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Backstepping sliding mode control for continuous cast mold oscillation
displacement system driven by servo motor
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Abstract: In this paper, a backstepping sliding mode controller based on the double power reaching law and extended
state observer (ESO) is designed for the problems of the machining error of reduction ratio, the initial deviation of the ec-
centric shaft mechanical zero and load torque disturbance, which exist in oscillation displacement system of the continuous
casting mold driven by servo motor through the eccentric shaft linkage. Firstly, for the non-uniqueness of the nonlinear
inverse relationship from the position angle of eccentric shaft to the displacement of continuous casting mold, the corre-
spondence nonlinear mapping function from the displacement of mold to the position angle of eccentric shaft is established
by piecewise function. Secondly, for the non measurable machining error of reduction ratio and the load torque distur-
bances the ESO is designed to weaken the influence of disturbance on the system tracking performance. Finally, double
exponential reaching law with second-order sliding mode characteristics and finite time convergence characteristics is used
to improve the convergence speed and weaken the chattering. The Simulation results show that the controller designed
in this paper can achieve asymptotic tracking to the displacement of continuous casting mold and have robustness to the
disturbance of system.

Key words: servo motor drive; continuous casting mold; displacement system of oscillation; extended state observer;
backstepping sliding mode control; double power reaching law

1 5| = (Introduction) BT EATHUM SIS, S S IE IE SX 4R 3 1. %K)
AR LIRSS 45 R BB IESZ R RS 7 3T A 250 G R A AR IR B 3 (0 I IE SR 4R 52 B
3 5 A AR LA B 1) AR R P R S S, A AL RS L R TR AN S USRS )y

Wcka FL): 2016—01—16; % HH1: 2016—10—17.

TiM{E{E# . E-mail: fyming@ysu.edu.cn; Tel.: +86 335-8057041.

AT EHZE: IE.

MK AR RS 2 A 2 5 RN IR A RS 55 BT H (U1260203), 8 5K [ 48R 24 150 H (61403332), WAL H SRR} 1k 4 15 H
(F2016203263), 1l b4 i S = R A= AR 56 5 4F A5 4 100 H (QN2016122), Yl b4 i 4 24 K2 QI BTV ZE A A-$5 & 1110 H (LIRCO13) 85 3.
Supported in part by united fund of National Natural Science Foundation, Bao Steel Group Co., LTD (U1260203), National Natural Science Foundation
of China (61403332), Natural Science Foundation of Hebei Province (F2016203263), Science and Technology Research Younth Foundation Project
in Colleges and Universities of Hebei Province (QN2016122) and Cultivation Project for Leading Talent of Innovation Team in Colleges and
Universities of Hebei Province (LJRC013).



11 TUSEIASE: fal I AT LIRS s 25 AR iR sl b B R4 oD sz i) 1443
M, BAEE RS Rtk % SN 2 GRS RGN BCEAE R K b SR
F T Y3 S . SR AE Tolk S B S A, A ik FE AL (Mathematical model of the mold oscillation

URBN ) 55 4 it s AE IE 2 R sh 4% ) R 4t B BB il R
R 5 2, BAR T DAY A& 0 % % 1 A 7 K,
R T RS AR R Lo TR 22, BA R AWIAR I Z O
LI AL W UG I 22 S AR FN R B I AF L, AN ml k)
TG T PR IRER AR 22, HET A 1345 e IR I ZAL
52k Sa s B B0 A5, BRI AE

R T HISAR AN RS R R, H BTN
A R A T R @ I e T I 2 X AT Bh AW
W, FFFEATAH L AMEE . SCHRI1-212R ARG 1% T P00
2% (nonlinear disturbance observer, NDO) %} & Gt A~
e AL AT T A RGELT; SCRR[BIR IR 4
Uity Y A7 SO I 5 15 U N 5% 22 R A0 A PR B Ta] Py i
S, [FIEESEHL 1 0 SR B A6 B A . AE DL BTk
i RG22 22w, B Hsh ) SE R 8 E,
XFESAFAERR RIS TR Z, M RS 2546
A RO X — R R, H B B IR B AT
Ptk ITEERAE RS F AL )L HLes A d il B St
B PO PR g MO S AU A T 2 IS

