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Abstract: A residual life prediction method of a specific satellite attitude control system is explored on the
basis of reconfigurable analysis. In order to investigate the influence caused by multi-state failures of the
system, the concept of degraded state or partial failure is introduced and different states are defined ac-
cording to the severity of the failure. There are transitions between states, and their conditional proba-
bility can be calculated through Kaplan-Meier estimator and then fitted as parametric Weibull distribu-
tion via the maximum likelihood estimation (MLE) approach. The states and the transitions constitute
the Petri net model of the satellite attitude control system, on which the residual life can be predicted
through a large sample of simulations both off-line and on-line. The simulation results verify the effec-
tiveness of the proposed method.
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Fig. 1 Flow chart of residual life prediction method

of satellite control systems
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Fig. 2 Structure of satellite attitude control system
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Fig.3 Structure of sun sensor
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Fig. 7 Multi-state and transition diagram of

satellite attitude control system

ARSCAR R R RN AT BB T LLE 7 h B
75 DS 5 S5 0 AR ) s R 285 7 il e 55 20 ey 114 il
(RN E N
2.3 REHBREFEBHMREE

TS RGN Petri BB, 75 B E RS
5 WAL B IR 2 2 T 1) A RS R R AR AR AR SO S R A
Kaplan-Meier A 71 5 o Al 110k 2% (8] 1) 5% 7% 1 %
SR I B FH A A ABL 8K At T o B B A AR A AT 2
oAbt

Kaplan-Meier ffi 71 &% X B 2 7 B R Ak 11 25
T T i B oAl T AR B A R
82 DR R R T D SRR R AU R R A R
A L X — S ARFF A A SCHY 1 . Kaplan-Meier
it AR B R st e —
B N BREA XA AR PSR GE 8 R
F B IR 25D o S 2 AN R 75 i 8 3k 1 8] ¢ 79 7T B
P gl 2 A AR TE ¢ B 20 b T O R RS B T RE
XEEANRTE ¢ B 2057 4 2 Btk A aT ge i P (o
NP =1— S0, MR A A R L5
(B 3k 6 <<t, <<t, <<---<<ty, W] Kaplan-Meier fffj
TR TT LA 2] S (o) 1 A S 800 KL R Al 1. B
K ) PR i e BB X

Sty = 4 (3

n;

t.<_t
i

A YA AFAER R B B o, R WS E] ¢, Z AT A T
TEH RS B PR B 25 A7 7 AR B I s S AR I
i) 2, Z i A T T BR 28 8> A B 2 40 e 0 1Y
B ds Oy e I 2 e A SRR B A TR
¥ Kaplan-Meier ffi 71 I 2 5B R 2556 75
BER A P ARBORES  BRRES S B BIER N
Py WHAS TR fros
P,(o=1— [[ Py. o

1 (DT W ATk

R N — My
P, =-"—"= (5)
N

Ay GO NTETHF T  NBCROIR A @ 3 HCREIR 25
J SR b UEEAR B 2% s nyy o RTE ¢ (RO I 20 2 i A2k
TERCBRAR S @ N B BTG my . R AE ¢ (R I 2
A R A AR T Y TR, R B AR AR E
F1R) 235 SRR ] 22 5 Pl 7 2 2005 D DR 80 5 A S B
FF R A5 19 B » 3 FE A 6 475 TS 2 2 e 381 1L Al ke
FORES TR EIT, WrEr 8 . X F Py it ok
Y B FOR A ¢ BB ROR S - AR S s rF#
s747) e Jm T EUR 2l

XF T Kaplan-Meier i &5 1155 i i i Btk 25



ARV B0 55« R T 2 IR W A TR 8 3 o) R e TR A o i 00 U vk 33

8 Pyits s R
Fig.8 Cesoring of P;

Fe MR Py AT DL o B LR A 3 D ik 1k A 7 A R
SR DT A SE 25 i B AR 25 5 A2 A R A A 2
N5 BE Petri 1 i) 2 7 AR E 4
2.4 RGERRFGHN Petri PR

1T Petri [W7E W K 2R A 1 i 34
A SCAE 25 G O I I R R R 285 1 Y e R A R
B SR Al B ST R SRR Petri 00 T AR AL L 40
K9 .

