF 7 &
50 : : .
PRSPPI A AN A it ]
0.9 1 1.1 1.2 1.3 1.4 1.5
L 20 :
570 A e O 4 i o oo
=0 1 1.1 1.2 1.3 1.4 1.5
! g memwwmwmwwwwmﬁwmwwww
1.2 1.3 1.4 1.5

IMF4 IMF3 \MF2

gyw-.w.-q Wrhoamana b Wm'lp»w AN AN A Ao At o -t
0.9 1 1.1 1.2 1.3 1.4 1.5

2gE\/\fmf\ﬁ\/\/\f\f\/\/“ VAYAS AV AVAVAYAVAYAVAVAVAVAVAVAVAVAE
0.9 1.1 1.2 1.3 1.4 1.5
[Ee]
N VNAVAVAS A VAVAViVAS VAV AVAVAVAVAV AVVAVASS AVAVASVAY
09 1 1.1 1.2 1.3 1.4 1.5
82 T T T — T
L o~ e N~ ———]
T 09 1 1.1 1.2 1.3 1.4 1.5
~ T T T T T
Lo~ —
T 09 1 1.1 1.2 1.3 1.4 1.5
o T T T | — T
09 1 1.1 1.2 1.3 1.4 1.5
) t/s

(f) BAEMCIRE T IMF 70 & E
K] 5-4 AFPRZS T 9 IMF 4> 5

R (3-19)-30(3-23), 1H5 EEMD 73 #1452 IMF 7> S AR REOH IS, 1265

A2 IMF 735t
KA BE -

*®5-1 MRABLHE

K 5-1 N=M5P A FPIRES T € 7 RS 5 A 20 IMF 2 & 1A

& B 2% e ¢ ey (T E (7 LV A= T
IMF1 044461 041196 038832 0.40499  0.49409 0.48295
IMF2 025909 026879  0.21959 027464  0.35245 0.34758
IMF3 021103 022865 021712 021947  0.28251 0.29708

68



730 MNP TR e VAT

413 5-1
1B W7 2% Rk AL AWML RSO
IMF4 0.76724 0.72774 0.8662 0.72326 0.80711 0.81973
IMFS5 0.26421 0.26949 0.26552 0.30704 0.70365 0.72223
IMF6 0.07741 0.03591 0.04386 0.02574 0.11987 0.07743
IMF7 0.03176 -0.01188 0.03633 0.03660 0.08412 0.05558
E3EEED 0.20104 0.24758 0.20032 0.21191 0.25658 0.27331

5.3 FHIELREL

LR HUE R IMF 7 6

Ay, AR B Lo N % 0 T 1

TR =M R D ENUERIRES . Wik diba ., [k, &

PSRN

Ae B~

ZEOTIRAREANS, 3R 5-2 ANFOIRES

NI Bl o R JE M ASFRPIRS N BUSRARFAE, D — 2D MRy SRS Wi (e S8

% 5-2 ReE. AR
BEE Z018 FEA I
34.7945 3.4013 1.1656
13.344 2.9276 0.9446
8.4137 2.5898 0.7378
EFRE
66.8203 3.9168 0.4046
32.0045 3.3088 0.3763
35.7699 3.3926 1.3785
14.1085 2.9897 1.2845
) " 12.8162 2.9436 0.5878
Wir 4% e iz
70.6809 4.9398 0.3453
9.5415 3.4244 0.3948
40.5142 3.0608 1.3453
12.6926 2.7393 1.1768
o 8.7612 2.2356 0.5677
[T i) 7 i
66.7322 3.4233 0.5843
6.4856 2.9675 0.4732
38.3802 3.4176 1.6725
13.6988 2.5827 1.3453
AR O
6.9449 2.6381 0.5383
51.9849 3.5372 0.3438

69



730 MNP TR e VAT

4 5-2
BEE E518 VEFN ]

