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Multimodal collaborative learning method for
defect recognition in power substation equipment

WANG Chunyi', WANG Xue?
(1. STATE GRID Shanghai Pudong Electric Power Supply Company, Shanghai 200122, China; 2. School of Computer Science,
Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: To address the poor robustness of fused feature learning for multispectral images in substation equipment de-
fect recognition, this study proposes a multimodal feature learning method that integrates semantic enhancement and
modal feature decoupling. This method first introduces DeepSeck, a large-scale model with semantic understanding cap-
abilities, to analyze and supplement the semantic annotations of infrared and ultraviolet images, thereby enriching the
semantic information in the annotations. Modality-shared and modality-specific feature extraction modules are then de-
signed. These modules employ shared and modality-specific query vectors to model common and distinct features across
the two modalities, enhancing multimodal feature representation. Furthermore, feature alignment and decoupling losses
are introduced to strengthen trans-modal shared feature consistency and suppress interference from redundant informa-
tion. Extensive experimental results demonstrate that the proposed method outperforms existing mainstream approaches
in electrical equipment defect recognition. Ablation studies and visualization results further validate its effectiveness in
multimodal collaborative learning. This conclusion provides a reference for research and application of multimodal fu-
sion representation learning methods.

Keywords: infrared image; ultraviolet image; large language model; multimodal modeling; collaborative learning; atten-

tion mechanism; power substation equipment; defect recognition
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[] 2 2 HE SR, 30 2o 15 THA5E 25 b SRR A1 i HRUR e A
TSR A FRAE SR OB e, 23 Bl B LT 41 5 52 A
AWM 22 B ARE, BE R SRS RERR
AEJ] o

2) fEZ SR SN grad B, 51 A B
BRFIEXF S50 2k 5B S AR A0 %, TE SR A AR A 1]
LB RRAE — B 0 R B, AR TR R BT

3) 48— I TR AR A B e A L A
PRESEATIE LY 780 38 5 T3, n AR AR E 45
FARSCAAR T, A H) T 78 B2 RS R AE 5 AR
A S JE) N A RO

1 BdE et

1.1 BEEREFNEXYT 7

A 1Y) Z A5 U e RO Bl B R
AR T 1 8 5 BB 2 8, A v T 5K 22 R 1T e G
B iR 21 4, W1“infrared and ultraviolet abnormal am-
meter and wire”, B = Z5 LI T SR A o X R A
IR 75 1 £ R SRS, BRI R B &1 A
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N TR EIRA R, ARSI AR F R AR
XF DR dE b v REAT R YR, W1 BroR, R
DeepSeek KA ALK J5 4 F5 73: “Infrared and ultravi-
olet abnormal ammeter and wire”#" 7 4 “Infrared and
ultraviolet abnormal ammeter and wire. Infrared im-
ages show significant hotspots. Ultraviolet images re-
veal corona discharge or arc flashes, indicating seri-
ous issues such as insulation degradation or connector
faults™, F T 4" 58 19 v SC45 A4 Ak 4 7 Tl B A
AT B A I, K LU AR S
BERHE + 50 R + R I R B 45 4 1k SC
A JRIRPRZ Y. SR LLAME R 2400 A (40
S, BHMTT AR O AR (A R ), N A LI
B R EIRAS . HE BRI, A AR
H DeepSeek ‘B J5 H il 1) DeepSeek-V3 I FH 2 ¢
Su R4 O, A O R R A, JoW A
2 RIRT S AL R T, B IR R R A I
CIB=E

[ Infrared and ultraviolet abnormal ammeter and wire J

2)
& DeepSeek

“Infrared and ultraviolet abnormal ammeter and wire.
Infrared images show significant hotspots. Ultraviolet
images reveal corona discharge or arc flashes, indicating
serious issues such as insulation degradation or connector
faults.”

B 1 FABNSEENHREEREHRTY
Fig. 1 Annotation augmentation with pre-trained models
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TR EE S G = i /e TR 2% B B A
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) B AR DG 2R 5 2) S35 02 2 #f B - e o 43 58 ] g
R QA S QI E R & Y AN U i 4 D T 3
T —JE f i SCHEBRRE J1, A7 B T30 X L 45
T WL B ) TR T2 R 5 3 ) B AR N 55 A%
R AN RS IR AT B TR B S L 5 S
ARHERY R PGS TR, ST 2RISR G R R
12 FRENERIEEHIESE

