F44%E F48
2024 £ 4 B

Vol.44 No.4
Apr. 2024

& 0 8 %% it %

Electric Power Automation Equipment

T2t SSA-DBN 1))t 1A syt v i
KRR RIRE > I 1

XNFF, 5 =, KR, F F ,HYTZ
(BB KRT WA LATE, W KA 611756)

FE.H T EINRF LR B2 (PEMFC) & 2o K3 6 Bk beik ok 32 7T & TRt i g3 & fok
(SSAEALIE B B 45 M 2 (DBN) 69 PEMFC # ¥ 5 % 5 %, R A )3 — AL AL 2208 3 15 R 38 A 2 18] 2 40 R )
AR AR AL R AT AT R AT ARSI, A RO SR T RIS BB R AR T B A 4 8, ot
T AT R BB HE X B E 5 KR TR, AT -3 A7 & 7 R ek it SSA, SF A A SSA A DBN # 47 A4
B, T 2k 2E Ay 38 s AR AL S 69 DBN 52 I3+ PEMFC 7K 3 69 e ik 4 % 0 #3000 41 PEMFC 7K 3 [ 4 4% 3
AT, 2 R AW AR ok T A B ik A LR 5 PEMFC 89 B R & RT3 KGR 3 A Bk s %
PRw o K AR R 98.67 %, 35 BT IE] 4 0.89 s, A8 IL L A @1 Z AL MERAY 2 W & 7 ik, BT 7 ok o9 3 o Rk

B RARITT 4%.3.34% 35 F TR 5518, T 15.35.0.35 s,

KEW AT R B 3 R R E BN
X ERARRRD : A

FESEES TMI11.4

0 3l

A REAE Nk ARk R IZ 1 IR BEYR I
A R AR R TR A ) R Y R AR, W Bl g S B
R B A A AU RE IR A R B Y
B TS AL L (proton exchange mem-
brane fuel cell, PEMFC) & — 3 i o Ak 27 2 o7 fifi
AREF AL B RE Y S AR A B s B AV T
AL AT SRV R R AR AR SR S L AL TR RE
Y5 ATUIBAT ) R B o P e o AR AP0R e A T Tl
A2 2 110 VR g P W) oy A A Wl I LA P i
XL I 2 29 ORI R . O T o) |
(B R, 6% 5 AT AR PR LB 2 ) AR OG5
PEMFC i B4y 2 R G0 EZDIRe 2K RGeis 17
I 2 A BRI R O R A S B 6 B o326, S R B AR
BB B AR T S A T SR AL R TR RS
s rRE e IR AT A

H T, B 532 4 A JC A 5 322845y FE T
A8 8 5325 Ty ok R T AT K 8l 1) e 3 vk
Horfr, TR B IR 4328 ok A A i B 3 ok
ST PEMFC 7 B AL TSR 4Gt 5 S Rt 2
(] 9 2 85w 2 , 1647 3 2 A0 3R D 5 L S B i
20 UL AR A AL 5 SO USRS UL A A | 45
Yo B #7:2023-02-10; f& 6] H #A:2023-07-01
TEL AR B #7:2023-10-17
BB : BRgAMFALFA A (52007157,52077180) ;
v )l 4 B KA A B B (2022NSFSC0269)
Project supported by the National Natural Science Foundation

of China (52007157, 52077180) and the Natural Science
Foundation of Sichuan Province(2022NSFSC0269)

[l

AR L& R AT 4T B -3 A 5 Rk

DOI:10.16081/j.epae.202310008

Hrzs [IBIRIAE . SCHER (3 JEEST T BB L Y S5 30
PRI B T L T AT AL K S O K T
O3 s SCHR (4 11T E T 56 T et 8 L il v Bk
B A 2 M UL 24 TR FH T PEMFC 5 22 45 0 i e
W SCERLS J48 th 7 58 T A 28 W AR 4R R G0 F
e BABLIE B PEMFC B2 W 7 12, ol LU B 15 )
PEMFC R 48 i i BT 7K s DL S AR Bl B . 4R,
PEMFC &2 —FP Z Y7 Z G I E 4 R 80, HpK
U REAEAEAN B8 2 GE DR 2245 (), [RIAST, H M
R EMRR N N ALEE A A R T K
4R e RS I R, ATLBEASE A X AR | PR
I PEMFC g i [ f
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Fig.l1 Schematic diagram of PEMFC

experimental system
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2 YRl v s 11 b R A R A ) AR N o W N
i AN LM B 22 e IR AR AR K o KA HE S 3
R HE R A I R HE A 8 B AR A 1 ik o HE S
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Fig.2 Internal water activities of PEMFC
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FH KPCA X J5 46 S 06 B0 8 17 W 24 Ak B DA H B e
FRAE [, ST A DBN A B3 3 (14 5 B Ak et i 4 7
TREE 2 T Y 2k, ] FH ke k SSA AR 4E DBN R
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2.1 KPCA

