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Active disturbance rejection control of attitude for spacecraft

WU Zhong, HUANG Li-ya, WEI Kong-ming, GUO Lei
(School of Instrumentation Science and Optoelectronics Engineering, Beihang University, Beijing 100191, China)

Abstract: In order to attenuate the effects of the parameter variations and disturbances of the spacecrafts on attitude
control accuracy and stability, an active disturbance rejection controller (ADRC) is designed. ADRC consists of three
parts: tracking differentiator (TD), extended state observer (ESO) and attitude feedback controller (AFC). TD smoothes the
process of attitude maneuver and provides differential signal of the attitude; ESO estimates the attitude and the disturbances
acting on the spacecraft by taking full advantage of the information of the gyros and the attitude sensors; AFC realizes the
attitude control of the spacecraft by compensating the disturbances from the ESO. Compared with the relative results, ESO
has better performance by adopting the composite measurement information to correct the estimate, and ADRC has simpler
structure by adopting only one loop to realize attitude control and disturbance compensation. Simulation results of a certain
spacecraft demonstrate that the ADRC of this paper is feasible.
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1 5|3 (Introduction)

R R AR U RAT 555 3K, 20 MR A% Bt
PEREDE R R T R G, SRR R A e B 11 %
A AR, ETR B KIS T, MU
PSR A PE, T BAFEAE 2 B N 8 a3,
) o E M UR A M AT BE, 45 RS R
e vy kBN WM. AH LTS, A PPz il (active
disturbance rejection controller, ADRC) AN i 1~ 4
X G AL AT K42 0 G I S R 254 A8 4 DL
W AP0 B A B b i e 0, LR R, By Tk
PO 1 3 A R R 28 5K BRI AT W A7 A R 25 ol
i) .
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TUAS WU S Je s DL b 2 i 45 22 AN 43k 15101,
H Prt 4 il 45 B BR B2 530 43 2% (tracking differentiator,
TD). §7 5K R 2 W I 28 (extended state observer, ESO)
B 2 PEOIR A R ZE it #58 1 H (nonlinear state error
feedback, NLSEF)3#B/r 41k, 1Fh B P4 Hl s k%
L, IR 2% 7] ELEAR T 4 A\ b R Al h &R
NS RN R L P 7 i M S BV | 35 e
TS LB N LARME, T AN G B BT %)
TR I 2, SCHR [111RI3CR [12] 55 5 EE 5 A
e AR R Z A R4E, ot 1T Ik
PR SCHR (13- 141 BT BIRUAST AR 5, A
T MY SRR 2871 98 5 W A R 22 R G AR
TEMURAS L2 BT 67 1, 35K R UM 2%
[FRE A T B EAEH, FEEUS TR 2 B FURER.

RATH : K E ISR UR IR 973 TRIZE B H (2012CB720003); H %X HARRMAIL S BIIH H (10772011).



1618 T I

BR[15-17 R ZSBURESHE B, Bt 7=/ iketikas
R80T AR A () RREA TR, AH R 7870 ) H
B K00 B A L. SR (182018t T — MU 13K E T
YLl %, WHESO SR FH I 2 BRI 545 S A
PR 25 A LR 5 A0 ), SMRESOSR A
TS I A5 UL R 25 23 F PN A, ]
PLIE 501 FH 28 A A0 s R 3 P R il 45 L, B
FIXGAESOSEIN, SiRisa 2, AMET-3-47T 3 70 4.

h 7843 ) 25 SRR 28 R R B iR 1 15 R,
bR Ak, A SO T T2 A ENE Ry
FRARAS MR RS LA LA FE L, NS
HEAT A, HAE LA b, Wt THURSS RS APt
A, 5 OABAR LG, ASCH gROR A 4% 25
B PSS U AS AR R BRI =5 B, RS
IRZENPIRASAETF TR E ARSI APz filds 2
K ANER B, B AT R SE IR 48 2 A48 1 1 [R] 1
FERO N AT A M.

