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hold broad prospects in various fields, including transportation and distributed power
generation. However, material degradation and operational fluctuations induce various faults,
thereby compromising FC reliability and durability. Electrochemical impedance spectroscopy
(EIS), leveraging its unique advantages of noninvasive perturbation signals and
multifrequency characterization of internal processes, accurately resolves state changes in
ohmic losses, charge transfer, and mass transport within FCs, making it a core technology for
fault diagnosis. To satisfy the engineering requirements for online real-time diagnosis, this
study systematically reviews the research progress on EIS-based FC-fault-diagnosis
technologies from a full-process perspective of online diagnosis. Regarding measurement
system optimization, existing EIS techniques are summarized from three dimensions:
hardware integration, excitation-signal design, and output-signal processing. For feature
extraction, the applicable scenarios and performance characteristics of methods including
equivalent-circuit model fitting, distribution of relaxation times analysis, and convolutional
neural network-based end-to-end learning are reviewed. For online diagnostic strategies,
existing approaches are categorized into model-based, data-driven, and hybrid methods, and
are comprehensively compared in terms of their diagnostic accuracy, response time, and
applicable fault types. On this basis, an EIS characteristic-signal-induction framework
spanning both material-induced and operating-condition-induced faults is constructed. Using
Nyquist plot morphological evolution as a unified descriptive carrier, common fault
characteristics on the complex impedance plane are condensed into a baseline reference for
different diagnostic methods. Finally, the practical research and application outcomes of
various diagnostic strategies across different FC types are summarized alongside material-
induced and operating-condition-induced fault classifications. The application prospects of
online diagnostic technologies for fault-degradation-trajectory modeling and extreme-condition
adaptability are discussed, offering scientific guidance for overcoming the barriers to online
EIS-based FC-fault diagnosis.

Keywords: fuel cell; electrochemical impedance spectroscopy; feature extraction; on-line

fault diagnosis
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Fig. 1 Schematic diagram of on-line fault diagnosis for fuel cells based on EIS
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Fig. 10 CNN: (a) Schematic diagram of structure®; (b) Normalized impedances mapped into a 2D matrix®”;
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Fig. 13 Flowchart of the application of machine learning-based diagnostic technology in FC systems
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Table 2 Performance comparison of online fault diagnosis methods
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B A SR, K BRI ERE ) K AMETR
B . EIS RHIE S H 5 0 A8 A0 R SR AE A R} Y W 1)
REEUEYE, 456 TOU 45 1 R AE 58 35 BB AL 4347
AT & 5 SRR 212 Wit 7 ] R
FC 1K W32 47 7T FE 1% 5 2505 52 31 P9 3 M ) 2
R R 25 RO . 24k S R EE B AR AE R B g e
kORI, HARAREFE T MRHESNTET . 3
BEAE F Bt B RN R, BN S5 A R AR A R AR
th, BASFBEEMMER TR, SEGH
PERE T B, Onanena %"/ 4 | — i kL T EIS
MRS i, MBETIE H SR IURRAE SR Al SR R)
FEL Vb (0 A B TAD, 3 9 O o A i A
Wang S5 F B Ak it 2270 ENS KA e KARE FL L 1)

ZACIRDL, SR AR AF T S HUm AR Hh £ A0 EIS
i, IR AR B ERE EIS 1L OF £
EARZ . [FIRE, LS 1 R A AR AL i £ AN
EIS H$ B 55 1 AE IR AR 5C AU RFAE T Aok A 5
RS . Vianna S ) S BH 5T AN B2 B 4701 70 1
DNFFAEPPAS TN 1 r it Z AR o IXLEHE 7T o
EIS fE AL AN TN FC [K & AL T 51 S f R4 R Y i e
R 1T -

AT AR BRI s PR AR DT T DR S5 AR 2
bR EIS RHIERT L C BN 248, EIS 5DRT. SEM.
XPS SRR AL T BU 4 5, M AL A N5 R0k
ZER PN R RS T SR, ST BT
AERIARHR AR A 5 b TSR AL 1 B AR .



% 9 4

£ TEE T EIS BRI SRR AR 22 Wi TRt

3817

3.2 TRIFESEHE

FCIMX R G — A a A TOLEE . (5 SR,
BEab P 5 e inedss il i) B AR s R R G, AR
() 5 P BN A AT RE U IE AT T, R MR . X
RLHUFHF MR E 5 /T2 T S50 R B R
bV T I VU R S AR DG, AT LR A A 1 e S R
AR S VRO . R TR R S AR R A S Y
Jei, WA PR AR B K, R I T RO R 4R
ZHHEA.

Huang %5 H DRT 73 #1 7> &5 EIS it 72, i
53 AT DRT i 193844, 1530 BH AR A0 BH A% A (0 K 4 5
MR . Zohra 207 i FFT-PWM £ R AR 1k
EIS &, % 0.1 Hz~10 kHz 45 2 7t [l 11 PHLHT 54
SRAER (A1 4555 25 3 min P, Bl G 8857 B S5 3
PEALAY, T RE AR A KR T EIS 1R EE AR BHAT M
R, B EIS ZHU4E 9 ANN Sy N HR4E, @i I )5
(110 20 DX 265 73 218 2% ST /KCAE B T 000 53 A e P v 28K
Ko, 2 W e 205 92% UL L, S54% 4 BB i
R} Pz AR A ) 7K M R R AE A P2 B R . Xu 5P
FINT MCNN H T2 W, SR8l 11 8 n] = i, 4
B iy e S % W 1 g B B 12 W . L SRR AR
T TR AR EIS K B R AR 2R 2 W
%, LL0.4 Hz. 1 kHz NFFIESIR, 454 Salp BEH
AR R(RQ) S 2% FL B B B SE R BH Bt 2 4, 96
HPSO-BP &2 4r K25, X /K ik it
T2, HEMZIA 95.56%. Moussaoui ZEJT k&
THRAG SRR E T H, HF SOFCMEELZ
b R0 LR ) s A LR R, i T 15(a)~(b) T
Le ZE0NE ML 85 2% 2] J7 v N A T SOFC & 42 i,
IE R R R ) 3 A R AR ) SOFC HE 7 B4R k) 40 it A
BIv B ISR E N PH AR T8 = Fh e K 355
BN EIS E0ds, 4 2 H0H A I it 42 I 2% [ )5
MERFN S FE M R AR, 7 [ 5 T Wb
FUEH A 95%- 5 T T 4 ik i K 90%,
WK 15(c)Hi7~ . Subotic @ LI HR 7T T A4
RS & 45 SOFC #5 & & v, 78 750°C/
800°C T4 R A RIS A pkiF k7750
J AT B HON T g% SOFC It REfIREN, 2 EIS &
B AL A BT AT 120 hKTINR, R 750°C T
A IBAT R FITSR S s or £, R
WESE EIS W B R B U AR L NI T AR 55 P A 301
%, W 5(d)Fis.

