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ABSTRACT: Accurate estimation of state of health (SOH) and
remaining useful life (RUL) of lithium batteries is crucial to
ensure the safe and stable. operation of batteries. However,
both of them are difficult to be directly measured. A SOH and
RUL joint estimation approach based on gaussian process
regression (GPR) was proposed in this paper. Health factor
(HF) was extracted from the charging curve and indirect health
factor (IHF) was obtained through principal component
analysis (PCA). Then, an aging battery model based on GPR
was established to estimate SOH. Furthermore, the least
squares support vector machine (LS-SVM) was used to predict
IHF in the future cycles, and the IHF obtained were combined
with the established battery aging model to realize RUL
estimation. Two battery data sets at different temperatures were
utilized to verify the accuracy and adaptability of the
algorithm. The results show high accuracy and robustness of
the proposed method.

KEY WORDS: lithium-ion battery; state of health; remaining
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Fig. 1 Capacity degradation curve of lithium-ion battery
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Table 1 Parameters and operating

conditions of selected batteries
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HLth g 5 . . N EOL/Ah
H/A  HIENV  BEIC ZFE/Ah
B0005 2 2.7 24 2 1.40
B0007 2 2.2 24 2 1.45
B0029 4 2.0 43 - 1.65
B0031 4 25 43 - 1.70
2 . 45
ol
< 2
g1 40 H
& =
0 35
0 5000 10000
B [a)/s
(a) 7 HL ALURURI L i 2%
30
o 28
B
ZE 2
24
0 5000 10000

BT
(b) FEFHEM B EE 2%
2 (EERTHMFTEML
Fig. 2 Charging curve of Lithium-ion battery
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Table 2 Pearson correlation coefficient of HF

L1 Lz L L1/L2 C1 C2 C T1 Tz T K1 K2
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Table 3 Spearman correlation coefficient of HF

L1 Lz L L1/Lz C1 Cz C Tl Tz T Kl KZ
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Table 4 Contribution rate of components

S 1 FHS 2 F S 3 E 7
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B0029 0.9999879 1.209873x10°° 5.686634x10" 9.936861x10
BO031 0.9999516 4.838193x10°° 3.487932x10"° 1.530937x10
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Table 5 Results of SOH estimation error

(AT B0005 B0007 B0029 B0031
MAE 0.0037 0.0047 0.0062 0.0069
RMSE 0.0047 0.0057 0.0082 0.0088
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10 f3, BHREL L BRI AR, HAR 9 ER
WA, — LT 10 KRR, 15 2005 1H 45 R 1 RMSE
9 0.0153. FHUEAI L, ASCHTEEH A SOH fhiit 77
A TR BE e, 1T HAR SCAUR F T 60% %544 14T
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Table 6 Results of RUL estimation error

Hik B0005 B0007 B0029 B0031
MAE 0.6000 0.8222 0.5000 0.8000
RMSE 0.7746 1.1450 0.8367 1.0000
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Table 7 Results of SOH and RUL estimations

RIS HSTEIA R HOURE/AL TP EIAN XA fTRRZEAN HSIRUL O TRUL  FIIXDE FiREE
110 1.4387 1.4384 [1.4286,1.4483] 0.0003 15 15 [11,20] 0
80005 120 1.4383 1.4406 [1.4308,1.4504] 0.0023 5 4 [1,9] 1
50007 111 15343 15390 [1.5265,1.5514] 0.0047 34 33 [29,39] 1
120 1.5340 15445 [1.5321,1.5570] 0.0105 25 23 [19,28] 2
4 éﬁi’% applications of Li-ion battery packs in electric vehicles[J].
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Accurate estimations of state of health (SOH) and
remaining useful life (RUL) of lithium batteries are
crucial to ensure the safe and stable operation of batteries.
However, both of them are difficult to be directly
measured. A SOH and RUL joint estimation approach
based on gaussian process regression (GPR) is proposed
in this paper. Health factor (HF) is extracted from the
charging curve and Indirect Health Factor (IHF) is
obtained through principal component analysis (PCA).
Then, an aging battery model based on GPR is
established to estimate SOH. Furthermore, the least
squares support vector machine(LS-SVM) is used to
predict IHF in the future cycles, and the IHF obtained are
combined with the established battery aging model to
realize RUL estimation.

The whole framework of the proposed method
shown in Fig. 1 can be divided into three parts: HF
extraction and optimization, battery SOH estimation and
battery RUL estimation. In the first part, in order to adapt
to different batteries and operating conditions, the HFs
with high relevance are selected from 12 HFs extracted
from charge current, voltage and temperature curve
through Pearson and Spearman correlation coefficients.
Furthermore, PCA is utilized to reduce data
dimensionality and then the IHF obtained is employed to
serve as the input of the aging model. In the second part,
the hyper-parameters of the GPR-based aging model are
optimized by conjugate gradient method. In the final part,
the IHF data of previous k cycles is used to train the
LS-SVM model and then IHF in the future cycle can be
predicted. Next, the corresponding SOH prediction in the
future cycle can be obtained by the GPR-based model.
The degradation of IHF is continually updated through
the LS-SVM model until the capacity estimation reaches
the end of life (EOL). Then, the number of updates is
regarded as the RUL.

The battery aging data of NASA database are
applied to analyze the performance of proposed approach.
For battery SOH estimation, the battery cycle data of
BOO0O5 are divided into 60% training set and 40% testing
set. The comparison of estimated capacity with the
testing set and the estimation error are shown in Fig. 2. It
can be observed that the relative errors are all less than

1.5% and the RMSE and MAE are less than 0.5%, which
indicates that the proposed method can provide accurate
and robust capacity estimation. For battery RUL
prediction, the result of the prediction and the absolute
error is described in Fig. 3. The RUL prediction starts
from cycle 100 to EOL. The maximum absolute errors
are 1 and the RMSE and MAE are all less than 1. The
result shows that the proposed method has good
accuracy and robustness. The joint estimation approach
can achieve reliable SOH and RUL estimation and then
the comprehensive battery health diagnosis can be
conducted with the current battery SOH and RUL.
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