KPCA J& — Flt HL A 75 4 e 5 A 0 00 AR 2R 1 %
)57k o AH L TAL G0 i B s B 4t 7 1, KPCA J7 ik
A/, H R Ak T A LAY R LR
[) R0, ot fn A I R B A 1 2 K . KPCA ¥
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=) RS a=[a), ay, -+, o, 1", BXF
TERREA o, B i 4R @ (x) TERFAE 0] it @, 77 [0] |
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Pt A2 12 RBM (0] 402 | 3l 1 2 A )1 2545 21 3%
PR &, IF 5 BE B R )2 X — 2 ad %
BN R —)Z RBM A 224 E 24580 .
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Fow F R4 R B A AR BOIE N BEAEL 5 f R SR
FA)IEE IO A o DK 2T 1 Ao B T A

(1+1)
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(8)

i>n/2
= (9

x(;fﬂ)"‘

(11)
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W, HEA LR AT R SR B . LAk,
SSA A LE T HAt 3 F AL AL 3k HAT 4P 2 R i R
REJT D B A SRy PR R AL . PEMFC 7K BB 12 i
o L2 W HE FRak B ey, LT 2 PR A2 I
J&E, R SSA & T X% DBN 2 80tk 7tk 4k , HoAe
BRI 1)l AT 58 LA A5 B IR AL
ASSCHIHT SSA BEAT ZHUL AL, L DBN 254 2
Horb i B R 2 o) S o Pl AR & L L DBN I
GRS I TTURZE F g 18 I BRI, AN (13) T o
Fus= (3,5 (13)

i=1

AP em R UIZRBE B 5y, R DI R 1Y 5
St v 5 AR B A IR Y T A

23t DBN Yl Zriz 5 0] DIAS B e & 2 A
4 4 )2 (RBM, — RBM,) , e flt 2% 21 % 4 0.01, DBN
B T e B TN R B0 () R 4 1
A B  34  ICR PEMEFC 1Y 3 R RS, 45
SR A BEE 100, 100,50,20], TR Y
DBN Z5# U E 3 ffiR o

(@ @ @ )

6%&-(‘ ® o RBMD\

50%;&-;(. . . RBMD %

/E\

) 2=
100*1#,%—&(. [ ) o RBM;
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Fig.3 Adopted DBN structure
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3.1 FEIFHERE

AR SC TR 9 S 06 s S 4T PEMFC 2R 4t ik
B S0 B R A I SN . 25 ML 2 2T I B 1
iy, AR SO EEACIRZS 45 R A 1000 4508 | SRR AR SR
HO 30004 . A A TR R R oy N g
B — 5 SBE 0 2/3~4/5., LEARUEYI 254 RN
W3 5 5t o A — BOPE R AT T, A S By U1 2k
AEEAE 5 LU oh 3/4, SRR AE SRR 4y e A5 R LA
FAEXT R A A I ZRR5 R AT ORS BE . AERpE RS
Y REAS S UL S A 32 AL,

32 HIEE4RAEIREN

PEMFC [ 2 80BUE ULR 5% A & A2, T W P EcHs:
FEAT 144>, ) 2 D G 5000 R 1S 14 4R A RRAE 0]
o 2o i A A B AN 2 K B s B ]
WS R A S WER . TR, R T 4 s B
I3 ZR A 3 S s SRR B KPCA X IH — 1k 5 1Y
BT A e, R A RO £ e Y
R4k H e M AN AT 2R ik e 1) B8 v 4k 1 25 (| vh 7
e e 23 [B) el LR ] s SR L PCA #E 4T )
SERRAEAN B 200k R A A B ) BB 45 A ] 4 4 5%
FER/IN , R T] KR A AL () 2 4%

