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Abstract

In order to improve the convergence speed, tracking accuracy and anti-interference ability of the
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permanent magnet synchronous motor (PMSM) speed control system, an improved nonsingular
fast terminal sliding mode control method based on hyperbolic tangent function (INFTSMC) is pro-
posed in this paper. Firstly, the existing problems of the sliding mode surface are analyzed, and a
new terminal sliding mode surface based on the hyperbolic tangent function is proposed. Secondly,
through mathematical derivation and theoretical analysis, it is proven that the proposed method is
superior to the traditional control method in tracking accuracy and convergence speed. Finally, a
PMSM speed controller based on INFTSMC is designed and a simulation model is built. The simulation
results show that, compared with the existing methods, the proposed method can effectively im-
prove the tracking accuracy, tracking speed and reduce overshoot of the PMSM speed control sys-
tem.
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1. 518

7K W4 [F) 5 B WL (Permanent Magnet Synchronous Motor, PMSM)E & B i (3646 VR RS . 58 1801 5 FBLAD H%
AN RIS R T LA PUERSE ., K7 AR T AR [1]-[3]. fEILE i hI 5, £
BUFR AN EE AR 3 (P25 ) SR DR HL 2 T SRBMI A )02 T i [E 20 e Lz ) R 5t . SR ﬂdiﬁél_,l”:%
LR — MR RS, ARG PI 5 77 M DL R i) PR 1] 2 BB AR 520, AT R A6 2 1)
HPERE[4]-[6]. Bk, B DEIF R —Ph ot il da i) 7 ik R 3R K G R 5 B 42 ) 14 e

P PMSM VI R gzl ke, B NAMEE IR TR Z IR b ik, e HREHI[7]. BiEM
EhI[8]. MU HI[9]. FIAEHI[10]. W% HI(Sliding Mode Control, SMC) [11]%% . Hrpig s fi| B
e SR AR XA S HCR AR BRI N, FEHRANUAR RSP ER T2 MR AL [12].
TSI KL AP AL R G A RN R — PR s ml AL E . g, msh, 5—
o DO 28 0 T 20 I o SCHR[LS]HE T —Fh 4t — TS A AR 45 1) B 4 4 ) 7 58 i L4 SR R
TR k> PMSM B 5 kS, X SHCEA AN T IR A BRI B . SCER[14142 T —Fb
BT B v AL N 8 1 O ZE 40 T R s D, BT R OTVE A R i T KRR L R R ) sh A PR
PPk SCHR[S]AE SR It v AR ] PR Rl 50 vh 7 — Mo R B %7 VR AR 8 A ROt I 59 BRI 4
TH RGN SGEE o SCHR[AS1WE T T — ol 5 T Vi B2 ) %) 55 B 80 A2 1) SR M . AR Ik AT I, it T
BT R A RECE IR R T R R A ESSREY O TR, Wk T M R L. (i RAE R
B P4 7 VL RESE T PMSM IR RETH RS, e8I, 3G aR RGP MBI EhRE ). RIR VA R I R At
T 154 i (Linear Sliding Mode Control, LSMC), 1X #7552 80/ . 5y S, {0 R BEORE 52 4% i th gk i 8l

EESHZ A, SCHR[16]42 H T —Fh 285 1 B54% il (Terminal Sliding Mode Control, TSMC) /5%, %7 1%
FEPRUE S SIS JE2 1) [5] B B8 (SRS AR B AE AT RIS (B WSl . 28T, 25 iR AE AT S Vel . ok a1
B, SCER[L7]4R T —Fh Al A S A& i g #5421 (Nonsingular Terminal Sliding Mode Control, NTSMC), 4Rl
GITEWSE LS . N T SRR GUIRS RIS, BTN DL T PR 2o g A5 4% 1] (Fast Terminal
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Sliding Mode Control, FTSMC) A3 % 5 i £& i ¥ 4545 41 (Nonsingular Fast Terminal Sliding Mode Control,
NFTSMC), F b B 78 F L i 1 [18]-[20] o SAT, Fdk 75 ik FEARAEF I b ik B A PRy o Y7 Jek
FERFRASHE L

BExr BRI, S 7 i iE PMSM VRHE 58 4 10 0 8 FE AR R B, AR SCHR AR T IR D) R
B ik Y R A S PR 2% i VS 4% il (Improved Nonsingular Fast Terminal Sliding Mode Control, INFTSMC)
Jiike FriRdE kg & 7HNEVI BN 55 R A, BR BRI 2O R SSIOR T L ERERKS B B3
TRt w7 A R R, P s 7 EA 8E T PMSM JHE RGBS GE .

