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PMLSM high-order adaptive non-singular fast terminal sliding mode
control based on extended state observer

Tang Jiayong Zhang Bo Liu Yang Guo Jingang Du Hanghang
(School of Electronic and Information Engineering, Xi'an Polytechnic University, Xi'an 710600, China)

Abstract: To improve the position tracking accuracy and robustness of the permanent magnet linear synchronous motor
control system. A high-order adaptive non singular fast terminal sliding mode control scheme based on extended state
observation is proposed for this purpose. Firstly, a high-order non singular fast terminal sliding mode surface was
designed to achieve overall control of motor position, speed, and current by introducing feedback current. Secondly,
design a new sliding mode approaching law to enable the control system to quickly approach zero error and weaken
chattering. Meanwhile, adaptive law estimation is introduced and the convergence law coefficients are adjusted in real-
time. Finally, an extended state observation was designed to observe external disturbances, thereby improving the
dynamic and steady-state performance of the position tracking system. Based on Lyapunov stability theory, the stability
of the control system has been proven. Finally, a model was built on MATLAB simulation for testing, and the
simulation results showed that the proposed control method can effectively improve the position tracking accuracy of the
system and enhance its anti-interference ability.

Keywords: permanent magnet linear synchronous motor; novel approaching law; high-order non-sigular fast terminal

sliding mode control; extended state observer
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Fig.1 System control principle block diagram

2.1 SMIEFRRELIRKFER
Sy e PMILSM A i 5 G 2 0 JEE o [ i g o A6

EAARFMEHEAR — 1256 —



WRSHXR

FREEVERE RSB 7, 5T AT P, A 3 i ol A SR
TH S AT, AT SE XS PMILSM A7 B 8 JF K H 3 A 4%
AR P P2 i o I Al S bRl 2 it A T 8 T A R

S=e+4a lel” sgne fa, | é ‘hz sgné +a, | e | " sgne

(5)
KP:ayasas HIEEE bbby BIR b, > b,,1 <
by < 2:by <13 & NI BRI, i R E i, 45,1
4 K K 2 ik ) e W 7S FE R 8 b Y 2 e, TR P R Y
P2,
2.2 kARSI EE B9 %

5 0 S R AT A LG, A ST B e i) e B Sl A S % o
BT @ 6| sané o H i HE A 25 00 A
BT 5 2 ) P R 2 T) R A 42, B

e e e ki, — Bv—d

e —xr —x —X _< / M >

AT LLE A3 o R BE A 4 5 i T 43 5
Me PMLSM i) ik & 46 8 4442 il 14 E 5 (7] Bsf fin i3 2 2 3 ik 7
FEWL o, Rl B RS, S5 AR, d Xt
PMLSM # il #& 52 W . A 1 v i e 7 LA S Ah B8 4t 30 %
R RGBT T RS SR a0 .

(6)

J(’ :A*“U

: B . 1~ k.

\“U == 7M‘U7Md +MZ,/+116 (7)
[c} = [, e

Ao o FRoRBEWIMME; £, ., MIEFE.
2.3 #FBMEIEENIET

AT A A T T LR A A TR 1) B A A AT Y
Y LM 7 R G A PO A G B, SR T R
B0, 0T RADbR e A E I 110 55 BHIR o A 45 R AR

R T B A H IR ARSI,
YT BTN T .

S=kS+k,|S | sgnS (8)
K. bk, HIEHEG 0<<a <1,

MR DL A B L 38 5 PR 9 (B FT DLTE R GRS I B I
AL TAT B 3 380 658 K 1 e i ol R T 7 2R 0 R A 2 3 g A6 T )
JERE O T LAFEAR R Ge 0 BHIR . SR L R OB A 1 — A
7] 850 2 A B2 0T Vg 1A B PT BB B R A BMR L OF B YW
RS 25 0 B X RGNS e tE - AR g . R, T ek
T YR T R T R R i R K S ] R

o4 w5 PMLSM fil lik 22 4 64 45 i 1tk B L 4 % 0 7 s ]
IE I 55 BHR 76 R o R R LA Dt T —Fh B B
PEHEHE N .

