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ABSTRACT

Abstract

Hydrogen fuel cells are an electrochemical device that can convert chemical
energy into electrical energy. They have the advantages of high energy conversion
rate, low noise, and zero emissions. However, its short service life restricts its
large-scale commercialization process. Therefore, assessing the health status of
hydrogen fuel cells and achieving accurate life prediction are of great significance
for extending their operational lifespan. However, most current research only
focuses on predicting the lifespan of a single hydrogen fuel cell stack, which is
difficult to meet the demand for predicting multiple different hydrogen fuel cell
stacks in practical applications. This article proposes a universal model for
predicting the lifespan of hydrogen fuel cells based on similarity classification. The
main research content of this article is as follows:

Firstly, this article selected three representative datasets of hydrogen fuel cell
life decay, namely the French laboratory's hydrogen fuel cell life decay dataset, the
National Basic Discipline Public Science Data Center dataset, and the Tongji
University long-term dynamic durability testing dataset. Subsequently, extract their
common variables for data preprocessing, analyze and observe the distribution of
data through box plots, and remove outliers. Next, principal component analysis
(PCA) was used to reduce the dimensionality of the processed data, which resulted
in a similarity map and two principal components PC1 and PC2. These two
principal components cumulatively explained 87.11% of the total variance. Among
them, PC1 represents the direction of maximum variance, reflecting the main trend
of change in the data; PC2 is the second largest variance direction, used to capture
the remaining important information. Further analysis showed that PC1 mainly
reflects factors related to energy conversion and output, while PC2 focuses on
factors related to thermal management efficiency. Finally, based on the results of
principal component analysis, the similarity map was divided into three regions:
high temperature and low-pressure region, low temperature and high-pressure
region, and low heat management efficiency region, providing data support for
subsequent research.

Secondly, based on the three divided regions, the stack voltage was selected as
the decay index to construct a prediction model. Firstly, reconstruct and smooth the
data to reduce its volume and improve its quality. Next, a Long Short-Term
Memory (LSTM) neural network model was established to predict the voltage of the
fuel cell stack. The results showed that the model had a very good fitting effect on
the training set, with determination coefficients R? of 0.972, 0.981, and 0.951,
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ABSTRACT

respectively. However, on the test set, although the fitting effect was still good, the
coefficient of determination R? decreased to 0.932, 0.920, and 0.947, and other
evaluation indicators also deteriorated accordingly. This indicates that the model
performs well on the training set, but its generalization ability on the testing set
needs improvement. To improve the generalization ability of the model on the test
set, a Kolmogorov-Arnold Networks (KAN) layer was introduced after the long
short-term memory network to construct the LSTM-KAN model. After comparative
analysis, the LSTM-KAN model performs better on both the training and testing
sets, especially at turning points where the predicted values are more closely
aligned with the actual values. Specifically, the coefficient of determination R? on
the test set increased from 0.932, 0.920, and 0.947 to 0.959, 0.953, and 0.955,
respectively, and other evaluation metrics also showed significant improvement.
These results indicate that the LSTM-KAN model performs better in predicting
lifespan compared to the LSTM model, therefore it is considered as the predictive
part model of the general prediction model based on similarity classification.
Finally, to validate the applicability of the universal model, a generative adversarial
network was used to generate three new datasets based on the three original datasets
for verification. The results indicate that the universal model for predicting the
lifespan of hydrogen fuel cells based on similarity classification can effectively
predict the aging data of multiple sets of hydrogen fuel cell stacks.

Finally, a GUI interface was designed using Python language and Streamlit
library, and a hydrogen fuel cell life prediction software was developed. The main
functions of the software include box plot analysis, PCA dimensionality reduction
similarity analysis, and model prediction result analysis. Subsequently, the
reliability of the software was verified by inputting test data, and each analysis
section could run normally. Relevant graphs and conclusions could be displayed
normally, enabling the prediction of the lifespan of hydrogen fuel cells.