2. TR EAED
2.1. IRTFIO)RR
B AR RGN R .

X=X
{xz ~ £ (x)+b(x)u W)

Hodrx =[x, xo]", RRGIRELE; uRARGHBES, ()M b(X)E REIELLKEL
FE45 1 LSMC 777258 B n T i -
S, =X, +CX, )
AR c AEZIESLH, Hc>0.
2 S =0/, XFaRQ)PEMIRECE 2, w5 Sl 8]

[%|

1
t, ==In (3)
¢ Jx(t),
TIREQ@) R WA x(to) IR/, WS ] t BT 0, TEikBE R M. 4ia(1). (2), WHRET
LSMC [z i
uL=_1‘(x)+cx2+klsgn(sL) @

b(x)
Horp kg NS 1 R
R4 Lyapunov B3 V = 0552, J454 R (4)AT13

Vi < —kys | (5)

T FE(B) R RGUIRA LA PR 8] Py U8k 21 2%
R BRI R, &85 TSMC J532: % 0 T g «

s =X, +a x| sgn(x,) (6)

XHr=qlp, o, p Mg WERIESLE, HOo<r<1, s NIEHM.,
M sp=0 W, WF(6)FMIRER Sy, AT AU S [a]

1 1-r 1-r
try :m[bﬂ -[x(t) J (7
BILR@) AT A, K o BEIES r BERE I SRS R . 45 A (D). (2), IR RIFET TSMC Ry

AR B
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f(x)+ar|x| " x, +ksgn(s;)

b(x)

Up =—

®)

Horb ko NEHEE R R EL
HEHE Lyapunov eA % V = 0.5s2, %é\ﬁ(S)Tﬁc
T = _k1|ST| (9)
RO EHRGRESAEGRN R ARSES . ARifi, RE@)FEFRT XX, , HIREEEHT 01,
WS TIEY, XM RRGRERERRE, —ERE EIRE 7 TSMC 7 ik FE e ik S i & f& .
NARPET T R B, 4 TSMC H ) xo A o BEAT R4, 15930 Fh 47 S £ oty v A1«

Sy :x1+|x2|ur sgn(x, )/a (10)
Ysn=0 I, PRSI SRAF WS [H]
1/ r 1-1r
e I A GE)

g5 5 (D)F(10), AIFEFFET NTSMC FI# 1 R Frr:
f(x)+ar|x[" +ksgn(s,)

N b(X) ( )

He9E Lyapunov ER¥L V = 0582, Jf454 R (8) 15
V, < K X3 sy | (13)

ar

K@2)H 2 -r>0, XEWHFACHME. A1, 243R(@3)d ™ /ar <1, WLIE H NTSMC st
[ LL TSMC 2. X3 B NTSMC ¥ i 75 7 1 2 DURPE I S0 22 8 AR 1

2.2. RHERWMSE S

BT IR AT AN AL, AR SCHR 1 e 00 pH I ) R SR e R ) I S PR 2 T AR
HARak s prors

Siy =X, +[x[ * tanh (h|x1|5)sgn(xl) (14)

Herp o, 2 h NRTRASELH, HA 0 <0< 1. @i Q4) T UABLIZ T E 5 A% G 28 i i AH 8L,
FEJFR LA b 51N T X0 1E D) e ORI R 8 1275 V2 B AR G i TR R R USSR B AR AE BT 7 1

B 1: —Hsm =0, RE()APRERZERRECR A — & I [R] A PR X B R B 4B k. ISR
SV R RIS SSON [8) i R

ol 1 1 5inh(h|x0| )
t, = _ dy, =——1 . (15)
J.\X(H)\/lxll’ tanh (hx’ ) % Ths n[sinh(h|x(t1)| )
IER %STH=O, fﬁ(lS)ﬁU\EQE%J
x2+|x1|17‘ytanh(h|x1|§)sgn(x1)=0 (16)

