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Modeling of Efficient Lifetime Prediction for Lithium-ion Battery Employing Orthogonal Array
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Estimation of lithium-ion battery durability by
modeling that simulates performance degradation is
an important technology during the initial phase of
development of electrified products. For this study,
a low-cost, highly efficient technique for creating a
model was investigated by applying the orthogonal
array used in quality engineering to the process of
creating a performance degradation prediction model.
As a result, it was found that for the storage durability
test, it was productive to apply an experimental
design that uses an L16 orthogonal array, whereas for
the cycle durability test, it was productive to apply
an experimental design that uses an L27 orthogonal
array. It was also found that by fitting to the test
results, when the storage degradation coefficient is
modeled by expressing it with the state of charge and
temperature in a quadratic linear equation together
with an interaction term, and the cycle degradation
coefficient is modeled by expressing it with the state
of charge, window of operating state of charge,
temperature, charge current, and discharge current in
a first-order linear equation, then it was possible to
simulate the results of accelerated durability testing
highly accurately with a deviation of 1.3%. The
method of modeling discussed in this paper reduced
the amount of testing necessary in the conventional,
factorial experiment method by 58% while realizing
an equivalent level of accuracy, confirming that
enhancement of experiment efficiency can be expected.
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Fig. 1 Concept of calculating performance
degradation
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Fig. 2 Conventional testing method
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(c) Orthogonal array design

Fig. 3 Variations of basic designs of experiments
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Fig. 6 Factorial plots of five factors in cycle patterns
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Fig. 7 Trade-off factors in cycle mode

Table 1 List of model formulas
No. Model Formula Numpgr of
coefficients
5
(i) Linear > axx+a 6
i=1
Li 5 5
- Inear
(i) + interaction Za,xX,+ zz""wxxw x X+ 8 10
i= iz
5 5
(i) | Quadratic z ax X2+ z a;x X;+ a, 11
i=1 i=1
Quadratic < 2 >
i 2
(iv) + interaction Zza,‘,-xx,- +Zaixxi+ Zzah,><X‘><)(i+a0 21
Linear 5
(v) | +interaction z a;x X+ ay 5% Xy x X3 + 8y 7
(ANOVA) i=1
Quadratic 5 S
(vi) | +interaction z a;x XP+ z ax X+ aggx Xy x Xg+ ag 12
(ANOVA) i=2 i=1

X,: SOC; X,: Temperature; X;: ASOC; X;: I-charge; X;: I-discharge

Table 2 Analysis of variance of L27 cycle mode test

Degree -
Sumof | Mean Statistical
Factor freeoc:om squares | square Fvalue |  p-value significance

Center SOC 2 7.5E-05 | 3.7E-05 |4.7E+01 0.002

Temperature 2 1.2E-04 | 5.8E-05 | 7.3E+01 0.001
ASOC 2 2.1E-04 | 1.1E-04 | 1.3E+02 0.000
I-charge 2 1.1E-05 | 5.5E-06 | 7.0E+00 0.049

I-discharge 2 5.0E-05 | 2.5E-05 |3.2E+01 0.004

Center SOC x
I-charge 4 1.0E-06 | 2.5E-07 | 3.2E-01 0.853

Center SOC x
ASOC 4 1.8E-05 | 4.5E-06 | 5.6E+00 0.061

Center SOC x

Temperature 4 |2.8E-06|7.0E-07 |8.9E-01| 0.544
Errors 4 3.2E-06 | 7.9E-07
Total 26 4.9E-04 | 2.2E-05

*Lower than the alpha level of 0.10

TODOKE & iLd 2z ok IR 5. ARETTIE, oD
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7 A DN ERGHAG Db INZ Y Y FIN g — v LM
BREEFETE—VET A MEMEELTHREL, ¥EHT
2 AWM (45 H) 3OMARBEE B k77— 4
EREEHT — 2 L LTHOWE, BETALOEEF — 212k
THREREE, MEEH T — 2120 57454 % Table 3 (2
R ZOHT, TFL () I3 T — 2106 L TERK
09U ETT7 49T 4 v/ TETCED, BatHF — 212X
LT ML PHITE T3 729, EF)L (1) DRE
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Table 3 Simulation results of six models

Coefficient of RMSE (%) vs test data
Number of P " —
Model coefficients [determination (R?)| Simple | Driving A
vs training data | pattern | pattern | AVerage
(i) Linear 6 0.92 2.2% 1.1% 1.6%
m Linear
) |, interaction 10 0.95 6.4% 1.0% 3.7%
(iii) Quadratic 11 0.93 3.3% 2.1% 2.7%
i Quadratic
V) | nteraction 15 0.97 6.7% 2.8% 4.7%
Linear
(v) + interaction 7 0.94 3.0% 1.6% 2.3%
(ANOVA)
X Quadratic
(vi) + interaction 12 0.98 7.4% 1.4% 4.4%
(ANOVA)

ETFABROEHE L 22 SRBIEET L (1) A R
BR2 - 728HE, (i) 25 (vi) OfOET AN S &R
B PhL, Vv TN EETFILRNTH S0, 87— 2
LR A BV L TN M TPHITE 220
BEIboNd. ThaBIH5357—4 & LT, Ak il
SHRER (Table 2) T, EETMICEEN S5 (SOC,
Temperature, A SOC, I-charge, I-discharge) 34 8 JHMD
BT p EME, T2 Cop fEls, B & FRIFEEK O 5L
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Fig. 8 Simulation result of driving pattern

BZ kD 65 RMFOMAT Z &2y, EFULICH
WM E 18 &2 6 65 &b TELEETET L
ZMEE U TR A GBI LT PRIl 72 & 2 DFEE %,
SR LTCT oy L2 DA Fig. 91Rd. ERKE
BERERETIEET MU SRR OB AL & B IZFREN
WAL, PHREE 2 ELTWE ZERnah5. 65 %M
Wt EOPHIFET 1.4% THD, T A M 27 OBEARE
ERHOCTHESELEZETLO PHIERZEIX 1.3% TH 5728
MHIIEIEEETD 5 Z & AHER S N7z, BASHIE, #E
KFHEOZKME A 58% HIIEL &2 6, €TI0 THIKERE X
F%TdHh - 7.

4.0 F
o O Orthogonal test
O Factorial test
< 3.0
o
L
%)
=
T 20 o
o
o
1.3 i e jm
10 27 65
0 20 40 60 80

Number of conditions
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