Keywords: Hydrogen fuel cell; Similarity classification; lifespan prediction; GUI
design
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T I B 2 AN 22 2 A A AR AR 1), TR AR A . AR R 3 B O 2
() EA AR LA R 22 S P AR AL R AT X SR 2o B, 0l o0 P DX 3 Sl 8 AT 70
DR AL o A THDNE SR PR B SR, 1S B 2 e P P R A 0 LS5 B A ALk
b, R S B e T A Xk, [ B A S R DX S AR R AT T . AR SCHAE
LR 1-3 fs.
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SUPRRL R i T

MR = AR H

Y

I
I
I
I
| B ) AL B Y 2 o) e PCAREYETY BAR A1
I
I
I
I

L i I GANZE Jlt BT 24 30 IE A A

|
| 4 LS TMTRI AL 7Y :
|
| v '
| e R U R T FELSTHKANF :
|
| Y |
| |
| |

TR

Y

I
I
I
I
I 7 i AT K BV S
I
I
I
I

Y

TE R LR R H

1-3 A SCHIT %
AN HAR TN T AT

(1) B—FNER. HRNE T AR EREE =GB LR E X,
SR G 43 M B AT RORE F v A U B N AR TR, FRH T IA IR R R 1
ETAT 51 H AR ST FT A DA SR S B Jia R A SO B A 5 75T e DL AR 9 S g
AT 4k,

(2) 2= F NSRRI A3 dr PO R R R TR SRR . AR FENA T
BEAT R ALY 2RI = 2H A8 B DL RO B AR b AT PR ZE R R FH B 7 . AR AT
YZRHER LSTM Fl KAN (Kolmogorov-Arnold Networks), LK AHICTEANFEFR .
B J5 44 FH T 0 A2 B AR OBt X 4% (Generative Adversarial Network, GAND,
BN BT AT KRR A A

(3) = NEAR TS T 8o Bt AFEE R = DA E R EA
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BE e A AR I A AR T, W BHR AT AR b, 1528 EdE A
P EHE A IGO0, RN SR 5 wE. <5, M FER7 5 i (Principal
Components Analysis, PCA) % =ML AT R4 AR E R . & a0 i
F s PC1 A PC2 W2, BHFA PR AN FERLER I 1], 0T AR ABUM: Bk AT X ek 45

(4) EEVYEE g T AHALE 23 28 SRR F b 75 e TROAR Y . A 2 22 4F 20 =
B SRR b, PR AT B R AR B, gD AR IR R R NS i LSTM
B, NSRRI IR PN AR . 5 N BUH AR E LSTM-KAN
B, P 75w, JF 5 LSTM B (N R B 47 X B, %6niE T LSTM-KAN #5
IFTAT I . e, T GAN ARl = 4rgids, SRE IR T AU 73 S SRt
P Y 7 i LN (%) 88 FH A Y ) AT AT 1 o

(5) FRENDIRTF AR K . AT EIEIE Python 5 5 SEILEA
o EL I 23 B DL S S5 R, YO R I, S8 BOERREF d TR BA TT K

(6) HFARBENERSRE., AEXNRCH T AFELEWHT LSS, IFH
i A SCAS /& 2 A DL R AR et 7 1)
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£ 2E SRR E W TN ERAR TG ES5EEE

ASCHE W T 2T AR AU 73 S IR UL F b A SN £ 388 P A TR A 3 TV
F BRI I x 2 AR AT e L AR ARA I X 0 RO I U GRSk S B
PR o (RO SO TR SR 2T, AR R B AR . SRR DL
Wrdabriae i, PARH T8 8o 1 A2 A LA AT & 1 TR, DA SRR
U7 i ST SIS AT A P FEBR R RS o

