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Lithium battery remaining life prediction method based on
improved grey wolf optimization least squares support vector
machine
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Abstract: To solve the problem of accurately predicting remaining life of lithium battery, this paper proposes an
indirect prediction method based on improved grey wolf optimization least-squares support vector machine
(IGWO-LSSVM). Three indirect health factors characterizing battery performance degradation are derived from
discharge characteristic curves. To enhance prediction accuracy, the study incorporates a tent chaotic map, a
nonlinear decreasing convergence factor, and a Levi flight strategy into the grey wolf algorithm. Combined with
the LSSVM model, the lithium battery life prediction model with global optimization is formed. The proposed
method is verified using the NASA data set and compared with GWO-LSSVM, PSO-ELM and BP algorithms.

Experimental results show that the improved algorithm proposed in this paper outperforms other methods in terms
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of prediction accuracy.
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flight
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Fig.3 Discharge current curve of lithium ion battery Fig. 4 Discharge temperature curve of lithium ion battery
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Table 2 Analysis of lithium-ion battery prediction results (the first 85 cycles are training samples)
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Table 3 Lithium-ion battery life prediction evaluation indexes (the first 85 cycles are training samples)

L ww GWO-LSSVM PSO-ELM BP IGWO-LSSVM
UiRss ﬁ e RUL

}ﬁ‘\ M/\F. RMSE M/\F. RMSE M/\E RMS]'. MAE RMSE
BS 86 25 0.015 1 0.0183 00249 00291 00267 00330  0.0087 0.014 1
B6 86 13 0.0224  0.0306  0.0269 0.0344 00473 00730  0.0143 0.022 0
B7 86 60 0.0123  0.0169  0.0148  0.0184  0.0255 0.0365  0.0111 0.016 2
B18 68 15 0.0186  0.0252  0.0179  0.0243  0.0229  0.0301  0.0175 0.022 3

1 3 43 Hr Al R AE 4 Fh R TN AR 2 - it B A b, GWO-LSSVM \PSO-ELM \BP #2845 3 R 1 1)
M5 R, AL IGWO-LSSVM Bk K. VA R, (/MY B6 ], BP 5 PSO-ELM 51k 1 M, 55 Ry, fH 5311
}0.047 3F10.073 0.0.026 9 F110.034 4,34 £ IGWO-LSSVM ) M, (5 R, 16 K ; GWO-LSSVM B v: 1 M, {8
4 0.022 4,1 IGWO-LSSVM 1) M, {6} 0.014 3,{ )y GWO-LSSVM [ 2/3, 5 GWO-LSSVM 5 ¥ #f It ,
IGWO-LSSVM [ R, B Uk 7> 2 30%., 3 &F DL b 43 8 o] 1, 3C o fr $2 9 IGWO-LSSVM . i %) Ltk GWO-
LSSVM .PSO-ELM BP #ifl 28 ¥ £ 55 s A B il 0 FRAG KRG B2 o O 1 2k — 2D B0 iE IGWO-LSSVM B3 1 3 4
AE L U 4 0 4 21 L U 2R, DA 85(B5.B6.B7) 15 66(B18) 1l 1 Jill 1] 73 %!l 4 /b 2 66(B5 .B6.B7) 5 53
(B8 M, T 25 S Wt (5] 10~13 7 o H [T 0, 22 0 A 45 300 1 I SRobE AR 22 5, AR AT L ¢ e 1 o
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Table 4 Analysis of lithium-ion battery prediction results (the first 66 cycles are training samples)
SRl GWO-LSSVM PSO-ELM BP IGWO-LSSVM
I‘jg . RRUL
’{Eﬂ)‘j_?‘ PRUL Er Psr/% PRUL Er Per/% PRUL Er Per/% PRUL Er Per/%
BS5 67 44 50 6 13.60 39 5 11.40 — — — 45 1 2.27
B6 67 32 35 3 9.37 29 3 9.40 33 1 3.12 34 2 6.25
B7 67 79 93 14 17.70 — — — — — — 82 3 3.79
B18 53 30 43 13 43.30 32 2 6.67 41 11 36.7 33 3 10.00

