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ET2EEASHEIS K2R it SOH #1 RUL Fuill

woOoAh, AR, F LB
WA

(7 4 AR 6 BT A JR A IR A 8, L 200233)
WE . dkfE BIK A (state of health, SOH) #= % 44 M & 4~ (remaining useful life, RUL) & 34 & o 42 B 42 B Fo F
HEFHETEHEAREAF, SOH RUL A H 2R EERAANERARITS, 2 FN B EE R R LR GG M
FiE kol . Wk ¥ 4L 3 T 35 3% (electrochemical impedance spectroscopy, EIS) & — #F B T & 4E & b R 3F & 4L 5
FRGMNAT R CAEHEZFERARREFRE, ZHFRAN, WM #E EIS 5 @ ikey SOH 42 RUL #
=B A LG A B LR A S F AR AL E . AT EIS Al SOH #» RUL. A% %L % 5 3 7 sk e R 3 . 12
TR A AR AR B AR ALBEE LT RANE, B, FE2E5RAFIF A AEEF &N K
Ao, ¥rEBEAF AR ESFIEA TN SOH = RUL T a3k, FF B A #4784, RFTRFHXR, ¥
EIS A7 A7 97 5 3§ 5 64 52 3% Fm B2 3% S4B 1R R HE 9 AR 90 B 4 42, % Se 4k A £ R 9 4 #7 (principle component analysis,
PCAYBEAR 3t EISAE 347 M 4, 32 Mk B 10 MM M ed £ o, KRG 12 A A A=A 2 M % (convolution neural network,
CNN) A A 32 B EIS 849 & 1) 45 45 4% A & K 42 81 32 12 W % (bidirectional long short-term memory, BILSTM) #£ & 3%
BELS B 18] 5> ) ZALHAE 4% R 2 & A (attention) M) 3t — F L B EIS B 38 09 aF 442 F 09 & 236 4, 2 B fam
SOH #= RUL., &9 %% #% L 47 %3 &9, SOH Fn 49 35 7 i% £ (root mean square error, RMSE) ik 2] 0. 146 8,
RUL M 6935 7% 2K 3] 2. 614 5. % RHYIF TR AW T %,

K M ; EIS; SOH; RUL; PCA; CNN; BILSTM

hE S ES . TMI12.9 XEtRERL: A

XEHS: 1671—1807(2024)02—0192—08

Bt E Ak 27 BH HT % (electrochemical impedance
spectroscopy, EIS) VE & — i JC 5 #6232 Wi
FH T H 0 £ JE MR 45 (state of health, SOH) &% 4%
il 4y (remaining useful life, RUL) B, 7E
FEAE e B[, o] DL o EIS 69 52 %8 F0 kg 30 50 & 4%
#E4F SOH & RUL fy o

FERRAE B 2 5 17 . N ETS JT 3 35 19 22 A4 4R
e, BB R A AR R I 0 00 % 1T LA I 3 R AR A A 2
o BRI AT 2P0 R 1 ok B 3w LA =0 Gk
ZRARYET AR Tk B L R ML AR o ST R
AR SOH [y UM HL A R4 i & 28, A
KA TR T O T 32 OIS B, T D& 5 IR
SRR

AR SCI BIHT AT AE T, (50 5 A4 455 780 22 b %
2 S ASERL (R A A A A L AL TR Sl R 2 B S A
P EIS Fiegt SOH Al RUL 22 Ji] il e 5 ¢ & L B 4
MW T SOH it RULY , AR SCH) S FHPELE T 82
THT EIS #ii SOH #1 RUL &) T 0KS &

K BEH: 2023-10-20

1 HEXRE

51 R A R 5 b ETS B 75 5 Lk iy fH
P AL, A 2% T AR v CHI760E M4k 243
BrR A, I B9 25 35— F 10 R R 000K
MR E R 25 °C .35 CHI A5 C L RIEE 102 ~
10° Hz, 7555 3248 [l v ] 44 — 72 ] B 2 B 60 43 28
fH. 3% 1w,

