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Double-Loop Disturbance Observer Based Finite-Time
Convergence Sliding Mode Control for Rocket Orbital
Insertion with Large Yaw

WU Yansheng

(China Aerospace Science and Technology Corporation, Beijing 100048, China)

Abstract: For the achievement of precise attitude control during the process of rocket orbital inser-
tion with large yaw with large parameter uncertainties, a double-loop disturbance observer based
finite-time convergence sliding mode control method is proposed. Control-oriented attitude model
was developed at first based on the rocket flight dynamic and kinematic equations. After analyzing
the composite disturbances in the established model, a framework of double-loop observer-based
sliding mode control was conducted. Finite-time convergence differentiator, observer and sliding
mode controller were introduced subsequently for rocket quickly and precisely tracking attitude or-
ders. The method presented in this paper can observe and compensate matched and mismatched
disturbance simultaneously. leading to stronger adaptability to parameter uncertainties. By com-
parison between traditional PID control and double-loop sliding mode control, the high
performance of the proposed control method is validated.
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Fig. 1 Schematic diagram of four single-track engines
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Fig. 2 Structure of observer-based finite-time convergence sliding mode control system for rocket orbital insertion with large yaw

WE 2 i, KRIRAT AT R T iz 80k i %
APEH R G o o A AR A HLER 20 R AR
TP . B AR A IR I BR i AR R AN R
P o A% 88 4 R R A R PR, A R RE ) OA R
5 A 38 K B R DL R . 38 A X In] B A A B R 4R
il SC B B A Y PR ORS A e

wmEB NN, HTOIATELSESE, W
W ZE S EREN o, BAEERES. W
AN £ (xy s xo) B HAEPLECYE 335 48 Sy DT e $A
I, AT 3E Bl UL R AT A UL DU P A

FIEAN R LB MRS N X,

X. =(p. ¢ 7T (13)
WS B AR A IR R 22 TR
e, =X, —x,~>e, =X, —x,>
é]:_x2+XL_f](X]9x2) (14)

Horb, X WBBMIEZAR, x WEPREEMRE

(RuES
XL.:(S'D( N (15)
5c1=(¢ ¢ 7 (16)
B ox, A X0, W
e =—Xo +X, — f1(x1.x) an
A, ff o PR IR B 1R 22 T FE R
e, =X, —x,~>e;, =X, —x,=>
e, =—Bu+X, — f,(x1,x,) (18)
Horr, ML TE SR X,
X =, @, @, QD)
SEPR AR N x
x,=(@. @, o' (20)

i‘fﬁiﬁﬂﬁiﬂlﬂﬁ‘%1ﬁﬁﬂ:%b1%'Xt»*fl(xm X5, ;EEZJJWL
UHIJ%E 2 FH?X%U”IJ%I\{% XZL *fz (x1 ’ xz) IJF\fo



%4 K IR A AT A 0L T 6 B 2l SO 0 e A IR S ) oA S5 T A 4 5
WS 1. 2 MBI H RS & 2T eV, (5, ) T (28)
i 1) R g 5 MRAESIEE 1 AP, WA 1. 2 HResc A IR
e, =—X, +D, P 1) g 84
_ P Al S\ BE AR NI =TT
- = s . N §1=Z2p —€1,8; =%y — €
Hof. DL DL AR RIS 1. 2 WL |
Z :z():_klsl —ﬁlsgn_f(sl)—s S‘p()/q“
j( .
s 2 EP RN = E{Vﬁ/@ HDH1 <1, 13:12:*kZSZ*ﬂgSgn_f(SZ)*b‘;sél’ (29)

ID. < t..

FEIEHME, D, . D, WA FHR RS
BRG, DR R K AE AR A A B B b B RS, H
TR 28 05 S 7 E B 25 3 B AL I O 0 8 A 08
RS2 R (L 8 R 4 72 1 270 D) SO 452 2% 1 5 03
WBAETE L.