FIPRUEHE IS ) ST Bk R A RHRSE H R 2L
IR OB 5 S F g s . fa vt
RIS G A I —FR I, B AR
B R, ABAE B My SIS B RF RO, BikiEil
AR F R IR U AR AT A5 R G M BB B i i
FETREE, AR T Bl 558K, 2 2 AR IR i B i
BEES BT M BAT AR B I /DN, 38 BB ) K i )
FL. 0 L A AR B I, T AR — e
FEH T XU ORI A Y SR 20K XU Uk A
T2 Hhri AR R, 38 7 RAIEE
FAA R T EHR.

BT BRSO M, A SCK 8 SEELAL B I A A
HIRER = R G B HIRS BE, M55 R AN R %
PERERISZ I, PRUESS mes RSN PAR M. B 2E, X RS
TR AT 70 B LS Ab B, FERR IR 45 df A A A2 2] (Lo
A AR MO R MR ME— MR R A, SIN Ik
IR WL S (extended state observer, ESO)X RGL I
FIATANAS M, FE I NP 8% R AT AME, IS
RGBT IR S, FIR, R OB 580 1
PRI S5 B s, JE5I N—Rh BT Mg ks
P HA BRI AN S XU OB, DA RS R
(RIAG FE, RN ey S SISO FE AR M 55 IR, 7R, 18
FLypaunov Az & 14 B2 1F B Br e v 428 1) 2% RE R UE 3
MR RGENL R E. &5, @I B IR TR
VLR AR = 45 fh s LR R G 1) PR RS FE AN X 4
IS, UG8 R NFR. IS TERE.

system and problem statement)

LAl A FE LR B0 PR B 45 it s UL IR ) 2R 4t
KAEHE. ZHEIRT145 H 4SS S as R s R G 80
PRI, 2% FE I A e RN RS FE Lo AT 2ot
WG R ZEHIAEAE, W] L a0 (1) B B

. 2 2

=3 o g™ cos( | 60+ an 7 HD):
. 15pYy60. B 60 T,

B A=

. 2T Ry . pYs 2 Uqg

la = ~ggPmia T T g T

. Ry . 2T . Uq

la=—""a + %pmq + T

(D
e o, NG RIS, o ML RONE FH
BE; poh ELATUARXT B b MK RE PRI, B BE 1 R 5K
TR B, LNE T 5 2580 8 Ty N sk i
B ug, ug AN E TR, g ig, i 5
SN E T LI, iy R R IR L A
0K B2 51 A L iR 22 DA Co AT UG 2 A2 4]
IRm 2.

& B Bg
4y I
|

Bk i 2%

fi ffz AL

Tl

K1 AR A LIRS R4S R IR S) R G e B
Fig. 1 The generator of the continuous casting simulation
shaker system driven by servo motor

S SO DR AT IS BOME 5 i i, Seho =
[ 2T ndr + D. GBS
60(i + Aq)

45 b AR BI LA 2R G2 T AEAE A Lo il e #1156 7 1)
52 PRI R AE [0, 00) X[ P 38 AR A ME— 1k, A3
it 73 B o BRI S X T PR o Bl A 5 8
] — 3% L RS ek Bk R 081, LR A R B 512
B,

W ER A AR BIE H R gt R IR R L 4
BT T AR S R B A, RO R 3 ) B
H, BRI T E RS SR SR 5L I
FE, DRI EM) P 5 I 52 it 24 5% T st F) PR X R PR AT
JATE, RIS 3K S 52 5 [ i 2 BEAT Fr L R AT P72
A4, ITTT5 31[0, oo) DX 8] A E— 3 2 HAOARO. 34281k,




1444 o B w5 M H H33%
AT St d(0) = [ S S + DRI

A Cox(t

0, = arcsin 7;)3 ; 0<t<tp, 1 2 R UG I 20 0 o e AT LA 57 B0 06 O 25 40 B 45

R - wr —Ai 2w

f, = 7 — arcsin fﬁg(” by <t<ty,  CRELTISEBRA) = oS S

; _z,(t) e TR ZER B HE).

