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Fault-tolerant attitude control for near space vehicles with
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Abstract: In this paper, a robust fault-tolerant attitude control scheme is investigated for the near space vehicles (NSVs)
with actuator faults, input saturation and unknown external disturbances. Firstly, a super-twisting second order sliding
mode disturbance observer is developed to estimate the unknown compound disturbances including system uncertainties,
external disturbances and actuator faults. Then, based on the backstepping technology and an auxiliary system constructed
to solve the input saturation problem, a attitude fault-tolerant controller is proposed. In addition, the convergence of all
the closed-loop system signals under the designed controller is rigorously proved using Lyapunov method. Finally, the
proposed control scheme is applied to the attitude control of the NSV, and the effectiveness of this proposed control scheme

is demonstrated by the simulation results.
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b T AR R B R 2 Y 25 1) H & W back stepping
TR, SCER TS AR E A TR s i i R
T ATES, Bt T M B NIRRT B A T
VESEILERERFRE . SCHER[8141 Xt il B AL iz B
], St 1 —FhEE T 5 I N AR % ) AR ) T
. SCHRI9138 I AL I R AL TEX A T s bt
ATAtTE, g FRH T B K ML P B ER A A
Pt . SR AT A 2 R) AT S8 A ) DT VAR D 2
JEPAT ER VRN 5 R (Rl AALE T A B

PAT ST 2 (8] AT S R vt h R
a1 ] L o 1 B o (AT DS R =8
VBRI, (e 11 2 | i FE AUR SHLAE 7755 58 AS
AR PR 7E — E YO B 9 AR Ak AR A s,
PAT IRAE R G LTI B8 5 P AR AN X 2 R
BTSRRI B BT SRR, &R
g — H I, A4ERR P R G mI MR, AT 4%
2 PR THU B V0L RN 52 BRAE, AT R FR 40 1 42 il A e
VAR R, B0 RS ] o) @R AT 1 T2 ORI, R
T2 RO7Ek. STRRI101BETE T — P T H I H R (1)
W= e R R AT A B R) ds Bl A ) 7 v ST
(1114 1 —Fhse T2 280 R IE AR R () B U I &
QEBEEH L AN, BT 2R 58 5 ]
JHFEREE G 7. SCERO 2185 — AP AEFE N
TR E R, Wit T — P TR0 Y)Y
TR T 2. SCERI1313R 1 T — P E S AR AL e T 43
BRI A AT R RS R w0, £ RGAFAAE
GMERIREN . ANTE PN SZ BRSO T, LS M RE R
ERHAEEAE A, SCHR1AVER X 278 S N AT AR S VR
R, Wil 1 3 T backstepping 1] H it N R 28 BR
RIS, b, T2 A AT #1238 KATFRI,
GBS N TES) UL SRR EIAAAE, I TTTEZR
FHIERE. P, R azIa @, e R vt gl
N FHRMZT RGP & FAT 115,

TR, BT HEAM &8 CA T 82 R 7Tk
BT 2 AR AL AR U018 o AR
MMEAE Rt — PSP R B 7, Sl T E W
HERE IRV, SCRR[19] 9 BRSNS, vt 17—
FET I BT PO I 45 I FE 42 1 2R 45 E 38 ) 4428 |
T35, SCRR[2018R 1 — o T M A P0M I 25 1) DY
eI AT 2 EHRTE A AT ES R 7 k. SR T AN IS
TAFAE, T8 v e 22 7= AR BHIR, TS0 5
GuitiasE. L, HISSEHR B2, 5] A\ JE T super-
twisting 52 I AR TP AL 25121230 % RGEAHE,
BRI A AT Al 1

AR EZWTT T AFAEIAT 255U, Ha AN AT 5 2R
FAN BB AN E U 2 (8] RAT SR e A ). BT
AR, RGN E MMM E N E & T, @it
super-twisting Vi B PRI 28 1K B vh%f AT Al o

