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Abstract : Spacecraft in-orbit operations exhibit characteristics such as prolonged autonomous functioning and complex environmental
conditions. Anomaly detection in such situations must satisfy stringent real-time requirements under dual constraints of incomplete prior
knowledge and limited resource allocation. Consequently, lightweight unsupervised anomaly detection algorithms are commonly
employed, with distance-based methods being a prevalent approach. However, when addressing anomaly detection tasks involving high-
dimensional, complex telemetry data, traditional distance-based methods suffer significant performance degradation, which arises from
their inability to capture the rich anomaly features inherent in the spatio-temporal coupling of parameters. To address these limitations, a
spatio-temporal joint clustering framework is proposed. Building upon the lightweight advantages of conventional distance-based
approaches, this framework introduces a novel spatio-temporal distance metric. This metric dynamically perceives and quantifies the
temporal dependencies within parameter evolution and the coupling relationships between different parameters. To demonstrate the
effectiveness of the proposed framework, the classical inductive monitoring system (IMS) algorithm is enhanced by incorporating the
proposed spatio-temporal distance metric. The enhanced algorithm is then validated using both simulated and real operational data from

spacecraft power systems. Results demonstrate that while meeting the real-time requirements for spacecraft anomaly detection, the enhanced
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algorithm achieves a detection balance accuracy improvement of 20. 34% and 5. 87% over traditional methods on two datasets respectively.

The enhanced algorithm effectively distinguishes between normal and abnormal data, providing both substantial theoretical support and a

technical pathway for applying distance-based methods to detect complex spatio-temporally coupled anomalies in spacecraft.

Keywords : spacecraft; anomaly detection; spatio-temporal distance; coupling-mining; inductive monitoring system

0 3l

T

R R AR AR 2 38 A7 1 e b 3 A s R
3X— UG, 2 A P TSR . — D T, RGE AR 5 A 2
B RS T S Bk B n] RE R I RN R B —
THD LR 4 JUT AL ) A0 s O 25 A B A o 17 7™ R 1Y) A1 8
R AR SRR, S K ik FLAT 85 A S A, LA S PR
R L TUE | O PR B R SR TR e e 1B AT Y
AR AT

FRIR IS AT PR DR E T K e S i R 5 3 B
Y 5 RN TE] T m 3 7 TR .

1) K 235 A S - A B AL R 2 S A D 2 17
BUT R TR R I B | B0 T 14 10 SE A2 A 5 B
BRI 235 SR TCVE S B 45 Y, T 1 B I SR ORI SR it O A
KPHWR AR

2) S RN e 7 AR ORAL K AR TE R L 2 i
AT, 30 5 R T 5 m TUAR BT, 3K UK A S
PEREASTR B, O SCHEAR SR RRSE VI S, XE LI X A 4
MR I

3) BHRECE AN TS5y . T AP AR S 2 SRR
il 7RI Bk T R R, R L A e T
(autoencoder, AE) MARFRAE BB EXE LN F LK%
FER S H AT

ST FIRTERTIRICE 5 S50 MR b U 2 R K
K g S RGN 2 S B Y L oK R A T B
BRI R T A R T R A IR U ) A 2 B 3
oo YT TC B SR R B A T e
7 TR B I 7 RN T ORI O Ry ik, Horp
FE T RT S A 5 3 Aok g ST (] AR TR e S Rk AT T
FATINME S BCSAE 2 7] B 25 S o s SCSR ™) s (ELIX Ffr
[i] 57 51) S0 ABE 75 ef M 7 U, 2 DR L S 540 v 9 AL M
PR BURIRZ LRE 1A 22, IR R IR AR AE R A
T TR 48 7 A

BT IR 0 5l A A S e 2z 1]
V14 O B R T 80 S s S Y R R R 4
H A 44 Wi 22 55 (inductive monitoring system, IMS) 8035 |
R ARt A E R RS AR SRS A LA A TR
2507 T A DBk T AR R PR 2S )l | B4 AR R
BLAE SR A K 38 R g8 L b AT T SC PR L
AP A R K P {E (K-means ) 5288 507 T 528 W 4K

