2016 4F 10 H
FE3MEESH

Journal of Northwestern Polytechnical University

Podb Tk K2 % Oct. 2016

Vol.34 No.5

E T H 5k TP W =5 B9 BN KT 25 28 U 7 495

AR, RAK

(PEAE Tl R ) 5 P R AT S BT, BRPE P22 710072)

W B AT AN ATE AN TR R AR A E TR A, R T AR ik T B
Fa i A A O] B IAE F - A SH AR R, BB BREEEY RA FHAL T Ak FegfEHE,
BT Lyapunov #8258 20 # A E X B TF RN E K BAAKTBRAT B> ALS AR
Fo e ks Ak B AW 5 R B A T HAMEAE A 09 37 A B BE | VA AR 45 AT FR B 1) 0 4 04 3E A
SRR, A5 AR A % kTR AR AR K T A 5 045 B 3 4 4%, 420 A 4

SR FZiR £ 1B B, B RAFHEh A4,

x &
HE S ES V438 X ERAREAG: A

FEAEA T d B T e HL3hae ok
SFIEZ IR, R RHEOT S I R G A4S, H
Hoh FrATmaeG  RITIR R 0278 REG88) 175
FrvE RPN IRAR L IRAR S PRI A AR A T
AR INRANEE LT, i — 2B T 4R R Ak
T AR

BEXS AN E SR LM R G il IR AL e &
B P AL TR T | T R ASE4A o A DU AS00 ZR e DL
A E THCRA G Gl T P0OULI 25 AR XS A1
FRIE B AT A MEE A ) TR ] R G 4, 4K
13 B R PRE I R ER B AR, P TR T8 S W P
PRI | 6T PO 5 19 42 ) 3R e B 1oy £ 25
VAR O 25 5 B AR DL AN E R S
A TR — B2 BT MR, SCHRL 7 ) I g xR DT
BCANE BT T —Fi oA &4y JE 4 M T HouL il &
(nonlinear disturbance observer, NDO) T AH B I A g
W07k . TSR MBS R T IRz
TE, 5 MR D5 I AR S, 5, 0 A 3 i
T EOS LI o NI = BT RN E L i SN (5 ]
FRLRME T OV 85 X s T AR AL 248, sl TPt
A HEE R E X TR AT RATERI 5, SR
TP H o P AR Y BRI, NDO ik g i B A

%5 B #5:2016-04-02

A TR B BN AT 5 3E A 7 29 IR AR )
MEHS:1000-2758(2016)05-0817-06

R BRI, SCER[ 11 ] WIAEAZ S8 NDO 1 kA |
B T — R [ i LI S84 S H AR A A4 1Y
AANET PO &%, I SCHR[ 7 ] b ey i B AT 1T
Ut BIANE T TR RS

ARSCRIAE SCHR [ 11 ] /Y Al b, o Sk T
Lyapunov f2 e P BUEHT it T —Fh 7 sk
FRLRMET VLI 25 , AE 4% [R) I WL T 40 RN Je HAE
A, DLEA B s E T I A T /AT
e NPT R ARG AT R s PG R R Geis sl T iR
G RESASSR AN B RN 235 A RN Il B et TR
TR T B X e ] % A 7 S 4% i AR ) A, B A5
TP B xSRI B AT M2, I PR UE A
RO IRZETEA RIS NS R % . f&)m it
D5 BT LU SR UE T %07 B A R

1 ek
TR ) T A R AT R RS 2, 28 W

HBER F FEHORENE | R Ge 4 350s B~ M Bl ) 2 05 A vl
)

BB BX A RFFA 4 (61473226) % B

EF BN A% (1966—) , UL Tl R H % , 2 MG AT et il S 5 BRI



- 818 - ode Tk ok

¥

o34 4%

o = w, + o sinatan - w_ cosatanS —

Y = mgcosfcosy,
+ d]l
mVcosB

. ) Z + mgcosfsiny,
B = w cosa + @ sina + +d,
y x
mV

Y, = (0, cosa — w sina)/cosB +

Y(tanfsiny, + tanB)  Ztanfcosy,
+ —

mV mV
mgcosfcosy, tanf
mV 13
1 (=T, +J, - ]) +
= - xy X y - z wth
JJ -2 ’

