$52% H12W 17 S-S D | A NE= SO SO Vol. 52 No. 12
20204F12 JOURNAL OF HARBIN INSTITUTE OF TECHNOLOGY Dec. 2020

ZE kITSRABEESVHEREENL

AIF IR B K 24, TRE

(L AEERHURRAE ®AT ARHTFEIT, AL AT 10007652 /R Tolk KA HLR~= B, I /K15 150001 )

W OE: SR AT RLAES RAUI R R NES B PATIA, 523 AT #7E AT Rest-to-Rest X A & £ AL 30 1E 5
Mt A R R N, NE R BRI BT A A AR T AR AT ERN. 4%, 28T RE ITHE6 A
fko REB LN AT R, BLTANTHEF RS W ATEAAFELANDELREH RANRFHER. AR B FEA KT
BRI T MR ATE S KA E LAY o &M PD =54, 3t f Lyapunov 77 3 E W T F A M LA BH RANRE
P RIE T ZHEAER T 6 Nk REE L WM D TEE. T BAIT X R /N A 2 DUk 5 E 8 5 7 R E 4
ARG EFBD R HE, EEEEPD BFEFINTIANAFXTR AN TFHGAEEEIR AR BFXTR. £
Rest-To-Rest Wy kX A FE L AW 54+ BB T —MHARMILATE TN AL E RN THESUE T F RE T ELEEH
RGBS &R, A TR BRAE AR B R B . R R, BB AR T EA MR ENIFRITR &I, U
J Rest-To-Rest Wy K fA 2 AL 2h 4541 vH A B WKOBHB AR 7 T 89 7 s 1.

KW F KATE LA RAE RER R TR E A I LK

hE4SES: V448.22 +2 XEkFRETG: A X EHRES: 0367 -6234(2020) 12 — 0008 - 07

Fuel optimization for large angle attitude maneuver control of spacecraft

ZHAO Zhenping' , WANG Linlin' , ZHOU Di*, WANG Jincheng', WANG Yonghai'
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Abstract; The optimal design for the attitude control system of a spacecraft with on-off impulse thrusters as
actuators was studied. For the spacecraft actuating a large angle rest-to-rest attitude maneuver, proper attitude
control law and proper attitude commands were designed to reduce the fuel consumption of the thrusters. First, the
configuration of six impulse attitude thrusters on the spacecraft was given, and a nonlinear system model to describe
the large angle attitude motion of the spacecraft was established using the quaternion tool. With this model, a
nonlinear PD control law was designed to steer the spacecraft in actuating large angle maneuvers, and the stability
of the nonlinear attitude control system was proved by the second method of Lyapunov. Then, the allocation logic of
the six impulse thrusters in the three axis attitude control system was proposed. Since the nonlinear PD control law
has to be implemented with the pulse width modulation technique, three switching thresholds were introduced into
the nonlinear PD control law to reduce the consumption of fuel. The switching thresholds were selected using the
particle swarm optimization technique. A scheme of scheduling the quaternion command for the rest-to-rest large
angle attitude maneuver was proposed by steering the Euler angles to reach their aims with uniform angular rates.
The scheme was helpful for improving the transient property and reducing the fuel consumption of the control system
compared with the conventional step commands. Simulation results verified the effectiveness of the control law and
the scheme of scheduling the commands.

Keywords : spacecraft;attitude maneuver;large angle ;fuel optimization ;particle swarmcontrol law ; quaternion

BEAs ) RAT A% S B s I A A 55, 78 kAT
A AT RE T AT 22 UCR S S TR AR, DL AL
WL A1 RE A 2K, ARG S PRl 0, 125 8] RAT fek
6 A~ 22 AE R /NI 5 R LA N e R 4

IrFE EEY: 2019 -04 -23
E£WmH: EHRALRPAESL(61773142)
EEE N BIRT(1975—) , 55 W55t

JA - #k(1969—) | B #Hid#z, WS
BEEE: B 3k, zhoud@ hit. edu. cn

AIPAT AL , LS A vh 7 T ARRRL. OB
IHFER SRR AE VIS, T2 m Urae i
Jo A BRI, HA s R R , D PR Bt L s 2 Y
MORHHEFE , i 20 BT 2 A1 il A, DU Bt il
K HEMIRE LT AE.

