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Abstract: In order to address the model performance degradation caused by sample sparsity and class imbalance in
multimode fault diagnosis of automatic guided vehicle (AGV) power batteries, a generative adversarial network incorporating
gradient penalty and an independent classifier (GPSC-GAN) was proposed. First, the discriminator loss function was
optimized through the introduction of Wasserstein distance with gradient penalty, whereby the distribution divergence between
generated samples and real battery fault features was constrained to enhance training stability. Second, an independent
classifier module was designed to decouple classification and discrimination functions, enabling high-quality multimode fault
samples to be generated for constructing a balanced dataset. Experimental results on AGV battery fault datasets demonstrated
that the generated samples achieved structural similarity index measure (SSIM) and maximum mean difference (MMD) values
of 0.5 and 0.2 respectively, showing 25% to 66% improvements compared with WGAN-GP, ACGAN, SMOTE, ADASYN,
Diffusion GAN and StyleGAN-T models. After integrating synthetic samples, the F1-score of the fault diagnosis model was
enhanced to 0.938, with precision and recall rates reaching 94.6% and 93.0% respectively. These metrics outperformed six
other comparative methods, verifying the proposed method’s efficiency and robustness in complex industrial scenarios.
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Tab. 4 Comparison of training performance

Ay IR ARE YISk R FERT /s

GPSC-GAN 1 12 000 7092
WGAN-GP 10 11 000 13 448
ACGAN 1 30 000 9 546
SMOTE 1 110 1525
ADASYN 1 110 1769
Diffusion
GAN 1 8 000 20 767
StyleGAN-T 1 29 000 53 842
MF 4 mPn, AR R M 4 5 SMOTE Al
ADASYN FERFE/D 32 R Ry HEaE i R AR A R

FEAR T T VN SR B H H 37 . GPSC-GAN 11| %k
IR T WGAN-GP, SCHEEHTET GPSC-GAN
BRI NT A3 S 4 AT AR sk 2 v A UG AR I e 2
ZRERREA, T WGAN-GP A5 {14 1) g B YR %
FRARELE BURIREAS PRI A i R AR
WGAN-GP 75 17 5 RIECR A S 1 2 %A
4k, ACGAN 7 30 000 JIEACARRILS, FRBHFII
i FEARRE o X A2 T2 A i H Jensen-Shannon
PR A it BLSEAEAS 5 AR BUREAS PR S, T Jensen-
Shannon 3 %5 5 & A=A B T 2 sl I oA oo B
%o StyleGAN-T S EHHIZ T EIALET VIT-S
HIHRFIE 2% K2 5 A~ Transformer #1513k , FIH £k
B R SR EE 2 ROBERAE, MRS in T 55
W E, SRS K . 224 Lk
I, ASCHE Y GPSC-GAN BEHUAE AR Jl %470 )
ERAAE G R R T LA S AR e
2.6 HFRIZHTIERE LR

MEIE GPSC-GAN B2 WiikfE, “RH 6
PR 5 GPSC-GAN #E47 Xt L 43 #F, 43 A
WGAN-GP . ACGAN .SMOTE . ADASYN ., Diffusion
GAN F StyleGAN-T, ek T3 3 Fimiy 7 Fhik
WAL 7 SRS i 5 L B I
BRI LA 5 AR AR SR . K,
FE AR 100 A ESCREAL R R 8
£ F 10 2 7 AMBORIAEINASE | 10 REEIZ1T)A



5573

TR, % FETURSTArFERE GAN BY AGV HL Il s i 345

IR SSLAPT HTES

100

90

80

—— GPSC-GAN —— ACGAN

60 —— ADASYN —— StyleGAN-T
WGAN-GP SMOTE

701 -~

HERIE/%

50 Diffusion GAN

40 I L I I I
300 450 600 750 900 1050 1200

BINREARL
B 10 TREHFES WA R B A 2R i

Fig. 10 Accuracy curves of different fault diagnosis models
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Tab. 5 Comparison of fault diagnosis performance

FEETR FI 40 RBWE% HAEFE%
GPSC-GAN 0.938 94.6 93.0
WGAN-GP 0.926 93.8 91.7
ACGAN 0.822 82.2 81.4
SMOTE 0.863 86.5 84.1
ADASYN 0.924 93.1 91.9

