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. �

*V¶ÿN ÚÏ� n®® B�>º Nï~ ";NV*ö »*æº ¶VO*j ¢bB Ïï~ ¶
� B�~² B
.
V¢B *V¶ÿN~ º�Ïïj ;{® G;~V *�Bº ¶VO*ö ~� Ïï¶
j �J~�¢ �
. � ¢^öB
º *V¶ÿN ÚÏ� n®® B�� ©b� .ç>º ";NV*ö &� �*'b� 'Ï� > ®º Ni/MH Battery
~ ¶VO*Nj ¾æÚº ¢>�j *ÖÎÒ O» 7 ~¾� 
þê³»j �Ï~� �~&b� �¢ �þ��Vf j
v~&
. 
þê³»j *� Nê'�b�º *V¶ÿN& ÚÏ>º -20~30oC~ Nê�*j F;~&b�, »*æ~
O~�*b�º ¶VO*� ç&'b� �² ¢Ú¾� n®® B�� ©b� .ç>º '�� 1¢~15¢ º*¢ F�~
&
. �f ?f O»b� 
þê³»ö ~� ��ê »*æ ¶VO*Nö &� ¢>�~ æ�Wj ¦Ã~V *� »*
æö &� ¶VO*�þj >¯~� jv~&b�, � Ö" 
þê³»b� .G� »*æ~ ¶VO*Nf �þ��Vf
Ö>� ¢~¢ ¾æÚî
. 

Abstract : When an EV is parked for a long period time, the battery capacity naturally decreases due to selfdischarge.
Therefore, this effect must be considered for the accurate measurement of the state of charge of EV battery. Battery
selfdischarge simulations using the design of experiments among computer simulation methods are compared with
experimental data for Ni/MH batteries for electric vehicles. The motivation is to predict the selfdischarge rate of
the battery for electric vehicle at all temperature conditions and standing time when electric vehicle could be operated.
We developed a general equation representing the selfdischarge rate of the electric vehicle battery using design of
experiments, and the equation is determined by temperature and standing time of the battery. We selected Ni/MH
battery, 12 V-95 Ah, for pure electric vehicle for this study. To develop the equation using design of experiments
we selected temperature range of -20oC~30oC and standing time of 1 day~15 days. We conducted several selfdis-
charge tests of Ni/MH battery to verify the integrity of the equation. The results showed that the computation values
were in good agreement with experimental data.  

Key words : Ni/MH battery, Electric vehicle, Selfdischarge rate, Computer simulation, Design of experiment