KT b AT A LS i O ik, — 2k
SCHRE 245 1A GO IR 58 R, , 970 RE 1 TH FE 1Y
A P S R A B B Gk LR A
PURBOR BT LUt P il & , D7 BLAE R s %45



5 12 3

BIRY-, 45 23 A RATAS KA B S L sh b RE R 1k 9.

il 28 BE S Uk /L F T AE. (HUJRZ T R SR e BB,
X SO 25 1 A o 2SR Sk [ 2 ] R A e
PPl st T AR, IR b T ERH S8
AR A5 5. SCHRE 3 13l 1 4T bang-bang 4 i A9 415 £k 1
TSP PR Sh 1) 8, DA T S B0 B & B[] )
Ak, bR 3 Ry vk A BE 52 AR L TH FE A BRAR, OF
IS5 eyl B

STBUNITAREB Sy I coXiil DR e AT i K= N (]
BEARAT R 25 8 i RGE M RE B TH AR, & — PP W
BT N, SCERL4 Tt 1T — R R s el
#v, AT E G T EL#R B Hamilton-Jacobi J7 2. fjj &
S5 RAB NS SCILARR B A Ak, SCHRES TR A%
il ) S Ak R — A~ BT 7 7 RN SR S 5L Ak )
RS R AL E R, SE3L T fig f ) e 4 il
SCHRL6 T 38 T 2R FH A8 342 il 7 6 B R 1) — Fob %
B/ B — R R s, SCRRL 7 ] AR B T fE &
BRI, IF i — 202 T AT AR R A
VU TCECERS S ), %o LR AT T 498, S T %
Shemp—Afbism. PR b, bR e kAR
T ey B 4 fre/IMELTR BT S S e i il

S LI S h B SRR R A AR
AW BT P AR . SCHk[8 - 10 ] 148
BRSPS ) RS A A A S P AR [ . SRk [8 -9 ]
il FHAR LA R ) J5 3R T AL BN ), I 4
TR TE TV RO TSR AR = o O R L AT
FETETHEE S 2 (B8 SCHR [ 10 ] 3 — 20 X0 R AT A7
fRVEAT T oAk, 7 B4 R B8 3% 07 L BB A 3%
Wl AT B ). SOk [ 11 ]38 2o Ph 1Sk T 4
| T N WALl 9 iVl [ = = it 181 B
TSI AE R .

TAN EE X AR X FR A K % B A L Bh () 8, S
BR[ 12 M2 T Krotov-Bellman 7553 25 F K HU T /)
FREHE FERE.

3R B SCHRTE SR A B A e R AR e R v
PR  B AT i R R THLA BE RS 4 Hh i SR TE Y
il J3 0, DTS B0 5 f0 94 Tl T 7 1 3 2 T 4
il AR . BV 2R N T 50T, BN A ST oE
(RS2 [ /N R AT 48 b, HORE 2 4 /N 4 e s L
2, AN AR R ShAILI B 2R TR GBI (R s il g, D
6l R FH bk b 58 D 2, A T 5 o e i o e U 4 o
BB SR A i SR T 5. TR, T B4 A R E Y )
FEA TR 1) S A HR A, 38 B AR R #E
HEM.

Sh kB A S 0T R T AR R G R e
BT, BRH DU TR I8 25 (8] RAT A8 1 K AR 438
Bl B, RS R T A SCR B

=

PEAIRT R G 1 2 T DU ST B AR 2t PD 22 25 45 il
B IFEX R A TR 5T 3 S A s il A Y
SETTBIR , M B 1) 3 bk i 96 077 =3 ) 52 33
FEHHE, R B R AR RHE FE. 381, A 308 R
FH—Fh 3 i ek s 5B -0 (PSO) Bk X Rk i
PD FE A I OCT TIR AT L T

X FVFZ AT KA L LS HL B 02 6] R AT 4
B BRI EN B A TS I —Fp i 254 ) 2 53 4
— R 7] 1Y) Rest-To-Rest #L3f). Rest-To-Rest &
AHLBHHE S WL LR e 345 R G ABHE FE
. GERBAE A HsR A 1M, T2 TS ALEh

