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Joint estimation of SOC and SOH at lithium-ion battery charging cut-off voltage
based on an ensemble extreme learning machine

MAO Ling, WEN lJialin, ZHAO Jinbin, DONG Hao
(College of Electrical Power Engineering, Shanghai University of Electric Power, Shanghai 200090, China)

Abstract: The charging cut-off voltage is the voltage point that most electric vehicles (EVs) will experience during
charging. There is a series of problems to be optimized such as ignoring the initial capacity error and battery aging by the
traditional ampere-hour integration method. A two-layer ensemble extreme learning machine (Ensemble ELM) algorithm
is proposed to realize the joint estimation of SOC and SOH under the charging cut-off voltage of lithium-ion batteries.
First, this study extracts the health indicator (HI), which is easily measured, and establishes the model between HI,
charging time and SOH based on an Ensemble ELM. Second, the easily measured HI is used to estimate the charging time,
something that is difficult to measure online. The online SOC correction based on the ampere-hour integration method is
realized at the charging cut-off voltage. This method fully considers the uncertainty of the initial charging state of EVs,
and can guide EV users to charge reasonably. In addition, the problem of output instability of a single ELM model is
solved by selecting appropriate integration degree of the ensemble ELM model. Finally, the proposed method is tested on
NASA and CALCE datasets. The results show that the root-mean-square-error (RMSE) of SOC estimation is less than
1.5% for a lithium-ion battery at charging cut-off voltage. Compared with other common algorithms, the ensemble ELM
shows a higher training and test accuracy with short estimation time.
This work is supported by the National Natural Science Foundation of China (No. 52177184).
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Fig. 1 Framework flow chart
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Table 2 Basic information of lithium battery dataset

B A i/ 7 R e Folik- AR
mAh B HE/V EERETAY
NASA 2100 CC+CV 3.0 42
CALCE 1100 CC+CV 3.0 42

F, b 7 125 2 0 4K B 2 58 L 100% 735 Fie U i
(depth of discharge, DOD)IEIFEALMIK, PEIIA
NS HL T AR I R A F S (£,)M0 » BA NASA 1)
B0005 FL7E 78 FL 1 FEL R (4.2 V) R 119 SOC il
TR S 2240 SOC 25 E WK 4 Bk,
PRSI T 1 SOC S5l ZE R K, B LLHL It SOC
i TH B (122 40 R 25 A e s

80 T

kA fLsoc

75+

At A femsoc

70 ¢
65
60 -

SOCEHAH/%

551
501
451

40
[EERv e it
& 4 BiFTERBUILEET SOC &% 1{E
Fig. 4 SOC reference value for battery at charge cut-off voltage
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Fig. 5 Schematic diagram of easily measurable health indicator

%% 3 S R4FE Spearman HHX R
Table 3 Spearman correlation coefficients of easily measurable

health indicators
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Fig. 6 Schematic diagram of target health indicator
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Table 4 Spearman correlation coefficient of time required

32

for different end-of-charge voltages
BT L I T R b s R
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4.0V 41V 42V
B0005 0.9861 0.9916 0.9944
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CALCE 25 1 HEAEAE 7 HL 2% 1B 2 s

38V 39V 40V 4.1V 42V
CS2-35 0.9505 0.9687 0.9872 0.9905 0.9910
CS2-37 0.9612 0.9757 0.9904 0.9936 0.9934
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Table 5 Estimation results of SOC with
end-of-charge voltage of 4.2 V
RMSE MAE MAPE
NASA B0005 0.0115 0.0099 0.0153
NASA B0007 0.0137 0.0118 0.0171
CALCE CS2-35 0.0116 0.0090 0.0104
CALCE CS2-37 0.0148 0.0113 0.0130
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Table 6 Comparison of estimation accuracy (RMSE) for

SOC in different algorithms

i NASA NASA CALCE CALCE
Hik
B005 B007 CS2-35 CS2-37
LSTM 0.0216 0.0201 0.0243 0.0284
RF 0.0168 0.0188 0.0203 0.0189
SVM 0.0150 0.0161 0.0183 0.0174
¥ ELM 0.0189 0.0144 0.0289 0.0155
# R ELM 0.0115 0.0137 0.0116 0.0148
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