1. B  �

6N �'�æº ê�æ�öB~ &VJ"j Oæ~V *�
~¾~ O»f &VJ"~ "º ö�� Ú�V&¶ÿN¢ »*

æ� �ÿ>º Z�� *V¶ÿN� &Ú~º ©�
. ��¾
�©~ W��¦º *V¶ÿNö ÒÏ>º �WË »*æ¢ B
B~� �¢ �ç~ ç�� Fæ~º� �J®
.1) *V¶ÿN
~ ÚÏ� »*æ¢ �ç~ ç�� Fæ~V *�Bº Ú*¶
ö² »*æ ç� ;�¢ 
�*b� B��* > ®º º�Ï
ïê(SOC Meter)f »*æ&Ò�Ê�� BB>Ú¢ �
. 
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V¢B *V¶ÿN BBö ®Ú »*æ~ º�Ïïj G;~
º ©f 
Ö 7º� '� 7ö ~¾�
.2) �¢ *�Bº *
V¶ÿN& Ú¯>º '« ~ã" ��öB~ »*æ~ �Ï&
ËÏï(available capacity), ÏO*���ö V� Ïï~ �z
(ageing effect), �Ò� Nï~ ";N�ö B�~º »*æ~
¶VO*(selfdischarge)ö ~� Ïï~ ¶
ö &� �Ò& j
>'�
. �f ?f �F� � ¢^öBº »*æ~ ¶VO*
ö &� ��¢ 
�~&
.
¶VO*f Ï*B »*æ& B²�(open circuit) ç�öB
O~F r ¢Ú¾º Ïï¶
 *ç�
. �f ?f »*æ~ ¶
VO*f Ni/MH battery~ ãÖ f Ú¦~ ®n; r^ö ¢Ú
¾º r�" ·�~ ��� ª�f î.*�" f Úö �Ò~
º >²~ >wö ~� V��
.3) »*æ~ ¶VO*Nf O
~B Nêf �*ö V¢ �² æzB
. ¯, »*æ~ ¶VO
*ö V� »*æ Ïï~ ¶
ïf �*~ ã"ö V¢ Ã&>
�, O~B Nê& ¸j>� Ã&~º *çj ��
.4) 
¢>'b� Ni/MH battery~ ãÖ Ï*B ç��� O*B
ç�� &êì� ËV* B²� ç�� O~�ö ~� '�'
� Ïï~ ¶
f ¢Ú¾æ pº
. � *æö ®Ú ¶VO*ö
V�� Ïï~ ¶
f &�'�� ÒÏ*ö ~� òÏ* ç�
� ²�B
.
¢>'b� Ni/MH battery~ ãÖ »*æ~ ¶VO*f *V
¶ÿNÏb� ô� ÒÏ>º Ï»*æ(lead acid battery)ö j
� 
Ö �
. Ï»*æ~ ¶VO*Nf 1Búö 2~3%¢ >æ
pb¾ Ni/MH battery~ ¶VO*Nf 15% �çj ¾æÞ
.
6�, Ni/MH battery~ ¶VO*Nf B²� ç�� O~� .
Vö /Ï® Ã&~�, � Ã&Nf 6N 6²~º ·çj ¾æ
Þ
. 
� ¢^öBº *V¶ÿN& ÚÏ>º ��öB ¢ÚÆ > ®
º *V¶ÿNÏ Ni/MH battery~ ¶VO*Nj ¾æÚº ¢>
�j 
þê³»(design of experiments)j �Ï~� �~&
.
� ��öº ¢� Panasonic EV EnergyÒöB �«� 12 V-
95 Ah Ïï~ *V¶ÿNÏ Ni/MH battery¢ F;~� >¯~
&
. 
þê³»j *� Nê'�b�º *V¶ÿN& ÚÏ>
º -20~30oC~ Nê�*j F;~&b�, »*æ~ O~�*b
�º ¶VO*� ç&'b� �² ¢Ú¾� *V¶ÿN~ "N
nê& &Ë ôf '�� 1¢~15¢ '�j F;~&
.
�f ?f O»b� 
þê³»ö ~� ��ê »*æ ¶V
O*Nö &� ¢>�
~ æ�Wj ¦Ã~V *� »*æö &
� ¶VO*�þj >¯~� jv~&b� � Ö" 
þê³»
b� .G� »*æ~ ¶VO*Nf �þ��Vf Ö>� ¢~
Wj ¾æÚî
. 

2. 
þê³»j �Ï� »*æ ¶VO*N .G

2.1. 
þê³~ O»F�     
ôf 
þê³» 7ö 
þ�¶f Ï'�>f~ &ê¢ ²æ
Î;�>� ¾æÚº O»� >w ��ªC»f �� B~ J
«æ> ξ1, ξ2, Ã, ξk& ��'� ·Ïj �b�� ÚÊ >w
æ> ηö 'Ëj "� ®j r, ��� >w~ æz& ��º
>w��ö &� Ûê'� ªCO»j ö�
. �VB J«æ>
º >wö 'Ëj "º ëãæ> 6º �¶¢ ö~�, >wæ>
º J«æ>~ 'Ëj AjB ÚÊ >wj ¾æÚº «³æ>
¢ ö�
. >w��ªCöB 
�º ÚÏf 
þê³»j �Ï
~� Ûê' Î;j ò
� ηf ξk*~ O;�j �*� "�
¶ ~º ©�� 
B� Ûê'� 7"O»f �¶
ö &� '
.� 
þê³j Û~� ηö &� G;~ y1, y2, y3 �j á