R4
RA3
KA1 R2

Bl 9  Petri X 70 A %Y

Fig. 9 Petri net model of system

B9 4 AR5 %R RGERY 4 A BBk
&5 RO SRR SRR 25 2 18] /9 A2 5 H AR BT
TR R A IR T e R M R T A E . R
P 52 R R U AR S FE Petri AR AD | 3R 47 K 1Y
05 5L IR BT R Ge A A A I 20 3 315 4% Al iR 25 1Y
YCB A B 38 RS 1 HLEUCEO LU (AR R GETE
T 22 Kb i R 2 A ME R L DT T L2 42 1 4% ik
B DR 785 il PR 1)y ABE 3 %5 B2 ot £k L 7 e BE il b T LA
BIRAE R G AR 75 g n] FEPE M 2. DUSCRRIR 25
Lol i s BLGE T Hh R GEAE ¢ I 20 3 1K i otk
B 1B 7o U T H A U m
ARG ¢ W 2L THEARAS 1 R

n(t)
m

P() = (6)

A4 Petri WA 7 1) 0 BOES 5 30 B LR 485K
IF T Ak F B RS S 38 T LA ST X 2R 49 A Ok ] g i

A 9 W BAR 75 A 7 R T
3 MEERRSH

AR AR X 2.1 5 oA 2 i B R TR S A
FRGUHCE N AR D A R G R x5 i B0y 2 &R
G5 0 4 FF e UEAT IO, ASRTE IR A . B
JEXT FR 5L RE R B il A R AT RO AR R R T R
95 2 K4 T 22 5 1T T A M X AR G 1 R R S 2R AT R
a3 I E FR G0 00 IR 2 T B AR R o A AR A B
J5 S R G Petri MBI, fERIR b 9F 47 K45
B DL S KT 2R G0 T 2 7 i 1Y) B I AN A 2 T
3.1 HERSEBHERER

F G0 114 Wl bR S TR) 5 AR 8 03 A1 AR Y 10 1
WARAE 10 iR TELET M T 4 MR,

moiest| [mmEgeR | B
skt o | | Arepizik | |MKeplanMeier) | i ay et
i 20 o 2 ks () LB L) et
weik | | ke | | MABIED 1 e
fbz | | era s {1

PETO bR 24 T 9 B A % 0 A A8 28 2 I TR
Fig. 10  Flow chart of calculation of probability distribution

model of transitions between states

(1) e 5 BRI

AR/ NE R BT D BB S L T
W B T T A A A R R (R R T R AR
il R GE I RE R SRR AE B ORIE AL, o T
Jei SR A7 L R I J AR SCR BUANTR J5 ik %t R G2
e il B A5 BT Rk . 7EL0, 1] =2 Al ey
B30 I BE LA w, AR 4l K B0E L T 13 R G T ik
T I e RS Sy
) CIGER)  w <Ry ()

oG« >R, (0

A S, () RoRDIRERLH M, 78 ¢ i 20 1 i e iR
ARy (O MU RERLHE M, 78 ¢ B 2] 9 w] 58 7 pR 4L
B M, RR5 § RIREBE M j ST REA B,
Ph— & M B[R]0 K AR 8 T AR, v] A4S 2]
I ReREH M, 76— 2 45 B N 1 B A 2, Xt 2R 46 BT
A B D BEAR B 18 A7 2S00 AY 35 7 0T LR A9 2R e i ik
BEfs B A — A RGEREA, LAk 283 v] L3R AS
B 1Y R SRR BREAR

(2) F G2 M B R3S 8 3 6 1

HR A 2 40 19 D) e R b {5 B TEXT R AT
A FE AL P AT I SR L AR B 2R G IR A R 43 B
WU AT AR A 2R G0 0 B IR S O R G R
RBHME ZG, ) o i=1,2, - m;j=1,2, -,