£ 1 FEISHZEEE—%

FE | Bk | ke | BE | FE | BE
1 20 004. 4 21 12 516.7 41 7 835.48
2 4 905. 29 22 3070.98 42 1923.15
3 1203. 84 23 754.275 43 471.963
4 295.472 24 185. 059 44 115.778
5 72.517 0 25 45.362 9 45 28.409 0
6 17.796 1 26 11.144 8 46 6.975 45
7 4.369 41 27 2.7354°7 47 1.709 52
8 1.070 79 28 0.670 72 48 0.419 76
9 0.262 61 29 0.164 52 49 0.103 09
10 0.064 43 30 0.040 42 50 0.025 28
11 15 829. 1 31 9 909. 44 51 6 217.24
12 3 881.27 32 2 430.77 52 1522.43
13 952. 865 33 596. 718 53 373. 208

EHE-N: FH0976—) . F . 0 KkITA AL LT AT LIRS . . WAFHA AL AR T &
AR I E S99, B R, BT HAA R R T AAMREERRIE Al T : FEMRER,
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H

o LT ZRB 414 M EIS (8 i it SOH A1 RUL i

et H Ak 2% BEL e 33 D 3K {00 3 v it EIS (L fb
ERHPTE AR,

(1) 3 32000 5 F e« A ] St A o 0 Pl AR A
Z LU H A Bt F A A SRy XoF ARG, 3 4 28 Lt TE AR A

(2) T A 2 50 8 98 000 % 4 4 0 L 40 3l i
EHM AR ES R, MR EKRE 107 ~
10° Hz HL3hiRIE N 10 mV . 316 5 5 — ik B 5~
60 A, BEEL 60 A1 M BE B

(3) T 4 I 17 51 T i 78 v, B0 75 o {6 s 9l R
FETE HARRES

(O A B . A #S F Bl e 15 A 20T 16
TE A A8 5N TE 5% A2 i /M 55 10 53 e L HL U

(5P 25 o J5 - ol T ASC A SR 22 ol B e ity &
(Nyquist EF1 Bode B , B/~ BT A A HE2S5,

(6) 38 2o M4 4005 43 B 7T LA AR B R, i PN BEL L 1
LB L S S S

SR A B I T S b R AT 22 AR B Y 38 I
FLPRAE  7E B AL B rh AT EIS /3K, ok 4 I 10 5%
g A0 X8 17 1 BEL e 1 SIS R R R SO S A SR X
IO (9 HL 3 SOH A RUL #dis

BEARWE I RE LT AR S % Zhang
20T i Data generation #5473 .
2 Hih SOH 1 RUL i il
2.1 it SOH 1 RUL i 72

FHT Z R A A EIS B0 PE 700 B i SOH Al
RUL KR AEUNE 1 Frs .

o T 2 e 1y AR L EIS.SOH
M RUL % s Hook i A 3 8 50 4 #r Cprinciple
component analysis, PCA)BEHIXT EIS #E17 B4 5 4%
i, f & B 2 W 4% (convolution neural net-
work, CNN)HE R4 B EIS ) 25 o] 45 AF 5 R0, fifE
K] K G #1012 W 4% (bidirectional long short-term
memory , BILSTM) & R 2 Bt EIS {14 i ] 22 Ak LA
F2 R R AT TV B AL 4R R ETS B 28 AR AE A Y
ZLRr, fr e, B SOH # RUL,

WA REE fff FIPCARERY A8 FICNNARE 2

P REL T - XTEISHdE i - IR
SOH. RUL ATRE4E 1iE
Y
i H .

" {f FIBi-LSTM

FRHSOA | Faentionde B SR )

E1 ETEERASF EIS HIEFHME b SOH 1 RUL 2

2.2 #3% SOH #1 RUL Fill 4 &

i Z BERU20 & A B R S5 4 an 18] 2 T

mE 2 o] i AR5 reall ~real60 Fm M E
A2 ATRATON 0L 1 BHL e 8808 1) 55 F B s  imaginaryl ~
imaginary60 &7~ M 5 A5 2 K 40 X5 . 19 BH Bc 2% 95 19
HE BB

P1~P10 £~ EIS fif Ads &3 PCA 1R Z
Ja 15 B FE 5 .