FENCERERE KBV = 05X, % V RG34 R (16) 8 A T 13
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Vo= x5 =A% tanh(h|x1|§)§0 17)

BT AFERAT)ROL, PR V) RERTAN, FIHZERGEQ)2ER/INLEE. HRGRER
B xo ISR BN ML HME x(t), HA x(t) =0, XF3RA2)FH MR x, > 0 WAy, w45

sinh ()
sinh(hx(ti)ﬁ)

TR (14) & AR L, FTLANAE R (18) A IR RN B 4axtE, B vkt fa]. MR (18) 4T
E, FTERM) NFTSM RETEA PR [ Py AC 84 211167 A AR PRI

AR NFTSM 41 FRF A DAL TSR TSM. NTSM, Frigig i & R GRS e A
TP SR R s 2) b A T A B e RSSOk

2.3. NFTSM Y&t >4

A8 FAFAER Bk i, X 13 ROV R R TP i O Tt ik TR I 1
WSrERE, BRI RGUIRES xa IR B 288 /)N (I —0.0001< X, <0.0001), NI x1 C 4 WS T ni 4R35,
Bk .

1 73015 FE sar = 0 H x > 0 W ABUB Ot H RGUIREASE x IIEGEFE 7 M xo, 1AL, ]I
7y 2 X, >LIHIECA T, Bl BTN Too 2 x Blik B fUNAHY R G C 28 71 s 43
iU w2 Al DS

B 1

_ . dx, = In 18
x(tl)”\,lxilfbtanh(hxf) = The 48

XA

Xo

A 4

Figure 1. Convergence curve of Equation (18)

B 1. R (18)aui stz

1 smh(hxg)
"= Zhs " sinh(n) (19)
1oL jpSinn(n) (20)

7420 (19) A2 (20) 1T 15 e S [a]
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1 sinh(hxg)

t =T +T, =——1| 21
Tt /lhcsnsinh(hf") (@)
[{H# A LSR5 LSMC, TSMC FIC S 1]y
t,=tmXe 22)
C T
1 -r ~r
tms:m(xé -7 ) (23)

BT TSM fI NT B2 8—%, FFRALLLE LSMC. TSMC 1 INFTSMC Bi&## 2% c= 1= a =10,
r=56=04, h=50, X x =50, "R%Es=0H, SWHEMEIRSIERINE 1R,

Table 1. Comparison of convergence time and accuracy of three methods

= 1. =87 RS (8] B U S50 B X b

. eSOk B
W s=0
1 x10° 1x10°° 1x10715 1x1073%
LSMC 0.3912 s 1.5425s 3.8451 s 7.2990 s
TSMC 1.5761 s 1.7426 s 1.7427 s 1.7427 s
INFTSMC 0.9454 s 1.1952 s 1.2415s 1.3106 s

M2 1 TR R GUIRASAS & xo M 50 YRSZE 1 I, LSMC J7iEfth, 1B W Sioks 1 R 7, pr
PEM INFTSM 7kt e XK s=0 1 H xo> 1 1, LSMC FIRIRIGZ N FE, mH Al TSMC R}
AR RS, MR AR R B YIRS, T LSMC M SOt Bkt 24 RG A8 #R> 2
NF 1 KT 0, BT LSMC R RIGAARAE, TSMC (R PGEAR L, I AELE LSMC TS50k 75 itk
e U LS SO TR kA, T TSMC I T MR BTG Gl /NT 1 J5, B INFTSMC itz kit
TSMC FER, [HL, WS/, PR RER A — @ ShIX (0], Az = A B IR SR fE .

