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Abstract Based on the combination of state matrix and Legendre series method with Biot’s theory, a theoretical model

for wave propagation in multi-layered porous lithium-ion batteries is established. Taking 1.9 mm-thick soft-pack cobalt

oxides lithium-ion battery as an example, the influence of State Of Charge (SOC) on the multi-mode dispersion curves is

numerically analyzed. At the same time, a frequency-domain simulation model of the wave propagation characteristics

of a multilayer porous lithium-ion battery is established, and the ultrasonic guided wave dispersion curves in frequency-

domain simulation are extracted. In addition, based on Macro Fiber Composite (MFC) transducer which possesses small

volume and strong flexibility, the influence of different states of charge on the acoustic behavior of lithium-ion batteries

is explored experimentally. The cross-correlation analysis is used to obtain the shift in the time of flight during the

discharging process. The mapping relationship between acoustic wave behavior and SOC of a 1.9 mm-thick soft-pack

cobalt oxides lithium-ion battery is established.
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p�q ósr (ñÜ
SOC t�u�v�w�x�y�z�{�|�w [1] }~�� ã�� w [2] }�������� ÿ w [3]

��m Ñ���� í w [4]

l ós� x�� �ñÜúãüè�� Ñ�����t�u�v�w �g� öÓóg����úã.����� m���� �������ñÜñ×ÓØñÚúãüû ó���o Üúã
è�� Ñ�� �����ñó áñâ 2�3�4 îñÜ�� u�������� �, 
��¡ ó -ñþ�¢�£ t�u�v�w + n�o (�¤�¥ } t�u�¦¨§ m© Ø�ª�«ñì�¬ñÜ�­�® � íñç ö ��¯�°²± [5−6] , ³�´�µ¶�«�·Û× ØÛÚäãæû 4 î�� Ñ Ü�¢�£ t�u�¸ ò�o (�¹º

[7]
�

Hsieh l [8] »�¼ -Óþ ��5 / ½ 5�¾�¿���À�Á ×Â�Ã ãæû m
Li (NiCoAl) O2/ Ä�Å 18650

ãæûäýæÜÛþ
è 3 xÆuÆÇ óÉÈÆÊ ùÆËÆÌ z & (Time of flight, TOF) }þ�Í�Î�Ï���Ð�Ñúã 4 î�Ò & ÜÓ$.��Ô 7 � x ù�Õ�Ö�×  � ×ÓØÓÚ ã û |�Ø Ü�Ù�ÚÓé ó Gold l [9] Û þ��������Ü�Ý x	Þ ã�ß�#�à�á�â�Ð Ü�������� ó ³ ��ãä � Ü Biot å�æ [10−11]

� u ù�ç ÿÓÜ�è�¥�� ïÓó ³é (�-Ûþ���ê�ë ����½ 5 v�w È�ÊÛù�ì�í ÿ�Î�Ï m
TOF î SOC ï é�� ï Ü�ð�ñ óò�  �ó�ô ù å�æ Ü �3 é��õ �ö ó

Ladpli l [12] Û ×ÓØñÚúãüû�÷ xÓÞ.ø å }ù�ú },û å�ü�ý�þñé�ÿ��ñÜ���
���� ó ��� |�Ø ù /ÿ��Û×ÙØÛÚäãæûäýæÜÛþ���� ð é ó ³ â�(��äã����� ��	ÛÜ�
���Ú�ó ��� þ ðÛò � Ç (TOF
�Ûþ�Í�Î

Ï
) î ×ÛØÓÚ ã û SOC

Ü�� ï ) *Óó ³ é (�¤�� Öé���� v�w�¡ ÚÛì�
äã 4 î SOC/ ��� 4 î (State

of Health, SOH)
Ü�� u �������Óè������ l [13]

â�(��� u���� ����� �äã�������ê�ë �� Ü�/ ÿ�!�"# 3�$�% éÛÜ�&�'���(�) ó Û é�*,+ Ü,-�. ÿ�/102�# 3�3�4 ó ÚÛì ù�� ãæû	$�5ÙþÛÿ���� ßÛà Ü ¸ò�m�6�7 t�u �,� öñó ª�Ý t�u�v�w 6�8 à�9ñÜñ×ÛØÚäãæûäýæþ���� ð éÛÜ å�æ ¹�º |�Ø ó á âÛþ ÿ��×ÓØÓÚ ã û ý Ü�'�(�: å�;�< #�� µ�=�æ �> ����� ù ��
����ÛÜÛ×ÙØÛÚäãæûÛþ���� ð é
å�æ ��� ó å�æ�|�Ø ù 
9ã 4 î���/ ÿ�0�1 ð é &Ü	$���Ô 7 �@? z ��� ù�� ?���� ð é Ü�0 %,A Ù��� ó � å�æ �,B �DC � Ú ì �,E ó�ô��� ö ó��ª�Ý |�Ø ��B x�F / ó@G � ù�� �äã�H,. � ã�ü�ý
(MFC) x �� ��I�	���ê�ëÓÜ�-Óþ�/Óÿ u�Ç Ú�ó�JKÛó ¹�º ù�L ?�
äã 4 î Â�Ã ×ÙØÛÚäãæûÛÜ�-Ûþ�/
ÿ���� ð é�� �  x »�M ó ó�ô MFC