FET K2 2 )21 convolution &544 , LT PR ECH
relu; 7 S X 45 BB 45 R AT B Kb AL 454 o &
KA g5 it 47 flatten A, B 4 & I °F
25 A B BILSTM 4544 w386 pR %A relu; Bil-
STM By 45 5 i A Fll— 1> attention £ AU,
— 22 3] 7 4 v & A ) 26 9 AR OOE R 5 3 4 )
— B,

B . o 2 v Bl H JZE, 4 5 Bl SOH
5 RUL,

T 451 2 PR 2 R R 22 (root mean square
error, RMSE) . 1 2k oA B0 FH Ok Ak 2 45 7Y i) 10 )
HHETEAN—BREMR, K RECR A E 7 58
1B eREL, 104 % RSN A5 Y ) B A M gl A

TE 1] U5 F I 85 A v, 34 75 AR 5% 2 SR A 6 B AU
H I FE IR 22— J& kDAL A 1 B S5 5 1000 {E 22 E
B SF- 7 SR ORT G S 2448 0 R I D7 A — % ke A
A5 TR Py Y0000 (L R L S (B 2 () e 2. 3 AR R 22
AN B AR AUL A ) AT ORI R AT

TR AL 5 e 8 B rmsprop. A 46 7 2 5k
SRS BOR 7 15 Dl /B R pR Kk B R
[7i) i 22 e Jost 31 5 P B R SR AR
2.2.1 REEIS Zm o

BT EIS MK EHE A 60 AN, B 013250 Ly

SOH or RUL

full connecting

+

attention

)

BiLSTM

[}

| |
| |
| |
| flatten |
| |
I |

)

max pooling

?

convolution

| N |
PeA ) ) )

[
Irea11| I | |rea160| |imaginary1| | | |imaginary60|

B2 FE# SOH Ml RUL WS #EEASHNER G
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BRIl

Foal H2H

— N BEBAE B AN B BT 53 ) A 52 F0 AR 0 8 4K
P, I AEA 120 A ABHE . X 2 A8l . K
A A T SOH 1) 00 ASH TG 5 4 23 7 A g
TR | 2 B8 AT T A B B X A B 2R AT R
Y, PEECE B4 .

PCA B B350 7 J& — P R e R 4 7 vk . B
T o R U AT A2 R B s A I A B 4 A A B
£ L IF) B d5 R B RE b £ BRI O B R MR B
PCA 1y U] fif B QN 1& 3 B

i 183 Al B R AR SR P REAS S IR R A
X oy my s Y Bl ) #S 2A BOR Y  HE  HE
R AR R R LA UL AR ) 25 Ok A R RN .
AR NE R X 8 Y PR — A I8 At

T 545 B v i 22 5515 RO S A BRIk
F, Y
F,
4
o 5,1
(o]
o © A,
o]
]
X
o oo oo o’ o
o o Z:,z
o

3 PCANLIBERERE

B % I i 1) Al b Bl AT R R A5 B TR Y
bRl EAE BRI F, . AR Fy ORI B A
BT AT I D0 R K il AR R R R T OBOHE Y 32 E
AR Y YAk Rl F, RN B A K A OE AT R 0 R
BB AR BRI T RO R E AR, (B BT
A o Bl R IR S FOMG R K AT, B, W
BT ARG (B A R Bl O R AT AR e A5 B A R
V6 B0 0 i A P AT R R A AR R T B
BRI A5 B i AR AR D S Y A AR
WO RWEMN —4) AR T R MK
Bt P 2 45 A R Tl R R R AU 2 {5 B B
He g A A

P, PCA S50 F — A Ak b 8 5 A5 6, 08 4K
it I Iy 25 R0 MR EAT T e R AE BT I Ae bR R B AT
TR IR T R S 4% 52 B LA 1 o AR
Pop 9 RIS N

PCA ) 5 4E 1] © B 4t - 4 B £ 215 B9 A
NS R A A = NP -1 5 | B g o <
@ F M . 38 3 B 5 2 B Wk T2 43 X B 1) M RS ) i
P2 TS 2 @ FilAb 38 . PCA W] LA VE L 8827 >
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BA L I B AL B L 4R R TR

fifi F PCA BRI EIS % A BOHE 8 47 3 5 o0 42
B, DLak B B 4 Fn 2k W0 B Ry, 34 19 A B
Jy 10,

i 2R PR AR, PCA AT LK 55 4 71 25 18] 5% 1k
R IUASBAHIE 38 11 32 18 53 25 8] IR AR 48 Jr 22 SRk %
EAREATHE A . B R R T — EB A G A
P (7 22 9007 LATH B 0 A~ 32 8043 T Al R 1 A
5 205 R AR RO B 25 0 E A e, AR 1 3 A i
PR AR HAE J7 2219 20 %0 555 2 3 4 1 R D I K40
2R 15 %%,

SEBRAE T A H AR A SR RR i R Uy 25 R ik B
5 {EL (AN 85 96,90 %6 .95 %) etk E 3= AT K i

