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Double closed-loop smooth non-singular terminal sliding
mode control of PMSM based on anti-windup method

WANG Yan-min, NIU Zi-ming, MAI Yong-feng, GE Yang
(School of Electrical Engineering and Automation, Harbin Institute of Technology, Harbin 150001, China)

Abstract : The traditional sliding mode control (SMC) is not suitable for the double closed-loop vector
control of permanent magnet synchronous motors (PMSM ), due to its high-frequency switching control
characteristics. For the speed control system of PMSM, a smooth double closed-loop non-singular terminal
sliding mode (SNTSM) control scheme based on a robust differential estimator is proposed. It could real-
ize the free-chattering SMC, overcome the influences of chattering problem on PMSM and improve the ro-
bustness and the response speed of the system. Focused on the windup phenomenon caused by nonlinear
saturation characteristics of PMSM system, the difference between the input current and output current of
speed SNTSM controller was taken as a feedback signal, as Anti-reset Windup PI controller does, to over-
come the influence such as overshoot, bad dynamic and static performances. Based on the Lyapunov the-
orem, the stability of controllers was proved. Simulation and experiment results proved the proposed
method.

Keywords : sliding mode control; permanent magnet synchronous motor; non-singular terminal sliding

mode; chattering; windup

WA 2019 -04 - 12

ELWHE. B R aA&#5£4(51307035,61673132)

BB/ ZHH(1979—) , &, & #tI0F SRR 7 e A B AL f B2k 5 w MATR
FF44(1997—) , B, LB R &, BF R 7 61 A AKEE R W B AR AR
FRB(1998—) , B, AF AL BT 6 A o ) b AR KRR
B H(1998—), B FALHRA HRT @ AEHEFELRIEH

BISEE . 24



TR . PMSM XU P01 1| A 57 2 i 4% ol 139

0 3| §

KA ] 25 H AL ( permanent magnet synchronous
motors , PMSM ) DAHACR ) 1247 Al 5 I REFR PR |
Frs ABUVNEILR, HATTER MR XBLK R |
BT i B A5 450N T i) R Y SR, PMSM
(R R P | PR R A A S i R BT S A Y
SN G AR  RVE I R B 42 i B R T S BE PMSM. £
AL, (A S VR AN A5 T 1) S 09 40, PMSM
TN RSB S 5 85 SR 3, 5% RGERYER
TEME A IR R S YERE R AR AR B MR, AT S
PGB P BE A PMSM Fa i 5 ms BF 5 75 EL AT
FETEMED

KA SCHk R B B4 ] (sliding mode control
SMC) LA SZBLIRT B8 5T HURE ) s S5O0 s i o —
AR EEREAER R E W TR . BT, SMC 7E
PMSM Hr g R AT LAESE SMC 2k 3, Horb i ey
2 TR L A S B R R
& v W R ( non-singular terminal sliding mode,
NTSM) ™ il Sk [ 10 - 1], —J5 i, £HE [
RO ok 2 LS PR N P B B S PR AR G R A
HL B S, B T ICRRARY SMC Ul 4% Hilsgn (. )
HBETE A PRI ) Tl A8 8 0 S B, T 35 v 4
PHRIM S AR PMSM 2 i &5 i 1 230 0 i
AT 55 A7 RS MR A 1 85 14 15 5 10 &
T, DT FEAER R 9 1) Sl PR RE , 1 i FR AL R
R BB HARE N, Sy — T, A R A A
PR R0 AE 8 IR 55 22 R T LA R
FIRHIRAE S SR SE R SMC 75 PMSM (¥ 1 £
KB SRIR PL+ HFR SMC™ i ST, (LAY
JEBUA 25 SMC #E i, IWBEIE B2, 483 SMC
Pl e g i sgn () VR MR AR B B, R R
NER SMC 45 il 5 B 11 i 575 2% i 40 U 46 {5 5
sen (. ) SR, X AR RS HEAT,

G, Windup BLAALE 2N PMSM AR 4847 il
RERY— AN g I, PMSM #5461 R G40 & 5 2=
LM AVRR I 9] G 390 25 4 B R 1 P 45, A 4
w22 A A A SCHE AN AR A I B Windup
ML GBI R, B RGE RIS, Mt
T PLEEHIAY Anti-Windup J57E B0 4V HIHE
ARRRGLEG Y, HETTE PMSM #8421 38 42 i
SEIAME 55 {5 Windup [A) BRIRAETE A b2 HE
SMC #E il 2 BT 1775 15