AR SR B0 8000 A ok 5T SCHR [22], % K
AL B BN L LLAN T IO 3 Fh ik Be R A AR L ik
wER, B2l YR M2 &R
Mo BRI TR 6 R AR B A, 10N

TR e BRRIT G RS A iR U
JEs s s LA SOTT OGAHE, 0 1 42 o il 584G o
UL BB A 28 R S R I A AR R SR
SR [22] SR T RE+E R RY 41 5 J7 AR
FUEAEAR AT AR T, R R &str e i
IEH, “RBIR B 2K . O T TR R S
ST Je H R3S R B A B e 1, A SCRIH]
1 BT 7 J7 36 6 SR hi b 25 R AT 18 OIS 5, 2R R
F HEMARI SCA bR, i 28 2R S e ko
A5 S P S A R R T L, K2l T
R SO SR IS AR T

(st

“Norm impulse voltage generator. Infrared images show no
abnormal thermal patterns. Ultraviolet images reveal no

corona discharge or electrical sparking. The equipment is
operating under normal conditions.”

~

“Infrared abnormal ammeter and wire. Infrared images reveal
localized overheating at terminals or conductors, indicating
possible poor contact or overload. No abnormality is observed
in ultraviolet images.”

“Infrared and ultraviolet abnormal ammeter and wire. Infrared
images show significant hotspots. Ultraviolet images reveal
corona discharge or arc flashes, indicating serious issues such
as insulation degradation or connector faults.”

“Norm dry-type transformer. Temperature distribution is
uniform in infrared images, with no hotspots. Ultraviolet
images show no signs of corona or partial discharge. The
transformer operates normally.”
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Fig. 2 Semantically enhanced annotation examples
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Fig.3 The pipeline of our proposed multi-modal feature modeling
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Fig. 4 Class distribution of substation equipment fault
identification dataset
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Table 2 Comparison results on substation equipment fault
Identification dataset

Al HEBR/ % F,
CLIP®! 25.22 0.151
linear CLIP™**! 73.33 0.604
padding prompt"®" 82.35 0.754
random patchl*!! 47.25 0.394
fixed patchl®" 78.55 0.631
IR+UV prompt>? 90.14 0.891
ArGue™ 92.75 0.916
ATPrompt?®% 93.33 0.926
S @ hS 96.52 0.947

T AR R AL

CLIP RIS 38 A 3 AT An] I 25 2 800 I
LR TRV GRS , linear CLIPEY X JiLth CLIP BT
W 48 AT VR4, AN 25l o 42 3% 42 )2 (full connec-
tion, FC) #4325 3k, HLATH 5 A SO 58 4
—HM IS4, B iR 1A (padding prompt ) 15
RUBUAE R U ] 2% 2] 78 X, AH DG
FESEAEIN LR B R, DT 5| SR8 G
Sl 1Y 5o f5 B o ALK (random patch ) 158 BB
TE J5 16 G b B AL 07 B, R 12 DXl 46
R—AT 2 W B S E . ZEIRAE I 2R #
B, I ARSI 5] 05 B o e E B
(fixed patch ) #E#IBY 5 random patch 8 #Y 2510,
R FH [ 5 o7 5 A MR etk A7 e 4, DAk 5 1] 25
IR BENLYE . SEg i BR B RS EE o 30 18

Ex30 1B K., AHNEHMERTE (IR+UV prompt ) £5
RYC2 ) FHLL AR 5 SN R AE BAE 51 5, B4R
N T R, DS 56 22 B AR B B A e
1o ArGue 53 PV F| TR 5 Jag M 1 i A AR 110 1 SL
Hf#HE 71 o ATPrompt( attribute-anchored textual
prompt ) 152 AU B0V 38 35 AR 7R 2 2] 5 T A AH OC Y
HPIRAE

SU AR, SRR T 2% CLIP AR AR R i
AT AT AR 453 A U8 15 B0 1Y zero-shot ¥ B 25 545
2, W RIUA 25.22%. XET ARER 58
WA R Z RIAF AR BRI RRAE 40 A 22 50 1A
Y519k 1Y linear CLIP F B ER R LT} 5] 73.33%.
Sl AANEIE X B prompt % #& #E— L #2F+ T CLIP
A Y A AR WL TR A R TEOINAT 55 Th R R B, Ho
padding prompt, fixed patch prompt I IR+UV prompt
S BB T 82.35%. 78.55% H1 90.14% Y HER K,
BUE TR o) St AR R AR AR TS R RE ) U7 T
RIEZEAEH ., M2 T, random patch 57 54 SR
2%, AR 47.25%, F B BEAILAL & 1 42 7R XE DL R
ERBEA TR o AR SCER I TR A L
TR IR AR, HOMERG AR I8 F 96.52%, AL
TIA )2 prompt %11, Wik—uER 1 Frfe 7y
KT | R 2 BERRHE2E 2] SR THE S PR RE T T A
Rtk o Fy o3 B 90 AR LAY R B0 1 RE A2 AL 3
34 ANEMEEHRT LI R0

