B AT 2021 4F 531 % 56 1.671-679

doi;10.3772/j. issn. 1002-0470. 2021. 06. 013

EFEERETHRRNRZNAUELRE TS BB RENSERSEHY

X R@F R

(CRLVAFERBHARGEREEHTRIRALE T

H£® *ok

% 4 5 066004)

("R IRZRARIRR REH 066102)

i B ANFESEES ABERIMAREGISFLAEEA RN ABELFA L B
(PMISM) i % A%, f B 7T —AETECH A THRAN SN SER I EH T %, &
56, B A 1 T 30 M 28 x4 R G5 A I8 B R A R U I B R A R BB AT I A O, B
AR 2 fe % A8 BRI B ST O ok, R 5 B 5 30 A 5 4 4 4 & 2 sk PMLSM
[ € B B (L 7 B BR 4 R A B, AR A T AR L B H A AN RIET A, O
BT ZAABF BRI TR iR A PMLSM L8 R 5078 A SUPT #2354 7 % B9
ERTREGERTH M AKSE, &E, FEMERTEHRTTHEN AR, HEERE

T PR T ik AR
Kttt
AW B w8

WALRIIERE AL 51548 Bl TRERZZALSE
) BRI &0, XA A5 RS TE AR LR
FE AR AR R, O HZA% 3l 7 2 B okl LA 2
Tl AT R TR B A SR T A R K I
A H L ( permanent magnet linear synchronous motor,
PMLSM) |45 25 7 Hh ) 3485, AT SE S TC IR BA 3, 2
A G T B R O SRR R IR AR R
SRR R, TR A 7 ML A A S R AR
AR T EZ R . SR PMLSM 5 32 31 5 4%
B IS AR AR S A A E R B,
T W 2R e R R 1B AT SR B A J

BEXE LA TR RS, SCHR (4 ] PMSLM i £ 2 FH
3 TP SR HE S AR BT A3E T A
X HAEAT AL T, K s A T HE S AR BT

K E % Rl (PMLSM) ; A iR; BR M E THRAME; REEH; 5

S AR e R AT AM S . SCRRLS | g M i i
W28 %k RGER A B B | BEHE ) ARl E P R AT
AT, AR T R R RN . FF U
HJE , SCHR[4-5 ] 705l & T35 BORSoRA BRI RIS
Pl , HASCSU [8] 52 22 GE R0 S AR AS RO S Mo G [ 22
P )42 | AR BERE N 1) L S 5 R SR R0 R AR T
RERHSHMR, N2 3] T 2525 1R,
SCHRL 6 1) FH 22 IR AT 1 ik ke 1 XU LA B &R 48
AR R [R) R, O R UETE A 5 BRI IR A TS &0 T
FRGE R [E 5 I TR SRR R o SCRIRL 7 ] R FH A R e WL
DAL R GBI B E T, I 26 T b i il 5
TR B AR G BRI DR 22 7 [ R B[R] Y ISC S 3 D s Y
— ARSI o SCHRES ] 41X — 28 7™ s S Bt Al e ik
RGE, HT RPN Lyapunov BB 25 ) T R G842
J5 I¥8 5 o (R A A2 ) FE 7 2 A RN BETH 2 3R, ORI BR T
P AR AF R R 7 i TRD R, AR T 4 ) 8 B0 O MR AF
TE“ TR IBNET B TR o B X b PR, SCRIR[ 9 ] 32 i

O HEZKHAAPEIES(61803327) ,iL4g H AR~ A4 (F2020203018, F2019203090) AN IL 44 T LA 4 11K (18212109) BEBHTH
@ 53,1985 AL Tt B D05 ) - R 2R B A R G ST 545 s E-mail : leliu@ ysu. edu. cn

® #{EE#H ,E-mail; shaonuan0427@ 163. com
(ks F1 199 :2020-10-13)

— 671 —



BERAEIR 202146 A 31 % 6y

— IR T R UB P A 1 B & N AP R Tk, B
P TR AUAREAFAE R Sl R e TR, {H 42 5 4%
AR R R BB, A 5 B A . SCHRL 10 1R
ShAS TP 7 1% 2 58 04 He 0 ol AT A 3, B
A BT ik By 32 BIRAE R I AR RS S
SCHRL LT3R M T — ol 9 s A5 1o 42 1 07 125, 2 AT LA
A7 B S5 R R S0 A R P ok G BE A i, L BE A
PRAUEDE I A 14 W S50 38 T UL 2