T 4 3 45 11 3R G 45 41 0 Ay e
TJE S LI 5 % VA o B 0 T X

2.2.1 A7 BRI [R] W S50t o3 /D0 2 WL 2%
SIAZEH 1R R,
EE 1M FBERAERS
T =,
z,=bu+d (22)
3BT 1, 2
s1. =2, — 1,4
Zi=Z,=—kis; —Bisgn(s;) —e ;s (23)
Se =L, — >
Zy =7, =—kys, —Bysgn(s,) —e st —bu
(24)

Hrfr, sgnCe) RRFFSREL, koo koy By Bos e
?Fﬂez RHIERE pos qos prv g WIEAEH
Po<qos p1<<q (25)
WIRT RN Z ) S 2, (A BR s e SO0,
Zy SEIXF x, B B TR] s SO0
UEWT . 3 X A 1 % R

1 1
Vl(Sl) :ES% Vz(Sg) :?Sg (26)
ISR 5 3
V1 (51) =518 =5, (*klsl *Blsgn (51 ) *8151/)”'&]“ )

<— kst —es, P/ —p ‘ S ‘
L— bs? —es, ot L2k V (5,) —
2 Pota0d2a0 o N7 (g ) (Potae) /200 27
Vi, (sy) =558, =5,(—kysy — B2sgnl(s,) — e85,
L—kysh —eys, P00 —B) |5 |

L—hysh —e,s, Prta/a <2k V,(s5,) —

jE[:J:P’ z, € R*.
ki, k.. ﬁl\ ﬂz\

z, € R* AT e, e,;
g, g, ¥R XA BEIE X250

Wi, sgn_ {(s,) N
sgn(sy,) 0 0
sgn {(s,) = 0 sgn(s;,) 0 (30)
0 0 sgn(ss)
Hd, s, s sy sy B9, sgn _{(s,) BB
X5 Z A

o 1. 2 WSt e
Vlf(/)(,ﬁ»qu )/2q90 (tO )

T, <1t — 31
! °+2WwWM<L—q%+¢»m%kl D

Vet za (4
T ég[“*’zw)lfwzfﬂ<1I(pl %—;1)/2q1)€2 G
gr LT, et 1. 2 XA RIL R
d =X, — f1(x,.x,) =eé, + X, (33)
d, =X, — f,(x,.,x,) =e, +Bu (34)
UUE7 ez BURIIEAS RN OR N e X B8 7 )
X, =—d,
u=B'd, (35)
2.2.2 AR SR 4
T[T e A A S ¢ ity bR o 0 A5 T Ol
6, =e, tK "
6, =¢e, FK,e) (36)
Hir, k, >0, k, >0, p;s >qs5, ps >qs B RHIE
T, 6, = (617 o
o))" o
MR SCEk [ 12 13T
EE 2 EXARL.

bs < Jas)—
X,. _J(“Kleﬁ/mqn 1
qs

u:BilJ(pg/(IGng(ZPG"qS)il*"Uz)dt (38)

GIS)T7 6, = (065 o0

AN EM 2T,

U1jdf 37)

Hr
_1 . _1
&n “711 ‘ 20y Twy Wy €y ‘Un ‘ 207
= : _ 1
= 517‘012‘ gl7+u12 Wiz | T 7522‘012‘ 2092
€ w 1
7513‘0'13‘ 20‘13+w13 13 *623‘013‘ 20,

(39



6 8 AR

20194 7 H

1 1
€31 ‘1721 ‘ 205 T wy Woy 209

—€n ‘521
1 . 1
Vo = | =g |00 | FomFfwy ||we | T | —en|on| Toun
1 . 1
€33 ‘ 023 ‘ TT0y Twss Was T ‘ T | %03
(40)
FETE
€,11=Q€gl 6752&511
2 : 2
(i HALT +38001)° Fdpipn 160088 4
€1; > max = 3 Clpl e {01;1 vy P
4§1i</"11+3§17) 3
|:(/11i +4§IZ +3§31{03i)2 +4ll1i[031 +16(03i§§1 4 :|
€3 > max 1T Psi
4(35 (/11, +3§3,) 3
1= 1,2,3 41

750 7L LG8 AT, L 2D fEEA
FRFIa] A s = i A i 3 (36) . HL WS ] 3 2
T(,‘m, < maX(Tg(O'(t1))9W(to)> 9T4(0‘(t0)9W(l‘0)>)