SR J5 1t Blibackstepping ¥ A K 4l B R 48 7 1%, AT &
P4 R ER I 38 0 B vh, JFUR AR ER R 22 5
S 8 I 5 FCUE B s v ) 7 AR R
2 0@ iR (Problem formulation)
AT 2% ] KAT A R IS AL T AR i %
A —RKZ AN AL R 52
i1 = Fi(z1) + AF(21) + G1(21)x2 + dy,
&y = Fy(x1,22) + AFy (21, 22)+
Go(x1, o) Fsat(u) + da,
Y =Ty,
Hi:z, e Rz, e REARGIRE R E, y e R* N
Rt nE, u € R™ AR, R 7230 AT 8
ML ST Hn = m = 3. Fi(x;) € R™, Fy(zy,
To) € RN R G R 7 &, Gy(x) € R™MH
Ga(m1, xo) € RN RGIEHIIG 6556 FE, F;, G, HH)
BN TCRBI NN R d; € R, dy € RSN AR
TR AF (21), AFs (21, 20) RERFN R G A
E. F =diag {fi1, fo, -, fu P RF AT 25 W fE
BRY, H A2 f; € (0,1]. f; = 1R PATARIER
TAE, M0 < f; < 1FRIRFBIANPATEI 3 K. sat()
FERRUERIEATEREL, W2
sat(u;) = sgn umin{ Upay, |u;|},
i=1,---,m, 2)
FoH U i 7N RGN RN O AR
%0 = (F — I)sat(u), HR4E F € TS 2]
Fsat(u) = sat(u) + 9. (3)
A & LE &
Dy =AF, +dy, Dy=AFy+6+dy. (4
M Z248(1) AT LAECS an R
{ &y = Fy(x1) + Gy(x1)x2 + Dy,

ey

iifg = FQ(IL’l, JIQ) + Gg(xl,ajg)sat(u) + DQ,

Yy=2=.

(&)

P H AR BONAEAERE SMERIED . AT a5 i A
WA E AR RS (L), TSR A
Pt g, 1 R Gtk y REERER B NS H 5 Ty,
DR AR IT A, 45 N R 51 EAMBRE Y

SIEE 18 X AR D > 0, &z, FHK
AEEA LR AL )
0< \Z|—Ztanh% < ¢, (6)

Hrh¢ = 0.2785 W HHL.
Bl XMFA@pis e & TI0D:, 45
FARFNESEH AR Di|| < 750 = 1,2
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% 2 Xﬂ‘%%éﬁ(S)E‘J?ﬁﬁ%ﬂ R ARG, (361) A7) T LA 2]

ﬁ, G2(£E1, l’z)ﬁ(ﬂéﬁlﬁ, ED(GQGT) 1 ‘ﬁ = ﬁ?{:
IAFAEE R AIEE g, 15| G| < g (1 =1,2).
B3 (BBAuEEA S, WAl < n, Hrh
Au = sat(u) — u, pAARFIIESZEL.
A1 ORI, N AR A T, 4
FH F PR SO T DU A 5 6 1) AR 282G S, RIS FH Al
RGN E MR ZE— RS K, FI R & .
G1ARR T LM REGERE, B2 ) AT TR
AN, RS S RAE— e aE A, ITIHEREG 24 74, [
AR TR 2t Y. AR 1AL 33 T SR AR 4% ) o R S Bl 2 1)
FAEAE—E RGP, & HZE R R g A 4.
3 FHOWMIZES T (Design of the disturban-
ce observer)
R g5 PR RE, AT 2 T super-twisting 512,
WIHEE TN RAE & THHATAG
FA R AT D, it super-twisting? 5 #-Hi
IS At 123
51 =p1+ 21,
p1=—F ($1) -
D, = Lndiag{]sl\%}sgn s1+ Ligsy + 1,
m = Lizsgn s; + Lissy,
Hof: Dy E A T D I E. s = [s1 -
S1n) R 2R () B AL L [FI A

sgns; = [sgns;; ---

G (z1)xs — Dy,
1 1 2 1 (7)

sgn s, ",
diag{[s:|? } = diag{[s11]?, -, [s1a|*}.