3 = 27 aresin =g o <EShe 3 g pp sk AR 055 5 S R %
0, = 3w — arcsin xp?)(t)7 too <t < tya, J= 2 ¥ A3 ] 2% W 11 (Design of the back-

ék+1 = km + (—1)* arcsin

atpi<t<tbj7

()
3

2)
Forfrs ty,, b, 20 WA A SR E LR 2R 54 RN 3 5 IR B
i U W AN K AR IO BT E], Hi € NTL j € Ny, (8) =
3sin(f 4 27¢); k € N, kFIFIARE N0, H24|2,(t)| =
3IN, BAE RN
ARG (0, (1) Foma, (1) BIORIBLGT S A
0= gl(zp(0), ®
NTTA30 = g(x, (£))7E]0, 0o) b AELE M %L

: I
37[2 ""___""__'_'_:7r__"'__'________'i___'
i

| : :
Ll v/ |
~ ! !
- i 1 1
1 1 1
i : :
[ 1 1

0/ rad
N

t/s
Bl 2 i Lol A

Fig. 2 The conversion process of the eccentric shaft angle

SRMIAE SRR AR B KA S (AL, (675 2, ()|
= I Z R AL VEAERAFE 5 b, DRI AN W] 388 e 1) 3 ik
{E AR AR AT B i e A, BE T 51 AR IZR A %1
oy () T — DX A) B — X TR B A, 5 5 5 R A
SRS, T T oI Bl LA S, RE I
O 1A AL 2R 6 56 B JSHAT 1 TE RIS A 82, AT £
EO 22 3.

ZIL, ARSI AR G () A SE R R

X 2 .

. 1.5p)¢ 60 | B 60 17,

e A e A e “
2r R . pY¢ 27 Uq

N e A A T
RS‘ 2w . Uq

1q —fzd + %pmq + A

stepping sliding mode controller of the mold
displacement system based on the ESO)
T R G A AR S B G BRI RS FE AT
Petkhe, AT R T HeA B (4 Bt — MR T4 iR
R 25 ) S b R i 4%
3.1 ARSI ER BT (Design of the ESO)
BERF R (4) Hr AN AT IR R B AR ZE AN A7 A
gy, v 4y il @) 1R, 2201 I ESOE Y

ESO1:
. 2w
% = 2z — Pufal(er, o, 1) + 607" 5)
Zy = —Bofal(er, ay, d2).
ESO2:
. 60 z
Z3 = —%74 — Bsfal(es, as, d5)+
Lopye 60 . B (6)

J o g
2‘:4 — B4fa1(€27 Oy, 54)7
fal(-) MR PRI R AL, HRIx =N

el®sgne, |e| >4,
fal(e, o, 0) = else el (N
elg, el <g,
sat(e) = o lelss ®)
sgne, |e| > .

P By, Bo, B3, Ba NIMERREL ou, o, a3, QU
NARLRNER T 61, 82, 03, S NIEBER T e = 20 — 0,
€9 =23 — N.

th 3(5) T FESO1 A1 2(6) T 7% FIESO2 7] 73 531
?%'éﬂ?jizibd(t) [t THE 2o = d(¢) AR R T
zy =171,