WAL AT R 4 AT b 4 AL AR S T A DI ZRFE AR JS L IGW O-LSSVM B VL AT A A5 45 - 11 78 4% 77 iy T
MZES . KWL %22 EANE G 3, i RAAXHR 22 A 3T 10%, 11T GWO-LSSVM \PSO-ELM F1 BP #1 28 [ 4%
SRLVE ) S T RG B2 L IR R B BEAR . LA BT 5 b S B8], 3k BRI 67 A1 B RV R Ul AR A, PSO-ELM 5
BP 53 ¥ 4 80T B T A9 1 B, GWO-LSSVM 55 ¥ i E A8 F1 P, {8 /25 3k 14 F1 17.70% ; 1 I 2k 3 (9 GWO-
LSSVM B ¥k Y EAH A P {H 70 51 R 3 F13.79%. 7] WL, IGWO-LSSVM 5 7% f4 1 Il 1% 22 B & ik T GWO-
LSSVM .BP #l PSO-ELM 8.1 ; Fi- LA B6 5 L 4], 45 5 R 4 Al BP LI P H /. A G K11 FE%
A B T 235 S 2 B, BP BT A T i 4 B 25 JRUBE I IGWO-LSSVM B vk AT O 15 458 i 1 78 4% 75 iy ToU i
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Table 5 Lithium-ion battery life prediction evaluation index (the first 66 cycles are training samples)

" T R GWO-LSSVM PSO-ELM BP IGWO-LSSVM
& s M, Ry M, Ruse M, Ry M, Ruse
B5 67 44 0.027 7 0.0317 0.020 5 0.0256 0.093 5 0.1189 0.008 6 0.0132
B6 67 32 0.028 5 0.034 4 0.028 7 0.035 8 0.083 0 0.117 8 0.016 2 0.0229
B7 67 79 0.012 0 0.017 0 0.022 8 0.0259 0.054 6 0.070 5 0.009 6 0.014 8
BI8 53 30 0.033 9 0.035 6 0.024 5 0.028 4 0.036 3 0.044 5 0.023 9 0.026 8

22 S AT LLR B, M BE BT 66 8 26 J8 W1 8CHE VR S U ZRe A i, SCrb i 4 9 IGWO-LSSVM 3k 1 °F
PR 2 M EHS5Y T RIRZE R (EH/N. LIB6S M N #l , GWO-LSSVM 875 i M, A8 T R, 18 53 51 1
0.028 51 0.034 4,1 IGWO-LSSVM & 5 (1) M, H Fl R, {E 53 51 4 0.016 2 F10.022 9, A X F 4 He 2093l R R T
43.2% 133.4%, HL PSO-ELM 53570 % FRE T 43.5% M134% . 5 BPH L i, 45 A F 4 Al 1, BAR BP 5L 11
T P A B /I A8 M, R, AFL 23 9 7535 0.083 0 F10.117 8, 1 IGWO-LSSVM B3 B9 M, AH 5 Ry, fHAL N
Ho1/5. B, BN EAEFI P EASGE 42 J7 (0% AS [5) 53 3 19 TUIDORS B2 3617 A 04l 0 7 MO 3158 25 5307 i
PR 2ZEFEATEARTEAL . A DL b — R SR 5 A A A v A A BT GWO-LSSVM . PSO-ELM Fil BP #1 45 &) 4%
L, SO TR 9 IGWO-LSSVM 307 ) #1L 25  F 3th 7] 4% 77 iy T EL AT 5 35 1% TOUIU S 2 o