TR FEREL 1, L1, L3, L4 B0 IR TE
ﬁ[ZZ]:

Ly =/l (t)ffn = \/Ediag {lixt, - lin} >0,
Ly =13 (t) L1o = Lidiag {l121, -+, L2} > 0,
Lis = L(t) Lz = Lidiag {liz1, - -+ liza} > 0,
Lyy = 13(t)Lyy = 13diag {l141, - -, lian} > 0,
€))

Forbly () R TR AR, 1y (t) 1518 S5 50 B BT H

i
. l1o, ||s1]] = €,
iy = [ sl
0, [|s1]] <e,

lii >0, lig; > 0, Lz > 0, 114 > 0,
l111l14z > 2l121l13l + lllzl%m?
32035113 > A2 gy + 12,13, i =1, | n,
©))

ll(o) > 07

Hrl > ONBIHTFSEL, € > 02 is/ MIHAL
TR XD, = Dy — Dy, ¥ R5i(5)

51 :p1+$'1:D1—]j1 =D, =
Dl — Llldiag{]sl\i}sgn S1 — L1281 — M- (10)

é,\

W, = D1 — M, 01 = \/ll(t)diag{].sﬂ%}sgnsl,
XA LAE Ny
5"1 = W1 L1281. (11)
%5“81’ = [’511’ ‘(émHT- EEO'lﬂ(J%XEIﬂl,
o fERR TG {s1 = 0} Ab, AAbRI L, 17 H s, A
WS T A, 5, RS ESE & (s, = 0} b, (T
PR B IR NSRS EANE S s = ORI O,

U] _ 4 s s, BUER@RIRA DTS, 0,

— Lyi0q —

dt
KT (A FH O
W = Dl —1m = D1 — Ligsgn sy — L1451 =
Dl — ll (t)diag{|01rl}l_)1301 — l1[_q4l181,
(12)
1 . 1 . 1
— 5lflllal + iy/ll(t)dlag{]sl\ Y (w1 —
[_/1101 - L1231} =
1. 1 . 1
Sl o + Sh(DdingJon] -
_ 1 _
L1101) - 511(15)[/1201, (13)
Hrp
diag{|o1| "} =diag{|own| ", |ow] T o] T

M (10) AT (12) T 7
S1 = W'1 - I/11U1 — Lyss1,
@y = Dy — Iy (t)diag{|o1| '} Lizoy — Iy Lyaly sy
(14)
BT POW IS B B AR, X0 2 56
BiLu, L127 L13, L14i&ﬁf&ﬁ‘, Eﬁﬁﬁ Hfr I\E—‘J W1§Tﬁ‘81
= sy = 0, M TR H D, 784 BRI ] py
BT D, 22,

EXS, = [01 e wl]T, ifiEXLyapunovl%Iﬁ[z”

Vi = > SLII; Sy, (15)
i=1
Hr:
S = [Jli lys1; wli]Ta
1 Ay + 13 liilios —li;
11; = B Liilizi B + 2l —lix
—li1; —l12; 2