(=P = J Do + LM, + ] M +dy

O = ot Ul lee. -

]X)<‘]X _Jy + ]z)wywz + ']);)'M.r + ']);My} + d22

(D)
A, o B Hy, 2305 0 AT AR TCA L 0T AR AT
130, w0, Flo, F975ct AR A % 0 Sy
LS8 sm BTV AR50 AT R TR G, ), ),
J, A R AT ER B Y A Z 3 kAT R T
AT T35 M, M, F0 M, o9 AT AR TR i i AR A
VI IR 2
M, =qgSL(m, + mi»" 5) + mix 5, + CIP(T)X)
M, =qSL(m, + mf;’ o, + mf:‘ s, +C,0,) (2)
M, =gSL(m,y + m35.) + C, qSLo,
Ah, g BENE, S F L3 5IhZ % KIEFS TR ;
8,8, 8. RATAS =B AF AN i .
A ar S sh e, AT ER 7S A R iz sh A Al
(1) ]t 3 Jhg R o] 5 A0 e [m]
X, =fi(x,x,) +8,(x)x, +d (1) (3)
X, =f,(x,,x,) +g,(x)u +d,(1)
Ab, x, =[a By, ]" WigRIEHRS m & X, i El
it K AN o ), D RAE S R ] AR S BR R 4 1] 1
x =low o, o, ]" AR ) s = 6, 5),5:]T
St nl g 4 i 1) 5 d, R d, O RS B E TR
I 4
Big1 AHEREHLEFEMSE: |4 | <&,

||d| [ <82’||d2 l <‘93’||d2 | < &4

@:%UL—Lmﬂﬂjﬁd‘wb+M]“%

ASSCRIEEXE B3R & A A & TR AR
AL, it — Mo B kDU A [ s
R/PFVECE R JFHE T e #E AT A BRI )W S5y A
Ay i T R4 ) R BT, LUAR R R P Bh

eI,
2 S KT AR E G

F55(3) TR 5 5 G 7] G5 — R A A

IS R SE PE I 2 0 A 24 R 5%
X=f(x) +g(x)u+d(1,x,u) (4)

SFNE 1R FR G Aty A A 2 R (D3
FRME M T R Ee e i A B5GE TR,
FLED S HEAE LURAIE ; @3 T TR UL 5 i 45 51 )y
W, MG AR T I LI B4R R B A B B
(ELE I3 T A8 A 20T A 2, PRI, % et 25
AT PR RS BE AT R

SCHRL 12 %44 55 e 2 bk T4 WL 283647 T e
b RCSE T XA R B, 72 T AR AL %
TEAEAN T 51 6 E T B 08 (o T0E WL 52 2 47 SR i
S BTG TG T TP A A% | FLAR T
ASCHE LRI L, 554 SOk [ 1] o 2R 3k T4
R 25, HE— 25 B T — R AR 2k (9 5 3K T B8 W
IR
d=z, +p,(x)

4 == L(x)(d +f(x) +g(x)u) +d
(5)

~

d=z, +p2(x)

Z, == Ly(x)(d + f(x) +g(x)u)

Ko, dd J AN T KA A R A A 2, 2,
S £ P i A p, () o (x) SRR I AR
op,(x)

P RRER ] B AR L L (x) = L,(x)
3p2<x)
oax °
FE 1  XTEHABAE R Z5m AL

HMARGE(4) BB [ d | < p, MARHE(5) WY
AELRPETPOLIES | UL 152 2245 9 ik A ke 8,
IERR S OISR R
d=d-d
t=d-d
X W 152 22 ) d T A

(6)



55 1) JAIZE A BT BT DU % B AT A S A - 819 -
G mdmg - L(s) () +g(x)m+d) 31 {BEIBEHER R B EE B

=d+L(x)d-d-L(x)d

=¢-L/(x)d (7)
[ TR Ak R WL 2 22 ¢ sy ml 15
{=d -z, - L(x)(f(x) +g(x)u +d)

=d - L,(x)d (8)
PO R 2 i e = [dZ]", WS (7) 20.(8)

A5
é =De + Hd (9)

-L(x) I, 0
D:{—Lz(x) 0} H:[IJ (10)
X TAE R 25 6 R OE E HL B @, BB B — A%
FRIEEHFE P, i1
D'P+PD=-Q (11)
B Lyapunov PREL V = ' Pe , % HoR G075
V =¢"Pe + e'Pé
=2¢"PHd, + e"(D'P + PD)e
<2el| | PH|u-e'Qe
< [[el (2 PH|p-2A,llel) (12)
K, A, NHFE Q B E/IMFIE(E
I, A, el =2 || PH || w=0nTA1 W%
FE Wi e MTEECR TS T
_2I[PH ||p