2 WIRIBEAD) 2R (Spacecraft attitude
dynamics)

h TRTAHE RS WL, BERTR A A WA, TR IR e ) 15
TR P, wb TR A8 AR A 5 A AR 2R (1) £ T8 L,
TaAVER THURAS B AR SN 50, w ¥
T, AT IR A B 1 2 B W s Ay

Iig + (W) Twp, = u+ Ty, (1)
0 —W3 W2 w1
(i) =] ws 0 —wi|,w,=|w].
—Wa W1 0 w3
R B HE B8 42 4] ) B BE R (single gimbal
control moment gyroscopes, SGCMG){F Jfy % 2 ¥ 1l
PATHIN, SGCMG RSB & A h, I8 AL
h+ (W)*h = —u. )
ek S IE 2 4 B RS i 2 21 (modified Rodrigues
parameters, MRP)FI4 it R 25 A A X EILE AR AR 22 11
B, IR SHO N p, MRASAEAS FUE AR &
R A wy, A LB E) TR R A
p=G(p)wp, (3)
1 1
L Gp) = SAE +p* +pp" = [(1+p")IE
E R34 e B A P
3 P iRAIM R Bt (ESO design)
3.1 T ERASHURS 5 ERRIRMY RN

#5(ESO based on attitude sensors and rate gy-

ros)
WIEiy NI Y

jjl = T2,
@

5 N H 230 &
S
Flan,w) = @am — Ol +
GI™ [~ (wh)* (Twh + h) + Tu] —
G(CPa) + Chwh),
BT HE L 5 0 A 2 DL AR D B —
G(p) I, WAL AR A AR R 1
B, 7 — —h i RSGOMG RS (1 ) 4. 2 Uo7 3K
Wy = f(n, @), s = a(t) 15 W21
P
T1 = Ta,
{3'32 = x5 + BT, (5)
T3 = a.

EMURAS RS R R AT, — s — e =M
AR PR MEUR 2R ) A U B A AR R AT I
h a3 BT 7 A L, e A BB DU it Ay, S
TIRE RN

Yp =P+ np, (6)

Horin, RS SHGEMRZE R
TRCIHE 23 B IR (1 DN 5 S Ay, U0 R ] AR
V)

Yo = w]lg + N, (N
Horfing, A BEARI 75l T
wi, = wp + Chw;. (8)

MR 3 (2), I 2w B I 5 [ S, ) LA 2 28

ARG R R AT
P = Glyp) (v = Cowy), ©)
Forh O BIE A b3 R AR AR FR KA AR AL P
NI RS LR B AR LS RS 1)
A, AT LAER(S) KRS TT R, BL(6)—(7) Jy =il U5 2
VPRI &, e IR h 20, 2o BT A 20, 97
TRARE 23 AT A 23, 58 LA MMREE
e=a(yp—21)+B[G(yp) (Y — Cowy) — 22, (10)
DU SR R 25 m] B rt-an T
21 = Zo + Kle,
2:'2:253+K2€+BT, (11)
2:'3 = K3€,

Horpr: Ky, KoK 5 4 EE IS8 25 K, o, BT

LI T O£

3.2 PRSI S PERE S HT(ESO analysis)

N IITTAE, BN EEDIE AL, ey = 21 — 21,
€y = X9 — 29, €3 = T3 — 23, JH\UE/EI\XJQYJHUi%feﬂU\%
™A

e = aeq + [Bes. (12)
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FRHE(S)(11)—(12), AT LLS H 5Kk 25 iR 22
7‘7*3”:‘7;(11 I

€1 —Kla 1-— Kl/B 0 €1 0
ég = —KQOd —KQﬁ 1 €9 +{0|. (13)
ég —KgOé —Kgﬁ 0 €3 a

[T LS SR 03 M AR, BT
ST, b, WTEHRK , R o #0 B, S
A A B ORE B, AT AN AT 73 0 AT
3T

K, = diag{ K1, K12, K13},

K, = diag{ Ky, Ko, K3},

K3 = diag{ K3, K33, K33},

€ = [611 €12 613]T, €y = [621 €99 623]T,
es = [es1 es e33]", a=lay az as]",

XA3) G AT

é11 = —Kae + (1 — Kp16)ean,
é12 = —Kpaein + (1 — K120)eas,
é13 = —Kzaeys + (1 — Kq30)eqs,
€a1 = —Kgaey — Ky Beq + €3,
€2 = —Kppae; — KoyfBesy +e32,  (14)
o3 = —Kogaeis — Ko3fBeqs + ess,
€31 = —Kgae, — K318es + ay,
€30 = —Kgpaeis — KsyfBeq + as,
L €33 = —Kgsae;3 — KssfBeas + as.