( ¼ ×ÓØÓÚ ãû
SOC t�u Ü � 3 � ��N é��

1 OQPQRQS
1.1 T�U�V�W�X�YZ

1 x ��
����ÛÜ Â�Ã × ØÛÚäãæû å�æ�|�Ø �� ó@[�ç�\�]
B = 51


 ó@^�_ ¥ x 1.992 mm
� n

ý�ª�` ¸�� � Þ 3

�a�b ú m
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 ù�ú ��c 3 ó $
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)
ü�ý ��8 Þji�k�l�m�npo Iq�r�sut m�v�w L ?�x�y C�z�{�| 3�} ?,~u��51������ x���� t������

�
1 ������������������� ��j��������� x�� � k������� �k }¢¡�£�¤�¥�¦§ x �

– ¨�©�ª�«�¬�­�® �@¯���°�± x Biot
��² }³�´�� ¨�­�® ρ12, µ ~�¶ k ·�¸�¹»º x�¼�½�¾�¿�ÀÁ�Â�Ã�Ä ��Å







σk
ij,i =ρk

11ü
k
j +bk

(

u̇k
j −U̇k

j

)

,

sk
ij,i =ρk

22Ü
k
j −bk

(

u̇k
j −U̇k

j

)

,

i, j∈{1, 2, 3},

(1)

Æ º } σk , sk Ç�È � ¨jÉ r�� É x�Ê�Ë Ç ¬�Ì ρ11 , ρ22Ç�È � ¨�É�Í � É x ©�ª�­�®�Ì uk , Uk Ç�È � ¨�É
Í � É x�Î�Ï Ç ¬�Ì bk

��Ð «�Ñ�Ò�­�® �
µ ~ }@Ó É,Ô � ¸,¹ x,Õ,Ö,À Á r,×,Ø À Á,ÂÃ�Ä ��Å







ξk
ij =

1

2

(

uk
i,j +uk

j,i

)

,

ek =uk
i,i, εk =Uk

i,i,

i, j∈{1, 2, 3},

(2)







(

σk
ij

)∗
=2V kξk

ij +δk
ij

(

Akek+Qkεk
)

,

sk =Qkek+Rkεk,

i, j∈{1, 2, 3},

(3)

Æ º } e � ε
� ¨�É�� � É x�Ù�Ê�Ú Ì V k, Ak, Qk,

Rk
���

Biot ­�® [14]
� ��Û }�Ü�Ý Æ

(1)—
Æ

(3)
Â

¤�¥�Þ Ù�ß ��Ô ��Ð « x�à�½�á�â�À Á Å
V k∇2uk + grad

[(

Ak + V k
)

e + Qkε
]

=

ρ11
∂2uk

∂t2
+ b

∂

∂t

(

uk − Uk
)

,

grad
[

Qke+Rkε
]

=ρ22
∂2Uk

∂t2
−b

∂

∂t

(

uk−Uk
)

.

(4)

ã�ä ¾�å�à�æ
x1

À»ç�è�é }ëê ·�ì Ê�Î�Ï Í ÊË Ç ¬ Â w�í�î�ï�ð�ñ ±�ò�ó�ô Å
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uk =

[

uk
1

uk
3

]

e−j[ζxk

1
−ωt], Uk =

[

Uk
1

Uk
3

]

e−j[ζxk

1
−ωt],

τ k
i =

[

σk
i1

σk
i3

]

e−j[ζxk

1
−ωt], sk

i =

[

sk
i1

sk
i3

]

e−j[ζxk

1
−ωt],

Y k
i =

[

τ k
i

sk
i

]

, Gk =

[

uk

Uk

]

, (5)

Æ º } ζ
��à ® } ω

��ù�ú�û �

¯,� µ }@ü ¼,½,¾,¿,À Á r,×,Ø À Á ±,ò,ý,þÃ�Ä�}@Â�ÿ s ¤�� ú Ò À Á Å
ζ2Ek

1Gk+jζEk
2

∂Gk

∂xk
2

+Ek
3Gk+Ek

4

∂2Gk

∂xk2

2

=0,

Ek
1 =

[

Dk
11

]

, Ek
2 =

[

Dk
13

]

+
[

Dk
31

]

,

Ek
3 = Mk, Ek

4 = −
[

Dk
33

]

,

(6)

Æ º } [Dk
11], [Dk

13], [Dk
31] � [Dk

33]
� ê ·�k�����® þ� x ð�ñ }

|

Mk =













jωbk − ρk
11ω

2 0 −jωbk 0

0 jωbk − ρk
11ω

2 0 −jωbk

−jωbk 0 jωbk − ρk
22ω

2 0

0 −jωbk 0 jωbk − ρk
22ω

2













. (7)

|����� ����� }
	 µ�����
�������® C0 n
���
ρ0 � à ® ζ0 =ω

√

ρ0/C0

� µ ~ } Æ (6)
Â�� � ��Å

ξ2 Ek
1

C0
Gk+jξ

Ek
2

ζ0C0

∂Gk

∂xk
2

+
Ek

3

ζ2
0C0

Gk+
Ek

4

ζ2
0C0

∂2Gk

∂xk2

2

=0.

