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RUL Prediction of Lithium-ion Batteries Based on
PCA-CEEMDAN and Improved SVR

WU Weili, LU Shuangshuang
(School of Electrical and Control Engineering, Xi’an University of Science and Technology, Xi’an 710600, China)

Abstract: Aimed at the problems that the capacity of a lithium-ion battery is difficult to obtain in the direct
prediction of its remaining useful life (RUL) and the characteristic parameters are redundant or insufficient in the indirect
prediction, an indirect prediction method for the RUL of lithium-ion battery based on the data preprocessing technology and
improved support vector regression (SVR) is proposed. First, multiple indirect characteristic parameters are extracted at the
battery charging and discharging stage. Second, principal component analysis is used to remove the redundancy of various
parameters, and a fusion health indicator (HI) with sufficient information is reconstructed. Third, a fusion HI prediction model
and a capacity prediction model based on the whale optimization algorithm and SVR are built, and the complete ensemble
empirical mode decomposition with adaptive noise is used to decompose the fusion HI into several modal components. Each
component is input into the fusion HI prediction model for HI prediction, and the prediction results are superimposed into the
capacity prediction model to realize indirect RUL prediction. Finally, the NASA battery degradation data set is used for
verification, and results show that the mean absolute error and root mean square error of RUL prediction results for the
proposed method are controlled within 1.78 % and 2.5 %, respectively, which effectively improves the prediction accuracy of
RUL. The research provides a new idea for the RUL prediction of lithium-ion batteries.

Keywords: Lithium-ion battery; remaining useful life (RUL) prediction; support vector regression (SVR);
principal component analysis; empirical mode decomposition
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Fig. 1 Schematic of variations in voltage and current of
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lithium-ion battery in two complete charge and

discharge processes
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Tab. 1 Indirect HI expressions, and corresponding calculation formulas
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Tab. 2 Analysis of correlation between indirect HIs of BS battery

rrcoef
CO@;?: f, f, f; f, fs fs f, fs f fo fii

f, 1.000 —-0.927 —0.964 0.932 0927 -0.925 —0.957 0916 —0911 —0.681 0.933
f, — 1.000 0935 —-0.927 -0.922 0917 0.894  —0.900 0.894 0.658 —0.916
f, — — 1.000  —0.950 —0.944 0.945 0933  —-0.929 0.904 0.668  —0.943
f, — — — 1.000 0929 -0.923 —0.894 0903 —-0.909 —0.682 0915
f — — — — 1.000 —0.962 —0.905 0900 —-0.939 —0.674 0.970
f, — — — — — 1.000 0.899 —0.896 0913 0.655 —0.959
f, — — — — — — 1.000  —0.888 0.899 0.703 -0914
fo — — — — — — — 1.000 —0.869 —0.643 0.895
f — — — — — — — — 1.000 0.722  —0.939
flo — — — — — — — — — 1.000  —0.672
f — — — — — — — — — — 1.000
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Tab. 3 PCA results

ERy  RMIEE S TRETTRE% RITTTHE%
1 10.376 1 94.33 94.33
2 0.506 2 4.60 98.93
3 0.069 6 0.63 99.56
4 0.016 4 0.15 99.71
5 0.0125 0.11 99.83
6 0.009 9 0.09 99.92
7 0.004 0 0.04 99.95
8 0.002 6 0.02 99.98
9 0.001 5 0.01 99.99
10 0.000 7 0.01 100.00
11 0.000 5 0.00 100.00

KH Spearman BRI AT 45 L LAY 2 —
T B3 R0 L S B A T AR DG 23 At LA TEH RE A
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5 H B A RS HI 5 255 22 [8] 1Y Spearman AH G R 4L
PRT 0.99, RIZFHHA RSN % #L b2 PCA
LA IS IR B T A AR E Ry, B
Al HI, B, wEHENS HI A AE/EN RUL
T e B R AR bR
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Tab. 4 Analysis of correlation between battery capacity

and PCA fusion HI
Spearman B5 Hiith B6 Hith B7 Hith
T FaSrs Fa35s 25y
B5 HI 0.994 — —
B6 HI — 0.997 —
B7 HI — — 0.990
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Fig. 3 Degradation trend curves for B5 battery capacity

and its fusion HI
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Fig. 4 CEEMDAN decomposition result of fusion HI of
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Fig. 6 Comparison of RUL prediction results at different

starting points for prediction
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Tab. 5 Comparison of RUL prediction results among four methods at two starting points for prediction