S=kS+k,|S|“sat(S) €))

S [>1

1+ S|
IS’
sw = (10)

'S |
s <
{wsw s1<1

— 126 — HEABRTFTMEHLAR

20245 4 B
H43% B 48

Jl, S>A
1
sat (S) = N —A<S<<A (1D

MHZ T AESEFRGEE D | S | MRER I HEE
S HAB R R KN A sat BB e T R OC eR AL
AT LT R Ge e W A TR b B0 87 B BT U b O D AR
s PREL Y (B A9 A8 Sl % B0 . 1T LA SE I 8 3% 22 458 19 3l 245 08 3T
BN RRAR R G B EHR . sat BRECTT DLAR 4 & G0 IR &Y
AR Ak 0 Bl A b R R B 25 LSS R M R 4
iz,

2 Tl R PMLSM fA] ik 2 4 1) ok BE 58 R 25K, 51 A
[ 38 I A o B S A Y S B AT S R

e
1+4+e

Horf, ks WCBIGHRE  FE IS B A R Ry KL T
VIO Py S5O B2, U e KR, e/ 1+ e & 15 4 BHLA B
B A8 by BN, B AR AE B R B BHR, BEE e BN,
e/l4+e <1,

2.4 EHBIENIET BRI LR BEEH 8%

X (B TR T A4

S=¢+ab el etab,|e|” i+

Lk =k e a2z

ab, e e (13)
Hrr,
e =1 —x
e =1 —X&
- . 7(/2/1 —Bv—d),i
e =x —x =1 —v=x v =
I B . .
X ]\7 21+A7.U+M.d
(14
Bi%d =0, M.
k B
e = I 1\74/ I'JFM v = I —
ky( medg, n R 1
M< T'Lq. T v Ly Lq ZQ+ull>+ v
(15)
LS =k ) s L .
S =k, e S+k, | S [*sat(S), M.
2t « M Lq . B . 3’ . ‘/1/2
fo 3w ¢y <1 +M.U)+2'(2°M-Lq.v+
3’ e g, 3n e R, ¢, .
— * ~ i, — T 1
2¢8 « M l(]JrZr-M-Lq ba (16
e
ke e S+Fk, | S | sat(S)
1+e :
I +
a.‘ibﬁ ‘f’ ‘ :
<1+a|b1 ‘e "’rl> 'é*dzbz‘é‘hz?l
b1 an
asby el
rfE B A O B )



20245 4 B
H43% 5 41

2.5 REREESHW
9 Bk F GE A E P IO T R pR N
[P
V= 75 (18)

V:S.S:S.[é+albl | e ‘hl I'é+
Syl I
agb'_)‘(f‘ e +agb3\e\ Cee] (19
o
G(e) =é+aby e | cetab,|e|™
F(e):agbg"é‘hs
ny .
V =[G()+F(e) +¢]
Horp

ki

e =

e

1+e

e Sk, | S |™sat(S) —G(e)

F(e)

e

1+e

SV=S-:[k * Sk, | S [sat(S)] =k,

e
1+e
DX S E (—ANBLAH:

¢SP4k, [ S| e S e sat(S)

e

2 swtl .
k, . S 4k, | S| sat (S),
(BI | S|™+Sesar(S) =|S [“"),
3 4 . < . e . 2 ,
&A% k, . S
e e
Sk 1+e7ﬁﬁ,
V< | ¢ Loy
oo ~ 1 1+€ ’

S RGA BRIN [ FEE

e

7 = _° 32 sw < i Y
V =k, T+e SP+k, | S| S S=S
e ky | S - e
(k1°1+e+ A ’)<<5 '/?1'1+e>

SRGH R AR E
i H kyky <O BIATRAEY <0, BRI R G2
J& Lyapunov &,

3 HEERRKRST

R B UEAR SO TR I AT AT U MATLAB &
PO AT B AL, M TR A 3 T ok R S 0
B HAFNTSMC J7 3 (0057 B B9 B K5 BE L 50 75 i) g o B L 45
P RE TN 3 DA B AT 0 M 7 B B R 8 £ R B 3N R T
4t BE 1. @25 NFTSMC-ESO, 1% 4 # T f
HENTSMC.,HAFNTSMC =Ff A [ 1 2 1 7 2 08470 B
Xof b AT S0 GIEAR SO Sk A 3. 36 1 Ak i TR 20 2k |
HLS 4.

