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Adaptive non-singular fast terminal sliding mode based
tolerant control for spacecraft
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Abstract: Finite-time convergence fault tolerant control strategies based on adaptive non-singular fast terminal sliding
mode are proposed for spacecraft attitude tracking control subject to external disturbances, inertia uncertainties and actuator
faults. A finite-time fault-tolerant attitude tracking controller meets the multi-constraints is developed by introducing a non-
singular fast terminal sliding mode, which can convergence in finite-time and avoid singularities. It is further shown that
the controller is independent from a prior knowledge of spacecraft inertia or upper bound of external disturbances with
parameter adaptations. The Lyapunov stability analysis shows that the controller designed in this paper can guarantee
the fast convergence of the closed-loop system, and has a good fault tolerant performance for actuator faults under multi-
constraints on external disturbances, inertia uncertainties and actuator faults. Numerical simulation has verified the good
performance of the controller in the attitude tracking control.
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A BEL N T g S0 ) 28 A A Fa A SCR (151716 T
A7 I 2 i W AT VU T A A AT A i A FR
I TE) e S s il SCHk (181 X s i #e ke, Wil T
7 BRI TRISC SRy i Al 47 Tl s SCHR[19-21 1% T-F
T 2 i g AL, 767 IR AT SRR LR, Bt T
A B B TRD S SR [ 3 I i A A e, I FLGE A
THRRAT T H M, M RGO INB T E AT 2
B AT AR R A

Zrer BRI, EORES 7 SCHRAE T FE AT 3
R 5 AT L R vt T A BRI T St A,
{ER P e v (P B 2 B i AR O RGNS T S
MR P ) EFUE R AR5 25 TR AN
T4 e BT R AN o 5 PIAT 48 W 55 ) RIS
T v v BR IS TS S5 e, B2 i RS B2 5 disle )
LS, FER S48 38 N A e s A
ARG ENER) EFYE B, B A S ST
RLOARSCE Jen I NAER e &l B, AR5 LT 24
H 38 N B T T A B IS ) WS S 1) 28 2 R B W o 2 A 428
A, HAKHE Lyapunov ER e BT i vk (4 dl A AR e
PEREAT T U, S5 o AR 0 B SR 0 BRI i W] AT
PEAT T 30E.

2 B R R B2 BB (Mathematical model
for attitude tracking)

EXQ = [q0 q"]" € REAMIRIBS AR RE,
AR PE AR bR R F IS VU e, g € R®, ¢ € RH.
q + qFq = 1. WERHIDVY TeE iR B R4 Lz 3
K22 ) 3 13.6,10-13,19,23]

go = —0.5qTw,
{q = 0.5(q* + qo1s)w, (1)
Jw=—-wJw+u-+d,
A w = [w; wy ws]' € REIWIURA AR FAH
X BB R E A EAE By ERHRE, u =
[ur ws us]” € REWIATERH K d = [d do ds]T
e R NHMER TR HiFET € RS MR, &
SHiBEa>* € R334
0 —as as
a*=1|a3 0 —ai|. 2)
—as a; O
HAE SCHR[16, 19], TR 2 LA B R H AR n] 4
w, = w — Cwy, 3)
Goo = —0-5q§we,
ge = 0.5(q + qeoI3)we,
Jw, = —(w, + Cwy)* J(w, + Cwy) +
J(w;Cwyq — Cwq) +u+d(t), (5
K wg € RO IIEAHE, w, € RNy M H R

“4)

7. C = (q% — 42 9e) Is +20.q) — 2q.0q2 A e
HFE Qe = [0 q7]" = Qy' © QK iR ZE NI LKL,
HHgeo € R, e = [ge1 Ge2 ges] € R Qu = [qa0 q]
€ RUOMIHEHLES.
AR STHR [191RT %0, PRAT Al vl 5 BT 1T
u = E(t)u, + u., (6)
X e E(t) =diag{F,(t), E5(t), Es(t)} €R>*3,0 <
E;(t) <A AT & 10 202 T B, we = [uer Ueo
Ues] " € R3A RAE I KR LR A 04, @, =
[ler Tea Tes] € R3NRAE T RS 24 () 380 i
T, Hadiag || ae|| < Lo, FerPl, > ORRFNH AL
FRAEPAT A5 T R (6), LRI SSRIRTZES) )77
I (5) AT 5 B
Jw, =
—(we + Cwq)* J(we + Cwy) + J(w) Cwq —
Ciig) + E(t)u, + t + d(t) =
—(we + Cwy)* J(we + Cwy) + J(wS Cwq —
Cwg) +u. + (E(t) — Iy)u. + u. +d(t). (7
TERHATH IR O 200, g F AR,
Rig1 FREREMGLESAERwn N, AT
DABE T35 @ RIS M Feaw Voo S s il
RiZ2 WM w I S w5
1
®ig3 [AENENHRERGERT=J+AJ,
Horp Jo & CANR AR PRk BOE R, AT 3)
150 B B AN 0 B 47, AT R, B AT || < A, 3
TN EARFHEL
BRIz 4 Fahil AN 2 S KRR BRI, Rl (2) <
Unmax- Wmnax ATAT AT ST HH 5.
TE L PR B 0 R R AR S AU SR
P CAT B AT I &, UR S AR T ERERAT 5510, ST Al
H—Wr FHOE 5 EIELE HA S, ARS8 br LR, B3
L ARAT SR, R, R 14 R S LRI,
T34, SR (3,5, 8, 12, 15155 8 A 45 R BRAR, JF Ho Bk
g th T A