Diffusion GAN 0.915 92.4 90.6
StyleGAN-T 0.935 94.8 92.3
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Fig. 11 Test result confusion matrix

2.7 AL 1R

ik EE GPSC-GAN A= Ui AR (1) 2452
PRSI, R ¢ /- ARREALSRIR R A --SNE
(t-distributed stochastic neighbor embedding)*} 6 2%
W 2R Y AR A HEA T T AL R e AL PR, P 12
AR AEARTE — HEAS AR A G Ol . ATRLAR
A REATE A3 [ I I T ARG TR 54, A4
ANFISEEISHIHEATRIE, £ GPSC-GAN ] LA
RO RREA BB A1, HE— 2P UE T AR A



346 R 524 %
T ZHUREAT TS,
20 W 3 #Hit
151
i KN AGY 31 MR BRI A
g o AT 525 BIR P45 5 B BURIZ A 1 2
& 5 4 © A4 )R, AR SCEE T —Fh GPSC-GAN Hdfi s amsiny
T Eetks o BT R LTI ABSEEIETTY Wasserstein BREJLALF0E
e i KRR, JF4 ST A3 S B SN LA,
LA AT bl GAN BBl R

I} 1 1 1 1
25 =20 -15 <10 =5 0 5 10 I5
4l

B 12 HMERNTRES ]
Fig. 12 Visualization distribution of generated samples

2.8 Tl AGV RGHIAGENEHERES

SR GPSC-GAN MYl EEAE &L 5 T ity
NZRSREA I, (B AR e S PR Tl 3R g5 o
AT RIS N TR s . B0,
SEOP AR S LA A TR | R R TR A
AENZRSE S B & B AGY RGEFTRL & 14
ZtAa% 4, U0 NVIDIA Jetson Xavier NX 4
FWIAR G0 HI, AERE R rl A B
BAERRITT K oy BERg 2 A s S A, 1512
WA R i R 027 ST RE T, O SRR et
TR IO I 25, O ERE 2 AGV LT
Frepsgirh, A B RS TRINAE

HHIE GPSC-GAN Kt st 7 S I il e
WP R AT ATE , ASSCHE— X2 R R 14 3
GARERCRIAT T, BT 3 RN 7 M
W24, 14 GPSC-GAN 4 FEA 5 L SREA
RGN ZRi Bis Wik 2L, JFH HARE T NVIDIA
Jetson Xavier NX V-5, S50k B I2 W7 i e 1o B
] UG R R i A AR5 e i, B 702
RO, B EA 10 REATHEREEYLSL
gl AR R, ZBRTEIR A5 ERF 2B
FEIT R 0.16 s, WL AGV FRG0XH K A ) 4iE 3R 5
AR T 1.00 s BUSERHPEZOR . Frd Jr i AU A
R A REAS i 52 WP RE , 18 B B A i
GAHEPIROR, HATE T AGV it h S 7E Lk
P T 5 T P2 4 ) TR I A

B A S PR e ), SCRR 45 R, GPSC-
GAN E R EAEA SSIM #5 0.5. MMD ZJ°K
0.2, 2 FREARTHAHETR IS T HAD 6 Fh ekl
Ak, SRS W BE s R R BH, GPSC-GAN
B F1 A8 KRR 5 4 353 514 51 0.938 ,94.6%
193.0%, HINZAERAL N 7092 s,

TR AR B RE AR RE A R AIE Fi Ttb P BHL 57
WA RS ARG, 4555t
SRV 1 S IR RE ) 5 1 AR B AR A L
AP AL N, S AGV HLL 24 i
JEV SRR W) 55 588 R A AP BRI B R 5 L Ak
TAEK R TR G Y FRNL LA R 5T R > TR
PEFHSRYES T 10 S oM 7 3 55 T Ik

SE R

(1] NETR, SF5E, Bhli4, 55 3C BRERE L) 7 AGV

BRI ELEAD]. h R R AR (A AR
Ji2), 2025, 56(2): 514-535.
Sun Xiaofei, Guo Jie, Wei Canming, et al. Review of
AGV smart material transmission and dispatching in 3C
smart manufacturing factories [J]. Journal of Central South
University (Science and Technology), 2025, 56(2): 514-
535. (in Chinese)

(2] 2R, SKATT, THIE, 55 ZI& AGV ishnfiplLas
g L8 oM 4 M) €5 08 BE I SE (D). WLHL TR, 2024,
41(2): 327-336.