[ el ST 0 (13)

m

A

3 MEBETRLHB SRR

AT RAT RS /S B R S A A Ah
%S I B R o T S 71 " o~ O R NSV B 7
NI 5 Y JF A7 S i vy A RS A, eSS R
GBI

SIE 1 WIRAFAE — SN IEE PREL V(1)
R AN

V(t) +aV(t) + AV (1) <0, Yt >1, (14)
M) V(o) Y AEA BRE ] W8k 2 R e P A A5, Holkesk
BFR] ¢, ik A2

1 aV' (1) + A
¥ a(l +v) " A
Af.a>0A >00<y <1,

(15)

t, < 1,

BEXSHA RATARZ SRR (3) A S35 A 18 [
B, ST SCHR 7 ] B0 AEA b BT — iR B i 5
'

o, =x, -x, + glf:ildt (16)

o x, ot R A A i iy d, AR B
FHAS LR VI . S AGE SIS 5
SCHRL 712448

5 (16) A T 15

o, =X —X, +e&d,

=fi tgx, +d, - X, +8121 (17)
B2 X T A I AR A 0] 5 1Y ] B R
GEOTHRE(3) AR AR Frms R fU0 4 ]
x, =— g '[f, - %, +d, +é&d, +n,00" +
ko, + k,sign(o,) ] (18)
Kbk, > |ld, || RGRESE S IR IR 2 AE
A BRI B] P ST S5 A
UERH . 3580 T Lyapunov PRELUN T
V= tala, (19)
2
XF v, Bl g
V,=o[d, -0, - ko, - ksign(o,)] <
- koo, oo — ko |+
lol Il 1d, | <- koo, - nole -
kyllo I + Nloy Il lld, || <= 2kV, -
20/ ) g Yt/ Qo) (20)
H1 (20) AN 138 1 AT R0, 0 0] g R e RS R 2
B 15 22 M A A BRI R] P 3 3k T R T O ik i
TE,
1 0] i K POLA T o o, 8RR IR S A
A AR ] B RS ERER AR A i
32 RERIETFRLRBEEREIZT
BEXTHEA RAT # s sh LAY (3) v Ay P ml B
i, 5 (16) XML, W Bm AT Bty
o, =x, —x, + e, [dyde (21)
2, e, A L B A i, d, A A 5 T

T AL TR A LA
XF(21) XEUH TS



- 820 - odb Tk ko o R 534 4
A ; 4RSI B8 i 24 y
G, =%, - %, +o,d, X IO7 B4 SN 5 184 5 A B Ay 2 2
25 + 98> 25 + 9y?]

=f,tgu+d, -%, + 3222 (22)
T3 XA BEAHAE ) & E R Al g R
SHFE(3) , AR H AT prs £ il A

u=- ggl[fz X, + &2 + ‘92‘}2 + 7720"2‘2/(,2 +
k,o, + kysign(o,) ] (23)
RoP k> d | WRGRAHS 4 B IR 2 1
A BIR A T A AT S5 P A
UERH . 50T Lyapunov PRELUNT
V, = i0'20'2

2
XF v, BH sl g
Vz = 0'2 [le - 7720'22/(]2 - ko, — kysign(o,)] <

(24)

_ k30'r2r(7'2 - 7720-;0.12@/(12 -k, I o, |+ (T;le <
- hyoy0, ~ 000y k|0, || +
loy | lld, |l <
— quvz _ 2<pz+qz>/<272) nzvimwz)/(zqz) (25)
HH (25) RIS 3 1 mpn, peinl % R GRS HE 4
B 52 R 1A WL 61 4 03 PR 1, O
e EE

4 AESH

DAY T R0 AT A, WA SCER T Y
LMY 5K T PO 25 B IR B A A7 S L v T B4
AT B A, RATAR S E N 60 km, KAT
Lk 20 , RGEREVIEB N

[aa B %]'r =[0.5° 0 0]"
(0, o, w.]"=[0 0 0]"

AP L b AR 0T AR O £ 38 E Y R DG

A E T B E h
d,, = 10sin(0.5m¢) (°)/s
d, =10(°)/s
d,; = 10cos(0.5m) (°) /s

Yok AR Lt TP LI 2 ok A5 ) 1 K

p, =[25a +3a’ 258 +3B° 25y, + 3y ]

p.=[25a 258 25y,]