Hh B O T

MRS HA

&1 PMLSM &#%

Table 1 PMLSM Parameter Table
IRV 2 B
HLREME S RE b, /(NCATD) 60. 2
WXt 4 P, 1
BB Rs/Q 8.4
d &L, /m H 8
g FHER L, /m H 8
K WEARREEE &,/ Wh 0.178
K BEE R B B/ (N+Sem 1) 0. 046
T e M/ kg 2.3

3.1 EHBENSHERE

FESE BRI H L P R 1 S 8 O PMILSM fa] il 52
T ARG MTERE T |2, T o R 35 6 & 400 = kG B 02
EE A ) A B PR e o B WOR AR SR E TR

D oaia,a; BEERN,E%, a,a,.a; HISEGEH
PEFEAR SCE XL N Cayvayas Y IE# 80 . LIk
FEHABIEF . o, MO EBIENE 2) iR, 1T UE
Hioa BRG0S0l R b e AR B 5 R
SHIBERBIRHE .,

2) by Ry PYEEGEJR N, R T A B 25 Ry ok, TT AR
WS B E AN SRR e X K27 A — R R . 1
FLEIEWNE 2(0) BiR T LLE WS by ko FOERC(E 246 X {E %
ANV R G S RS, B kR, B 48 X (A Y B
K T il 2R B WSS B e 4 L 2 Ry Lk BRME A X A F
500 B2 B B BHE .

0251 -, =50
\ a,=150
0.20¢ —a,=250
--a,=350
= 0.15+ —a,=450
g
gm 0.10F
&
0.051
0
0.4 0.5

0 005 01 015 02 025 03 035 04 045 05
I 18)/s
(b)

E 2 SHUEE WG EY

Fig. 2 Simulation results of parameter tuning

EAARFMEEAR — 127 —



WRSHXR

FFLL B4 BT . HAFNTSMC-ESSO & il #% S 8k &
Ha,=250,a,=35,a;=15,b, =1.05,b,=1.02,b, =
0.99,k,=—200,k,=—200,0,=6,1,=5,

3.2 EHIE LI

D sh A re il i

T B UEAS SCEE I O vk M B AR RE 45 B IR A
SRMEAE 0.5 mm BYBYERMA R 55, R B 7E 0.5 s 4b %
40 N 3, BrERAE 500 5 R il 4 iR 22 wh 2k an &1 3
LFR,ATLLE 4 For ik B RE IR BR B B AR 5 (A2
NETSMC-ESO % il 75 7 8 98] it 5 K, B 35 52 e R A sl )
24 0. 05 s, HAEZE N6 201 B0 N 5% 0 fie K5 % 46 i
HFNTSMC @8R 2, #lik 5 @ RS 2414 0. 65 s,
HAE 28 3k 1% 00 T WK &2 il e i s HAFNTSMC #8 8 &
BN BIR AR E R AT 29 2 0. 04 5 A% 3C 5 % 88 o i A
AN BATRE RS BF [ 29 0. 02 s, 52 58 I £ 2 B 3 5 e A
/N BRI (] de 08 s A LG T At 3 Al ik L AR SCRT IR T
i 5 4 i v re A AR

0.6, -~ NFTSMC-ESO {EGaFEHHFNTSMC
i — HAFNTSMC ~ — HAFNTSMC-ESO
0.5 r‘ f—
04 b o
g ) 2
- R . AP v
&y, comm e
0.1
0
0 01 02 03 04 05 06 07 08 09 1.0

B 16)/s
B3 By BRAE 50 IR i 2R

Fig.3 Step signal position tracking curve

2D RS HEREI R

JT RS RGNS R, A E M BRGSO IEE
0.5 mm., & 1s M IE L (55 4 Fidas il Jy 2k i) 80 2 ) o7 2%
g 5.6 s, B 5.6 T RLE L4 Rl 07 B Rk
LREER L OE A5 S ARV 0 B 0. 25.0. 75 s He i)
Ak 3 3T 7 B R B AT LL & B FNTSMC., % 4t 3
HENTSMC.,HAFNTSMC ¥4 7= Az K [l £ )% 44 8 , 1
HAFNTSMC-ESO # &% 5 B4,

hy B0 UE AR SC BT B A A Ok AE )5S BRI
BE AT R, EMEBERS NIFME 0. 2 mm
B B B i A5 5 A5 B R 0.5 s, fF BLES L& 7 T
Ao X 7 Ca) ~ (o)Al P&k B, fE ST B
HENTSMC 19 B & 3 T2 A 2, 3B B 3 4k,
HAFNTSMC H T A B B3, (045 47 76 ¢k B 4 1)
BHIR 5 T A% SC T BT By 48 i O ik i R B d ol AR e L
B 1 55 2R A