BRI Rt b S R I PUR G N VAR B S
mo BT EIS 2 I BORAE B — s Ry Tl T
. IRT, TRESERR 2 AR S S REE LR
PR, FBPLPURAE S )R B, 2 Wi Ik
REIEN . AR J3IT R T G R B A2 W
Jitk, EESLERREE I TR &R, T FC &
2] O BT N 0 P T E T3

4 REHREZE

N T B FCAE AR N 37 5% o ) w58 14 40 i
AN, xR AT £ 2R R 12 W e R SRR R A
R0 BESE TP o AR SCMAE 2 N ) P 230 2
T EIS 1 FC#mfE Lz Wi se it fig, MEISHAR
PAL . FRAESREL. PRI W =N J7 43 S S5 A
Jilh, FRERIRAE L Wi RAE FC AN A i R A o
AR o AR 2B 5 VAL SRR AE 402 W U T HRAS
FHERE, BRI, X ARK AL
B, ARSCERRBAT L

(1) ZLE T K EIS 1 I ECE 1 iR A 5
AR . A HTRE FT 2 TR AR T B[] i R e R )
K, RS R 2 BHE AL . AR
KINELL EIS Bt , Mo P mes i,
SUY T S M YT O R ) 2 B BOR R Y s i3t — o
R I e PN B35 S Bt e L ST TR 15 4 4 SR
s, LR FC KA T K.

(2) HEEISTEARMMIERZN . =RE. K
W KIS AT S TR RS ), ek
b LOUSBERF AR s AT 2RI kI s, PR %
PREEYIRELIE, KM Z MR G I TmiZ W, 185
R TOUT R (L fE

(3) HEBE AL AL 5 IR B2 2 SRR F R i
& RIS TR S & . SRR %
t, WEE B AR N i R EIER], RS SR
Gl i, RRMRRREME TR, TR BELEE
75 R BRI R, (2 4l SRR E ks T
Sk

(4) ZAFORL SR FREER IR, RFEA L
RIXFMVEMEL, LG — Mk b7 8 5 RHE b
VB A b, LT R A DO R A ISR R A
S W R UESREAE, I I T EIS BVRL F i itk
PR AE LA W EOR T AL 7 L

(5) s [E 4L EIS B AF 5 8 H) B LT 156



\ ‘ N S, e >
3818 it B8 B ¥ 5 # R 2026 55 15 4
0.15
R €06
§ 0.1 5
S 0.05 Go4 /
R,‘ 0 ‘RII 0.2
-0.05
0.2 '(_J.3 04 05 0 2 4 6 0 0204 06 08 1 0 02040608 1
Z'in Q cm? Z'in O cm? Z'in Q cm? Z'in Q cm?
02 P2 5 P2 H./N,-FU 1LN\P1 02/N-OU 15 P1 Air [Nml min™]-OU
; 4 = Ay g e
50.15 PG 5 0/40.52%| O - 14/86-60% |5 143-77%
pue 3 ——400.5% 0.6 —— 10/90-75% 1 —— 112-80%
0.1 c T 0i80.80%| = ——8/92-83% |C ——100-80%
So P3 £2 —fames =07 ’33@3-&05 -
.05 P5 > - 9 / — 4 : ——143-90%
LA P4 TN b3 pa e o 0-(2) JAR B2 P3pa pshe P2 P3paP5R6
10710° 10! 10% 10° 10* 10° 01071 10° 10' 102 10° 10* 10° 10110O 10 10°. 10° 10° 10° 10110O 101 102 10° 10* 10“
fin Hz (@) fin Hz finHz (b) fin Hz
train set: R?=0.915 =, 0.7 train set: R?=0.994
1.20 {a“tda“to%fe%’;; 0.861 o 0.6 ;/antdantor;??et(:)fg?;o.ggz 600°C C
- est set: R?= o 0. est set: R?= 0. — ar
%1.15 % 0.5 === 600°C Cgy
° c 04 ——800°C C
g110 £o03 a0 o
£ @ 800°C C.nr
21.05 w02 .
S 0.1 —1000°C Cg4
1.00 0 = s o5 o ===1000°C Cqr
0.900.951.001.051.101.151.201.25 . 4 I )
f, predicted f, predicted ® TestA
0.10 Test B
’ Valiiaton set, F0.9 @ TestC
80_08 test set: R?= 0.921
20.06 ,
_§0_04 Carbon deposition-free region 0
«20.02 0 20 40 60 80 100
0 S
-0.02 0 0.020.040.060.080.091.00 Oxygen
f; predicted (d)

(c)
E15 (a) PRRMLIE™; (b)z= KYLIE"Y;

(C)BIFEZREFTHR™; (d) C-H-O 7B RE™

Fig. 15 (a) Fuel starvation"”; (b) Air starvation"*; (c) Fault-severity prediction"*; (d) C-H-O ternary diagram'”

jj ’

Fi/N 5 EBRSEREK I ZER . ZHET, EAAE

EISBEF B WA 7 AR T, %0l Fr 2 1]

TN, HAERRE AL

LA
Ae1Zz

Wi ST R T5

T RN . AROR T 35 BRI i 2 M Tl 2

RIS BE L R TIFE
S, [FD IR E 2

i A B A A ENS SR AR
SWiRIEE, HESHEISH

ARAE FC 2 A i Ji 91 B rp (O RUARSAL LA

& £ X #f

[11 YU D, LI X J, ZHOU F, et al. Online fault detection and isolation

(2]

of PEMFC based on EIS and data-driven methods: Feasibility
study and prospects[J]. Journal of Power Sources, 2025, 641:
236915. DOI:10.1016/j.jpowsour.2025.236915.