3 kAR H v (Fault tolerant control
design)

N T AMEINR TR e sh B A ST
AR Y SR IR S, v A S GG A B TR
WSO e A s . AR SO A R s s v v
FLUF3B 5 A 1) AT 7 Kum i B i e v 2) ik
N IEA T 3) RGeAE MR,

SR H AR N : TEAFAEANT T sl e
BEANHA 32 5 AT RSB T, BETHER A 1 3 N o 2
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P R UE 2R G0 PRI [0 Py 8 2 A S
br. B fEE BRI R, 2= DYeQ T (1, 0,0, 0),
IR Zw 10, iRy HAr vl R 2T
R

lim g =1, limg, =0, lim w, = 0. (8)
t—tr t—t t—tp

3.1 LT (Sliding surface design)

H T SUA AR E AT b, AR SO
e 2 G 7 e ol AT PRod eSSk M R A E 7y S 28 i
TSI, AR A R R 2 S U 2 DY oAk, R R
TR 200

o = sig®(we) + Bsig”(ge) + Age, 9)

A S, e Ry BLIH, o € (1,2), B=
diag{ﬁl? ﬁ?? /83}7 A = diag{Ala )\27 )\3}’ :/H\:EP Bh Al
>0,i=1,2,3. X TAEE I S € R3, £ 5sig®(x) =
[Jz1|*sgn(zy), [v2|*sgn(zs), |zs|*sgn(zs)]™. X
TR A1

JSe: adiagﬂwei’ail}‘]we + g :

(oBdiagf{|gei|* ™"} + A)(qeods + @) we.
(10)
R@) WAL, 71
JS. =
adiag{[we;|* "} [Hwe +Cwa)* J (we+Cwa) +
J(wCwy — Cwq) + E(t)u. +u. + d(t)] +

J ) o

§(aﬁd1ag{|qei’ 4+ N (qeo s + ¢ we =
adiag{|we;|* ' H—(we+Cwy)* J (we+Cwy) +
J(w)Cwy — Cwg)+uc+(E(t)—I3)u.+u.+

d(t) + - (aBding{lgul" '} +1)-
(qeoTs+q2 )sig™“ (we)]. (11)
LBl Asan Ul NS WP N
JS. = —k1 S, — kasig”(S.). (12)
3.2 EEHIEE(Control design)
BRigsS S0 CAT#8 R G MIAM R T Pd (L)
E[Zl]
[d(t)]| < 10 + cao|w(t)]%, (13)
Hrb: cor =0, cop = ORARFNH AL
BRi& 6 KMok [21-22,24], FE T8 20U o
DL SR A 2 B4R e, R DY ol AR I
SE SCATRNILAE A TR, Pl A w (t) e T X
u®)]] < erteallw(t)|*+
cai|[w®)* Feallw®)]*, (14

Hien 20, 6020, ¢35 20, e =052 K F1H
&g 7
Off ™ A ar:

| — (we + Cwy)* J(w, + Cwy) +
J('weXde — de)” < Cio + CQQ||UJ(t)H2, (15)
J . o
H%(a,ﬁdlag{!qei\ PR
(qeoTs + g2 )sig” ™ (we)|| < es2[lw(B)[>~*. (16)
FE 2 R TBRRS—6, SOk [21-23138 i B S E 45
TREEEE BT geoI3+¢ | =1, |Cl|=1, ||gell <1,
we = w — Cwq YL EARIEBE1-3, 7 LIS HEE TS HT.
RIS B 57756 S br TAEEA, H RGNS .
R, AR iRk, v
| = (we + Cwqa)™ J(we + Cwyq) +
J(wCwq — Cwq) + (E(t) — I3)u. + . +
J . o
d(t) + H%(aﬁdlag{!qal BEPIE
(qeoTs + g )sig” * (w.)| <
crteollw(®)?+esllw®) > +eslw(t)||*. (17
SIE1 XN TAEESEMEE N >0, A\ >0,

