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Abstract: To implement the integral optimization of satellite engineering, a upper-stage spacecraft is
proposed based on the combination of a small satellite and a small launcher, and a reconfigurable inte-
grated electronic system for the upper-stage spacecraft is designed to achieve the high function density
development of aerospace electronic systems. By taking the Microblaze as a soft-core processor, the e-
lectronic system improves its expandability based on a distributed network structure with CAN bus. It
realizes the time sharing of a central computer in the core of electronic system and satisfies different
requirements of the launching phase and on-orbit phase. Furthermore, the control algorithm has im-
plemented by hardware, which reduces the calculation of processor and improves the computing and
processing capabilities of the system. A semi-physical system is built and the full-mode simulation is

carried out to verify effectiveness of the designed system. The experiment results show that the con-
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trol period in the launching phase is 10 ms, the running time of control algorithm is about 7. 5 ms, and

the attitude orientation accuracy and the stability are 0. 035°and 0. 000 68(°)/s, respectively. The

reconfigurable integrated electronic system can achieve the full-mode flight mission of upper-stage

spacecrafts, satis{y the requirements of strong real time in the launching phase, high stability in the

on-orbit phase and can offer higher control accuracy.

Key words: upper-stage spacecraflt; integrated electronic system; reconfigurable technology; Field

Programming Gate Array(FPGA)
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Fig. 1  Integration and architecture of upper-stage

spacecraft
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Fig. 2 Architecture of reconfigurable integrated elec-

tronic system

LWL T R GER o A R 2% 54, D]
T HL AL R AR EAL B9 CAN B Rt 4T
PR A A 1) S 8 B 1% Bz B AR A DR 254y R G0
13 R VAR & 51 R - = S Bl N 1 I A AP
SpaceWire (SPW) = T i £ 5i2 1 22 ) %4 4 Fn A 2%
430 Ay 12X 30 80 T A i i R ROA% S S BIL 2 ) A g
Bk . FRGRENS 5S¢ UL T2 3 B MTE RIS A7 Be iy
il T ] DA e e AR AT 55 A BT RE L B F2 5
Beot AL e s ot LA D Be L FE Bl is 1T B e il



L]

INJEA 55 T AT A EOR B LR R A 25 A i T RS 299

fegt TR W 2 HITHEHLIIRE .
3 T A AL

3.1 AEMHLITENERERIEIT

g Bt AR Bt EVLEH X & AR
AR 5ORIRG SR B8 FH R 1 AL R 2% E AT 0, W
o BUR A R KA, F 802 BT AL ANE 2
THEEHLAEAS AR BRAT VT JE il 1 AR e e ot 52 3
H W TIRE » kAR SC LA AT E A T R S S
Bt 7Rl E A O AL T AL L AT g A
#E (FPGA) Rzt AR AT: 55 ik 2 25 8 - AR 1
Bttt gt AN ae 5 B 2B ALY Re D)
e, ) FH BpL— Kb B2 B8 R 4y B A2 S B £ A B R
TIRE » £ AR IE 2 G0 B R ) fig A Ae 9 SE A I, fAf 4k
AL 28 AN S AR R B2 1, ] E A T TR AL
WAE W E 3 fras . i CPU-A #r . CPU-B #., i
JE AR . ON/OFF Hx . i {5 Hz L AR 55 6 B r # Al
A, WAEHROEH FPGA #5281 RS422 2 Al
(B2 11 HEL L T 25 ML PCML 422 11, 4 b ) 2 4%
A1 £ {3 8 s ON/OFF f | £ 22 OC fiy b
% T R G xE Sh i i 48 4 i IR AR R AL T st
FHLR AR O DL B B AR I AR 4
& RAUH T O TS LIY S AL .

| |
CAN CAN\
| SR
— e ] |
~—SPW. CPUA-Iff e CPUB-1 {=—dt-SPW—=
Ef
e ‘
-~ R — ON/OFFHi |=——0C—=
R TR BER e
| [ |

/

B3 AIE A O T AL AL A R
Fig. 3 Composition block diagram of reconfigurable

central computer

A E A e TS AL T R L CPU-A Al
CPU-B #z i FPGA 52 8L, 1k £ 45 4 48 [F], >R 1]
FPGA -+ il #F + % F L & PROM 1y )7 X, 1k
REINE 4 Fis,

