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The state of health assessment of lithium iron phosphate battery module
based on relaxation voltage curves

Chen Xin' Ma Huimin® Qie Jingjing® Guo Zhipeng' Liao Qianggiang'
(1. Shanghai Key Laboratory of Materials Protection and Advanced Materials in Electric Power, Shanghai University of
Electric Power, Shanghai 200090, China;2. Ordos Research Institute of Energy,Peiking University,Ordos 017000, China)

Abstract: The assessment of state of health (SOH) of batteries is one of the key technologies in battery systems, and
its accuracy is crucial for the safe operation of battery systems. The relaxation voltage curve contains rich battery
information and has a short relaxation time, making it suitable for evaluating the state of health of batteries under non
constant operating conditions. This article uses the relaxation voltage curve to evaluate the state of health of lithium
iron phosphate battery modules. Firstly. a relaxation voltage model for lithium iron phosphate (LFP) battery modules
based on linear correlation between time constant and relaxation time was established, and particle swarm optimization
(PSO) algorithm was used to identify the parameters of the relaxation voltage curve and extract health factors.
Secondly, a hybrid model of convolutional neural networks (CNN) and bidirectional long short-term memory
(BiLSTM) optimized based on pelican optimization algorithm (POA) was developed to evaluate the SOH of batteries.
The research results show that regardless of whether the relaxation voltage curve is obtained by charging and
discharging at 1/2 C rate or 1 C rate, the relative error (RE) between the variable time constant voltage value identified
by PSO algorithm parameters and the true relaxation voltage value does not exceed & 0.12%, indicating that PSO
method has good parameter identification effect on relaxation voltage at different rates. Using the relaxation voltage
curve after charging and discharging at a rate of 1/2 C, the relative error of SOH evaluation obtained using the POA-
CNN-BiLSTM model in the test set still does not exceed £ 1.2% even when the training set is as low as 5%, At a

charge discharge rate of 1 C, when the training set was as low as 5%, the relative error of SOH evaluation obtained
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using the POA-CNN-BiLSTM model in the test set still did not exceed 4 1.5%, indicating that the POA-CNN-

BiLSTM model has high accuracy in evaluating battery SOH.

Keywords: state of health;parameter identification; battery module; pelican optimization algorithm; convolutional neural

networks; bidirectional long short-term memory
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Fig. 1 Internal structure of 15P4S module battery
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2 A ®
2.1 SOH #0 SOC HIE X

SOH H R ih i SOH 545 LA BT, a7 B R
A (state of charge, SOC) % SCJz LIl A9 W] A 25 6 o e KT
FAAS R L], A8 S0 A & A B Sk 2 L SOH A1 SOC, 4n
K DOA PR,

%12
Qureman s g
SOH = 100% QY]
le(‘d
SOC = QQ”" 100% (2)

2 Qa1 SR HTHLHD I B E B 1 Qe & SR TEIR
ZAE R R R T A&, Q,. & X HIEH &5 h
b A A
2.2 HWBREE

(51 3 24 LFP A5 2H A [ 4% 26 7 80 5 09 it 75
JEHEZE . HL A T B L JE (open circuit voltage, OCV) &
SR EL b IE B AT R EL A 22, Rl SOC B, R IFIE
B A L R H LA R R 1) SOC-OCV 4k, K& H i)
A, B R LRI R A 2 B A, X RIS A AL
il 5 2% 04, AT R 09 ff B AL G IE DU AR b I R W A 4
s TE B FLAROA B 9 5 4 A8 Ak, SRE B AR B R

140
polh T
\
\ ‘ 12 CFH
1380 - 1CEE

oCcv

s 10 15 20 25 30
B} 1R]/min
(a) NEEER T 78 B 5 H5h I R i 42

(a) Relaxation voltage curves after charging at different rates

1257 1/2 Ciges
124 —-==- 1 CJCE

123w T e ocv

122+
4121
120 %" SEm T
11.9F
118r/
117

R

HLE/V

i &) /min
(b) AN R3O 5 B TR P 2

(b) Relaxation voltage curves after discharging at different rates

&l 3 LFP w41 A [l A5 2 T 5000 L 5 (9 5t 75 A e it ¢
Fig. 3 Relaxation voltage curve of LFP battery module after

charging and discharging at different rates

st T F T T 2 F 20 Br — Ji LA I (i) 5 A Bl P I 1
KR v R R A PR R . R AR R R
P T ) A ARG AR AR R . IR 3 T RUE L B A
R AR A i R RO AR B R st R R A
Frge b ) 4. P, X — o A O ot 9 R R AF 5 Y R
B LT B U TR

Unx = UL, — U, (3

+ 119 -



548 4

v F o

T # K

KU, N L TF B LR, UL o ¢ 5 20 B, A ol A
2R .

o At SRk P RKE o SR I ) R, R R
FRHOR 1) H B B AE AT R b, % 8 E ¢ 2 — > BE s [a) AR
Ak A 78 T, BORR I SR AR B IR0 R B0, 2K (40 T OR ) O Bk
B E R « Rk 0N .