S, (1 D



34 Wi

Z3
o

i

PNEPNEE - 9547 %

nym NPT HRE n HTEAFER. ZG, ) MIGRE
A 1.2.3.4 RN RGEALAERGS 1~4

N T IR GEEORAR A (R L AR MR AT E
MARGHREFEBE M H, H 278 R 5008 4
Z (W HERE b R 2R S8k IR AR FE AR B0 I 2 Ak Xk Y
FGURZSAE A L IR 25 5% B A iC B A0, DL T
Kaplan-Meier fifi i1 & xRS 5 B LR A £ 3

(3) e R 25 5 6 AL 5 A ]

i Kaplan-Meier £ 1858 X il Bobk 25 18] (49 5 #
AR PEAT AL T . f A R R E T R L R
DR 5 T A% I () [ Y RIRS 7 4 R 500 L B C
Y FERE P O0 R R 1Y R R GRS R A e B
R IS 2 3o A4 B 20 45 JE AT RE 2 1E A0 B0 o T e R
BRI P LU C JEFE P R0 R ARIC Y HE B
HOW LG R B R AR B PR A9 0 3R [A] — —
SF. AR 11 FR  ARIEHE R Y MR FE C ORI AT 2
A R A ] 1) 5 B AR 3R 20 A1 il 4R

Kl 12 & Kaplan-Meier i 3 8% £t 1 7 45 (1
RGN TR SRR oA 4k .

(4 5 B R 25 B R ARE 38 A BB B S 40 Ak i

SR 12, 490 25 ) W7 il s >tk 2 (] 5% B AR SR A
B BT IR A3 A T DA R R R UE . B A /R
I3 A LA Sy

P, () =1—exp[— (t/a)"] )

KA a0 43 5 B IR o A LR A B S R
RSE FIWAL R Ak T 3 X 4% e s bR A 2 6 Ak
RO A AT S BAG . R 1 s .

F1 BHMERSEBHEEGRENSHE

Tab.1 Weibull parameters

P, b a/%F

Py 3.254 7 3.069 1
Py, 3.269 2 3.002 6
Py 3.254 7 3.069 1
P, 5.004 1 2.882 1
P 5.671 4 6.2257
P, 11.380 7 4.125 2

3.2 RGEMERERFSEGTN

EFXTUNE 9 B (9 Petri (6 190900 455 784, &% 31 4n
R 13 i i B Y . P £ —14 30 &
(4 P AIE F1 L — > 1 000 000 WY AMIG A, i 30 48,
TR EAEBR .1 000 000 48 2 (1) J2& £ A A 4L

LT e R W A EAR T 0T LAXT &R G B8 A SRR S 1Y
Fig. 11 Mapping of matrixes WHGHEAT G I8 ST 45 B 0 WOBCS 1 H R R
0.8 1.0 0.06
¥ 06 B o
= = = 004 |
iﬁ 04 - ﬁ 0.5 33
= = & 002}
Bk 0.2 | Bk Bk
0.0 ' - 0.0 - - 000 —
2 4 6 8 2 4 6 8 I 5 6
BATH A / 4 ZATH ] / 4 BATHA] / 4
@ P, (b) P, © P,
1.0 0.20 1.0
o 5 0.15 s
= =y =
iﬁ 05| iﬁ 0.10 iﬁ 05|
s E x
3 B 0.05 I B
0.0 - - - 0.00 - - 0.0 - -
2 4 6 8 10 4 5 6 7 0 10 20 30
ZEATH 8] / 4F BATHA] / 4F BATI IR / 4F
@ Py © Py ® Py

B 12 RSB IAE

Fig. 12 Probabilities of system when transitioning from state 5 to other three states



ARV B0 55« R T 2 IR W A TR 8 3 o) R e TR A o i 00 U vk 35

3
&
Bl
PRI

Y

RSB

13 R GET A A f B A 2L AR 1A

Fig. 13 Flow chart of simulation of residual life

prediction of satellite control systems

(1 LU ABAE S 3R Ge a5 A e e tR 2 9 A 32 L DA 4R
15 22 50 110 45 1 I s bR 2 i I [ £ ARE 36 45 A7