] A LT EHL CPU M AL BEES BT,
e, T 5408 SO0 R AR BT 3 B A AL

Lk

ek
e o ey
' SRAM

FEIFfrfifiag
FLASH

B4 Al E RO CPU AR HAE B
Fig. 4  Structure of CPU for reconfigurable central

computer

b R BT T B SERE R E LS N RS
(AL FRA% O, o FPGA BT TH LB AN 1 5 BF
N3 Fl Microblaze 1 by 34 Ak # 4% , #9 2 fix A
ARG R I A S 4 28 25 0 T 4 1) O 12 1) A
B, Microblaze W #% 3 %202 56 BUH L 09 4b 2 4%
PR T I 9 s B A B e B At X A T i B
o A0 5 B AL AW R3S S s )
SR TR A5 Pl 1 A 8 25 0 4 R B vk i it
SR TR A OB B 1Y TR R [R] I 5
P A AL S BL TP A% B9 I X # Microblaze N
AT IR AT ORI A CAN S 42 il 2, Se 3T
A HO TR LR T AL AL 8 4 A 1R IR R
T 0 B i 42U, TR A Space Wire oy i BV 4R
SEHL T RAT I D B E S A i A R
PR 30 T8 A% T, DR AIE T 18 IO I s 1Y 58
B TR AT g R A B A T AR

| {Efifas
A

Ixii:IﬂTJ}ktFI!Hﬂ‘
Iy
1 ¥

MICROBLAZE i, e

e S RUERIERiAh ]

BRI REEP

-n—--| SpaceWire I

E 5 wa] PO THENL FPGA & HHE E

Fig.5 FPGA design of reconfigurable central computer



300 e KE TR

Bt & o038 i % B PROM £ fif id & 4
Hiit, 58 B G 1 P s ] R A L S AR G PR ]
A SR E B AT I AR ; SR i 4% C8051 &
FLEXT FPGA [ {8 FER 00 i 47 W 2 45 1, ) ) 5
Wifik % FPGA BYTEL H AL, I B 2 2% 25 [a] BR 58 Xf
FPGA TAERE M, FPGA # 0 Al PROM
2 [ o i o 4R R I B A 5 A L T
Bl & AR5 B C8051 i@ it FH 1/0 1 DL L ik
KA BE, B AU i PROM 45 1Y, 3 i e
BAHL T #3 FPGA, % B3] FE A4 o1 5L
BEHB SENB L ERERREWNAR R Z
ANECE SR HEATAT S BRI oy A R S R B
H1 C8051 A FEER LA M F 5 B2 2
W R 3 AL B 45 M . FPGA By BC B4 =k 9 8 of
i, LR B JTAG BEX F 4. FP-
GA 5 C8051 Z [ By UART # L fii R 5 I i
WAL B P A 3B (8 C8051 5 FPGA W] L) H AL Ay
A58 I TR CR I DI REY e .

SFF A BRL 0 T2 7 R AL N A L DA A L I I
A R HR 2 BT 58 B ) B ) B L AT DA Sk i
RGNy EaE . ST IO B R B 4
IR =5 TR EHA AT S D50 5 48 bk
nRF2401, % A B nRF2401 43 5 58 B 82 W &
AT S5 LB — A~ 20U T 3 {5 T e
3.2 AEMHOITENREIET

A E A R TR ALAE A H R AR T R T
—IRAEE A T RGBT R S M (1 S Al R AT
(14 o 2 ] T R TSR ML R R o 1 4 AR
T 3 9 3 BT 56 W T B EAT A A T AT SO
(4 A SRR AE 2 P B SO AR i, 2 EE A HE FPGA fiff
{1 B S MicroBlaze Ab 3R 4% B4 )8 sh #2 e A
A 1S AR e 1 T AT S

A E A O TS WU AE R g ST
— R BT TR R R RE S B T — Rk 1k
Wit AT E A O T LR R AR B R
W32 BT B AL AR BT B R A
B — i, [ B A 0 X SR AT 1 R A R N2 3 A
TR REA B R T 357

GG RN R VIR G NN =B ol o 4 e
JEZIR S 2N A nE 6 pros, Hop, b
2R N6 b X4k 3 8l B 38 AT 55 4
HOEFBLAY R S5 B S S S RE R .