B4 X OB T FE 1Y 5 ). AN ST Xt Rest-To-Rest %%

AP, BIFFEH PH TR A 1) 2 3546 2 FLA) 1)
Al TR BT AP R FE  [R] IS —
S P ] 3 30
| BMTCAENEAED B R

R A (8] KA T A e 2 AE AT AR i AT R A
FEZEZSHLE, g S LSS 7 AT R iy R il e
T 6 BRYERNIL, KPR E T 83456 )5, Kl 1
FIE7s B4 2 BT A TAE 50108 sl e IR
FCHE) TAERZ AN 2 s,

2#

S#
Ly R (WRHE)

1 ZECTHREELDNGE

Fig. 1 Configuration of the attitude control thruster in the

spacecraft

» I N |
F IFa : K |
_________ + |
i I L 1 I
[ ' 1 !
I L 1 I
! ] l

: L L,

0 ¢ t T T, ¢ T, =

B2 ZZEIYIES EFR TR
Fig. 2 Rising and falling properties of the attitude control
thruster



<10 - e N S W | A - =

$52 %

AP,02=[0 0, o 0l]'=[0 071" 0=
(0, o, " K7 RIS f
HEBFEAE T, BRI RS AE:
JO=-Q"JQ+u+d.
Xrfd =diaglJ, J, L] AR ue R
Ml 14 d e R 418,
2 HETRzWTHWELAREELENE
PD %% | 28 1% it
2.1 RENTHMESREREH RGN FER
Bq=[90 90 90 48] =la0 qul' N
BTN TCR L | g, || =1,92, e R IR
SESRZE TR
e:[eo el 62 63]1':[60 e:}vr,
Hrp
€0 =490 +49149.+€. =904, — 409, — 90 9iv»
RHMEUERA || e || =1. 7 XA Ak AR 28 21309 52 1 A A
FR Z 00 B 0 [ R €, D) AR B B 480 9 AT D) 3R
INHA
C,,=[(1-2¢ e)l,+2¢,e —2¢,e ]".
RE AR IR IR 25N

w:[wl w; w}]']‘:g_mda
X, C=CL,. B4 iR CEGs 82 T RN
. 1 . 1 o
e, = —?efw,el:?(e()13+el, w, (1)

M ERER IR ZE BN 128 T RN
Jo=-(0+CQ) " J(w+CQ,) +
J(w CR,-CN,) +u +d, (2)
X, w =02 - CQ, FfHE IR RE.
2.2 JEZ1% PD =HIBEIT
A 45 W Back-Stepping 75 A B9 AR
2 PD il
o AT AR 32 0 B 2 (1) B9 L5 A
I :
w=-k e k >0,
ik Lyapunov BRELH
V, :eg +elT, e,,
T AR FE (1) K 453
Vi= -k e e,

Hifre,—0.

HT o ARELHA L o SHEME -k ¢,
ZEICH
oc=w-(-ke,). (3)
Lyapunov BREL V, I FLSC 3K

V, = _e:‘kl e, +e:‘0',
= (3) A= (1) L (2) AT RIS
J&: - (U'_kl e, +ng) XJ(U'_kl e, +CQ,1) +
J((o-k e) CQ,-C0D,) +
k
?lj(e,,xa+e0(o-—k, e)) +u. (4)
AR SCE A EH Lyapunov BRECH
V=V, +%0'TJ0',
WER(4) RPN,
V= -k e'e,+o' e,+a | - (o-k e +CQ,)"
J(o-k e, +Q0) +J((o-k e,) " CQ -CQ,) +
k
T'J(ei,x(o-—k1 e) +e,(o—k e)) +u} =
—k ele, +o' e +k o e J(o-k e +CQ,) +
20'J(o-k e) CO, -0'CQ, xJCO, -
. k
o JCQ, + IT%UTJa ok e)+ou (5)

A (4) R AR R Gt an s PD
il -

u= _kZO-_k3 el"
by by ARTFER R (5) TS
V< =k lle, |I* =k o)+ 1=k || o]l e | +

by el loll Cllall +k lle | + | G2 1) +
2y, ol 1C2, 0 Cllo | +k e )+

Villol 1C2 11" +y, o] || G2 || <

3
(k4 3hys =29,70,) o] +

3
(3kyven, + 5Ky + 1=kl ) ol fe | -

ko le, |2 +y, (| CQ |17+ 1€ ) o =
-x'Ov +Wy,
Horr,
v,=IJ Y@, =Sup | C2, |l ,
0

e, |l [
X = ’ = . 2 ’
[IIUII] v,CI G2 | + [ G2 ]7)

