2025 4F 12 H
FEA3EFE M

Journal of Northwestern Polytechnical University

Podb Tk K2 % Dec. 2025

Vol.43 No.6

https.//doi.org/10.1051/jnwpu/20254361224

Z£ 4| LSTM F0 i3 Transformer BX & 45 1F 2 BV Y
PEMFC | & F & & il 5 7%

S, B KRER?, HHG

(l.éd‘l‘ls*c‘@jt%é H ik 5 TSR, Bl 2M 730070; 2.2 MNASH A% SR, Hlr 22 730070;)
3.2 MR B AL TR B, Bl 22M 730070

B E. R B RF R (proton exchange membrane fuel cell,PEMFC ) 1 3818 44 6 45 5 T 52 32
FF PEMFC % %o fb o 24k 12 M ge B AL TR 7 ik — Al i LR AR A Fe 0] 3 0k SR 20, JF a8 i Ak
AER AR o Sk SE MYV B TR A . AR AT A I K B 8] RBEPIT R 80 0 0 S AR % JE R 46 74,
Pt B — P K42 8192 0C W 2% (long short-term memory , LSTM ) 45 &2 3% Transformer J%-&-45 4E 42 BUEE
VAL PEMFC #r i & & 6945 7 T, X T4 4 Transformer & M 47 ALK MEZE R T
PEMFC RUL F#] 89 B # A Transformer #2874 , f£ 4540 LSTM 44 2k & £ A5 Transformer 27!, #3%
LSTM #5452 Transformer BRA4FAER ML | EARE Fh SFeth 3 & TIUT 5 413 LSTM B ARAY
2 W %-( convolutional neural networks,CNN) .CNN-LSTM . # it A& Transformer FeB 445 442 BOBE AL #E 4T
B ETRN A BT, 2R A, Bt Transformer Ao TR ABEA £ 34 75 AR £ E T34 5F
ZE Ey Ao R 54547 LAag T A st sbAR R 3 0 B 54251, 60 T AT 4R TRmI AR R Ak % . — 2 42

3% PEMFC % RUL T 4% &

x &
HRESZES . TMI11.4 MERFREAD A
it 22 4 %R BL HL 3t ( proton  exchange
membrane fuel cell, PEMFC) 7E 4255 A3l 4345 &
H DL R A5 A R IR A5 2 A Gl R B 1)z W e T I
sl BRI, PEMFC 952 I F P Bt 32 1 7 s 18] 11
RO SRR I B B T e e, S8 hE
TR TR AN P AR U R AR T oK BRI T
PEMFC (195 Ml AL AR RS, A e 52 e ]
RG] S AN e Oy o i g T g s A
iR W AR X PEMEC B4 i IR 25 2847 1
AT DA B M AR Ak e # A &L i
1117 R U 24 A 4EP T AE K PEMFC #Y IR A7
KT PEMFC 5y W0 F 5% 3 A A8 3K 5l )y

Y75 B H9:2025-03-27

EEWA : HRA BRI B 54 BHIFEE 4 — 85 H (25JRRA1165)

S AU 0 B E R W] (20210X2021) BEH)
EEB N s K(1996—) W5t
BIS1EE KNI (1978—) , #4%  e-mail : zhangjg7715776@ 126.com

TR F R MR o T KA TN ) % BR A S AR AR IR
M E RS 1000-2758(2025)06-1224-11

W BRI A L R B A A RS R L B
TR 57 W 5L T % PEMEFC PN 34 B AL 2% 5o 72 (9 T4
B VST G ok N B AR RO 4 iR PEMFC
(1) AR J B RN & AL AL, A T 75000 4 R AR Ak Fn
RUL, Futter %) % &7 PEMFC 21 1)2 ifi 1) & 1k
ML, EE57 T PEMFC A[RE1T AL T Bb B8, o
ST A 700 J2 0T 28 46 B 1 2 AL AL B AT T A
B (X T B AR 1 | B iy o 6 SR S Bk 1
KIUIAT Sy 00 T 00 e = S B0 96 0F . Ma 45 BF 5% &
IR, S EL Sl PR 1 F Ak 2 B N 23 5 | R IR R
PRI i DA S W A AR AR A X s AR b 2 5 305
T B AR AR 2 A SR U2 A R R R
JER AL, BJEARFE A THE BRI E AR [F] T80T B
NEEFZARRE ST . ALK B AR SR RE S AR 1A
PEMFC PAB45- 20 14 4 B PR 42 1 6 kb 42 LD B A
B AL R A R 22 1) 2 2 1) 22 ROBE R 5 B
BT EORE R SO 25