JIE 2 IR Bl AR T 7E R e ) bh Ak B B o i, B

W5 20 4
4 LI ~
AR || mpER || wewmiEm
JEREIREh
IR
~ /

Bl 6 n]E g O TS HLE R 2R S5 R HE R
Fig. 6 Software architecture of reconfigurable central

computer

BLAE R A BE A N B AR A B M B2 A 1 0 46 AL LA
LB AR . KSR RS 7 B,

GLEhFR P I
R g TEeIBE KoM e
T R 5% FLASH
TER AT F77iE5 SIA1000
UART FAas SRAM

B 7 R L TR S R )Y

Fig. 7 Driver library of reconfigurable central computer

WAT AR B Z R Y R AR AL 4 - 4
— AL R AT AR B B RAT IR AT SRR AR 2 IX
S s 5 AT A 2 DA R A SR AR LA TS TR AR 5 Hh
17 EE R I HE 3 45 45 4 s EAT RAT S B A S Pl
I P s S B RAT A A SRS W S A B
17 RAT f CATAE 95 S B IR B AR L D) RE 3 i o [
8 FIi7R

25 DI REAE B T G B B 2 AR R AT DLAE R R
Wil 28 GL AT 4T B 00 T 2R AT 2 IRAE LTS, W
NSRRI U RE R AT = R K 7 Sl e i (2 A
A A R TS LA RS Sl B TR AT 55 B
AL AT S A T A A A — R T
PR b H A S O TE IR I R TR
PEEZ L T LA 3 e T — i 5 DR A
BT D RE R D AR PE 2 AR B L O R s AT R
18 ) REASE B, T AR F1 TR 75 SR 2 % T SRR B
B,



INJEA 55 T AT A EOR B LR R A 25 A i T RS 301

P8 AT O TR LE R S AR S AE

Fig. 8 Software function of reconfigurable central computer

A E AR H L TR AIL A B R AR AT e 3
A 3 AWA EAEE R FLASH AR TR {7 & . 5
Ra& Ay GBI 5] 5 AR Y 5 BT S AT I N
MR F . fE5 Sl FE K A A7 it AR AR A A IR
A5G R R ST R T DL S R e
HERR P ERF R IEA

4 TEMLZESELTRAEG A
T WL T M A T RS A

HARE S MO A ATVE FE TN 9 B iy E W)
BT EARG.

=RESdD

= wEn

=

B SR TEDNL ?

0 &
SN

i 2 5 i “HERhmE LT R i

P9 gy BE SN {7 AR Gt 4 HE 18]

Fig. 9 Composition block diagram of semi-physical

real-time simulation system

7 A GE 1 =3 I £ R T 3t LR G

T 20 1 P 0 3 A TG 2 AR B S B R AS dk
SRR A E RS xPC SR EHLETT S
T 2E A I B Ak A R 2 AR UL 2 R K B R A%
AL, 25 i b . SR 0 B S A A P AR L AR TR
o VBT AL A BEACHE ) 48 L GPS LR ] T A
HUO T SEHL . R AT A A LA DL 2 B b T fic 22
LR RS, M LR G AR S B JC R
B 6 11038 8 8 4 S 32 R T B0 2 A, O PR A SR
i P R 45 ) o) 2ok WA 0 R 4 S B S A o £ R
HigFpIR S 0 = 4 shm 8 s
4.1 FWEMFOLITENEEEGFLER
SCHURR SRR A TP ik FPGA B# {4 52
L AT N G B R AT T SR . G O A B R
SR TP B B AR AL AT C 15
SRS AT 1X10° Wis & B 17 A
MEREE Rk 1 Fiw,

Fz1 irERENKER

Tab.1 Test results of computing time (ms)
P T {3

&I E (1} 10° 7)) 36 610 802 7 500 178
- 349 45 YR 3 ] 36.610 802  7.500 178

P 300 3 455 SR W SR A A 8 A 4 o
25 - BR324 02 7. 500 178 ms, 1 SR
FHEAE T3 Y 4 R 75 2224 36. 610 802 ms, R
B 3530 T A 1) B ) 249 2 R A 3 s ) 1Y
20 %0 o AT UL BE 1 B8 AR X T R T AR R A W
Ry

A - R T R A EWNE X7/ K jilEN

E 10 3R PD SER {5 KLY 25 A R 283 FA T
Fig. 10 Attitude angle and angle velocity of closed

PD real-time system



302 e KE TR % 20 %

V-5 #E AT H 3R PD 52 B 45 i 7 B98I, 15 H Y 2
A ARLEAS S HEE Q8] 10 PR .

m & 10 BT LA L 38 o TP A% 50 B 28 25 45 1l
Ry S P, 5 Simulink £ 25 52 B2 245 5
BRI Z RN E S, SCOT R TR B HH
2 IP AR 7 2 AT AT
4.2 FEZMRXBELEAHEXR