3. EF NNTSMC By PMSM EiE RS
3.1. PMSM #4s Rl
LR D i Al s R BN d-g ALBR R ET PMSM, HEAEAGD R .

. d. .
Uy =Ry + L ald —w,Ll,

(24)
. d. .
u, =R, + anlq +we(Ld|d +y/f)
T, =1.5niy, (25)
.n B n
w = TpTe —ja)e —TpTL (26)

e ua A ig 7390 ACHR d Bl FEUIS AT FBIAL s ug A iq 20 904K g Al A IS AT FLAE s R OO HMLE T AR, Las
Lo 0072 d B A0 g Rl e, H Lo = Logs we AHNUKBERTLEE, e MM, np VNI KL, I ¥
i B AMERE: TN

FIESHRMME T, KMEFRE RSB Sh &8 5 75 R T AR RN :

DOI: 10.12677/dsc.2025.144039 395 1R G 5


https://doi.org/10.12677/dsc.2025.144039

LI

b=—2T, ~ =, —— @7)

Forp
F =—ABw, ~AJ@, - n,T,
WS HRE) A E)

3, ABFIAIFIR ARG SH B M I sl BN HER; F2REaiis).
3.2. ETF NNFTSMC B PMSM iR &%t

N T BT HE, AR s E SO AR ZE MRS, HERRAN: e=g -0, HT, o
NZHERMEE . BUExi=e x= &, 4ia(27), FEERE N FHTLRN

Xzlezd):—cé)e:a’;g—r?]—pTe+%we+§ (28)
N T B RSSO AT R RS, AR SOR FB A M A 1 T 45 5 SN (42) AR HOa 1, mI A5 FE 3R 5
P AR 7T A -
atan(h|x| .
iqzbj Al(1-¢) (J )+ eh = | % + K SON (S )+ KySar +—me+a})e dt (29)
x| 1+(h|x15) J
A b=/15npyr, BILEFTSE A Kis kov & Al h, EEARE s HEGRKEINELT 0. REEHILE
FIREE A& 2 B
O iq*+ Uy —=plla
I NNFTSMC | ® L q SV /
A - PWM[ S| IGBT BMISM
Wm la + Ug ug Inverter \\
(- el/us
N o iy
iq ld dq/|let* lap iib
o, p e lﬂ 4, b, cl le

&2

A

Figure 2. PMSM speed control system control block diagram
2. PMSM B G HI4E E

4, HESH
SHUAIE T 7 1 (0 A A IEBE, 3T MATLAB/SImulink T4 &2 37 (5 BRI, 5 20 1 B L350
W 2,

Table 2. Parameters of the SPMSM
F 2. R KEREZENSH

ZH i ZH Bl
BEFEIE n 4000 r/min ETHIHR 1.26 Q
FE AR TN 6 N'm d il HEL K Lg 6.4 mH
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q %R Lg 6.4 mH T HERE w 0.1213 Wb
J

x4 p 4 AR 0.01482 kg:m?

N T UEB TR O R B0 Rk, R SR LSMC. TSMC. HTSMC £ NNFTSMC #E47 1 45 Bt L
VU Fh 4zl 7V S 505 30 R : 1) LSMC: ¢=40, ki =50, k,=100; 2) TSMC: a=40, k;=50, k=100,
r=0.6; 3)INFTSMC: 1=40, k;=50, k,=100, 5=0.6, h=100. bLi&Z%h, AL RN EFR %
RS E. H, ¢ o M2 85 RGUIRESTEE- P47 55 RISOER G 00 ke 5328 5511 AU Ui
SRR K ke S RETTIMERA L, BRSURESER: r (XS IE TSMC RSO, (A
BEARHUT-PEPERE: o Al h (3 K& 18K INFTSMC HIUSIGH B

3 My EREFAHICHE B T =il 7 U REXT LU, SUARAE 1s BHNER A 6 N-m, #%37E 0.5 £ 300
r/min 220874 2000 r/min, 3 45 T PYRpE I 5 UL REXT EL ) BAREUE . AN 3(a) T EN7E 300 r/min F
2000 r/min T, P INFTSMC J7 72 )i B3 FE AR A BE 38 LT TSMC Al LSMC. 4544 3 i LA H
BT (042 1) 72 4E 200 r/min B (4 i 97 Fsf 18] 43 5310 & TSMC, LSMC 9 91.76%71 60.02%; £ 2000 r/min s}
(14 M SIS 5] 73531 & TSMC, LSMC 1] 85.46% 7411 70%; Fa A % 7% 73 il /& /& HTSMC, TSMC, LSMC [ 84.92%
H195.53%. MHE] 3(b) A5 3 Hha] LAE H Firde 77 638 B BN R AR KB