6.9449 2.8132 0.5343
Fr AR O

31.7135 3.3779 1.3728

9.9229 2.6420 0.9599
B 3.1434 2.2502 0.5553
B

64.9093 3.5478 0.3832

5.2449 2.4421 0.4160

32.1218 3.2742 1.4621

7.5310 2.4814 1.0877

3.9081 2.3631 0.6389
TR A

67.9784 3.5906 0.3659

7.1396 2.1915 0.4450

5.4 EF IBSO-SVM HIHEIBEIR Il /7 3% SELG U6 IF

K H IBSO-SVM 1E A/ 2588, $F =050 ALK 2 &3k 170 252 . Bl
SRR IBSO-SVM #ieh, FR AR AR NI 25 5 il b, 493 IBSO-SVM

FERPIR A, k] 5-5 Frase

IBSO-SVM
HEH%=88.8889%

—¥—
5.5 —O— Tl | 1
5 |
4.5
L, 4T
= 35
3 -
2:5.F
2 b
1.5
0 20 40 60 80 100

PR A

() IBSO-SVM HAL IR

70

120



24 W N 2T e VAT DS

IBSO-SVM

5.6%

1.1%

27.8%

11.1%

11.1%

94.4% 88.9% 92.9% |76.2% 88.9% 94.7%

IS

(b) IBSO-SVM #5284 VB I i 5

B 5-5 IBSO-SVM B4t 45
A GRI 25 2R AT BE 52 B A B SR X 3R B REIE 10 22 RN GRECT- I B Se vt D5 1% mT
PSR AL 5 T SE ARG E O VERE VAL, A BT SE RO M A TR R I L SE R RE, B 56 N

IBSO-SVM HEAYFEIA I 2k 100 Fe 45 5 .
IBSO-SVM

95

90 g

fEffiR (%)

85

800 1I0 2I0 SIO 4I0 50 f;O TIO 8IO 9‘0 100
R EE K
5-6 IBSO-SVM #5742 £
KH SVM 1R Nt sy 252, X =M 72 AL 2 i3k 1T 42812 0. 1536 100

i, 5% 5-7 s

71



730 MNP TR e VAT

SVM

85

HEWAE (%)

55 1 L L 1 1 L 1 1
0 10 20 30 40 50 60 70 8 90 100
(RN eV

K 5-7 SVM #7412 W &5
KH PSO-SVM 1ENIE /2848, X = AH 520 LI 2 P S i 47 0 22 Wr . P64
100 %&, 25 R 5-8 Arw

PSO-SVM

90

85|

70 1 |

* 0 1 6 26 36 4I0 5I0 BIO TID 8I0 E;O 100
BRI
5-8 PSO-SVM H 7112 I 45
#32] SVM. PSO-SVM #1 IBSO-SVM BLAIFEER 100 K5 IR IRAIE . /N2
SEXRAIEEAN T 2. Ik 5-3 B, IBSO-SVM 75 224 0.00081, #HLLHE SVM AL AN
PSO-SVM AV EE /N, AEBH AAT RIFHIARE M. ~FIIRMIA Ty 88.73%, AN =AH

72



730 MNP TR e VAT

FUAL ) oA R dE AT g v B AR o
&R 5-3 BIAPHE 24

EAE IEINAVIE BONRGIER CPERUNR TiE

SVM 82.91% 55.56% 71.23% 0.00282
PSO-SVM 89.55% 68.68% 80.63% 0.00122
IBSO-SVM 94.76% 81.20% 88.73% 0.00081

5.5 KRB/

A B Af IS R LR B G X IBSO-SVM. BB PR RE#EAT T I0HIE. BUA T SkEe-F
5 PR S S R AMTAN (] e I B o R (R AU 75 92 o AR 565 = 35 A 2 0 S v AT L e o 0
AR HUERAS N B T RS S 8l 217 EEMD 70, AR EEMD Z3 i 45 3 1A 24
IMF 7 BRI AE R . Z0MAREA R . ) AANE] IBSO-SVM BEAL A, I8iIE 1 # 7K

PR E, faErki.