AL R TS AL B S B 4 0 B A AR A
HERE AR P R AT 4 3R 40 4 o R o 4 3 S ) 3
By, BN K SIAT 30 min HERTITIG 52 MAH S
BORITHRE R & A E DR E T R
g¢, ] HAG O TR A 55 AT 3 S Beas L
E/\ﬁ%ﬁﬁlﬁﬁitﬂﬁé@é@iﬂ&%%%%%%ﬁ
PO A 5 58 B FE B0 B 4, S B A B B ol
et AL AT 55 A X 7 A A ﬁfﬂ
o, VIR S WE 11 Fis,

N

=

H

BN

B = S A s et
[ e L (18) (20

iET i)
it 398

HHE A0

= il f HI-iL S e NE e, BIERE AN

.Uj-;z:m

ACRUHE A SR L
19

\._/

B 11 B UIHoRS wmRE E

Fig. 11 State flow chart of mode switch

P Fad B R e 4 A R D)4 Oy =k
7T ey g e, E2 0 EH#FEAT —4
B % B =i e B o, ARy 1
WP 12 fros, 5 B A5 R an & 13, & 14 fr
7N o

Mode

00200 800 1200 1600 2000
s

Bl 12 A A 5K
Fig. 12 Mode switch of full-mode control

T Hoad #2848 0 5 e ) 5 0 L BT

2

3 "a00 800 1200 1600 2000
tls
B 13 AHXS T A Ak bR R e O 3S f

Fig. 13 Full-mode attitude angle velocity to orbit co-

ordinate frame

1 I 1 1 1 1 1 i 1 Il I
0 400 800 1200 1 600 2 000
s

P14 ARG B A B AR 4 SN 25 DU e AL

Fig. 14  Full-mode attitude quaternion to orbit coor-

dinate frame

AL ghad f v A A B A A B4
PAR AT B G, v] J8 gl W A CAR HEAT I B, At
Do B S e s v N = I NG T
BT 3 2 B BB D) BE ) EE A R D) 4, o] B A
%4 EE%%%?%JTE’Jé&ﬂﬁﬁﬁﬁ%/\ﬁﬁf@
*ABIE BN T AR 55 B i 46 b 9 oK W] A LR A
%%%E@iﬁﬁ%ﬁﬁfﬁnﬁfiﬁ%,?ﬁﬁizﬁ%‘c 10
ms P94 1l J] 225K L BB A% AR 4 Hb 58 B A% I SR
Tl AT 55 AHAIL TR 1 (8] 22 25 4 1) 4 B2 /N F0. 0357,
FE BE/NT 0,000 68(°) /s A RARIUE T A R AR Aor
4 1E 7 TAE .,

5 & #®
EG RS R . h TS5 DAL

Bt i, S REE S TR LS ES. KR
5 TSt e R AW NNER - A I TN S S = R 7
B ) A% Gt 8 BT S LR B BT AL AT HE L
SRR A0 A i B TR . AR SOK AT E A H R
HIARM R AR ML G 42 T F 2



L]

INJEA 55 T AT A EOR B LR R A 25 A i T RS

303

RennEMZEERTREBIT TR BT Tl &
ey AL AR 12 BB TR BB A [ B AT
it SRR A LAY ZR G L T 32 AR B S L 7
BB T AR R A R OR L S B A R A R LA K
Ml AR AF 0 B A L 78 0 M T B U R R T A B

S E k-

1]

(2]

(3]

(4]

[5]

(6]

[7]

A E e, A, I TR AR 1 RV AY R 2
ML AR [T AL X441 ,2005,23(2) :641-650.
YANG M F, GUO SH L, SUN Z Q. On-Board
computer techniques for spacecraft control []].
Aerospace Control, 2005,23(2):641-650. (in Chi-
nese)

FORSBERG H, BJUREUS P, SODERQUIST I, et
al.. Next generation COTS-commercial IP blocks in
avionics[ C]. Digital Avionics Systems Conference,
2004,2:8. A. 1-81-12.

SHIBAYAMA N, AKAZAWA N,KOYAMA M,
et al. . Space verification of on-board computer inte-
grated with commercial IC[J]. Mitsubishi Heavy
Industry. Ltd. Technical Review, 2005, 42(5):1-
S.

RICHARD E,ALLEN V, BAUER T, et al.. Re-
sponsive, low-cost access to space with ELVIS an
expendable launch vehicle with integrated spacecraft
[C]. Annual USU/AIAA Small Satellite Confer-
ence, 2003.

AR E H L R R, FL WA ER 9K B S
EHEITEMBIT) ] »s R % T4 K F F4k,2010,30
(5):486-490.