0 (13)-(14), AT
Sli =
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(1], 10 1 ] Py 22-23)
iaau + §m(w1i — li01i) — 551(75)5121'011‘ Vi
o] < |ISull € ———5- (20)
A = (Auin (1T 12
711511 + Liwy — Lo — ()il sy - wmin(1117))
b I TN, Wy, 15E AT HI
Dy — —— 501 — L (6) 1450181, _
L ! |04 101 (Dhsibus: i SEW4S1 < SEW 450, (21)
}li + 1 ll ((A}12 llliUh‘) N }ll(t)llgigli ﬁEPWpM = d1ag{41131 -+ lllz + 1-5l11il12i + 0.5l111',
2 ll 2 ’011’ 2 2025, 4 Alyai + 1.511;l19; + li2iy 050115 + 19, )
l 7
ll lys1; + liwry — —li1ilis1 — ll( )l12z’l1811', - *E?Efﬁ(l7)(l9)—(21)7{%'=
1 . l ‘ h‘ . Z mm(gplli) 2 _
Dy; — ——lizion; — L(t)liailisy Va < —h 1 (Amax (IT ))1/2 st
L |01 i N IEI;( )12
ll(t)|01i|_ Q1151 + L () Q12:51; + Qs (16) b Z)\mmi(];z)vm +
1=1 \max 1%
-
e T izill {170 n
—0.5l11i 0 0.5 =i ()\mln(ﬂlz>)l/2 sle
Q11 = 0 —bhu 0|, 171 )\max(WMi)V <
- _l13i 0 0 . 211 =1 Anlin(ﬂli) S
—0.5l12i 0 O O.5l1_1110'1i n 1/2 n
7 - R 1V i Vsliy 22
Q12 = 0 —lgi 1|y Quzi = | T hlysy | z:zjl st ;ng Va @2)
| 0 —hLuO Dy Horfr:
T Lyapunov B4R G my #5321: Riu=1, Amin(Pr1) 71 [[Whail|
1T / / )
V)= S on|  ST0,S A (1) Ain (1))
ni=1 T n T . R :l )\Hlirl(!‘plQi) - l‘il)\max(@léli) (23)
Z:llsliwuisli + ;SMWL%DU + t2 Amax(IT13) 21 Ain(IT1;)

ES W14151“ (17)
211
Hor:
VUi =
1 B2l 150G lei—hailis =13,
2 1503 hai—ligilisi 2lnilfo+4lilia —1.500il12 |
L it —1.5011;l12; i
Vg =
1 [ BhoiAhoids: 150l —hiia =150k
5 L5hnildy =l 285 +2h2ilia =212, |,
| —L.5liilie —212,, 9
Wis; = [—liy; —lie 2]7,
Algi+13y;  1.501iligs 0504,
!p14i = 1.5l112l121 2l%21—f—4l14l _l12i . (18)
—0.501; —l19; 0

F 3K (8)—(9) HH ULl 8 444 2 K5 B e T 2% A B S AT
PLE W, AW o, BN IE SRR
14 Lyapunov BRELV,, 1€ SCAT N
)\mm(ﬂlz) HSMH bl’L =
ST < Amax (IT1:) HSuHQo (19)

BT () > 0,0(t) > 0, k@ 28 &, (¢) %
WE R > 0, Rig; > 0, NARSEFR E 1 2 B, &
GE(14) T PR S 51 Mooy BT BEAEAT BRI 18] ¢, Y WS 210,
$1 MREMEAEAT BRINS )¢ 8RN0, S3ARHE =(10) AT 0
FHAt 2 2 Dy ) 770, SZBRIE IS, T g8
AL RS, AT RZEA A, B Dy || <
Y1,7v1 > O.

4 REREEHIEBT (Design of the attitu-
de fault-tolerant control)

TE ¥ U I super-twisting 18 452 T P00 I 25 B Atk -,
AT REA N AT ) S PR S 28 1 1T

LER ] AT RPN DR T = A A AP iy A
KA RGE, MRS A(L) = [A, Ao 14

{L:—cmruyug@,
Ay = —Cy/y + Go(zy, 22)A
)

HOH: Ain(€1) > 5, Main(Co) > 2372+ %
NI F F backstepping /772, lﬁfir ikl
B EEE

{21 :y_yr_/llv

Zzzxz—al—l)r—/lz,

(24)

(25)
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;H;E'jaly‘jﬁj:uﬁ%”% «éQ:FQ(-xl,CEQ) +G2($1,$2)U+D2 —
WRIERGE(5)M(24), WAL T 2 AT R S5 a = Gr + Cols. (34)

2 =Fi(x1) + Gi(z1)x2 + Dy — 3 —
Gi(z1) Az + Ci A, =
Fi(z1) + Gi(z1) (2 + 1 + ) +
Dy — g+ Ci AL
Wi SR o NI B
— 9 — Gi(1) (K21 + Dy +
Fi(z1) + Cidy — g, + %Tanhz%), 27)