P EIS B4i a7 10 4~ £ p o 19 BB 5 2%
KRBT 99 %, 7 FEARAE B 1 IR B, AR KRR AR B
TIHRRER.
2.2.2 48 CNN A IR EIS = 4] 4 42

CNN 1] Lk H 3l 2% > i A B0 0 23 (8] A 56 1 L $2
W R R AL

CNN Z5 #4940 & W4~ BUZ Al — Ak 2 B
JZ BB PRECE N relu PR, 1 BB SR BCR B E N 32
A RSE R 1, A2 B il Rl 1,

A o % EES
a follalls!iaiiey 2
1 @ =i
sflel2alols
1 0| -1 — 7
2 4alls lallsla X /
_____ @ -
slels|a]7]
177112112111 ZH [2] =4=1+9x0+2x(-1)+
+. £ Sx14+6x0+2%(~1)+
s|s|s|3]s]4 Rof: o /3 _
BE. sl 2% 144x0+5%(~1)
n”xn”.:6><6 #ﬁ% [7:0

B4 BRUHEREE

mE 4 s AEBEREPAE — 1X6X6 BFH
FEAE R AN B FR O B AR AR BT B &t — A
33 MY UE P fw (W B AR Sy B BB #E AT B S 5,
BN A ZE B fR 3 X3 1Y 32 B X T iR i 58 L ak i
B — KA A g, LR 1, 58 i i
BE.MESEE —1D 1 X4 X4 /0% B84 |, Bl
iR,

1k 2 (pooling) 8 4y A ¢ A B J 43 A5 T Jm)
H DX 3k, 3 Ak S T 2% S S DX B 1 AR a5 4 /N R
TEE 1 RT .

WAk 22 X6 i A FEAT AR L PE TR SR A Tl I R AR
A48k Y 19 Bt K AH (max pooling , 5 K ith £k 565 24 {8
(avg pooling, ¥4t Ab) VE S it

B RUZ %0 02 6 U L b Ak 2 09 3% 0 5l 2



G

i}

4 5T 24 A EIS B8 i3t SOH Al RUL i

WAL AL R — My 3 X3 8 2 X2, B KA
18 2, FEXMRRAE FE AT it Al ok A2 v, A 4 et
K%,

B AL 7 A 7 13t 1k A AR R Ak L R K
b A FH B KA R A J5) 8 DX 3, A 45 181458 1A SRR AR
XF b i 2 OF 2 Ak P 408 ok R AR R S X8, i
o PRI A R A £ 8B oS3

YIRS B Lt Ak )2 AT DA v B A0 () 3z Ak 1 0
ERRPE L R G0 I 45 1 LA . R R AR T 2 Ak Y
IPEZEME S5 PR,

Horp b A AR AR 81 R /Ny 4 X4 die Rtk
FF- 2534k 46 B K/INE Oy 2 <2, bk Bt R 1E 1B
KN 22X 2, B4 FUZ AT DL U A B8R 09
JERHE AR 2 S T SR AR A /N EUE 4R . B i
it flatten 25 = 4EREAE WL — 4k 0] &, /4 EIS
123 [ RRAE R 35
2.2.3 A& A BILSTM A A 42 B EIS %9 8f 18] 5> 5] &
1 HLAE

BILSTM i) LSTM FlJ5 [ LSTM 4H i% .
BRNH—TF LSTM,

LSTM & — Fr e 2k (19 RNN, 1] L2 2] K 4K
O Z L A A B ) 5 BOHE 0 3h A AR A 6 N
LSTM FiAI K],

Y

\
A\ >C,

X, A
B 6 LSTM &8I %4q

LSTM #7125 46 6 &5 LA 4 B 49 o
(D% AT P58 24 Al i 20 5 A5 8 A i g6 2t

Ry VR HE AR HIT

()38 B3 1T« B R A B o0 o (1 W 2 45 B 7 22
B e E bR

(3R FIC: T A7t Dy LIRS AR B
41,

(DT gl 2 — N BRJZMER.

(5) 06 PREX (sigmoid . tanh) : I T #EF7 AR &k 1k
e

(6) % th )2« 5 A B A6 B LSTM i i
B

LSTM iz % A 1T 35t 0T Bt b 171 B - PAT
e hiE B A DR B R 0 S, 52 R Y
FRMICIS B A B, AH A HL RNN, LSTM 3
FIE AR 2 B P 500 v ) R A L A 3 A 1 (]
G, A SR K AR BE T .