(8)��Û }�� ª Legendre Ô�� Æ }@ü Ô ��Ð «»º�¨
É�Í � É x�Î�Ï�� ¬ ±�ò������ ª Å

Gk =

Nk−1
∑

n=0

Jk
n,lPn(χ), (9)

Æ º } Pn(χ)
�

n � Legendre Ô�� Æ } Jk
n,l ��� ¨Ù����

u Í � É U
x� �!�Î�Ï�"�# }

N
�

Legendre

Ô$� Æ�x$%$& ��® ��'$( ¥$)+*+,$- ® x+.+/$0 í1�2 �
χ ∈ [−1, 1], 3�µ�4 ±�ò�5�6�7�8 Å

χk = `k(xk
2 − xk′

2 ), `k = 2/hk,

hk = xk+1
2 − xk

2 , xk
2
′ =

xk+1
2 + xk

2

2
,

(10)

Æ º } hk

�
k ·�¸�¹ x�9 � } `

� 5�6�7�8$: Á ºx ­�® �@¯�� )$*$, Ô$� Æ,x+; ÿ+< k,w r+=+>+?@ < k }BA�C ª '�(�D .�/ 1�2 } Æ (8)
Â�� � ��Å

|

ξ2 Ek
1

Ck
0

Nk−1
∑

n=0

Jk
n,l

∫ 1

−1

Pn(χ)Pm (χ) dχ + jξ
Ek

2

ζ0Ck
0

`k

Nk−2
∑

n=0

am

∫ 1

−1

Pn(χ)Pm (χ) dχ+

Ek
3

ζ2
0Ck

0

Nk−1
∑

n=0

Jk
n,l

∫ 1

−1

Pn(χ)Pm (χ) dχ +
Ek

4

ζ2
0Ck

0

(

`k
)2

Nk−3
∑

n=0

bm

∫ 1

−1

Pn(χ)Pm (χ) dχ = 0.

(11)

|

ì � �$E Ô�·�Ô ��x$FHG v tJI � Ø+K$L } �M 4$N '$( � Ø$O$P Ã å�xRQ � Ê,Ë+S$T+U$V Ì�W~ } ì � 	 (k−1) � (k +1) ·�X 2 x�¶ k · K�L }Y 4$N '$( É$Z T�å$[,x$\+] k S+T+U$V ��^+_$`L }�	$a$bHc$d �+W Þ Ù�ß ��Ô ��Ð «$X 2 x,à�èé�~ }fe N�g�h ¨jÉ º Î�Ï � Ê�Ë Ç ¬ x�\�] k }fi
N�g�h Þ Ù º Î�Ï � Ê�Ë Ç ¬ x�\�] k � µ ~ }pÜ�ÝS�T�U�V Í Æ (11), j Â�ÿ�¤�k k <�l À Á Å

ξ2RkΩk + jξSkΩk + T kΩk = 0, (12)

Æ º Å
Ωk = [Ωk

1 , Ωk
2 ]T,

Ωk
1 = [gk

0 , · · ·, gk
N−1]

T,

Ωk
2 = [Zk

0 , · · ·, Zk
N−1]

T,

gm = [u1m, u2m, u3m]T,

Zm = [U1m, U2m, U3m]T.�$� ü$m$n$<$l$o$p$q � � k k <+l # o+p�} �+�r Î ð�ñ I Í�s�t Ú ¬ Λk =jξRkΩk, µ ~ O�ô À Áþ Â�� � ��Å
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















0 T
6

B
∑

k=1

N×6
B
∑

k=1

N

T
6

B
∑

k=1

N×6
B
∑

k=1

N
jS

6
B
∑

k=1

N×6
B
∑

k=1

N









− ξ









T
6

B
∑

k=1

N×6
B
∑

k=1

N
0

0 R
6

B
∑

k=1

N×6
B
∑

k=1

N

























Ω
6

B
∑

k=1

N×1

Λ
6

B
∑

k=1

N×1









=0. (13)

|z Û }f{ :�|�� À Á þ x <�l # Í <�l ç ¬ } jÂ$}�¤ D ú�û
–
à ® ú Ò�~ k ���$� x ÿ s$: Á�Â

� '�� u�� 0 [15]
�

1.2 �����������������������������F�G v x$�$� : Á$��¤$�$� F r$�$� · x ¸�¹
�,®+�+�+�,®+� Ú � � 3,µ } ¯,�+� m+  t �,ö+¡¢$£ � }�{ : Ü�Ý t¥¤ º FH¦ � Ú �,Í$§ Ù � Ø <
k }�}$¨ �$©$ª : Á º tJ¤ ¸�¹ x �+� r$« k £ ¬
��® � µ ~ }pü F�G v t
I º ê þ Ç x k�����®�¬�­® Ã