32 Si@mafB RGP EE S &SR
(Design of the backstepping sliding mode con-
troller of the mold displacement system)

Bt A P AL B B R SR 25 s R IR B R B, 2E X
e fp BB A

eg=0—07, )

o OROREHE 07 AR oLl £

Xt EARkE, nifR



11 TUSEIASE: fAl IR AT LIRS s 25 e iR sl b B R 40 oD sz i) 1445
éo = 2T 4 d(t) — 6", 10y  nEETRAERE RS, FIH TR
‘ 60z \ I B0 AU R OB AT A, AT T4
N T P RGBS S, IR T AR I PSR, R ey e 19V FT -y
S=eg+k; fote.ng. (1D) i :_ll_n* B Yl —n*)
L —n*|+p1’
BN B SRR 0 QU”E)M 1)
. I i e 1
§=—n|S]" “sgnS —my|S|Fsgns,  (12) SR TR N .

Hrbeg € (0,1).

Y RGUIRAS BE B A I Rz i, F SO T 2 2
B (12) 4 W 520 e, BA LU FR Hofe S PR s
£, 4 R GURAS BE B VAR [ Bl I, W SO FE 2
A2 AL 15k 2, HLipschitz P i {5 #3UA Sl &
TRTR, PITZE A 1] URIE RGUIRSTE BT i S i 2
AR RS . HazEir ERe A ROl 55 EHR,
MG = 0TS = 0, R4 RGORA A A I,
AT FE RN N, SEIR T IR DG I, A R
59 7 R EHR.

" 1 v "
FJi& Lyapunov BB £V, = 552, FERFFHL

Vi =S(—mS|" sgn S — | S| esgn §) =

— | S|P = | SIPFE (13)
Ln = n*, AT R
60i = : _
n* :T;(—d(t) + 6" —n |S|' “sgnS—
o ]S]Hg sgn S — kieq), (14)
Horhd () d(t)— B SR
H0(4) 8 S FE R R R 2
e, =n—n". (15)
X Bk S5
_60L5pyy. B 60Ty .,
e e A B
FJi& Lyapunov R %
1
Vo = 5en, (17)
FeExt HoR S5
60 1.5py:. B 60T, ..
Vo= en(Gr = o= gn= 5oy — i) (8)

BT ROPIE, Ziq = i, TR R RE IR B
BN

iy = 26781‘5‘1]9%(3 + g% + 1" — kye,), (19)
Ferp T AT A THE.
e BN (18) 7] 47
Vy = —kye? <0. (20)

KA T Jn b THE, B4R W, ]

e T1, 7'279‘7%?EZH¢IE«]7%§&§ P1s P25 V15 ’Yzj'ﬂﬁﬁ‘ﬁ
G L 9 SR L9 TS, B i A T
n*.

N T SEBLTHIG 7 R [R5 FRZN LI 52 S A AR A
FEERER PR, A SCR W7 5E 1R 26 05 52, RIS HL
22 HLRUH AL, = 0, HIkFEAs 2% it nti(22)
B, 52 ORI R 22

{eqzéq_%; (22
€q = tq — 13-

Hieq, eq 2UKIH T 248, W15

. 27T Rs . 27T pwf ’LLq Tk
€q = —%pldn — fzq - @TH T Ly
(23)
- + 2 pign + %4 (24)
é z i
d — d 60p L
Mji%Lyapunolel #
1 1
X ERR SRS
‘./3 = eqéq + edéd =
27 Ry . 27 pyy Ug oy
€q(—@pldn - f%q szt fq —ig)+
Ry Uq
_s =), 2
ed( I g + 60qu n+ L) (26)
iﬁﬁﬁ_ﬂﬁhﬂiuq*ﬂudiﬁﬁyj
. Ry . 27 pyy
=L 60pzdn—|— i7 +@T ‘H —kseq),
(27
Ry, 27
Uqg = L(fld 60p7,q k4€d), (28)

E%;?yi‘;ﬁ@ﬁwﬂa, 2RO ZFrigEiE
T SEI.
FREDHFAERN(26) 7] 15

Vs = —k:ge — kye3 <0. (29)
SIS

Vi = —pSsgnS —rS?