US Department of Energy. An integrated strategic plan for the
research, development, and demonstration of hydrogen and fuel
cell technologies[R]. Washington DC: US Department of Energy,
2011: 1-73.

E X0 B HLA R, E R B 2R 5 & . BT A e R R
FL I 555 2 38 4 T S8 F B R 4% GBIT 20042.2—2023[S].
5 AR AE R, 2023.

[4]

[3]

[6]

[7]

State Administration for Market Regulation, Standardization
Proton
exchange membrane fuel cells Part 2: General specifications for
cell stacks: GB/T 20042.2—2023[S]. Beijing: Standards Press of
China, 2023.

PAN W T, ABUKER Y Y A, MAO L.
effectiveness in polymer electrolyte membrane fuel cell fault
diagnosis[C]//2019 Prognostics and System Health Management
Conference (PHM-Qingdao). October 25-27, 2019, Qingdao,
China. IEEE, 2019: 1-5. DOI: 10.1109/PHM-Qingdao46334.
2019.8942975.

LIM I S, PARK J Y, CHOI E J, et al. Efficient fault diagnosis

method of PEMFC thermal management system for various

Administration of the People's Republic of China.

Investigation of feature

current densities[J]. International Journal of Hydrogen Energy,
2021, 46(2): 2543-2554. DOI:10.1016/).ijhydene.2020.10.085.
ZHOU S, WANG K Y, ZHOU S W, et al. Features selection and
substitution in PEM fuel cell water management failures diagnosis
[J]. Fuel Cells, 2021, 21(6): 512-522. DOI: 10.1002/fuce. 2021
00045.

PADHA B, VERMA S, MAHAJAN P, et al.

impedance spectroscopy (EIS)

Electrochemical
performance analysis and
challenges in fuel cell applications[J]. Journal of Electrochemical



gl ] £ TEE T EIS BRI SRR AR 22 Wi TRt

3819

Science and Technology, 2022, 13(2): 167-176. DOI: 10.33961/
jecst.2021.01263.

[8] MIN T, ZHANG R Y, CHEN L, et al. Reactive transport processes
in proton exchange membrane fuel cells[J]. Encyclopedia, 2023, 3
(2): 746-758. DOI:10.3390/encyclopedia3020054.

[9] MA Y Y, WANG X Y, YUAN H, et al. Review of electrochemical
impedance spectroscopy in fault diagnosis for proton exchange
membrane fuel cells[J]. Renewable and Sustainable Energy
Reviews, 2025, 211: 115226. DOI:10.1016/j.rser.2024.115226.

[10] BECHARA C, FRIEDRICH G, FORGEZ C, et al. Embedded
spectroscopy: Potentialities and constraints for onboard battery
diagnostics[J]. Power Electronic Devices and Components, 2025,
12: 100118. DOI:10.1016/j.pedc.2025.100118.

[11] RIA A, MANFREDINI G, GAGLIARDI F, et al. Online high-
resolution EIS of lithium-ion batteries by means of compact and
low power ASIC[J]. Batteries, 2023, 9(5): 239. DOI: 10.3390/
batteries9050239.

[12]LI Z L, OUTBIB R, GIURGEA S, et al. Online implementation of
SVM based fault diagnosis strategy for PEMFC systems[J].
Applied Energy, 2016, 164: 284-293. DOI: 10.1016/j. apenergy.
2015.11.060.

[131ZHANG X J, ZHANG T, CHEN H C. Implementation and
optimization of perturbation currents for vehicular proton
exchange membrane fuel cells online electrochemical impedance
spectroscopy measurements[J]. Fuel Cells, 2024, 24(1): 17-31.
DOI:10.1002/fuce.202300114.

[14] FORTIN P, GERHARDT M R, ULLEBERG @, et al. Multi-sine EIS
for early detection of PEMFC failure modes[J]. Frontiers in
Energy Research, 2022, 10: 855985. DOI: 10.3389/fenrg.
2022.855985.

[15]ABUKER Y Y A, LIU Z'Y, SHOUKAT A, et al. Efficient diagnosis of
water management faults in polymer electrolyte membrane fuel
cells using optimized multi-sine excitation signal and TimesNet[J].
Journal of Power Sources, 2025, 635: 236559. DOI: 10.1016/j.
jpowsour.2025.236559.

[16] LIU Z M, WANG XY, CHANG G F, et al. Online monitoring of fuel
cell electrochemical impedance spectrum with multi-stages multi-
sine signals based on DC-DC converter[J]. IEEE Transactions on
Power Electronics, 2024, 39(12): 16826-16838. DOI: 10.1109/
TPEL.2024.3448530.

[17]1JIANG P K, CHEN J, JIN L, et al. Adaptive condition monitoring
for fuel cells based on fast EIS and two-frequency impedance
measurements[J]. IEEE Transactions on Industrial Electronics,
2023, 70(8): 8517-8525. DOI:10.1109/TIE.2022.3220843.

[18] DEBENJAK A, BOSKOSKI P, MUSIZZA B,

measurement of proton exchange membrane fuel cell impedance

et al. Fast

based on pseudo-random binary sequence perturbation signals
and continuous wavelet transform[J]. Journal of Power Sources,
2014, 254: 112-118. DOI:10.1016/j.jpowsour.2013.12.094.