1 F KPCA HEA T 508 W4 1l 7 %o SR B ds ik 1 7
FRAE TTHR R IT0, A REAS AU RRAE BTk R = 2 HE
H11, 24 it sik FRIA F) 95 % i}, Kk B AS s T
DLFAE SR L B0 b i G o5 B . R FIA SRECEIE
B REARRAE STERR AN 4 s . i B AT, B 44
DIl S = = IS W S R (1= il |
99.49 % , M| JF UG R0 M 1) 14 4EFAF AT F 4 4k 4E 1) &
Fern , T AT 4 25 LAY 10 48 7 sk R AR A RRAE

I, K TR B die o A 22 4 AE YRR 25 8], B4R B0 T
Gy FEAKHE DLIE 57 A 2 A3, 3 FICRAS 1 800 A6 B 43
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Fig4 Sample feature contribution rate
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W 4 2 5 AR AR B B A\ SSA-DBN 43 25 A 7Y
O IREANRE)Z . VGRS AL
Yk, 1320 B SE 2R A0 2 R 2, B S S A
Yoy AR P AR B 25 AL Ot S B T T L
I UERR R M 98.67 % , DBN 4325 0F 8] 47 0.89 s, Il
RN 2R R E S . Blrp N RRIER IR
A F ORI RS s F, FOR TR

For
E Fl .............................
N k
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B
o FLYMH, » TPI{H
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Fig.5 Classification results of test set

AR R VB FE PR IR 1R o iR mT A, Y

A 220 T BT HRR S 1 B B R DR b 432 S K

A A R RR S 0K T2 phy T A U R R R i e 2

FECPEMEC HLEHL T i Hh DR A, Brk B
AR RF R 2L, DR A A B
®1 MXERRBEERE

Table 1 Confusion matrix of test set

SRR A TR ZS S M REA B
N F, F,

N 39 0 0

F, 0 55 0

F, 0 2 54

3.4 TJTENEE

h Y B RS S 4 itk SSA-DBN 5 ik I PR RE |
AT, 430K JH 2k SSA-DBN SSA-DBN . DBN %
R 22 W 4% (probabilistic neural network, PNN) |
SVM Jy A TIOR3 258 JEXT LU /3 28855 . T
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XA A 2 7 VAR 2 A FR A X B, fi FH KPCA
R4 I 0B VR M 45 I I N R A (AR AR

KB SEOE T : ODBN Jy ik, Al SSA
WATSE TG B S E B0 R 4 )2, batch BB
16,24 2] 3R 0.01, e RIEAR K ECH 32 1 ; @SVM
J5 ik FETT R BON 362.04, 51 AL 18] 3k pR AR WA b
B, AR gamma S804 0.125; PNN i, ik
M5 SPREAD(H M 1.1,

ANTR) 7 32 B 43 2R E 3 S8 () 433 G 3 2
R3Frn. AR AT Uik SSA-DBN 5 i HoA fe sy
B 43 2 ME R 2R, Lz B ) H SVM 5 15 K ik 2
SSA-DBN J7 ¥ 14 43 JE HER %R 97.33 % , Uit B FI B
Pt SSA FEAT S B AL TT DL IS 35 2 5 40 R vE A R 5 4%
5 B A 5 v B 4 2 AET R U B A KPCA [ 4
AL DLERA P BR Dk B A R 1) 4 HERRAE 1) o, R AR
Y B G AR AT B oy 28 AT R R A T ALY B
i PR R R

x2 FREAENSEBE

Table 2 Classification accuracy of different methods

SERRARES DHUEFR / %
eSSl ek SSA-DBN  SSA-DBN  DBN  SVM  PNN
N 100 92.86 100 100  99.90
F, 100 100 100 100 100
F, 97.14 100 84.10 86.21 85.95
SRUERR / % 98.67 97.33 9533 94.67 93.48

®3 ARG ENIZERE

Table 3 Calculation time of different methods

T BEEE /s || ATk BHEEE /s
i SSA-DBN 0.89 SVM 16.24
SSA-DBN 0.81 PNN 1.24
DBN 0.76 KPCA 2.01

25 I, ootk SSA-DBN 7328 7 i A DU I3

1) I 253 B P, 50 Bk I 3 25 BT 5 15 1) 2 1
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1) FH KPCA K J5 4h B8 D 14 4ERRAIE R 2] 4 4
RRAF 25 (0], A5 355 b A e 1 9Kk Fi b 550 8 AR A A5 i 1]
TEAE B2 2 S P R A R A1 A [ 0T, B 4
TS S B8 TR ]

