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RESEARCH ON PARAMETER-OPTIMIZATION-BASED
MULTI-SLIDING MODE CONTROL SYSTEMS

ABSTRACT

Permanent Magnet Synchronous Motors (PMSM) have emerged as
pivotal power units in new energy vehicles and industrial automation,
owing to their high efficiency and precise control capabilities. To meet the
escalating demands for dynamic response and anti-interference capabilities
in various scenarios, optimizing control strategies to enhance the
performance of speed regulation systems has become a primary focus in
motor research. Sliding Mode Variable Structure Control, as a prominent
nonlinear control method, has garnered significant attention in the field of
motor control due to its robust characteristics. This paper addresses the
issues of significant chattering and slow dynamic response in traditional
sliding mode control systems for PMSM by proposing a dual-loop sliding
mode cascade control scheme. This approach integrates intelligent
algorithms to fine-tune the key parameters of the controller, thereby
effectively improving the system's control accuracy and dynamic-steady-
state characteristics. The specific research contributions are outlined as
follows:

Firstly, to address the performance requirements of the sliding mode
speed control system for PMSM, a weighted integral-type exponential
reaching law was designed to enhance the sliding mode speed controller
(ISMC). This reaching law dynamically balances the system's approaching
speed and steady-state precision by adjusting the coefficients of the
weighted term and the integral term. Additionally, a nonlinear smooth
function was introduced to replace the sign function, enabling rapid system

convergence while mitigating chattering. Simulation results demonstrate
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that the proposed novel reaching law effectively suppresses torque ripple
and current harmonics in the sliding mode system, exhibiting excellent
dynamic response performance.

Secondly, to meet the precision requirements of current loop control in
the dual-loop vector control system, a second-order sliding mode controller
integrating a proportional-integral term and the super-twisting algorithm
(STA) was designed. This controller, combined with the speed loop, forms
a sliding mode cascade control (SMCC) system. By leveraging the
dynamic characteristics of second-order sliding mode, the proposed
controller effectively mitigates high-frequency chattering in the system
while enhancing the accuracy of current control. Simulation results
indicate that the proposed control strategy not only strengthens the system's
robustness against external disturbances but also improves the overall
operational stability.

Subsequently, to address the parameter design requirements of the
sliding mode control system, a mix-strategy-based improved whale
optimization algorithm (MSWOA) was proposed. Firstly, the Sobol
sequence was employed to optimize the initial population distribution.
Secondly, to enhance the population diversity and improve the global
search capability of the algorithm, the position update mechanism during
the exploration phase was modified, and an inertia weight strategy as well
as a random learning strategy were introduced. Finally, the Cauchy
mutation strategy was incorporated to enhance the algorithm's ability to
escape local optima. Through optimization experiments on benchmark test
functions, it was verified that the MSWOA algorithm outperforms the
traditional whale optimization algorithm and other common optimization
algorithms in terms of convergence speed and optimization accuracy,
thereby providing an effective solution for parameter optimization in

sliding mode control systems.
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Finally, the application of the MSWOA algorithm in the sliding mode
cascade control system was investigated. By tuning the key parameters of
the speed loop and current loop designed in the sliding mode system, the
overall performance of the system was optimized. Simulation results
demonstrate that the sliding mode speed regulation system, after parameter
optimization, exhibits significant improvements in dynamic response

speed, steady-state control accuracy, and anti-interference capability.

Tai Qiangqgiang (Electronic Information)

Supervised by Professor Qu Chengming

KEY WORDS: permanent magnet synchronous motor, sliding mode
control, exponential reaching law, super-twisting algorithm, whale

optimization algorithm
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(1) ZEFIHARE 74

NV RGRETERE, R HE S AT BOIREIBAT, fEHE IR BIVIIRAUE
MG, AT 0.2s A1 0.4s FEATFHIR 300 r/min MIFEIHE, FE LRI 2-11 FioR.
IS K] 2-12 R IR ZE A RT A, RGUAE SR — NI N F2 3R 720 48 t/min
A, M UORZEIG KA 59 r/min, RZEEIN T 22.9%. 7] WL RGAEA [F] 1)
W& FHEATRISEIER, HERZERWAR, 3T PIIERHNRA SRS S
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(2) FEARE T
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BEAT A3 HT . ERELE 2R AT A0, 0.15s & 0.16s 2 [ 5k h 28 52 300 1l ] 52 452 1)1
MBS, MAE 0.45s 2 0.46s (0], HIZLEICHNEES), BN SAB0HT A e
VEAAE R 22 5 o FRAR RN 2R W] 2, SBUR RGN AEFERHRTEFEI A 0.13s % 0.17s
P 1.31 Nem 3002 T 0.43s 2 0.47s 1) 2.44 Nom, 5655 108208 MR A2 B0,
Y T RGP TR 182, BB PR R, M USG5 40 e SR 1 Bl o
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SVPWM HiARHFEA SR 2 S SEMLS A, 3 T I e i 5P 6 @52 7 PMSM K&
PR RGO AR IR R, JE T PLAZHIJT 1) PMSM & RGAFAEDT
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=5 PMSM jB1RREXITHI R G

DA — 25 BT Il (1) 7K R [ 25 FEATLBU PR B0 O e s i 45 K Dy 25, ARSI 1 AR
BHIEAR, FT RGNS BHE B4 (Sliding Mode Cascade Control,
SMCO)&itt o EXMEGEIR B HIAAAEN SN . RHRM™ E LS W, Bt 7R
FRBUE T R B R R B e A . B, R 5 NI IE L (ISTA) #
TH L IR IR M A 1 so0f B R P RRE B2, E— DR m R s hI Ik Re . &5, 3
o 7 LT 65 56 VI A ) SR (4 Rk