4 & g
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PR T — b Bl RO O AR /I T3 SR 1) ML R A AR S el b R A A A E £k TR 42 O 3 IGWO-
LSSVM. IGWO-LSSVM J7 ¥ i 12 $ BB HL - 249 H i 50 P 383 3 0 {0 sf i) /R0 268 o8 O 5 B5F ) A 3 A4 [ 42 11
{dE B 5 7, IR ] Pearson 15 Spearman #H 5 22 5507 X fdt i IR 1~ 5 25 1 2 1] 119 56 28 R A7 AH S 0 B, [ 422 fi
JoE R A R i A 2 AR SR R BRSO L S O AR SRR GWO SR AL 5] A
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1) i Pearson 5 Spearman A 5& 28 £ 43 B 15 5 4IE T 1 24 55 i e B ke e AL 06 (L s ) R A5 R 9 st 1] 3 A4
Vi) 22 5 PR - 5 2% ek LA 0500 1) A G, T Sy B e Sl R % 7 i A 2 TN 17 i) A B IR T

2)7E GWO Bk M SL Atk 51 A tent TR S5 Al 2 M 3of yall RS 4 R AT IR W, mT DAAT R0 fft e GW O 0L 3
25 5 B N\ Jr 58 Jme A0 ik ) 0, AT 8 58 1 590 4 R 4 R 9 g

3) T IGWO-LSSVM 533 i) 1L 5 - Fi by 6 A 75 i 6 4 [R) 42 T 7 30k, 5 A R0V A0 b, B A B 0 Y T3
WHG B2 S

S STk

[ 1] Shad, XUBAR, MRide i, % b EET BB IR 7R 5 7 ok 5 45 R & Je 0Tk Bt 3 [0 w1 8 % =3, 2018, 31(8): 1-19.
Ma J, Liu X D, Chen Y S, et al. Current status and countermeasures for China’ s new energy automobile industry and
technology development[J].China Journal of Highway and Transport,2018,31(8):1-19. (in Chinese)

[ 2] Dewg, 80k, e &, 55 . 25 P05 15 RE 52 W (09 481 25 A 1t oS0 XORR Al A8 780 R G4 B PR S A B [0, B DR 3548, 2021, 36
(10): 2178-2189.

Pang H, Guo L, Wu L X, et al. An improved dual polarization model of Li-ion battery and its state of charge estimation



% 114 M, F R R D R XS ALY 42 R A A TR 89

[10]

(1] 7

[14]

[15]

[16]

[17]

[18]

[20]

considering ambient temperature[J]. Transactions of China Electrotechnical Society, 2021, 36(10): 2178-2189.(in Chinese)
Thomas E V, Bloom I, Christophersen J P,et al.Statistical methodology for predicting the life of lithium-ion cells via accelerated
degradation testing[J].Journal of Power Sources, 2008,184(1):312-317.

Wang D, Yang F F, Tsui K L, et al. Remaining useful life prediction of lithium-ion batteries based on spherical cubature particle
filter[J]. IEEE Transactions on Instrumentation and Measurement, 2016, 65(6): 1282-1291.

Guha A, Patra A.Online estimation of the electrochemical impedance spectrum and remaining useful life of lithium-ion batteries
[J].IEEE Transactions on Instrumentation and Measurement,2018,67(8):1836-1849.

Li X, Ma Y,Zhu J J.An online dual filters RUL prediction method of lithium-ion battery based on unscented particle filter and
least squares support vector machine[J].Measurement, 2021,184:109935.

TREE T, A BE, R AR DN S I S e k[l 0 % 43 e b R A i TN [J]. L R R 2R, 2021, 36(17): 3693-3704.

Xu J N, Ni Y L, Zhu C B. Remaining useful life prediction for lithium-ion batteries based on improved support vector
regression[J]. Transactions of China Electrotechnical Society, 2021, 36(17): 3693-3704. (in Chinese)

Patil M A, Tagade P, Hariharan K S, et al. A novel multistage Support Vector Machine based approach for Li ion battery
remaining useful life estimation[J].Applied Energy,2015, 159:285-297.

W, LA R, BT, 4 SR T ALO-SVR Ay B 1 H b R0 A 6l A i U (9], o [ AL TR 2 41, 2021,41(4):1445-
1457,1550.