PR IR b, AR5 5 PR MR 75 R v R 3 58 2 Kt
ALY B A A B S R R EE
B M 2% AE SRR R P A, Cui 45T OR
N 2y 285 B (R B0 3 Ty ik T S8 e [R) e A 22 ] ) B
FKH K %1 48 ( K-nearest neighbor, KNN) BT
G328, SEELXS AL B[] 51 0 PR S K, Bollam
SR IR G B Ay 5% I B 4 I B 9 b T BRI )
lz [a) 0y BE 8, 3 R H 9K 5L #F #K (isolation forest,
iForest) ﬁ%ﬁﬁ?ﬁﬁ oLl y Eﬂﬁ%%ﬁ{ﬁgfg@%ﬁﬁﬁ
BHEAT TRGAE, SR, BE A TR 4% 45 AL ) RE AY PR
HE 8 SRR S e ARG G S8 ] ) AR R H
f2 % MUK A 1B AT IR AS 256 S R AE S (] ) 25 11 38
V€ AR [ B S o e Y VRO | Y =
Ty B 2 S e s BORE DX H Ul R
— s 20 (R S B R S S B I kil 4 S T
T A I R T ) I A G 2R (IS TR 4 ) | o DL Ak
AR TA) S B 0 58 55 45 5 AR A WL (2 e ) 1T, X
FRT  Ip 25 SCHRRR AR 1 200, S B L TE T A A A2 R
TR 1 A PR AR K 3 A I 1 R R R

BT ORI OC FR 10 5 1 X B8 Hh 1) SRR O R AT
B, ASFF A IE R SCHR 5 R A AR B o R SR
RAGIEAE N TR S 00h Ja T st (] 5 ) 3k 47 J8 00 )
G053 0 JE I 81 B T A5 A ISR 0 JTiE
PR AL CHB TR AR R IE A7 5 A0 3R, B T IRl s A
()RR B AT 5 A s S5 TR e 900 ) AR BL A, 4n
SRR G I i 37 9 55 B o ) 30 e 9 AR R s e 1 (L
R BRINE SRy S DA AR K € B R KA
BFRBUE RO SCHR A DG I B2 R 1 B 45 B 4 5
B 15 LA RGeS R 58 e X B0 R M 1 ) W A
PEA - o) 1 e ol A0 A AR B v 42 40 o I 5 i 4t
FHREA, 5 I O O BRI T L, 52 30 T K s
SRR, A R AR AR A SR I AN R G I X B
J3E 3 D ESCHE 1 6 ol €S AH DG M AT AR ) 1 RO | R
FHAR OGN e 3053 1k i BB 00 45 4 v ) A G PR R AIE
5 IE W B s S BUW A DG PR RRAE BEAT XT LE , 38 A — 20
W Ry i o R, BEE AR A 28510 D e i) PR 3 | 2
OO R H i S A%, TEFEAT QI OC FR A7 408 I 472 43 0 J32
FIAEE R 5 A 7R BIAG I  75 BEKE 15 00 B30 1) 6
150G FR S H B 1Y SGI O R UEAT X LU, 4 O G &R
S BT IR BRI J0 2w e BRI 37 5 5
BT K



53

KRG 5 FET IS TS RS TR AR S A Bk 337

PRI, B0 A 8 5 T o 8 ) i e I M B S A Ty
T PRI TCTEAR R 2 B0 2 R A PR 2 35 09 F T 52 R S 21
R e BE 5N R A RIS, AR SCHR T T — Bl s R 2R
FMEDL , IZMERAE R B AL L2 TR Tk R i AL i
LAt L, e o R s B R S AR
WS G % 2 5 I PP AR, (e 6 Al L, X TS
X — G MR PEAT T O, DT A A S 35t 5 048
PR, SEBT AU  Se hA 00 A I F- 1657 e Afy = 25
SBEAR bR b0 0 R T, 0 IE R SR RO X RE A% S B
TEAHHUA , SRy S 14 05 1 L TR A B A S R
B AR B AL T G SO S HOR R AR

