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Abstract: n order to realize ground-based verification of attitude control algorithm of satellite, desig-
ning one kind of full physical ground stimulation system supporting rapidity and high precision is vi-
tal. Taking oriented at fast verification for attitude control algorithm of satellite as target, full physi-
cal stimulation system subject to dumbbell-shape three-axis air-bearing as core was designed in the
Thesis. Firstly, through researching research and development and current state of design of air-bear-
ing table home and abroad, performance index for dumbbell-shape three-axis air-bearing with full
physical stimulation of satellite was confirmed. Then, overall design of air-bearing table was conduc-
ted. Afterwards, on the basis, stimulation platform for attitude control system of spacecraft was es-

tablished by taking advantage of component technology. and sensitive device and actuator of attitude
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were provided with type selection to design CMGS configuration etc. Finally, control performance for

stimulation platform was verified through attitude maneuver law based on by hierarchical saturation

PD control and group control law of CMG based on robust pseudo-inverse algorithm. Result of atti-

tude maneuver simulation shows that 40° fast maneuver with multi-axis and large-angle of three-axis

tables can be realized within 27 s, and attitude pointing and stability are superior to 0. 05° and 0. 005

(°)/s. This stimulation system can meet fast and accurate control of attitude under condition of multi-

ple constraints.

Key words: full physical stimulation; dumbbell-shape three-axis air-bearing; control moment gyro;

fast verification of attitude control algorithm
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Fig. 3 Control panel of host computer

2.4 EEHRMHE

R IR BB TR A R G A S
BEWMEM . TERE T LRSS EERE LR &
TG BE R0 SR AL A0 AR 55 7 T 5 S br B B AR g IR
Fe—30, P, 0 1 &R B B 0 A% RS
e R R W B T R Bl O £ B R A R A
2.4.1 MAERE

S T S E N B R A AR R Y
T3 1) Ok 5t SR Aff 72 B AR AR A . A0 A% g 5 sk
TR AR AR RE S0 B L ELKG B2 55 SR AR A 22t Al AH AL,
H H T 52 55 3 R b 3K UK 2% AT B I T
FH #5521 o BR 210 ST 400 AR L T AR 00 A A% TR
R b BR AURR AR AE R B R B RE T
(EEZ3 N

S B B R Gk O LE-30 B = RG E f ff
1R A e FEEORIEFR R 2 iR,

£ 2 LE-30 HE#Ei64R
Tab. 2 Parameters of LE-30

iRss LE-30
DAL R/ () +38
SPHER/ () 0.001
BRRZE/(O) <0.01
FAEM A/ Hz 1~5

2.4.2 ®EwEt

PGSR TR b 5 19 S AR AR B AR
SRR BUN DDA, AT S e . A Bt i

Crossbow 2 ] A CXM539 #I =5 4 B 1 3 11, )
EHHEBEEL] Gauss, PR E X 1 nT, KM S
/INF 3 nT, LA 1R2E/NF 100 nT,
2.4.3 R rE

LY RG] 4 HOHY-98D A & kg
FESGCET BEURAE Sy A 3 2 0 o 6 A, AR
fRAR IR 3 s,

£ 3 HY-ISD TER R

Tab.3 Main parameters of HY-98D
SR A bR HfH
N E ) s +150
WAEER /() «h D <0.5(10)
FREEREL/(LSB () L esh) 34 000
B R B AR R M/ ppm <50(10)
T B2 A $#E 2 %/ ppm <100(10)
REMLIEAE /() « sqre(h) ™) < 0.05
WP (—3 db)/Hz =350

2.5 HITHH
2.5.1 RAERA k#

FAE A 5 A A L R B R N = R AR
E TR I B 0 B S PRAT MRS . 5 48 DORS #
AR A5 58 e oo D PR Y ALK 32 31 b
FIH A AN T AR /N BT, A B B SF R
Ji 3, R g R H AL RS ) — A T ) 0 R R
Vol L N AR 7 AR A R Il 1 A Bl Y
s iE, fFEMAENZNT. Y BEZES T
FEAE B, i Ah 1 — 5 AR R A
FIHE RS ) R AR AT DL — AR R R kAT
BAESN IR R AR A k" T, WS AR
FHIMEE 5 A RAEM R, g 4 A AR
CMG %1, JAE I REE T8 b5 ok - d K% 1 70 4
0.1 N« m; TAETE e s i ol B A] 52 4L 19 £ 3
BHN2Nem:*s; HHE—-PFAREIT6 000 r/min;
RS TIFEAR S 10 W,
2.5.2 A=W A 4B TR