BT BRI, AR St — B T s [R] T
PO 2 B K s L2 ) A5 L RIS 6 R e 0 285 T e 4
el 7 ko B ST, AR B RE I E] A 0L I A T
PMLSM {37 % 2 4t ) I DE e A iy 2 290 01 D e AN 2
THEAT WL T, DASR o 2R e ) BB 42 RS B, (i
LI R 22 REAR A 18] 7 A ] PAMCSA T 05 AR R I
A5 S A TH P AR 4SS A 58 AL PMLSM. {3 4% B 25
P B BETE, LU G B ML 28 45 i 5 kA A Y
T RRKET TR, fi AL 2R G R A i B AR, O
45 R GUIRZS REAB 75 [ 7€ I 18] WL B , Tl ad 5
OO U S UE AR SCHT $2 07 YA RE A5 SC B PMLSM 45
TR BE S B R 45 A, O LA 5 R A e 3k 2 A
s T T RE

1 PMLSM % % i s &
A B NIE S € EINGE SIEIE St TR

SFANHE N R B SE IR, PMLSM 7EE4% IE A2 A in & (d
- q) T HBCHER

X =0

B K. 1
U=—M’U+MLQ—MF D
oL, B m me o (D
q_Lq Lq pd pL 1
p 1 R . ™.
l; = fud - fld + ?Lq + d2

R, « PR, v B FERBE, M H5hF 5
i, B R EER R AL, K, A HREHE I REL, F oA
TR, LRI d g BISER0RIER, p AHRAUREE, R
FRIREEH I RBE, o, R BEARRESE, wyu, 0,0
SR d g AR S, D A RS AE VL B
12 T (f045 S 508 3h AB AK,, DI R ph 35 3 3
— 672 —

3 JEEHE 1 RS AR B 3 A5 Ak B B 1 3k A 4 B
AF) ,d, Tl dy H 2 G B VG T R 00 5 00 AL 55 2 B
3 AR FIARHAEHZS)

2 W& iR

Bl 1% ZIEINT RS

x = f(x), f(0) =0 (2)
R AFAETE SR IE 2 pREL V(x) 2 ARSER
V(x) <-AV(x) - BV(x)* (3)

A, 4, B >0, HO <A < L MRGREIG A
BRLA ) PSS O, LS iy
1 AV'™(x,) + B

In

e S U1 = 0) B (4)
S| 2™ FEfEAR SR E, 6, 8, HOSS
<l,g>1,H:
(E +& 4o 48 = (&6 4y 4o 4 8)
hﬁ+£+m+ﬁ>>r%a+@+m+av
(5)

Ty

513 BRI R

y(1) = —ay()* = by(1)7, y(0) =y, (6)
K, a b >0m, ., p, g BIHERE, BHLm >
n,q > po WG EE I FIRLE 1Y, LS ] K

n_, 1 ¢ 7)

1
T, <— 5
fis am-n bqg-p

3 BRI TR E

AT A T RIS 43 B %t PMLSM £z
BRG (1) PRYAEICECARH 2 00 D 1D Fl A 2
T d, d, BEFTEHASIM

ZIRARG (1) PR E AT, Bk &
SRR D d, M d, EEEA i, HAFAES, >0, 0 =
1,2,3, 31 D1 <6,.1d,1 <8 Fld| <8.%
WL EE VT FC A8 E T D [ B ] S0 080 45 44
W)

; B K, . 1 = ~
v == +Mflq _MF+D_klld)ll(v> (8)

b == k12¢12(77>



X SRAF T I8 S ] DI OL TN 45 ) 7 B ) A0 m WIS A R gl 2 T 5 2 42

i, 0.0 550K v D WA B 5 =0 -v.D =
D - D 5510 v D FIIREE ; ky, | by, > 0 SO0
2S¢, (D) F ¢y, (7) BIET, HAMAIERA R

b, () =1 il%sign(i) + | 17|%sign(17)
%,u?l o1 %sign(p)

(9)