CERI Ttk ST Reut Prut E, E /% MAE RMSE
80 43 43 0 0 0.005 1 0.009 5
PCA-CEEMDAN-WOA-SVR
100 23 24 1 4.35 0.007 9 0.010 6
80 43 75 32 74.42 0.062 3 0.065 2
PCA-SVR
Bs 100 23 30 7 30.43 0.042 8 0.043 8
80 43 74 31 72.09 0.058 1 0.061 3
PCA-CEEMDAN-SVR
100 23 38 15 65.22 0.039 9 0.040 8
80 43 46 3 6.98 0.0113 0.014 5
PCA-WOA-SVR
100 23 25 2 8.70 0.008 4 0.011 1
80 28 26 2 7.14 0.017 8 0.0250
PCA-CEEMDAN-WOA-SVR
100 8 6 2 25.00 0.016 9 0.022 5
80 28 32 4 14.29 0.043 7 0.054 5
PCA-SVR
56 100 8 15 7 87.50 0.059 1 0.068 1
80 28 31 3 10.71 0.043 7 0.054 5
PCA-CEEMDAN-SVR
100 8 13 5 62.50 0.055 2 0.064 4
80 28 26 2 7.14 0.018 4 0.025 8
PCA-WOA-SVR
100 8 6 2 25.00 0.019 8 0.023 8
80 65 64 1 1.54 0.010 3 0.013 3
PCA-CEEMDAN-WOA-SVR
100 45 44 1 2.22 0.007 7 0.009 8
80 65 — — — 0.118 5 0.121 6
PCA-SVR
57 100 45 — — — 0.033 5 0.034 2
80 65 — — — 0.042 3 0.044 0
PCA-CEEMDAN-SVR
100 45 57 12 26.67 0.0163 0.017 1
80 65 62 3 4.62 0.010'5 0.013 7
PCA-WOA-SVR
100 45 42 3 6.67 0.008 5 0.009 9




56

SARTN, % LT PCA-CEEMDAN It SVR A4 H i RUL 277

Y RUL 455, Frd i M1 HEGEFERR E, | E, .
MAE FI RMSE BU/NFHAl 3 #hJ5ik. #ilan, B3
FLYtbE ST=80 A15 2 E, =0, MAE=0.51%, RMSE=
0.95%, 1t ST=100 I35 E, =1, MAE=0.79%,

RMSE=1.06%, ¥:/INTARF 204 T HAt 3 R ki
MZER, I 6 K 5 nTLIAE Y, AW 7
DU N A TBUASCRANR], T s, TR
ST, G0 BT ML AE RIS S 100 BHS2IM E, |
E, . MAE HI1 RMSE /NFlE 504 80 M AT
L, O A T IO SRS, AR IIZERAE

A¥GIN, BAWERE ST

it — B A A R, S
B2 ALO-SVRPY | CEEMDAN-LSTMP! |
SSA-ELM"™ 47 4%, SR MAE Fil RMSE #& 5%}
ST RE AT PEAL , BUARTEASS R W3R 6,
ATLEH, MRS /75 PCA-CEEMDAN-
WOA-SVR /) MAE £ RMSE %5344 #%/)n . RUL T
DR2ERR N, 7 RS B BT, MSIEBRf5 FLAE R e
AT ERRE , $2HH# PCA-CEEMDAN-
WOA-SVR J7 i ith RUL PRS- BRIt

*® 6 FTRFEESIAEMAE RUL LR

Tab. 6 Comparison of RUL prediction results between proposed method and existing similar methods

FAL Il ST WRZS MAE RMSE
PCA-CEEMDAN-WOA-SVR 0.005 1 0.009 5
80 CEEMDAN-LSTM 0.016 6 0.020 0
SSA-ELM 0.028 8 0.036 5
PCA-CEEMDAN-WOA-SVR 0.006 7 0.010 6
B> 8 ALO-SVR 0.007 1 0.013 8
PCA-CEEMDAN-WOA-SVR 0.007 9 0.0106
100 CEEMDAN-LSTM 0.014 6 0.018 3
SSA-ELM 0.027 0 0.030 7
PCA-CEEMDAN-WOA-SVR 0.010 3 0.013 3
80 CEEMDAN-LSTM 0.012 1 0.0176
SSA-ELM 0.0259 0.029 5
PCA-CEEMDAN-WOA-SVR 0.009 8 0.012 8
B7 84 ALO-SVR 0.0136 0.018 0
PCA-CEEMDAN-WOA-SVR 0.007 7 0.009 8
100 CEEMDAN-LSTM 0.008 9 0.0116
SSA-ELM 0.0153 0.017 8
ARG R, RIATPR A T HEh 2 2
4 HHig FHU , SR F CEEMDAN Sl & HI ST 4MAIE

ARSI T 1 LT PCA Hil CEEMDAN FY%L
PR AL BT 745G WOA 54k SVR R itk RUL
R, FEAF LR 45E
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