73



730 MNP TR e VAT

F6E RESRE

6.1 ARELE

A SR T A U TR A TR BRSSO AR A
O TSR A . Y SEI MR R 5338, J b A B S TR 1 s PR B LA E T LR
I3 R E R, DL Maxwell A7 BRICHF S AT -1 6 257 1 = AR 72 s LI 0y
B, FEFEIUE T I RFIE R 5, @57 7 IBSO-SVM M /r FS2 Wik 2l . JEF IBSO-
SVM  SVEX AT LA 5 S Bn LS S s (0 2 A, TESE 7 BR e AT 4 R A . A
PRI T A5 UNT :

(1) FETIEFRSH AR RIRES T AR, £ Maxwell HEIE | =m0 H
WURIA BR TG0 AR RS, (R G 1 = AR 2 FE L Ry LA o Gt 23 7 2 1 Ui o
FIRFEAR, UESE T HLER S # A R0E

(2) {81 H] EEMD 53505 =AH 50 LI 58 F BRSO AT R AR AR S, Sl v 5
IMF A REURME, IEECE R IMF 7 &, 85 THEAR FRERES N R 2 2l
FEANE, 0BT RE SR AL S IR, R JE SR BB A 20 PR A AN AR

(3) $RH T —Fh IBSO-SVM HEAUNE Al 543 S48, 0 =AH 740 WL 2 Pl s g AT
DLW IRNEIR T IBSO-SVM HEAY [ S AR, it 1 B A A1 5 Bs A AL i e i
Xf SVM, PSO-SVM 1 IBSO-SVM R BUBEAT 1 732 ELH, F 70 M 2 NSk P 23R )
R %, UEW T IBSO-SVM R PR KL UT

6.2 iREE

ASSCARYE =M 5D B R SRIZ I SRt T IBSO-SVM. A6, Al Y A il 4% -1 Wy
o [T PE) R B A B e a8 O oo« 0785 i o AR o B o S T A2 X6 ARORATE FE 10— B2 e B .

(1) AT HERFAL SR AU, — R B R LR DGR AE, XA RE 2 51 kS 5 F ik
72, Rl S HUREM ORI IR ZE . L, PR R 1 IREFIESEIRIT] 78 73 S g
BRI AR R TN — D EE H r.

(2) ASCEELHT 7 =MD AL 2 R bmis Wy, AR T Wkt R i

74



730 MNP TR e VAT

AN B ot o AT, 5 FWLIEAF AR AR SR A R B . ROk T ] IBSO-SVM
Ir SRR X LRI T S SRR AT VA 70 A, 3 T IR HAR ik vy ra LB 2 W
MR ARG EYE . BeAh, Ou 7 it PR LA, 7 B[R & LR LR
REEF LRI ORI T,  ASE RS (1072 AL RE T AN SE RN ROR -

(3) ASCAE 1R =AH 5725 FL ML B AR ALE B B K iR 7 SRAS I T3 - AT — SE IR R PR
P, SIS 30 UE T T R 2 2 B S . 1 H, BT MATLAB A5 R M5k, E5
P2 W B S D TR BLR A

75



730 MNP TR e VAT

SE MK

[1] JEHk, BREDER, JEAe. rapL st B i R i =00 Bt A i B A 40 7 VB S 0], LT 77 i AT
P 5 P8540 56,2024,42(01):87-90.

[2] BRIk = A0 0 B U 1 W% 50 i 512 Wi TR 75 [D] AR B R 5#,2015.

[3] kHENI, FHERK, PLTF, S5 5T 1 R M I el R B 7 2 U (3] 4% R e 5
FH,2015,32(04):513-520.

[4] 3552, BERFARE, XI4REM FET APSO-SSVM K5 M shfL % 1412 W [J]. e bl 5 4%
il 8% FH,2023,50(10):91-99.

[5] MIkEZE, WhoRtd, %2R, . = AH S A0 A LI IA) 40 Wi B 10 12 I D7 V2 (0] B A%
51,2024,54(11):76-80.