13 ot e B e RS AR B B T Petri BRI 4
HRGHA GRS 4.3.2 BB i T 5 i s
B AR A4

AT T T B T AR B R G5 AL A SRR
AR T~4 BHER % BEE L A 14 s

1.0 —

L - ’Iﬁ%\gl
091 ¢ NS
08 /e RA3
o7t v/ R4
" 0.6 |
= 05f
0.4 |
03¢
02}

0.1
0.0

0 5 10 15 20 25 30
PRZBATH A /4
14 MR A 1~4 pHE R %
Fig. 14 Probabilities of system in states 1—4

DAL 14 k7S 1 . 55 10 4R I . R 45E
RS T RIMER L 80% . KRTES 10 4. RSB A
8O AT REME AL RS 15 M R4 %8 & R A, R
GipkAS B AEARAS 1P, T LA 25 05 BLARBR 1 38
RGN 1 LR 2 W3 K, 78 14 48 LUJS B i
LT 1. e8I 3 4F, RGERA 4 MBERR K,
B2 [ 2 T g 38 o HBE 23 B A /N A AE 5 5
AERY IR BTG T 0.3% 5 TR SLBRE L AHTT .

A GERY AL SE MR AR RGN TE 58 A R BURIR A
1N AT REPE AR AR 1 A 32 %% B il 2k vl UG
RG] SRl A& 15 s .

1.0 ~
09}
08}
0.7}
0.6}
05}
04}
03}
02}
01}
0.0

0

S

5 10 15 20 25 30
PEBATHE /4
Bl 15 R Al SEPEADIRA 1 HER % K
Fig. 15 Probability curves of system reliability

and system in state 1

ME 15 AT LU Bl ) a) 64 38 K, R e 9 mT
SEMEB WO XS TR PR A — 3. 75 KM
9 14 AE RGO TTSEVERE R O I, REGEM TR 4 R

Petri [0 T AR 70 Bk 1 A LA B£8R & 5 10
B 1 T I RS N A A 3 T AR S Y
R A B X B & Y 1R 4 R Ok AT RE R A 1 R
ARZS 5 78 25 S A7 S s S0, AT T LA B2 i o4 %

BB RGEAESR 4 4 & AR, O i o8 4 IE # IR
A 4 R RLIRAS 3, W4 TR 1 &R G 78 45 A B ik
AR LA 16 iR,

1.0

o8 /. RZE3
0.7 ¢
0.6}
’{é 05}
04
03¢}
02t
0.1+
0.0

0 5 10 15 20 25 30
TEBATH R /4
Pl 16 7R 2R TR 2R G 4% e e R 25 A0 2% 4% 2 [
Fig. 16 Real-time probability of system

in states 1—3

MIE 16 AT LA L 7T 5 4F R TEARE 3
AIREAR LLBOR 50 5 AR LA R TR 2 A
FRIFIRR T RGAL TR 3 LA, RN R GEA B R
Aol REMEAL TARES 2; M2 8 AF 2 Jm - R Gkt TR



36 [T T S/ N N NI S 8 AT %
B 1 BRI RETE AR AT e K RARTESS 15 AFE A I fige . & [5] He Q. Chen G, Chen X, et al. Life prediction of hy-
éijL:.F/U(u_» 1 E"Jﬂﬁlﬁl‘ij{] 100% , Bl &R G52 4934, draulic pump based on an improved grey neural net-

A RS R ) TR SR RS, %4y work[ J]. China Mechanical Engineering, 2013, 24

% 1R GUAR A 2 A SCHE T A 27 4 U Oy (s o0oe. S

Xﬂ‘]lm%’}u?*fﬁl]%%éﬁﬂl] \ﬁnp:l_ T B B L [6] Tsiotras P, Shen H, ﬁall L.A Satellite attitude con-

e trol and power tracking with energy/momentum

ﬁﬁIrﬁkﬂPﬁﬁH Yy 3 SN 0 TL 2 S8 A i A B 5 wheels[ J]. Journal of Guidance, Control, and Dy-

bRt it namics, 2001,24(1);23-34,

4 gjn:ﬁiig [7] Wu N E, Zhou K, Salomon G. Control reconfigu-

rability of linear time-invariant systems[]J]. Auto-
AT R G RS AR R G EAT AT matica. 2000,36(11):1767-1771.