3 DA A7 B B A BT TN AR ST B B s i O vk
T B 75 W) 0 9 B K R M D T R LA

— 128 — HEABRTMEHEAR

20245 4 B
H43% B 48

%107
i HAFNTSMC-ESO

- ] “‘

LB R 2 /mm
bodLdhbbbiloc—wwaun

01 02 03 04 05 06 07 08 09 1.0
i)/
(a)
*<10% ‘
1
i HAFNTSMC

4
WA P

i B -2 /mm
ORI NRWN—O =N WA W

01 02 03 04 05 06 07 08 09 1.0

B‘j"l‘lﬂ/s
(b)
57107 |
4t | EGHEIEHHFNTSMC
3 {
=] %: 'ﬁ‘*
EOF ANV AN
sy-1r
maL
i |
& st
-6F
Iyl o
-8F
-9t L L L L L L L )
01 02 03 04 05 06 07 08 09 1.0
s 18)/s
(©
%107

| NFTSMC-ESO

B R 2E/mm
SodLdhbbbilo—vwarn

01 02 03 04 05 06 07 08 09 10

B )/
(d)
B4 BrERME S0 S IR R 2E i &

Fig.4 Step signal position tracking error curve

3.3 &Mk

T B EAS SC T R A 4 ] O s AR IR R S S Uk
Bl AL F B9 & 8 2k, % PMLSM H BH . H 8% 2 2k i
20%6 A AEBRAE R 0. 2 mm, {5 B A 0.5 s BB BRA &
{E5  FATLE 0. 3 s BEVR N 50 N 3%, 5 S5t E i~
B R BEATRE L DF LA SR AN 8 in . M 8 WL
FHLESERE BN T NFTSMC-ESO FlfE 4 #4 ir At

Hh BB O T



2024F 4 H

o AN
F43IE B4 WxRSHAR
— HAFNTSMC-ESO FEBS A EHFNTSMC _ ;
06[ - HAFNTSMC -~ NFTSMC-ESO 3(5)87 _ _ ERBRIEAENTSMC
N\ 150t
> 100}
: B S0t
8 o
-~ 3 50t
g #-100f
-0. -150}
200F ||
250p
0 005 010 0.5 020 025 030 035 040 045 0.50
0 05 10 s 20 25 30 N(':—J)/s
S — HAFNTSMC
5 IE5%A5 55 o i BRI il 4% 200f
Fig.5 Sine signal position tracking curve > 100}
§10-4 -I?H%‘ 0
4 ~ HAFNTSMC-ESO =
X & -100f
éz -200_..........
?ﬁ 1 0 005 010 0.15 020 025 030 035 040 045 0.50
e s
g 1 (b)
) — HAFNTSMC-ESO
-2 - ‘ - 200F
0.5 1.0 1.5 20 25 3.0
1) /s > 100f
<10 ® 5 0
4 — HAFNTSMC %-1004
g 3 200}
£, R
ﬁ 0 005 0.0 0.15 020 025 030 035 040 045 0.50
o1 i)/
el ©
-1 &7 R B
2 . w w . . . Fig. 7 Output voltage simulation waveform
05 1.0 15 20 25 3.0
I 18)/s
- ® HENTSMC A9 {o7 5 8 v a5 22 28 f ek, B 7 58 i 6 319
4f  AEGSREERHENTSMC T BARGEMK & a2 kA HAFNTSMC 1] DLk & F Fa
2 FEMRALEAM LT HAFNTSMC-ESO, HiR 258K,
fﬁ 2 N T B — 2 R AR SC T B i O ik e AR 3h A
ﬁ . MR BT T ILRE ) L S B AR S IR 0. 2 mm Y B ER
u? {55 9676 0.3 s 2T AT 50 NI 502 o 7 Bf 26 AL 68 7 460
> U{nv,uﬁurﬁmj%%ﬁn9ﬁ?%o M 9 W LLE 1
05 10 15 20 25 3.0 R REMA ISR F , NFTSMC-ESO % 4t 43T f
H_{]C?/S HENTSMC DI & HAFNTSMC ¥ A fig % &, M
<10* HAFNTSMC-ESO W] DIR & , B R il 7 57 3% 28 25 W
| " NFTSMC-ESO A S0 B M R
3_: N N
£ 2| SRR E Bt B 58 A i LA SR B AR ST R T Y
ﬁ? 1_'.9 M‘} ," i B ELA R ) B R L RE RS TR IE PMLSM i I} 2 45 75 W
EA™ "*‘f?‘m M’ i Y 20 L N SR B B i 7
< A i; i
SR My o 4 RBERSH
-2 ) ) ) )
05 1.0 H‘}i‘S—J/ 20 25 30 B 10 FT7R R AR SC I S 56 IR F &, S5 3 B AL O
gyl
@ #WH MATLAB/Simulink 193 5E4L, @R, @& F
B 6 IE5% {5 o B R iR 92 h 2% DSP28335 il 4% . Ofdl IR4K 4% . ® PMLSM (&l 22 #E /1
Fig. 6 Sine signal position tracking error curve 50 N, BT #—% 83 HAFNTSMC-ESO £ %t 14 {7 &