_ 1 . N ~
(t)lz(”) = 7S1gn(v) +2u,0 +

KA, py > 0,sign(9) N5 REL
HTR(B)MR(9) ko f D 1 FA, 430,

77 =v-9 = D klld)ll(v) -
==k, (D) +D (10)
[) =b_D=_k12¢12(17>—D
25 W I U B AN 2 0 d, T, P9 [ B
[ = HC MR 2553 Ky i A
;q = % %iq - Tr?vid - % ‘Ail - k21¢21(zq)

d, =~ k22¢22(zq)

A 1 R . .
{I’d = fud —fld +;Lq +

d, =~ k32¢32(zd)

dz - k31¢31 (zd)

(11)
1, 3y dy g B dy SY50H 0, o, iy B B
ENi, =0, —id, =dy —dy iy =i, i Fld, =
dy — dy 43800 iy dy iy T dy ORI 5 by b

by hyy > O g WEIN AR 25 5 oy (0 q) \‘Jbzz(zq) B3 (74)
il ¢32<"d) ﬁf@EIﬁ,Hﬁﬁgﬁ/ﬁﬁ

a 5z A s P 3 o
{(i)z](iq) =11, 1 2sign(z,) +u, | 7, | *sign(i,)

~ 1 . ~ ko 3 ~ . 3
dn(i,) = ?Slgn(lt,) +2uy0, + 7“; Iz, |251gn(Lq)

{1’31 (1) =11, |%Sign<~id) + s | iy |%Sign(~id)

d)32(ld) = Slgn("d) +2V«3lt M3| ldl Slgn(ld>

(12)
K, o s > 0,sign(i,) M sign(i,) HINAFFT PR
ﬁo
ZIEFAEIC AR E I D 5L RCAHE d, |

d, PN A8 A RR SE BN, AR 57 LA DT B A 1 i 10
D ], 5 OIS i W St S b i R

EHE1 FI1DI<s,,5 >0, Hu, >0 MHMR
T ESEky k, MLTEA KN, H:
K =
k48

0 < ky <2./3,, ko >T+—}

(kll s kz) = R
{ 1 K,

U {(ky, ky) € R ky >2./8,, ky > 28}
(13)

TR 2820 (8) A WRINS 2% & F1 D BEf%7E [ 2 i ]
HEEE .,

ERH BEHX Lyapunov PR%X

V, = M'PM (14)
A, M = [¢,(2), D], PRIEENFREME(E P
= P" > 0), RN TR AR

A'P + PA + ¢l +45,C'C PB]<0 (15)
B'P -1 N
—ky 1
fttiﬂ,g>0,A=[ ],B:[O],Cz
-k, 0 1
[1 0],
XPHERE M SRS, T AT AT 15
M = ¢, (3)(AM - Bp(x, M,)) (16)
. D
’ ’ Ml = 7 - =
itq:‘ P(x ) d’n(”)
ZDsign(f)) M, M = d’u(f/) ; H

(1 +3u, 1 o1) (1 +p, 1 51)
B DI<s, WTHp(x, M) <28 | M, |,
_‘ZLEAerL’ESL:
wlp, M) =-p’(x, M,) +48M;

_ [ [45100 ][

P
(17)
P (14) #HATR T, 1S
. LM ATP+PA PB\ M
v, _d)ll(v)[p][ B 0][p]
. _ [(M{"TA"P + PA PB\ M
smu»{[p][ o 0][p]+w<p,M>}

— 673 —



BERAEIR 202146 A 31 % 6y

. M{"fA"P + PA +45.C'"C PB1 M

= ¢y ”)[ ] [ ][ ]

B'P -14"p
<-¢,(Ve M]3 (18)
KX, M3 =181 +2u, 151
— %, W AP M| <V, <
FIM2F -l o177 <- |[M||;", ¥

ou® = Lrard e A Gs) s,

2 ~ 13 2
+u Lol +D7,

/\max{P

: £ 3 oL
iS-——T M|} -Jm!il%e|M]|;
v 2
& 3 T 9
<=M, - Sl 917 | M
3 & 3 & !
<- - 912V, - 22
2 A P LR (P