2.1 BIBEND

ARSCHE T 3T ARALE 2 S 0 SRk It 2 i T Fr 3 P A TR AL A T, 1%
LT 22 AR AT e 4, Wi B4 2 B oA AL I, AR s i o A e
2 [A) ) 22 S e AR B AT X 3K 43, 2 G B AS R X 30 40 Sl AT B AL e B
PL, ASCHIWE I UK 5 22 AN SRR A 4 . 20 A AR < STk, R 3 SOk
H A TF SRR AT SO PR AT I ST AT, B E T =N E SRR FLth AT
5 B AARR M BB SR A SO S X 5, o0 0l A vk s 3 == i AU b
LI 2 i B B . [ SRR R A SR O HAR R RIS R KIS
S AEIRBIEE, FoRld4 N FCL BiiEd. FC2 4. FC3 Hki4E.

2.1.1 FC1 #iig&

FCL #d A d H v [E BOR) v 52 50 &= SR ik (1 4 (FRCNRS3539, FCLAB,
http://eng.fclab.fr/), ZEHE S 1 kW FIEARL IR R E A B T RIs AT 30, Mk
BB SN — B AR S TR, 15— & W AEsh A&
AT RERL ARICRAH K sh& 4404 TR EE, ZE8Ea S 2N NES
, HAREHE 5 ST HIMEEEUGERRRE . Bk, B, 108 R
IR e A B R S, e RIS 2-1 PR

* 2-1 FC1 #2622

SEG I 2 4 LB N9
Time FFewifE Ch)
U1-U5; Utot BT HR AT HER S (V)
l; J B (A 5 HREE (Alem?)
TinH2; ToutH2 B A ERIRE (°C)
TinAIR; ToutAIR BEIH PR ASIRE (O

ETR
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43k 2-1
S R U 25 LUELY=9'

TiNWAT; ToutWAT I A EIKIEREE (°C)
PinH2; PoutH2 B A7) (mbar)
PinAIR; PoutAIR B A7) (mbar)
DinH2; DoutH2 B HEARE (L/mn)
DinAIR; DoutAIR B SRR (L/mn)
DWAT PEIRAHKE (L/mn)
HrAIRFC HLME S SRR (%)

2.1.2 FC2 #iig&

FC2 A 48 /& th [ X Btk 27 Bk 3 JERH A Bl oD i SR 1) 65 KW A L HE
RIRRRHE B ZEAE VL5 TR B T IR AT BRI, 2% GR35 3 Rk v it v 3
& FH A (5] R R HE B BRI A 00HE, — 354 208 ikl RGOS T4
i T P9 Jir G 5 AT S50 B o A it o IR ot B T SR Tt L HE AR
FEEGE (BIAniR . R0, e, IR, BERSEE) AERIER RS ot
s E B 7AW B2 S B A it 2 DL BT F B4 R R 2 R T S5 AR
KRB AR Z a5 1 5 a Bl T 7T, HA QM 253k 2-2 pror.

# 2-2 FC2 Bl I =%
SRIG Hh S 4 SR Hh IS4
i ] EE A5 1) it 7 Bl
TARIRES A S
FRL D 5 i 55 4 B A/
P A P A TR
DCDC it H R B M Sk
DCDC fit FLiit FK ik HE I E
DCDC #ith D% AKH A HETRE
JRRH FL I HL B MK i HEIRLE
TR FL I L KL
SRR L It H T A SR FE
A HEHR P ME Purge Fr &AL
A HERACHE S B HERRE

EIR
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g3k 2-2
S S8 S B 8
A HERAR o FE 7 B B He 7 Ak HE IR
B i R T 490 FEL M
B i IS R SRR
B HER AR HLE B R
2.1.3 FC3 #iR&

FC3 Mt 2 [R5 R AR B IAE G20 ST & HEAT (KB 25 AL 10
e, (S IR, S M AR RAR I BRI T SR
R P e, BT AR IR T RIS X T 2B K 9 A
B, A 0A. 1.76 A, 442A. 9.48A, 10.37A. 1481 A, 20.7A. 29.58 A, 35.53
AP, BTl E B S SRS AR s DR DR R AR
BAFHARA CHD A BLEAN GHD D3RS, Frill &R HE S0 2-3 Jrs.