3.1 BEREIEHIEEAR (SMC) JRIE

TR G5 R A% O AE T 51 5 RGUIRESTRAS BB B HEAT 3h A V) .
I BT I 2 B AR R, AT DR R GRS AHTARIRAS I SRS, JF
IR EAE I FiazhS), M RGUREREIEI 5, 55 nT LU~ A m i)
e, T SEBLRN ANHR & PEA AN ES T PO s S At TX b Ik (s A5 A% ) A AL B
LM RGN AT E RGN BH BE L

FEER RS, B — ARt R 4.

x=f (x,u,t), xeR",JueR™teR (3.1
K x BRGNELE, u ZRGEHZE.
WE VIR BUR & s(x), sER™, ¥EHIREN:

u:{u*(x) s(x)>0 (3.2)
u(x) s(x)<0

Wl 3-1 Az, YIFRTH s(x) = 0 KRR 20 204 s(x) > 0 F s(x) < 0 P4
IRAS SAEDI I MHE A =Rl BEREAL: 5 AL 55 B A& Co
5(x)>0

$5(x)<0 s(x)=0

3-1 Yt~ =l
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MR B 3-1 I B D1 i s 75 B RGPS PLL B AT el A9 BUR =28
A CFBATD: RS RN — M (so)>0 X3 F8E 55— (s(x)<0
X0, ARG, JERAE VI LA s B CRHUT D IR A2
B i Ja R S PO X 0, RIARSSE A, S EEERITERERAL: R C
Gt oA W BT A, RS &I U (s()=0), &%
FEFLARIE N I Aa 2 T SIS, IO TR AR 45 P A A% 0 F A

TEARLE ) B RV AR T m AR 2R A, R C T2 55 1, RENE SR 1L
PREFSSRPTILAE T MR A M B RITCIE @A E IR RS CIRAS 2L
FRBORHD, BEZEMEER, WA RIE RGNS, SO BRI 7T 5 SERr b
FIOMERUR . TS HIAAAENE . ATk AR s 2 e U R ) 26 A oRAE B -

vl
2 (3.3)

V =limss<0
Forpre s TR BRI -

B E U R B SRR IR 1 RGUIRS RE AL IR IN 8] 9 AT BTG AL &
WS )3 T 5 {H A T I R R S A R MR AT 20K DA B)IA B B A TR RE
RO A AR, LGS RGN RCE EMESEE . e 4 MRy
%, A

(1) S i

$§=—esgn(s), ¢>0 (3.4)
. e RKRBITHEEE : sgn(s) 2 fF 5 EREL

IR R, HBITIEaEES e (ERIEMR, BTzt ¢ HiX
THECINTT AR SE : BEAE BT e (B KM ASR, B A s £k .

(2) WKt

S=—k|s|*sgn(s), 0<a<l,k>0 (3.5)
A o NIREH &, K 9IEHY .

T GBI AR B AZ O TR YE R G0 5 1R BT 2 1A R PR RS, 0 bR 8O A T 1 75 A
KRB ¥ R GuET s 3 R AR E YR H 8. ansCEk[e4] 8t 7 XCRIR TR BuE
irfdE, HAfR BT R IDIRAS S BT I, A RGE 7 RHR A R HI 2 .

(3) — i
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S§=—esgn(s)—f(s), e>0 (3.6)
X ORI, HIBL £(0)=0, 2 5#0 K sf(s)>0. Rl Hittr &3
wit, A2 AT
(4) faHiginti
S=—esgn(s)—ks, ¢>0,k>0 (3.7)
T BuE T AL Hh s OB AR Y, 1207 VA BN PR R S I R S Al R
RIS &, TR T — P Bia il . 4 RGUIRAIT B AR, 2ife80E
TR TE PRGNS, WRRGIEEITIE, SRGEETEEImN, &8l
A AR, 8 PR 2 B A e o o B AN BRI BRI I 3
FRHIRTCIE 78 i bR, AHE I 5 BRI S50 R e NI R I &, ATRAMRAL R
GriaiT P, AEPRUEYSCSICE B 1) R A SRASEHRIEE . SCHR[66]52 t 1 — Ak
BEFRECEIT A, I 5] N E R ZE R TE I G B R IR RN, ARG R
TESRZE, 15 7 REMshtesERE

3.2 ETFHFHAEAEIZITHEIERETFIZEE (ISMC)

N T WS R GRS E VEAN SIS TERE , v A ] 4 LU AR 4t
PI 4%, RENS M ML IR ks A B SR R 428 45 A SR 2R IR 4 P -

To
Wy + €. iq Te . 1 104
SMC [—» 15Pw; -+ L -
P 3-2 FRMG ML [ 20 AL 32 A3 5 R 2 ) 3 9 S B ATE [

P T A ) 2% A 1 B N T I B A B A S . Hod,
M x BoaR RGURES I, I RIS T
n n-1
S(X)=C'x=> cX =D X +X, (3.8)
i=1 i=1
XA X =Xy o i=1,..,n-10 RIS T ¢; R 2 Hurwitz 2 T3 Positon
1Poot...+e2P+er, Hp PN Laplace HF. BT n=2 I, s(x)=cxitx2, ZEKIH
JE& P+ci 72 Hurwitz 215, FTE >0,

Hm2.4). RQ.15FRQ.16)75 5] PMSM HA AL A .
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: di :
u, =Ry + L, d—;’— P, L,

di
u, = Rsiq + Lq d—:+ Pw, Lqid +P.w, v,

do, 3

J it ZEPaniq -T, - Bo,

N N 3Pn Py ~ AL N
EXD =T"’f . BRSEEEEE S E R R

di
—1= i(—Rsiq -Pw o, +U,)
dt L

S

dt LN

daw,, _ Di T,

{vw;—wm

X, =X =-0,

Kb o REHBSEER: o, RLHREHE.
XU, =1, HERGE.10)H 3. 11)H:

X =X, =-0, :—Dqur-I\-]—L

3P
)-(2 — —Cbm - _ nl//f u
2
parREg NnPEA 8
S=CX +X,

K ¢>00 XHGA3)KRT, 15

$§=CX +X,=CX,—Du

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

Pk (T 2R 2 B = AH KA [F) 20 LI Bh A TR RE « Mk FR Aok i &

KRG THE R, AR REAN:
u= %[cx2 +e5gn(s) +ks]
IEIN g B2 25 RN :
iy = %j;[cxz +esgn(s) +ks]dt

eI (3.3) 2 e U R PR AL

V = s$=s(cX +X,) = —sesgn(s) —ks* <0
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FEIRE R G R A8 S )a , XA GRS ) &3 1 ik s AT 0 i . TR AR
g L E 2 BIRHOE I S G TR AR, 1% A AR a3 T RS Y R, 3
BAG VRN BIE VI o tedb, AR U8 A7 R 15 R SRS i
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K B REG ke kPR3, HA k>0 f(s, p) LT R
HrAOGIE R AL (5, p) A T L G5 R L B AR RS EE5R R A IR I
%, RIEAXN:

1 , XZ\/Ep
F(X,p) =1 = exp(——) —ep<x<+ep (3.19)
p  2ep
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A x NBAEE, p MBUETEEN[0.5,1], e & HARMEHIER. 24 p 72 HIE
0.5 F10.75 A1 1 kXt 2 F) e 85 b 28 40 B s o
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-
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©
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RGN ), RGAL T RIS, WA s EiL 1%, @ flmms R
B ks A RAZH R G VIR E, FEARYIHIN R GeAe € MBI S2 T, AT ] 52 5t
NS KRHRILR . Fiz&in e A2120(3.20) s 1 S8 2 48 AT 1T
F:
X=AXx+ Bu (3.20)
7 SR BN -
s=Cx (3.21)
AP 4. B. CHERRGERBGERE, H CHHi2E BC>0, ARG IAEIE
A, RGN S XN IS RS RS u IR ue 7, BB X (3.20) A=K
(3.21)A[ 43
U=u,, +U, =—(CB)"CAX+u, (3.22)

us ARG 18) F &IL . UL R G REWAE A R IN [A] A BV A, 16 5E %
HEHE R R HN(3.3), RFIEAHL:

V =s-$=sC(Ax+Bu)<0 (3.23)
RHER(3.18). (3.22)H1(3.23) 115
V=s5=sC(Ax+ Bu)
= SCAX +SCB(—(CB) "CAx —zsgn(s) —ks — k| p| f (s, p) ) (3.24)
= —¢CB|s|-ks’CB-k,CB|p||s|<0
BP RS Re it NIF i .

R Fr A IT AR 23 (3. 14) rh A 45 502t R T oot 32 47 il 45 -

1 .
u =B[—Cwm +£5gn(s) + ks + ks|p| f (5, p) | (3.25)
UEE g $h S5 RN
i = .[;%[_Cd)m +&5gn(s) + ks +ks|p| f (s, p) | it (3.26)

] UUE B A 2 i as R B N 5L TR 131, w2215 ST,
e S RE DI/ NE MR ZE AT, RE IR FE A I SOFILE R G EHR
o LIS 22 Gt 0 P2 ME B R s -

Wref + +l" i Uqg
<
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3.3 A TBIZne BAME B IRREITH] (SMCC)

TR T R B AT R SR TC 2 I AR T R A ] A 55 TR AR L 25 (1 1Bk 15
T, TR R ) & B ECRERI O T IS, B d-g Rl AR T 5 M PT 4%
il 5% o DR S FRLRIA 5 B (1 P R P2 E 0, BT U S BURHI B A SN F UL,
5 TR R 4% W 2 A RSO A A ) R . SR, — VA A R SRR I R
e DL A2 R P2 R 0 RRE PR AR ARG P A 76 3K, gl N T B4 I sh ARtk (1
W TR A 1) R0 o 2SRRI I B S A A LB R AT I, AR
IR A [ I PR AF LR AG R

3.3.1 ZMriEtRizH

B8 — B AR i B AN BT A e, LRI SO S0Z T 2. 8, T PR
HIFIS IR . Dy T SRR R B S RS, IR RS 5N S EORF
B ARGAEERE s WEIRHR. r PHEBEERIE T RGAEERI s(,x) =0 LR
IBENIE

HHrrRik A 0N:

s(t,x) =$(t,x) =...=s(x,t)" P =0 (3.27)

SCHR[68-69] TR T LMB A2 W g s s E i, EER IR L.

(1) 12 (Twisting) Hi%

VEN Z Wi s i BR b B TF Bt B0, W e SRR 5] NSRRI T L AR AR 4
WU, 0 S T R4 L o e 2 A o XD BT B B AR RGUIRS RE
FEA BRI T) A AP ) 05 S SA R AL T, [ P i A 17 A% e T A ol o ) v )
PRl . (HFEE R RGBT, AKX B H S50

HA 7R 0N

u=-k, sgn(s)—k; sgn(s) (3.28)

A7 BRI ) A WACSICoR A A 2

k, +k )k, —C >k, +k )k, +C
{Ek:+ki;km>c . (2%
e ke ki NIEBEIE S kn BN RBIG R ke N RGN B C iR
ZEME, — O
(2) AR
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DA BEE AR T B AR 48 2R G0 I IR [R] R 042 ) 1o jRF 7 o 2 SR I BB 2
ACAE T AT RGUIRES 1) X 3hAs S AR A A BRI 18] 3 i
X P OTERAZ O RBAE T RARACHU RN B R 2 b, WTIE B TR R SR
HIZHIFEIN, AR T SRR U,

AL BARR B AN

u=—k,sgn(s—s"/2)+ksgn(s"), k, >k >0 (3.30)
A s E— YRS s =00 % s (AUE, s IPIERIRE N 0.
A RIS 8] A WSS 78 43 2% A 9
k, +k; > <

3C +k,, (k. —k
K, +k > +h (k=)
2k

(3.31)