[6] 3K &V 5D H BN HLTE 2R A WM 5 b 2 W & Se i Wt 78 45 82 A [D]. L AR BHE K
£,2020.

[7] TK3E, RP, AR, 5D BB R ST I 7E 2% W T 2R e i W 0], R e 5 7
7.,2007,(04):475-477.

[8] [ PR 5720 H BN ATL L A i SR i A U 5 AR PR 72 [D]AT G Tl K 52,2013,

[91 sxilCatst. =AH B JE 2057 20 FL BTG 1 i 2% i P12 T D] WL K 52,2022,

[10] ¥ #% . 35 F SVM 19 B 8 — 44 16 $i % WL PR =5 b e s 150000 52 R B 78 (0], 16 AL
1,2024,(28):67-70.

[11] JH De B AT X RR P 22 TURRAIE A 5 1) 43 R 35 5 ST AT 42 [D]. 7 P 2038 K 5%,2022.

[12] EAZ, SR8, FRIMM, S5 THOM) & BURSOR TS M 2 R — ORI RS [T HRE ML
PR 24 41,2018,36(09):869-873.

[13] & L B2 S5 20 L 2 W 2 BR A2 W 7 VWt 9 [ D] AL T B K 52,2023,

[14] B AR, D22 8 36T ST-SVD 5 WOA-SVM B ({1735 [ 88 Se 2t P 5 512 Wr 7 i3
[J]. FE ML 451 82 FH ,2023,50(09):57-62.

[15] P, FLA R 5 T Wi e 1E 43 T 10 8 2 AL A - W 2% 5 12 W 7 ¥ 2538 [0 s P
#1,2023, 51(07):57-66.

76



730 MNP TR e VAT

[16] K Es, A E L, (R, 5T 28 00 B 7 AN 5 RS I 7R sl il R S s e ). 3R
5, 2017, 036(022):22-28.

[17]1 250508, R TS50 VMD FIii GoogLeNet VR Ak i 12 Wi [1]. 41
WAL 51,2025,49(01):163-170.

[18]Cheng J, YuD, TangJ, etal. Application of SVM and SVD Technique Based on EMD
to The Fault Diagnosis of the Rotating Machinery[J]. Shock Vibration, 2013,16(1):89-98

[19] FHiEH, &, XIEN,% . 5F EMD S5k SVM (17 BEIR 5 rBL IR R b 12 i it
FE[I A % 5 A48 T FE,2024,62(11):123-128.

[20] 2% 5 A e 5 HLk AR A% BRI LT [T]. 045 152 R, 1993,(04):39-40+19.

[21]¥F foz, 5 4%, SRR SCHET /s 3R SCRF ) BEHL I FEL R 48 01 [ 0] /8L ) R G AR AP
E¥i,2012, 14(1):65-70

[22] KA. 2= T LS-SVM Ry & F LI 12 b B AR 78 [ D). b L oK 5,2020.

[23]Raymond G, Fahed A M E.MCSA and SVM for Gear Wear Monitoring in Lifting
Cranes[J]. Journal of Instrumentation, 2014,2(1):1-6.

[24] 3 ¥, Berg 8, BIEFFFT S0k 2% 2 5 R SEELIR 20 A7 (7). F P 2 A2 5 05 5 4
$1,2024,(10):13-16.

[25] H 0 2 TR A AL SVM 273 R 8 U 0 W 12 IS AL [ 7], o[RBT H AR B ™
ih,2023,(11):1-5.

[26] 4% 1 e i LA K B ()RR AIE S B 5 A8 =Rl D VR AT 98 [ D). 35 AR K 2, 2008.

[27] £)7 8 2T Eou o riE i R i di =12 W [1). & 3h 46 8 H,2025,66(02):105-108.

[28]# 12, R, F T R &N R D LS R I2 W R S ]. HLH LR
2008,1(1):72-74.

) RS S e S R =1 e 3 - N i A T S5 2 - s o U A
A,2007,27(5):265-268.