ZHAO D, XU G D, LIU Y, etal.. Application of
reconfigurable computing technique in aerospace and
design of OBC [J]. Journal of Harbin Engineer-
ing University, 2010,30(5) :486-490. (in Chinese)
MONTENEQRO S,ROSER H P,HUBER F. BOSS:
software and FPGA middlemware for the “flying lap-
top” micro satellite [ C]. Proceedings of DASIA,
2005, 401-405.

AR X R AR B AR FL N TR/ is #onT F A

W, SCHRAE AR I . T Y b T G R A R
MR T RE T FRAITH, W E 22T
RS ; SCE T 45 3B 10 ms, ZEFLEE 250 ms A9
7 JE A AR 5 42 A R AR 10)RS BE /N T 0. 05°, FR
JE/NF0.001C) /sy PRELR

(8]

(9]

(10]

[11]

ZRATF LT ], ALE F 4R 2010.31(4): 770
7717,
SUNZH W, LIU Y, XU G D, et al.. Multi-Pro-
cessor reconfigurable on-board-computer for small
satellite and small launch vehicle [J]. Acta Aero-
nautica et Astronautica Sinica, 2010, 31 (4).770-
777. (in Chinese)
G, R TTEMTEGEHTEEZET TN
F e Aar L [D]. Kb WM K%, 2007.
REN X X'. Researches on architecture of highly re-
liable on-board computing system based on recon-
figurable computing[D]. Changsha: Hunan Univer-
sity»2007. (in Chinese)
k. hEE, k. B4 TDICCD 318 iR 4w
WO HARGUAT[T]. b5 A% T42,2011.19(3):
641-650.
ZHANG L., SUN ZH Y. JIN G. Design of physical
simulation system for TDICCD dynamic imaging
[J]. Opt. Precision Eng., 2011,19(3):641-650.
(in Chinese)
)R, & 4. BT FPGA MREEF Vit HABE
W R AR R[], k4 #h % £42,2009,17
(11):2762-2770.
LIU G, PAN M J. Design of FPGA-based self-re-
pairing AMB controller for MSFW [J]. Opt. Pre-
cision Eng. , 2009, 17 (11):2762-2770. (in Chi-
nese)
FRIME IR AT, $h T, . 25 [ TDICCD MIHL3) &
UG E A RE M ITLT] ¥ L,
2010,18(3):623-629.
ZHENG G F, ZHANG K, HAN SH L, et al..
Design of test system for motion images of space
TDICCD cameras []].
2010,18(3) :623-629. (in Chinese)

Opt.

Precision Eng. .



5 20 &

304
1EE @t
- -
- -~

FNJEAE (1963 —) . 5 RIETTASTHN 1
L H R AR L 1988 4R 2002 4F
TR IR Tl R 22 73 B R A A L= 24 6
T2 AL R R I Dol R TR 4
ARBEFE T T, 2N = ) AT 4 8
WIS RGO E DD E SRR
M A 5¢ . E-mail: sunzhaowei @ hit.

edu. cn

M| EQI78—), B, BIRVLFF FF IR
N B 58 28 B B 98 51, 2005 4F
TARICK FZFRAF A 2240, F 2T/
TEMEE AR DR A EB 76 WM
5% . E-mail: hitsatxl@163. com

BEBKEA6LI—) B BRI A H
B AR S0, 1982 4F 1985 4F T 1y
IRV Tl R 43 AR A 2 2 o i
27 B I IR U Tl K2 T R
FKUTRIIK, FENF /N T RERE T
%1%, E-mail: xgdong 61 @ 163.

com

Mt R 1985—), B ERA A T+
WFSELE . 2007 4E 2009 4E T M IR 5 Tl
P22 1 B 7R X o e = VANE 0 =
1, /N TR FE AT 45 0 1
%% . E-mail: yedongl224@ gmail. com

@ THATE

AL R ER A AR RE T H i 0 T Ao E MRV FT R

EQW EEM TG KFE

(FEMER KELERTIURE WEF K
PEMFRAFARCANERAREL LR E, FH K& 130033)

N T LB R e A I T AR SR B = AL TG B AT T — RSB B TS FD
T ARECRZESR . AR EAE TN ARG R I R G g R, R T — e € s s £
280 J5 1 %7 vk s RS BE O R R AT S R CRABE IR R AR R AR AR T R AO AT (1
FAF SRRSO bR A8 45 3%, JEAT TORS 20 BT B A BE RS BE AL T 10, 0007, K BE RS BE AL T 0. 040

mm ., 3CHR 8770 LT A EAT a0 I