# 2-3 FC3 il i =%
S 5 S R R S 5
W FHBR N i
AN R AR 1
AL E PR AR H 3
HLIR R H i
HLE BHAR AR AR &
K ISR E RN LN b
FHAR A TR ) FH A AR AR 5
BAAR A 1 1 RH AR AR A
BHAR H 1 B A% 5 7K I P
B H T A IoH A% 5 7K 3

2.2 PCA #(IERE4HE

RS RS R 5 BN AN [R] (0 B B P A 21— AR B, TR AR e g
EE BB GE T HRORIE PR S R S PV . I8 5 R T PCA #E4T FR4ER,
B R R . THELRT RO, R HEMZ R RBEE R R RERP. B
b, ERON T R R REARRE R AE TR . AR TR SERR T, N T ATy
Pr— A REREm R, FEIINRZ ShHARNAR, BRI E R

11
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FEEEANIR], AR EATT I8 —MRAFE R . B2 1) S ) Bl 1) o 4 2540 A 2 fe i A8 )
RSN % o FE AT A 7 ik IE AR AR AR 4, v LR AN s I A SRR 3R
—— I, 1B R Z AR TR, 15 BAS XRAR, RIS LR D,

ZITERIZ G AR, IR AN = 4 B HLAS B S A BB 1A T WL 2R AR R 1
A, KRR AR A A B TR B JE A i B TR H . RN 3K L
AR F R AR B NS, TR TR AR & (B AH IS

XS Hrh, BT EN AT RE, RECRERFHMEZ — I nxméE
1, B m MR, FNREA o DEIRE . 85007 B0 AR PR AT PRl AL
B, HNEERIEZ N0, FRERETEN 1. T2 G, R
R nxm4ER IR A X, -

BE S RN GRIE RS X o BEAT 200, R L RS m A [ 2 AR AT, B

X=t,p,"+t,p, +---+t p " (2-1)

X, eR—AF5r1aaE, WAy TR

ALE ST = [ty -t N AR, P =[pp, - p NS ERE. M (2-1)AT B
X=TP" (2-2)

TR )RR AR ST, B2 i j U 2 6 =0 o T 5k ) B S AR
FFIEACR &R, ¥y, H:

piij =0(i# j) (2-3)
p,p,=1(i=]) (2-4)
BeiE, b -V RN AT p,, WA
Xp, =t,p,'p, + 6,0, P+ +t,D,' D, (2-5)
bifE, X 2-3)F e-HRNHFAR (2-5), 15
t; = Xp, (2-6)

R (2-6) RIS B, SRR X 2 6B p, 7 L,
BB B0 IR T HI I X 6% 50807 L 070 36 S . 5 4 R e 0
TR, X E SR T R . 7 R PR R P
3

leal > el >+~ .,

| (2-7)
X 2-7), X WE KRBT RNA R EALE p, £ox, p, W& X B K

12
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AT, JFHIkREAT R Ea p EH. BARME, FEE s
HBGY R 2 okotib, m Qe s K, WL+ p,, i 0k & 5 5 m] LRS-
R T (r <m) A E A5 2 TR 250 B 0.85, NI AIHEIX r A Esr 41k
UIZRFEAS AR, BV AT (¥ m 22 [A) FE4E 2] r 4

WZREHRREAS X W 73 09 E o128 TR AR 22 1 S TR P R 0 2 A0, Bl 1
AR E AT r AR FIZER R, IR m— 1 AR el 2 PR RO k%=
T XX NXWERS TN, EARERETR. T&, IIZREA R X
NIEEZVAF

X=X+E (2-8)

X=TpP"=) TP (2-9)
i=1

E=Tp'=> TFR (2-10)