Hh B O T EAA TR — 129 —



20243 4 B
F435 F4HE s

fE5: %43 Bt HENTSMC. HAFNTSMC LA J 7 52 B i% 11

—ENTSMC

0.01
o BERRNN o O B A 2 SR
ﬁ -0.01 g
] ]
& oomb i
-0.03 : : : : ;
0 0.1 0.2 0.3 0.4 0.5
IRf /s
(a)
M M"TH_»T‘T!I‘VWA
-gagam 10 PMLSM 5 Rk ¥ 2
e RHL20% Fig. 10 PMLSM experimental testing platform
: [Q—
ﬁ 500 ——
= 400 F|  of
W = 104 m
A A . ‘ . 2300 o [ MW
0 0.1 0.2 0.3 0.4 0.5 o 101
a)/s oK 200 |
(b) gloo V\ N 1000 1500 2000 2500 3000 3500 4000 4500
. 0 ‘JWW A A et et N PP M oA
£ Of R -100
&g 0 1000 2 000 3000 4000 5000
My -SH i 8)/ms
b4 —HAFNTSMC
@-10- - ZHRI20% Kl 11 NFTSMCHESO fif # i% 22
A5E Fig. 11 NFTSMCH ESO position error
0 0.1 0.2 0.3 0.4 0.5
IRf /s
(c) 2504
S0 2004 S0 R
—HAFNTSMC-ESO & ™ f
£ ~ BHRR20% 8 150y 1%% ﬂ*\wﬂw ™
8 Bioof| =
% & FK 50 i
o 0 - m 504 ol cox 5
m i E ]( 1000 1500 2000 2500 3000 3500 4000 4500
k= o S U D VS USUAP S
5 ‘ . . , | -50
0 0.1 02 03 04 05 0 1000 2000 ‘ 3000 4000 5000
B 8)/s B [8)/ms
d N Z: AN N=}
@ Bl 12 fG403 H HENTSMC i B i 2
; A e L e - .
K8 SHORHLT B BRAR 5 A R B R 22 il 2 Fig. 12 Position error of traditional convergence
Fig.8 Position tracking error curve of step signal under law HENTSMC
parameter mismatch
250 -
-~ NFTSMC-ESO LG EREAHFNTSMC 200 1 3 E
~HAFNTSMC ~ — HAFNTSMC-ESO £ b, .
' T AVAVAVAVAVAVAY,
4 100 - = f
B | O EE " — =
E 1003 500 ] 1500 M 3500 00 4500
i [\ i . -
oe8); |
o07]Y -50
035 04 045 05 0 1000 2 000 3000 4000 5000
‘ . . . . I} )/ms
0 0.1 02 03 04 0.5 L
s K 13 HAFNTSMC i & ik 2
B O MEREIREE R ZE I S R Fig. 13 HAFNTSMC position error
Fig. 9 Position tracking curve of sudden load under
. . BE 11 AT LA, 76 50 ms BF, R RE LA E
noisy environment
480 pm, REWZ VL HEAE —12~10 pm, AWK 12 ATLUFE

L 7E 50 ms, RG22 A ZE 210 pm, B 5 58 22 90 I 7E

FEHRE . REWMAN BFS5H 220 mm By B EH, 71280
—2.5~2.5 pm, WK 13 W LAFEH,1E 50 ms, REIREE

55 40 N, B 11~14 4058 NFTSMCH ESO £l .