�, �
j ªC�b�� ëãæ>ö &� «³æ>~ �>&ê
¢ º;~² >º�, �VB �Ï>º 
þê³»� :� 7�
�Wê³»�
.5) >w�� Î;~ J;öB Î;ö &� �>
~ &ê¢ ëãæ> ξ1, ξ2, ξ3, Ã, ξkf «³æ> η*~ �
æ~ �> f� ¾æÚ� 

(1)

& B
. �f ?f >w�>(Response Function)�B *Þ~
� 
Ï'� >w�� Î�f Jê æ>ö «³'� Ï'�>
8~ æz¢ J«~V *~� kB~ Jêæ>& ÒÏ>�, '
Jê æ>~ "Úê º*öB Ï' �>f~ &ê¢ �*~º
7²æÎ;(Multiple Regression Model)j ��Úº ©�
. �
Ò� ²æÎ;�>º 1N, 2N, 3N~ ²æÎ;�>� ¾æâ
> ®º�, ò£, xi
~ ��'�öB ηf x1, x2, Ã, xk *ö
ÚÆ� �>&ê

(2)

& ®� �> g~ >w��� ��b� �*F ©�¢� %
Úê
� 
r~ ²æÎ;j ÒÏ~º ©� :²ç~
� � >
®
. ¯ >w� jF;'¢rº 2N ²æÎ;j ÒÏ~º ©�
:²ç~�, � ��f

(3)

b� �*F > ®
. � 2N ²æÎ;f 'f Å>~ 
þ
b� æ>~ æzö V¢ B�~º >w·~ ��'� æz¢
º;~V *~� 7�6(Center Points)" »6(Axial Points)j
2k º�
þö º&�Î 
þê³� 7��Wê³»(Center
Composite Design Method)j �Ï�
.

2.2. ²æ Î; �>~ º;
¢>'b� &¦ª~ *çj J«~º� ÚÊ «³æ>~ æ
zº v B �ç~ ëãæ>ö ~~� 'Ëj Aº
. �¾"
Jêæ>ö «³'� Ï'�> 8~ æz¢ J«~V *~� k
B~ Jêæ>¢ &æ� ' Jêæ>~ "Úê º* ÚöB Ï
'�>f~ &ê� �*~º ©j 7²æ Î;�¢ �
. � Î
;f nB~ ��Vö &~� j¾f ?� �*B
.

(4)

*~ �j ¯R�b� ;~~� 
r" ?
.

(5)

�VB Yº 
þ Ö"~, βº �æ>, εº ö���
. ��
¾ ¢>'� ^Bö 7"� röº Jêæ> k& �� B �Ò
~æ� � (4)~ çF�
º �F&ê� '��Êº ©� '.
~
� 6�B
. ��æ� k(à2)N �F²æÎ;b� '��
Êº ©� :²ç~
.

(6)

�VB εº N(0, σ2)��, ç^* ëã'b� ª�~� ®


η f ξ1 ξ2 … ξk, , ,( )=

η g x1 x2 … xk, , ,( )=

η β0 βi xi
i 1+

k

∑ βi j xj
i j≤

k

∑+ +=

Yi β0 β1x1j β2x2j β3x3j … βkxkj εi

i ′ 1 2 … n, , ,=

+ + + + + +=

Y Xβ ε+=

y β0 β1x1j β2x
2 … βkx

k ε+ + + + +=
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� &;�
. �Û N>º k=2¾ k=3j ô� ÒÏB
. �f
?f Î;öB~ �æ~ Î> β i
~ º;O»f 7²æÎ;b
� 
r" ?� :ÞÚ �'� "� &�® *Þ~
.

(7)

¯ � (7)ö ~~� � (6)~ �f 
r" ?� :2Úê
.

(8)

��¾ ²æÎ;� 
N�~ �Fb� �*B
� %Úæz
¢ê ¢>'b�º 2N~ ²æÎ;j ÒÏ~�, 3N �çf 

B'b� �~ ��æ pº
. V¢B � (7)f 
r~ � (9)
f ?� B
.