V, = —kq€?, (30)

Vi = —kge? — kye?,



1446 oW o#H w5 MO

533 %

HF Vi, Vo, VafT 51, fitfE BarbalatifEie, w15

thmeg—O hmen—O hmeq—O hmed—O

MTTIE B 1 % T35 6 (14)(19)(27)-(28) Ae s fdi145 £
GRBIREREA T, FNEE RS HHfaE. 5
HIBS A I E 3 FTs.

l'ﬂ_(t) D
0t o | BrE |0 i
= ))' & i 1{4{\:1; o Iq"'@_"eq L e b 2n 1 Py : Ty
RE Wi g | i ey R PMSM [ 1™ s [ 15 3sind
0 S hae | @ s
d(t) i) 2% ) 64=0] .}~ d
1) a
! ESO2 |
l ESO!1 |2

B 3 il R gt et BAHER

Fig. 3 The integral block diagram of the control system design

4 PiEHFE(Simulation)

N T IAIE AT BT SR AS I 28 1) SO b T AR
77 V2 A 0, AR KA R FE LIRSl R4 4 it o
WBh RGHAT T BT

SR R AT KA SO A T S IR &
(52 BR 2 07 G BRI L @ = B AR F]D FL

ZH: Py = 20.4 kW, Iy =45 A, ny = 1500 r/min,
L =4.6mH, vy = 0.96 Wb, B = 0.004 Nms/rad, R,

=0.14Q,J=0.0547N -m? p=3.
PRSI 2 S HOCN: 8, = 100, By = 107,
a1 =0.5, a5 =0.5,8; = 0.1, 6, = 0.1, ¢, = 0.05; B3
=30,8, =3 x10%, a3 =0.5, a4 = 0.5, 65 = 0.1, 0,
=0.1, ¢, = 0.05.
T BLIE R A SN pr = 20, po =20, 1y
=1x1073 7 =1x 1073~ = 100, 75 = 100.
fi#ﬁ/%*%ﬁﬁﬂ%ﬁﬁﬁﬁiﬁzﬁiﬁ. k, = 200, ky = 100,
ks =100, ky = 100, 7, = 2,171 = 2, £ = 0.6.
P AR 45 B 4G A N RS 5 5 B o b R I %R
N HIAT A
Tpy = hsin(wt — Asin(wot)). (31)
R 7 R 1A L 1) e Co e 2 £ 25 2 1
0" = wot — Asin(wpt), (32)

A h = 3 mm AL SRR, w) =
1307k /minAy 7% % 25 & 4% 9E 1E 5% 4R 3 @j A=
T Hfa = 0. 24099 ARAIE.

2 sm( (14 «))
*ETEIW[U]*%@%&%?EE‘J?ﬁiﬂ%ﬁl?ﬁ, U
mnoes R B R G B 3 AT, = (5.1335 +
6.4985 sin(wot — A sinwgt)) Nm. 75 f& 2| 45 & 8% i
Bt R R AR FE I SN L SR R GE I 2, I AE

20t = 1 s I 2 £ A THE DN Ty = (5.1335 +
6.4985 sin(wot — A sin(wpt)) + 2) Nm.

WU 73 45 & Pl 0, 2 JRod A sk oin TR 22 A0
FIRE I Z0 s Lo Sl (S B0 0 s 22 v, ik B
TR 22 R LA I TR JRE 3 A, S AR A LA I TR
JEE3% M B R, A SCHUR AN BRI 175 DL Ad =3%i;
%5 B 221 i «Ca Bl WL 2572470 46 22 D = —0.2 rad.

‘ o —Ai 2
ARG E A = [ 2= gndn
— 0.2/rad.