[30]Shih K J, Hsich M F, Chen B J, et al. Machine Learning for Inter-turn Short-circuit Fault
Diagnosis in Permanent Magnet Synchronous Motors[J]. IEEE Transactions on Magnetics,

2022, 58(8): 1-7.

77



730 MNP TR e VAT

[BL] S it ANF- 48 R T XUASHRR S R B -G 201 I [ L % e 12 T 98 [ D). A B K
2,2017.

[32] E#iW, #5%% . SIMULINK H PMSM A&7 1) o idt S 72 S8 R R IS R[],
ML FE 6 224K, 2012, 16(7): 77-82.

[33]Combastel C, Lesecq S, Petropol S, et al.Model-based and Wavelet Approaches to
Induction Motor on-line Fault Detection[J].Control Engineering Practice, 2002,10 (5):
493-509.

[BA]MRAELE, BRZCHT. = AH B 28 B WL 7 W Sk s B A DU [ 0] 2 S WUK 5 B 3 Ak L
A,2023,(12):147-150.

[35]Babaa F, Khezzar A, Oumaamar K E M. Experimental Investigation and Comparative
Study of Interturn Short-circuits and Unbalanced Voltage Supply in Induction machines[J].
Frontiers in Energy, 2013,7(3):271-278.

[B6] R4, f7 T, SKHME. R ALK H AL E T G 2 i g 485 5 177 B[], 5 AR A L 5 B 2
#,2010,27(03):42-45.

[37] 475 3 T~ 4 X 3 1) 57 20 BN - e 2L I [ 1 25 e 12 W 7 VR At 98 [ D). P AT
KH:,2023.

[38] i 741 = AH B HL B AL IR 5 7 % 4L B s 43 T [ D] W /R VB 1K 42,2018,

[39] Baruti K H, Li C, Erturk F, et al. Online Stator Inter-turn Short Circuit Estimation and Fault
Management in Permanent Magnet Motors[J]. IEEE Transactions on Energy Conversion,
2022, 38(2): 1016-1027.

[40] Ty 75 5745 7 5| LI ') 3¢ 3 12 T 7 Y F 7 [ D] KO A8 38 K 22,2024,

[41]4% BU A, B o . e 20 L e [0 D) 3 o s s U % 4 i o (0], BRARHE 7
K,2023,46(02):13-18.

[42] 17K B 0% 238 8 A AR 3 IH &R S 0t & [D]. B s 2SR K 52,2007.

[43] 03, B8 & [R5 A 725 ra L% ) 22 G2 RO 72 [D]. L FH 2 T K 2%, 2016.

[B4]3KEA, BREMS, B, 453 T BRI W4 17 5] FHLAE S8 4L I (7] J i i o 12
W [J]. 42k 38 243K, 2024,46(04):73-79.

[45] 55 87 5 T MCSA H)HlAR s 12 b 7 VAR 72 [D].L T RHE K 52,2023,

78



730 MNP TR e VAT

[46] Pt 5=, WAmEVE, Wi, 5. DBOESAALIN R UL Y 1 W 2k iR 12 W [7].4%
PAYFK 24R.,2014,7(1):1646-1653.

[A7] DKM, s g, 55 . B 28 P LG 1 W 2% R (0 5 7 L IRLAS 5 7 D0 R 20 i i2 W vk
[T AX#AX R 22 4], 2015,09(36):2097-2103.2012, 38(9):59-61

[48]3K 2%, Z=a84x, Wi R TR U 0 7 0 LS 1 W 25 S i2 W [ 0] FB L S
EHIN A, 2011,38(09):59-61.

[49] Drif M, Antonio J. Discriminating The Simultaneous Occurrence of Three-phase Induction
Motor Rotor Faults and Mechanical Load Oscillations by The Instantaneous Active and
Reactive Power Media Signature Analyses [J].IEEE Transactions on Industrial Electronics,
2012, 59(3): 1630-1640.