1

t nU,, — nU,,

E AU, ARG i s f 26 =t (4) , 1T LLAS 2R [R]
BRI <,

& 4 JBR T LFP B A5 20 76 A [ 3% 2R 5 il B/ st 7

6 000 [—— SOH=89.5 %

—————— SOH=85.1 %

5000 —— s0H=80.0 %

40001 SOH=75.6 % e
——SOH=72.0% .~

4

—— SOH =89.5%
4000 .. SOIL=85.1%
—— SOII=80.0%
3000 E---- SOIL=75.6 % -
——SOH=T72.0%," .-~

~ 2000 ~ 3000
1 000 2000
12CHE 1000 2= 1/2 CIAL
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Fif 18]/min Ff [ /min
(a) 172 CTHJE MR Ber-i B (b) 172 CIEHJE Tu IR M B - B

(a) -t diagram of relaxation stage

after 1/2 C charging after 1/2 C discharging

(b) t-¢ diagram of relaxation stage

[ B 1) I 8] 5 450ORN sF (8], 26 R [ SOH R, B 8] 5 0 i
A REFRLIERER., WE 4 T LIE £ R SOH
B IV B A T R] Y AR R R R L AR SO
KL RE X RFXARER « WAL, HBE TR
2 R 3l 1 st 5 () 5t 5 e R il AR, B 2R (5) A (6)
TR

1

U, =U.— U,.—U_ e " (5)
tc=at+b (6)
Hoa b g FRAF MR A - — ¢ 2R bR A

—— SOH - 94.90 %
5000 son-onones
—— SOTT - 85.05 %

P00} Z2o o

10 15 20 25 30 0>5

0 5

10 15 20 25 30
Pt 1B /miin i 18] /min
(c) 1 CTRH B BB (d) 1 T JE B B -1

(d) t-¢ diagram of relaxation stage
after 1 C discharging

(c) -t diagram of relaxation stage
after 1 C charging

P4 LFP s A 4L A R A% 2 50 R S ot B BE 04 BT 1) 5 501 e 1]
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Fig. 10 The curve and error plot of the true relaxation voltage value, fixed time constant voltage value, and variable time constant voltage

value during the relaxation stage of LFP battery module after charging and discharging at different rates
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Table 1 REj,, evaluation results of different models when the training set is 5%

CREN

5% R4 RE son

1/2 C 35 H,

1/2 C i e

1C 5H 1 C e

CNN-BILSTM
POA-CNN-BILSTM

—5.12%~4.97%
—1.11%~0.84%

—5.13%~5.12%
—1.05%~0.61%

—5.52%~4.87%
—1.12%~1.56%

—5.66%~4.90%
—1.50%~1.59%

e 124 »



B A& F A TRBEEGXGEFRKE A SOH 1%

%12

B 13y LFP A jth A58 4 7 R [ 45 2 38 00 H s A TR) U1 5
££ B 52 SOH {4 5 3F il SOH fH F ¥ 48 X 1% 2% (mean
absolute error, MAE), LFP A AHRIER (19 AT LIsR
L7 1/2 C IR AR LB RT, AR ZEDR
MAE son ¥/ F 1.1%. 761 C BT EMGEET A
MR MAE ou ¥I/0TF 1.5% ., HILTT LA H POA
Bk gt CNN-BILSTM P £l 5 59 7] DLAR B 19 3 b g
# SOH,

19

13 R
MAE son = 72 ‘yz Vi
i=1

*2

K MAE o R E S SOH 54611 SOH {8 4a %} 32 22 19
SRR, v, B SE SOH fH . v, Ml SOH 4.

T2 NINGEN SUR AR AR MAE o PEAGSE .
LFP o 3t A5 240 76 K [R) 09 2 B A5 28 T L N4 46 oy 5 %60 B
POA Bt CNN-BILSTM 5% 19 37 i #5 & 24 & F CNN-
BiLSTM #& ¥, #i % T £ 4L /Y CNN-BiLSTM % ¥, KX A
POA Bt CNN-BILSTM H3E 7 5 Wl e MAE o, B
R 4% L. MWK 13 FiE 2 B9 MAEon 4550 LLE
1/2 CAEZR AL 1 C AR AR SOH P & .