M4 T ELE H, 3N LRI IE (R ZE AR RAL,
FEBEAX LU AN IE 1 ) AT 70 A, AR5 (14), 7lKs
SR2ANIEIE IR ZERE AL IS

€12 —Ka 1—Kuﬁ 0 €12 0
€ao | = | Koo —Kpf 1 €29 |+ .
€32 —Ksa —K325 0 €32 5]
(15)
FE K (15), FTLUE HHRHE 2 N
53 + (Klgoé + Kggﬂ) 52 +
(Koo + K3203) s + Kz = 0. (16)

Ek%, ﬁﬂ%%{ﬂﬂ%ﬁ%i&a, ﬁ, K12, Kzzianziéjj(
+0, H(Kua 4+ Koo B (Koo + Ka03) > Kaoa, M

R 5 (RO AEAE 24 A S SIS, mT SO 22 PO T

ek, SR, ARAN RN A ST Pag 2 T, A

AR ZE B I BE A T, T LR 22 10 5 W 25 1

A R LD oM, FAb S A

A RIERN A .

33§ 5ROR &AW W 25 = F B € (ESO parameter
tuning)

ARG AR 3. 2795 A 04T, T LICR IS AL e B A 5 72
X IR AN GRS AT RS . R A2 AT TE
), BB BRFIEAE R — A1, — Ao, — g, IBAIIEER
AT RE

(s+A1)(s+ A2)(s+ A3) = 0. (17)

¥ L URTT, I A6)ZB IO Y, AT LRI F €
REFHN R ITRTR
A+ Ao+ A3 = Kppa + Ky 3,
{ Az + A Az + AoAg = Koo + K35,
Aoz = Kssau.

A s b, B R A 38 S 50 AT SR AR 78 K AR
N, — MY T e 2 Ko, B HUH, SR 05 R HI3AN J7
X 3L 283G 2 10, Koo I K 3o BEAT KA.

MR =1, =0, WH KRS WN 21 1)IE
AR S AR I A5 BT, SE0iL+e
RIEEBUN,

WHRNa=1, B=1, WY HRSWNZA D H,
ZRA R F T R BRI A USRS 1 =A% R, H =57
PIACEARY;

WRO <a<1,0<p <1, MEY KRS
DULR LT, T (6 H 15 0 T4 6 B MR RN 28 A Uk 2% P B
WHLAF SRR, AR SO R ik, FLE 7R

£ FE LAl R, [RIAE ] DA L Ath P AN SRS T 1 11
PRI B5 3 25 A T2 e, TEATER.

4  HPihFEHIES 57T (ADRC design)

FRAE 28 33 e v I TR LIS, nl BAZRG A
RS BURES 5 HOR PRI IR AE B, A TR AS
(FILAS WASTHAR L L WAMLS). fe ket b, Tt —
A BT R BRIy A5 (TD) A1 23 2 i 1 428 1l 45 (attitude
feedback controller, AFC), A5 Wi K28 254 H Pk
s, BRI RGN AR,

(18)

Td
.
PO vlz ® AFC |-~ B g?ﬁ o) ;ﬁ all
A i
ol L& ESO

K1 BURASE S BPUEhl g4 R
Fig. 1 Schematics of ADRC for spacecraft attitude
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R, BETRA (5 AU TD 2 HE R,
M ERUEAE ZE AL 8h i AE e i B2 SGCMG R FiA
KA MR, AFCHR SIRESOF) M I A 384T Pt 5h 1 2,
FEHF] FHTD L ESO /)iy H 3o 48 25 RN A T R B T 1
il
4.1 FREIM 45T (TD design)

Wpa TR IHER LSS, AIRIESGCMG
REAENURASLENS) 50w R A R A A,
WA TR TR 8 e A A8 A 2R AT PR PRI Ik, K A
RAFLRATRA ML TD, ZHE LR, i sEH
RS A A BRI 7EE, SRHZMETD, HEC
e

by = —2rvg — r2(v1 — pa),

Horb: r ATDIZEL 0o b BREF T 7815 B IR 053

155, REANGE Spa) LW — M iE s,
TR AR IR A%, 18 % SGCMGITI AN

4.2 BE R (AFC design)

TEUE, K b i RERCR S A vF 22 )35 2= 1) 2%

PR A SIS AMER R T RS T 4
{7'0 = ki(v1 — 21) + ka(v2 — 22),

{7'}1 = V2, (19)