(3) LW SIRELIL
S.V. Emelyanov “## fE 1991 S kIR [ 4@ WSO %, AR AI
PG B AR B R GRS PR SE LI A5 R G i BRI [ il 25 - T i fie st
B, BEAMUGEA AR RGURES W2, s A O R AT RN, T RGN
PEHIRE FE APV RE o X PP BT 1S RS TE A BRI A sk & HARIRES, It
TER FAE N ORAF IR B S R
BEVE IR A
u=—k,sgn(s+k; |s|* sgn(s)), k,>0 (3.32)
X o HIRECH &
EAEA BRI S 78 43 2% A 2 -
kok,—C >k /2 (3.33)
(4) HBIZJiE (Super-Twisting) 2
TR R A7 | SR 25 A A S S 4 A SE LI SRS I B A R Y, Az DL PR
FE T RGOS TR ShUE 8 S S AP e W1 3-5 Fo, AP S 30
URF DT AR SR TR ARFALE , I LA R MR T B0 7 T AR P AR 2R 1 1015 AR 43 T )
FIEH, XMREVELARI R AT R, ZMUSSHLEIA R 1144
TR ) [ AT ) R 1), R B Sh AR S B T R T i U
X PP ECRUE R PRE S RIS, G & 1 X M4 0 S ek
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A A
/
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T

(a)SZHEH A BN I (b)BIRHEE A AR IE
K 3-5 BRIESE K IR e Sk L
VE 9 ZE kb e 9 T B ) i v AR ], R 4% ) S0E R /R B SR B 1S
SR sEEEs], I HEA REFPITINRE /), BEW A Rk R e kel
Loy PRI WA R
u=—k_|s|" sgn(s) +'|‘—ki sgn(s)dt, k, >0,k >0 (3.34)
Holleshze 7 %1109

[ 2
(K, +C)ky @+0)
k > Kk —C (3.35)

" k2(1-q)
K.k, >C

3.32 ETHBBIEE AR BTt

AR5 SR B A ) o AR R SR R AR R 6 o 2SR A RE
A RN R G EHR, 11 HER R, X B RRRE TR U . 21 30(3.34) /T Hi,
T SR 475 F) SR B U 1 42 1 o N o 5 e S O 2L RSE : IRAS IR 22 AT pR BTURTIR
ARZEIIR 73 T 2E 110 RS A T R 0B HL I () ik 5, HOR T 4 5ot
RZEMEAE AR VEALBERE /7, S B S A T PR IR B oK) B s,
RS a BEN 0.5, HARR S SRRIEX AT RRN:

u= —kp|s|°'5 sgn(s)+j—ki sgn(s)dt (3.36)
PL d-q BHEEIRIRZE NN R, 1 X d Hig T RO -
8 =g~ (337)

X Sy R KA, 1 RSHHIRE, iy PR
W TR BT BRI A s 5GBS (x, p) iy ANBIEIR HR SR 45 3 d hi 2k
Us = —kop|so|"® f (50, p) + j —kif (S0, p)dt (3.38)
LA g Bl RIRIRZE R B, 7 X g Bl 5 e HON -
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s, =l 1, (3.39)
A s R, 0 RBEER, i PR
W TR B 2L s B G BREL S (x, p) ity NBEIRHE SRR A3 2] g Bhp)RE 5
Uo = —ko|si " (50, p) + j —kif (S0, p)dt (3.40)
HR¥E PMSM #4570 A 1«

. 1 Rsi PnLgcwmi R. . 1
|d=L—dUd— de+ E:O q=—L—;|d+L—dud+d(t) (3.41)
AT LA il — B R At Bh A FR 4t
x=ax+bu,+d(t), y=x (3.42)

e R, 1 o
ﬁ':':': x%qj‘#&gﬁg7 aiEé_L_y b%L_i d(t)j‘jj:jﬁz‘jjlﬁo
d d

DN T AIE ARG P 4 1) 4 6 M08 i A2 A PR N ] P ok 81 VA i ) 2%, e
IR EEANRI KNG 37K, WS-
$y=l; —ax—bu, —d (t)
= bk, |5, [** sy, p) =Dk [ T (s, p)dlt+i; —ax—d(t) (3.43)
=k, 54 "° f (34, p) =k, [ f (55, p)dlt+
X ki=bky, ko=bk;, i=1; —ax—d(t).
R 2525 SCBR[73 1902 HE R — By AL 42 1) i O 2R 0 A e I ) e T, ok

| Sq |0'5 f (Sd ’p)

g_{g}_{@jf@wpmy} .

XK ST
' l:l Sd |—0.5 |:_kl | Sd |0-5 f (Sd ) — kZJ. f (Sd)dt +j«:|/2]
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) () (3.45)
K —-1)12
= |Sd |_0'5 ( ¥ e ) :|:_|Sd |_0.5 (AQ—B)
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k /2 1/2 A2
ﬁ':':': _|: —kz 0 :| y 0 :|
196 FH 2 A 1 R BRI AT AR e P A
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k2/2+2k, k /2
St p AIE A R, i‘ziﬁa[l B }

k /2 1
X HoR F A4S

V =¢"pe+g'pé

(3.47)
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EEYECEP
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- s AP “lo ol “Plo o|” (3as)
=—Is["¢"Q¢
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b b A TG
k, > kik? /[2(k, —4K)]. K, >4k (3.50)
Bt LAIX B O SO AR IE @4, BIV < —|s[°° ¢"Qc < 0, i A fasE M,
q HhIFEE
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VeI 15 21 d-g Bz g RIE XN :
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sMcc
2 10
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= 0 Y ‘ W' ‘M \ " :mw 2 0 / /
=, Ea
2 10 \/
0.13 0.14 0.15 0.16 0.35 0.4 0.45 0.5 0.55
1] (s) 1] (s)
(2) FRERE =AM (b) AECIRZS =FHHER
40, : 40, ,
12 —lIg(ISMC) 12 —lq(SMCC)
10 A D AL AL l) A d g A Id(ISMC) 10 a Id(SMCC)
30 8 PNV Vi WO v Lbauaad & u 30 8
< 044 046 048 05 1+ + < 0.44 046 048 05 4—%
- 0 : |
e 20 ) 4 S 20 1
i OWWW N 0.46 0.48 i 3WW 0.46 0.48
10 10 \ \ [
0.14 0.16 0-18/ 0.14 0.16 0.18
0 [ At { 0 |
0 01 02 03 04 05 06 0 01 02 03 04 05 06
i1 (s) 58] (s)
(c) PI HIRII d-g HHE R AL (d) ISTA HIH d-g HHER AL