B B Sl TN 32 R FH K R S B S R A



%6

i K, 2 455 LSTM I Transformer BEA 4 MEH2HUAY PEMFC F8) 4% {6 FH 75 i T v

< 1225 -

RUHEAT YN SR , DTS2 B H Tt M BB AR AL A RUL 194
BT, AR5 I ATE T AN B 56 4 PR A 4
F, Yt A S 4 e AR AR AL T AR T L2 2 2 DA
[ sl i s ) R 3 R L
UK 7 i A B /N 3 S RE 1) £ ML (least squares
support vector machine, LSSVM) "' & Hrid FRAR 2525
[B]#%7) ( Gaussian process state space, GPSS) H0J 1 44
Pl Ze 46 A, SRy T R R TR B Az Ak
RET, —SEWFIE I 5 TR R [l Bk 2 A i T Y
Ty, 1 N 4 BB 25 Y 4% ( convolutional neural net-
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AR IRE DT B RS A BB O Sl ALK
WS I7 AL, i 45 S PEMFC (99 BERRS
SRR (R B, ST A L T SR Y A A T
AR T RUL T 68 B AT S S AR 1 X
REE: fe S g s e A S, TR R A R K B i 4 T
DL i PRSI A kb SR A R ), SR TR
VE R R R A S AR R, 5 B — AP AR
AR LIS PE e 5T R Z [ 1 & 5 A, 7E S50
TR O LSS A8 T AR R A 2k AR R A dE
P

i iR R B, A B PEMFC 73 6y Tl
T3 125 Bk /0 %of 2 A0 KA vh 4 RRAE Y 5 O, JF B
PEMFC 52 2% TAEHL ] 5 BOH 2 AL s HE e e 45
AEFZERI X, X 25 RUL F5000 J5 v 00 fdf il ofe 1 3k
ik o ﬁt,%ﬂjﬂﬁ LSTM 4% -4& k¥ Transformer B
B FFIE SO 7 2, 5 LSTM I F50i f 6 S
PERELE A 2t Transformer 5 7Y (1) 22 3k 73 5 1 ML
FEIBCERE b i 405 R AR A2 Ak, LUNE XS PEMFC &2 2%
AL BRI SR 3 5 B0 RUL F500KS B2 52 BR [7)
RN LB TR T 4 07 vk AR E AR RO

1 PEMFC &k

1.1 HEHESH
PEMFC % 1k 52 5 %45 >k H ok B 1IEEE 2014

PHM HcdfHk % 4844 o 1th 2 10 B 45 R Green-
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WA EE) T — WA 25 B LSTM BB AR 45 24
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AT MRLFGA AR (1) ~ (5) PR,

F,=c[WX, +WH,, +B,] (1)
I,=0[WX, -WH,_, +B,] (2)
C =tanh[WX, + WH,_, + B, ] (3)
0,=c[WX +WH_ +B,] (4)
H, =0, x tanh(C,) (5)
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Q =L(X)=XW, (12)
K=L(X)=XW, (13)
V=L(X)=XW, (14)

A, L RN B ZI85HAT
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3 Transformer FEK A 45711 H BCT00 I A5 Y 37F 47 25 31|
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HH R B £ JERD B IR 2 R B R {5 S, S5l o ke
A FNARZAMEAAE o T H 5 i o T b
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P, P 000 2 6 L an 1 5 T, T R
HRRUNZREE 5 L 50% Fil 80% (5t LL &5 4R, Bk &
R H2 BRSO AR 50 7 I 2R A 1K 3 60% B HORS B A
RTINS LSTM  CNN, CNN-LSTM 3l 5 71 9
ZRAE LT R E] 70% L b A e B B L R
PRBE T A% S0 0 S P00 ) 245 5 B2 R 114 1 sk 45 ds
HEAT VIR A R A BT WORE B B DI 2 o Lh i /N
SORAIYI 25 B Bt JC 5 78 40 £ BB B0 B 5 AR TR A
BT LARE = N ZRAE o LTRSS TR T
SR EACHE Transformer HUAR 7Y T3 U 285 S o mT DL A&
PRYNZREE (5 FEALAN 509% 7510 2% S5 el il An i s el
EH R EARREE - XFEBRET
Transformer T HA ) 223k B 45 I HLENH HAEY 2k
B Bt RS H O30 3= 5 1) D7 S0 BH AR E PR I A T
B B S B T o R OO A M R
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MEE ARG T2 1 iR, & i al & Bt il it
Transformer # B [) 3 AN TEHY 8 b B0E 5 AN 88 T F
7, HoAx 4 DTN E o F1E,, BIBEE I ZR4E
7 FE R BRI S R BEAE VIR & iR
BRIOES e R S B R — 2, BA
O A 7Y SRR 5 AR 1R 22 A4 T LSTM , CNN-LSTM
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29.13% , Bk Transformer T A5 A B3 14 J7 AR 1%
ZAEET LSTM  CNN-LSTM F1 CNN #5558 43 51| A& A%
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&, HE Transformer TR AR Y X #5245 T 00 Hd
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CNN-LSTM 1942 172.4  -0.49 A PR R K 52 0 G A B 52 M) - T A 754 ) 00
CNN »19 21 015 HEBE, SR LSTM  CNN A1 CNN-LSTM A% % %t T 5
LSIME 19591071 =0.21 25 T8 F U B0 B (2 25 T B Transformer
Transformer 36.69 17.62 0.92 AR NN I\E’Jfﬁﬂﬂ *
” O A BB L HO P AR UM, LSTV AT
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CNN 10'1 7% 0' 48 B I HoH JE 2 AR AL T MR BE RIS, 2 B DR AR A |
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80 LSTM-TS 151 891  0.98 W L Transformer FIIE & 30 AR 7Y X6 %4 4 Pt
CNN-LSTM 18.1 135 098 BIATR K H 98 N 6 B 8 E B B il g
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e sal — WS
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2 ﬂ?é;?% .légtthSO% a) PSR A 50 %
— AR B
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A 23k F B S WL T RE BRI B
PRUCRE Sy, Pt s P sh A 1 35 4 38
PR R, AR R ] DL & B LSTM , CNN Al
CNN-LSTM #HI E i Fl Ey A RS I 2R 5 L3
PNIE PN NS NGB SR SE A€/ T3
o5 FH K 52 B4 % T LSTM . CNN Al CNN-
LSTM A7 [ 0 14 BE A 38 R, 20 Transformer
BEAI 3 A TEM 8 AR A R TR, TN 10 A
T E s T E il AR T AR AR R 873 2 T3
ABRAY 3 Fm e A R — K
%2 BEIRFARIGESSTHMBLLER