3 3
Q, =k ,0,= _Zkf'y./ _jkl'yl')’(m T =kl

3
Qn =k, - 7’51')’1 _2'}’(7'}’01,1-
ASEGE ks = 173, RAEFERF Q 18 20 4%



121 BUIRT, 4 - 25 IA) KAT KA HE S ASHL B Pl e Bt e S 11 -
AT TSGR BILITR A R T -

4 209 9 9 I
bk, =g > ki Yok + Y iYeo ki Y Veo, + 37/) :

AR BEEPE &, by 5 LRSS A

V<=2 x 17 +p(0) Ix I,
2o A KR Q B /IVEFAEAE, 1

p(1) =y, (1€, | +[1C2, |*).

{3 SOk [ 16 ] o B it — 25 A0 AT 45 L, 21— o0
i}, o Flle, ifa T4 5, 31 o #TA 5

Sy 7GR R L , ot 2 1 T 2 M e, 4>

u=[Mz, Mz, Mz,]'=-Kew-K,e,. (6)
Aot Mz, Mz, 1 Mz, 43 50 8 5% AR A0 R0 AR A 7
MK, =k, K, =kk, +ks.

$EBR PD bl (6) , 1 BB k48 4 J1 4G 4
Mz, Mz, Mz, J5 , 75 BEAR R 2 g i 46 4 Xt P 1
R 6 AR BHLI TAE 7 2T 4.
2.2.1  GEERVRYLE

VA AR A 7 160 LA B PR D, AR SO
et VR B A T . AR SR IR 159 %% B4
(B

WM, 20,311 B4 SR EPETRS TAE,
KA A S TR | SR 4 2 R ELTE Y
SHIF L RIF B

M, =F,l +F.l, (7)
sz =F,l, -F,l, (8)

Ao, 1 S R R VR A R B (7)
(8), fif -

— M.l +M.1I
FI = . . ’
: 211,
M -M
Fa=000

MM, <0,ik3 B 6 B R AHLIETE A TAE
S AR A TN 3 B A1 6 5k S LT 5 Y
300 F AR F o B

= —F,l -F,l, (9)
== FL 4 Fl, (10)
Bz (9) L (10)  fift i -

szl) +MZ’ZX

M,
MZ v

=

2l T 21% l} ’
ML -ML
Fa=- 211,

HM, =0mf,1,3,4,6 SRS A i 5
il 4.
2.2.2  {fHpiEIE

IEEE AR S  RESH 2 5SSk

F,=Mz/l.(Mz,=0),

?25 = —Mz/1,(Mz, <0).
H T L S B TAE T8 2R RSB
SO PARAS AN RE S 1 s L S o, T A R
RER FH DK 9 8 ) ( PWM) J7 %, 76—~ 25 7€ 1Y 45 il Jil
AT, N,k 8 8% e s AL JE 0 oG P I [R] A s

B, )P i A S B (DL S PD sl

HRAE Bl i AU, R L A AR F, R

1 T,
F, = T fo F(t)dt,

FE— A T, A, B

F ,0<t<T,;
F =
0, 7T,<t<T.
I PR TR N (] T, AT 3 B AN (5] A 45 2 4 ol

JIF..

N TR REL, R R S TR 3,
ARSCAEARZNE PD LA 51 AT RITTIR 6, .6,
8., ENI R TRRFAL. XA, PRI PD 4%
ke =SS I AE

-K,w, -K,e, ,if | -K,w, -K,e, | >0,
quz{
if | -K,w, -Kye |<s,,
-K,w, -K,e,,if | -K,w, -K,e, | >8,;
Mz¢.={ ) i
"o, if | -Kw, -Kye,|<§,,
- K0, - Kyey ,if | =K w; = Kye; | >3,
MZZ:{ .
0, if | - K w5 - Kye; | <é..

2.3 et PD E=HIRIF K IIRAVKLFBE S

HEEPEIE 2 PD PRI SR, IR ER R S

T N T A R T R PR, AR TG A, T LA i
PR R AR ZEWAR.

BBt RS PD BRI EHGIA T
TFRITIR 6,.6, .6, , F B 75T 28 120 J8E 28 4%
RS BLS el IO TR AR . 52 B il
AEE ADLAL , P PRIE— R B IR 2E , BE T XM
PLAetats .