(42)
EM: =t (36) AIfE
6, — ¢ +xKe"=6 = ¢ +&K162/);,”q;>71
qs
_ /a6 1 P (p6/q6)—1
6,=¢e, +kK,e)'">06,=¢e,+—kK,e; (43)
qs
K @D AR (43) w8
. . bs s s , - s s s
m=m+;¢m?”l=*&th+;mW”“
=y, +D, (44)
6, =e, +&Kze;p6m) ]
qs
. - P (p6/q6)—1
=—Bu +D, + —k,e;
qs
—v, +D, (45)
Bl R D, . D, 2
ﬁl—plafi<0 (46)
D, —p.c7 <0 47
/\qZI
P =diag(pn 2012 ’[013) (48)
p.=diag(p2 502 502) 49

WEUHKE, T D, D, JUEAFE TR,
L b SR A TE XS A B po o pos AR (46D, X
47) HAL.

fSclk (120 al, M v, v, F5ERX (39,
K (40> B, RGEAEAT R ] Py B A L
Bt e = (42),

AT ST Hh X PR S 28 g Vi RS TRT B W Sl AR S 1Y
WeSPEIE R 38 22, e AR SCh R PE R IF, Hoik
IS ESCHR [12],

3 (FERIE

3.1 FEZHRE
D5 B 2R A 38 2K /i SRS B EL 1 R,
£1 BHESH
Tab. 1 Simulation parameters
r./m 1.2 P/N 3106
Joo/ (kg e m?) 5X10%  J,y (Jo) / (kgem?) 1X107
ar/m 45 Te/m 25
mr/kg 2 000 [g/m 1

77 R UL ] I 5l O 0 47 ) 2 A

(30 0 0] (30 0 0] (30 0 0]
k=10 30 0f=]|0 3 0|.e;=1]0 30 0
[0 0 30 L0 0 30 [0 0 30
(60 0 0] [60 0 0] (60 0 0]
k=10 60 0|f,=[0 60 0|.go=1]0 60 0
L0 0 60] L0 0 60 L0 0 60
Po=qo=p1=q, =3 (50)
ps =9,q5s =7:p5s =9,q, =7

4 0 0 100 0 0

Kk, =|0 4 0|.,k,=| 0 100 0

0 0 4 0 0 100

€11 =€1p =€13 =848 =€, =€, =4,

€4 =€43, =43 =120, =€, =e43 =60 (51)

SRy 7853 i UE AT {8 P Bl UL 00 b £ A A o Y
ERPERE, 51 AL PID #2546 ikt xt b, =
HIE PID #2848

K, =11, K;,=—0.7,
3.2 FEZERESH

MRS WA VR el W) IR A (53)
%N

0(0)=25°, ¢(0)=10°, 7(0)=5" (53)

BEE A O fL 38 18 A7 2 10° B BR e 1o i 4>
HRHMIE T EWE 2 07, W = 3 8 mw [y fh 28
B 3~KEl 5 R,

F = 25 A AR e R R ] A2 Ak il £ RT g
PID J7iEAE N =388 L T o) [ B8 o 3s, 1 W
[l S 1 A 5 3 A T AREAD £/ s A £ /R B ff B T
APl NT 2s5 [AIES,  RUIR] & i A 7 ik s il =38

Kll =0. 05 (52)



DS N TN R T PURER ER N S TN D& G g S AR ] 7

55 4 ]
6 T T :
TR
5 —m K] |
—PID
4

0 1 2 3 4 5 6 7 8 9 10
A a)/s
B3 ME-TERTHLE

Fig. 3 Time history of roll angle

Y
T
—PID
78 9 10

0o 2 3 4 5 6
s} [a]/s
B4 mE-RRAZHEHE

Fig. 4 Time history of yaw angle

38

£
=
&
YN
e U |
—PID
BT 2 5 4 5 6 7 8 9 10

i 1) /s
B 5 E - A R AR AL B 2k
Fig. 5 Time history of pitch angle

HEEMARIRENT 0.1°, BE/NT PID i
TER TR AR 22, Wom XU In] B I8 5 4 o vk
F14) M 07 R oA R o R SR
Sy 6 TE XS (] (T AR 4R A R G 5 BT B Pk AN
Pk, HIEGIA a5k 2 5 i 48 3 ik
M, =10000N « m

Mp,, =10000N « m
My, =1000N « m (54)
SRR EREN: I WE+2%, T,
2 +20%, J. W#E+20%, xp W2 —10%, z,
2z -+10% ., W5 FE AL 6~ 8 i,