1 ENSHHN=REENELSHERAL

1.1 ENSHMNTEESENEX

N SR LR T RORR S HEAE 02 AN ) I 2 8
FEHUE FAAAE R 5R S5 22 SRS 0 R . MR A iy &2 2
RGLUR A AL & I8 AR PR Pl ] B SR
il FL TR BSR4 2R G0 22 TR) R A3 2R G 45 5 1 22 ) 49 4
A B 2R R B8 BRI BEARH G 3R 5 W] AL K 2% 4% 43
RGN TAEZ 528 [HAEE | CATFAF RS E R R
SO, SXEEE PR T R R A T TR R E N S5
[IAEAER SR BRI & O 27, BRI 2 B0 2 1) 48 B 1 A R
Gk

T D S HLE R 4EEE T R A P i 2 7] — 1 I 244
FE RS ) 11 5 7 sk 6F ) 2 11 v 2 30 1 e A G
P, BN, LR AU A TR Al B s il | L U8
G0y RGN S0 T — 2 1Y i e 3R A
TR R B D 2 BT ) 4 5 (R A P B — B R B 1
A TR — 32 0 S50 AN R B 200 e A ) 28 S o i 2 R B i
— 0 PRI | SR AL 2 o ) S B ] 4
R R — b i >
1.2 ENSHRTBEENRRL

AR SCHEE N 2 BB 25 1A M R DGR 4k, DA
X BRI 25 R BRESHE SR AEA T 3R, I Fr b B Y B
AN BRI O X e R o N O R O
KB, M R i A & S BRI LATF 8 e L.

EX LB EEEERT € R T8 (N x M) 4>
JUE, W Bl R 11 2 RS i RTS8 5 2R 1 T Pk
RN A 25 e 1) 2

FE X2 A 58 S 1 g S i 0 o A ] —
C. N, Frixsesri A A, AP M8 AN [l il 2
] % [7) 25A AR ] — 32 0 S B3 o TR 8 PN AN (] o 1)
B, BARBHEN S RASNZERGAE A, 6
A TS IR A EEMZ RN S 4R

A" ={je {1, (NxM)| |DY(I,C)=0} (1)
A ={je {1, (NxM)||DV(I,C) <T,|
(2)

A AN 5 A SR C, % LAY B B
LA T, SR B 1 3 B B B 1 € 2 2Rl
SPIRERERE ;DY (1,C) 258 L1 g i ik B 4%
5 1T PR AR B B AL A i AT55 j A4t

SE X 3 RIS 2 /N AEE N, e N, YR B
SREA LA 331 B [ A5 P 10 B/ IR £ 20 5 5% 9 (1

SE N A4 MR FE AR R e RO O gde i o
Tk ) A M B S A T3t e 2 B M T 75 25 6 I
FERFIOSE | 750 j IR ZE 40T i AR T4 j AR R
PR,

NS BB A MRS R, e R™ M4k Rl
o o TR S DU SRR BRI O S — AN ] A S
BRI 235 R4 A B R PR PR, DO kR IR [ M
N, M N B ERES 4 /25 B B — AN ) A5 LR e
T 200 (4 S RO 2 A M 45 SRS SR 2 AN SRR BT
RSB A YRR, BRI i 1755 1 RS AE
1 P9 PR A e B SRR A £ AT 5 SRR SR A
B 0N S S 9728 RS e

5E X 6. G R 2 MM A YEE N, .. e RY, Giit
5 SRUAA 23 AR S PEI S R0 AR AL, 28k
A YRR E

N;(j,)spac(' = Z ﬁlasl‘ . _Iélmjj (3)

TG HVAS I B BE S 10 23 ) /K £ 4

SE TS B ] B A N, . e RY, GiiT4%
SRR O N BA I RS PR T B T AR A HE, 2
B PR M5 5]

Ny =Ry (4)