P OR339 5 AR R T2 1 7 2 0 R b
THEAR TR BOEIL B 1 ORI T i AT R EE, A
TMTISAEAS SCR I AU IR ERERVE RERT A

HT B4R UL LEAAAE DRI S AU 73 5 5 L 3h
THOLT, SRRSO F A ik PR R T
PR S A ) TR B, S o BRI R 22
LETT LU H, R ZE RO AT & BRI R ZE Y SO S5
24, (EREREE PRER IR 2 A T-0, SR A UR &I
(7R BRER R 22 2R DR f 1 B ARG P, TR
i‘%ﬂlf&ﬁﬁ% FRIAE A% SR i 3R 722 T 2 AL S P8 A X 4
Gl RN R AE A B MRS IR .

7 3 - T L) T

ot 2f J doEfimg

shib 7 | — & |
g | 0pA 1 ——- s iy ik
g 4 - WHRSHE ]
Ee-y
5 2
® 1

-1}k

-2

_3 i

0 1 2 3 4 5
t/s

(a) 2 ih s RS IR Hh 24



11

TUTEANEE: (IR ALK AT 45 S s R Bl A% RGeSOl T s

1447

0.8 T T

— A T
06r - == R A 3
o - TR B

SR B ABIREIR 2/ mm

t/'s
(b) 2R IR R 22 4

Bl 4 S ind g i SR 22 ithk
Fig. 4 The traces and the tracking error curves of
the mold displacement

HT ST, AR T AR A BRI 18] A Hesialo, JF H.
BRSO 5

0.1 T T T

0.0 r

w 0.1}

-0.2F

2 1 2 3 4 5
tls
S WLk
Fig. 5 Sliding mode surface curve
HT 6T IL: MG T TR I & R eI E)
d(t) RSB FEIRBN T, HEAT T Bh AW, A5 280 ) 55
T RGTIMEEN, fm | RGNIEREE R

T 72 e 7 2 T L, AR A LU e A 1
BT AR, 2 i A LIRS IR 45 i s R el L2
JITESR IS5 18] A2 A1k FE R 2. 1873 il N d-g i)
LI, A IR AR BN TR, HAERUE [T, B
PR T0, B 2 TSRS IR ZEKR.

]000 T T T T
= 800f
E
g_-', 600
o 400} R
=
= 200f .
S ol i
=
-200 L
0 1 2 3 4 5
t/s

P 7 AL e S T 2

Fig. 7 Motor speed response curve

I
2 T =
2t .wﬂ |
= -10E 4 =
S 10 . 0 .
_]0 L
0 1 2 3 4 5
t/s
xiO']I
< x]ﬂll: :
:; |0— 1 T ] =
= st gP“-—m— —
iy -5 L
2 oF—6e -5
yh){ 1 1 1
0 1 2 3 4 5
t/s

B 8 HAL - IR o7 £k

Fig. 8 Motor current of the d-q shaft response curve

5 #Z5i8(Conclusions)

S el B FEATLAK N PRI F 45 i s IR 3h R S8 Jaodk

0.0 T T T T T T T T T
_: =0.1F
"é -0.2} .
< -03} 1
f 0.4
2 05}
3 -06f g
2 -07F —ESOIfiiHl  ---Hahd(O)5kr |
) '%,U U,IS I.IO I.IS P.I,U 215 3j0 3r5 4I,U 415 5.0
t/s
(a) PeBhd(t) FIRLIIE 2%
z
= gl b
—ESO2fifil == SulRika) s i
0 1 2 3 4 5
t/s

(b) FETT, IR, it 2%
B 6 Phahd(t) FEEasRah Ty fmi ih 2k

Fig. 6 The observations curves of disturbance d(t) and
the load 77,

BUODN T35 22 RS B HE Pl s & 5% (% BR RS 2
RIS, A8 SCR 3 SRS I 2 50 e BEAT 1 Zh A
T, A B RGIAE 5N BB T R & e AT b
fi, ARt e 1T RGBS HIRE L, BEAh, 455
AL AR AR, JE SN UR &I,
AL T RS ERESR RS 1. SR
JTEANH ST P 45 (1 07 R P SRR, AR SRl
B A I 4 BE A R SE LA B A5 R I PR %
], HERERE AR, X R G A0 LN TR 72 fts
SOTLIR AL AT 46 i 22 A0 B B AR T B LA B A
PP

B Hk(References):

[1] CHEN W H, BALLANCE D J, GAWTHROP P J, et al. A nonlinear
disturbance observer for robotic manipulators [J]. IEEE Transactions
on Industrial Electronics, 2000, 47(4): 932 — 938.