B (2-8). (2-9)F1 (2-10)] LR EREA R E R T 2518 X UL % T2 A E
TS IR A 25 10) X B R 4E,  FH 2 25 18] B AN gl o] DL R H BRI 2R AR

=[]
2.3 HFaFUNRE K PN EAR

73 i UM 5 2 Bt A AR, € e P4 LU X R 2 )i it e 2
XA AT R R, Oy 7RI R R I RO AR SIAVP FR bR . AN
HU A T ARG AR DL R S M R b o

2.3.1LSTM =8

KIEH L IZ G M 4% (Long Short-Term Memory, f&#8 LSTM) j&H Hochreiter
A Schmidhuber $2 1, ABAI5IA THRIIMES . BARTIE, I T “T17 X440,
I T XAGE BB I AL AN W 0 OR B BOs s, DR DR
YA R Z% (RNND H 6 FE V0 2R 1A T 3T 8 1) R B S R () 1 o, A
WS 717 FFEERN, RN HHRE BT RAFEGE M BR . X T IEA R
SR T RNN ALK 7 B H0HE I 38 380 B 86 B2 2% o R FEAR I DL K IHCIZAS 2 1) 1]
A, 43 LSTM AT [a] i 71 45 B AL S . IXFHILHAETS LSTM 432 B H £
AN [R5 A FF 1) P 270 ) e At 9 v, R o e 47 T B A 3 R A8 3 AL S ) AH S Tl
4, PR T SR L 7l 7 i 3 PR IR 1] 12 B S g B ), LSTML 2 — MR
ANEE IR
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LSS VDN 2 TR R A 7SS

Ct

2-1 LSTM M£% 4544
LSTM MM 28 &5 i 2-1 frs, & EE W = ANk #8517, BT
ST o For it T] 3 R kAR i A v B IR LS B R A, H A
v/
fo=o (W, [h_,x]+b) (2-11)
Xrh, o NEGE R EL sigmoid; W, MBS T T BOBUEEAERE ;s b, A b —A G5k
REACER S IS HE R x, NHATRIA: b, RS E .
BN TPGE T RS5O M b O BE T S8, Rt BN T TR A RV 1%
Iy RPN ER Y s — 55 P R B RS B, — S B T e RS, A (2-12)
M 2-13) 7o
i, =o(W,-[h_,x,]+b,) (2-12)
e, =tanh(W,-[h_,,x,]+b,) (2-13)
X, WHIW, Ni, Fle BIREFERE; b A b, i, Mle, BN TWE.
gia 2-12)M120 (2-13), 7] LA S B B4l OIR S RIS, =k (2-14).
Hpr, € NG IR .
Ct :f; XCt—l +it Xét (2'14)
BN R e A 45 B E R 2T — I %, Xl B RIS
PR3 sigmoid, ZAJE 1A tanh BRECNIXEE(E BEAT AL . Sy h [T B0 S5 ST LAH R i
RS EE
o,=c(W,[h_,,x,]+b,) (2-15)
h, =0, xtanh(C,) (2-16)
14
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B2, arEZ) i E = 2-17)Fis.
y.=c(Uh,+b,) (2-17)

A P TIIE ;U D9 R ERE b, St 1 &
W B, LSTM A BB A 5 206 B (5 Bt AT £ 58 i LK
B IR 7RSI GRE R T E B e R L i .

2.3.2 KAN =&

KAN & — 5T Kolmogorov-Arnold 7 i PR IF1HT 4 28 Y 45 2R 531, AL 455
2 JZIEFNHL (Multi-layer perceptron, MLP) FAIrh, 385 K5 AU E S 505 B 15 M 4%
Ria%k, mirhz e ENTECE B E A S RIETE R £, 5 MLP AFEZ, KAN A
HG T 25 ST IO R BUBCE T 2% 2, {EHBEE M2k B30 %E, 1ERZE A E
SR AR B R AP IXRE RRAE DR X 2% RGEPE )[R, R US> S350
XTI M2 UG o BIAAL SRR« A] 22 SR + [ oG s B AR g “a)
TS R RRBOR AN (KA AY, BTEL MLP R KAN BRI 2% 45 44) Pl i 2-2 s