T A BIVASI B BE S B vy Ik (] F /R £ 4 B

EX 8B R d(1,C) e R [ d(1,C) {5
(NXM)ADTCE 5 RSG5 1) 23 fo /N 2 2 12 ()
S BE) 585 6 s 1] e /IR 4 2k B A 6 I /N
2 B (R ) BERREE B S D (1, C) ol 4 BE R 6
FERIREATIG | 4% 49 B/ IMELZEL I B 185 4 8

2 EZETHEENRERNAERERE.:
L IMS 51

TEAYUIR Fow S5 RS 0 508, 28 T ) 1) I M B O A
ZRhSEHT o IR I R G (IMS) Bk — F
Iz BRI T

IMS B33 aod 38 4 0 ) e T K00 A R A 5 )
T 3 S AR RRIE DR (PR R ) o XA TR



338 f# £ ¥

47

A L5 RICT A ML Z AL (E A O 2 A 3 B
L St AR S RBE P L R A eI B B
VAT RN B i R S R ER R (RS
KRS ) RN 5 57 % e T A
B

d(X,C) =min [ D,(X,C) | ., (5)
Arf AR HEEE X e RY, S Siteg DA

TR R SRR A K D LT I R, AN
IS ) e B E ARG TS R R I g 5 SCER
B T A SRR 2 A8 A, R 25 1 DI S 5O AT /Y 25 1]
UFE FRRAPEY BTSSR T R Y D
18 IS BB St e s, 2000 A I AR P H 45
A WURARBATIRALEE S WAL A [R] I 25 1) 2 I K0 o
125~ TR R RS 1 SOM SN 2SR B PR A 200, 2
TGt TMS B3 TGk F0 70472 1 TR TR A 5 A K 3 i AG:
EHATE Y S

TS R, A2 58 IMS B3 iR it 15 B Witk . e
1] B T ) 5 VR R AR B O S S 1 R B Bl
1] A2 2R Tk A Th o | GE U 2 s (] 4 B2 b R
PR . SR MO SRS 2R 3 SRl

1) RS SR AN A B 1 i A2 T 0T BT [ R 5 7
T A A B, R fih S S E A O O BE BT a2 B . LA
A AR AR S T R AME R Sk T s = AL R
TS BRI [ 4 FERR S VRS B, A Tk Sl
DN b B9 AR 0

2) CHGHE AR ARG SO B TS R 759K BRIA %K
T SRR AL A, R 2% R I 2 B A 9 25 8] 48 S
E RS E

3) ICHGH R I ARG B3 4, S B AR
— USRS TEAL GE R B B2 3 N R X
WA BT AT B 1 R S B S, B G R
K ETE

PRI L S i A KR dRE f) e D 1 0 R ELIE A
4t IMS B3k TGk S0 P2 40 2 K0 28 W A PR AL et
A FRAE IR B BRI 1 2, I RE L IE WAL G TR AT A AL
st R SR R M ET UL AR ST IMS Bk Y A - FR TR
B e R IE S RN SRS R S PR, LA
XHEDUA 5 - RE B R S, 5 I8 S B s i PR AR AR,
HETSEE IMS Sk A RE L AP

3 HEBREREESR

FEXTEE 2 B TR AL G IMS FTL TC 1 BN S 8
ZSHRE PRI BB, AS SCER T — A~ 3 A I S S R
MELL, I % HE S0 12 58 IMS B3k 47 B X 24
HE o ZHE S A S — TR 4 I 2 B A OR gl 2 U

HIFEALS B I 23 R85 P, DT S B i A 1
LR
3.1 BETHZEHAaMETENN=EEENX

2 T 5 SR EME L e R P T I 2 R 5 PR DI 9
I 23 R E AR A G B S, S B X S B 25 f
PERY SR S AL, B 1 A T T s i S T
AT 2s BB e, Mo |- HURE AR B e R
e

HE1LETHZBE AN =S

BN BT A ARES A 1 RRE C, S MR MBS N, e

] S NS R N e

S EHERIE T,

W R d

1)D = D(I,C);