0 <k < 1, 3 FEZFMEL U AT BRI W) BSUE PR A 1 g
i G T Rl s AR AU s 200

FEAERFNHE B C10 20, coo =08 Jcgo >

V(x) + MV (z) + AV (z) <O0. (18)
3T Il e VR V= 1 e 2 E s W g o
1 /\1V1*k(xo) + AQ
Ty, < WS In A, . (19)
EIE 1 HRAEHINET B A e 5

PAA T8 B PR RLOR 23 (5)(7) e PR 24 S T AL 11 (9), A
WA -THIZAE T, Bt E A QO RIENTR
ARERER IR ZEAEAT BRI i) IR 2 AR I (9).

uc(t) - _uadpl(t) — Uadp2 (t)a (20)
AH
Uaapr (1) = k1 Se + kasig”(S.), 1)
uddPZ(t) =
Se(t) Se(t) 2 Di 7
15, O s & O
o(t) &gy .
Hse(t)HQj;chj(t), S.(t)a(t) > o, (22)
Sell) 52 p), S.(1)5 () <6,

Kz 6 > ORAEH/NILTZ, ko k, S THE, &2
s, i =1,2,j=1,2,3,4.6(t) = é1 + &
lw@)” + esllw®)[>* + cal|lw(@)||*. Bt HIE
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R LR > 0, & > 0, BABA S L4 > Hi_j ;. 30)
i=1T) i=1 Uj

];1:

—piks +amw SR IS B e
0, |Se|| <&,
]%2 =
_ . a—1 y+1 >
ok + el S IS 2 2y
0, 1Sl <e,
C
161 + aele(?_lHOO”SeH? ”Se” 2 € (25)
HSeH <E7

—q202 + afa[|wg ™ oo |Se [ [w (D)%, [[Sell = €
0, |S.| <e,
(26)

,_/HCD

Qe

3 pr—

~gsCa+als || we oo |Se [ lw @)]2, [ISell =e,

0 |S.l <e,
27

&4
q464 + abaf|we oo [ Selllw ()|, [|Se]l > e,
[Sell<e,
(28)
A p; 20, ¢;20, 720, 0; > 02%IHZSEL >0
FARNI S, 8 T W ER RGN, A SCH e =
0.001. HIENAMEI R waqp: () 21 R G0 AT BRI ]
WSS AP 4D S U4 S I, ) 3 S A M T 2 (£) 2 XS
RGAHIE  ANERPLEN 5 AT 2SI PR MBI 0.
3.3 AR (Stability analysis)
T E?Lyapunov?%{
1
Vi=3[Se ()T S.(t )+Z k2+z &, (9)
i=11]; j=1
iﬁEP: ]_C,L = ]%z — k‘i, Ci = Ci — C;. XTJ‘J:@*W, m"/f%l‘
V, =
4 1 .
S¢ (t)J S, Z 9*5 ¢
HAwe+Cwa)* J (we+
eXde—de)—i—(E(t)—Ig)uc—l—dc—i-

(aﬁdlag{ lqS

()+§Zl

Se (t)odiag{|wg;”
Cwg)+J(w

J
d(t) +uet o 1) (e L5+ ) -
: 2—a 2 1 - 2 4 1 _ =
sig” “(we)] + X n*kzki + E . §,¢ ¢ <

=1 1[;
"DISe®)l[er + c2llw @) +
csllw(t) |2 4 eallw(t)]|* + ue) +

amax(|ws”

BB 1 HRES (16 () > SIS B HiE N R
2 Sy AR TR (20) -2 DAN22) (1) A Y A
(23)-(28)ir AL, A1

Vi <

—arky max(Jwg ™ [)[|Se(t)]|* — ok, max(jws ) -
[Se(®)* + amaX(\wefl NSe@)] -
[e1 4 callw(t)[1* + esllw(®)[|*~ + callw(t)]|] —
)[lfer + allw(®)[* +
Esllw(t)]*7 + éallw()[] + ok — k1) -
DISe ()P +au(kz — k) max(lwg ™) -
IS + amax(jwg™)[|Se(t)[[[(&1 — cl) +
(& = co)lw(t)]|* + (&5 — Cs)Hw(t)HQ “

amax(|wg; )| Se(

max(|ws™

4
. o L
(e = eollw®] = 35 ks = 35 426 +
2 . 4
> P ks — ke z@q—®@<
i=11; j= 9
—arky max(|we;|*1)[|Se (£)[|* —
2 N
ok max(jwe* IS (B = 3 Pof
i= 14771
4 q 2 i A 4 q; A
Z 7 Z *(k —k)kﬂrz i(cj )Cj'
j=1 i=1T); j=1Yj