J=Lﬁmnwwn+mndwnwu

A () AR A e (0) AT R GERIZ 50, w0,
HAUE.

ARICGIHISCHER [ 19 ] 95k, ) DKL 1 6 33 ik
(PSO) R {5k (GA) & &, AR SE B PD 287545 il
HEIF ST TBR 2 800 S, PSO 1 GA b J2: IR fiE
AL, B —Ph ST kA0 FLBkBE. T o= 1k
PR (e T I A e B e MR LIRS g £
GEIR, TR R AR G AL Sk, AR A
RRBGE IB 2R RE Bt k. Wik,



c12- e N S W | A - =

$52 %

PSO-GA 1y HE A AR JE 4% PSO AR (A48 Z 68 I A
GA (YRR IE R BE ST A4 5. RIS, R A 5 o 2
HOHRA T ICAL” T RE, R OR B RO P o
Y T R T I VACR R SR S Y VA ROIEHEES 4
DAL B AL AR HEEAU P BB — 1Ok T, 28
SBCHT R v — 7 Bl L, 0 ) IO P 382 4% 530 12
FCHEATSR A PR R AN
PSPOSN([?:“”) ( GANumMax - GANumMin ) .
B BRI B AR R BEAL R R —
TE R AORL T EAL Sk B0 IR AR, IR A
FRE R Ve S A R BT, e B LA
Jai 308 e 35 A i HEA 24 iR T A AR 21 T
DL A% 333 B AR DK/ GA s A R R IR AR IR B
GA e FEAE PSO R AT HE T 728 80/, HE G
FREXANF

GAps = GA s + (

GlANum = GANumMax - (

PSO,
PSO,y, 0
PS0,

PSOMB,\’I[P[‘

I IR AR, A T A R R RS
3 KAELSH o) A2 Z A0 TG 3 4

AR T7 %

L Rest-To-Rest K i i % A5 AL 2l 7] 81 4 451], BF
T RIE LML T S FRI 7k

KA LML I FE 2 BT B - A 5 )
LR IR A i BRI R0z 0 A 76 10 B2 Y e ) N AR 4k
FNAUGRRPLA R I5 5R S FhE sl A X )
B AR R TTEHE 4. I AE b %5 14
b, A% IR 312 B 7 el 3 A% B 128 Euler ff14)
SR 9y vya By RRTERRKBLA R D s Y a T g0, 2
TF ] ¢, BRI LIS O gy B -

TR AR S Y — A B £ 20 3 78 AR A R
JERDU TR ST k. 4 3 ASBRBLMA S AR 4k
(REASHE 4 1D

) ( GAMaxPS - GAMinPS) ’

CAyatier = GAyjer + ( ) (GAMaxIler = GAyitier ).

1'9(1 - 19df B 19110 ,
td

o _Ya Yw

Ya= :
d

o Va —Yw

l//d - ¢ .
d

ORE, AT LA 7 A2 ] 3 A4S BRI A 7 L
(07 TR I8 1 25 P R G 3 DB A Y
18 BN Z (AN AR A S, T EL S 25 AR 2 25
ARG A IR 2R IR, & TR

R R G R SARHE I B T80 g = THAE.
FRAE 0 Oy yaya e By ARG, BT
DU ER 5 BT R AR AR e 5 20 Al LA 7
312 77 T A LA ARG SN
—1.9dsin racos yy +)./dcos Py
£, = 1'9dsin Ya +¢d

1'9(1COS rycos yy +)./dsin Uy
FFATHE S YT s 4, B

¢4 = COS “Leos ﬂcos 7] —sin ﬁsin ﬂsin %
© 2 2 2 2 2 2’
qq = COS %sin ﬁcos Y —sin ﬁCos ﬁsin %
a 2 2 2 2 2 2’
qp =sin “Leos ﬂcos 7] + cos ﬁsin ﬂsin %
“ 2 2 2 2 2 2’
¢ =sin ﬁsin hcos Y + cos ﬁCos ﬁsin ﬁ
@ 2 2 2 2 2 2

4 BEGE

B RATREHEE BB BTN 2.0 kg, B4%
RAPLIIFREHE ST F, =18 N. LL—7Fl Rest-
To-Rest [ K ffi B S ML shid B oM Ao X 42, 33145
A B A TR E] ¢ =30 s, 7E 300 s N SERL S
KA FERZSHLBN. R WK A 08 A8 Ak Y #
MPUITEdE 4, M O FUmATAA o [FIRHE 0° ~
60° Z A1 5 IR ff BE BN, MR y REEN
0°. BRI ORI ATE S 9, WE 4 i e
Fi7R.

