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State of health estimation and remaining using life prediction of

lithium-ion batteries based on new health indicators

Feng Hailin, Zhang Xuan’
(School of Mathematics and Statistics, Xidian University, Xi'an 710126, China)

Abstract: The capacity and internal resistance are important indicators to estimate the state of health (SOH) and predict
remaining useful life (RUL) of lithium-ion batteries. However, the capacity and internal resistance of lithium-ion batteries are
difficult to be directly measured online. In this paper, two health indicators are extracted after analyzing the characteristics of
charging current and voltage changes during the charging process of lithium-ion batteries. Through analysis, it is concluded
that the indicators are highly correlated with the battery capacity, and a two-indicators linear regression model is established to
estimate the battery capacity. On this basis, BP neural network and particle swarm optimization are combined to design the
SOH estimation algorithm of lithium-ion batteries. Considering that there is a certain mapping relationship between SOH and
RUL of lithium batteries, the RUL prediction algorithm of lithium-ion batteries is designed by using the health indicators and
the SOH estimation results. The experimental results show that the proposed indicators can accurately estimate the battery
capacity and can be applied to online SOH estimation and RUL prediction of lithium-ion batteries.
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Fig. 1 Capacity degradation curves of batteries
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Fig.2 (a) Current curves and (b) comparison of current curves during charging
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Fig.3 Charging current difference at different time intervals
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Fig.4 (a) Voltage curves and (b) comparison of voltage curves during charging
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Fig.5 Charging voltage difference at different time intervals
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Table 1 Results of correlation analysis
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Table 2 Linear regression model parameters at different stage
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Fig. 6 Fitting curve of line regression model
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Table 3 Evaluation results of linear regression model
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Fig.7 The process of SOH estimation and RUL prediction based on PSO-BP neural network
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IsXi ey R

Step2. SOH i i1
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AR SOH il 3 5 FH ¥ 149 46 %68 17 43 it 2
(MAPE) il ¥ J5 #2158 22 (RMSE) 18 A PF  #5 4E
% RUL B0 5 J 57 4 446 565 352 22 (MAE ) 71 46 % 45
2 (AE)FE R T4 1 E 47 B 437 -

MAPE ; — 100% soh (]) — soh (]) 20)
ﬂ_/?_,fkﬂ .\'oh(j)
n 2
Z (soh (j) — soh (j))
RMSE g, = | (21
n—=k
MAE ;. = %k \ ‘;;[(j) - ru[(j)‘ (22)
n j=k+1

AEry, = ’r?l — rul‘ (23)
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Fig.8 SOH estimation result: (a) starting point is 81
and (b) starting point is 101
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Table 4 Numerical results of SOH estimation

7k A MAPE RMSE
81 0.8144% 0.0079
91 0.8042% 0. 0080
101 0.6858% 0. 0064
PSO-BP
111 0.4809% 0.0043
81 2.1231% 0.0198
ELM
91 2.1273% 0.0189
101 1. 9036 % 0.0166
111 1.6253% 0.0140

3.2 RULFM % T SOH5RULM KR, A
SO i BE TN T B SOH B AR 9 i A7 17465 750 1|
Y5, 3F HLi 3 A SOH B I Y Son # 47 RUL
T, RUL T 0 25 5 an /& 9 fr 7

&9 SR A5 A A [] il A2 e 45 21 9 RUL
T 25 S, LLSE 81 4 Sy S A W 25 T LA
101 J& 1A Sk 10000 ke o 45 210 0 F ) Bl 2%, i 5L DL SR
101 J& 3 Sy A2 A5 45 310 B0 000 il £ 9 4% A FSE Y
RUL TR RH AL ECR . AR
SCAR LSS 91 AN 111 J8 B o I S S AT T
RUL B, 3% 5 0 HA (il 25 3 .

MRS R] DU th, DL 81 8 A Sk Tt I Ak A5
2R AE(E 6, B AR 7R 555 118 J& 0] i 77 iy ¢
1E . USRS 101 J& 30 o 00 & 575 2/ AE(E R 2,
BRIV ERL 7 5 126 A W A i 20k . e N HoAth 4
5 7 Bl DI 2R i 3 2, 15 30 5 RUL fi
25 B WOk B B2 I S PR RUL 45 51 . Br ik 2 4,
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Fig.9 RUL prediction result: (a) starting point is 81,
and (b) starting point is 101

x5 RULTUMHESER
Table 5 Numerical results of RUL prediction

bR T

AN T MAE AE
RUL RUL
81 43 37 5.7831 6
91 33 36 5. 3150 3
PSO-BP
101 23 25 5. 2546 2
111 13 14 4.3498 1
4 4 i
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AR S SE R G BR E 11 FE F el R 4 B R [ e
[F1) i) o %) 7 L R S0 R B 5 31 A 7 A L 9 22
FIHL R 22 , 28 30 A OGR4 A UE W1 B A1) 5 2 4 v 2
FHIG AT DAAE S B0 AR 25 i fd e I8 7 . Lk gy
2 P [T U1 R S b 1 R A T, AR 6 T 42
B fa BRI 45 H A T R s — R T
PSO-BP #1 48 X 45 5 81 () SOH Al 1T 37k, B Ja AR



o5 A4

VY NS

S« TS R R ) R Y g R S A T R R A 2 S

669

B e B IR R L — A5 4% 3 B9 SOH B i3 i
RUL #0355 Ab , A SO W Fh A 7 it 47
BRI, SR Ah T 5 — D R (5 B SR,
MR 7 BUIORG BE . SCRe A5 R R W . B 4R O fa
5 DR ] LR oA ik L e ) A o e O
Fr & AT, HAE SOH Al i+ A RUL FUi 75 1 2
LR A — E TR DR DR TR A A A
PR X £ 1 AT, B A B B 4 O T