ilifi T 5 v Epys Ey, R

LSTM 42.24 20.07 0.975

Transformer 35.77 14.93 0.982

50 LSTM-TS 15.17 7.73 0.997
CNN-LSTM 29.8 25.2 0.987

CNN 14.8 7.79 0.997

LSTM 40.931 21.46 0.974

Transformer 32.06 14.08 0.984

60 LSTM-TS 15.43 8.39 0.996
CNN-LSTM 65.8 45.3 0.932

CNN 26.2 12.1 0.990

LSTM 51.27 27.15 0.955

Transformer 34.6 14.99 0.980

70 LSTM-TS 15.89 8.96 0.996
CNN-LSTM 55.1 37 0.949

CNN 48.3 28.4 0.961

LSTM 64.17 35.25 0.946

Transformer 41 16.01 0.978

80 LSTM-TS 20.68 10.89 0.994
CNN-LSTM 33.6 28.3 0.985

CNN 69.2 42.2 0.939

R T B UE R Transformer FIE G 110 452 75 77
SHAS T X8 VI 25 i i MO 1 K N R 48 o L
G35 E R 40% F1 45% AT ZR i, Hor 45% 1|
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Remaining useful life prediction method of PEMFC based on joint
feature extraction of LSTM and improved Transformer

HAN Yunfei', GAO Fengyang', ZHANG Jiangang’, HUANG Jiaojiao’

1.Automation and Electrical Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China;
2.College of Mathematics and Physics, Lanzhou Jiaotong University, Lanzhou 730070, China;
3.Bailie Mechanical Engineering, Lanzhou City University, Lanzhou 730070, China

Abstract: Proton exchange membrane fuel cells (PEMFC) are a crucial component of modern sustainable clean
energy generation technology. Accurate prediction of performance degradation is key to enhancing the performance
of PEMFC systems and is also an important step in promoting this clean energy technology for broader applications.
Traditional methods for predicting performance degradation typically achieve their aims through mechanistic models
and forecasting algorithms, refining model parameters and algorithm structures to improve accuracy. However, these
methods often fall short in fully considering the detailed characteristics implied by aging data over long-time scales
and the phenomenon of voltage recovery. Therefore, this paper proposes a predictive model that combines long
short-term memory ( LSTM) networks with an enhanced Transformer for joint feature extraction to achieve precise
predictions of PEMFC output voltage. Initially, based on traditional Transformer architecture, an optimized design
is performed to build an improved Transformer model suitable for PEMFC remaining useful life (RUL) prediction.
Secondly, the improved Transformer model is embedded into the conventional LSTM framework, constructing a
combined LSTM and improved Transformer joint feature extraction model. Under steady-state, dynamic and pseudo-
dynamic datasets, finally, the LSTM, convolutional neural networks ( CNN), CNN-LSTM, the improved Trans-
former, and the joint feature extraction model were evaluated for output voltage prediction and quantitatively com-
pared. The results indicate that the improved Transformer and the joint prediction model show significant improve-
ments over other comparative models in evaluation metrics such as RMSE, MAE, and R’. This confirms that the

proposed prediction model can enhance the RUL prediction accuracy of PEMFC to some extent.

Keywords : proton exchange membrane fuel cell; life prediction; long short-term memory; joint feature extraction
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