WEHEHR SU I REEE MAE o0 T E R

Table 2 MAEj,, evaluation results of different models when the training set is 5%

5V IZREE MAE son

CREN U2 C R

1/2 CJH

1C 5cH 1 C jiH

2% ~5.97%
0%~0.84%

CNN-BILSTM
POA-CNN-BILSTM

2.13%~6.12%
0%~0.78%

3.66%~5.90%
0% ~1.47%

1.52%~6.87%
0%~1.38%

=

o 30%VIZE o 20 %I o 0%V o 20 %I
o 10%YIZE « 5 %II%E L2F o 10%YIZRSE =+ 5 %VIZRE
S 1/2C 78 2 s 12C
$ e JHCH
K 0. X 0. %
" )
®
§ 0
0.

800 1000 0 200 4()() 600 800 1000 1200

0 200 400 600

o 30%JNEEE o 20 %ISR

o 30%IIZRE o 20 %IZREE
& 10%IZE 5 %UIZE

2 10 %IIZE « 5 %%

0 200 600 800 1000 0 200 400 600 800 1000 1200

400

TER R A
(a) 12 CREARFVIZHEMAE
(a) 1/2 C charging with different
training sets MAE

TER R
(b) 172 CICEAR VI ZREEMAE
(b) 1/2 C discharging with different
training sets MAE

W

(c) 1 CIRAARYIZEMAE
(c) 1 C charging with different
training sets MAE

ek
(d) 1 CTEEARVIZEMAE
(d) 1 C discharging with different
training sets MAE

B 13
Fig. 13

LEP ALt AR 2 75 [ 475 38 S ri Js A [ )l 2 86 5 SOH {45 Al SO B 39 26 X 2 22

Mean absolute error between true SOH values and evaluated SOH values of LFP battery modules on different

training sets after charging and discharging at different rates

14 g LFP A jth 55 4 7 R [ 45 28 38 00 H s A TR) U1 45
LS SOH i 5 ¥E4f SOH 18 7% 22 (mean squared
errors MSE), LFP BB R IEZN O IR L 76 1/2
C BB LML T, AR GE N MSEon /N F
L1%. 1 CRBMABHREM[BRT, AL LEN
MSEsou ¥I/NF 2.2% . H A LLE ) POA 5% ot
CNN-BiLSTM #FAf A5 28 7] LUAR 4f (1 #F 44 B 3t SOH., M

[ 14 F1ZK 3 1 MSE son S5 R TTLLE W, 1/2 CAER T
F1 C A7 i SOH WA R BE 85

MSE o = %E (v, =7 (20)
K MSE g %JE% SOH A 5l 1 SOH {46 % 15 2 (1
IR, v, WESE SOH M, v, Afliit SOH {4,

P20 30 vt o 20 %Igis VA C30vigte o 20 %%
1L0F 2 10%VIEREE  « 5 %IZREE 120 2 10%VIZ8E = 5 %ilZREE
. oL e e o . S 12C
2038 & g
] o6 |08
j'g ) }ﬁ 06
R 04 R (4
02 0.2

800 1000

600
AR

0 200 400

(a) 172 CRHEARZEMAE
(a) 1/2 C charging with different
training sets MAE

A 14

0 200 400 600 800 1 00 1200
TR
(b) 172 CIEARYIZREMAE
(b) 172 C discharging with different
training sets MAE

24[ *30%JNZRHE o 20 %L 24 *30%NZRHE o 20 %iNZRSE
2 10 %GR« 5 %% 2 10 %GR o « 5 %l Rk
2.0 2.0 . . o« 1 CHE
=16 2 6falt e L
3& 1.2 gﬁ 1.2 "
j§ 0. j; 0.8
0. 04

400 600 800 1000
A%

(c) 1 CREAFIZEMAE

(¢) 1 C charging with different

training sets MAE

0 200

0 200 400 600 800 1000 1200
TEH R
(d) 1 CILEARIVIZREMAE
(d) 1 C discharging with different
training sets MAE

LFP e i A5 41 78 A [a] 7% 3 50 R R A Rl I 2R 46 E05E SOH B 5 1Al SOH fEL 3777 i 22

Fig. 14 Mean square error plot of true SOH values and evaluated SOH values for LFP battery modules on

different training sets after charging and discharging at different rates
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