(31)
HRA 22 SCIR (21100 % S AR F 35, 0 bt
(% e
Vi < —aky max(jwe* )| Se()]*

avky max (|we; |* 1) [|Se ()] —

amax(|we|*~H)[|Se(t)[1ns, (32)
H = p 1 Ci\2C5
Horn, ; 1k, + J; Ic, iR
P27 SCHR [20) 7] 40, FEHE R RIA B B, W, = 042

AN K, PRI B AT BARE— A

. 2amax(|we|*™h) s
<— — Vi —

Y Amax (J) (ks HSeH) !
(L)w;r aky max(|we|*” 1)VLrl (33)
/\maX(J) 2 X e 1

. 2ak; max(|we|*™) 9 Tt

< — — 3

s SWIN SRS W8 52

a1 sl Sell |y, 25t
amax(|we|* ") (ks — ”Se”v+1)vl . (34)
I, S, > A(A = min (26 (26)1/7))HHL, HTF R
1 2

RO
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Vi+ Vi + V2 <0, (35)
o
2a max(|w.|*™h) s .
= (k1 — ) B
' Amax () A
2ak; max(|we|*™t)
H1 = )
)\max('])
2 .
1o = (ﬁ)“w?akgmax(ywew*l)zjzz
Ch (AW< P max(wel* )
15| Se
oy — .
b5 et

A0 < v < 1, FK0.5 < (y+1)/2 < 1, 45131
AT, RGO AT FRIST TR A T2 WSt Trpg 2
1 o VR (8,(0)) + po

t <
P (=) o

(36)

B2 HIES.(H)6(t) < ST, ¥ 1H N b
S IR Q0) 2 D) FI22)(F) A A N AF(23)
—(28)1F A 3X(30), I H [FIFF: 18 732 AT 45 AH [F] 1 46 .
H s ln B4y, I

2 4 QJ 2 5
+ > ¢ +3

e = Zzlm 2426,

HR A 175 00 1 554 0 2 FAOIE BH AT e, 30 i e Bk
1In;, 0: 58 NIps, i BTEMEns, A /S, R T
PO AT 7 L BT TR 48 RS I R KA
A7 PR R PSR B 15 S s PR INSTA A

T2 YRGRESHEWEEINS, = 01451k
N, BRER R ZERAE A BRI TA] Y S .

FELARUFII AT 23 WSCRR (211, ASSCAE AN FRGR .

E 3 ARSCRAT IR R, B8 Mk P E R SE
PICSIoH 2. ZHOOR, RIS FE R, REBCK S 8k,
koW SRR . BT H I F e B A2 5
1, SIS T BRI, RIASCE I FE R T
TN ZH ke P ko EATIRIN, REWEE G LBl .

4 MR 0)-2) T LLE Y, A S
TR A B S R s, Kk, A0tk
e LA R E AT C RE LG RITEN 8
7.

ES HTl<a<?2, 0<y<1, KACEI G
PLK FERAER, BT Fe Somisisoh 1F, BIA SCsev s
AR AR

E 6 IR Ge) A, BB, A, i, 0% REG S
TEEAT R, T R FIHEQDHIQR2) BB, A, 0, 6,47 K.
BKIIB, A, mi, O AL IR G I SICH RS, (H2 RS
AR, RILEIR RSB, A, i, 08, WAL &% 18R

GBI R S R AR M R PR o)

BT RSORHESCER 201 B TR BT T S350
& AR I, AHELSCHER 201, AR IR AR 215t
HEHRGIMNETHN EAYE Rl vt BIE N SHCS
SR, RGN T RE B Ik P4 s AT /N A P9, 1 3
HR [20] FMCSIAR AL M AN o 1)L 5
4 jEKH (Simulation and result discussion)