2)d = [T,,T,, - T,]; % WIHCH B R

3)A, = [jIDY < T, |5 %itHEAHMEAE

4) forj = 1.M

5) Al = k(DY < 7)) 0 (k%) = 0)}; %t #&d%
SRR A AL G

6) J=1lil([AZ,. [> NJw) N LCIA = [AZ D) >
NP s % UEBRJCR %

7) if [J|# 0, then

8) d” =ﬂiynff>;%ﬁ%ﬁ§§&jﬂ@ﬁﬁ

9)d = |dl . ;% HR4EHE R R

SR 2SR A MR R I RE A 1R R S 8 IR
— SRR E A, RS TEAR SR AR 2
B[R] — ZBOR FIWOFAS B A 5] A0 B ] 25 BN 33
o M BIRRHIE 7R BE B E SO IR A S BN s fE A 1
i 1 AR e AR m R A R RE R G e, Bk
SRS R T, XTHLES c BEEA TR IR Ak SRR AR A A2
SC2 R R A A s 0 TRASERYE L 2 5y
ISR S B B RS G 2 S8R R =
TE1] 5 /)N 24 2 RV ] e /N 5 208 AN A2 2 )
M A PEZOR IR ZE AT B BR , AR U BR S 1A R T X0 2
SAONT IV 19 9 8 O i 3 e R AT BRI e A B A I S K
DI KRB N T H i A S5 2R 1 SRR C /Y s -FRHE
RS

KB BE 1200 28 52 LY 23 18] /N B 48 2 L 1]
B/ N HEBE IR N o L 3 WY e I8 i 28 B /IR A8
AR Y 2RS35 A 10 5 - TR R P B 2 15 O O, I T A
RETR 58 RV 28t

I B BE , 120 18 1 S 23 [ die /N 45 4 JBE B0 o
SC 6 B 53 (1) dr /N £ 2 FEE N I i /N £ 48 B S A



53

W 5 T S Bea AR & 5 0 A5 12 339

SE ST B S T /N 5 A4 R AR 1 A 00 ol 5 7R
AR 119 5 — AR 2 1 KT R R B (L, BB o el
TS
3.2 B IMS BEIERIIZRALH)

WIZRBBE, A 1 1 2AE 55 R 5 T & A K a2 4
e SN N R Y SNISFSIR R € S S)-F =ik
R IFFE A TR R S ROR A PR

PRI, Bt TMS BR0E AR 5 T v 28 B 5 PP Al

F% A 2 e A A G S o 80 28 BB ) e [ A
PEAER o A GE T A ) 2 0 2 18] ¢ ] 25 4 A [ — 228 0
SRR ) 1 A AN [T T ] 20 P, DA 5 B0 0 i) 2
Homf 2 HE A TERY B 3R,

QP 1 R A A 1 AT BT ] A 2 R
HWIERFERE , I LA B0 Uy P 7 &[] 20 P N S
A TERE I, 5 B 11 8 JE S8 | 26 A SE B e A
Sy R R

LRI
IS VIS T R ——— N
I e A b Qg : HBYER |
TR 2 FARE | SRR ME AR N, |
- HEAV 1 ]
ASEEs SaEe H fi T A 5 | - Lo
7}1' - G IMSEBEEASY
I B
CEROSERRA  BAREHMRED
B MR R RIESIRT 2 B ME BRI B S — AT )35
5 R PR S A RIBEAT HASHE A PR
B i
[ B~ SEEEs No=5  HEEERF .
|X”’ —Cf”| gﬁ m -
A - FH |
; 17 o
23 :H:_ #AT ¥
7 amE 3
Y
o T
AR L TH SR e
R (N -y
Pk LT kR R -
A4 S8 A i Y L34
7] —) 0
T = ==i 0w
g N
FeeE
HE
YRR
FR R MEA%EE FREFRMEREE | 5 . EAE
N B # # n
1 sl IMS Sk B I ZRpL
Fig. 1  Training mechanism for the improved IMS algorithm
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