(9)

� (9)ö ~~� ¾æâ > ®º X~ ¢>' �*f 
r"
?
. 

(10)

�VB Y= [y1, y2, Ã, yk]
Tº ÂK8, ¯ G;~�
. ���

²æÎ;~ ê> βº j¾~ � (11)" ?� �²B�»ö ~
~� �� > ®
. 

(11)
.¢ 
Ú 
þ�¶ >& k = 2¢ ãÖö &� 7��W ê
³»ö ~� 
þ�º Table 1" ?
. Table 1ö ~~� X, y
¢ �� > ®
.

2.3. ²æÎ; �> �ÖW 5 ;{W ¦Ã
*öB �� ²æÎ; �>& Jêæ>f Ï'�>f~ &ê
¢ Ú¶ ;ê ¾ �*~&º&¢ {�~º ";� jº~
. �
�Fº Î; �>& ~�& ®º ãÖö �~� R:� �'J
ê¢ � > ®V r^�
. 6� ²æÎ; �>~ R:� 6�
j *~� ªÖªC�(ANalysis Of VAriance Table)¢ ÒÏ�

. ªÖªC�¢ ·W~V *�Bº ~¾~ G;8 yif yi


~ ï� yf~ N�¢ CÞN(Total deviation)¢ ~� 
r"

?f v B~ ÞN~ �b� ¾æâ > ®
.

(12)

� ·æj B�~� Î� i = 1, 2, Ã, nö &~� �~�

r" ?� B
.

(13)
� (9)~ J�ã~ îæï �f ºN
~ ²æ�>~ ' æ>

ö ~� &7~~ ��æ� 0~ 8j <º
. 6� ²æ�j
Cæÿ�¢� ~�, SST(Total Sum of Squares)¢ �V~�,
� (14)~ &ê& Wã�
.

SST = SSE + SSR (14)

�VB ºN~ B��f SSE(Sum of Squares)��, "Úê
Jêæ> 8öB Ï'�> 8~ æÿj ¾æÚº ©b�B ²
æÎ; �>ö ~~� J«� n>º æÿj a~� ²æ B�
�f SSR(Regression Sum of Squares)�
. �º ²æÎ; �
>ö ~� J«>º æÿj ¾æÞ
. �VB ' B��~ êÖ
f 
r" ?� �
. 

(15)

�¢ «�~� ªÖªC�¢ ·W~� Table 2f ?
.
�VB MSR(Regression Mean Squares)º SSRj k� ¾.
8b� ²æï�B��� MSE(Residual Mean Squares)º SSE
j n-k-1� ¾. 8b� ºN ï� B��
.

ANOVA TableöB ¦; Ûêï� F0& F0�F(α)�� F~
>& αöB æZ&J� V'>�, �º º;B Î;�>& F

x x1=

x x2=

x
k

xk=

...

yi β0 β1x1 β2x
2 … βkx

k ε

β0 β1x1i β2x2i … βkxki ε

i 1 2 … n, , ,=

+ + + + +=

+ + + + +=

η β0 βixi
i 1+

k

∑ βi j xixj
i j≤

k

∑+ +=

X

1 x11 x21 x31 x11
2

x21
2

x31
2

x11x21 x11x31 x21x31

1 x12 x22 x32 x12
2

x22
2

x32
2

x12x22 x12x32 x22x32

1 x1n x2n x3n x1n
2

x2n
2

x3n
2

x1nx2n x1nx3n x2nx3n

=

... ... ... ... ... ... ... ... ... ...

β X
T
X( )

1–
X

T
Y=

yi y–( ) yi ŷi–( ) ŷi y–( )+=

yi y–( )2∑ yi ŷi–( )2∑ ŷi y–( )2
2 yi ŷi–( )∑ ŷi y–( )+∑+=

SST Y
T
Y n Y( )

2
–=

SSR βT
X

T
Y n Y( )

2
–=

SSE SST SSR–=

   
Table 1.  Central composite designs


þÅ> x1 x2 x3

1 -1 -1 -1
2 -1 -1 1
3 -1 1 -1
4 -1 1 1
5 1 -1 -1
6 1 -1 1
7 1 1 -1
8 1 1 1
9 0 0 0
10 -α 0 0
11 α 0 0
12 0 -α 0
13 0 v 0
14 0 0 -α
15 0 0 α

  
Table 2.  ANOVA Table

Source S φ V F0 F(α)
Regression SSR k MSR MSR/MSE F-distribution

Residual SSE n-k-1 MSE
Sum SST n-1
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~ ~
� " > ®
. 6� F0~ 8� �� �>� ²æ Î
; �>& ;{~
� � > ®
.