1 ¯ Ä � µ$° } t���� x É$±�k$�$��® � � '²�³
9 º x ® # �´ ¯$µ ! }�¶ Ô ��Ð « x�� � �$·$¸ 1

~ }�c
É ß ��Ô ��Ð « ü�¹ � ��º Þ Ù � É�» }f¶ � � û ·
¸ 0

~ }   ¹ � � « ku¨ Ù · � �$�$¼ h$¯$½ À$¾x =�§ k }f¿�À w r · ��� � a�b ì�Á } ® # ��� �� � û��
0.01

~�Â�Ã � ú ÒÄ~ k ��D º } ��� · 9�
1 mm,

D � � û n « k £ ¬�n��$��n�Å$Æ�Ç x �

® Â ��È Ã 1 ¯ Ä � Í�µ�W ~ }ÊÉ í�î�ï�ð�ñ�Í )�*,$- ® Ü ª ¾ ® # |�� � É$W�¸�¹ < k x$Ë � Ø ºx$Ì õ s à�è�é < k }�A Í D É$Í�ì�Ç }�Î$Ï 2 ¯Ä � Ï
2 º¥Ð$Ñ�Ò¥Ó � î�ï�ð�ñ�Í )$*$,$- ® Ü ª¾

(SVFLPH)
| ¤ x$Ë � Ø º x�ú Ò�~ k�}�Ô Ñ$ÕÖ j � ¯�½ À�¾ (SVFLPH-Biot)

��� ��× � Â w�Ø��} ¯�� î�ï�ð�ñ�Í )$*+,$- ® Ü ª ¾ Í+¯+½ � ¾x |�� �$× �$Ù ª$Ú$Û } .�Ë+Ü L�Ý �$Þ,À+¾ ® #£�� Ô ��Ð «»º�õ è�é <�ß x�.�/ ß �à ²�³
10
Â ! }
	 �»ty: Á º } ���»ty¤ x��� û ü �yá

40% â�ã ;�ä ® á 10%
�¥å�| }¥æ ì�¯a$b x �$� F t¥I } �+W$ç t î�ï ~ ��§ x t¥¤ �� û�Ú ��î�ï `  �!�x � 3�µ } ����� � Ç�è } ã�ä

ç t î�ï ��é t î�ï ~ } ì Ê�x ��� � � û�� 10%;

ç t î�ï �$ê t î�ï ~ } ì Ê�x�� � û�� 40%
� �

Û }�ë â$� �+W$ç t î�ï$ì � FHG v t¥I º s à�xú ÒÄ~ k�}yÎ�Ï 3 ¯ Ä �yD º } Ð�Ñ�Õ k � SOC
é

í
1 ���ïîïðïñïò��ïóïôïõïö

óïô ÷ïøïù úïöïûïü (GPa) ýïþ (g/cm3) ÿ���� �ïþ (µm)��� � 0.30 72.09∼ 112.80 3.66∼ 3.79 0.32 57.00���
0.10∼ 0.40 10.37∼ 41.28 1.61∼ 1.67 0.32 77.00	�


0.01 104.17 8.00 0.34 8.00� 

0.01 68.63 2.70 0.33 12.00��

0.30 3.14 0.92 0.45 15.00���
0.01 2.00 1.15 0.39 25.00�
0.01 70.00 2.70 0.34 40.00�����
0.01 0.70 0.92 0.35 40.00

(a) ���ïþ (b) ���ïþ�
2 �ï÷ ����� ���ïþ������ïþ������������
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t î�ï ( µ ~ } �$� · � � û�� 0.1),

� Ð$Ñ ® Ô Ñ
Õ k ;�Ú j ��� ty: Á ( j ��� · � � û � 0.1 â�ã ®

0.4)
� µ [ } '�( ¥ ¯"!�£ ï 	"# ú"$&%��jx"'Ç�( û }*)�+ ý Ç�è � A0 Í S0

£ ï � ç t î�ï xÚ ����, } Î�Ï 3 º x�-�.���/ Ï A Í B
[ ¯ Ä �Â w+Ø �,} � + ç t î,ï x+ä10 } s à A0