L, = diag[25 + 90

{L2 =diag[25 25 25]

BEAN B A g i B A5 PR AR sign (o) %
e hy sigmoid PREL, LIFEAR R SRR
sgmf( o) = 2(1+elxpm —;j , 7 >0 (26)
K AT =50,

1F Matlab/Simulink 5 B8 T, W& T4 53k
AT 25 1) ¥ 45545 ) 77 5 (NDO-SMC) FIA
SCHEET Pk AR TP LI 75 0 0 [l % A A S L iy
TR 5 2 (ENDO-SMC ) #EA7 X} HE , 25 SR an e 1~
Bl 7 FiR

1T R IR ARG | DA e TR B 3 3 13 0
ISR e, A8 ml 0, 2 Rl e vk T P UL &5 2 B
% 3 R R LI R N 2l , (H AR SCH) ENDO 5
BEMSFHE S NDO B LIRS B2 $2 /55 2 4% , 45 1 F 2
LR RGO,

T 0o} ----EDO — ENDO
2
<“~ 0
< -0.2 \ , | | !
0 4 8 12 16 20
t/s
a) WABETH
o) 0_2{‘"”EDO — ENDO
k<)
E ot
~
~ 0 1 | | | |
4 8 12 16 20
t/s
b) U AEE TR
Tw 0.2 ----EDO — ENDO
<
g
\<m 0
< -0.2 \ | , \ ,
0 4 8 12 16 20
t/s

) G fAEE TR

BT = T it £

2 &7 Bros 9By I fir e £ 4 4 iR
B 2, LA =38 38 2 S5OV i 05 ELAE R X B, AT AL,
ARICHY ENDO-SMC J7 ik BE B A1 R0be e 2 S8 7 Wil K
JEE ARy R R 2% i KA 509% , M3 A B 2t
WR2E IR KRR 80% , 25 AU AE f F 47  tL 8 1% 58
NDO-SMC J5 3k 5 0, e B A Je s



%5 5 1 JAIZE A BT BT DU % B AT A S A

)

aof (°

- 821 -
— ks — 3 A — kS
18 ---- NDO-SMC 3.5 ---- NDO-SMC 200 ----NDO-SMC
----ENDO-SMC , -----ENDO-SMC ----ENDO-SMC
N !

-

s~

Ve
-

/

| I L -20 | 1 1 | |
4 8 12 16 20 4 8 12 16 20
t/s t/s
K2 BUfe 4 R ik 3 M A2 Rt 2k P4 g fh 12 B it 2k
——NDO-SMC —NDO-SMC —NDO-SMC
4r e ENDO-SMC 40r - ENDO-SMC 40r - ENDO-SMC

P 5 DRI 18 S5 AAOTE i Pl 6 i i 18 5 ZONE D £ 7 e 8 S RO D

5 4 &

FEATH RAT @ RITHE R TR R 02
AR SHOLALIRIZN | 2 GEAT AR B0 A I AR ANHf E 1
P, AL GERIARZE T+ 0 I & P BB A AR )42
GG A A R A R &, BR ] T 76 AN K
Fras LRIRIH o BE X R, AR SCH Se it T — Rl

SEH

PR AYAR LA T PO A5 , 7T ] Ak I e K
AN, R AR b Bt T — R R T
PUAMEEAE FH A8 L S T, LA K UL ] o 7 5 4 i
TR A, A AR R T RA IR A DC S AN 1 E
TR R G R, LA R AT 8 SR
DI EEE R 207 LR AT R v RGP NG L
PR O

(1] A E2, REIIE PR AN KT RO BOR S R 1) L3S A2, 2011,45(2) :295-300
Li Jingjing, Ren Zhang, Song Jianshuang. Fuzzy Sliding Mode Control for Hypersonic Re-Entry Vehicles [ J ]. Journal of
Shanghai Jiaotong University, 2011,45(2) ; 295-300 (in Chinese)

Xu H, Mirmirani M D, Toannou P A. Adaptive Sliding Mode Control Design for a Hypersonic Flight Vehicle[ J]. Journal of
Lian B H, Bang H, Hurtado J E. Adaptive Backstepping Control Based Autopilot Design for Reentry Vehicle[ C] //Proc AIAA

Hall C E, Shtessel Y B. Sliding Mode Disturbance Observer-Based Control for a Reusable Launch Vehicle[ J]. Journal of Guid-