BiLSTM M LSTM F1J5 1] LSTM 41 1%,
A5 B R 1] BRCRAS RS BRI . 7R R — B 20 i )
LSTM kb #1E [a] )7 51, J5 ) LSTM Ab 38 52 [ 5 51
T 5 A A DF 4 0 U N A1 BRCIR S AE N i B )
ORI R NN

K7 X R AR BILSTM HfijA LSTM
551 LSTM 2 45 1 B » fre 2 &> 0 8] 25 @ i

7 BIiLSTM #8454y
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BRIl

Foal H2H

hi=[hfiehb, ;] [« JRRPHEBAE, B QR LSTM
B B 2 4 R 50, I8 4 BILSTM By 4k i N
b 100,

BiILSTM A LA AR : QA LAy R 3 £ |- F 3¢
5RO A A S i T 4 T @ B e b AT LA b B
PR A B 1 B A OC R 5 O N RBUR — et T
B LSTM, fif e 56 B2 3 2K 0] B s @ %) Iy 31 4l B
AR5 P REAE SR ICRE T s © B 85 A 2 2T B0 1 i
(] _F 7T 3 © % S 44 B 1] ) 1) HL A B 4 UL PR

BiLSTM JZ B £ e~ 44 32, BILSTM )2 1]
A2 2] i A K 9 AR OC & L U I R) ) 8 6
AR,

2.2.4 £ B & # (attention) £ & & B EIS i =
HFAE 69 F T30 5

7ELL F 4 38 b, PCA-CNN-BILSTM # # & £
PEICE] T EIS B 09 i =S R AE , ¥ PCA-CNN-BiL-
STM (#4553  /E A attention #57 (i A, JE—
VTR AE 22 R] 1 AR X B B, 45 HH X A R AR
W7 A 8 P ACEE , R IR T R AIE 1) EE 2R 45 .

attention A5 U f) J 22 . O ARy AT 51 19 Y
2,25 — AR ACE i Q¥ B A
FHF 1750 v A A B 18] 25 18 Btk 25 5 Ak 330 55 5
i) 5 D Z8 3k 1 7% 77 BUE W A AL B L T 51 1 R ¢
FORFEME T HOOFREZEMNELD .

T R < i AT B b i A DR A — A
HH R PR bR 285 1] o 5 8 33X 28 BROIR S AR i A 5 atten-
tion 2% 2 H— AN 10 B ) AU 1) £ 5 1 R A )
() B~ T8 3R 38 7R 6 I 1 1) T 25 6 S 2 By s 1 A X
T Of T AR 1 N T RIS e Lk
FE AR N L 45 3 55 1 P8 R .

i F /) 7 = D HL I B9 45489 4 Bahdanau atten-
tion Z5 44, BAKGNIE 8 iz,

& 8 Bahdanau attention Z5#3
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Bahdanau attention 43 5 Encoder #1 Decoder
PR FEAKX T,
% —% :Encoder,
h;, = tanh[W(h, | ,x,) ] [@D)]
0; = softmaxVh, 2)
A b WA 2 WEJZARE 0 B 00 i I ZI KR
FHOR 2 B U — Ak di 1 B WORT VO R ) B AL
yis] 2
% — 4 : Decoder,

A ¢ I 20 B4 1 ST &

T

Cc, — a,,-h, (3)
i=1
w — Texp(e“‘) W
Z exp(ey)
k=1
e; = vitanh[W, (s sh;) ] (5

Kb e e W28 )i 5 e, Ry B A P 2R 0 )
ZI B JZARAS 10 B by XA SR A 0 2R )2 RS 5,
B MARE L 5 o, I softmax ALK e, H—1bLZ
JE B s W, R 2] AL FE B 5 v, S 727 20 1AL
] i,
(2) e 3 BRZ AR IR U
s, = tanh[W(s, 1, y,1.¢,) ] (6)
0, = softmaxV s, 7
e s, e 2R a R ERE y 0 N e— 140
W H 5 0, g T 5341
2.2.5 Fml ¥ SOH #= RUL
TE attention BB Z J5 & — N2 EHE . 2%
)2 X attention fi th AT 3 — 2 42 B, R 15 1 [E)
JPO I R AR IE R GA . 2R & T
16 BTG R B N relu L., EEHEIEZ IR
R R TN I P e i R L R = ]
{543 1 2 W0 b SOH 1 RUL, 34 7% 06 %K linear
FEAY R 353 2% 2R KM 3 7 1% 22 (mean square er-
ror, MSE) ; . fk.#% optimizer S rmsprop; W4 38 F5
metrics N ¥ ¥ 48 X} % 72 (mean absolute error,
MAE) , Bl H A {0 5000 {1 =22 2 19 26 X5 {5 2 L
3 FWNMRER
TE 28 T BCHE 46 A bl s L i ] 3L rb i BEL
OB Sk 43 90 00 H, e SOH F1 RUL, K B4 4k
Fie BB 8+ 210 LL A 43 U 25 4 G A i 4 A 7R I 25
LG LI 2 B A2 & B AL, 78 K 4R 5 b I ik
e