] 3-13 AL Eh RS M RE RS LU
(1) FHEINEARZS 7B
NV RGRITE LR, RS LA BCRES AT I, A 600 r/min /5
Sh¥e e 4R T 0.2s A1 0.4s $23E 300 r/min, FELE 1200 t/min ) HbrHEE. K
3-8 FE] 3-9 43 AISh T = Fhia s il 77 v T 1R ZR G0 T J9 py 20 et 1o i 222 i
28, BT FEEIRE MR TR, PR UCOIE S (¥R E R A T RSB, R L A
W NI RGEA 2.4.2 10 PLTVERIUH B G AR e IR . 3@ 5t 5 sh s
R A B IR A T B AT L, WD SMCC Bl e 4 fig 2 B AR T ISMC
A SMC, BIEEIHETE/N, FEiRZTL, Aoty ERIKE 2 B ik, Hrh
SMC MEReRIER 2%
(2) SBARSS
NV RGHITIILIERE, REUUBERHE 600 r/min IZ1T, £ 0.3s 5T 10

39



TR R L A A 183

N-m (53R B 3-10 AR 3-11 43 S 45 HE T R 0 11 ek i [ A0 2 ) 7 it 28,
K 3-12 A1 3-13 730l & R GE A BOIRAS BT J5 AR FE 5 R i i 2k o i & 3-12 w4
RGUHRTE ST 5 A W R PIRAS 28, fRue e BT P1 L.

ARG AsIRE, HIE 3-10 ATA, SMC KB shEE A 689.3 r/min,
ISMC F#fiK % 661.4 t/min, 1] SMCC A 633.8 r/min; ] 3-11 A1, JHBhEEEEM
SMC 117 35.6 N-m [F#KE] T ISMC ] 33.9 N'm, i SMCC fi%% 30.5 N'-m. Hlt
H13, SMCC RGN AR R . FEWERFFBIRE, Hr SMC FHiE R
F& 28 500 r/min Pfti, ISMC FEfFEITAN L0, K EsE T+ 2 529 r/min P,
i SMCC WIS E R B IE INL T, 2T+ %2 546 v/min BT, BRSSP 2400
SERRIE, W ILRSMEHEERAHE. BEX R AERBREHTHIT, SMC
HAMEPPHRILE, ISMC MHE MW ZMEEE, 11 SMCC R 8 R LI
R BB, TR E SR ) I S ASST R AT RO R

N T D W =R E I R G EHRAE T £, B 3-12 A1 3-13 K
BTG R4 5 F IR AT VELEXS L B, SMC IR Rk e 29F 3 N'm,
ISMC #9312 1.7 N'm, 11 SMCC #H 93 4L 0.86 N-m LA . Hiji I,
HAEME AR R A, SMC HA M RHUIR, ISMC Mtz FA IR
2, 1M SMCC T A& FLI I8 30 Y LA A2 h 28 P FE R B et . B @it
cv B d W, FEHRM I CPIEEEIAR S, MWE 0.46~0.48s IFIAIBH, HU
W Bh 75 Bl M-0.62~0.63 N-m FF%E] 17-0.17~0.32 N-m, 7] K1 d-g il B 775 2 0 56 k&
S, ARG B R P R T

35 KB

AR T HE T GG R I R ) e LLER T PMSM T M RE . B ek
VT T IASURR 23 2L 8 e T AR 1 R A T R s ) %, S8 R IR A 4 T AR
KOS B A N 5 A5 VE R B, K LA RR 23 TTRd R e R0 by 2t P VR
HEshilgg, R s SR — D P RS, T RUE - U [
TR BAEH RS BJGTE Matlab/Simulink “F & REATH, 45REH, %56
SREE T ) PMSM K R G0 RS 10 & DD FEAE KN, 0l IR IE N, RGN
PREFAS FE AR E AR B 14T, RN 1 R G BOUC iy 8] I3 5 7 itk g
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ENE ETEARBINESRENLE

f£ b —E i PMSM IR UBIE R Rl fE T, TR SR S8 e 2
HEAKS), SERASIREK BAELKRBIRMRE, BT REMRE. Hxhx—
R, ATt 7RG R i B (Mix-Strategy-Based Improved Whale
Optimization Algorithm, MSWOA), Al RSt E it Heth A 277 %

41 EgtmaiEE (WOA)

411 ERBRUEEERRIE

fi 8 AL B2 J.A. Goldbogen [ B\ Jd ik fiff 7 Joe Sk S iy e 48 07 =00, ok Feadk
AT R — b 0 B A T o SRR T Al e M T3 A A A ok Bl R
PO . SR OSBRI AT — R G, HEIR s n, K
Rt g ) e AR B RS Bh A /N el s o SR N B, T8 R e B AR AL S B
B, EMRAGEILA, AR B AR AR, B, FEEIR S
BRI B RARI, B deri ST R AR, HARAMEIRYE R e
SRR A% B A, WA SRR iR . BRI AT v il T =00

(1) WOA B B N8 B S it S M i 7 . AR — i e, 55
V2 PR A X e ) 2 B B — T E AL AR, BT EAS BRI
b IR AR R, S AR 7 B B 2o BB SRS AT R 8 o AR SR RO AT
TERATTIEIIVIAEI B, e (¥ S B AL 23 A7 16 A 2 ) R AT & SRR R
T SRARA B 4 SR e R A, 05 S VA B TR AN AT & L M, 3
BRI S Hiw. B, HAR MRS E 6 & ERble], &0
0] 3% H AR M SEDR . TEIRARAIII IR FFE R AR RVG L, B A O g i 4
ANEZR IR I RS A VAL, PR A 2 RE S OISR 4 R R A A B
AT, SEIN S A BORG TRIE T, S5 28T RO A ) R0 A A0k Bl o ot £ R ) A
BEN N, HRBMLEEN d, HESR U 4 R 5 xRS P i) A B A5 S
X =0, x5, %), i=1,2, ..., N, DEEEHARCEEES LT

