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Research on pantograph-catenary arc detection based on adversarial
feature enhancement and spatiotemporal feature fusion

Li Bin, Qi Hui,Shu Jiahui

(Faculty of Electrical and Control Engineering, Liaoning Technical University, Huludao 125105, China)

Abstract: To address the challenges of strong noise interference, pronounced non-stationary characteristics, and difficulties in feature
representation of arc current signals in high-speed railway pantograph-catenary systems, this article proposes a dual-branch pantograph-
catenary arc detection method that integrates a structure-aware generative adversarial network ( SA-GAN), a receptive field attention
residual network (RFA-ResNet50), and a Transformer. First, an improved cuckoo catfish optimization (ICCO) algorithm is usd to
adaptively optimize the parameters of the Kalman filter, thereby denoising arc signals while suppressing background noise and preserving
abrupt arc features. Subsequently, one-dimensional time-series signals are transformed into two-dimensional images using the Markov
transition field (MTF), and a SA-GAN is introduced to enhance structural information, thereby improving the discriminability and
representational capability of critical features. During feature extraction, a spatial-temporal dual-branch network is constructed. The SA-
GAN-enhanced RFA-ResNet50 branch extracts local spatial features through multi-scale convolutions and a receptive field attention
mechanism, while the Transformer branch captures long-range temporal dependencies using self-attention to achieve global modeling of
dynamic arc evolution. A feature fusion strategy is then employed to facilitate the collaborative representation of spatial and temporal
information. In addition, transfer learning is incorporated to mitigate the issue of insufficient training under limited-sample conditions and

improve model generalization. Finally, comprehensive performance evaluations are conducted on experimental datasets collected under
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four operating conditions and compared with several representative baseline models. The experimental results show that the proposed

method achieves superior performance in signal-to-noise ratio enhancement, feature representation capability, and detection accuracy,

enabling high-precision identification of pantograph-catenary arcs under complex operating conditions.

Keywords : siructure-aware generative adversarial network; receptive field attention residual network; Transformer; improved cuckoo

catfish optimization algorithm; transfer learning
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Fig.2  Arc current waveform
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Table 3 Test results of different algorithms
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Fig.7 Current waveform after noise reduction by each algorithm
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Fig. 9 Residual neural network integrating structure-aware generative adversarial network and receptive field attention mechanism

Transformer FI#% 0 AE T H 308 L], HEEWE 3035

AT AP AL B Z I A ROC &

XEFRARHE Z, 30 i 5 (30) 2k e i 45 51 £ i

(Query,Q) ##(Key,K) FME (Value, V) .

Q=7ZW,

K=2ZW,

V=ZW,
HEEIIHEN(31) PR,

(30)

Attention( Q,K,V) = Softmax( (31)

Hrbr d, WA,

T HETHR BRI RE T, Ak (32) R 223k ALH
MultiHead(Z) = Concat( head, ,--- ,head, ) W, (32)
LA REAS AN ] -2 8] 2 2] FEAESC ZR |, DA 4

ik

Sif A X 42 Zi R Il A ) A

TE4E A Transformer 28 1% 2 4, B F 2 @

3 (33) Ja HERi i 22 R 45

FFN(Z) = max(0,xW, +b, )W, + b, (33)
[, = (34) A1(35) GIASRZE EZ S IH—1k,

Z' = LayerNorm(Z + MultiHead(Z) ) (34)
Z" = LayerNorm(Z' + FFN(Z'")) (35)
AT HES ZA i A )2, AL AR S 2 2 IO vy 2

KB FEAFE R /R . Transformer Z5F ANE 10 AR .

%38 £ |2 Transformer i 1% 5, 75 2| B /7 45 4F 40

H(36) FR,

F.. = Transformer(X) (36)
PRHE ) B T L RS AR AE L | SR R AR AR AE

AR FKIC AR

5.3

Transformer 5 SA-GAN-ResNet 43 3 HI gt & 4/l
Sy 4k v A TR ) A 2 1 TR M A R AR SR WLy

i
gt
LB )
,i\
| |
| |
| wimEs |l
I
[ JE—4k :Jl
(oA )
O ) £3% X
| | JERT
| weeme | Y ko
| ) I JFE—4
( | [
{“(Sffi | |
p N
I : I sk P
WEBK —+ F KRS Iz |
—
| | |
1 |
) )