Ry S UE AR SCHR HR O 1 T A B A R, AR
5 7E IR+UV prompt BRI 3Ll [, B4 5] AL
FEAEH2 OB B 5 0y =2 e i 4 JRORE B, A 2t 22 2 %)
PRS2 50 DLt Ak 23 A AS TRl A B0 A5 B0 1 R 1) BT ik
SCEZE AN 3 s, IR+UV prompt 15 %Y B i
FHEF B HER R 90.14%, 51 AL SERRAE $2 BB He
Jo, MERR R T2 93.91%, i W% B B RE i 184 o
AN TRV BEES 1) 1Y o SCRF SR RE T, et T 2 B8 RRAE
AlA o BT A AR PR OB S, ER g2
THZ 91.59%, $oilE T 12 458 He 7E 4l P4 28 e A7 1
SRR 2E T REAE T T B B A

R3 AFEIMEER LI L5 R F20

Table 3 Effects of different network modules on exper-

imental results %
Y HiTIES
IR+UV prompt 90.14
LT RIE S U 93.91
I AR SR R R 91.59
ARICT5 ik 96.52

T MR R
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2 2 S R Al R s, B RE i — R T 2
96.52%, X —&5 R, L RRIE R OB e 5
TERRE R BUSL H AR IS AR S A5 B AN L AR S
PR BE 5 T R A CE R, A RR %
b 2 B R AT XA SRR IE A P LS R AERE T 6
35 AEABSHXLRLE R

R HE— B 5 S RO BRI RO VR L AR
SCH 3 22 4 0 FESEB Ar A T A ) ) i 4R N, R
IR M RE A RZ ), AHOCSE IR 25 FRIL B Tk 4, 52
B 25 R, %S B0 RS B ) E0(E AR B
el R T 5 22 0000 9 A 2% 1 410 ol SR THVE R 38 T
AR, Toie N, BT S g {8, AR R RE RS E i i 4
T TR IR B2, BUS B BhBE 1 ik o 8 1) X Eb
Fr i SR A L R J R B, N, = 8 iz
SR B U BUE, 76 L5 BT A A B U v A
e, LR A LRI SRS A &, AR S0
L N, = 8 1E R BIR T [E 2 S50

£4 REBSHNNREROBM

Table 4 Effects of different hyper-parameter values on

experimental results %
S8 MIRTTES
N,=4 95.94
N,=8 96.52
N,=12 94.78

T AR R AR

3.6 AIMUER

B 5 g T AR SO T 1 X o LR A f
2ok A HEA T IR B ] AL B SR, R R a1 IR R
() FFOCAE | L1405 5 A0 S W T GAE L £040 5 5
A1 S 1 T AR Fe 2% DL SOE B T i AR R A o
3 A0 AT DR B, YLD G A AR B Y
R FRK Sk 18 2% A G R SRR R B, AR S
P& L e A A 5L I 2B IR A IR i, A
WA P 57 0 (5 5 R RO B A 2 . X i — 2P ik

TSR R 2208 BofR B L U SR e W
A7 1T A R, O AR AR AT 55 Hh i 8 T i) 47

g it 7 S H
REBE

AL )

(a) IERRIEIIR B 1 E 5 BT AR

8 L
(b) IEFRBIR 2 LLHNHIEE S S BT S AH

(d) IERRPFUN R4 1EH AR AL A%
BS5 AXFEHARUER

Fig. 5 Visualization results of our method

4 ZEip

1) AR SCEF X AR B3 45 20 0 5 8 A EE T Y
BRFA TR 55, 4800 T — ARS8 SO TR SRS
FEOE RN I 2SR 2 2 ik . a5l AR A&
o 1 B R E ) ) KA A DeepSeek X 41 /b 5 48
SR IR G bR AT b e S Ak, WEAR T T
B LERIR g

2) FEULEEA b, A S TR I HEUR
FEA WRE S OB, I B 25 SRR IEXT SR 5
R MRS, 70 BB T 2050 5 S AME A 2 (]
PR R 5 22 SRR, TR0 4E HE 2 AR 1Y
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