Wang Y Z, Ni Y L, Zheng Y Q, et al. Remaining useful life prediction of lithium-ion batteries based on support vector
regression optimized and ant lion optimizations[J]. Proceedings of the CSEE, 2021, 41(4): 1445-1457, 1550. (in Chinese)
Wt £, LR T GWO-SVR Y H1 L 1t 7] 4 6 F 75 i 00 (7). W P24 412, 2023, 21(2):154-162.

Yang Z S, Wang Y H, Kong C Z. Prediction of remaining useful life of lithium-ion batteries based on GWO-SVR method[J].
Journal of Power Supply, 2023, 21(2):154-162. (in Chinese)

WA, MEAF B, K M, A L RE T R U TR A it i B T T A i T 5 12 (D). B P R K424 4:,2021,39(2): 153-160.
Ning Q J, Shi M Z, Shi Y S, et al. Lithium-ion battery life prediction method based on optimal charge and discharge curve[J].
Journal of Shaanxi University of Science & Technology, 2021, 39(2): 153-160. (in Chinese)

Wang Q, Ye M, Wei M, et al. Co-estimation of state of charge and capacity for lithium-ion battery based on recurrent neural
network and support vector machine[J].Energy Reports,2021,7:7323-7332.
FE, TR B, PRI BE T R/ TR ST ] i L5 25 M AR T 114 B S b Y A IR S AN T 2 0], B R R, 2022, 46(2):
613-623.
Wang P, Zhang J, Cheng Z. State of health estimation of Li-ion battery based on least squares support vector machine error
compensation model[J]. Power System Technology, 2022, 46(2): 613-623.(in Chinese)
S, INIE, B AE, 45 T PSO AL LS-SVM YA 5 /K A AR ik AT (1], PR 22441, 2016, 39(1): 48-54.
Jiang B, Sun L P, Cao J, et al. Soft sensor model for wood moisture content based on LS-SVM optimized by PSO[J]. Journal of
Chongqing University, 2016, 39(1): 48-54.(in Chinese)
W I8 B0 . Bt AR B3 1 (00 A SRk 1] 2 AL ) 190 4 3t A S50 (0], R 0 o 5 AR 2 ik, 2021, 35(3): 211-217.
Yang X M. Improved gray wolf algorithm to optimize support vector machine for network traffic prediction[J]. Journal of
Electronic Measurement and Instrumentation, 2021, 35(3): 211-217. (in Chinese)
AR, AR . 3 0 A S>3 SR ) g AL 1) A R 65 At TN [J]. PR K2 A4, 2016, 39(1): 55-64.
Zhao C, Dai K C. Modeling air-conditioning load forecasting based on adaptive weighted least squares support vector machine
[J]. Journal of Chongqing University, 2016, 39(1): 55-64. (in Chinese)
Chen G J, Liu Y H, Wang S C, et al. Searching for the optimal current pattern based on grey wolf optimizer and equivalent
circuit model of Li-ion batteries[J]. Journal of Energy Storage, 2021, 33:101933.
Miao D, Hossain S. Improved gray wolf optimization algorithm for solving placement and sizing of electrical energy storage
system in micro-grids[J]. ISA Transactions, 2020, 102: 376-387.
JEARZE, B A3y, B )30, AR —Fh T Tent WL AR A HOAR AL Ak Y B ik 53325 [0]. WA RV Toalk K24 2241z, 2018, 50(11): 40-49.
Teng Z J, Li J J, Guo L W, et al. An improved hybrid grey wolf optimization algorithm based on Tent mapping[J]. Journal of
Harbin Institute of Technology, 2018, 50(11): 40-49. (in Chinese)
BEBRIEAR T A& A KRS 4E AT SR W Y ok R R 55 5 [J/OL ). 8 PR OK 2% 4 :1-18[2022-06-22]. http://kns.cnki.
net/kcms/detail/50.1044.N.20210608.0958.002.html.
LiY C, Xu P D. Improved wolf pack algorithm based on adaptive step size and levy flight strategy[J]. Journal of Chongqing
University:1-18[2022-06-22]. http://kns.cnki.net/kcms/detail/50.1044.N.20210608.0958.002.html.(in Chinese)

(i EH&F)