@ [ ERESA | O [ mraEma |

EEBIEE S T2 S B

RKAN

[i] 5 0 R AT
i
REAIE 16 B~ o [ 16 B 11
(2) MLP (b) KAN

K] 2-2 MLP 5 KAN W Z8 45 #4
KAN AR 2 H A0S ek 250R P 350 R BT A BT, n= (2-18) s

0= o) =508 S (5) 19
Hr, x AndEANTIE, o, R NHREOE CHGEE N[0,1], HAEH S8
R: o, (x,) FRATIZRIBEE REG ¢, IR s, HoE SUBAEI#N R,
FIT W E R o, , B4 AL SR A
£ Kolmogorov-Arnold & BEr, W HERBUE A 1 n A 2n+1 H)% H KAN 2,
PAY 3 B BT F 20+ LA n T ) KAN 2, BRI B f (x) 2 WA KAN
M. T KAN B 5 T, Lin PHRWE T — Mk luE e, @5l A—

15
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PSR HD(x) . AT USRI B8 5 () 2 Hhy 2 6 5 b(x ) ATEE 5% B 50 spline(x ) 10
Al

¢(x):wbb(x)+wsspline(x) (2-19)
Hf, w, Mlw, SR ERTUARE, RV b(X) Fl spline(x) B0+ . Liu 25 K 3%
P b(x) VLB Jy SILU BR%E, R KERE 4 66 5 spline(x) 250tk 9 B FE& 2R A0ZE
PR

b(x)=SiLU(x) = X (2-20)
—e
spline(x)=>Y¢,B,(x) (2-21)

Kb o, Rl IGRI S5, NGRS R ¢, WL ERiitl, DUREREFER,
LA IR .

2.3.3 TN $EFR

N T BRI GRER, A SCGER T HhRERZE (RD. HI7iRZE (MSE),
IR ZE (RMSE). P45t %E (MAE) AIPFH4axt v ik %E (MAPE)
XAV FEPR.

R? 3= 22 R VPl TR0 A5 80505 T~ S B B0 ) P AR . e e — B R T FREIE
LR TR St S 1 2 ST R E , R2 BRI T 1, T30 WA TR S - 5000 1) 25 > R P e e
Hasnr:

n

Z(f/i—yi)z

RR=1-11 (2-22)

n

Z(J_’i _yi)z

MSE 2 BEF 4 45 RANSE PRt 22 18] iR 227 J5 IR P 94 . IXAMEREE IR
OB S R TIUIN £ 45 R 5 SE BBl 22 F2 . RMSE WX 1R 72705 Ja #9107,
LA RMSE X TR 22 K/ ONBIUR  IXPIN PP FiE bl PR A FI (A SE B
Z IR EER/NFERS, I EATRER S, e U R [ P RO 4. 22 30
L

(2-23)

(2-24)
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MAE = % S WL FRINME 5 S8 2 TR A0 iR 22 (P M8, B4 S ey M 2 1)
ISP 22 22 R R, RE s SN ELULAA AT ATT 2 18] 0 25 PO T~ B0 88 o [t )
VLA R T R s, e

MAE=1%
n

i=1

Vi -yl (2-25)

MAPE L 75 b AT B NME 5 SEPME 2 TR R 20k 22, e SR M (19 )
R 2 18] iR 22 L], (8T AN F R 2 Rl L . FLEDRDN, AR ) F00
RORMBLE, AF:

1 n

MAPE ==Y
niz

yi_j/i
i

e FRARKA, nBFEARSE; y RLbRHEEE; p2illEEE: Y& n
MEAR BRI

2.4 £ XS £%

ARSCHRY T — R T ARBME 2 S SR Bt 75 i PO S PR, 258 Rl T
Xt = HEUPRL L A B (B e L 2 T AU S AR A e 11 22 S R AR A
PERI 70 7 DX I X L X R AR A X 28 T AR S5, i e 2 5T A EE oK
BerUE 12z PR IR Ik DL R T R . (B 25 RE BIR A I s H B A AR R RE £
PEAFAFA IR, RIS HUE R GAN X —Ja it i Hde A2 BB AR K A s 8 .