{xa+n=x%0—AD

DC-X (t)-X ()] @D
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Horf D T AR S R AMMERIIE S X 2 iR MEM A E; X =1
PR AT R AR E s ¢ R AAA . AN, P A R C MR
g, Rikin:

A=2a-r-a 4.2)

C=2-, (4.3)

e i A B[00 51 0 AR BERLE: @ USSR, B RE A AR
HIHE NN 2 2 0 ki . Hrb o B9HE 8-

a(t) =2x(1-—) (4.4

Kt FIERKIEARIRHL

(2) FESREE AL B, IR R B BRI T e Sk U Ry
B SR, 2 RSk By IR e P v) B BN, S RREERR O R . BT
BT AR R FAR T B Bl B, S LR S T X A, AT
TR FEETIEAWE, &EIEH— DRI, A RORG] 15
YIRS SNE . A T RIX — IR, BEEA B EHE R 5l N A, R 4E
A5 2 e U 2 18] 1 PR B A5 T RS 3R AR B K R A il XA BLVE AN
RO, 1 e St R iz 3, 107 B 7S IR, TS
FEIERAE, AR ERAE R FET X R RIS, % 7 AH R 1%
AR, R TSR RIA A RS XY, R TR .

X (t+1) = Dy, -€” cos(2al) + X" (1)
{ Dy =1 X (1)~ X (1)

KA Dypirar FRIRFEAE R AL BAREYZ AR [, b 2 IR E X B e i
RIVEEE, 1 R[-1,1]12 (03550 73 A I BE LA

JAE Sk R FH AR ()4 £ SR, JE L MR e b T BR AR AE I TS S R X N 18
ERAEY), [RIIPRE TR 7 B BR A1) S5 00 3 2 ) o I A S Lo L& P AN [F) 20 BEAT
HAMER 54T R Uit BRIz 5. Oy 1 AR HER AR — B 2R
IR, TG NI FELHRR 7 5l R XA & AT 8 . BRI &, 5L 50%
FIRE AT IR BRI R N, Ut iR e Rg A2 BTl s[RI DUAH [R] )
SIS 0 B S, S W A Y B 32 D i/ o X R U AT AL A A8 8 1
R A R &= A = R R AR . He Tk, AT DL SR N ) A

4.5)
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A, IR B HE T IR S R SRR R S, N R, Horh p AR
X(t+1)=X"(t)—-A-D, p<05 (4.6)
X(t+1) = X" (t)+ Dy, -€” -cos(2xl), p=>0.5 (4.7)
(3) AL RS, o kB B AT BEN LA S, DA It
TS TG o X PP BENLE AT A B T SRR A 2 (A h AT B2 IR R, M
3G R4 R R e ) I X — B BB S, SR R 3 G e N SR B e e
filt, SEMILEN 2R RIS AR BN S E AL
{X(t+1)— (—A-D,,
ang =/ €+ Xang (1) = X (1)
s Xana(O) RAE AT ZR BFIFPEE BN BT AR B S BTALEE S Drana 72 1% M
B AMA S R I S A T R BEES .

(4.8)

412 EREMUEEMREEREZE
bttt WOA EIE AR U R B 7R :
% 2-1 i WOA HiL RS
BN AEERUE s BORIERIEL taer FIEFIUE N
W wHERAME X

Stepl | IR AMEE X;(i=1,2,3,...,N)

Step2 | THARLREAN gt A I N R

Step3 | & X =YUHimMNME, 1=1;

Step4 While 7 < tyax ¢

Step5 For each X;EN do:

Step6 Y8 a, A, C, I

Step7 If1(p<05):

Step8 If 2( |A|<1) then:

Step9 MR 22 2(4.6) ST = i MA AL E
Step10 Else if 2(|A|=1) then:

Step11 FR i 2 2 (4.8) B B L BT AR 7 B 5
Step12 End if 2;

Step13 Else if 1 (p=0.5) then:

Step14 MR 24 2(4.7) B = i MR AL E
Stepl5 End if 1;

Step17 PR SEINAERERA S

Step18 AR 2 A BRI BB X

Step19 t<t+1;

Step20 | End while
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PiE WOA S AR an & 4-1 o

&ﬁﬁ&w%ﬁﬁ\

!
| B R |

i B A 1 for

BB
AR A8 R
v
E#fa. Al C. |
ARSI

BEAK A7) 8
EHA b E

BdANG4.6)| ENAKXAS8)
BEAMAME | | EHMEALE

/] 4-1 WOA Sikiife i
H WOA Bk R KfavG . Z28ub B 5 T RlG S5, B FAE U
Fond FEM B LA B 2 FEE AN R, FE AL TR 5 AR 2 U o) IS 5 N )
AR, W2 TR REE S, MA, MEEAMAIR B Z AT S B A BALE], R
INEENMEIE AL EAS S, HIXEERGER IS, D IRE 7 REER 2R
WRNFE . NRRIZLL B, 7525 WOA Hikdt—2ik.