B3I

P8 BT
10 Transformer 4514

Fig. 10  Transformer structure diagram

SCH

23 [8193 35 N (37) Fiw
e = R(G(X)) (37)
I P S Ot (38) B
Fy. =T(X) (38)



294 & L £ ¥ W

47

AT (39) FRAERL &

Fipion = Concat(F . ,F,..) (39)

FE 5 W EL IR AT 55 v, 51 AR 54332 5 28 (] 43 32
R3S RlG 548 RE A DA AR BT | TR kb B — B R AE R A1
ik B R RYE

ASCRH Concat J5 3T AR INAL LA 503 & T flA
FERTLITHE.

1) 23 (8153 32 5 B 5 53 SRR 48 B 25 57 38K, Concat

R 25N XN GE RS R S

2) AL Fﬁ%?%l/\%’ﬁﬁl\ﬂﬂ”%’%%ﬁl,E/J\ﬁzli%%
14 5y i AR T A

3) Concat 451459 Eﬂ$ NS

52 2% T 1Y =5 I L IR A 55

BRI, 2T SA-GAN 5 RFA Bt ResNetS0 fill
TR MTF BG4 723 [RURRAE 4 H, B8 05 R 42 HL o
JCHL S AR TR A R R SO BT B i S A5 B 22 RUBE 23 ) 4y
AL 5 1T Transformer B 543 2 W) B 4324 FH T B4 — 4
o R AR i I i e ] 8 £ 1) Bl 2 R MK
AR . B TERAIEYE B T HAT o 25 F M« i o
WIS SEW”  JGFHEXRE B SER", W fRiEa
B AW N W0 A7 o 4 25 [ A TR R0, (AR
A BEAEH IR B F DR SE AR | A R P A FL T s A 72, AL
T S PR T 5 2% T T oI = A ) i e

SEPER G, S AT

5.4 BEEIBFIIKBE

2 R 5 W B AR IO AR 8 i FE AR BB AT R
ZIKXGI/\E%Z%& ) Hemgt > DU THE R G R iz 1k

o FURT R #245 8] 43 32 v i FH A KRASE BEUG 5 d
%(ImageNet) 2] | 15911 25 i) ResNet50 #5751 4E Sy FLfilt 7Y
2% IW HAE A RFA-ResNet50 BRI IALACTE . 7E I LA
e AN i SR AR SR UL R R 4328 2 HEA TR0 I 25, DT
R AY B A% DL I N 5 X LSRR 40 A
5.5 B@ERGHE

AR S AR AR e F < {7 5 AL B - RR A 3 5 - XU
A -RRIE ARG B BB . e, R 1CCo ik
KF X i = o oI5 5 R AT R M b B 33 5k MTF
— AT WU S 4R BEIS 51 A SA-GAN Xt I8 ¢
TEEATHG 38, DLBE Th 56 B v SICRRAE 19 7T 43 M L 78 R AE

PREUG B, M 78 23 [B] - N R W4 S 454, Hovh 2 ] 3 32
FHFI A RFA-ResNet50 XF MTF E R #E47 2 N BEH1E

PRI, H I T ImageNet YN ZRALE AT 2= I I IR
b, DA T RIS 55 72 AL BE T 5 B 43 S 000 R
Transformer X} JFL 4R {55 PEAT K BRAROM A5 . e, A
FEAE Rl A5 A5 B X 1 3 S i AT I B RO, SEBN 5
W ELIAE 5 B A R T ), R R 11
Ji7R

SA-GAN-RFA-ResNet50-TransformerX{ 73X (&8 8 %)) 5 MBS MIAER

SA-GAN H{E1 35 ‘

X5+ STRFEEER

— ol ’ —
ICCO-KF# 8 1\ L i (| J .