[19] SHENG C, LEI J Z, ZENG L H, et al. Online impedance spectrum
measurement of fuel cells with discrete-interval binary sequence

signals[J]. IEEE Transactions on Industrial Electronics, 2026, 73

(5): 7949-7959. DOI:10.1109/TIE.2025.3645396.

[20] DU R B, WANG X Y, DAI H F, et al. Online impedance spectrum
measurement of fuel cells based on Morlet wavelet transform[J].
International Journal of Hydrogen Energy, 2021, 46(47): 24339-
24352. DOI:10.1016/j.ijhydene.2021.05.012.

[211DONG Q C, ZHOU Y F, LIAN J, et al. A fast fuel cell EIS
measurement method based on square wave excitation and
modified wavelets[J]. Journal of the Electrochemical Society,
2023, 170(4): 044502. DOI:10.1149/1945-7111/accab2.

[22] PY B, MARADESA A, CIUCCI F. Gaussian processes for the
analysis of electrochemical impedance spectroscopy data:
Prediction, filtering, and active learning[J]. Electrochimica Acta,
2023, 439: 141688. DOI:10.1016/j.electacta.2022.141688.

[23] KASPER M, LEIKE A, THIELMANN J, et al. Electrochemical
impedance spectroscopy error analysis and round robin on
dummy cells and lithium-ion-batteries[J]. Journal of Power
Sources, 2022, 536: 231407. DOI: 10.1016/j. jpowsour. 2022.
231407.

[24] SHEN J B, WANG J C. Analysis of DC link oscillations in a hybrid
fuel cell powertrain brought by in situ converter based
electrochemical impedance spectroscopy[J]. International Journal
of Hydrogen Energy, 2020, 45(55): 31080-31090. DOI:10.1016/j.
ijhydene.2020.08.146.

[25]GINER-SANZ J J, ORTEGA E M, PEREZ-HERRANZ V.
Montecarlo based quantitative Kramers-Kronig test for PEMFC
impedance spectrum validation[J]. International Journal of
Hydrogen Energy, 2015, 40(34): 11279-11293. DOI: 10.1016/j.
ijhydene.2015.03.135.

[26] XU J H, ZHANG B X, ZHU K Q, et al. Fault diagnosis of PEMFC
based on fatal and recoverable failures using multi-scale
convolutional neural networks[J]. International Journal of
Hydrogen Energy, 2024, 80: 916-925. DOI: 10.1016/j. ijhydene.
2024.07.190.

[271TEO D K X, MAUL T, TAN M T T. Method—An investigation into
post-hoc analysis methods for electrochemical biosensor data[J].
Journal of the Electrochemical Society, 2024, 171(2): 027525.
DOI:10.1149/1945-7111/ad2313.

[28] LE CANUT J M, LATHAM R, MERIDA W, et al. Impedance study
of membrane dehydration and compression in proton exchange
membrane fuel cells[J]. Journal of Power Sources, 2009, 192(2):
457-466. DOI:10.1016/j.jpowsour.2009.03.027.

[29] REZAEI NIYA' S M, HOORFAR M. Study of proton exchange
membrane fuel cells using electrochemical impedance spectroscopy
technique-A review[J]. Journal of Power Sources, 2013, 240: 281-
293. DOI:10.1016/j.jpowsour.2013.04.011.

[30] HEIDARI H, ESMAILI Q, RANJBAR A A. Model-based diagnosis
of proton-exchange membrane fuel cell cathode catalyst layer
microstructure degradation[J]. International Journal of Energy
Research, 2022, 46(15): 24408-24423. DOI:10.1002/er.8755.

[31] DIERICKX S, WEBER A, IVERS-TIFFEE E. How the distribution
of relaxation times enhances complex equivalent circuit models

for fuel cells[J]. Electrochimica Acta, 2020, 355: 136764. DOI:



3820 & fE

Bo% 5 R

2026 #5515 %

10.1016/j.electacta.2020.136764.

[32] XIAO F, CHEN T, PENG Y L, et al. Fault diagnosis method for
proton based on EIS
measurement optimization[J]. Fuel Cells, 2022, 22(4): 140-152.
DOI:10.1002/fuce.202200083.

[33]REN P, PEI P C, LI Y H, et al. Diagnosis of water failures in

proton exchange membrane fuel cell with zero-phase ohmic

exchange membrane fuel cells

resistance and fixed-low-frequency impedance[J]. Applied
Energy, 2019, 239: 785-792. DOI: 10.1016/j. apenergy. 2019.
01.235.

[34]LI Q, WANG H L, WANG T H, et al. Online diagnosis method of
water management faults based on hybrid-frequency
electrochemical impedance spectroscopy for PEMFC[J]. IEEE
Transactions on Transportation Electrification, 2025, 11(1): 2707-
2716. DOI:10.1109/TTE.2024.3427401.

[35] NAJAFI B, BONOMI P, CASALEGNO A, et al. Rapid fault
diagnosis of PEM fuel cells through optimal electrochemical
impedance spectroscopy tests[J]. Energies, 2020, 13(14): 3643.
DOI:10.3390/en13143643.

[36]LIU J, XIE W Q, XIAO X L, et al. Temporal-spatial waveform fault
attention design for PEMFC fault diagnosis via permutation
feature importance in smart terminal[J]. Processes, 2026, 14(1):
18. DOI:10.3390/pr14010018.

[37]YU D, LI X J, ARAYA S S, et al. A novel method of EIS
application in online fault diagnosis of high-temperature PEMFC
with CNN[J]. Journal of Power Sources, 2025, 639: 236663. DOI:
10.1016/j.jpowsour.2025.236663.