WORS T 2RI AR EIS B4 Bt SOH F1 RUL il

W B 48 A7 120 AR AR, 47 AR Y 5 KR
1~120,H 60 AHRe Ak A2 45 52 M e BT 7 1 BH 5t 5L
it 1) SR B L S5 60 N REAE 2 A9 A i I X 1 1
RE BT Z0CHE 1) o 350 5000
3.1 FNEER®
3.1.1 SOH Fnl % # &~

1T EIS F A it SOH $ 4 4 4 358 20 #6491 4n
2 i,

T2 W £~ f Fon EIS B R ERAE, X B K
SOH &7 H Jth $52 R 2% i, At S e T H gt ) B 5
3.1.2 RUL M & 3R+~

i gth EIS T e b RUL 4 45 4 358 4 6 491 an
£ 3 N,

R3IW, 1~ [0 Fen EIS FREFE, X B 1
RUL 27 HJth 8 42 76 A K.

HAFEE RN, /T H0 SOH 1 RUL #yBH#t
it EIS Bl 0 A ¢ e A .

3.2 PCAREEIS ¥4
3.2.1 PCA #HFal SOH # EIS £ & %

XN SOH 1Y i A B EIS (9 120 2 B2 £ 4
HEAT PCA JFL A3 3] 10 A~ 3 24, 38 40 A% 61l an
FaPin, Hf, P ~P KK ER 10 A~ F 5.

R 2 Hith EIS Bl 885t SOH #iB&E S # I (584)

S I JS120 SOH
0.384 70 0.391 56 0.327 95 37. 20
0. 388 86 0.393 43 0. 323 00 36. 22
0. 390 38 0.396 0 0. 329 55 35.59
0.391 94 0.396 43 0.336 73 35.11
0.392 25 0. 397 60 0.325 62 34.77

&3 i EIS WM RUL UEES#G(F845)

3.2.2 PCA #EIFa RUL # EIS £ .o

XN RUL % A s EIS (19 120 2 B %5 4
PEAT PCA 5, 15 8] 10 A4~ 3228 A 43 . 30 43 B i 4n
TSR,

Hrp Py~ P RRERIR 10 A~ FE W57
3.3 BMMERETR
3.3.1 SOH R £ R &=

A JFAS )RS R T3 SOH L 43 1) J2 4o 25 190 245 A 751
MLP., CNN-LSTM # #1 | PCA-MLP # #1 | PCA-
CNN-LSTM # %I, PCA-CNN-LSTM-ATTEN-
TION # % Pl } PCA-CNN-BILSTM-ATTEN-
TION FEAY, B4R XS Lk 6 fror

HH 2 6 T J0, 14 58l 26 N 45 MILP 455 A (1 54
Wz B IR2E N 0.689 6,

CNN-LSTM #8241 & Lt MLP 2 8H 4, {H
SRR A R8T iR 2R 0.589 2,

1A PCA F4E 2 J5 ,PCA-MLP #1 PCA-CNN-
LSTM BRI RO R A 2T, ¥ 07 22 73 ik 3 T
0.255 8 Ml 0.202 5, 7 PCA-CNN-LSTM Hy % fil
A attention ML Z J5. B iR Z T T
0.164 0, ¥ LSTM #& 8 # # jg BILSTM Z )&, 1
TRz — LT3 0. 146 8,

PCA-CNN_BILSTM_ATTENTION # % 5 jil]
SOH ML 4E & M ¥ME A 30. 577 3, b T 2 Hh
4.066 1, FI4E A B HME N 30. 620 1, bR ifEJr 264
4.086 0, ¥ HRIR 22K 0. 146 8,1 & B 7l il &5 21 1Y
Bl o A 5 SR B £ o A B AR — B, SOH
2k Rk 7 pis .