(19)
LEAGIE 1 AT, WIIR 22 o A D K AE A BR A
TE] P S ) O 5 itk — 2, AR XU v R R B g
o A1 D AT AERE A T, pIYCERE) 0, [RVER, ORI 2%
(1) BRI R 22 d, F1 d, ] 43 51 e & 52 At 1]
T, Ty NYLEE 0,

4 PMLSM fu# i 55 30 AW R 35 4| 28

%1t

5518, TR (1) E L PMLSM (i # iR 22
Ifl,

e, = x —«x° (20)
A, 7 Oy PMLSM B4 €N

R=(20) 9S4k, AT 452

e, =x-x" =v-x" (21)
FEF(21) B HUR P ] =
v =ux" - asigle)” — Bysig(e,)” (22)

X, a0 B >0,0 <y, <1,y, > 1 BARFEGTHY

L S

sig(e,;)” =1 e, | ?sign(e,), HH sign(e,) NFF5
ik o LA GE SRS 1,15 20 AR v,
Mo, = sig(® - 0,)" +sig(s -v,)"  (23)

K, g > 0 ARFEITHIGEIE I AR S50

— 674 —

sig(e,)” =1 e, |7sign(e,),

E, =v, -0 (24)
A= (21) if—H5H

e, =v-v, +E —asig(e )" - B;sig(e, )"
(25)
52, % L PMLSM Fy i BE VR ZE 1
e, = v -, (26)
R (26) T, ATA
b= B—f = %v+ﬁzq—iF+D
(27)
FTR(27) BRI S
i, = %(%v+%F—i)+z}d - e
f
— a,sig(e,)” _,stig(ez)yz) (28)
K, a,, B, > 0 B RF BT B R U H =S4
sig(e, )™ =l e, |"sign(e,),sig(e,)” =l e, |7

Sign<e2) ’ :/H;EF' Sign(ez> j‘j?{l‘:%@ﬁo
ik, TR IS 2, B IRS io

nzlqd = sig(; — iqﬂl)y1 + sig(; — iqd)72 (29)
K, m, > 0 FFFRIHRRIE BB AR SHL
& SR IEBAT 2 HIUEBIRZE :
E, =i, -1, (30)
FIEFM > T, if, D =0, Wz (27) ATgE—4
L3N
e, = &(1 —i,+E,) —e —aysig(e,)” —B,sig(e,)”
AR
(31)
55 3 20, R ARG 2 ) i R A 50, B d
R ME i, = 0, JFE X PMLSM i L i iR 22
I,
{63 =i, — qu (32)
KA (32) B9 FHL, AT A
1 R. . v

és :Tuq —flq—;Ld— pL +d] _iqd
1 R. ™.
€ = U = Tl +?lq +d,
(33)



X SRAF T I8 S ] DI OL TN 45 ) 7 B ) A0 m WIS A R gl 2 T 5 2 42

PR AT PMLSM 13 8% B B 3 25 1 J2 45 18 ol
Bt
’1T¢If1} Kf

_ R. ™. E E
u, = L(flq +?Ld +pT _dl + 1, —Mez

— aysig(e; ) — ﬁSSig(e3)n)

R . . G . .
iy, = L( —i,; - ﬂ?vlq -d, — aysig(e,)" —3451g(e4)”)

L
(34)
K, a5\ By By > 0 BUNTRF BRIl 824K,
sig(e;)” =1 e; |"sign(e;) ,sigle;)” =1 e; | ?sign(e;),
sig(e, )" =le,|Vsign(e,),sig(e,)” =1 e, | ?sign(e,) ,

Horr sign(ey) il sign(e,) YRFF5 B
AN, B EES ¢ > max(T,, Ty) BF, d, =0,
dy, =0, WK (34) FRAZ(33) 775

é3 == _fez - (41’13518(33)yl —,83Sig(e3)72

M (35)

é4 =l 0‘45ig(‘34)y1 _B4Sig(e4)yz
5 WREH

EHE2 FFX 2SR E) 3 AR
G E R R 1) PMLSM 8 &4 (1),
3 2 b e [ R ] P 5 X (8) A=l (11) , i
FMRE DS a8 =X (23) F(29) , it sh A& b5
il gz (34) , I PMLSM 3778 5 4t BE 8 75 [ & i [1]
PSS