6 - - -
PPETYS
5 e Y
—PID
4
i
=3
= |t
&,
# “
& |
1k
'
‘«
Oksssisir D i
-1

Bo RE-REREUHLE

Fig. 6 Time history of roll angle

e fEE ]
T
—PID

10 ; . . . L L - L L

o 1 2 3 4 5 6 7 8 9 10
I al/s
B 7 BE-E A A R
Fig. 7 Time history of yaw angle
38

g
g
FFFETYN
-
—PID
240 1 2 3 4 6 7 8 9 10

5

A ) /s
B 8 B E-{iF 0 F Ik fh 2k

Fig. 8 Time history of pitch angle



8 8 AR

20194 7 H

XTI 6~ & 8 "I, 455 5s 52 4K it fn 45+
251 K shet, PID/EH T A #i Ba&E§ R4
T3 S B A I B g 25 WA S, T R T A A
R R = A e o i 4 E B ARk,
S35 T RCIAT (i 9 R A ) vk Y iR B A R B 2
N i

4 ZHit

N i DR R 2 B W S R 3T R e AL B K
T LSS IR) I, AR SR T — bR Ie] % 4 2l WL
A2 A R B ) ST S 90 A 4 ) 7 3k, dE XLl
% - R A0 4 i P S W 2R T A SO0 o
A2 T DL PC /AT BCA ST, T A BRI a] di S50
RO &% 52 BL T R 25 PR R BB, A5 A
“Ior A% D0 S LI A UL g8, SEEL T AR
RSB E TP T K LR L AR
FF [ PR o A BE R, (17 LA R R, LIl % T
B J5 12 B A7 B4 4 2 25 o R e AR AR
XS BT RE ST AP0 R A 30 15 A

£ % Uk

(1] 4REIF. fese, TP . B M@ 8k E 8 o ik
WA mES [J] . FMm M. 2018, 39 (8):
879-888

(2] TIH, R, EEE, & . ETIEFRELHRZENE
KA g R (] . MUREER . 2018, 36 (2):
20-24.

[3] Tme, BRF . BH AW ESN AP R IT
[J] . 3 56 S, 2015, 35 (4): 11-14.

[4]

[5]

[6]

L7]

L8]

L9]

[10]

[11]

[12]

BT, AN, MROK, fF . ETEH HoOEHm
BHATHESERNRER 1] . BREH, 2015,
33 (5): 12-16.

BERT, WHIMH, £ . S80I 55
g U] . RETRES®E FHOR, 2015, 37
(9): 2109-2114.

R, RMEA . B2, % . JET RBFNN Al LPF
FAVR M I8 K FE IR B E R 5 ek [J/0L] . /AT
1-7 [ 2019-05-12 ] . https: //doi. org/10. 13645/
j. enki. f. d. 20190415. 014.

PRb40, ek, BmFEM, . RSB L R 2%
FEHI B T/NELAT ok [T . fies 24, 2019,
40 (3): 154-168.

WEE, LR, FHW, F . BEE A E R R
wEAR (1] . SEEMREELA, 2019 (2): 58-
61+88.

Li T, Esteban A M, Zhang S. Enhanced disturbance
rejection control based test rocket control system de-
sign and validation [J] . ISA Transactions, 2019,
84. 31-42.

Bayat F, Mobayen S, Javadi S. Finite-time tracking
control of nth-order chained-form non-holonomic sys-
tems in the presence of disturbances [J] . ISA
Transactions, 2016, 63: 78-83.

Zhang L., Wei C Z, Wu R, et al. Fixed-time adaptive
model reference sliding mode control for an air-to-ground
missile [J] . Chinese Journal of Aeronautics. 2018, 32
(5): 1268-1280.

Zhao Z S, Gu H R, Zhang J, et al. Terminal sliding
mode control based on super-twisting algorithm []].
Journal of Systems Engineering ang Electronics.,

2017, 28 (1): 145-150.

IR RMA . ST R A B [T B D Sl ML A A BRI A SO A LT ] . FRLER IR . 2019, 3 (4. 1-8.

Citation: Wu Y S. Double-loop disturbance observer based finite-time convergence sliding mode control for rocket orbital inser-

tion with large yaw [J] . Astronautical Systems Engineering Technology, 2019, 3 (4): 1-8.