ARICLLNTSM J7 i 0 B, 5 EBHIR AT Windup ¥

AR BAE PMSM WA R SMC $5 il 28 4t v 0 i ok
FH FEHOS AL T R g ) i 25 B R e
JITH B — B 78 W Al A 5 0 1 B ((smooth
non-singular terminal sliding Mode, SNTSM ) & i J
BT B HY R R ) PMSM A XA B 45 i 45 4
o B BRI R ) SRS R GRS
By, BT R FOL95 o T L B8 73 2R 4 1 A X B, A
SMC el sgn (. ) Zead BL R Ab b i 2
e bRl Sz JCRHE NTSM #2561, 52 5 PMSM & 48
RS i e, 1 2% Anti-reset Windup PI J7 35 X}
Windup BUG B30 H HLEE B 4% IR SNTSM $ il #5
FR A5 PR 2 25 O RS 5 R R T S
B ARS8 A B A AN X, 4 H % B R L 3
ISP A BT AR E e . B, 3T Sim-
ulink 15 ELFT DSP 5256 - 15 56 UF Iy B2 4 1] 56 s 14 41
Rtk

L A SCAT R SNTSM 77 5% £HE Al Wind-
up T ) L A fige e LB S8 3k e | T 9 e 3
TERRN 2 iy 1 B 55 HAAZ 52 SMC J5 vk L 7E PMSM
ARG,

1 PMSM EBiEFHRLinaiETHl

B¢ Tt US4, 1 DS 2
VEUAE d - q A5 R T Z T 2 PMSM. 4%

B Rs- . ud

== fld + p(()l(I + -,

. R, u

i = puoiy - ey P, L (1)

L L L
- 3pi,. B T,
w =

Y A

Ho o R u, F w0 R0 R T HUE
FEL VAL ) LSS b 0 L A0 R A B8 v JEORT L BEL s p AT
b AR BN RE 5 5 ] R S0 T o 3% 56 B
R EEE RN
1.1 PMSM B AR B =1l

% BB SCHR[ 15 ] T4 SNTSM J5 34" J&@ i T
PMSM =M RGE (1) . MEER RG v, w
JR % T HL U | H R A i A S LS R ]
MIRRARI, BIA i) =0 fdl oy I F §%
L/ HL XA PR SNTSM ki il 5 %

SNTSM F5 il {5 5 114 1% 252 - W A1 4 Bl oAk 3
FRUST G R I £S PMSM XU ER SMC Y355 5231
RCATTRE . HARGIE 1 iR ANIR L A il 2 4




140 ol 5 # #H %

%24

Yy R TR 2 o, B0 HH 4 SR R i
PR R Eb U B3 e 2 4 RS 95 1 2 e 9
IR 58 LA RN BIBR B 4 i i) =0 Bk
FLR R u, Al

B A FRSNTSM ZEHl L IR u,
o il 2% SNTSM# il 2%
+8 w Iém :Iéq
) BRI AR
it e PMSM
@ [ s |)
=0 + SNTSM# il 28
. [ éd
,‘d -
|| ks
e

E 1 PMSM XA SNTSM fig#Bia 6l &5 &
Fig.1 Decomposed SNTSM controlled PMSM

with double closed-loop

AL HH SNTSM 78 55 38 5 A1 58 1 4l H 3t
g a5 H A H
1.2 #55EIF SNTSM #2= #i 28 Hi% it
FEXFEEREE R Z e, =0 -0, HH o N
FEREH (L) WS IR ER IR 2 RS H

. 3 T,
e =w" - P, +£w + (2)

o 2 T YTy

FEXIE = (2) fHXT B A 1 B8 R 4t
SNTSM #5 il i 15 1160 475 Vi A5 1T RS- T 65 e 4 il 7
PIHRAT

AUE 1. 8 X T SNTSM ¥ #5515 1% 4
NTSM —#£T EIAT#th

I =e, +B,eV", (3)