Li Zhengfeng, Zhang Dongfang, Ding Qicong, et al.
Green scheduling of job shop considering AGV transport-
tation and machine speed [J]. Mechanical & Electrical

Engineering Magazine, 2024, 41(2): 327-336. (in Chinese)



5573

TR, % FETURSTArFERE GAN BY AGV HL Il s i 347

(3]

FH MR, SLRTIREH, AR AGV JREEARALHY N
e R R MBS ERIR ], PRHIE R 24k
(HEARLEAR), 2024, 36(2): 337-350.

Tian Shuaihui, Huangfu Chengyang, Deng Xueping.
Review of application scenarios, key factors, and research
methods of AGV scheduling optimization [J]. Journal of
Chongqing University of Posts and Telecommunications
(Natural Science Edition), 2024, 36(2): 337-350. (in
Chinese)

WRATHH, A, S0, 8 AR HL I A RS A 3 A1 = vl i
AE AR SR PP M ik 0], AR SAR, 2025, 23(1):
120-131.

Chen Shiming, Fan Ye, Liu Jing. Frequency modulation
control method for large-scale distributed battery energy
storage systems in smart grid [J]. Journal of Power
Supply, 2025, 23(1): 120-131. (in Chinese)

AN, ARG, w2k, . R T B RS
FEIEIR[T]. HLURZAR, 2024, 22(5): 286-293.

Shi Haipeng, Diao Fengxin, Yuan Hao, et al. Progress in
failure analysis of lithium-based batteries under harsh
environmental conditions [J]. Journal of Power Supply,
2024, 22(5): 286-293. (in Chinese)

FARR, PREE, MOTR. BT SEER IR
RGBT ALt Z YRR U )], R E S RE
241, 2024, 15(3): 368-378.

Wang Jianjun, Chen Hao, Fu Yuancheng. Data-driven
fault early warning of electric vehicle power battery
based on ensemble learning from multiple dimensions [J].
Journal of Automotive Safety and Engergy, 2024, 15(3):
368-378. (in Chinese)

IR s kS A L 7 Ak e 1 2 7 SR R i a2
Wi BRI ], BERERLS: SR, 2024, 13(8): 2835-
2837.

Liu Junhong. Application of data-driven technology in
voiceprint recognition and monitoring diagnosis of power
energy storage equipment [J]. Energy Storage Science
and Technology, 2024, 13(8): 2835-2837. (in Chinese)
B, PNHRN, 257, 4. FEFFHERG{E TSCTransMix-
CapsNet )5l AR 5 B 43 SR B (7], HLAE T2, 2025,
42(4): 607-617.

Ren Yi, Sun Mingli, Luan Fangjun, et al. Bearing fault

classification model based on feature interpolation TSCT-
ransMix-CapsNet [J]. Mechanical & Electrical Enginee-
ring Magazine, 2025, 42(4): 607-617. (in Chinese)

[9] Xy, skifgte, SAS). S FUREE% > iRl R Ve
Y5 R EEIZWII]. HURSE, 2025, 53(4): 10-18.
Liu Diyang, Zhang Qinghua, Hu Qin. Deep learning-
based small sample expansion and intelligent diagnosis of
bearing faults [J]. Machine Tool & Hydraulics, 2025,
53(4): 10-18. (in Chinese)

[10] Mao Wentao, Feng Wushi, Liang Xihui. A novel deep
output kernel learning method for bearing fault structural
diagnosis [J]. Mechanical Systems and Signal Processing,
2019, 117:293-318.

[11] PRER, RO, R, 2. RE TR ) RRAE S ICRIRL

TRE SR ] LR S VU R 4 58 e 2 0], h
FEIHLA T, 2017, 28(9): 1056-1061, 1068.
Shi Peiming, Liang Kai, Zhao Na, et al. Intelligent fault
diagnosis for gears based on deep learning feature
extraction and particle swarm optimization SVM state
identification [J]. China Mechanical Engineering, 2017,
28(9): 1056-1061, 1068. (in Chinese)

[12] Wang Jingang, Liu Ya, Tian Tian. Fault diagnosis method
of wind turbine gearbox based on fusion multispectro-
gram and improved CNN neural network [C]// 2022 5th
International Conference on Energy, Electrical and Power
Engineering (CEEPE). Chongqing, China, 2022: 513-517.