NI AR S A S A R s T (A b,
FRESEprE] WAT R ARG, ST N2042.11 kg, X
R AR PR AT 05 BT M B R P R 2%
FEBHII. RN S AL

A1 ARSI

Table 1 Main parameters of simulation

ZHATR ZHOE
R Jo = diag{800.27,839.93,289.93}/(kg - m?)
b . 2
i AJ = diag{100, 60, 30}/(kg - m
R { Hlke )
WIREEAS q =1[0.3 —0.2 —0.30.8832]T
e wo = [0.06 — 0.04 0.05]T/(rad - s71)
WY ga=10001"T
sin(0.017t)
WIE A wq = 0.05 s1n(0 02nt) | /(rad -s71)
sin(0.037t)

k2 BHIBRH

Table 2 Parameters of controller

ZHAATR ZHEE
a=1.1

W24 B = diag{0.25,0.25,0.25}
A = diag{2.49, 2.49,2.49}

v =0.49
Pi =45 = 0.01
6 =¢=0.001
AT A i
1 t < 10,
Eyi=1" . . 0 (37)
0.25 + 0.1sin(0.5¢ 4+ mi/3), t > 10,
1,t <10
Ey=¢ 7 =7 38
! {0, t> 10, (38)

_ 0, t < 10,
Ue; = .
{0.1 + 0.05sin(0.57t), t > 10,
Hrpi=1,2,3.
HMIBTA
d(t) =
5[sin(0.1¢) sin(0.2t) sin(0.3¢)]" (N -m). (40)

(39
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W BB S, 5 LA R a6, o
A IRZE DU CEAA 2k, B2 fi i iR 2= AR A i
2. W20 LU H, RIMIAF FESAAT S b e sl 5t
HAE SIMB T, REUIRAEN AL BRI 8] P 5
PP FAR(S), Protvh il as RER i R RS ERER Y]
FEASRZEIN, WU TR N T 15 5.

l‘S T T T T
1.0+
e "€
i =m=ny
|/ 05 _— 4
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=
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00F A
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Fig. 1 Response curves of attitude tracking quaternion errors
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Fig. 2 Response curves of attitude tracking angular

velocity errors

13 T AR A HH £k, AP T DU HY, Ak
VIR T BE S AR DS SR A R ML, RSBl
B/, JRBIIRAR, ARG NTEBE LU, REfs4Ery
TEROEE), TeE R . B4 0 A AR e i 2, A
AT EAAE Y, AN SCBE T (1 2 1 X 42 1 0 AR B /)
100 N - m, FEHIIRERENN, Bahixdob, S 250
AFREARES S, FEHI BN PR, R Pl AR
D BS o pEhlds E an At v i 2, 64 AR E TS 2
BT g, A AT DU Y, ASC B G Y
SHRIIRENS AR VN TR] A SEBLRROE , REEHEATRGE

WRASIE, BN SHA KAL), RE R . L p
TG R T ARSCBE 1 1 P AR 24 B VA 4% )
R SE R MRS LA AT SR A B

IG T T T T
T Sl:i
-
0.5 —--S, -
Z 00
ey
_0.5 -
_l‘(} 1 1 1 Il
0 10 20 30 40 50
t/s
3 VPRI Y 2
Fig. 3 Response curves of sliding mode
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Fig. 4 Response curves of control torques
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Fig. 5 Estimate of controller gain
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Fig. 6 Estimate of uncertain parameters

RINEHI RS LR, NP TLUE H, 1T
R Ra AR 2218 53.32 x 1076, 2= Y e ifads
fHIRH 4.26 x 1077, M B 22 S (HIA 3 2.51 x
1078, RGUIIAC R FEAR &y, VAT 5358 22 DU e 40
FA R R 22 SN TH) 733 4 13.55 s 5514.63 5. [AlUtk,
A BLEE IR 5 P RS HER VT LG Y, ANSCHEH 1 1
N 28 i AR AT R S ] oA A s 25 2 Tl el LA P
(VAT I P82 5 2088 v PR TR ke T AT A8 A7 AE K
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Table 3 Control performance
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Fig. 7 Response curves of control torques in Ref [20]

H T BB AR SO VAL ERE, 5 SRk [20]
VT B3 Y 4 A T o e . 7R Sk
(2019 VI 1Y 11 38 W42 Sl A 281 1) 4 il g e 12 i 2.
THE 5 AR AT DU Y, SR ISR 12011350 5145
B 5 3K, P kB %, RGOS
K. MRS G, & R RR, Fa SRt
.

Fd N PEHIEREXT L R4S, v DU H, P AR
HAREAE R, SCHR (201 3 A e SOt a) B
R T A ST 5 i St 8] Sk [20] 1)1 25 0Y
TCEU A A H6.05 x 1074, #1182 A MH h
1.55 x 107, RAMFS R ZE WK T ASCEAT LR

R4 EHIERE L
Table 4 Control performance summary

Pt |Se <_1 (|CIci|7‘wci|zl<
2e=3/(t-s7") 2e—2/(t-s7")
AT 13.55 14.63
SRR [20] 15.21 17.59

5 %5 (Conclusions)
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