KBTS EB, >0,1 <p,/q, <2,p, 1 g, HAEL
W R RN FR RGAY e, MELLASZRS ARAS, {H AT 30 1 6
BRSO W B B

Y =7,
vy =v, = Al y —e, |"sgn(y —x), (4)
1.)1 == Asgn(v, —vy) o

Hrp 25, > 0,4, > 0,0, Fly Krpa] s it
2o A BRI S RS i o, =~ e, o

VE 1 SCHRL 18 T BEISUE ] T 3k P B i oA 11
X R 2 R A T e A LA B FL OO
TIRE BEA S A A0 0 31 A 26 5 BT 11 Bl 5 i
T, BP 45 R 40 (2) 5 il 48 0 B A o Al T

ASIF BT | X IR 2 6 52 b 07 FH HLAT J 2 (4
{8, N AR Z R
AR 2 B VR A AL R ) T s A
FETF SMC ZEsfedas il B RE S 5E 31 SNTSM. $2 i 1
B R 00 P A, R i A

qeq
.k

Iy = Qg + i;,o (5)

e AR T RIE RS (1) B 44
TEBOTT 1, =0, BB e, = ¢, = 0
£

3pi; .. B T,

Y] g +7a) +7 = 0=i,, =
2] jov B T
3P¢’r(w + Ja)+ ])O (6)

DI 0, IR AT 5 R sgn () fl R 58
FEAE AR SR T BE LAY S EEE S B TR
PESCHR[ 15 ], F 5 AR i v,

T I.:q*no (7)
HHATET NG RGER AR, BRGUIRE e,
HIRT TR E L o, BOARXHAS Jy 2, T Sebbetl i
L FE B R VIR sgn (L) o X HLAY i
Lyapunov PREL V = 0.5 ,3R—B ks, WA
B, |-

q

v

V=il =1

[}

L (Blpléﬁ)]/ql—l ) [e + 4, G2/ ]o (8)

4]

4 Bip: ©
B (8) i, MFBARRAS (2) WA ¢, =
—3pgil/(20) o FRUOH 6, R RAR(S) A
ey = - 3pw,/(2]) o Wit EEE R o, Y
W00 sgn(. ), BIA

= A 91 2pirg
Vign = 3, ['&?ei + nysgn(l,) |o (9)
Hrp ez n, >0, #FHEXTK(9) KRB, B

*

I = |Vigndto (10)

() FRAK(8) A

V= =l (PPt sanl,) 5
q,

- (Bt 1,0 (11)
q,

FEF Lyapunov FeE E B, P (11) V AOAF
ST, R RILR B 2] Lyapunov FRER V(0) #
0, Y¥einm £, #0 i, X (11) VTS B8R e, A
X, HF p, Mg ¥ RAE, 1 <p/q <2, FTLL
et =0 BiIf5 V<0, Bk, HHMNY e, =0,



553 1)

V =0; Mi&(e, =0,e,7#0) BRI HE
B, BRTEDI AR v, SEFHT V = 0 AFTRE—T
TREF. PR G (2) ¥ 70 A BRI [] N e S8 - 0
e, =e, =0, Wi (3)1, =0 HATRM, W HIHRL
()4 FRISCSA ST [] Ay

= P oy, (12)

Pr — 4

Hrfre, (0) M iR2EBREYIE,

B (6) 2(9) F (10)FLAR(5) , 15 5%
PEER SNTSM F5 il 4, 1T WL, SNTSM 1] #L 4 - ¥ 114
NTSM J5 i, fE 4k R AL 55 NTSM )&tk A BRI A]
WS T SE R - BRE B S TH PR MR IS

F2.ma ) MR (12) /I, RE 5L
NTSM 5 il 22 G5 — A7 75 B 25 - iy o508z | Wi S
JERRNE g ) R Ol A 5 R IR A2 Bl B A
T A S F 42 30 - e, 38 (N B, 585 p, /g, R/
(735 RIS p, /g, P38 BT s I 2R el Sk
PEAS 2 ), PR L B T T R