EB X T, , T,, T,), PMLSM
fiRe R G (1) B S P i FE 43 A PR 43 24
t > Th B, 5387 PMLSM £ R G2 (1) BY [ 2 i
S 0 < &t < T, W AT e 3 A4 WL
WS RIE R GRS A SRR B TET5 K

(1) Ht > Ty, B

LEHL Lyapunov pRE K

b= (5 s 38 (36)
SRAGEDE P AR 22520 (24 ) A= (30) A4

E, =~ Lsig(E)" - Lsig(E)" + €, (+)
7]1 771

= max(T,

E, = - Lsig(Ey)" - Lsig(E,)" + C,()
2 M2

(37)

K1, €,(1) ==, G(+) =i,
1&&@?’{ w; € R+, ﬁ'fﬂa‘ C]( ') = w;, JH\IJSR
(36 19 S8, TTAEE

4 2
Vv, = Zeiéi o ZE/'E/
=1 el
4

< Yol -p()* ]

i=1

2
+ 2[—%@5)”7' —%(E,?)”Tl]

= ‘] g
2 Z 2
w; E;; L( 2 & 2)
+,=1[2+2]+2E‘+ME2
1 K
+7(e? +Mfe§) (38)

R PRUE I 2R GEARAS TE [ 2 B ] IS, 2

1 , , ,
=y oy, B =P +,352’; =" =M T, Jillge)
j
WF e,
ya+1

1) %/[ €; = 1, E] = 1 Hﬁ)ﬁBiZ(e?)T

Bﬁﬂe?’
' 2 7—2;1 "2 o 1 Kf
MBS = 2 WAE By = max( L )

2°2M
1 K

Np = max( 1,

4

2 g pa+l
V, < 2[_0‘1'(6?) ? _Bil(e?) 21
i=1
2

2
; Fi+l : Bl .
# 2 [-mE)T )T + G

(39)

y1+1

2) Ye, < I,Ej < 1WA ai2(6?> ?

= ai2e?’
M (E;) = N,k o B oy = max(_,_) ,

2 72M
1 K

Np = max( 1,

4

. vl Pl
V, < Z[_au(‘f?) . _Bi(e?) |
i1
)

2
e @
+;[_’7/ﬂ<Ef> - (E) +Tj]
(40)

+1
3) Be, =1,E < 1 i, B, (e2) 7 = Bye?,
DS = B R 1 K
1lﬁ ( lZ} ) 2 = 77ﬁ2£%’o 1%11511%5393 lgﬁ = 1113)(( 72~ s iijii) 5

— 675 —



mEAEMR 2021 426 A %3145 556 1
, 1 K ’

= S ) ] 2=
P maX(l, 2 +2M)’ 5

4

V< Y [-a(d)=

i=1

B ()T

2
3 [ ¥ Y]

=

(41)

+1
4) He, < 1L,E; =1 i, A aiz(elz)% = aize?,

" E2 72—2+1 = - ] Kf
77;2( j ) = 77,2 2o B o, = max(7 274)
K .

n,z/max(l’_ 2]{4) HJ e

Z[—ad(e) : —B()F]

S 2

' n . @
+/§f[_nf(E?)2 — (B ) 2 +Tj]
(42)

E T IR, 2 0y > max( L ZKM) B,

Lﬁ) = ( 1 ﬁ)a\ :
2 ,2M ’7]]2 = max 1,2 +2M j“;ﬁ-

z —ay(el)

=l

2
i yat
+-21[—nﬂ<E?>12

=

= max(

I

B ()]

2

i L w;
—ﬂjl(Ef) 2 +7]]
(43)

%XN - [ail’“'] T: [Bil’.“:l7 L = 1’2’39

4,m = [71;1’77;1] 454653 2 n[15
—N<2e?>”2—”—n<2Ef>”z—”
—T(ZeV—n(ZEZ)Z 2{

~ min(N ) ( _Zle? + ZEfﬁ
= Jj=

N|\N

2

7 g ¢ ) > 2 72+l 2 w;
-2 mm(T,n)(Zei+ZEj)2 +27’
= 7=t =

(44)
EX 2”2_+1 min(N,n) = ®,, 2min(T,n) = P,
5 b
; 7=W ,ﬁ:
SOV —d LV tw (45)