GAN & H—/ME RS A — A S ALB . A s e HIRAR I A B 251K
8 HE TR B T A s D P R SR i Bl S BT O S A X )
T H. GAN i/ 77 & 5% A Dropout SHyEPSSRIIZ /MR, HHMWENT
L PR 2% B 2 K I A SR AN WXL e AL, I I 2% 2R BT BidlE o R A AR S
AL, BRATSTE A BENE ™ A 18 FAE I AR B 2%

) 25
® .T ®

x100% (2-26)

K 2-3 GAN LA X 2% 25 )
17
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HARH GAN 28 L B 2-3 IR . W26 A% Pl o] LA, 4 il 2 B
BLRE S z A2 il — N AL T LS8 IFEAS o SR 5 1 e AR S Se B i ik AT TR S A\ 21
PG, P2 WA Wz A ) B S o a0 SR AR B e S, PR L
FIAN ST, RZINAG AR,
GAN I HFp B 28 0= 2-27) s
mGinmgle(D,G):Ex~Pdm(X)[log(D(x))]+Ez~Pz(z)[log(l—D(G(z)))} (2-27)
FIR AL E WA, PR PRE)
D, Wil (2-28):
mgle(D,G):EXNPM(X)[log(D(x))]+Ez~Pz(Z)[log(l—D(G(z)))} (2-28)
MR RIGIEE DI, BN AR R B AT IERAER, b G(2) 22 s
WA, AT R T RO IR, 1 TR SR x40 1 TR i
F 1A TR TR, WAERFREARG(2), TSk T
T 0 it .
G, Wl (2-29):
maxV(D,G)=E,_, | log(1-D(G(z)))] (2-29)
FERE A ds G I, AR I 2R AT B AR B AR 22T A 3
HERUITREA G(2) ATE 2 1, BRI D(G(2)) B BRAT
AR H AR e 2500] LAAS 2140 500 s 45 2% s B =8 (2-30):

~((1-y)10g(1-D(6(z)))+ ylogD(x)) (2-30)
AR AR R B B (2-31):
(1-y)tog(1-D(6(2))) @31)

R, XA DR, MR R SRR, R R
BB . A G R, T B A A S R R KR G () Bt 1
# ARHUCA TR B EE . JRE RIS R] DVAE O IR B B SRR AR A, (R
e SEBR ZRd A AR AMEIE B AR S AR SR T . B UE BAT IR s i AR e 1k,
RN €Y e R N G0 R N e G VGV

2.5 A%

AT EAH Python H) streamlit PR st v A ay N AR AT ST, SEILA di 0
HI TR ] . B4R, Python %S, el XUBENIAE, SN T H
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A B AT RS2 ORI i FRiE & o i FERN R RS ERES RGN 7. 5
EF IFRAEIRZ AR HERE, RIS LA EAR 258 =J7 F . XL pithik e qE
B o A Sk G R T R B 0, R Python HEAT BHE 43 32 ELAK
NumPy i F Pandas J2, 177 SE 3038048 45 5 73 #r 1) 32 2 m] A4k 3 2245 B) Matplotlib P,
) 83T streamlit 2SR EAT 28 B ST A8 G 101 T T 6 IX DY R AT T BRI A 41

(1) NumPy &

NumPy f& 72 Python WL 2 —, BEWEXMER — PR )8Rt AT /b3, A
A 5 AR N N B RESE I = A B ol it T 4E 5, wT LB AN |
AT THE A TR @ 53,  AbFE kAR 7 E