[50] 4K 5%, Tk, 5 aim. ik T HLREE I T /I I A 0 () R N FELL G -1 W 2% iR 12 i 0.
H L TFE224R,2005, 25(24): 123-129.

[B1] X3k, BEH, 2B RV 7RIS EE N -] T A Ry
#,2013,33(3):67-69.

[52]Park Y S, Jang S M, Choi J Y, et al. Fault Detection of Squirrel Cage Induction Motor by
Analyzing Motorcurrent Signals[C]. IEEE Vehicle Power and Propulsion Conferenc,
Seoul, Korea, 2012: 219-222.

[53]3k 55, K& 3C, 5K 5 Park KE AL AL F D s ALK BT 2 Wr o B9 R [0]. 0 R 3
K,2006,(06):35-36.

[54] # Nt 25k T4 2 i 5 (10 7 R St 20 AL BB 1 W 2 W B2 W 7 VA JE D] AR JE L K
#,2023.

[5] PR E, MBlk. I ARFHIZ AT IRZS N B8 B HL A 1 W o s 12 Wb (D] AR AR 22
#.,2016, 37(4):834-842.

[56]Cameron J R, Thomson W T, Dow A B. Vibration and current monitoring for detecting
airgap eccentricity in large induction motors[J]. IEEE Proceedings B Electric Power
Applications, 1986,133(3):155-155.

[57] FAF Hr. 2 S [R5 fa ML e B %€ 1 P9 A8l Bt ) 20 i 5 32 [0, o [ R L A 2
,1987,7(5):3-13.

79



730 MNP TR e VAT

[58] Toliyat H A, Arefeen M S, Parlos A G.A Method for Dynamic Simulation and Detection of
air-gap Eccentricity in Induction Machines[J]. IEEE Transactions on Industry
Applications ,1996, 32(4):910-918.

[SO]XUBL, 3K S, k2% 3 T Ak % Bk S8 41 ok $iid A B 50 20 B M LA Ao B IR 2 B (R F 7T
[J]. 5 AR 2441,2020,35(S2):387-394+431.,

[60] rar 4. 28 T 22 [l B FR A0 1) R FATL G 7 [T (V) 2 8 W B R AGE 23 T [ D] 4L FE ) K 28,2011,

[61] Joksimovic G M, Durovic M D, Penman J, et al. Dynamic Simulation of Dynamic
Eccentricity in Induction Machines-finding Function Approach[J].IEEE Transactions on
Energy Conversion, 2000, 15(2):143-148.

[62] i B f&, & . KB KH K HHLA [ T~ AN P i B bz 7 [J]. K B L
A,2002,(2):26-29.

[63] WA 5. —AH 57 20 LI ATL BRI 7 4 B 19 2R 2 W R [D]. R K 24,2023,

[64] Z2i% €. JE AL 50 LA T T 2% i 3 T 5 12 T 7 [D]. AL HEL K 22,2020.

[65] 1753, whith, &k, 4550 s T 7 Se 2H L R 4 Hd s g 4S5 5 2 M (0] L 4 v A%
71,2013,(06):52-55.

[66]1L Bl il . 2= T Maxwell [ /K %[5 20 W WL WG 3 07 L R s & ke 0] Bilg 52 T
\V,2024,(01):168-171.

[67]V ke, BHIGWN, XIEH, 25 3T Maxwell [f) 300 W {K5H K i & ML 507 B4y
BT[] it Al R 22 541 ,2023,44(06):50-59.

(6811 £ R, ATikFM, A, & Ala) < B ARt e r AL F R A R (1 S i 07,
ALK 52k (3 R FHFR),2025,45(01):1-9.

[69] % BRE, AREK, TilL, S EHSHOT =M F5 LR T S0 15 B 7T 0] 54 R
H1,2018,51(09):23-28.

[70]2LFLH, BKIERE.EMD Ml FFT 454G 1% Wi sk il be 2 1 (0] F o AR 22 e (B 48
REEA),2015,13(4):69-73.