— 676 —

EEJ'C(45)ﬂ’ﬁI PMLSM v #% 28 4 J2: [&] 2 i (8]
FREER . HE—2, AT 0 Hr PMLSM i 85 i% 22
E‘Jﬂﬁcﬁilzﬁi, =

w w
= - 4
X1 -a)@,’ " T 2(1 - 0) @, (46)

X, 0 <o < 1, ZHICGIR 11 ]34 PMLSM i %%
/\/‘LE"JW@H:J‘I‘EHO
1) My, >1,x >1K,PMLSM {81522 Bk

X I 6, X;Z” MRAET I3 15 RGNS A]
M
1 2 1 2
tlsal_'yl-{-gdsz')’z_l At
HIXHH 6, )(32“ MRYETI 3 TAF R G St a]
H
1 2 1 2
tzsall_'}’1+0'(p272_1 (48]
3) By <1,y > | i, PMLSM RSB 22h0g
X BN O, )(ﬂ“ MRYETI 3 A5 RGNS H]
&
1 2 1 2
t3s0(p11_71+5272_1 .
4) Hyx, <1, x, <1, PMLSM {72 R2Z KL
BB O, =y, ARHESIHL 3 115 Se e bkt ]
b
1 2 1 2
“S o Ty by, - 0
=y {tm = max(t,, t,, t3, t,) o
0, = max(0,, 6,, 0, 0,)
PMLSM i A%51R 7% e, RERGTEIEEITE] £, + T AR
@(@J @mo
(2) B0 <t<T,, i

ﬁ*@m%?#ﬂ%{ﬂ' aa(8) Ak (11) w] fifi
PMLSM {3 #% 2 e ANH 2 T A I % 22 D d, Fl d, 1E
& BT ] T PIUCSET O, H 5 KRG WG 5514 TC
Ko IO, Fri it W sh AT R A2 4R (34) A
B BT A i, PR b e o 45 5 3 1 O Y %%*%&T
fRUE PMLSM (B RGREEO0 <t < T, WAZL
RF) oG5 Ko



X SRAF T I8 S ] DI OL TN 45 ) 7 B ) A0 m WIS A R gl 2 T 5 2 42

6 7EA%R

TEASTAS A S B 1 0 5 T 1 o B ] 4 00
W8 i B T LA O i, S 3CHk[ 18 ] it R 46
PR R AT T B LR

PMLSM i R G EE S M =8 kg, R =
2210,B =1.2N+s/m, K, =50.7 N/A, p =
36 mm, L =41.4 mH, /R =0.09 Wb, X T &RGH
SR (1) i S 4RI F, H SR B RN S F
PEYES) F o, RISHIRBH ST o, R, 336 FEL (B39 02
B HEIFR RN Fy = Scos(2ma/p) , BEHEITIIFR3K
KA Fr = [1+2e Tsign(v) , AEREH 93
KRN F.y = 10sin(2mt) o X T Gefem oy -{: T
FCARHEDL D, 5% PMLSM 78 52 bRig 47 h i £ S
Bamsh ARG A S, B B RAEBHE N 1L 1B,

ML
Sadimssaes SCHR[18]7 ¥

——— R

{7 /mm

0 2 4 6 8 10

K, KA LN 11K, ABLEE WA AF =
0. 1Fsin(2mt) 5 X T 2 e A B ey 19 DT e A 7 7€
di, R R KA R IR, REKIIEH
0. 1Lsin(4mt) .

ARSI IT R E BRI SHIBC v, = 9/11,
v, =7/5;m, =0.05,, =0. 130, =70, =0y =2,
a; =0.01;8, =B, =B85 =8, =0.013k,, =k, =k
= 1k =10,k = ks = Wsp =g =y = 0.5,

1 S PMLSM £ B8 B 5 1l o B ih 8 . X R
WL EN A RIEE A | mm BIEZES. AJLUE
Hh, 5 3CHRL 18 ] H Y Sz A5 i O ik AR L, PMLSM 7
AR SCHT R T Bk A R B bR ) sl 25wl o7 3
R AR AN B BGR N B AR E I