Bz SR SE SRS BSR4 e

‘
[ BN+ReL

/4> (1/8) (I/IG)(I/32)

‘T&A
J#IH

>4+
P

115728 D ‘. 1 1\ 3%3 ; ‘
i 1
I( jw ——————— s

4 =y
.{ 7"]‘TH5\)\H Transformer D 8% +y]

Py
SEEE )

( EL /LAKT» Softmax

mua @c‘uaﬁ[ﬂw W

- A fir B 4w (? O
Rgihjer iz]f‘ﬂ ‘i*lfﬂ LJL\[U L”//‘Jj )
B > 5
TUIZRH B (FERMBRIEREIRSE B EBMIAN B (HisE: FICRIEER
Tl Zpps ) AR

PR P 5 AirsgE [z "{;;J;f';;'}"",l";;"‘

f 4 4 ) H . i G
5 lf J— o080 = x mﬁﬂ]ﬂ os- 99

v A I N\ il

N ~ — - )
S
y - ! T
e AN ) L)
ol k5
b >
X
L . \_/ J

-wm» | &

B ‘ ‘ 5 ‘zSL\G i%ivﬁm /
P ) N w | T Kl

]

1

1

]

1

]

]

]

B 11 AR A ZE R

Fig. 11

Structure diagram of the proposed model
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Table 7 Parameter settings of comparative models
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Fig. 13 Performance comparison of different fusion strategies
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Table 9 Performance comparison under different Q values

QfH R %
4 95.0
8 97.5
16 97.0
31 96.0
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Fig. 14 Comparison of transfer learning results

F10 EBREIFREILE ) Z2 AR LSS SR T TR R A R, S
Table 10 Comparison of transfer learning effects IR 45 R, SA-GAN BB A R FHRRIE 32 18 T it ; RFA-
DR HETRZR /% 8L Epoch ResNet50 5 T ¢ #E4F1E HE HUAE 77 ; Transformer 4337 #i
Tl R 95.0 78 T T B P AR RE T 5 iR 2 S i — 2D P TR A
A% 5] (FIZR) 96.0 52 BB, A BLEBRIVE T, AR A SO 7R S 4% L0 T A Rk

AR (S5 T8 ) 97.5 39

6.6 HERIEREDH

R PG T A A2 ZR W PR AT T B R I A
AT 45 W LU 4% 15 7T X 485 28 3R 47 0 3K, X LG ResNet50
Transformer XA ST ERAITERE . 75 183 =y s BRI 5
W ZRGE S ris AT i AR b 52 B0 g T B R 22 LA
e RS BEALYIE Bl A5 R 225 ey, HE MR P e P e 2 R R B
BLIMATRAIE . PRI, A SCH70 MR 552 50 SR P A oo 30 1 Mg
(additive white gaussian noise, AWGN ) 155 41 SC R 34 1% Mg
P TR 4 PSR A0 T AT DU RE XS LU, T 3EAE 4 Fib
SEEGZRAT T B RO R A, SCIR A SR AN 11 PR,

R 11 HRREREXTLEEE R
Table 11 Comparative results of anti-noise performance
(%)
SNR
i

0 dB 5 dB 10 dB 15 dB

ResNet50 78.0 85 89 92.0
Transformer 80.5 87 91 93.0

AL 86.0 90 94 97.5
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Table 12 Comparison of model complexity

Al ZHE/M FLOP/G BREARHEBEI &)/ ms
ResNet50 23.5 4.1 12.7
Transformer 18.2 3.6 10. 8
CNN-Transformer 31.6 6.3 17.5
E'e 34.8 6.9 19.2

SV 5% F RTX3060 GPU BEATHIE, 4554,
FRAR SCR RN S 80 5 18 0 WA 15, (L B AR i 3
A RIS I 7E 20 ms LAPN, RE TG /2 =5 19 H SIC7E 2 A
1E55 I SE R TR AT 2% B BTk e BT L) S

AR B ICCO-KF MR H SA-GAN HR#1iE
1 og A B RFA-ResNet50 25 [a] 55 fiF $2 BURL 8 LI &
Transformer Fisf J5* EASASER AL AL, AS [R1 R B o A5 700 i 4
FHA TR 1 ST AR B B 22 5

DRI, A3 R FEE 0 W 45 e o AR SRR 7R F A5 750 o 4
TR TR 0 Tk, AT A A 2% B STk o BT, AT
EERNE 13 Fis,



% 6 1 2k S ET X URR AR 5 5 I S R R S 04 5 I R SR 5 299

x®13 BERERXETEMIN
Table 13 Complexity contribution analysis of

different modules

E2ES ZHu/M
RFA 1.2
SA-GAN 4.5
Transformer 5.1
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