SR FHEE TR 22 DU ST B A BR IS PD $ il A
LR R ANHLIT KB PD EH AR u = - Ko -
K, e, ,BUK, =6,K, =32. 7£ 3% 2H 2500 J& IR 55 3 %
PR, AR TG HE 1 AR | 1T HLAE 3% SR il i R R AR
FZyu/N T 10,

PG A B R R 2 ms, PWM 42 i J&] 1
T.=0.3s.

4.1 FFXITBRETH) Rest-To-Rest Z 754130
465,=0,5,=0,5. =0, XFPNE LAY T A TE
PD il A oI A TE ST TRR.

ToFF R TRRIE ST, B 3 s B0 £ A2 b i
PRI, TER LR 155 s, Befis R G IRER TR A 1 i A2
KA, H 155 s BHRRRHREIR , B4 R G0 R Hl, ok 4k
SEPREFIEASTR A B 4 SR BOARFATD A 3 45 A BRI
AP E B FREENL. S SRR R R
ZAERT 155 s Y/NT 0.5° {0 155 s J5 K. WL
IR Fiy 0 4 ol the 28 B [ 0 R



5512 1) IR, % 25 RATH KM AL sh i dl e i ik <13 -
2007 FR 8, .8, F 6. #4730 A T HRIEZSERIA —E
150 FRARS B, 8, ,8, Fil 8. R— >S50y F- 001 BT
100 FRAEFELO 10/57. 3 [Ju Bl . R HE K /N A 100, 1E

~ 50 IIEA 500 k. SRAG B ALf# 6, =4. 09/57. 3,5,
) 3.35/57.3,6. =3.35/57.3.

S sof TR ALR A TF 9T TRR , ZEMEAT A e
-100+ B, ﬂﬁ{fﬂﬁTuﬁﬁﬁ%ﬂﬂﬂﬁﬁrmﬁﬂﬁmzjﬁa

-150f /\

2000750 100 150 200 250 300 350
t/s

B3 HIRZLER(TFXIIR)
Fig.3 Pitch angle (no threshold)

ERGECE

0 50 100 150 200 250 300 350
t/s
(a) IR AR 4

K
Co
\N

3

0 50 100 150 200 250 300 350

t/s
(b) ARHAD £ 3 2R S5 bR AE

Q. /((°)s™)

B4 HIRERIESFERETHER(TFRXITR)
Fig.4 Pitching angular rate and its command (no threshold)
__ 4001
S 200
8
5 0
&
-200

0 50 100 150 200 250 300 350
t/s
(a) TRAM A IR R R 2

=
.g
8
=
m L 1 L 1 L L
-1 0 20 40 60 80 100 120
t/s
(b) RHAA0 A R R R 2 R BB R

5 HMARERIRE(XFXITR)
Fig.5 Tracking error of pitch angle (no threshold)

4.2 JAFFKITBRTHY Rest-To-Rest ZEZ5413h
RSB RAT A KA B S LB i Re AL
B 7E PD SR 5T HRTTIR S, L6,
%ﬂ 61, H T L — o BB T, R
BE /MR TH FE & 7E_ LA 45 %2 1 Rest-To-Rest
%?&Emzma ST R AR B S0 X 5G]

L AL IO, i 6.7 . K 8(a) 45
H R ZEEEA 300 s ﬁiﬁai%ﬂﬂﬂﬁﬁﬂﬁa? A R R 1R
2 s S IR LR 228 AR ER R Z RN,
ISwﬂ#M%zmwsmmW%% PRER IR 22,
T AR M S TR A 48 A Sh AR BR R R 22 AR S IR
BRI

L 1 FIVER 27 0 1 o s R 30 [ ) e e
15 ELAS B e DA BRUE T R385 1 3 BRI )
BEHRZE/NT 1°, 5/ MREHEFER 0. 89 kg.

FEFFE AR S BT, AN 2R SR bR FH B R
RIPUITEAR S, IBATE 85 s BPARHEFESRS, T
IEIL S RS HLATSS .