— 130 — HEShRFIE R Hh e Rk B A0 0



s 5438 F 45

: /N

25 f
\ 1000 1500 2000 2500 3000 3500 4000 4500
I

DB BRZE/im

e AAAAAN A A

0 1000 2000 3000

i 18)/ms
K 14 HAFNTSMC-ESO {i & % 2
Fig. 14 HAFNTSMC-ESO Position Error

4000 5000

T 180 pm, BF R ZEVEEITE—1. 5~1.5 um. MK 14
LB . 7E 50 ms, RELIRZE LI E 120 pm, B 5 R 2578
FI7E — 1~ 1 pm, i85 555 X5 40 B, A% SC4 i
HAFNTSMC-ESO #% i 55 1% B A 5 45 B R 1 5E 70 & 1
P L Bk — 2R WY T A SO R AR IR AR G A A A SR M 1
5 & it

=A

2 R PMSLM fi] fIl# 5 45 10 o7 B PR A B3 L TR) k4 4k
RS HIPERE A SCIR T — A 3 T SRS LI 2% 1)
o B O O A A S R T A i T A s o R . R R T
MR T BB s o) R D OB R 22 8 0 TR IR 59
BHIR s HR R B 5 A X R S B AT A T R se
A 5 [ e 15 T e DR A SO T 88 OR300 AN e M A 3h 3 AT
Hr RN | B 5 38 A 4 B A SE B 5 /% 58 NFTSMC-ESO,
fE5 4 At HENTSMC, HAENTSMC #47 % [ , 2% 5 32
B, HAFNTSMC-ESO ¥ il 77 & A 208 & TR IR & S fid
EREREE BN T EREIRE IFHRE T RENSE
B,

2 £ X

(1] BR¥ER ERAR P . ik f kg W L B & il

BRI LT ], BT R R, 2017,40(2)
38-41,45.
CHEN H R, WANG X D, XU X ZH. Improved di-
rect thrust control strategy for permanent magnet
synchronous linear motor [ ]J]. Electronic Measure-
ment Technology, 2017,40 (2) . 38-41,45.

[2] CHUNG S U, KIM J M. Double-sided iron-core
PMLSM mover teeth arrangement design for reduc-
tion of detent force and speed ripple[J]. IEEE Trans-
actions on Industrial Electronics, 2016, 63 (5):3000-
3008.

(3] VEJUAR, B ¥, 1F i, 5. GG 20 B 24k s LI KL+
B PID =5 A e s 45 fl [T 0. 00 4 55 00 4% 2= 3k
2015,29(5) :655-661.

WANG X D, XIA T, XU X ZH, et al

swarm PID space vector control of permanent magnet

Particle

Hh B O T

(4]

(5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

MRS HA

synchronous linear motor [ J]. Journal of Electronic
Measurement and Instrumentation, 2015 (5): 655-
661.

FIOR, R AR HL R L LR SR By
HEFLHL,2017,52(5) ; 13-15.

WANG W B, WANG D CH. Control technology of
permanent magnet linear synchronous motor [ ] ].
Explosion Proof Motor, 2017,52 (5): 13-15.

LIU Y CH, GAO J, ZHONG Y B, et al. Extended
state observer-based IMC-PID tracking control of
PMLSM servo systems[ ]J]. IEEE Access, 2021, 9:
49036-49046.

TARCZEWSKI T, GRZESIAK L M. Constrained
state feedback speed control of PMSM based on model
predictive approach[ J]. IEEE Transactions on Indus-
trial Electronics, 2016,63(6): 3867-3875.

TR . KGR 2 H LA A R R G o A
A BT [T A8 A2 R % 4, 2022, 43 (5):
263-271.

ZHANG ZH, ZHOU Y ZH. Improvement of varia-
ble structure active disturbance rejection control for
permanent magnet synchronous motor position servo
system [ J]. Chinese Journal of Scientific Instrument,
2022, 43 (5): 263-271.

SUN Y, GAO Y, ZHAO Y. et al. Neural network-
based tracking control of uncertain robotic systems:
Predefined-time nonsingular terminal sliding-mode ap-
proach[J]. TIEEE Transactions on Industrial Electro-
nics, 2022,69(10):10510-20.