(1) 1l 7 % g R

A RGEAL A A4 73 R R BRAE S g
il Sy R P IR R AL, 4 SRR R N
TR A SR E, G AR, e Kl hmh
2 N« m, HESAAALENR BN 0. 027, H g%



%12 4

JH ST 5 45 < THT 1) T 42 Bk T o 0 I ) 4 ) By 0T 45 F A 191

i T3 BE IR AS K A 4 FR

PEl 4 BARE ZR 4 ) 0 ARG IR S )
Fig. 4 Picture of SCCMG

B4 1 oy kA (B gt , JLAE & o # 46l
77 56 B SRR AL TV B T 04 O A Bl T AR B
WM TAELE R T ;2 AR E G, 8
¥l — SR o a2 FL gl 2% . AT R AR 60 ¢ 1 A K
b, & ABIThRE ., A% 6l 5 i R
f LRI R F RS T3
TR AL, OB A O 1. 8%, &t 64 A4y, AT
K 0,028 1% TAEREH g 30 () /s, 0T
HERLHL R Bk o i 7 XL e FPGA 72 4= ik ook 45
) AT 2 1 S R AN A B s 4 o 23 v 0 L G S
I FAE FE R 0.006°,

(2) 45 il 77 % o W A A AL 8 31

5 ] 73 6 s S 45 A 2 H 0 R 45UV o
(1) 4 7 B KB Y L 4 A5 1] 07 B R ) R 2 2%, 1A
5 s

CMG #3

B 5 F5 il 07 A B M 4 2 Y ]
Fig. 5 Pyramid configuration of CMGs

2.5.3 HAIKFH

= b A I S LR T R AR A A ) g 4R
B R 7 Ay S 254 o 4 AR s ACHE Ty, 2 A
R A SO, 2 A0 IR R 8 A e A H i 2
B
2.5.4 BFAE-FM

B 2l AL 3 B R R B 22 AT Pl S K
SR A AL, H T AR i R AT RS
o PO e Sl I R 0 s N 7 W
KL AR 5 38 2ok 5K S S HLA R AT A SR DL
THIIHEAE . B B LA T PR R R e 32 3
P EE ) T J1 M /N5 0. 003 N e m PLF,
2.6 ALEXHEERRS

G EEARRGARNT .

(DHERAE 2 5 RAE A,

(2)BAFHAE W8 A 5 5 B R T 2k % f
FARES 1 £,

G LG AEN LT PClo4 iH5E ML
1 PC104CAN 4 1 B,

R4k H PCLO4 #4115 ML, Bk &5 matlab
1 vxvorks SCHT VR 22 G0 X0 4 B30 UE A% 0 B8k it
A PRl B 4 . R R S B O A L ET LA
A RN Tl SR 0 O 45 1k RE HE AT LB, AT
S TR AR A B O I . 38 A TR R
B 5 A ML T [ EE SR U AR O T Mb/s

9 CAN B & K 55 4% 5 23 D) e A B ad i1,
Kl 6 B .
s 2 N LA

—
| Semm b
' [

CAN
T‘.’:ii%']“'ﬁmv—‘ ”Q R

Fd
Feif4 ’n‘_’ “’s(}f L 8

—
W i:“'a — — uﬂﬁ‘lfﬂlwﬂ

IO ot R WS TR e R

Fig. 6  Schematic diagram of control computer and

fHiff =4 2 R <4

communication scheme



192 e KE TR % 25 %

3 DEAMBEGAAAD AT
B X

3.1 &YBHERSINE

ZDREEYI) ARG B4 U T IhAE. @
R IRAS AT A 3 8 WETF SR E s
SEINEE T = B IR 58 4 AR I 0 = Rl B A
D5 B 5 58 3k T DU 17 4 5 38 4 78 22 26 ppE 48
s 1) 77 i o MR 1 3 A A o O L SE 5 ok =
SPATOURG 58 Bl i 48 B e AR 5 T E
N 2 455 2% e R AT HE sS #e
3.2 FERSZIMEERER