[13] Li Pin, Zheng Pai, Yu Wenbing, et al. A novel multi-
view sampling-based meta self-paced learning approach
for class-imbalanced intelligent fault diagnosis [J]. IEEE
Transactions on Instrumentation and Measurement, 2022,
71:3527512.

[14] Goodfellow I, Pouget-Abadie J, Mirza M, et al. Gene-
rative adversarial networks [J]. Communications of the
ACM, 2020, 63(11): 139-144.

[15] X, Ul FIE. EHT2RMA GAN AT
BEARR 2], BRI S5k, 2024(3): 11-17.
Liu Xuefeng, Li Jingzhong, Wang Xianhui. Fault diagno-
sis of unbalanced databased on global optimization GAN
[J]. Machinery Design & Manufacture, 2024(3): 11-17.
(in Chinese)

[16] 250, KiesE, #K, 5. FET AT AR SR



348 i, b

E 4 %524 %

AR ARSI T, PAAHOR, 2023(8): 1-6.
Li Jie, Zhang Zhenhao, Dong Yabing, et al. Electric
vehicle battery data augmentation and fault diagnosis
based on generative adversarial networks [J]. Automobile
Technology, 2023(8): 1-6. (in Chinese)

[17] tRE LS, AEAE, A SCHF. JETARBEAET] Wasserstein
AR BT 28 R A O T[], AR T R4
(FIRBL2AR), 2024, 47(11): 1559-1563.

Xu Huibing, Li Daolun, Zha Wenshu. 3D digital core
reconstruction based on gradient penalized Wasserstein

generative adversarial networks [J]. Journal of Hefei

University of Technology (Natural Science), 2024, 47(11):

1559-1563. (in Chinese)

[18] Tong Qingbin, Lu Feiyu, Feng Ziwei, et al. A novel
method for fault diagnosis of bearings with small and
imbalanced data based on generative adversarial networks
[J]. Applied Sciences, 2022, 12(14): 7346.

[19] Li Wei, Zhong Xiang, Shao Haidong, et al. Multi-mode
data augmentation and fault diagnosis of rotating machi-
nery using modified ACGAN designed with new frame-
work [J]. Advanced Engineering Informatics, 2022, 52:
101552.

[20] Gulrajani I, Ahmed F, Arjovsky M, et al. Improved
training of Wasserstein GANs [C]// Proceedings of Advances
in Neural Information Processing Systems. Long Beach,
CA, USA, 2017: 5767-57717.

[21] Wang Zhou, Bovik A C, Sheikh H R, et al. Image quality

assessment: From error visibility to structural similarity

[J]. IEEE Transactions on Image Processing, 2004, 13(4):
600-612.

[22] Duan Feng, Zhang Shuai, Yan Yinze, et al. An oversam-
pling method of unbalanced data for mechanical fault
diagnosis based on MeanRadius-SMOTE [J]. Sensors,
2022, 22(14): 5166.

[23] Guan Shan, Yang Haiqi, Wu Tongyu. Transformer fault
diagnosis method based on TLR-ADASYN balanced
dataset [J]. Scientific Reports, 2023, 13: 23010.

[24] Yao Feifan, Zhang Huiying, Gong Yifei, et al. A study of
enhanced visual perception of marine biology images
based on diffusion-GAN [J]. Complex & Intelligent Sy-
stems, 2025, 11(5): 227.

[25] Sauer A, Karras T, Laine S, et al. StyleGAN-T: Unlocking
the power of GANs for fast large-scale text-toimage
synthesis [C]// Proceedings of Machine Learning Research,
Edmonton, Canada, 2023: 30105-30118.

fEE T

FR(1983— ), L, EIE1EH, B
1 W 1 P 1 [ P £
A, M4 H AR, E-mail: gaoying
1983sz@163.com,

FRYA(1988— ), 2, ft, P,
W rinl . otay, Plas:>) . E-mail:
qimei0916@163.com,

EH986— ), %, Wit @A
o WEFETT I AL — AR HR C E-mail :

wangmin@jssve.edu.cn,

S

TS FELE)