1448 oW o#H w5 MO

533 %

[2] WANG lJianhao, HU Jianbo, GAO Peng. Tracking control of flight
simulator servo systems based on NDO [J]. Systems Engineering and
Electronics, 2011, 33(10): 2301 — 2305.

(CEMRyE, BASI, =iy, 52T NDOW ¥ATBUNE: &l il R GuilEsds
i [7]. RG LIS THEAR, 2011, 33(10): 2301 - 2305.)

[3] ZHENG Xuemei, LI Qiuming, SHI Hongyu, et al. Higher-order non-
singular terminal-sliding-mode observer for permanent-magnet syn-
chronous motor [J]. Control Theory & Applications, 2011, 28(10):
1467 — 1472.

ORI, ZRKW], SR, 55 F T /RBARDE R L — P E 2T 3wl
IR A (7] FEHER SR, 2011, 28(10): 1467 — 1472.)

[4] SAYEM A HM, CAO Z, MAN Z, et al. Performance comparison of
SO and ESO based RC[C] //IEEE Conference on Systems, Process &
Control. Kuala Lumpur: [s.n.], 2013: 121 — 124,

[S] WU Yangyang, FANG Yiming, LIU Le, et al. Global dynamic sliding
mode control of pmsms peed servo systems base on extended state
observer [C] //The 32th Chinese Control Conference Proceedings.
Xi’an: [s.n.], 2013: 4432 — 4437.

(R, J7— M, R, 55, JEFESORRER A i LA IR R 4
A JRENA B [C] /73832 )m T E R 208 SR, i [sn.],
2013: 4432 — 4437.

[6] HUANG Yi, HAN Jingqing. Analysis and design of nonlinear
second-order extended state observer [J]. Chinese Science Bulletin,
2000, 45(13): 1373 — 1379.

(B, B0, JRERIEEL: i ARSI 25 19 20 4 5 8t (31
FBlam#R, 2000, 45(13): 1373 - 1379.)

[7]1 SUN Zhenxing, LI Shihua, ZHANG Xinghua. Direct torque con-
trol of induction motor based on extended state observer and finite
time control scheme [J]. Control Theory & Applications, 2014, 31(6):
748 —756.

(FMIRDS, AR, 5RO AR FE T4 SR AR WL 35 147 BR i [ 425 1 1)
N ML B B R R A (0] 9% ) B R 5 N, 2014, 31(6):
748 —756.)

[8]1 WU Yong, DU Yanli, ZHANG Wei. Decentralized adaptive fuzzy
control for mainipulator based on extended state observer [J]. Jour-
nal of Southeast University, 2012, 42(s1): 192 — 195.
(F 5, FEHATN, 5KJ. BT 0 SO M2 OB UAURE 73 55 1 3 A
B (3], KRR, 2012, 42(S1): 192 - 195.)

[9] DONG Feiyao, LEI Humin, SHAO Lei, et al. Design of control sys-
tem for missile longitudinal plane based on extended state observ-
er [J]. Systems Engineering and Electronics, 2012, 34(1): 125 — 128.
(K, EIRR, A, &5 ST SRS A (0 S A r 42 ) &
gt [0]. R TSR THAR, 2012, 34(1): 125-128))

[10] BAI Yu, SANG Nan. Estimation of CG sideslip angle base on ex-
tended state observer [J]. Journal of Wuhan University of Technology,
2013, 35(13): 154 — 158.

(FE, . I ocRZSUI A B0y ZE o0 i Al T (7], 203
KR, 2013, 35(13): 154 - 158.)