EjE T SNTSM #2828 B9 Hd B2, ik
7B, T BB 20 22 B A P s il 2R 0 i T ],

1.3 HHER SNTSM #2488 Hi%it

T SCE R R 2E Bt e, =i — i, Hoh i H

A (5) R, IR (1), 15 EAH R A Al L I R 25 R

t

snitsm

R pl‘/’t u’q

éq =l: +pwi(,+fiq+7w—fo (13)
HXT RS (13) , SNTSM B E 53R
s, = e, + Bye” ", (14)

Ho 715508, >0,1 <p,/q, <2,p, M g, HAEL,
MY e, I (4) BRI ARSR L

5 AT 18 SR TR R B A,
T SMC ) 5% #2 il A1 Lyapunov £8 5 & PR, 32 fil B
T .

Uy =Wy + Uy,

1t
_ _ 1 95, ]
Uy, —Luq“ = Lfo [B—zp—zeq P4y 7725%“<5q) dt,

u,, =L + Lpwi, + Ri, + p,o,

(15)
Forbrow, Al w3500 w BT RN S R 00, U146
Hazs m, >0,
1.4 HEHHHEF SNTSM =451 25/01& 3T
P 1, A E AR S A R O R ) ()
PMSM J P BE S R K7 Bl R 25 T SR

qeq

T . PMSM XA P11 3 A 5 28 iy 1 A5 42 141
ZT—\‘)JJ ed = id* - id ,X¢@E§$%?ﬁﬁ£%%ﬁ
. . R, u,
€4 == pwiy + i _flo (16)
AL ML, E LU SNTSM 42 25 .
sy =ey + Byl
Uy = u“deq + Uy »
u(leq == prlq + Rsid ’
7 (11 9o
uy, =L J() [[?3 Iiei PYa nSSgn(sd) ]dlo
(17)

S0, BTy, 0 ey 219000 O B AL
ﬁﬁ?ﬂiﬁ,&l+§§&ﬁ3 >0,1 <p;/q; <2,P3ﬂ] q3y§]§‘
B, IIE 2R 9, >0, 5053 e, FEC(4) B
flitas R EL,

2  E T Anti-Windup AJ3= #2855

TESE b PMSM XU 4] 36 SNTSM ¥ il & 45 b,
Windup [IBRIRAEAE 20 Y e LA 3 ol 4 15 7E
T SRR (RIS | 3070 248 25 e A PR (] LA A5 A /0 1 i
RHLIE 1, Wk R 0 e i & i 205
B —A-BR g PR T, B

. .k
]qm; lf L(I > ]qm’
r .k — . . S
L‘I - Sat(lq ) - Lq H lf _Iqm S Lq S Iqm’
A it i, <=1,

(18)
AL A ) S B i) AR o AR S g
F3 Windup L4 7=,
2.1 Anti-reset Windup PI &L 17
P2 & PL I H B Anti-reset Windup 75
VR T RN A T A E i R
i PR M D o7 A8 22 4 O BB 5 0 U A5 S
Lo ORIR BRI, Fov ko B R B b I
WAME R R L R /NEH R 7, < k, <

87,

o
1

I
0"+ € + q
py o ) _
- + =
ky e 1 R
) T, S s + 9=

1
kc

B 2 Anti-reset Windup PI = $I4E &
Fig.2 Diagram of Anti-reset Windup PI control



142

%24

H1 P& 2, 12188 pR BT 4 5

k
.k — 7‘)
i kpem + e, .

i _k%(i: ~ i) % -
kk, s +1 1,
Toks+1° * ks + 1lae
2.2 FEIEIR SNTSM #2525 RO B ist

FHF K 2 #Y Anti-reset Windup PI PR FL 44
HPAILER, T X% 3 SNTSM 45 il #8 547 Anti-windup
MERBBOE , B KR IR R A RS A =i — i,
2SN ONERES NIRRT (IR RN R IR o8 I L
ko, > 0 RIS EREL, G S SNTSM 45 HIHE & 4n &l 3
Jfi7R

(19)

VORIt

lﬁiq"ﬂ
.w _ qn . ,:‘ §
- ® (9) UV 1 + N m( by
- ‘ b, [ “X)‘[j J
o

m A
L

B3 Anti-windup SNTSM #2 il 4E &
Fig.3 Diagram of Anti-windup SNTSM

~

X (2) A 3, i IREF IR 2E RGN

e, = e, —Ai =
3p¢f.* B TI, .
TR + 7 + 7 = koAl o
(20)