[38] SHIN S, KIM J, LEE S, et al. Multimodal data-driven prediction of
PEMFC performance and process conditions using deep learning
[J]. IEEE Access, 2024, 12: 168030-168042. DOI: 10.1109/
ACCESS.2024.3472849.

[39]1 JIANG Z, YANG B, ZHENG R Y, et al. Fault diagnosis of proton
exchange membrane fuel cell using multiple convolutional neural
networks with multi-scale attention mechanism[J]. Information
Sciences, 2025, 720: 122524. DOI:10.1016/j.ins.2025.122524.

[40] ISERMANN R. Supervision, fault-detection and fault-diagnosis
methods—An introduction[J]. Control Engineering Practice, 1997,
5(5): 639-652. DOI:10.1016/S0967-0661(97)00046-4.

[41] SCHOPEN O, NARAYAN S, BECKMANN M, et al. An EIS
approach to quantify the effects of inlet air relative humidity on
the performance of proton exchange membrane fuel cells: A
pathway to developing a novel fault diagnostic method[J].
International Journal of Hydrogen Energy, 2024, 58: 1302-1315.
DOI:10.1016/j.ijhydene.2024.01.218.

[42] XU T3, #d7, KO, % . 5T B RQ-RLC A AL )i 132 e Ik

B A B2 T (U], E AL LR AR, 2022, 42(21): 7893-
7904.
LIU X W, YANG Y, ZHU W C, et al. Second-order RQ-RLC model-
based fault diagnosis for water management in proton exchange
membrane fuel cells[J]. Proceedings of the Chinese Society for
Electrical Engineering, 2022, 42(21): 7893-7904.

[43] XIAO F, CHEN T, GAN Z Y, et al. The influence of external

operating conditions on membrane drying faults of proton-
exchange membrane fuel cells[J]. Energy, 2023, 285: 128787.
DOI:10.1016/j.energy.2023.128787.

[44] 52, W 4, BT UL . BT 3 He B ORE A b 22 i BH 47 1% S5 S [J].
rpE FHL T AR 244R, 2010, 30(35): 101-106.

XIAN L, XIAO J, JIA J B. An experimental study on AC
impedance spectroscopy of proton exchange membrane fuel cell
[J]. Proceedings of the CSEE, 2010, 30(35): 101-106.

[45] SUPEAR . 5 A MRk L b R R 2 T 5 A I [D]. K Kk
TR, 2022
GUO Z L. Fault diagnosis and fault-tolerant control of proton
exchange membrane fuel cell[D]. Dalian: Dalian University of
Technology, 2022.

[46]NIE Z H, WANG L, LIU Z Y, et al. Data-driven fault diagnosis
method for PEMFC based on NCA-KNN[C]/2024 |EEE 19th
Conference on Industrial Electronics and Applications (ICIEA).
August 5-8, 2024. Kristiansand, Norway. IEEE, 2024: 1-6.. DOI:
10.1109/iciea61579.2024.10664835.

[471ZHENG Z X, MORANDO S, PERA M C, et al. Brain-inspired
computational paradigm dedicated to fault diagnosis of PEM fuel
cell stack[J]. International Journal of Hydrogen Energy, 2017, 42
(8): 5410-5425. DOI:10.1016/j.ijhydene.2016.11.043.

[48] MORANDO S, PERA M C, STEINER N Y, et al. Fuel cells fault
diagnosis under dynamic load profile using reservoir computing
[C)//2016 IEEE Vehicle Power and Propulsion Conference
(VPPC). October 17-20, 2016, Hangzhou. IEEE, 2016: 1-6. DOI:
10.1109/VPPC.2016.7791693.

[49] SORRENTINO A, SUNDMACHER K, VIDAKOVIC-KOCH T.
Polymer electrolyte fuel cell degradation mechanisms and their
diagnosis by frequency response analysis methods: A review[J].
Energies, 2020, 13(21): 5825. DOI:10.3390/en13215825.

[50] SCHULZE M, WAGNER N, KAZ T, et al. Combined electrochemical
and surface analysis investigation of degradation processes in
polymer electrolyte membrane fuel cells[J]. Electrochimica Acta,
2007, 52(6): 2328-2336. DOI:10.1016/j.electacta.2006.05.063.

[61] &Y, oy, ERE, & . 5T B HX 8 2t il /7 218U (= 5 1A
ke it ENS W & A W2 97 5 ik U] v ] AL TR 44, 2020, 40
(14): 4526-4537. DOI:10.13334/j.0258-8013.pcsee.191043.
WANG X T, LI Q, WANG T H, et al. EIS measurement based on
DIBS excitation signal and fault diagnosis method of fuel cell[J].
Proceedings of the CSEE, 2020, 40(14): 4526-4537. DOI:
10.13334/j.0258-8013.pcsee.191043.

[52] YU D, LI X J, ARAYA S S, et al. Online data-driven fault detection
for the HTPEM fuel cells based on EIS: Equivalent electrical
circuit model analysis[C]//2024 IEEE 10th International Power
Electronics and Motion Control Conference (IPEMC2024-ECCE
Asia). May 17-20, 2024, Chengdu, China. IEEE, 2024: 78-83.
DOI:10.1109/IPEMC-ECCEAsia60879.2024.10567661.

[63] s &, JRAERL, MR, &5 . JE T AEH C 3 T AN 22 v 2 o0 45 14
PEMFC #tli2 Wi 7 kit i [J]. KPHAEE %3, 2024, 45(1): 475-483.
HUANG Z J, SU J H, XIE B, et al. Research on pemfc fault
diagnosis method based on fuzzy c¢ means clustering and



gl ] £ TEE T EIS BRI SRR AR 22 Wi TRt

3821

probabilistic neural network[J]. Acta Energiae Solaris Sinica,
2024, 45(1): 475-483.

[54] SHI Y, HE W, XIE B, et al. PEMFC fault diagnosis based on an
equivalent circuit and OS-ELM framework[J]. IEEE Transactions
on Industry Applications, 2024, 60(1): 1277-1287. DOI: 10.1109/
TIA.2023.3313134.