YANG R, WANG M, LI L, et al. Integrated uncer-
tain compensation with second-order sliding-mode ob-
server for PMLSM-driven motion stage[]J]. IEEE
Transactions on Power Electronics, 2019, 34 (3):
2597-2607.

CHEN S Y., CHIANG H H, LIU T S, et al . Preci-
sion motion control of permanent magnet linear syn-
chronous motors using adaptive fuzzy fractional-order
sliding-mode control[J]. IEEE/ASME Transactions
on Mechatronics, 2019, 24(2):741-752.

DU AT P AR R KW R 20 B 2k H B4 T 3R M 45
L. B f L, 2005,33(10) :39-43.

QIU X, YU L. NAN Y R. Overview of control strat-
egies for permanent magnet synchronous linear mo-
tors [J]. Micro Motor, 2005,33 (10): 39-43.

XU B, ZHANG L. JI W. Improved non-singular fast
terminal sliding mode control with disturbance ob-
server for PMSM drives[ ] ]. IEEE Transactions on
Transportation Electrification, 2021, 7 (4). 2753-
2762.

EAARFMEEAR — 131 —



Al

[13]

[14]

[16]

[17]

RS A K

BAGINE 26 B Ok, AR ORI E R G R T A AR 4
R R M HLT]. RE TR B FHAR, 2014,
36(3):519-526.

HU J B, LI F, WEI G L, et al. The theory and ap-
plication of backstepping sliding mode variable struc-
ture for uncertain systems [ J]. Systems Engineering
and Electronic Technology, 2014,36 (3): 519-526.
ZHENG ] C, WANG H, MAN Z H, et al. Robust
motion control of a linear motor positioner using fast
nonsingular terminal sliding mode[]J]. IEEE/ASME
Transactions on Mechatronics, 2015, 20 (4): 1743-
1752.

JEL IR BT AR B AR A e 20 A AE T K R
WA L HLLT ], Ak A 0 R, 2020, 39 (10D
84-87.

ZHOU D, ZHANG B, MU M CH. Non singular ter-
minal sliding mode control permanent magnet linear
synchronous motor [ J]. Foreign Electronic Measure-
ment Technology, 2020,39 (10): 84-87 .

BBy B, K H 2R 2 L A S R A AT 4
PO 265 I A8 I AR R [T]. F T R 2441, 2022, 37 (4)
861-869.

WEI H F, WANG L M. Adaptive fuzzy neural net-
work time-varying sliding mode control for permanent
magnet linear synchronous motor [J]. Journal of E-
lectrical Engineering Technology, 2022, 37 (4): 861-
869.

PR 2 X A Mg, LT 1 20 0 24 UL I 3% Fry S # 4 i
Ry B ()] ¥ B 5 6T, 2023, 40 (1)
132-138.

132 — FESM R A

204 4
H435 F4H e

FU D X, ZHAO X M. Sliding mode position control
of backstepping terminal based on neural network ob-
server [J]. Control Theory and Applications, 2023,
40(1): 132-138.

(18] RFM ok, A 3k, 5. H T4 5K 0 #% 19 PMLSM

Ak wr S PRl Ze i A I (). A PUK S A shfkn
THAR,2022(12) . 77-80.
SUO Y CH, ZHANG B, ZHOU D, et al . Non sin-
gular fast terminal sliding mode control of PMLSM
based on extended observer [ J]. Combination Ma-
chine Tool and Automation Processing Technology,
2022(12) . 77-80.

(19] J7E, Ewit, sk B, T 903 W 28 i Kk i B4 i

BL s B HE &7 S PR 2 o 1 AR R [T ). o TR R 2240
2023,38(2):409-421.
FANG X, WANG L M, ZHANG K. High order non
singular fast terminal sliding mode control of perma-
nent magnet linear motors based on disturbance ob-
server [ J 1. Journal of Electrical Engineering, 2023,
38 (2): 409-421.

£ & & v

R F GRIEMEE) W+, F B 57 10 2 K 7 R 25
FLZ AL B S 05 5 A
E-mail: 1606394222 @qq. com

1 1 e Rl O [ N S eyl () B I
HL AL
E-mail: paul8899 @123. com

Hh BB O T