7 =B (1 — ), (20)
Forp Ry ke I 2 S 4L
5 fiE453 5P (Simulation and analysis)
N R IAERTRAS 23S B PURFE B 1A AL,
T B FMATLAB/Simulink (F) T R 2% % A% 0w
PIRIGIE 6. 2 WS 5 AR RS ) Ay,
K 4 PR 1 4-SGCMG R G/ E A 5 AT AL
. € AR PUE M En = 0.0011 rad/s, ¥ 3
15053 3000 —1000
I = 3000 6510 2000
—1000 2000 11122
SGCMG R ZR M s s I h IS B0 %, Y4
MEAffi o0 = [45° — 45° 45° — 45°]T, JiANSGCMG
5l 300N ms, HTRAFTZ TN
0.02 + 0.02 sin(nt) + 0.01 sin(2nt)
0.08 4 0.04 sin(nt) + 0.01 sin(2nt)
0.02 + 0.02sin(nt) + 0.01 sin(2nt)

P ZLI, JEMUTURSS W40 £ 8% hw (o) = [0
0 0T (°)/s, MURARIIWILHLES I N [0 60 o]t =
[0° 0° 0°). TEHUWEM HAs M Hwg = [0 0
01T (°)fs, IR (K HARZES I T [pa 04 )T = [0°
0° 0°)T. IEIESOMZH N

kg - m?.

Ty = N - m.

K =diag{20, 20, 20},
K, =diag{100, 100, 100},
K3 = diag{800, 800, 800}.

PRI SRk =0.3, ko=10. TDSHChr=0.02.

1) ESOMEREXS L.

ISR A SR T A A M B ESOTE R, 76
15 B 5 0CR H R A BUESS 5 B IWESOREAT T X
L. 7R T REURAF B MESOH, &) H
a=1, f=0. 1fi #£ A& L MESOH, 4 XA+ Ma
=1, B=0.5. BRI E AT, ESO
T Lt e an 2 — 5.

25T LUE H, PIFTESO AR i
RSB AL 5, R RS BURES R R IR A
G B ESOIRZER/IN, 1 H A Ss e .

0.2 7 T T T
- — 2
...... 2
0.1 T
- R
N 00
_0-1 bt -
_ 1 1 I 1
O'20 2 4 6 8 10

t/s
2 HEF AU INESOZ A v
Fig. 2 Attitude of ESO based on attitude sensors

0.5 T T
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...... 2y |
T Ry
0.0
_ 1 1 I 1
O'50 2 4 6 8 10

t/s
3 FE T LA ESO S A Al
Fig. 3 Attitude rate of ESO based on attitude sensors

0.10 T T T T
0.05 -/ . J
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| — 2,
_0.05 ...... z]z |
=R
,0.10 1 1 1 1
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t/s
Bl 4 HE PR AR B ESO%EASAT
Fig. 4 Attitude of ESO based on composite measurement

information
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12 SBEE: TR
0.2 T T T T
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0.0 ft 1
o — ?y
7042 =~ . mamEme 222 -
T Ry
_0.4 1 1 1 1
0 2 4 6 8 10
t/s
Kl 5 T EANEGBNESOLSH A

Fig. 5 Attitude velocity of ESO based on composite
measurement information

2) WIRARLSIE .

76 LA B e s SL A R, SR A Sk vk i1
ESO, 1] LL15 2 {i K w4 2244 il 30 ih 2k o 16—
LR, HE6—TrILLE H, & AP las %

AR, GEs [F I He ARk Re A B A PERE,
f%#&ﬁ SRR, MUK AR R MR K8
Jir7s ki SGCMG Fir gl a4, HAER S, B9
HSGCMGIHELESIESE, /N T-0.02 rad/s, 7 TREH
B 5 SHR. B11 5 SGCMG IR 77 Sl B, 22 A3
WLahid #E h SGCMG 7 7l FE ik, ey s 4y .
[F) o, 23S E B4 il 8% 0 75 0 TR 25 K 1 el A

RERE T N AN BIEEA T WL AT A M2, BAT RS T T
%jn RE ), IR RE A Ar, T IGAIE T R a8 L& H
Praa il as A Rk

20 T T T I_ (b ]
~ sy i
= N
> 10 -
%'\ .
< ;5 4
0
0 2 4 6 8 10
t/s
K6 HiRaZEEM
Fig. 6 Attitude angle of spacecraft
10 T T T T
3 b ]
<o g
< . W T
4 6 8 10
t/s
K7 iR AR

Fig. 7 Attitude angular velocity of spacecraft

—1
4o0p 4
z o
? 20 i
[y
N
0 100 200 300
t/s
K8 IRl
Fig. 8 Desired control torque
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Fig. 9 SGCMG gimbal rates
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-100 £ T
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Fig. 10 SGCMG gimbal angle
s 1.0 4
0.8 B
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Bl 11 SGCMG# 5%
Fig. 11 SGCMG singularity measure

6 451 (Conclusion)
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