42 RERMEEEGEMHEEEL (MSWOA)

421 BRERBERGNILEEERRE

EEXME S WOA BUELEFRMERE . CSIH FE I 5 B N Jm i i AR A S5 A A2
AR — RV SO it DA SR PR RE 1 2, TERREERI G 1L B BLfE T Sobol
FeA R BENL 1, AR THWIAE R RE IR 70 A o s HLok, i AR R M B o
BEHRUN, JE5IN B & AR REBORMRAAL B SRR, PSR 4 R R AR
IR A AR R BE ST AR, I S NBEALE 2 o SR, S InFR (S B
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M, Wi — ST e Rt fe: e, WA R, SR
A B AE B DU EE H R B AR RE T LT =X SOt D BRI R4 41
B G, ARSON IR UA L SRR AT T ot o T R A A) o R R
AT LR M S 0 A SR 2R R RISk B LR ST A ARG AR Bh T
BRI R A 2. Ak, ASCEINT Sobol 581 LM E BEHLA Bk AI4E 1L
Bt ZTIEBTIRZERFA, BT AESRENLT SR aAIL, i R e B0 AR
FRAEA R, HAEI R A A [ 4ERE R Radical Inversion 28 #e, fH75RFE
P51 HEANE S, 35048 20 FE 0 5 AN v . k4h, Sobol FP 411 R
3S SN R LNt SCALVE 2y ol = A7 L RS DN <Ky WA = 7 = 2 S e
VAR RER) 2R, IR BRI USSR o 7E ARSI FE b, I RTE I BE
[0,1], FFXFEE Sobol 741 5 4L G ENL T VLA B AL A, an&] 4-2 Fos. HIA
AL, Sobol [ FI A SRR HAE AN X4 7 Al BE N3 ), HUA B2 1t i ok

. ' l‘iﬁ_iﬂf?ﬁ'ﬂ ' ] Sobo_lf%‘ﬁﬂ
a&} 0.8
©0.6:° © 0.6
3 [ =
(T . (©
>04: > 0.4
ozi 0.2
0-%S~.: R ofﬂﬁuﬁnfag L
0 0.5 1 0 0.5 1

Index Index
/] 42 RIF G 434 i
Hk, A5 WOA Fikd, #RH B A B A2 il FEAL & 4
IO B R A4 LFHER . 2R, ME RE A4 B8N, EHdEsR& R
R Bk AR ) “BEALAL B ], PO EEPrER “BELAL B Sibr b
RIET AAnERBA E, ARARIEE X ER BRI S15001% BB 7 AR BE
2 A REAT FO0, Bt DAASOfS F — Fh gt AR R BB X, 10775
INE RS T MR AR, T HEAEREENSHRE . AT
X (t+1) = X (t)— AD,_,

" X(t) (4.9)
Drand = z I7N

I BLREE WA A MBEAT . H AR AL B AR 2 — B i it 7 LA S
ISR, FrAARSCEIN T B MAUE RIS . SABUEAEFVA RIS R 23 H
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R BRI B AR S . AERIIPT B BT BN, BUERUDN, X
KB SRR IR s BEE ISR R HERE, SEZE D E R S5 R,
[F) I [ 3 AR FR AR A B N iy G K, 1G5 1 H ARAL B X A EEAMA R 5] 5
B fEERRILMEINTET T, SIRREITRRENRE 2R ERT, SR
RS v R o XN AT L AR USSR S, IR0 T SRR AR
M. AR

w(t) = gtan L (4.10)

T t

max

B ZBUE N\ B E B A ] 15

X(t+1) = X g @) xW(t)-A-D,y» P<05]A1 (4.11)
X (t+1)=X"(t)xw(t)-A-D, p<05]A<1 (4.12)
X (t+1)= X" (t)x (1-w(t)) + D€ cos(2zl), p=>0.5 (4.13)

SRJE, BT WOA Sk BB H L R S 8/ SO0RE /1A 2 I, A
SCHRH T R RRERE AL 5] SR o 12 SR I AR AU it PR R A 2 2 SIAT N,
YA N LI Sk Al PO e 1 R = A = W e NE N T PN I S
oA, REMEERAN BE RN E. BRI E, T i a MMk X,
WP UEOT B X, K ARG N f (o) BEAT LU, AL M A 2
%o BEJE, M X I8 R A S B S R S MRSE S, AT 5 4 R 1
RAEST. ZKME AT LN (4.14) FRoR:

X+Kx(X=X,) f(X,)<f(X)
"ewz{x +Kx(X,=X) f(X,)> f(X)

Horb, KON[0NX R N IBENLAS &, F TR MARSE S RET M 2Z 57 1. el
PR R A f(Xew) <f(X)s W Xoew B X5 T3 OR B JRLAMA . X FPEEHLF
AP TR AL B S 2R, el © A ML L. Eid
ST AMAR IR S B A4S, T E I TR 2 RIR R BE T, i REE =
FOEAE B AR R M AL SR

i, AT ROAESE WOA AR 5 M N R e Ve A ME RS, 5k T4 74 73 A1 2
WO ARG AL S 55, X AT S AR I Pa Iz . 124 5 SRS i Ry 24
AR ERL B VAR IR P9 S5 R BN D K R R R LR K R e B4
RN R E LS, BEsIE IS SO K Ptah 3 B REE R . 25 b, il

(4.14)
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AL (4. 15) R P S R B e AR A B S

Xrew () = X7 (t) x Neauchy (4.15)
e X, (O AL EAS B G BB PR eaueny RTPERL T o ¥ x R
WUAZ &L, USR] 74 73 A1 ok i s R0

1
v

AR P A (B AR, Hoo A R, BENE AL BB HLI BE LA
XA A0 AR RSBl SR 2, BG5S A A 3 R B LI ik L 1
AT AHELEAR 73T R 2, AT P8 A (AR AR, A BT8R R A R A R
A [A]H RI8], A8 A SR N A S

(4.16)

422 REFRBEEMUEENRBIERER
MSWOA FEO A a0 firos -
*® 4-2 MSWOA FikL Y
BN ARERUE L BORIERIREL tuae FIEEUE N
e WdHE AR X

Stepl | KH Sobol [FHIWIMGIL T FIEE X (i=1,2,3,...,N)
Step2 | & X =T NME, =1,

Step3 While 7 < #ax :

Step4 For each X;EN do:

Step5 TG g i A A PR S

Step6 B8 2 A BRAUE N AR, ARG (4. 150 B LM AT 22 57
Step7 HH S a A w(D);

Step8 If1(p<05):

Step9 Else if 2 ( |4|<1 ) then:

Step10 M5 (4.12) B MA AL B
Stepl1 Else if 2(|4|=1 ) then:

Step12 M5 (4. 14) MABEHLIE 2] 5
Step13 AR =4 1) S B AR B
Step14 End if 2;

Step15 Else if 1( p=0.5) then:

Stepl6 FR 8 30 (4.13) T B ML E
Stepl7 End if 1;

Step18 THEE N FE R AL

Step19 AR 2 A BRI A A BB X

Step20 t<t+1;

Step21 | End while
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MSWOA FiEm et B s

WEHEZMHXSH

)
1Efi# 23 [8] K FH Sobol /5 51
VItELFEE, H L1
T

Y i SR
AR
N

THEAMAE B BE D 3 24 B B A4

Y

it 42 R B AR A

BERA2)EFHA, BERA4)EH
a, WRIER(4.10)FH H &N E

HRIERA.13)E
FEALE

RER (4.14)ED
Wi&ﬁrfiﬁlm'riﬁﬂ RERE.12)E
FMEALE
RIEREIDE :
%ﬁMJIMﬁE
t=t+1 |

K 4-3 MSWOA HiEmE R

4.3 iR K o Hh

ARHFF K AMD Ryzen 78845H 4bFEE% (32471 3.80GHz) . 16GB 745 & I
WEfFF &, 1£ Windows 11 #{E RGBT, FT MATLAB R2021a 4ifE 5%}
MSWOA Skt AT i Bk AR LRI ERE, EIR T 12 M AAA
[ RFALE 14 JE 7 0 B AT S 3 A A1), LR 4-3 0 Horb g 6 /S FRUg ek 4L (F1-
F6) H TINASEMIFRAEST, LK 6 A2 k%l (F7-F12) H TIPS E AR
REES, Horb F11 M F12 NEDEAE L R A SERRHS S HOE : MR
B N=30, R RIERIKEL tnar ]9 500, FSTIEAT 30 K. K MSWOA Hik5 M4
HARL SR (WOA. WIEER AL 503 BOA . KRS TE: GWO. ki TR 5% PSO
N TR ABC) JHTXTLLAR AL, @ISt SRAE R FEIME (mean)
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b2 (Std.dev) PIANFEAR, MISCEICKS BE AN AR 2 1 P AN 4E B 25 B VR 25 B A
WHERE, B s L85 BV AE AL FEAN[R) S IANC AL 1] BB A 1 B AR 25
2 4-3 FEHEM R RR 2L

FP 5 AN Zidis iz [ RALE
Fl f(x)=" % 30 [-100,100] 0O
F2 F)=>" %1+ l%] 30 [10,10] 0
3 f)=20, %) 30 [-100,100] 0
F4 f(x)=max; {|x]1<i<n} 30 [-100,100] 0
F5 f(x)= X0 (100(%, - x2)? + (% —1)°) 30 [30,30]  26.18
F6 f(x)=>" ix’ +random[0,1) 30 [100,100] 0
F7 f(x)="1 (% —10cos(2zx,) +10) 3

=LA ' 5.12]

f (x)=—-20exp(-0.2 1Z?:le)—
F8 n 30 [-32,32] 0

exp(i > cos(2nx))+20+e
n<'=
1 n n X:
F9 f(x):mzi:le—Hi:lcos(T'_)Jrl 30 [-600, 600] 0
i

£(x) =%{105in(nyi )+ (x ~1)2[1+10sin’ (zy,,,)]

+(y, 13+ u(x,10,100,4),
F10 30 [-50, 50] 0
k(x, —a)"x >a

Y; :1+X‘T+1u(xi,a,k,m)= O-a<x<a
k(-x,—a)"x <—a

-1
1 25 1
F11 f(X)=| ==+ - 2 [-65,65] 0
[500 Jz<>J
x. (b2 +bx,) )
F12 f(x)="|a -t %2/ 4 5,5 0
(%) Z'ﬂ[' bi2+bix3+x4j 53]
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R 44 FHOMCEIER) TGS RASE

Bk
fakr  MSWOA  WOA BOA GWO PSO ABC
mean 0 1.78E-73  1.30E-11  1.15E-27  9.87E-0  3.31E-0
i Std.dev 0 9.48E-73  8.16E-13  1.14E-27  5.41E-0 1.17E-0
mean 0 421E-50  4.43E-9  1.18E-16  1.10E+l 1.66E-1
2 Std.dev 0 127E-49  123E-9  1.10E-16  3.05E-0  5.15E-2
mean 0 406E-2  128E-11  2.00E-5  6.46E+2  3.58E+l
= Std.dev 0 1.43E-2  1.07E-12  4.69E-5  4.09E+1  3.98E+0
mean 0 425E+1  6.05E-9 8.79E-7 6.52E-0  5.27E+1
s Std.dev 0 2.94E+1  430E-10  8.05E-7 1.65E-0  5.33E-0
mean  2.67E+1  2.79E+1  2.89E+1  2.71E+1  1.34E+3  1.09E+3
" Std.dev  4.34E-2  4.52E-1  4.67E-2 8.58E-1 1.24E+2  6.92E+2
mean 1.00E-4  5.68E-3  1.39E-3 1.99E-3 7.45E-1 2.12E-1
Fo Std.dev  9.02E-5  7.22E-3  7.04E-4 1.00E-3 3.77E-1 5.72E-2
mean 0 0 2.64E+1  432E-0  1.06E+2  2.28E+2
F7 Std.dev 0 0 6.87E+1  7.92E-0  1.89E+1  1.74E+l
mean  8.88E-16 527E-15 596E-9  9.73E-14  5.61E-0 1.87E-0
s Std.dev 0 2.41E-15 5.89E-10  1.80E-14  1.51E-0  5.68E-1
mean 0 6.36E-3  4.78E-12  4.52E-3 4.51E-1 1.01E-0
” Std.dev 0 3.49E-2  2.70E-12  821E-3 1.33E-1 4.00E-2
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