[1]

[3]

[4]

[5]

[7]

[8]

&%

Zhao Q,Qin X L, Zhao H B, et al. A novel prediction
method based on the support vector regression for the
remaining useful life of lithium - ion batteries.
Microelectronics &. Reliability, 2018(85): 99— 108.
Wang Q S,Mao B B, Stoliarov S I, et al. A review of
lithium ion battery failure mechanisms and fire
prevention strategies. in  Energy and
Combustion Science, 2019(73):95—131.

Xing Y, Ma E W M, Tsui K L, et al. Battery
Management and Hybrid
Vehicles. Energies, 2011,4(12):1840—1857.

2T XK ), 2 3 0 i e 7900 55 e A B R 45
W TS S R AR 2010, 24(1):1—9. (Peng
Y, Liu D T, Peng X Y. A review: Prognostics and

Progress

Systems in Electric

health management. Journal of Electronic Measure-
ment and Instrument, 2010,24(1):1—9.)

Wei] W, Dong G Z,Chen Z H. Remaining useful life
prediction and state of health diagnosis for lithium-ion
batteries using particle filter and support vector
regression. IEEE  Transactions on Industrial
Electronics, 2018,65(7):5634—5643.

Lei Y G, Li N P, Guo L, et al. Machinery health
prognostics: A systematic review from data
acquisition to RUL prediction. Mechanical Systems
and Signal Processing,2018(104):799—834.

LiuD T,Wang H,Peng Y, et al. Satellite lithium-ion
battery remaining cycle life prediction with novel
indirect health indicator extraction. Energies, 2013,
6(8):3654—3668.

Yang 1., Zhao L. L, Su X H, et al. A lithium ~ion
battery RUL prognosis method using temperature
changing rate//2016 IEEE International Conference
on Prognostics and Health Management. Ottawa,

Canada:IEEE Press,2016:1—7.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Zhou Y P, Huang M H, Chen Y P, et al. A novel
health indicator for on - line lithium - ion batteries
remaining useful life prediction. Journal of Power
Sources, 2016(321):1—10.

Widodo A, Shim M C, Caesarendra W. Intelligent
prognostics for battery health monitoring based on
sample entropy. Expert Systems with Application,
2011,38(9):11763—11769.

[ 7/ U S 5 I T O 2 R+ & R L
25 AN T W R L 2018, 42(10): 14471450,
1580. (Gao D, Huang M H, Zhou Y P. Lithium-ion
battery's capacity estimation based on charging
current data. Chinese Journal of Power Sources,
2018,42(10):1447—1450,1580.)

Kan M S, Tan A C C, Mathew J. A review on
prognostic techniques for non - stationary and
non - linear rotating systems. Mechanical Systems &.
Signal Processing, 2015(62—63) : 1—20.

Jin X, Vora A, Hoshing V, et al. Physically -based
reduced-order capacity loss model for graphite anodes
in Li-ion battery cells. Journal of Power Sources,
2017(342):750—761.

Guo Y F,Zhao Z S, Huang L. M. SoC Estimation of
lithium battery based on
network. Energy Procedia, 2017(105):4153—4138.
Geng P,Wang J Z,Xu X Y, et al. SOC Prediction of

improved BP neural

power lithium battery using BP neural network
theory based on keras. International Core Journal of
Engineering,2020,6(1):171—181.

Yang D, Zhang X, Pan R, et al. A novel Gaussian
process regression model for state - of - health
estimation of lithium - ion battery using charging
curve. Journal of Power Sources, 2018(384):
387—395.

Jia J F, Liang J Y, Shi Y H, et al. SOH and RUL
prediction of lithium-ion batteries based on Gaussian
process regression with indirect health indicators.
Energies, 2020,13(2): 387 —395.

Ebrahimzade H, Khayati G R, Schaffie M. PSO -
ANN - based prediction of cobalt leaching rate from
Journal of Material

2020, 22(1):

waste lithium - ion batteries.
Cycles and Waste
228—239.

Saha B, Goebel K, Poll S, et al. Prognostics methods

Management,

for battery health monitoring using a Bayesian



670 -

F U224 (A AR )

55 57 &

[20]

[21]

framework. IEEE Transactions on Instrumentation
and Measurement, 2009, 58(2):291—296.

Sun Y Q,Hao X L., Pecht M, et al. Remaining useful
life prediction for lithium -ion batteries based on an
integrated health indicator. Microelectronics &
Reliability, 2018(88—90):1189—1194.

Yu J B. State of health prediction of lithium - ion
batteries: Multiscale logic regression and Gaussian
process regression ensemble. Reliability Engineering

&. System Safety,2018(174):82—95

[22]

Wu J, Wang Y J, Zhang X, et al. A novel state of
health estimation method of Li-ion battery using
group method of data handling. Journal of Power
Sources, 2016(327):457—464.

Huang G B, Zhu Q Y, Siew C K. Extreme learning
machine: Theory and applications. Neurocomputing,
2006,70(1—3):489—501.

(ifLgmi B vi)