[55]JEON M K, WON J Y, OH K S, et al. Performance degradation
study of a direct methanol fuel cell by electrochemical impedance
spectroscopy[J]. Electrochimica Acta, 2007, 53(2): 447-452. DOI:
10.1016/j.electacta.2007.06.063.

[56] GERLING C, HANAUER M, BERNER U, et al. PEM single cells
under differential conditions: Full factorial parameterization of the
ORR and HOR kinetics and loss analysis[J]. Journal of the
Electrochemical Society, 2022, 169(1): 014503. DOI: 10.1149/
1945-7111/ac44ba.

[571BEVILACQUA N, ASSET T, SCHMID M A, et al. Impact of
catalyst layer morphology on the operation of high temperature
PEM fuel cells[J]. Journal of Power Sources Advances, 2021, 7:
100042. DOI:10.1016/j.powera.2020.100042.

[58]ZHANG W Q, MARUTA T, SHIRONITA S, et al. Anode and
cathode degradation in a PEFC single cell investigated by
electrochemical impedance spectroscopy[J]. Electrochimica Acta,
2014, 131: 245-249. DOI:10.1016/j.electacta.2014.02.054.

[59] YILMAZ A, PASAOGULLARI U. Contamination of Pt catalyst with
carbon monoxide during hydrogen evolution[J]. ECS Transactions,
2019, 92(8): 411-418. DOI:10.1149/09208.04 11ecst.

[60]1 XU K, ZHAO X Y, HU X, et al. The review of the degradation
mechanism of the catalyst layer of membrane electrode
assembly in the proton exchange membrane fuel cell[J]. IOP
Conference Series: Earth and Environmental Science, 2020, 558
(5): 052041. DOI:10.1088/1755-1315/558/5/052041.

[61] PROKOP M, DRAKSELOVA M, BOUZEK K. Review of the

of Pt-based
degradation during PEM fuel cell operation[J]. Current Opinion in
Electrochemistry, 2020, 20: 20-27. DOI: 10.1016/j. coelec. 2020.
01.016.

[62] GRANDI M, GATALO M, KAMSEK A R, et al. Mechanistic study

of fast performance decay of PtCu alloy-based catalyst layers for

experimental study and prediction catalyst

polymer electrolyte fuel cells through electrochemical impedance
spectroscopy[J]. Materials, 2023, 16(9): 3544. DOI: 10.3390/
ma16093544.

[63]MAURYA S, LEE A’ S, LI D G, et al. On the origin of permanent
performance loss of anion exchange membrane fuel cells:
Electrochemical oxidation of phenyl group[J]. Journal of Power
Sources, 2019, 436: 226866. DOI: 10.1016/j. jpowsour. 2019.
226866.

[64]1LI Q H, HU M X, GE C X, et al. lonomer degradation in catalyst
layers of anion exchange membrane fuel cells[J]. Chemical
Science, 2023, 14(38): 10429-10434. DOI:10.1039/d3sc03649a.

[65]ZHOU Z P, NADIMPALLI V K, PEDERSEN D B, et al
Degradation mechanisms of metal-supported solid oxide cells

and countermeasures: A review[J]. Materials, 2021, 14(11): 3139.

DOI:10.3390/ma14113139.

[66] CHANG J S, JIAO M H, ZHANG P P, et al. Analyzing the
degradation mechanism of solid oxide fuel cell during different
time periods[J]. Electrochimica Acta, 2024, 498: 144615. DOI:
10.1016/j.electacta.2024.144615.

[671REN P, PEI P C, LI Y H, et al. Degradation mechanisms of proton
exchange membrane fuel cell under typical automotive operating
conditions[J]. Progress in Energy and Combustion Science,
2020, 80: 100859. DOI:10.1016/j.pecs.2020.100859.

[68]LIM C, GHASSEMZADEH L, VAN HOVE F, et al. Membrane
degradation during combined chemical and mechanical
accelerated stress testing of polymer electrolyte fuel cells[J].
Journal of Power Sources, 2014, 257: 102-110. DOI: 10.1016/j.
jpowsour.2014.01.106.

[69] KHAN S S, SHAREEF H, IBRAHIM A A. Improved semi-empirical
model of proton exchange membrane fuel cell incorporating fault
diagnostic feature[J]. Journal of Modern Power Systems and
Clean Energy, 2021, 9(6): 1566-1573. DOI: 10.35833/MPCE.
2019.000179.

[70]KUSOGLU A, TANG Y L, SANTARE M H, et al. Stress-strain
behavior of perfluorosulfonic acid membranes at various
temperatures and humidities: Experiments and phenomenological
modeling[J]. Journal of Fuel Cell Science and Technology, 2009,
6: 011012. DOI:10.1115/1.2971069.

[711CHEN S Y, HAO M S, HU Y B, et al. Insight into the evolution of
membrane chemical degradation in proton exchange membrane
fuel cells: From theoretical analysis to model developing[J].
Journal of Power Sources, 2024, 599: 234238. DOI: 10.1016/j.
jpowsour.2024.234238.

[72] ALIAS M S, KAMARUDIN S K, ZAINOODIN A M, et al. Structural
mechanism investigation on methanol crossover and stability of a
passive direct methanol fuel cell performance via modified micro-
porous layer[J]. International Journal of Energy Research, 2021,
45(9): 12928-12943. DOI:10.1002/er.6624.

[73] CHUN H, CHANG J H, KIM J W, et al. Durability analysis of
polymer electrolyte membrane fuel cell's gas diffusion layer
based on distribution relaxation time analysis: Influence of the
presence or absence of a micro-porous layer[J]. International
Journal of Hydrogen Energy, 2024, 71: 831-844. DOI: 10.1016/.
ijhydene.2024.05.154.