T :
1 1 — LSMC

2000 o 7 - — TSMC

| | INFTSMC

15001 1o : ‘ 2001

s VEREN| NS m %

§1000—10U Ll . MW:W iy
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Figure 3. Performance comparison of four control methods for slope tracking
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Table 3. Performance comparison of four control methods for slope tracking

7= 3. UK ERERES A 75 M REEL AL

PERETRR LSMC TSMC INFTSMC
300 rpm M B2 [1] (ms) 113 85 78
2000 rpm i Bz ] [E] (ms) 210 172 147
HERRASRE(pm) 1.12 1.26 1.07
BT e A 22 7571 7.579 7.576

TERRBE RIS S 1, RS2 200 rpm 3852 2000 rpm ERAEAER/NB LR, MBI FR R LAE HFTHE INFT-
MSC HiE B AR/, HIRESEZ LT LSMC 1 TSMC ik, X2l T r M h lERK, ERS%
ARAS I P4 s BT, BT INFTMSC 7V FINSICH B, T AR R P4 s B, iR 7 INFTSMC 1S SIGE
JZ.

4 LA T BB IE 5% BT R = Rha ) 7 2, 76 1.5 i 2000 r/min F14#e % 2000 + 50sin(8xt) r/min,
4T =R 7 Uk R FU i B EUE . R 4@@) RTATETRE Y INFTSMC 75 B B mdi+
Pevkae, 7EMNBUEREPREIRERIR T A . BARFTIR A B — e IR, (F R Y R R T e S B
[ B BhAh, BTt ik e ARl R B A B I EREREE, LSMC iz, TSMC 2. 456 4 1]
DLAE BT 4R (R 458 ) 7 B AE BR BB B BE 2000 r/min B {1 8 B 4 )& TSMC, LSMC [ 90.95%
86.68%. FITHETVEIEARTE N EFa SR £ 2 5 & TSMC, LSMC 1) 60%#1 66.67%. 4] 4(b)F1# 4 KA
FITH 7 32 1) R 2 R K BB/

T \ T T T
L — LSMC ||

3000 — TsMe
INFTSMC

20001

T e

o- 02 03 04 0.5 2.4 2.6 2.8 V:\ 3

B (rpm)
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FF A (s)
(a) WX
°f =
—  TSMC
INFTSMC
20- |
Zg vf' i - ,{;‘
g 0 \ — -
ﬁ ' |M hmv')lﬂ ﬂ” lu" (gt mn;(\\ WH ¥ F “Jlur I‘“\
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Figure 4. Performance comparison of four control methods under step speed and sine speed
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Table 4. Performance comparison of four control methods under step speed and sine speed
7 4. MYERIE B FOIE 320K FE T B P Fhathl 75 s ae L3R

PERETEFR LSMC TSMC INFTSMC
T I M) B[] (ms) 383 365 332
A THFE AR Z (r/min) 0.18 0.20 0.12
TH A (r/min) 1621 438 154
HL TG bt 72 8.78 6.72 6.23

5. &

BEXT KT R 20 LR AN R G0, SR 17— Ml XU 170 o B30 PR v A% 52 A T S bR 24 i 8 AL 47 1

T o FESE M2 o g AL T i 5 N SUH IE V) s BORI4R 2R H, AR & 1 FERRERAS B, 4k 1 USSRt [a).

W ERHES . SRR B, R INFTSM 77k B PO R 1) 516581 LSMC.
TSM 1 NTSM #HLt, Frddth(#) INFTSMC J5iEfE—EVa Bl N B SR R SIGE B 2) $2 i 3
HEGESOEE . (FE SRR, I E INFTSMC $2) J7 VETE R R 2% 55 2000 rpm IR & 5%
N, R E R, A R A AR N AR ZE B

EHEWmHE

AR A 20E T % BRI I H (23C0424); R4 208 T 5 B RHIF I H (23C0429); 1 4 B AR 4

FAEFL ST H (2023)340053); WIS E ZE T ILF5 5400 H (23B0321).
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