£

ï x�Â�Ã � # ��� Ý32 ä�0�x�4�5 } ì Ê�x TOF
#

� X76 / (TOF
Ã$l s à7879 Í$·7:7;7< 2 x�~ 2=

)
� É�ì K$L } s à S0

£ ï x$Â$Ã � # Í$ç t î
ï 2 A�> Ý?2 x ��, ß Ú � � 3�µ } A0

£ ï Â w�@.$/$Ü Ã$l õ7;7<�Í$ç t î,ï 2 x1A7B ±,­ } D �Û u�Õ ¼ ½�C � ��²�D�à��

(a) �������

(b) A E S0 û�F�Gïñ�H�I (c) B E A0 û�F�Gïñ�H�I�
3 ����������J�K�L�M����ïþ��������

2 NPOPQSRUTWVWXZYW[Z\W]W^Z_�$� » A Ô�·�Ô �$FHG7`ba I ºdc à�è�é <$ß
® # �$�7e$=�§ ß�}�	 .1f1g ¡ ¢ ì V ºdh Ý � Ô
·�Ô �$FHG7`ba I ú7i ¡ ¢$£ � } ¯,í�¸,¹$�,®�Í��²$�$� g7j$�7k } ��®+�1l ó à ®1m }$¨ ì Ê <l ú�û }on"p Õ�� F�G"`&a I ú Ò ~ k e�? ��ë â �
2.1 q�r�s�t

m 9 1.992 mm ì �
F�G"`&a I"e�¢ Õ � Ø �"uÙ"v h Ý�m�  Ô�·�Ô"w ."f"g�ú"i ¡ ¢�£ � � µ ["v

¡ ¢ Í ��²�£ � � Ø g"j��"k v Î�Ï 4 ¯ Ä �ÊD º v��� � Ø"x"y � Î O ² ¯ ô�� � � ��� ��× e .�/ 1i�z Â � /�v ¿�¨ 9 ��Í�{�� e�x�y XÄÇ � 10:1[16],'$( ¥ 9 � Àuç x7y � 1.992 mm,
) {$� Àuç x7y

�
0.1992 mm

� ��| Ä £ � � Ø º e���} v µ [ ü x~ Í y
~�±�ò�� ��v É Ê e Ç?� � 5:1

�

�
4 �����������������ïû��
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	$Ï
4 º v�Þ £ � É í�Ô7w « ß à £7�$K$£$�a I�� . e Ô1w � Ø <+ß v A+	+c1�1� � Floquet-

Bloch µ+u ß S+T+U+V1v m £+� > f�/ « ß ¾ å,à
c � µ+° v ü ¡ ¢+£ � e+O+P Ã å1� ä1�1� Q � ST"v m £�� S�T�[ õ à e è�é : Á � ��Û�v { :��"�ê ·�¸�¹����"���&� £ ¬"� Å�Æ Ç?��w�� û x ß ���
® v m�Õ���ì���W�ç a î�ï P F�G"`&a I"e�£��"� W� v ä"��ò à�à ® kf

e l"�"�"�"�"� &�# Ç�È � 10

� 9000,
ä�� l�����{ � 20,

A ��®���l ó à ® v m��� ì Ê e <�l ú�û � 	 µ ¯�!�O v Ü�Ý à ®"� ú�û
Í�É /

Â$Ã � 2 e7�7  ±�­ [17], m$½ ¨ É Ê�ú�û$[e Â�Ã � ú ÒÄ~ k �
2.2 ������������������¡�¢�£�¤¥ í Ï 4 ¯ Ä e ¡ ¢$£ � v ì7¦$W$ç a î�ï PFHG7`ba I7e c à�è�é <$ß ±,ò$£+� v A ½ ¨ ì Êe Â�Ã � ú Ò ~ k v Î�Ï 5 ¯ Ä � D&§ v Ð�Ñ ® Ô Ñe ã�¨ :�©�ª�«�¬�­ `�a?® SOC ¯ 100% °�±�²�³�

0%
�µ´�¶�· vµ¸ ³�¹�º�» S0 � A0 ¼�½�c�¾�¿�ÀÁ�Â�Ã�Ä vdÅ

A Æ B Ç�È «��dÉ m�Ê�Ë v ³�¹�º�»Ì ¾ S0 ¼�½�Í�¾�Î�¨�Ï�Æ ¬7­�Ð�Ñ ® SOC Ò�Ó�ÔÕ�Ö�×�Ø ¨�Ï�Ù�Ú �ÜÛ�Ý�·�Þ ³�¹�º�» A0 ¼�½�¾�Î

¨7Ï7Æ SOC ¨7Ï7Ò7Ó7ß7Ùbàdá7Í7â7ã Ö7× Þ*ä A0

¼�½�¾�Î�å�æ SOC Í�²�³�ß�Ù�°�±�²�³�Í�ç�è�éê"ë"ì"í"î"ï"ð"ñ"ò"ó"ô Í"õ"ö Ø Þø÷ ¹�ù f =

60 kHz
ê"ú Þüû"ý"þ"ÿ ë"î"ï��"ñ"ò�ó"ô §����

A0

¼"½"Í��"Î���� Þ
	�� Í ������
 Å ª 2 È « é
���� Ù Þ���� ó"ô�� Û������ Í Þ ¿"õ������ ì"í�ë"îï Æ ñ�ò ¼�������Í���� Ø é 
2 !#"#$#%#&#'#(#)#* A0 +#,#-#.#.#/#0#1

SOC (%) &#'#.#/ (m/s) )#*#.#/ (m/s)