[74] JUNG S Y, MORTAZAVI M. Transient characteristics of in-plane
water transport in gas diffusion layers of PEM fuel cells[J].
International Journal of Hydrogen Energy, 2024, 51: 1584-1593.
DOI:10.1016/j.ijhydene.2023.10.055.

[75] YURKIV V. Reformate-operated SOFC anode performance and
degradation considering solid carbon formation: A modeling and
simulation study[J]. Electrochimica Acta, 2014, 143: 114-128.
DOI:10.1016/j.electacta.2014.07.136.

[76] DU K, SONG C, YUAN B, et al. Degradation analysis of plasma
sprayed metal-supported solid oxide fuel cell: The evolution of
electrode processes under polarization[J]. Journal of Power
Sources, 2024, 621: 235298. DOI: 10.1016/j. jpowsour. 2024.



3822 & fE

Bo% 5 R

2026 #5515 %

235298.

[771J1 M B, WEI Z D. A review of water management in polymer
electrolyte membrane fuel cells[J]. Energies, 2009, 2(4): 1057-
1106. DOI:10.3390/en20401057.

[78]FREIRE T J P, GONZALEZ E R. Effect of membrane
characteristics and humidification conditions on the impedance
response of polymer electrolyte fuel cells[J].
Electroanalytical Chemistry, 2001, 503(1/2): 57-68. DOI:10.1016/
S0022-0728(01)00364-3.

[799HUANG Y L, PELLEGRINELLI C, WACHSMAN E D.
Fundamental impact of humidity on SOFC cathode ORRI[J].
Journal of the Electrochemical Society, 2016, 163(3): F171-F182.
DOI:10.1149/2.0221603jes.

[BO]LEE H, KIM J, BAEK J, et al. Effects of water on the

degradations in the Ni-YSZ anode of the direct ammonia solid

Journal of

oxide fuel cells[J]. Chemical Engineering Journal, 2024, 497:
154764. DOI:10.1016/j.cej.2024.154764.

[811 MENG K, CHEN B, ZHOU H R, et al. Experimental investigation
on voltage response characteristics of hydrogen-oxygen proton
exchange membrane fuel cells under gas starvation[J]. Energy
Conversion and Management, 2022, 268: 115973. DOI:10.1016/j.
enconman.2022.115973.

[82] XIA Z F, CHEN H C, LI W H, et al. Characterization and analysis
of current distribution for oxygen starvation diagnosis: A research
based on segmented PEMFC technology[J]. Renewable Energy,
2024, 237: 121757. DOI:10.1016/j.renene.2024.121757.

[83] YU D, LI X J, ARAYA S S, et al. Data-driven diagnosis of high
temperature PEM fuel cells based on the electrochemical
impedance spectroscopy: Robustness
evaluation[J]. Journal of Energy Chemistry, 2024, 96: 544-558.
DOI:10.1016/j.jechem.2024.05.014.

[84] ZHANG J H, GUO H D, LEI L B, et al. Experimental investigation

of fuel starvation on industrial-sized solid oxide fuel cells using

improvement  and

segmented cathodes and area specific resistances[J]. Journal of
Power Sources, 2023, 562: 232725. DOI: 10.1016/j. jpowsour.
2023.232725.

[85] XIA Z F, CHEN H C, SHAN W C, et al. Behavior of current
distribution evolution under reactant starvation conditions based
on a single polymer electrolyte membrane fuel cell (PEMFC) with
triple-serpentine flow field: An experimental study[J]. International
Journal of Hydrogen Energy, 2023, 48(36): 13650-13668. DOI:
10.1016/j.ijhydene.2022.12.187.

[86] NUSEV G, MOREL B, MOUGIN J, et al. Condition monitoring of
solid oxide fuel cells by fast electrochemical impedance
spectroscopy: A case example of detecting deficiencies in fuel
supply[J]. Journal of Power Sources, 2021, 489: 229491. DOI:
10.1016/j.jpowsour.2021.229491.

[87] DEVIANTO H, SIMONETTI E, MCPHAIL S J, et al
Electrochemical impedance study of the poisoning behaviour of
Ni-based anodes at low concentrations of H,S in an MCFC[J].
International Journal of Hydrogen Energy, 2012, 37(24): 19312-
19318. DOI:10.1016/j.ijhydene.2012.03.110.

[88] ANDREASEN S J, MOSBAK R, VANG J R, et al. EIS
characterization of the poisoning effects of CO and CO, on a PBI
based HT-PEM fuel cell[C]/ ASME 2010 8th
Conference on Fuel Cell Science, Engineering and Technology,
June 14-16, 2010, Brooklyn, New York, USA. 2010: 27-36. DOI:
10.1115/FuelCell2010-33054.

[89] YAN H Z, ZHANG B X, CHEN Z L, et al. Deep learning-based

fault diagnosis of solid oxide fuel cells fueled by the syngas

International

containing carbon monoxide and hydrogen[J]. International
Journal of Hydrogen Energy, 2026, 198: 152572. DOI:10.1016/j.
ijhydene.2025.152572.

[90] LI M, WANG X, et al. Chromium-induced interfacial deactivation
in SOFCs under practical conditions: Mechanistic insights into
chromium sources and current load effects[J]. ACS Applied
Materials & Interfaces, 2025, 17(34): 49029-49037. DOI:10.1021/
acsami.5c12498.

[91] SIMON ARAYA S, ZHOU F, LENNART SAHLIN S, et al. Fault
characterization of a proton exchange membrane fuel cell stack
[J]. Energies, 2019, 12(1): 152. DOI:10.3390/en12010152.

[92] YU H Y, FRANTZ C, SAVIOZ L, et al. Poisoning and recovery
behavior of Ni-GDC based electrolyte-supported solid oxide fuel
cell exposed to common sulfur compounds under processed
biogas environment[J]. Journal of Power Sources, 2025, 642:
236901. DOI:10.1016/j.jpowsour.2025.236901.