[11] ZHANG Hexin, FAN Jinsuo, MENG Fei, et al. A new double power
reaching law for sliding mode control [J]. Control & Decision, 2013,
28(2): 289 —293.

(RAEHT, BB, X, 5. — R BT R SO e (1], 4%
Hil 5 PesE, 2013, 28(2): 289 — 293.)

[12] HAN Y Z, LIU X J. Collective pitch sliding mode control for large
scale wind turbines considering load reduction [J]. International Con-
ference on Mechatronics and Control, 2014, 3(5): 652 — 656

[13] HUANG Degang, ZHANG Weiguo, SHAO Shan, et al. Design of au-
tomatic control system for longitudinal landing on carrier [J]. Control
Theory & Applications, 2014, 131(12): 1731 — 1739.

TR, 5 E, AR, 55 AN A shA LA sl /G ueit (1.
PEIER S SR, 2014, 131(12): 1731 - 1739.)

[14] SUN Bing, ZHU Daqi, DENG Zhigang. Bio-inspired discrete
trajectory-tracking control for open-frame underwater vehicles [J].
Control Theory & Applications, 2013, 30(4): 454 — 462.)

(FNE, RKET, BRI FFEK I HLE N AR R B O R
il [30. #EHFRS SR, 2013, 30(4): 454 - 462.)

[15] TAHERI B, CASE D, RICHER E. Force and stiffness backstepping-
sliding mode controller for pneumatic cylinders [J]. IEEE/ASME
Transactions on Mechatronics, 2014, 19(6): 1799 — 1809.

[16] FEIJ T, XIN M Y, DAI W L. Adaptive backstepping sliding mode
control for mems gyroscope [J]. Journal of Intelligent & Fuzzy Sys-
tems, 2013, 27(2): 40 — 45.

[17] FANG Yiming, LI Gongyin, LI Jianxiong, et al. Modeling and
analysing for oscillation system of continuous casting mold driven
by servo motor [J]. Chinese Journal of Scientific Instrument, 2014,
35(11): 2615 - 2623.

718, e, e, &5, IR FBNLIREDERG S B A ks Rt
BLSA3HT (7). AR, 2014, 35(11): 2615 - 2623.)

[18] XIA Tian, KANG Kesong, FANG Yiming, et al. Backstepping sliding
mode control for continuous cast molddisplacement system driven by
servo motor drive system[C] //The 34th Chinese Control Conference
Proceedings. Hangzhou: [s.n.], 2015: 4443 — 4448.

(R, JUSERS, J7—1Y, 25 fa) R B LIR BN R4 45 S SR BN RS R
Gl 2 A 2 R A5 ) [C /758 34 e v L 4% 1) 22 B0 SCEE. B
[s.n.], 2015: 4443 — 4448.)

[19] ZHANG Qiang, WU Qingxian, JIANG Changsheng, et al. Robust
reconfigurable tracking control of near space vehicle with actuator
dynamic and input constraints [J]. Control Theory & Applications,
2012,29(10): 1263 — 1271.

(7K, RPRTE, TR, 45, ST BB AN AL 2 A &
AT @ St T A R (1], R HIEEE SN, 2012, 29(10): 1263
- 1271.)

e B A

TUREAR  (1990-), 3, W FuAE, 22507 1m ARl IR A LSR Sl
HERE 4 AR RS REHEL M), E-mail: yingkks@163.com;

XISk (1985-), 55, YT, HATHFTCT 10 A e L 5K 70 5
GEIAfERRAN A PRER ], E-mail: leliu@ysu.edu.cn;

Ti—Mg (1965-), 3, B, WL, BRI s oA E R R
S AL S P G S R ) B S R | va < A Bl AR,
E-mail: fyming@ysu.edu.cn;

LR (1991-), I3, Wi-woe AR, F BRI I AR EATL SR E)
FRIERESS SR SRR LA BR AT