2.4. 7��W»ö ~� Î;�>~ º;
»*æ~ ¶VO*ö 'Ëj �~º �¶�º O~B Nêf
ã"�*�
. V¢B Î;�>¢ º;~V *� 
þ�¶� »
*æ~ O~Nêf �*j F�~&
. 
þ�¶f 
þº*ö
&�Bº Table 3" ?
.     

þ�¶& F;>� 
þ�¢ F�~�¢ �
. � 
þöB
º Table 3öB �º ©" ?� 
þ�¶¢ 2B� F;~&b
æ� �öB .�� Table 1" ?f 
þ�¢ �Ï~� 
þj
~&b�, � Ö"º Table 4öB �º ©" ?
.
�Ò� X¯Rf � (10)f ?� �~�, � (11)j �Ï~�
�æ~ Î> β¢ �� > ®b�, � Ö"º � (16)" ?
.

(16)

Ö"'b� 
þö ~~� º;B ²æ Î; �>º � (17)
" ?
.

(17)

*öB º;� ²æÎ; � (17)~ �ÖWj ¦Ã~V *~
� Table 2~ ANOVA Tablej �Ï~&
. Table 5º *~ ²
æ Î; �>~ ¦ÃÖ"�
.

F-ª��öB F(0.05) 8�
 F0& �V r^ö � (17)~
²æ Î;�>º 5% �ò~ JN¢ &ê
� " > ®
. 
*f ?� 
þê³»j �Ï~� *V¶ÿN~ ";N� n
ê& ¸f ~ãöB �*'b� 'Ï� > ®º ¶VO*Nj
¾æÚº ¢>�j �~&
. »*æ~ O~Nêf ã"�*ö
V� ¶VO*N~ æz¢ >w��»b� Fig. 1ö ¾æÚî
. 

3. 
  þ

3.1. »*æ~ Bö 5 Ò·
� ��ö ÒÏ� PanasonicÒöB *V¶ÿNÏb� BB�

Ni/MH Battery~ "º Bö 5 Ò·f 
r" ?
.
- Type : Sealed Ni/MH Battery
- Nominal Voltage : 12 V
- Rated Capacity(1/C3) : 95 Ah
- Dimension(LÜWÜH) : 388Ü116Ü175 mm
- Weight : 18.7 kg
- Specific Energy : 65 Wh/kg
- Specific Power(at 80%DOD) : 200 W/kg
- Cycle Life : 1,000 cycle

3.2. ¶VO*N �þ
3.2.1. ��þþOO»»
¶VO*�þj *�Bº v �ê~ ÏO*�þ� º�>�
Ñ ®� �ê~ �þf »*æ~ V&Ïïj G;~V *� �
þ�� v ®�º »*æ& B²� ç�öB ¶VO* B ê
¶
B Ïïj G;~V *� �þb� ��Úê
. 

25oC� FæB �N�ö Ni/MH battery modulej *~�Ê
� ÏO*�þV¢ �Ï~� »*æ¢ òÏ*�Î ê 3�*N
*~� O*«æ*{(end voltage of discharge)ræ O*j 

�~� O*Ïïj G;�
. �f ?f ÏO*�þj 3² 
�
~� »*æ~ V&Ïï(Cr, reference capacity)j ��
. 
»*æ~ V&Ïïj �� ê ÿ¢� »*æ¢ 
� òÏ*
� ê Ï�� Nê� J;B �N�ö »*æ¢ B²� ç��
Ï�� �*ÿn O~�
. Ï�� O~�*� ã"~� � »
*æ Îîj 
� 25oC� FæB �N�� TZ ê 3�*N *
~� O*«æ*{ræ O*j 
�~� O*Ïï(Cd)j G;�

. �f ?f O»b� G;� ��V¢ �Ï~� ¶VO*N
f 
r" ?� êÖB
.