[93] SALIM R I, NOURA H, FARDOUN A. A review on fault diagnosis
tools of the proton exchange membrane fuel cell[C]//2013
Conference on Control and Fault-Tolerant Systems (SysTol).
October 9-11, 2013, Nice, France. |IEEE, 2014: 686-693. DOI:
10.1109/SysTol.2013.6693877.

[94] GWAK G, LEE J, GHASEMI M, et al. Analyzing oxygen transport
resistance and Pt particle growth effect in the cathode catalyst
layer of polymer electrolyte fuel cells[J]. International Journal of
Hydrogen Energy, 2020, 45(24): 13414-13427. DOI: 10.1016/j.
ijhydene.2020.03.080.

[95] SALEH F S, EASTON E B. Diagnosing degradation within PEM
fuel cell catalyst layers using electrochemical impedance
spectroscopy[J]. Journal of the Electrochemical Society, 2012,
159(5): B546-B553. DOI:10.1149/2.098205jes.

[96]HU Z Y, XU L F, GAN Q Q, et al. Carbon corrosion induced fuel
cell accelerated degradation warning: From mechanism to
diagnosis[J]. Electrochimica Acta, 2021, 389: 138627. DOI: 10.
1016/j.electacta.2021.138627.

[97] CASTANHEIRA L, DUBAU L, MERMOUX M, et al. Carbon
corrosion in proton-exchange membrane fuel cells: From model
experiments to real-life operation in membrane electrode
assemblies[J]. ACS Catalysis, 2014, 4(7): 2258-2267. DOI: 10.
1021/cs500449q.

[98] ZHU C Y, XING Y J. Effect of high potential on carbon corrosion
of cathode catalyst layer in proton exchange membrane fuel cells
[J]. Journal of the Electrochemical Society, 2025, 172(3): 034511.
DOI:10.1149/1945-7111/adbec2.

[99]LIU F F, GAO Z L, SU J Z, et al. Understanding the process of



% 9 4 £ TEE T EIS BRI SRR AR 22 Wi TRt 3823

carbon corrosion and its impact on performance degradation
during simulated start-stop operations for the proton exchange
membrane fuel cell[J]. Electrochimica Acta, 2023, 468: 143193.
DOI:10.1016/j.electacta.2023.143193.

[100] CARRABBA G M, SARTORETTI E, PARISI E, et al. Carbon
corrosion resistance in PEM fuel cells: Comparative study of
short and long side chain perfluorosulfonic acid ionomers[J].
International Journal of Hydrogen Energy, 2025, 133: 546-559.
DOI:10.1016/j.ijhydene.2025.04.262.

[101] K9, B R, ML, &5 Bf B FLIG PH AR Gf [ R S A M R R v il

IFAS TR W], RERR $h 254, 2025, 53(8): 2219-2228.

SONG M, XIAF C, WANG BY, et al. Effect of gradient porosity
in anodes on creep damage in solid oxide fuel cells[J]. Journal
of the Chinese Ceramic Society, 2025, 53(8): 2219-2228.

[102] ONANENA R, OUKHELLOU L, CANDUSSO D, et al
Estimation of fuel cell operating time for predictive
maintenance strategies[J]. International Journal of Hydrogen
Energy, 2010, 35(15): 8022-8029. DOI: 10.1016/j. ijhydene.
2010.05.039.

[103] WANG Y J, LIU H M, LU C, et al. PEM fuel cell health state
assessment using a geometrical approach and mahalanobis
distance[C]//2016 12th World Congress on Intelligent Control
and Automation (WCICA). June 12-15, 2016, Guilin, China.
IEEE, 2016: 1312-1316. DOI:10.1109/WCICA.2016.7578457.

[104] LI Q, GAO Z B. A similarity-based prognostics approach for full
cells state of health[C]//2014 Prognostics and System Health
Management Conference (PHM-2014 Hunan). August 24-27,

10.1109/phm.2014.6988179.
[105] VIANNAW O L, DE MEDEIROS | P, SANTOS AFLALO B, et al.
Proton exchange membrane fuel cells (PEMFC) impedance

[106]

[107]

[108]

[109]

[110]

estimation using regression analysis[C]//2014 International
Conference on Prognostics and Health Management. June 22-25,
2014. Cheney, WA, USA. IEEE, 2014: 1-8.. DOI: 10.1109/
icphm.2014.7036404.

HUANG H D, ZHANG Z J, XIAO C L, et al. Water management
fault diagnosis by operando distribution of relaxation times
analysis for anion exchange membrane fuel cells[J]. Advanced
Science, 2025, 12(28): 2505304. DOI: 10.1002/advs. 2025
05304.

ZOHRAARAMAF, LARIBI S, MAMMAR K, et al. Efficient water-
related failure detection in PEM fuel cells: Combining a
PEMFCs fractional order impedance model with FFT-PWM
techniques and artificial neural network classification[J].
Heliyon, 2024, 10(7): €29084. DOI: 10.1016/j. heliyon. 2024.
€29084.

MOUSSAOUI H, HAMMERSCHMID G, VAN HERLE J, et al.
Fast online diagnosis for solid oxide fuel cells: Optimisation of
total harmonic distortion tool for real-system application and
reactants starvation identification[J]. Journal of Power Sources,
2023, 556: 232352. DOI:10.1016/j.jpowsour.2022.232352.

LE G T, MASTROPASQUA L, ADLER S B, et al. Operando
diagnostics of solid oxide fuel cell stack via electrochemical
impedance spectroscopy simulation-informed machine learning
[J]. ECS Transactions, 2021, 103(1): 1201-1211. DOI:10.1149/
10301.1201ecst.

SUBOTIC V, BALDINELLI A, BARELLI L, et al. Applicability of
the SOFC technology for coupling with biomass-gasifier
systems: Short- and long-term experimental study on SOFC
performance and degradation behaviour[J]. Applied Energy,
2019, 256: 113904. DOI:10.1016/j.apenergy.2019.113904.