[7L1 R, EREE, i, 55 Morlet /INBRAR T I 757212 W SR8 BTG I 2% iR 0. e
P43 2 4%,2014,(7):31-36

80



730 MNP TR e VAT

[721E, BT, RS, 55T RIS o A AR SN S B A7 38 AN T[]0
K2R (E SR RH#AR),2021,61(10):1152-1158.

[73] F e e, o thhAe cSuidh £ A 20 50 RS 43 ff 10 7 Bl 70 1 i VAR VP i o 1 2 P [0 7R 2R 5
FHHIAR,2024,49(04):81-85..

(741475 W /N 53 B B 2 [ML AU b S R, 2005.

[75]1%F2 4, £, #hei 4 EMD 73 A RON, FENLES 1 5 &l Bz W o (0 S H (0] 6l e
¥1,2014,47(2):16-19.

[76]Pincus S M. Assessing Serial Irregularity and Its Implications for Health[J]. Annals of the
New York Academy of Sciences, 2001, 954(1):245-267.

(77145 5%, Fth, X2, 5. 456 Sk R0 A0 10 VR & MSORF A8 A0 5325 [ 1H S ML B
J1,2021,41(08):2412-2417.

[78] EER e 884 7 0 HEL B AL 22 55 4 R 12 W7 2 23 89 VA IR 78 [D]. K R B K 22,2017,

S

81



730 MNP TR e VAT

BUEM L F AR SRR S E

—. HIFLH
[1] S—1E# . — Pl A4k i8R 4544 . ZL 2024 2 0862417.8[P1.2024-12-20. (LA
[2] 28— AF& WOLERERQCLER R BE[P]. (2024 £F 10 k™) LA AL A2
= BRRX
[1] % —{F#% (SJi%—1FE¥) . Fault Diagnosis Model of Silk Dryer Based on KPCA-POA-

KELM. (EI Y%, (2024 Global Reliability and Prognostics and Health Management

Conference) )

=\ RRER

(1] o R R LB A B BT =

2] HJw “ DUGRTAR BFICAE A TR O K B =L

M. &HmE

[1] MRS RIS 100 H —— TSR st 0 T3 AR A i
I 2T RGEHR. (EESERA)

\\\

82



730 MNP TR e VAT

Bt

TR, BERYE, =FRLRARADERRE . 2], TR0
BRI AR, RGBS OB HTAT 2 B G FET . BAE RN

B5E, T DURIR RO TR IR Bk . ™R MR S S N 2R
NEMAL T RIHE R LRI WA A S R AR SCHESR MR JZ AT IS, 1808
TERBET MG TR R @AMMIE S R UL WM B, FLsLeEm 7, X py
HOLEIAE RS2 PRI REORFFIRZR A 55 o RIS, LRI 7K B 22 il 5 XIS 22 0,
RURATE D B SR IIE A T B AR B . PRSI = LA HORIRT L 8308
g s o N N (R = i (/o T B A Y BN T s B e S L 0 PR G BV AN
ML T, 3T 7RISR, HiFR 7RO TR

TR R T 78 RS Z A Y. TkRd s R B4R, &2
H BRI 157 B AR, ORI 25 SCRF AR A B I SE A A i o R Dol S U U 26 DT 4RAT
PRAFE S R AR 5 SO B B M, AL E I TSRS RA 7. XBIET
SEHERINDE, Koy RE | — A 2.

U S A R R ANBL I, AR R SETE IR 1 AR B 73 R I B 5 . S TE
HAPAST BRI B, SO THRCE AR BXEER ORI A, AR LS AT
B0 F) . X OEE, bR 2 RZEMH T R,

fJa s IR A ERERSF I FZNAT. ARMTHE R S5 0%, ibdEe0 855 B HiE
FORHAR ., REERUH AR, B OERERMN N & .

FARZIRIG, SEEEME. BILEBeRmEIR, BRI, BRI AR
WG, RIS, SRR AE G ER.

ap
EL

83