X R A TE AR RN 22 S A5t Ad AT A0 kg SRR
B, AR EE T P42 SNTSM. 4% % A p e i sk
PREL R, R (9) Iz Hl 5l i) v sgn (. )
(38 5 R B, ARG (6) i, PREFAE

FLARHL, 20(9) VIt i 50 sgn (L) I3 25 R AX
PR i (20) BB A i 22 S 1595
Ai, “ A B b, AL L < gy ARV Y SNTSM
PIE EHI R s )

Vign = 3%/ B%léi‘”‘/q‘ + (my +my)sgn(l,) |o
(21)

e (9) A (21) , AT WL 8 i 01 sgn (. )
(R34 35 B IN T — 00 n, , A SEAR=R(20) 1
TR A 22 RS B ke, A

TE 3.z (18) M AR 22 S 5t Ad” B AT i HAT
A FEAF T AARIER . 0T 20 B A BT ie
)Y -1, <iy <I, W, B RJE Windup [ 8
BT Ai; ARFME2) M0 >, 80 <

— 1 AL BT H A R AR RS AR,
Ai(6) 2 (9) MK (10) , HFRHADE R SNTSM J7
e, SR USRI ¢ RIS i AT AG”
Al HA X — AR A

B2 (8) MIZl (11) # Lyapunov £ 5 M43 47,
AR (21) A

j ~ —3pg q - ..
V=1, (’%eﬂ]/m-l ) (i’u Do g A )$
ql ® 2] iqn ﬁlpl ® wm q
- (Bflplé’;‘/""‘ )m 1,1 (22)
q,

AR 2 Lyapunov F2 e B, [F]= (12) A BR AT
BIPNSEEE R 48 (20) Wesk, Honl 7 ik Windup B84
A

3 AESXWEIE

BEXT PMSM % 3l 45 1l R 4t , Ay S ik BT 42 XA 34
SNTSM #% il 77 %8 A 2 M % Windup [7] 85 1
P, AT ELANSC 56 P 7 T A T A0 AT
3.1 (HEHSH

PMSM ZH0HN . B €53 n, =2 000 r/min, H X
Bop, =3, WkE, =0.8 Wb, ZE2HH1 & L =0.033 H,
HFHL R, =2.875 Q, F sh i J =0.011 kg - m*, JEE
BERBB=0.002N-m-s, MEEHEAEMET, =
2N - m, SHEm R 1, =6 A, ¥ HE RS E
n* =1 000 r/min,

MR A il R A I 1, BRI, BN %
Windup [7] 85 B, %% 18 38 SNTSM 5 4l 2% B2 i1 2
p=7,q,=5,B, =0.002, 7, =100, -kt ge it
BRI A, =900 F1 A, =10 000; 33 %l HL i SNTSM $5
eS80 p, =5,9, =3,8, =0.01,m, =3 000, 7%
IS S B A, =40 1 A,, =200 ; £ %L 7
SNTSM 4l 25 31+ 28 p, =5,¢5, =3,B, =0.01,
ny =10 000, ff 43 A it &% B3t S %80 A, = 18
Ay =10,

HI 1 4 (a) 0] UL, BE T ERERIR 2 o 530 i BRI
Al THER (4) SERTRTR IR e, B AT BRI ] R 8L
HZ, HARLE THUARGME de,/de , B HERUMG T
AN 2 H15 R G000 B B Be g (5 5 W e T R,
BORE X SR R g A M HME, B 4(b) N
PMSM %5 i b7 il 28 ,0. 3 s 70 47 W B3 19 B8 4
1 000 r/min, M i 3 FE PR H TG @B M &, Bl 4 (c)
B 4(d) 53500k 38 B %l 9 L He A ERL 3, B SF- 0 S B
e, B U 0, 4R R TE 45 E A, S R 0 TE
0.43 sikFfazs,



5533 TR . PMSM XU P01 1| A 57 2 i 4% ol 143

0 02 04 06
t/s

(a) T BRER R 2 R M4y

0.8

1000 -

800

600 ]

n/(r/min)