2) ) AR PG - 5 B A% S5 O W A i SSA AT B TR

N

ek R TR R A % 5 2R FH B0 3HE SSA-DBN 25 4 s 41
SR, VT LABRE R R B HCRE ) FTINZ0K5 B L AT Rkt o
IRCEE 3 ORI ACUNEE S 3N AR Sy
N NE SR

3) AR SC T Dy v v A B0 B PEMEFC HL HE IE
AR 7K I s R BTl B 3 e R A, 4
F o3 R AERG RN 98.67 %, 2B R 2.9 s MEL
F SVM .PNN . DBN J7 % , i £ J5 v (8 0 30 45 43
FE AR T 4% .5.19 % . 3.34 % , iz B 6] A1 He
SVM .PNN J5 4307548 1 15.35.0.35 s

SVRTT AR SCHT 2 T AU FE L T1E
Gublan s 7k A B R Is BT ] BRAE TR
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FURE 5328 7 1 i U1 20 2 0000 2R A 7 S R R, i 4
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Intelligent classification method of water faults for proton exchange

membrane fuel cell based on improved SSA-DBN
LIU Xinyu,HAN Ying,CHEN Weirong,LI Qi, YANG Zhehao
(School of Electrical Engineering,Southwest Jiaotong University ,Chengdu 611756, China)

Abstract: In order to realize efficient and rapid classification of water faults in proton exchange membrane
fuel cell(PEMFC) system,a fault classification method of PEMFC based on improved sparrow search algo-
rithm (SSA) optimizing deep confidence network (DBN) is proposed. The normalization process is adopted
to eliminate the impact of different dimensions among fault data parameters,and the kernel principal com-
ponent analysis is used to extract fault features from the data, which effectively reduces the dimensions of
the original data and the calculation complexity and avoids the interference of low-contribution data on
fault classification. The Cauchy-Gauss variation strategy is introduced to improve SSA, the parameters of
DBN are optimized by SSA to determine the network structure,and the optimized DBN is used to quickly
classify the water faults of PEMFC. Three thousand sets of PEMFC water fault data are tested. The results
show that the proposed method can quickly and accurately identify three health states of PEMFC: normal
state, membrane dry fault and flooding fault. The overall classification accuracy is 98.67 % and the calcula-
tion time is 0.89 s. Compared with the support vector machine and the probabilistic neural network me-
thod, the fault classification accuracy of the proposed method is increased by 4% and 3.34 % respectively,
and the calculation time is reduced by 15.35s and 0.35 s respectively.
Key words: proton exchange membrane fuel cell;fault classification;deep confidence network;sparrow search

algorithm; kernel principal component analysis;Cauchy-Gaussian variation strategy
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Fig.A1 Physical diagram of PEMFC system
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Fig.A2 Voltage change curves of single cell under fault conditions
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Fig.A7 Fault classification process
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Table A1 Total number of samples for each health status
Ho 4 IEEWRE IR JE W
IIZRAE A 750 750 750
WA 250 250 250

%z A2 KPCA P& S ER 9 I ZRAE A F MR A A

Table A2 Some training samples and test samples after KPCA dimension reduction

fi WGRREA
R HEAE 1 FHAE 2 FHAE 3 FHAE 4
0.048 -0.232 0.119 0.189
IEwW 0.048 -0.232 0.119 0.189
0.048 -0.232 0.118 0.188
0.079 -0.632 -0.615 -0.026
;J;g 0.079 -0.632 -0.615 -0.026
0.079 -0.631 -0.618 -0.021
0.055 -0.291 0.264 0.847
i’i; 0.055 -0.291 0.264 0.847
0.055 -0.292 0.264 0.849
e WAREA
. 0.049 -0.235 0.121 0.194
I 0.049 -0.236 0.122 0.195
K 0.08 -0.636 -0.592 -0.058
[iid 0.08 -0.633 -0.601 -0.045
T 0.054 -0.291 0.260 0.836

[ 0.054 -0.291 0.258 0.84
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Table A3 Parameters and variables of PEMFC system
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