P 2 D AE g A o A 2, rT LU
T 0 BB A 0 R AU T o 0 i, AR T T AR

= J
— — — kA
_ 0.03-'{‘ h !‘\ ! g
FAAMVIAAS
5 3 \\ \ //X
2 i
\/\ AR AT

t/s

(b) PMLSM {v #% it xR 2= M 2k

1 PMLSM {5 PR B 45 i Wi R #h 2%

t/s
(a) PMLSM {3 #% Rt i 2%
8
[E— vy

6 v
2 4 f
&
ol
- 2
<
& 0
=
# 2
]
2,1

-6 L L L -

0 2 4 6 8 10

tls

(a) MRIHUEDAT 1 H% A HH 2R

40

20

PRI AR 2B N H /A
(=]

~ =20

-40

0 2 - 6 8 10
tls

(b) fRIEE YA 2 B A i i 2%

B2 (REEKBFEENGH &

— 677 —



BERAEIR 202146 A 31 % 6y

b, GRS T 5 RUSCE P A7 AE 1 Bl 4 1
PN ENR AP et 1 Erdibh> e pu

B 3 S UL S I th 26, 7T LA i, B
Y3 A [0 P T I A g 23] o R SE AR DL A

i E D , LA S UG B N Hf 72 d, Fid, JE4T 1 1 B
30
ceesescecee D
D
15 + J
E "
= M {
g/ / \,\/\\"’\”
= vV \« [\ VARV
X
Q
15+ 4
-30 1 1 1 1
0 a2 4 6 3 10
t/s
(a) AEVEECASH BT D 9S00 il 22
10
dl
5 j‘ .
-
&
2 0
=
=
%ﬁ BREEREREERREREEREERE
< 5 7
kg 2 A é § 10
tls
(b) DEECATREL d) 500 2
10
d2
5 d, |
<
2 o
Evs
[%N o8 ¥ B OB B BN S
< .5 4
10, 2 zi 6l § 10

t/s
(c) DEECATEED dy FULIME Hhk
B3 TS A X 1 i £k

— 678 —

WAL T, A RO 55 1T A8 2 0 R Gt fE
M, i T ARG ER R RT L

T % #®

ASCWESE T 2805k 3l 7 A 3 AR AR 3 75
SFEAHEN R T PMLSM [&] 5 B [A] (67 5% B 5 45
ﬂﬁmoﬁﬁ§w%$EM$%%ﬁﬂEMKﬁ%

B, K 1 I S I T PR 4 X A T S A
Hﬁ%wmﬁ EAEAE [ 52 I R BT 0, 0 5 &
SRR AR AR AFTOIE 5 B A4 -5 2l 25 T 4 i A 45
F5ERL T PMLSM o 7% B 5 42 il &% B9 5 1, A R0k
BT W RS R R A AR B9 B Rk R
Al T R GeiE il 4 i e it i 42, H PMLSM £ % R
R TR 22 REASTE [ % I (8] P MO8 J3 i A9 5 EO X EL 45
RFEW], PMLSM FEA SCHr 42 O ik E T BA
53 T ) N B 2 IS R AR ) 8 PR A E T o

B 3Lk

[ 1] Huang X Z, LiJ, Zhang C M, et al. Electromagnetic and
thrust characteristics of double-sided permanent magnet
linear synchronous motor adopting staggering primaries
structure[ J |. TEEE Transactions on Industrial Electron-
ics, 2019, 66(6) . 4826-4836

[ 2] &Mk, &AM, BE. Kl ELR LRI R
FEaREAMEERER[T]. B TEARSR, 2020, 35
(9): 1945- 1951

[ 3] Yang R, Wang M Y, Li L Y, et al. Robust predictive
current control of PMLSM with extended state modeling
based Kalman filter: for time-varying disturbance rejec-
tion[ J]. IEEE Transactions on Power Electronics, 2020,
35(2): 2208-2221

[ 4] B, Fral, IV, KRG BRI S Al S b B
RO B AP el (7). #Edl 5ok, 2020, 35(6):
1409-1414

[ 5] Chen Q, Ren X M, Na J, et al. Adaptive robust finite-
time neural control of uncertain PMSM servo system with
nonlinear dead zone[ J]. Neural Computing and Applica-
tions, 2017, 28 (12) . 3725-3736