ZBRLYMG KRG HA LA TAER K.
25 PR 2 MR 5K L 3 g P AR L A R
H(CMG HERHR .CMG B E A ) Fi s
LR, BRas B Ah, oF A A X7 F A7
Bl A R 45 4

P E R L e A shift A% AL, 45461 3t
BEALIM AR P IF 17 W0 46 1k, 90 b6 Ak 58 S 45 T
FEREA AT A TAEB K, MR, 4%
il TSR ATLGT i A 0 2 A 160 32 A B L O 0 2
KL, BahAPEX T, 07 B R G s A
PeAh T I T8 R 0 RN B Bl B 3R T PR
PEATAMEE IR0 T 30 S A A Tk 22 s N AR, &
A5 EAD 5 R GARYE s S &8s
P L HG R B 4 7 R A ALY 4 A D 4 P iR
I BLAR o7 R JH 42 i) 5 g 52 3 CMG AL 3 4 1l
IR FH 42 1) 5 W6 BK 3l S VR e X B AR SR AT
GIRSIPNE =Sk i B =R L @ B N E 2 IR W

B3H
S

WA

b —IE et B
B
Fitst

M7 TAEREUR 2

Fig. 7 Diagram of operation model

A KRR R O &L B H BB A = IR
Ao TARRAUR EEME 7 Fios .

4 BEFBAL 2HEG A LR

4.1 ETEHEFM PDHESNEIEIT
B R B PRAT 45 A8 i Hh T R A R AR A K
2l ) 1 R 32 BRAE 2 AR, B Ay B S A 2B B
TR PD 5 H #% » FEBE 08 X0F 42 25 i 28 #E A7 2 YT
B, 38 B R B 4 ORI g8 U1
JR
T=— Jﬁ{ks?t(qg)ndeg}, oY
H:q IR ZE UL MR AR I s o N DR 22
kAl d SRy 55 2 G AR KRR o3 I 18] 5 B0 5G9

N
/|

’

I K
b

T 1 PR B st (q.) EXH
J q-rif lqll.<<L

H qq"| X Loif g ll.=L

sat(q,) =
L
‘ o0

(2)
Hoepy gl =max{q il lq.lslas]) F
AN OSSN
S LT
L= (d/k) X | w|mms (3)
Hod | | e 28 BN b 1 B 8204 5 K fR R
PR Mg
TE B E BB 3 3 S2 il f th 52 BRAG LT, i
AT B i A PD # il #8TE an=l (1) .
T szl <U
Ut el el =U
4)
Hop, U B dl 2 e Ko ol =
max{ | o |, o], [o|} B FERBKE TR
KAH
4.2 £FEHE CMGBRNEEIT
CMG 145 N 1 F 2 4 o 00 1 1 20
SEPEE 7 A S & I B CMG B R
CMG Wiz ghis % . Bl a4 CMG BHEZE fy ¥ iz
SIEA . WA FIER A CMG B 68 9% f ) F
FE L B AR AR SR G D i B

u= sat(1) =
U



%12 4

JH ST 5 45 < THT 1) T 42 Bk T o 0 I ) 4 ) By 0T 45 F A 193

Foseit ol i fe /MBI T B AL 46 b -

J= (A6 — D H(AS— D+ 6'Ms. (5
Hr . H,M RS RIE W EEE, o LR
BRI e, P A MHE ST ELAE R, B LA
LB A TR T, T LU R HE 2R fA TR R AR AL R R
H

S— A" h— %WAT (AWAT +V) 'h (6)