G 23 B B T REASE Rl B 155 10 73 B ) BE Al E L xk (8] g dh . R AR 200, 25 HUE BB T U0 AR B Bk e R

Z Gk R A PEAF R4 . il it Kaplan-Meier £ el EAYREE M ATLC L/ /5 25 J i [ 4 45 e o

VIR 7 AR A (DL 8 08 3107 3 0 7 R 50 19 AR B SCAR. JOM L. ], 2019489674905,

‘uy:*&*%z*% T TR A RS Petri Qi Haiming, Cheng Yuehua, Jiang Bin, et al.

Reconfigurability analysis for redundant momentums

AL, B AL Perri BRI 225 i ) A 20 control systems with single fault[C]//The 25th Chi-

E/J RIART5 AT _*‘éj% T AR LRSI TF #1544 nese Control and Decision Conference. Guizhou, Chi-
B S R G AT 0 B M IR T %7 IA Y na:[s.n. 1 2013:4898-4903.

%IEIIE ° [9] Markley F L, Crassidis J L. Fundamentals of space-

craft attitude determination and control[ M]. Germa-

SELM: ny: Springer, 2014,

[1] Bolotin V V. Prediction of service life for machines [10] HuK.THIRE ., ik A R, $hA7 8 RIEH B nyfig K5 &
and structures[ M]. [S. 1. ]: Amer Society of Me- AR E N LT a2 K K 2% 2k i, 2011, 43
chanical, 1988. (S1):5-9.

(2] XU, 2z, F2 0 . R E ML R S F 4 Fan Tl Xiao Bing, Hu Qinglei, Zhang Youmin. Sliding
Jrik. i E. 10500066 P, 2010-9-29. mode fault tolerant attitude control for flexible space-
Liu Jianwei, Jiang Bin, Cheng Yuehua. The residual craft under actuator fault[J]. Journal of Nanjing U-
life prediction method of the flight control computer niversity of Aeronautics & Astronautics, 2011, 43
system. China. 10500066 P]. 2010-9-29. (S1):5-9

[3] Z=#E, x4, 86EAR. T ARMA 19 4 1% B # K [11] Borgan . Kaplan-Meier estimator[ J/OL]. Encyclo-
WIS B R ()], B 515 B 4. 2007, pedia of Biostatistics, http://onlinelibrary. wiley.
29(5):1224-1227. com/doi/10. 1002/047001185. b2al1042/full, 2005.
Li Jie, Liu Xianxing, Han ZhiJie. Research on the [12] Volovoi V. Modeling of system reliability Petri nets
ARMA-based traffic prediction algorithm for wireless with aging tokens []]. Reliability Engineering and
sensor network[ ] ]. Journal of Electronics & Infor- System Safety, 2004,84(2):149-161.
mation Technology, 2007,29(5):1224-1227. [13] Rubinstein R Y, Kroese D P. Simulation and the

[4] Zhou Yifan, Ma Lin, Mathew J. A non-Gaussian Monte Carlo method[M]. [S. L. ]: John Wiley &
continuous state apace model for asset degradation Sons, 2011.

[C]//Proceedings of the 3rd World Congress on En- [14] 8. T EEM 804 20 Fr LML db 50 BB Tl B B A

gineering Asset Management and Intelligent Mainte-
nance Systems. Beijing, China:[s. n. ], 2008:1981-

1992.

2011.
Zhao Yu. Data analysis of reliability[ M]. Beijing:

National Defense Industry Press, 2011.