0 1014 1009

20 1068 1051

40 1093 1072

60 1110 1085

80 1121 1093

100 1124 1102

3 2434546
7989: �9;b§dÞ*¬ ­7ÐbÑ ®=< ÷�Ñ ® ¼=>7Í=?@�A�B�C�D Þ ö�E�F�G"Ó"Í�H�I�J"Ó�K ê�L�M Þ E�NO�P�Q�R�O�S�T�U 7�D�V ��W"é Æ�X ´�Y�Þ�Z�[ Í�H\9]9^ E9_9� ÷ 8 Ù9`9a9b7½ ¬1­7ÐbÑ ® Í Ø9c b

(a) d#e#f#g

(b) A h S0 +#,#i#j#!#k (c) B h A0 +#,#i#j#!#kl
5 m#n#o#"#p#)#*#-#.#q#/#r#d#e#f#g
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(MFC),
÷ �=� 8 Ù ¬ ­1Ð�Ñ ®=� À=b1½1Í QR Õ���� w�Æ�����é

� Ñ��=�=Z=�=�=� MFC
� õ=� Ø=c=�=� Í=�� ���"À T ð O�S�T"Þ N���������Í É���� Ø |�� �� Ø | à3á"Í������ ��� Ó ( ����H�I"³�� −35℃, �

��H�I���� 130℃),
÷ � ����Ë | �� �¡�¢ ��£ Þ¥¤

E�_�¦�§ ��; ��¨�©�ª�« | c�¬�­�® | ó�¯�°�± v�w
¢�²�³�é ´�Y�Þ MFC ´¶µ�Í “

}
”
|

“ � ”
� Ø Þ Ö�·ë O�P � Ñ�O�S�T G�{ Ä |�¸ Ø�~ ¢���¹ Þ E�_ É"÷

� ��Z�[�º�» ¯�¼�|�½�M J"Ó�¢ ��¾ H \ Þ ê ¬�­"ÐÑ ® Í Õ���� w þ�¿ ë�À�8�Á�¼ é
X Y"Þ ¬�­"Ð&Ñ ® Q�R Ì ¾ O�Â�� Ø Í 8"ì w ¬��Ã � Q�R Ì ¾ � w�Ä�Å ÞÇÆ�È P2 É�Ê���Í MFC} Ø � ÑËO9S9T 8 Ù R=Ì9Í Í=Î9Ï1Æ=Ð9É Þ*÷ X9ÑÒ ë9Ó ­7ÐbÑ ® Q=R Ì ¾ � w 87ì 
9P1Þ Ô 8 Y9ÔÕ � ´ SOC Ö�Í Y ³ Ì�×�Þ 8�ì�ì�í�ë�Ó ­�Ð�Ñ ®Ø Ñ b�½ ��R�s���Ù�Ú�Û Í�Ü�Ý Ö�× é

3.1 Þ�ß�à�á�â�ã�äå
6
ê�Ó ­�Ð�Ñ ®

SOC
Q�R Ì ¾ � w 
�P�Þ¥æç ¯�è Û /

Ì�Í ��é T | Û�ê�ë ¾ T |íì�î CT-4008T-

5V6A ï Ã Ññð |�ò�ó º�÷ � MFC
O�S�T ¢�>�ô ÞÅ å

6(a) È ë éÇ_�õ ÞÇz�ö Æ î�ï���ñ�ò ¼�� ó�¯

õ"ö"Í�÷�ø Ó ­"Ð&Ñ ® I ê�8"ì�ù�¼ é�X Y"Þ ù�¼�úû9Ì9×9ü ê
118 mm×88 mm×1.992 mm,

�9� Í îï�ý ¬ ê
2325 mAh,

Å å
6(b) È ë é

X=þ ÞÇÿ���� A0 ¼1½ Ì ¾ æ ç ÷1­�� ó ã êæ"Þ���z�ö õ��"¹"ù ê 60 kHz Í P2 � MFC (Smart

Material)
O�S�T"Þ È ; � Í ê M2814-P2, MFC ��Gú û

a=37 mm, b=18 mm, ö�© � ³ ú û c=28 mm,

d=14 mm, _ 8
	 å Å å 6(c) È ë é�� ç

 Ë"Í � Þ�9O9S9T7÷ õ9Î9Ï7õ9Ð9É7Í9? @ û D �7Ó���� ­ ê
47 mm Í A Æ B

� Ç�é�w ¬ Y�Þ E ;�Ì�Í / è Û �é T Î�Ï"Ë õ��"¹"ù ê 60 kHz Í 5 �
�
���
�
��«
Í9������� Ì9Í7Þ È9Î � ���7Í Y ³7¾9? Å å 7 Èë é Æ�X ´�Y"Þ 7 � Ó ­"Ð&Ñ ® õ Q�R Ì ¾ O�Â�� Ø
¿7À 8 Y ­9® Ò�� Þ�� ��� V ï Ã Ñ�ð9T Í� ] H
�"é 7 ï Ñ�È
! õ Þ ê"ë
""í�Ó ­"Ð&Ñ ®
#�$ ï�% Þz�ö�&�'�& ��¼ @ Þ�( ï Ñ*) ù�� V�ê 1 C,