[ 6] Zeng TY, Ren X M, Zhang Y. Fixed-time sliding mode
control and high-gain nonlinearity compensation for dual-

motor driving system[ J]. IEEE Transactions on Industrial

Informatics, 2020, 16(6) ; 40904098



X SRAF T I8 S ] DI OL TN 45 ) 7 B ) A0 m WIS A R gl 2 T 5 2 42

[ 7] Wang X, Guo J, Tang S J, et al. Fixed-time disturbance [13] YuS, Yu X, Shirinzadeh B, et al. Continuous finite-time

observer based fixed-time backstepping control for an air- control for robotic manipulators with terminal sliding mode
breathing hypersonic vehicle [ J ]. ISA Transactions [J]. Automatica, 2005, 41(11) ; 1957-1964
2019, 88. 233-245 [14] NiJ K, Liu L, Liu C X, et al. Fixed-time dynamic sur-

[ 8] BRMA, LT, BT EE L ™M AR R 5 face high-order sliding mode control for chaotic oscillation
FEEma R ()], & 5k, 2021, 36(1) in power system [ J|. Nonlinear Dynamics, 2016, 86
173-179 (1), 401420

[ 9] BiSOWE, B4, M. 2% 8 U 1Y B 2R 8N H, [15] Zuo Z Y. Non-singular fixed-time terminal sliding mode
P A& T IR B SR [T]. 2 5K, control of non-linear systems[ J]. IET Control Theory and
2018, 33(8) : 1399-1406 Applications, 2015, 9(4) ; 545-552

[10] XiR, Relr, —ng, & FF ELM Bk s B2k [ [16] Gao Z Y, Guo G. Command-filtered fixed-time trajectory
SV IR A D AR [T ], =6 50 tracking control of surface vehicles based on a disturbance
%, 2020, 35(10) : 2549-2555 observer[ J]. International Journal of Robust and Nonlin-

[11] LiJP, Yang Y N, Hua C C, et al. Fixed-time backstep- ear Control, 2019, 29(13) . 4348-4365
ping control design for high-order strict-feedback nonlin- [17] Cruz-Zavala E, Moreno J A, Fridman L. M. Uniform ro-
ear systems via terminal sliding mode [ J]. IET Control bust exact differentiator[ J ]. [EEE Transactions on Auto-
Theory and Applications, 2017, 11(8) ; 1184-1193 matic Control, 2011, 56 (11) ; 27272733

[12] Chen C S, Lin W S. Self-adaptive interval type-2 neural (18] flZR=f, AHy. KWL E LR R AL H & N e 2 =)
fuzzy network control for PMLSM drives[ J]. Expert Sys- Pl &K umimg s [J]. B T AR, 2020, 35
tem with Applications, 2011, 38(12) ; 14679-14689 (8): 1634-1641

Dynamic surface backstepping control for the displacement tracking
of permanent magnet linear synchronous motor based on
fixed-time disturbance observer

Liu Le” , Shao Nuan™ , Gao Jie", Song Hongjiao *
( " Engineering Research Center of Intelligent Control System and Intelligent Equipment of Ministry of Education,
Yanshan University, Qinhuangdao 066004 )
( ™ Department of Environmental Engineering, Hebei University of Environmental Engineering, Qinhuangdao 066102 )
Abstract

For the permanent magnet linear synchronous motor ( PMLSM ) with uncertain factors such as parameter per-
turbation, load disturbance, unmodeled dynamics, and so on, a dynamic surface backstepping control method is
proposed based on the fixed-time disturbance observer. Firstly, the disturbance observers are developed to observe
the mismatched uncertainty and matched uncertainties of the system, and the observation errors can converge to 0 in
fixed time. Secondly, the fixed-time displacement tracking controllers for PMLSM are presented by combining the
backstepping control with dynamic surface control, which avoids the ‘differential explosion’ problem during using
the conventional backstepping control, and simplifies the design processes of the system controllers. Theoretical
analysis shows that the PMLSM displacement system can converge in fixed time under the action of the proposed
control method. Finally, the simulation results verify the effectiveness of the proposed control method through com-
paring with other control methods.

Key words: permanent magnet linear synchronous motor ( PMLSM ) , displacement tracking, fixed-time dis-

turbance observer,backstepping control ,dynamic surface control,fixed-time control
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