400

200

250 L ’— --------------

150

U u/V

2.5

T
td

2.0

15

i~ ifA

1.0

0.5

T o
U4

-
| ]
1
1
1
-

0 02 04 06
tls

(d) SXERHLH

4 FK%E Windup WA SNTSM 26 RGHELER
Fig.4 Simulation results of double closed-loop SNTSM

control system without Windup

M RSB R B  , =6 A BRIERT, H & 3
Anti-windup SNTSM £ 5 5] 2 Anti-reset Windup PI

0.8

Pl T, B, XD RIS Hy, + 0, =
1 000, k,,, =500, AW ITS505 & 4 MR ; 7% 3 Pl
PRI 28k, = 0.3,7, = 0.058 2,k, =
0.02; 3Tl PLEERIES £y, = 2,7, = 0.005 ; 5

AL PLIEHRIRS b, = 20,7, =2,

4

=———pI

SNTSM

L 2

i/A

0 0.1 0.2 0.3 04
tls

(a) L EL R IR

150
d SNTSM
O 1 Il L
0 01 02 03 04
tls
(b) I E AL
1200
1000

800

n/(r/min)

== D]

SNTSM

0 0.1 0.2 03 04
tls

(c) FEMLEE

B 5 2%[E Windup Bf SNTSM 5 PI #=HIMEEEXT Lk
Fig.5 Simulation comparisons of SNTSM with
PI with Windup

H & 5 (a) AT L, SNTSM #5565 EL A HL I 4, %%
AREEIELA E A, [ PLEHR A0 B 5 e R A T
B PLYE T (sS4 3 ¢ EE A I A{E 6 A, 3
JE R4 T R B3 oo BITEAE , HLFE 5 5 34
AL AR ZPERE R HXE T SNTSM J7 2, 21 A] LA Al
FHECAL S A U4 2 i i i 1 A 80 e MR S v 351



144 ol 5 #&

il

R
=

e

SN, A S B F R E  , OF e K3 6 A

K5 (b) JA2 B A B th 2, S 18T 4 —FEF
T JCHHIR, {H SNTSM 4% il i 17 18 2 ] AR T+ PT 4%
o 5 (e) MR LERETEREXS L, B REIA 2 45 E 5%

| sl

A

o — —

3 1000 r/min, {5 SNTSM il T [ 3 [ I i 1oz ik _rifﬁﬁﬁ
BEPCF PLEEHIZ) 0.1 s, R 4
LR LA LOFELAE AT AT SNTSM Bl e s |
T PMSM [RRUATER SMC il 338 17T 56 43 B (o) BAEREAD,
SRS, WL bR, AR R R ) T——
SR 9 4 P B 0T SR Windup 352 09 540 soves B || ame| e
FLTRT 265 S B, s PE R AR PR )
3.2 LIS I
Jyilh— 2B RSP ER SNTSM. 5 I o=
A5 S0 FS HIE] DSP TSMIS320F28335 (1) PMISM. B {4 — e
Vo FHEAT SRR, FE b I 6 (a) B R 5 A || o
1, P 6(b) B R A L e g
K HL A3 91 35 6 T BB 4 G Sk 500,800, o || .
100012001 500 F1 1 800 r/min 55 6 FhfEiL , H %L —
W YEREXT L AN 7 FI4E 1 FF7%, 7T LRR T 500 1/ min P —

R A Fa iR 220 12. 00% PEREALE, i HiAth
S IR 25 M RE 24 R I L PR PMSM R 4L i M i

6 ETF DSP iy PMSM LIEE&H

DSP-based experimental platform

. Fig. 6
ZK
1000 - - - : 1000 : —
= = E :
£ 0 4hEfE 1 £ 0F— SHEE :
<= SLPRE = SERRE
= _1000 - : = _1000 - ' ' -
05 : 05 : : : :
- il - et
= o I o
B B
~05 L : 05 _ KRE -
0.1 : : : : 0.1 : : : :
< OW 3 OWM
O 6 % 10 o5 4 6 § 10
tls tls
(a) n"=500 r/min (b) n"=800 r/min
2000 - - 2000 [ -
1000 | = E :
521000 R T -2000 SR
05 - 05 - : :
. sl . sl
% o )
S S
-05 . FRE : ny FE :
0.1 : : : : 02 : : : :
< OM < o TV TRRETIPVOPIPUNOIURIN
Ol 4 6 s 10 %% 2 4 6 8 10
tls tls