(2) Pandas &

Pandas #& Python H 3= % F SR HU L ORAF e DA AR S AL 3 46 1) — N R i 2
BRSO B P S g SR R SR W AR N ) H s S
A, SRR N ZR S B T AR R AT RS B EE 2 S, FTRA
B &5 RARAE R AR SRR, SRR I E R, T

(3) Matplotlib JF

Matplotlib #& Python H* == %2 F SR AT Hd 70 A 45 SR 2 I B — M e, ERgih
SIS RN E A I R, DT S #EAT oA, ORI g . B
RIThREIE R 5K, AT LARRYE FH 7 /R SR AN R B, B ASAT DA & K87 T
(753K

(4) Streamlit J&

Streamlit /& —/MHIE Python FE, T A= Z AN 2] TR H, &8
i RTHURE B A e e 58 LA Web R . el D 2SRRI SE AL 4 5
i Web JF R IITIRE, 5 B FH P SR b i v AR 28 T Ak TR 02,

S AT = R SEELA A P 5 Z2DhRefS,  mhnT DUE ARG 2 N Streamlit FAX
i, M Streamlit FIFEAE,  [FINFRE X Eed AR B D) ReACRS BE R AE — 2, TR —
A58 B 1R A4S FH B ARAE

2.6 KRE/NGE

A E A AR ST AR AR 20 SR A SURRE A i UM e P AR AR
Fiv R FH B = A AR P Kt B DA K - S50 B 4 1) 32 ) o3 o A, R A A TR
7 LSTM A1 KAN e 2%, [ 1 ok 2R B VP Fig b RO A A P REREAT
Y. Oy TSR IEIZIE AR K IR R DL R AT SRR, SIN T AR O BT I 2 A2 B
PR IAEARE AT Xk . S5 Python S HAHIC R AR ple— N SR A, S Biid
A () TREAL R o
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£ 3E BURTIES E R4

ARE N —MEE . ATEARNERIE, BAT RN R, JCHEESRE
L A SRR R A 18 L R B A B R R MR 35, 3BT A i e
VEEAR W EE R T M. SR, B A 75 ap HIBEAS 1 RS I R A
XARAEVF 2 0T 9035 80 T 2Rk i & ar TN AR 72 . 28T, B BT RRF F T I
MR K ) @ —— 5k = — A3 A T A [ PR P 36 P P A 2

R, ARSCHR T Bl T AR 7 S I SRR Fb A7 A T AR A . A
LM 23 A S FLEE RS 7y B B S, DR AR B IR I AR Ak B A 3 B
B oy b i, DASTELECHE (AR 2y 28 . o, I HE R 1) = A B AT HdE
AL, AFERINALAR R, F—FEMAA DS AR NHEE, REXR
B A . B, I AR B A O 2 B R DB (A1 R 2R PEAH GG R
BEMERE T PCA X EHRHAT FR4EACEE . @It PCA FR4EAS 2 T AU LK PCL
T PC2 XA LSy - B, BIL4HT PC1 AT PC2 IXPE AN R4, B BAEE 11
ZE S FFRACE , A8 R AR LI P3R4 DX 3 4

3.1 #HIFEFALIE
3.1.1 AHT=IREL

MR 2R — ] LRTE = DM R I A —, K2 ROV B AL
W5 B & T SORIC MRS EM . N T e A SCHR, 2RI = MRS A
AR, W LASEI K 3-1.

R 31 =N HEREA R E

FC1 ##fa 4k FC2 Hudli sk FC3 i 4=
Time(h) i 8] (h) Time(s)
Utot(V) B HE HL K HIME (V) voltage(V)
1(A) R FLIT (A) current(A)
TinH2(°C) A HES A BEHENR E (°C) temp_anode_inlet(°C)
ToutH2(°C) SR H B HEIRE(°C) temp_anode_outlet(°C)
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