707
601

() 50 100 150 200
t/s

6 HMAELER(FFXITR)
Fig. 6 Pitch angle (with threshold)

LU

0 50 100 150 200 250 300 350
t/s
(a) RN AERIE 4

ol o

0 Sb 1‘00 150 2‘00 2l50 360 3‘50
t/s
(b) ARHAD £ 328 28 55 bR AE
B7 WlfRERIESREMRE(FFREITR)

Fig.7  Pitching angular rate and its command ( with threshold)

250 300 350

Q/((°)s™)

(=]

o/((°)s™)

-5




~
~
)

ne,

»
&

=2

PN Hz B52 %

Error ind /(°)
=

5) ‘ : ‘ :
0 50 100 150 200

250 300 350

t/s
(a) IRIM M IR ER IR 22

—

S

1
—

Error in9/(°)

o
o

6‘0 86 160 liO
t/s
(b) AN £ R ER R 22 R B R

B8 {HMAREEIRE (BHFXITR)
Fig.8 Tracking error of pitch angle (with threshold)

5 %4

o

D) FRH T — P& IF T BRI R A B 2 25 L 5
PD FE I, IF A FRL S Mgt SR A 45 6 1Y
T, FHEBNITF T TR A SRSt

2) B B R AR RIS TG TRR IR
FAREZESHLB PD FEhilae, nl LU S0 NESE RGEMR
BHFFE, H 2l BRI 52 22 RS BRI R 22 AU

3) Bt T RRRLA A A £ R AU TR

2 AT IRIIERGE R AFRIBEARAE 158 B

%% Xk

[1JEAE, 4, 2. AR EEB L0 A Prdh il 2 ik
] RETRSHTHOR, 2007, 29(12) : 2122
ZHOU Lini,
controller design for spacecraft attitude maneuver [ J ]. Systems
Engineering and Electronics, 2007, 29(12) : 2122. DOI.10.3321/
j.issn:1001 - 506x.2007.12. 029

(2] #&t, PNUIEE, BRsam. ©AT4% AP el 505 =
WI5E[ 1], RGEHTEH, 2010, 22(11) : 2689
YANG Ruiguang, SUN Mingwei, CHEN Zenggiang.
attitude control optimization and simulation [ J].
Simulation, 2010, 22 (11):
2010.11. 066

20 40

TANG Guojin, LI Haiyang. Active disturbance rejection

ADRC-based
Journal of System
2689. DOLI: 10. 16182/j. cnki. joss.

[3IBk =z, Wik, Ml 3‘*‘@% (T i I Tl AL 22 A AL Bl 4
HIE ISR ] FEHIEE S R, 2001, 18(2) ; 253
GENG Yunhai, YANG Dl, CU] Hutao. Vibration suppression of

time-fuel optimal attitude maneuver control for flexible spacecraft
[J]. Control Theory and Applications, 2001, 18(2): 253. DOI;
10.3969/j. issn. 1000 —8152.2001. 02. 021
BO I, /N A B R A R A e A 4 S A
(I, LS FE24k, 2017, 21(3) : 83
BI Xianting, SHI Xiaoping.

(4]

Inverse optimal stabilization of rigid
spacecraft in presence of input delay [ J]. Electric Machines and

Control, 2017, 21(3) ; 83. DOI:10. 15938/j. emc. 2017.03.012
(5] 5552, Wie, mamte, 45 2l RATa R M RS NLEh ik

TR, ARG R, 2013, 39(3) : 8
MA Qingliang, YANG Haiyan, YUE Ruihua, et al. Optimization
control of spacecraft large angle attitude maneuvers[ J]. Aerospace

Control and Application, 2013, 39(3) . 8. DOI.10. 3969/]. issn.
1674 —1579.2013.03. 002

(6 BTHEA, TRILAR. SRV ] ) A PR R Y — i 2 25/ Rl ik — 1A

PFERIBEFELT]. T4, 2003, 24(1) : 32
JIA Yinghong, XU Shijie. Study on integrated attitude/power control
using variable speed control moment gyros [ J ]. Journal of
Astronautics, 2003, 24 (1) 32. DOI. 10. 3321/j. issn; 1000 —
1328.2003.01. 006