T e CMG HE SR AL, i v 6 4 £ 30 452
DN XS AT S 00 [ 5RE 5 S PR BT HE BE ML
M. SCRIT ISR H, M.
1l & o
V=H'=2llgg 1 &|>0
e & |1
w, A A A
AW, A
A AW A
A A AW
A= lexp[— pdet (AAT) ]
- e 7T e WA 2 A BT 400 A A 7 o R, AR S
Bh e = esinCot+0) , B8 Aspr e, OHFFE
BT R — M AR TR AL 0 4T
e, FEFE WO ICE R R TR B K
Y0 7E 2 25 45 T 7 LR ST SR TR
4.3 SWRE
24 B A s A RIS, & B
il TS AL N AR e O AT ) IR Ak TE WD R AL 58 L
J& P AL BT A B AR AT RS I A R O
H 0 B 55 R A
A ML B AR R B A U A AR A L i e
Ll fFRRAE S & BRIl & EESRITE
BUREAPL R O AL L 428 ) RS 428 ) g 0 B R e g
SR E) S PATHLA K 77 A 4 L BT T
SRR G BB URER R R B IE S E R
I3 Te 2l AR B AL 45 AL,
4.4 2YBEHEIRER
PLFE ] ) 40 BE 2 g 235 AT HLA 2351 3h
[40°,15%,20° 1y & Sl th 2k an /&1 8~ &1 12 i,

— A
(4

0 5 10 15 20 25 30 35 40 45 50
Time/s

K8 LML

Fig. 8 Curve of attitude angle

Attitude angular velocity/((°)s")

0% 5 10 15 20 25 30 35 40 45 30

Time/s
B9 ZEMBEINL
Fig. 9 Curve of attitude angular velocity
B r—7 7T 7T T T 1 T T [—mm
i ! : i 5 : : Pl kw2

‘-\100_ ..... : E .:..
§ H H H
g 501
3
£
& !
5 Orl ......................................................
=
-~ |

—50f -
—100

500 15 20 25 30 35 40 45 30
Time/s

&l 10 HEZE R 2k
Fig. 10 Curve of frame angle



194 e KEE TR i 25 %
200 Sr —
—_— — iH e
ke | 4 o
:‘-'.‘."";. 100_ ....................... E\ 3
2 ] z 7
2 = I
g g [
=11 = i
g 1 g1k
2 =
g ] S—2f-
s S
o . i | —3k..
- I S D —4 i ;
8_50 I
© 5 10 15 20 25 30 35 40 45 30 —5 | SR NS S S S S R
B fEl/s 0 5 10 15 20 25 30 35 40 45 50

B 11 HEZE A B il £k

Fig. 11 Curve of frame angular velocity

AT LA RS AL M SIE T A1
24 s WL e R 40° W B B AL IT 55 KBS AL T
0. 05° s TE LS ML Bl i 72 v, % 65 3 25 ) o i 4% IR
BRI KA 3 () /s PR FF— Bl (Al 0y i 47, 78
27 s B BB R T 0.005 (°) /s,

5 % #

-

ASCRETT TR R TR A ] A ) PR

SE LW

(1] el Rk, anl, . Z A HETFEHERE

GBI S R LD, AL R 4241, 2009, 27(6): 96-
101.
XU J, YANG Q J, BAO G, et al.. Research and
development of air bearing spacecraft simulator on
the multiple degrees of freedom[J]. Aerospace Con-
trol, 2009, 27(6): 96-101. (in Chinese)

[2] SCHWARTZ]J L, PECK M A, HALL C D. His-
torical review of air-bearing spacecraft simulators
[I]. Jowrnal of Guidance, Controls and Dynam-
ics, 2003, 26(4): 513-522.

[3] SPENCER M G, CHERNESKY V, BAKER J, et
al.. Bifocal relay mirror experiments on the NPS
three axis spacecraft simulator[CJ. AIAA Guid-
ance, Navigation, and Control Conference and
Exhibit, AIAA, 2002.

[4] OTERO A S. CHEN A, MILLER D W, et al..
SPHERES: development of an ISS laboratory for

i [&l/s

Bl 12 Hr8 e MRS ILsh S s i &
Fig. 12 Curve of referred attitude maneuvering con-

trol moment

REHEHN AT ZREMMERETE bR L TAE IR 45
FA LR, I XoF 22 6 B A B AR A4 4 i AN T AR A5E X
T, e, Wit T 3T i A PD
i il 0 B 2 B B DL B SR T R O B R
CMG BEEROVE W A ) BT LR, SR 45 1
TEB B G RTAE 27 s PSEBL 40719 2 8l oK i B AR
WAL B, H %A W KRR e R T 0. 05° Al
0.005 () »s', ZAGRLMZHRKMET W
0] 2 285 A3 1 PR RIS A R

formation flight and docking research[CJ. Pro-
ceedings of IEEE Aerospace Conference, 1EEE,
2002: 1-59-1-73.