(d) n"=1 200 r/min

(e) n"=1 500 r/min

2000 : \
=
E o0 —-Q’: s
o) =
= SIS
= 22000 I FRE L
05 : : : :
< o N:é%%ﬁ
.ﬁﬂ‘ ’5‘_’ "y
-05 . ECE .
0.1 , : : :
< OM
Oly—— %4 ¢ 3§ 1o
tls
(¢) n"=1 000 r/min
2000 [
El Lo:
ER _Eiééﬁﬁ
T 21000 (]
0.5 - : -
< o AE(E
T s bR
02 : : . :
f\fm 0 r“»-m
02— %4 6 8 10
tls

B7 REREH AT PMSM Lk 14EE
Fig.7 Experimental performances of different given step speed of PMSM

(f) n"=1 800 r/min



553 1] AR : PMSM RUATEA-F- 1 A 7y 57 2 T B 145
F1 TEFEEN KA R PMSM K MEBEXT L PMSM PERE K, (HIF Sid B 52 1) % 3 ) LU AR T
Table 1 Performance comparison of different B kAR g AR , XA ASE RSB 7 1

given step speed
RS BRI S 5 % T #.

; T R | "

FE{H/ (v/min) 2/ (1/min) W2/ % [1] MORIMOTO S. Trend of permanent magnet synchronous machines
500 1.40 60 12.00 [J]. IEEJ Transactions on Electrical and Electronic Engineering,
800 1.45 36 4.50 2007,2(2) :101.
1 000 1.49 38 3.80 [2] HONDA Y,TAKEDA Y. Technical evolution ofpermanent magnet
1 200 1.57 40 3.33 synchronous machines for home appliances[ J]. TEEJ Transactions
1 500 1.63 43 .86 on Electrical and Electronic Engineering, 2007,2(2) :118.
1 800 1.7 43 267 [3] ZHANG X, LI Z. Slding-mode observer-based mechanical param-

DL EWFSE (AR B AE 52 2% SNTSM WL 3R SMC
1E DSP S5 Ak, AR T H A 5 ] A “ S0 34 PI
+ IR SMC” INE B IE, SE8L T SMC 78 % s 42 1l
RGN SRR I SR, A B T B
AR THARE T S5 5 PSR, AH LT H A Rk
(1) DSP 533 S I T e B RS 05 (B Il 7 (a) ~
7(£) N REH]  SNTSM 5% s FE il 48 23 AE AN [F] 45 5
U Bt R M B K R 1) B i, =2 S PR
PRI - o (L, LA PR A A4 2 0 06 o U B i
A (3) A (21) 3 R SNTSM £ 5 A9 T K B o
A I L (= 2y NP (1100 i ol 1 SV R
SNTSM il 45 , H5A X il B

4 % it

A SCEF X PMSM % 45 ) R 45, 4t —FpdE
R B A6 28 A1 Anti-Windup 77 5 A9 XL 2R
SNTSM kit #5 il J5 28 , #1 ¢ SMC J7 i #E PMSM XL
PHIR SR 2548 T A SR, HLA B A B4 5 i Y
802 o P AL 0 4 e e L A A Bt i K P U PR i 1
B Windup [ 85, 7644 14 | i 7 B[] | I 8 3 45
5 T ELAT B A P RE TG

ASCHTHE SNTSM 532 % EHIR A Windup 154~ 7]
R AR R R R 3] R 0 2t v B N 2
Ui A5 K PMSM & 45, F0 Hh, B HiXT = 9% SMC 5
:AE PMSM 2 40 H (1% 52 56 22 38 40 15 4 DSpace %5
Yy B A UEA T T O 0 TORE S B ) e G
o2l i iw A S B R, A SCEE T DSP Y
SNTSM XL # PMSM #5 il 2 48 55 B%F SMC #9525 H
R o A R (. R i, 5256
S5 UE B AR S 4 SR AR AR M g T Gk B L R

(6]

[10]

[11]