& ��º
» Y Í�+�, Ñ*' ê 0.05 C; - 7 Ã ÑñÈ�! õ Þ z�ö�&' ¼ @ Þ.( Ã Ñ*) ù�� V�ê 1 C é¥_�õ Þ  ] Ñ ��Í/10 � V7ê 3.0 ∼ 4.2 V é ´9Y7Þ ê7ë�2 ��39w7Ô�45 ï Ã Ñ�È
! Í
6
7 Ø Þ98
: ç �"ý � V�ò�ó º�Þ9;
Ó�� 10 s ´¶© ­�® Ô�<�=� ] È�! õ?Í Ññs�Ú�Û |
ï Ñ ¬
> Ã Ñ ¬ ¢"Í
?"Ï"é9� ç

 Ë�Í � Þ ê"ë�""íÓA@ ÐbÑCB  ] È�! õdÍ�D $ Ø Þ � V Ñ �7Í�D $Ñ � ò � ê 4.5 V,

Q�È�ä ´¶©�E�F�G�,�H���H�I�é

(a) m#n#o#"#p SOC IKJ#-#.KLKMKNKO (b) P 1.992 mm m#n#o#"#p (c) M2814-P2 Q MFCl
6 m#n#o#"#p SOC IKJ#-#.KLKMKNKO

(a) "KR#"KS#f#g (b) TKUKVKWl
7 "KS#"KR#f#g#(KTKUKVKW
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3.2 Þ�ß�^�_�`�a�b
c ; Ñ Ò Í Q�R Ì ¾ � w
d
e Þ � Ã Ñ�È
! õ Ó@ ÐbÑCB ¿7À 87ì w ¬ Þ Ô7Ó�� 5 min

� Ð9É�f OS�T È Ô Õ Í Y ³ Ì�Í ¿"À
g
h ­�® Æ U
i é 8"ì È! õ Ó�@ ÐbÑCB Í ÑC'bÑ ��?7Ï �Cj Å å 7 È ë é
Æ�X ´�Y"Þ�� ­�® Ì�Í"´ �"¿"À�  Æ
k ¾�Ç î Þ ÷ 8
Ù"²
l
m ô é ÿ
�
� Ã Ñ º"» ê &�' ¼ @ Þ9n 2 � ûo�p ��Í Ø Ñ b�½ Þ x�X z�ö ¸ Ã ÑñÈ�! õ SOC

ê
100% q 0%

Y���� Í Y ³ Ì�Í ¿�À�r�s Þd÷�t 3 ·û�u Óv@ ÐbÑCB Ø Ñ b7½ �9Q9R Ì ¾ O9Â9� Ø Í9Ü
Ý Ö"× Þ Å å 8 È ë éy_ õ Þxw
y ��j ê Ã Ñ*z�{�Y
È ­9® Í Y ³ Ì9Í7Þ*ä SOC = 100%; | y q�} y Í
±�? È�!�~9ë9�9� Í Ø Ñ b1½1°7±1²1³ Þ -�} y 8j ê J Ñ b�½�é�9� 3�� Á7Â Ã7Ä å É7÷ Ê7Ë Þ å1æ ÓA@ ÐbÑB Ø Ñ b7½7Í�� M ÞÇQ=R Ì ¾ Ì=Í Í R ~�� �1°7±
²"³ Þ9(�Y ³ Ì�Í ��G"ß"Ù����"â�ã"Í"ç�è Þ ä�� �Y Ó TOF °�±���� ÞC��Ý�� A0 ¼�½ Ì ¾�¾�Î�°�±
? M é ò�� Ù7Ú æ ç x ÓA@ Ð Í���� >�� � È�! Ì
ö�Í Ñ � ������s Ø�c ��é�� ?�È�� z é

g�� Ñ�s Ú Û Í�?&Ï Ö&× Þ*û&ý&þ&ÿ ë � ´
SOC (

��� Ã ÑñY Ó )
Y Í Q�R Ì ¾ Y ³ Ì�Í�Þ*÷�ûu

A0 ¼7½ TOF
�

SOC Í�� S�! �7é ´9Y7Þ ¸ _

Æ�� { Î9Ï Ì9Í ¿7À �1Û9� � � Þ*÷ X Õ ÿ=�9� Í
TOF � Þ Ô��=« ë=Ó�@ Ð�Ñ�B Ã Ñ�È�! õ Í TOF

â"ã ��j éøÆ�X ´�Y"Þ g
� ~ 2 õ3È
�"Í î"ï Æ ñ"òó"ô Þ Ô ÿ
� 8"ì È
! õ3È
� V Í O�S�T Ó�� Þ�� �
�9« ë7î7ï Æ ñ7ò A0 ¼7½ TOF å SOC Í7â7ã �j�Þ Å å