(26)

o) =

KoK, = KT > 09IEE B4R, DA THD,
e, Bt BB

<1
T hf g
an ,
211 Z12 Z1n T
tanh -—  tanh -— tanh —*,
[ bui bio bln]
SO by bia, b > OTEHL 3y O
HAERARRT N

X " 21 ~
Y= ﬁl(zzlitanhbfl — M), B >0. (28)
i=1 1

RAER Q7 H o TR, R26) i LSS N
4 = —Ky2 + Gi(w1)20 + Dy — %Tanh%. (29)
1

1 H Lyapunov A%
1 1 .
Vi = 5lezl + Q—ﬁlfyf + V. (30)

RS = A1 — . HRUESR(28)-(29) A5 1, T
Vi3 TR I S0
‘71 = —leKlzl + Z;rc';’l(xl)z2 + ZlTDl o
n 214 ~ A 3
ylzzlitanhb—l — N+ Va <
t ;

7 1z

~nin (F1) 21 |I° 4 28 Gr (1) 22 + 71 |21 ]| —
Y2 |zl + ¢ b — 1+ Vi <
1=1 =1

—Amin (K1) HZ1H2 +7¢Y b — i +
i=1

2L Gy (x1) 20 + Vi (31)
N H
9 =+ -n A -, (32)
A EGH IS N
. n 1., 1
Vi < = Ain (K0 |21 ]|F + 1 C o brs — 5%2 + 5’7% +
=1
2L Gy (1) 20 + Vi (33)
F2 R RGUS) ) FAL & 2, 58 S, A&
2o TR F 15

Bt u i
u = _GE(GQGE)il(KQZQ + G;FZl + DQ —
G+ Fy + 4 Tanh > — i + Coda),  (39)
2

Hh K, = KT > OAIER BHERE, Dy 3 T4, 1
fiiHE, & LTS THRZE Dy = Dy — Do, 530(7)
AL, Dyt A B
8o = p2 + T2,
Do = —Fo(x1,22) — Ga(21, 22)sat u — ﬁ2,
D, = Lgldiag(\32|1/2)sgn 8o + Laasa + 1,
)2 = Lo3sgn so + LoySo,
(36)
HAR TP ZEEEBE Loy, Lo, Loz, Loy i E R
(8L, F~an
Loy =/ lz(f)fzm = Vldiag {lo11, -+ ,l21n} > 0,
Ly = l2(t)l_/22 = lhdiag {lo21, -+ ,l220} >0,
Loz = l2(t)€/23 = lydiag {log1, - -+ ,lazn} > 0,
Loy = 13(t) Loy = l3diag {loar, - -+, laan} > 0,
37)
Hl, () AR TEWA R, () 538 s R TS
9. [FIH

22
Tanh=2 =
an by
221 222 Z22n4T
tanh-— tanh— ... tanh—]|",
[ ba1 bao b2n]

Ferfibor, baa, -+, ban > OFEL 5351, BIEA2 AT
TR 220 2 [| Da| < 72y 2 > 0. Aoy H A T,
HEE R

x n 22 ~
Y2 = (X zaitanh = —5), B > 0. (38)
=1 21

Rk, 2G4 AT LIS A

22 = —KQZQ — Gszl + DQ - ’AygTanh%. (39)
2
IEH Lyapunov R £
1 1 _

Vo=Vi+ 52522 + 2752722 + Vi, (40)

W T
Hor: Vo = Z SQTiHQiSQiu Soi = [Um‘ lo59; W2i] s
i=1

4loz; + léli l214l22; —la1;
Iy = 3 lovilizi  139; + 2l24;  —l22i |,
—lo14 —l22; 2

wy = Dy — 1y, 09 = \/lg(t)diag(|82]%)sgn S9.
JE A = o — o, T4 (38)~(39)F0 5] BE1, 7]
Vo R TR RO
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‘./2 = ‘/1 ZzTKQZQ Z2TG ( )Tzl + ZQDQ —