[5] TISSERAMSC., CHIA ] W, LOW K S, et al..
A novel simulator for measuring the performance of
nanosatellite’ s attitude control system[C]. Pro-
ceedings of IEEE Aerospace Conference, 1EEE,
2016 1-7.

[6] RASOULI K, SHAHBAZI H. ARIAEI A, et al..
Mechatronic design and construction of a five axes
satellite simulator[ C]. Proceedings of the 2016 4th
International Conference on Robotics and Mecha-
tronics (ICROM), IEEE, 2016 210-215.

[7] TAVAKOLI A, FAGHIHINIA A, KALHOR A.
An innovative test bed for verification of attitude
control system[]J]. IEEE Aerospace and Electronic
Systems Magazine, 2017, 32(6): 16-22.

(8] HRW. KTAFEMXAMB RIS R %ET
5 AID]. WRIREE: IR TR, 2011.

LIU Z M. Design and implementation for rendez-



%12

JH ST 5 45 < THT 1) T 42 Bk T o 0 I ) 4 ) By 0T 45 F A 195

vous and docking control system of air-bearing ta-
ble[D]. Harbin: Harbin Institute of Technology,
2011. (in Chinese)

Rl IhEZ, 4k, B TDI CCD #i &g 2
HGE RERIT[)] 6% FE TR, 2011, 19
(3): 641-650. ZHANG L, SUN ZH Y, JIN G.
Design of physical simulation system for TDI CCD
dynamic imaging[ J]. Opt. Precision Eng. , 2011,
19(3): 641-650. (in Chinese)

ARAID]. P PYIL Tk R, 2006,

JIA J. Study of semi-physical simulation theory
and its experimentation method of spacecraft at-
titude[ D]. Xi'an: Northwestern Polytechnical U-
niversity, 2006. (in Chinese)

IRE. ZAWEAFFSE SRR G EH
#[D]. . W TR, 2016. WANG Y J.
Research on dynamic simulation loading method

of five degree of freedom air floating platform

[10] #&F&, kx, &4, F. WH/DNTEERLESER [D]. Shenyang: Shenyang Ligong University,
BRSS9 HI]. % HE T, 2011, 19 2016. (in Chinese)

(11>: 2715-2723. SUN ZH Y, ZHANG L, JIN [14] #F&. 22, B4 NEHEILFES RHEST
GHZFE RG] FAUF R, 2016, 37
tracking control of small TV satellite[J]. Opt. (10): 1222-1231. HUANG CH, WANG Y,
Precision Eng. ., 2011, 19 (11):. 2715-2723. (in CHEN X L. Design for the Six-DOF air bearing

G, et al.. Simulation and experiment on attitude

Chinese) table and automatic mass balancing system of atti-
[11] FHMiR# =807 S HE s EAA IR ERE R G tude platform[J]. Journal of Astronautics, 2016,

[J]. R %R, 2016, 22(9): 39. 37(10): 1222-1231. (in Chinese)

Three-axis air-bearing table weighting five tons has [15] Z=ZF%, £08, k4. DEENRE Y I

been successfully developed to fill the gaps in tech-
nology in China[ J]. Sensor World, 2016, 22(9):
39. (in Chinese)

A MRBEAFNEGAREBRLRXE T %

EER N

B EmM(1986—) %, NEEmIL A, B
WF5E 61,2011 4F F b 51 32 3 K4 3R 15
O = AN N L R IR (i & o I X
BRYEZEH AT MR, E
mail: zhoumeili2011@126. com

B[J]. ARAEH, 2004, 22(2); 37-41, 45.
LIJS, MU X G, ZHANG ] J. Physical simula-
tion for satellite control system [ J]. Aerospace

Control, 2004, 22(2): 37-41, 45. (in Chinese)