SOH T &5 R e an &l 9 frw ., H & 9 iz

LE B R FR 22 (6 AT DU Y PO AR AT

fi 12 fizo RUL R S5 M RUL BBt EIS £13E PCA T E L& RE 6 (5 5)
0.38470 | 0.39156 0.327 95 234 3 I3 Iy
0.388 86 | 0.393 43 0. 323 00 232 —0.961 4 0.063 5 0.009 0
0.390 38 | 0.396 00 0.329 55 230 0,906 7 0.092 5 0.003 4

: : : : —0.881 5 0.105 7 —0.009 2
0.751 14 | 0.757 14 0. 296 08 4 0.851 2 0.125 2 0. 005 1
0.753 21 | 0.75879 0.298 27 2 0.835 6 0.133 1 0.003 3
0.752 11 | 0.760 74 0.291 80 0

R 6 AEBEEFM SOH 3R 7Lk

%4 Tl SOH Wy FE it EIS ##E PCA it E & R 6 (5 4)) R 4 F B
Py P, P MLP 0.689 6
—0.8257 0.497 9 0.007 3 CNN-LSTM 0.589 2
—0.766 7 0.480 0 0.005 1 PCA-MLP 0.255 8
—0.739 6 0.471 8 —0.008 6 PCA-CNN-LSTM 0.202 5
—0.706 2 0.458 5 0.007 1 PCA-CNN-LSTM-ATTENTION 0.164 0
—0.689 5 0.453 8 0.005 9 PCA-CNN-BILSTM-ATTENTION 0.146 8
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BRIl

Foal H2H

40

35

30

25

20

I

1 2 3 4

WESEE 2916 | 2475 0 2731 | 2809

W BE 2932 0 2484 2732 2818
RE -0.16 = -0.09 = -0.01 = -0.09

6 7 8 9 10

31.81 37.78 32.79 28.48 27.03 26.07

37.68 32.74 28.53 27.1 2594

-0.19 0.1 0.05 -0.05 —0.07 0.13

B9 Hith SOH Tl 45 R # 5

*7 ETSEEASHER EIS Bl SOH Tl 4 R # 4l

TSN A R%
29.16 29.32 —0.16
24.75 24. 84 —0.09
27.31 27.32 —0.01
28.09 28.18 —0.09
31.81 32.00 —0.19
37.78 37.68 0.10
32.79 32.74 0.05
28.48 28.53 —0.05
27.03 27.10 —0.07
26.07 25.94 0.13
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CNN-LSTM # #, PCA-CNN-LSTM-ATTEN-
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#8 AREETMN RUL 2 RXHEE

5 4 B Y7 iR 2%

MLP 10. 644 9

CNN-LSTM 9.297 8

PCA-MLP 5.547 7
PCA-CNN-LSTM 6.478 4
PCA-CNN-LSTM-ATTENTION 4.116 2
PCA-CNN-BILSTM-ATTENTION 2.6145

5.547 7 Fll1 6. 478 4,

£ PCA-CNN-LSTM iy 2 fili I il A attention
MU Z 05 - iR 2248 73 17 4. 116 2,

# LSTM BRI B #e i BILSTM 2 J5 , Y 7 iR 2%
TR 2. 614 5,

PCA-CNN_BILSTM_ATTENTION # % 5 jil]
RUL MRS W BE S 147. 828 6. b5 1fE T 22 0
103. 062 1, FN4E & B S4{E Hy 147. 997 9, b 7 2
i 104. 636 6,3 AR 1R 28 2. 614 5, 3X 3% B Fil il 45
SR BYERE 53 A 5 LSRR BB 43 A B AR — 2, T
SN ER 9 PR, SO A5 SR il 10 BT, W
P& 10H A5 1 B B S R E 22 (A AT LU Y, S0 Ak SR
R4t
4 HFHig

Al PCA 22 B EIS %4l i M2 7, CNN Fll
BiLSTM 20 & AT LA B 8% 2] EIS F1 SOH Z [i] (1
02 2% I I 25 LS 0GR L 1 7 0 AL A e Ak A B X 4]
R SCHY B, T DU RS R B 4, T T
EIS B i SOH A1 RUL, ¥ iR 2240514 0. 146 8
2,614 5, g e 2 A5 R TN 22 Fh IR 3 2 2] B R IE A7

R9 ETsHBAARER EIS FMl RUL Fill & R H#£45

HE T RE
30 32 —2
204 211 —7
136 134 2
124 123 1
258 260 —2
38 40 —2
8 8 0
318 320 —2
242 242 0
80 81 —1

198



WORS T 2RI AR EIS B4 Bt SOH F1 RUL il

200

100 =

50

mIUEE 30
mWRE 32
)

204
211
-7 2 1

136
134

124
123

242 80
40 242 81

-2

(=T R
w
53
(=}

10 B ith RUL il &5 R 44

HAE A FIS ¥ B T SOH fil RUL, 8RB BT, BHEER= L, 2008(10) : 57-60.