[12]

eter estimation for permanent magnet synchronous motor[ J|. IEEE
Transactions on Power Electronics, 2016,31(8) :5732.
ZHANG C, HE J, JIA L, et al. Virtual line-shafting control for
permanent magnet synchronous motor systems using sliding-mode
observer[ J]. TET Control Theory&Applications,2015,9(3) :456.
CHEEMA M A M, FLETCHER J E, FARSHADNIA M, et al.
Combined speed and direct thrust force control of linear permanent-
magnet synchronous motor with sensorless speed estimation using a
sliding-mode control with integral action[J]. IEEE Transactions
on Industrial Electronics, 2017,64(5) :3489.
VADIM I U. Sliding mode control in electro-mechanical system
[M]. CRC Press, 2009:17 —40.
BARTOLINI G, PISANO A, PUNTA E, et al. A survey of appli-
cations of second-order sliding mode control to mechanical systems
[J]. Internal Journal of Control,2003, 76(9) :875.
MAN Z, YU X. Terminal sliding mode control of MIMO linear
systems[ C |//IEEE Transactions on Circuits and Systems I: Fun-
damental Theory and Applications. 1997, 44(11) ;1065 —1070.
U AR K. R A R A TR R G B T R
[J]. #2523 ,2002,17(2) :194.
FENG Yong, BAO Sheng, YU Xinghuo. Design method of non-
singular terminal sliding mode control systems [ J]. Control and
Decision, 2002,17(2) :194.
FENG Y, ZHENG J, YU X, et al. Hybrid terminal sliding-mode
observer design method for a permanent-magnet synchronous mo-
tor control system. [ J]. IEEE Transactions on Industrial Elec-
tronics, 2009,56(9) :3424.
LEI Q, ZHANG W. Adaptive non-singular integral terminal slid-
ingmode tracking control for autonomous underwater vehicles
[J]. IET Control Theory & Applications. 2017,11(8) :1293.
PARK J K. Control of state-constrained linear dynamical system:
anti-reset windup approach[ J]. IEE Poceedings Control Theory
and Applications. 2000,147(2) :159.
LEVANT A. Chattering analysis [ J]. IEEE Transactions on Au-
tomatic Control. 2010,55(6) :1380.
BARTOLINI G, FERRARA A, USAI E. Chattering avoidance by



146

Bl 5 &

il

R
=

e %24

[15]

[16]

[17]

second-order sliding mode control[ J]. IEEE Transactions on Au-
tomatic Control. 1998,43(2) :241.

FHE ST B, S ZHMAARTIE RGN R
AU ] . PS5 PSR, 2015,31(1) «161.

WANG Yanmin, FENG Yong, XIA Hongwei, et al. Smoothnon-
singular terminal sliding mode control of uncertain multi-input
systems[ J]. Control and Decision,2015,31(1) :161.

LEVANT A, LIVNE M. Exact differentiation of signals with un-
bounded higher derivatives[ J]. IEEE Transactions on Automatic
Control ,2012,57(4) :1076.

IMURA A, TAKAHASHI T, FUJITSUNA M, et al. Improved
PMSM model considering flux characteristics for model predictive-
based current control[ J]. TEEJ Transactions on Electrical and E-
lectronic Engineering,2015, 10(1) :92.

LEVANT A, FRIDMAN L M. Accuracy of homogeneous sliding

mode in the presence of fast actuators| J]. IEEE Transactions on

[19]

[20]

[21]

Automatic Control ,2010,55(3) :810.

TR S, SRR SR AL R AR ) R G S
anti-windup EHI&F[ )], LS EEH 524 ,2013,17(01) . 77.
ZHANG Xinghua, NIE Jing, WANG Deming. Variable-structure
anti-windup controller for direct torque controlled induction motor

drives[ J].
WATANABE K, OYAMORI K, SATO N. Effect of magnetic sat-

Electric Machines and Control ,2013,17(01) :77.

uration on the operating characteristics of series commutatorless
motor[ J]. Electrical Engineering in Japan,2008,96 (4) :60.
FHEE SR, 5 5. T Anti-windup 45 8% 19 K B 7] 25
HUBLEE I RGBT T]. 1B THOR 224 ,2009,24(4) :66.
YU Yanjun, CHAI Feng, GAO Hongwei, et al. Design of PMSM
system based on anti-windup controller[ J]. Transactions on Chi-
na Electrotechnical Society,2009,24(4) :66.

(BB RER)