Selfdischarge Rate(%) = {(Cr - Cd)/Cr}Ü100 (18)

3.2.2. ��þþËË~~
¶VO*�þj *� ÒÏ� ÏO*�þVº �� BitrodeÒ
~ LCN5-12-50j ÒÏ~&b� � Ëj~ *~ 5 *{ JN
Nf '' Û0.1%�
. � ÏO*�þVº *V¶ÿNÏ »*
æ~ BB _f *V¶ÿN¢ BB~º ²ÒöB 6Ò ÒÏ>

β 4.2222 2.8833 1.85 0.8967 1.1033– 1.075, , , , ,[ ]T
=

y f x1 x2,( )

4.222 2.883x1 1.85x2 0.897x1
2

1.103x2
2

1.075x1x2+–

+ + +=

=

Table 3.  Experimental factors and experimental ranges

Experimental factors Initial test data Experimental ranges

Standing Temperature(oC) 5oC ±25oC
Standing Time(Day) 8days ±7days

Table 4. Central composite design and the experimental results of
battery

No. of Exp. x1 x2 Measurements

1 5 15 5.00
2 -20 8 1.90

3 5 1 1.00
4 30 1 4.00

5 -20 15 2.00
6 30 8 8.10

7 30 15 9.70
8 5 8 4.46

9 -20 1 0.60

Table 5.  ANOVA table for regression model 

Factor S ϕ V F0 F(0.05)

SSR 79.082 2 39.541 707.055 4.46
SSE  0.336 6 0.0559

SST 79.417 8

Fig. 1. Simulated selfdischarge rate surface of Ni/MH battery using
design of experiments.
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º Ö>� �ÖWj &ê Ëj�
. »*æ~ Nê �.j *�
ÒÏ� �N�~ ·ÿNêº*º -30oC~80oC��, JNº*º
Û0.5oC�
. 

3.2.3. ¶¶VVOO** ��þþ
�þê³»ö ~� *ÖÎÒö «K>º �þ��V¢ áV
*� ­­ ��öB ¶VO*Nj �Ò~V *� �þj 
�
~&b� � Ö"~ ¢¦¢ Fig. 2ö �¾*� ¾æÚî
. Fig.
2öB " > ®�� O~�*ö V� Ni/MH battery~ ¶VO
*N Ã&;�º O~.Vöº /Ï® Ã&>¾ �*� ã"F
>� �~ çF ;�� Ã&~º ·çj �� ®
.

4. Ö" 5 �V


þê³»7 7��W»ö ~� �� *V¶NÏ Ni/MH
battery~ ¶VO*Nj ¾æÚº ¢>�ö &� �ÖWj ¦Ã

~&
. �¢ *� *V¶ÿN& ÚÏF > ®º '« ~ãöB
»*æ~ ¶VO* �þj >¯~&
. ¦Ãj *� ÒÏ� &
�'� Nê�º -20, -10, 0, 10, 20, 30oC¢ F;~&b� »
*æ~ O~�*b�º 1, 4, 7, 10, 14¢j F;~&
. Nêf
»*æ O~�*� Ö�B ''~ �þ��öB »*æ ¶VO
* �þj >¯~� � Ö"¢ *ÖÎÒö ~� áf ¢>�b
� êÖB ¶VO*N" jv~� Fig. 3ö ¾æÚî
. Fig. 3
öB " > ®�� *ÖÎÒO» 7 
þê³»b� .G� »
*æ~ ¶VO*Nf �þ��Vf Ö>� ¢~¢ ¾æÚî
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Fig. 2. Selfdischarge characteristics of Ni/MH battery.

Fig. 3. Simulated curves and experimental selfdischarge rate data
for Ni/MH battery. 