W AT — 52 B o B8 [5] JEAMEIe, AR, Ein M. 3T oolk 240 15 5% 34 i SRRt
M AL AE B I S (1], Bk 5 TR, 2022, 22

5 £k (22); 9679-9685.
[6] ZHANG Y, TANG Q. ZHANG Y, et al. Identifying

(1] %M, D, skdeik, &, TPt TEEH foom & degradation patterns of lithiumion batteries from impe-
PR 2% A F it 2 o IR S B [T ], Bl H AR5 TR, dance spectroscopy using machine learning[J]. Nat Com-
2023, 23(12): 5102-5109. mun, 2020, 11: 1706.

(2] HBnld, BARWl, EBFFE, . 3Tt 55 U1k s it (7] BKBTHT, R, o, 25 FET EIS FrkhZe M 4 iR 15 i it
L ICHH 2 I 25 1 A B i R R B B LT ). B AR 5 T SOH MR fliitLT]. fEReRF S5HAR, 2022, 11(2): 673-678.
£, 2022, 22(29): 12900-12908. [8] xIfhez, MMh, HEF, F. ETRABA L LSTM /Y4

(3] FBzk &, SCVR%, WhY, 5. 3T HL b AR AE A B 1 1 b HLth SOH S5# XA Ar i [)]. shreRl2E 58 AR, 2021,
Z Mg mb RSB L]]. B ARS TR, 2019, 10(2): 689-694.

19(36) ; 184-189. [9] VIVIER V., ORAZEM M E. Impedance analysis of electro-

(4] ZEH. 2R WE. JET 0 € i 20 9 2% i 4 359 ol 6 o 800 43 chemical systems[J]. Chemical Reviews, 2022(12); 122.

Prediction of SOH and RUL for Lithium Battery Based on Multiple Model Combination and EIS

CHANG Wei, HU Zhichao, PAN Duozhao
(Nantong Le Chuangxin Energy Co. Ltd. , Nantong 200233, Jiangsu, China)

Abstract: The State of Health (SOH) and Remaining Useful Life (RUL) of batteries are important technical indicators for evaluating the
health level and remaining lifespan of batteries. The estimation of SOH and RUL is an important component of the battery management system
and the foundation for achieving intelligent monitoring and scientific operation of the battery management system. Electrochemical Impedance
Spectroscopy (EIS) is a testing method used to characterize the internal electrochemical processes of batteries, which has the advantages of high
accuracy and non-invasive damage. Various studies have shown that there are some inherent connections between battery impedance
spectroscopy (EIS) and the SOH and RUL of batteries, making it a research hotspot in the field of electrochemistry. Based on EIS to predict
SOH and RUL, traditional machine learning methods are relatively mature, but there are still limitations in prediction accuracy and stability,
making it difficult to fully explore the decay patterns of batteries. Therefore, it is necessary to combine with methods such as deep learning to
improve prediction performance. Dimensionality reduction models and various deep learning models were introduced into the fields of SOH and
RUL prediction, and the models were effectively combined, achieving good results. The real and imaginary data was arranged corresponding to
all frequencies of the EIS as frequency features. Firstly, the Principal Component Analysis (PCA) model was used to reduce the dimensionality
of the EIS values,10 refined principal components were extracted, and then the Convolutional Neural Network (CNN) model was used to
extract the spatial features of the EIS, Using the Bidirectional Long Short Term Memory (BiLSTM) model to extract the variation patterns of
EIS time series, using the Attention mechanism to further select important parts of the spatiotemporal features of EIS data, and SOH and RUL
were jointly predicted. Experiments on test data show that the Root Mean Square Error (RMSE) of SOH prediction reaches 0. 1468, and the
mean square error of RUL prediction reaches 2. 6145, both of which are better than traditional methods.

Keywords: impedance spectrum; EIS; SOH; RUL; PCA; CNN; BILSTM
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