(2]

Guidance, Control, and Dynamics, 2004, 27(5) : 829-838
(3]

Guidance Navigation and Control Conf and Exhibit, 2004, 1210
[4]

ance, Control, and Dynamics, 2006, 29(6) : 1315-1328
(5]

Koosun Lee, Juhoon Back, Ick Choy. Nonlinear Disturbance Observer Based Robust Attitude Tracking Controller for Quadrotor



. 822 - PEode T ok ko o i

B
g
G

(6]

(7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

UAVs[J]. International Journal of Control Automation and Systems, 2014:12(6) ;1266-1275

Yang Jun. Nonlinear Disturbance Observer Based Robust Flight Control for Airbreathing Hypersonic Vehicles[ J ]. IEEE Trans on
Aerospace and Electronics Systems, 2013:49(2) ;1263-1275

Yang Jun, Li Shihua, Yu Xinghuo. Sliding-Mode Control for Systems with Mismatched Uncertainties via A Disturbance Observer
[J]. IEEE Trans on Industrial Electronics, 2013, 60(1) :160-169

MR S e B . T B LIS 0 54 77 28 35 I BRI [0 ). BT RMAE 241, 2014, 36
(5) .44-49

Bu Xiangwei, Wu Xiaoyan, Chen Yongxing, et al. Adaptive Backstepping Control of Hypersonic Vehicles Based on Nonlinear
Disturbance Observer[ J]. Journal of National University of Defense Technology, 2014, 36(5) :44-49 (in Chinese)

SR, R, EARAM. ST ARG T OIS 2R Sl AR [T ] RS LS TR 2014,36(11) :2259-2265
Guo Chao, Liang Xiaogeng, Wang Junwei. Nonlinear Disturbance Observer-Based Dynamic Inverse Control for Near Space Inter-
ceptor[ J]. System Engineering and Electronics, 2014,36( 11) :2259-2265 (in Chinese)
T BRI, 2R A BT T I AR A AR LA RS0 P I B [ 7] Pl e SR, 2014,31(8) :993-999
Yu Jing, Chen Mou, Jiang Changsheng. Adaptive Sliding Mode Control for Nonlinear Uncertain Systems Based on Disturbance
Observer[ J]. Control Theory & Applications, 2014,31(8) :993-999 (in Chinese)
Ginoya Divyesh, Shendge P D, Phadke S B. Sliding Mode Control for Mismatched Uncertain Systems Using an Extended Disturb-
ance Observer[ J|. IEEE Trans on Industrial Electronics, 2014, 61(4) :1983-1992
Y, RIS, 2K A A BT B PR Terminal ##5 h AR T 25 (8] RATAS BEIORHIL ], Aias 2440 ,2011,32(7) :1283-1291
Pu Ming, Wu Qingxian, Jiang Changsheng, et al. New Fast Terminal Sliding Mode and Its Application to Near Space Vehicles
[J]. Acta Aeronautica et Astronautica Sinica, 32(7) :1283-1291 (in Chinese)
Yu Shuanghe. Continuous Finite-Time Control for Robotic Manipulators with Terminal Sliding Mode[ J]. Automatica, 2005 ;41
1957-1964
Cybenko G. Approximation by Superpositions of a Sigmoidal Function[ J]. Mathematics of Control, Singnals and Systems, 1989,
2(4): 303-314

Extended Disturbance Observer Based Terminal Sliding
Mode Control for Reentry Vehicles

Zhou Jun, Zhao Jinlong

(Institute of Precision Guidance and Control , Northwestern Polytechnical University,Xi'an 710072, China)

Abstract; This paper presents an extended nonlinear disturbance observer and novel double loop nonsingular termi-

nal sliding mode control for reentry vehicles with time-varying unmatched disturbance. Firstly, the Lyapunov theo-

rem is employed to design the extended nonlinear disturbance observer, where the state variables are extended to

observe the disturbances and their changing rates simultaneously. The motion of reentry vehicle is separated into in-

ner loop of angle and outer loop of angular rate, and a nonsingular terminal sliding mode control laws based on no-

vel sliding mode is developed. The disturbance can be efficiently compensated and the tracking error is guaranteed

to converge to zero in finite time. Simulation results and comparisons illustrate the effectiveness of the control strate-

gy-

Keywords : nonlinear disturbance observer; reentry vehicles; nonsingular; terminal sliding mode control