[7]5E, it REUNT R R/ B prET]. dt
TUILAS AR K2z 2E4k, 2005, 31(6) : 668
TANG Liang, XU Shijie. Integrated power and attitude control
system based on VSCMGs for agile small agile satellite[ J]. Journal
of Beijing University of Aeronautics and Astronautics, 2005, 31(6) :
668. DOI:10.3969/]. issn. 1001 —5965. 2005.06.016

[8]YANG C C, WU C J. Optimal large-angle attitude control of rigid
spacecraft by momentum transfer [ J ]. IET Control Theory &
Applications, 2007, 1(3): 657. DOI: 10. 1049/iet-cta;:20060132

[9]YANG C C, LAI L C, WU C J. Minimal energy maneuvering control

of a rigid spacecraft with momentum transfer [ J |. Journal of the

Franklin Institute, 2007, 344 (7). 991. DOI. 10. 1016/
j. jfranklin. 2007. 05. 001
[10] 5k, ik, ZEMEZe. RIS E 9 i/ RE B S HL B e

FERIWETELT]. T, 2009, 30(4)
ZHANG Shifeng, QIAN Shan, LI Pengkui.
energy maneuvering control of a rigid spacecraft with momentum
transfer[ J |. Journal of Astronautics, 2009, 30(4): 1504. DOI.
10. 3873/j. issn. 1000 - 1328.2009. 04. 032
(1IN, B, fichin, 6. JLATZ0T BINTR 2 B L sl %
W] Pl 5B, 2012, 27(5) « 724
CHENG Xiaojun, CUI Hutao, XU Rui,
control of spacecraft under geometric constraints [ J ].
Decision, 2012, 27 (5): 724. DOI: 10. 13195/j. cd. 2012. 05.
87. chengxj. 005
[12] TOSLOVICH I.
non-symmetric space vehicle in a vehicle-fixed coordinate frame
[J]. Automatica, 2003, 39(3): 557. DOI: 10. 1016/s0005 -
1098 (02)00247 -9
[13]SIDI M J. Spacecraft dynamics and control [ M ].
1997
[14] YUAN J S. Closed-loop manipulator control using quaternion
feedback[ J]. IEEE Journal of Robotics and Automation, 1988,
4(4):434. DOI. 10.1109/56. 809
[15] CHEN Zhiyong, HUANG Jie. Attitude tracking and disturbance
rejection of rigid spacecraft by adaptive control [ J ]. ITEEE
Transactions on Automatic Control, 2009, 54 (3): 600. DOI. 10.
1109/tac. 2008. 2008350
[16 ]JFUKAO T, YAMAGUCHI M, ADACHI N. Backstepping design for
attitude control of a spacecraft[ J]. Transactions of the Japan Society
of Mechanical Engineers Series C, 2001, 67(653) ; 131. DOI; 10.
1299/kikaic. 67. 131
(17 18k i, sRWIE, BEE. Ptk CAT AR e pLah Ik b 58 22 1
Fotveit[J]. ®AT 1%, 2005, 23(4) 40
GENG Yunhai, ZHANG Mingguo, CAO Xibin. Pulse width
modulated attitude maneuver control system design for a flexible
vehicle[ J]. Flight Dynamics, 2005, 23(4): 40. DOI. 10.3969/
j. issn. 1002 - 0853.2005.04.011
(I8, Zmidt, BUTHY, S5 Bk oh Il il 7 /N B 22 P4 0 4% v i
ML) AR EOR S, 2017, 43(6) : 40
WANG Qian, LI Xinhong, HE Guangsong, et al.
simulation of pulse modulation in small attitude control thruster[ J].
Aerospace Control and Application, 2017, 43(6) . 40. DOI. 10.
3969/j. issn. 1674 —1579.2017. 06. 007
[19]GARG H. A hybrid PSO-GA algorithm for constrained optimization
problems[ J]. Applied Mathematics and Computation, 2016, 274,
292. DOI: 10.1016/j. ame. 2015. 11. 001
[20] s MR LA A IM]. Kb
1997
HUANG Zhengui. Attitude dynamics of spacecraft[ M]. Changsha;
Press of National University of Science and Technology, 1997

(Wi &K <)

1504

Study on the minimal

et al. Attitude maneuver
Control and

Arbitrary fuel-optimal attitude maneuvering of a

Cambridge :
Cambridge University Press,

Application

I B A A R