'722221tanhbi —¥2Y2 + Vip <
=1 21
"/1 - )\rnin(KZ) ||22H — 29 G1($1) 21

72<szi — Y22 + Vsz <

- i Do) [l +C 3 S =

k=1i=1

2 n
Z ZRklz q}ﬂz Z ZRk2z ski —
=1i=1 = 1im
! i Ly
+ = <
24 24 1%
—kVo + X, (41)
Hor:
1
K= min{)\min(2Kk) Ryi, Ry, §}a
X= CZ Z%bm-F Z% (42)

k=1i= 2k 1
MR 0, G085 K S ST, 2, 2o B BAH T,
Eﬂﬁf%ﬂiﬂﬂfﬁjﬁa ﬁ{?HzZH < a; 0L

FIE PR ELV, = = Z AT A, MR B R G(23) 1)
et S AR 2 A3, TﬁVﬁ%ﬂlﬂEﬂ RS
Vi=— z CLAT Ay + AyGaAu + ATGL A, <
k=1

20 1
= 3 Cell Al + g3, (43)
k=1
_ 1 1, 1
/ﬂ\:qj: C'1 = Amin(cl)_g’ 02 = AmiH(CQ)_ggl_i'
ﬁtmﬁr‘cr‘ﬁt[laxﬂwﬁu
A4 |° < Crtgan*. (44)

MRIEAL 2, E’me&iﬁ(M) EES

1,
[y = vell < llzall + [[ Al < a1 + 4 501 'Gam.

(45)

T AT K0 2R S s oy Re W IR R B A RIS (S
Sy, FREHRZE A
5 fiE4HT(Simulations)

AR BT A 2R AN )7 23 P 0 25 1)
AT BRI, AT 07 B AR B3 O ik A
Rt

75 B] RAT 2R L ASIE B AL N ).

2 =F,+ AF, 4+ (G, 4+ AG)w + ds,
w = F;y+ AF; + Gi M, + d;, (46)
y=1{,

Hr: Q2 =la B p|"NEEHINE, 53R RBA,
MMM, w=[p ¢ r|"NESHERAR,
G5 ) R B R R AT A S AN R T A 2. F AN
Fey R s EUn &, GG N E A1 R 4t
wHiFE. AF,, AGHMAF ARFIRDGHE MBUERE, A
REBRE KBRS OEREAA
+20% ) 8% 8 AN 1 52 dAde R 4138 41, 70 T
Pd Nt PR
di =5 x 10° x [sin(7t) + 0.5
cos(5t) + 0.7 sin(6t)]" N-m

REGASFHM, =[l. m. n.)T EEHI S5, 55
FRVRI, AT S R, H A NI BE M, ax
=10* x [0.2 2 2]T kKN-m. JATEHMPEHPEF A

(1,1,1}, t <5,
1 {0.5,0.5,0.7}, t>5.

RGN
ap=1°%Bo=1% po=—1°po=ro=qo=0((°) -s7"),

& i = E N H = 21000 m, 3£ £V, = 2000 (m-s™1).
WS E Sy N

a, = 2 X (sin(mt) + 0.5 x sin(0.57t))°,

= 1
Yr = r —
2°,

ey = (sin(4nt) + 2sin(27t))°.

AT R I AT ERER I R, ARE (7N (36) 1%
THE BT ES, MR RQT)M35) BertzH] ds. 4%
HI A K, =diag{10, 10, 10}, K,=diag {30,
60, 60}, B = 20, By = 5, T BT HL WM 25 A &=
Lo (t)IEFE A 1o (t) = ¢, T I 3338 25 56 FF N Loy =
diag{2, 2,4}, Ly, = diag{2.5,2.5,5}, L3 = diag{4,
4,8}, Ly, = diag{8, 8, 16}. 4B R4 Witk MO,
=I5, Cy = 2015.

DRI UE B (LT PO 25 P e At s | B
R L, 23 RS T S AR T
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6 451 (Conclusions)
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