9(a) È ë éÉ"÷ Ê"Ë Þ î"ï�|üñ"ò���8"ì õ?Í SOC-TOF
�

�9�9
 �Cj�� ß7Ù7Ë Û�� Í Ö7×1Ø ?7Ï1ç1è Þ�(=�� m ô à3á"é ê"ë ¬ Ï
� � Ò"Ó"Í Û��
�
 �Þ û�ý �
« ë Û9� Ò7Ó � � Y Ó1Í Û=����  ?7Ï�] £ å Þ óô�Å å

9(b) È ë é ó�ô ~¢¡?Þ 8�ì Æ ñ�ò9|*î�ï Æñ"ò Ò"Ó"Í
£
¤ Û��
�
 
� "
¥�7 4%
÷�¦3Þ - 8"ì§ î"ï Ò"Ó"Í
£
¤ Û��
�
  "
¥�7"ë 6%
÷�¦3Þo÷ XÝ
� ë � � Ò"Ó"Í���� ��� Ø é���N�õ þ Í � Þ�¨
©ªv«9Õ ÿ Í � � Y Ó � R ~�� �7å Ø Ñ b�¬7Í�?7ÏÖ�× Þ�§�­�®

13 õ « þ Í 8�ì�ó�ô Û��¢¯?Þ�� ê�î° â�ã ( Ö�× ��� õ�ö�é­ õ � � 87ì Y «�± Í ]9^ �9� �9ÓA@ ÐbÑCB
SOH

� 8�ì�² ô�Í�Ü�Ý�³�´ ÿ���Þ�( î�ï�ð�ñ�ò ûu �9� õ Þ�µ�¶ �9� ÓA@ ÐbÑCB�·9�=� [ �9s Ø9c¸�� ? Þ�¹�89ÿ��bÑ ��º�» ��� � Ñ�¼�½ ¸�¾�¿ Ø
Ü�Ý Þ9À - ² ô ë õ
7 ¸"ó"ô �
  é
X
Á ¦ ý
Â�Ã��Ä � © ª û�u ¸ ]�Å Ò�õ�é

(a) VKWKÆKÇ (b) i#j#!#kl
8 !#"#$#%#-#.KVKW#0#1KÈKÉ

(a) &#'KÊ )#*KËKÌKÍ SOC-TOF ÎÐÏ (b) ÑKÎKÒKÓl
9 &#'KÊ )#*KÔKÌKÍ SOC-TOF ÎÐÏÕËKÑKÎKÒKÓ
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ê7ë�Ö õ9� û�u � � SOC-TOF

���9�9
�× ¸
���
! � ÞÙØ��
Ú
× Ö
Û �
Ü
Ý
�
  (RMSE) ���
Þó"ô
ß ~

3
« ë é�à ÷
á
â Þ ·���¯ > × ¸ �
Ü
Ý
�  � � M � 1.72,

~¢¡*· > Ú�× ¸ Ð�ã ! �¢ä*å�Þ 8
m�æ�ç ¡�è Ã � MFC

¸ Q=R�é�ê � w=Ä=Å � Óë@ì¢í B
SOC

¸�î ��� w � ��� ¸ à Û § à�ï�ð�ñ
ò

3 óKôKÊöõK÷KÔKÌKÍKøKùKúKûKüKýKþKÒKÓ
ÎÐÏÕÿ RMSE

ÌKÍ – óKô 1.7151

ÌKÍ – õK÷ 0.9426

óKô – õK÷ 0.8520

4 ����������
é
ê���	�
�� Þ
������� ì�í�����í��� ¸ �������
Ü������
è������! �"�#�$�%�&�' Þ!()+*+,+-�è �1í.� � � �+�+/+�+0+1+2+3+465+7 ñ8�9�:�; 2������< �"�=�$�%�>�2
SOC-TOF ?�@�AB�CED�F�G�H�I�J�K�L ��M

(1)
�6� � �6N6O6P6Q6R6S6T616U6V6�6P

Biot�+� CEW+X+Y+Z+[+Z+\ 2 �]�+^`_ �`a 26b+c6d+e�+�+f+g C 1+h+i+j Y � _ � �6P+�6�6b+c6k6l+/
ð >�2nmpo�U B ñ

(2) q�r  �"�s�t Cvu�;�Y�w�x � _ � � I 2�yz�{�k�l}|�~ C (���� Y�� k��}��m C!� ) � _ � �2�� ��C
A0
f���2�y�z�{�h����}��������2���� C

� ��� 2 TOF
h����������

(3)
H+� k+� _.�+�+� V+�+� (MFC)

d+�+�+�
��� C!��X�Y ����b�c���	�$�%� �¡ C $�%�,�' Y�w
x � _ � � �+�¢�+^£_ �£a b+c+d+e+¤+�+2+3+4 CX�¥�Y ��d�e�/�¦�P _ � SOC

>�2 ?�@�A B�C $��Y �6�
MFC

� _ d6�6�62 �}�6^`_ � SOC
�6�

�����
§ ¨ © ª

1 «­¬­®­¯±° , ²­³­´­µ­¶±·­¸­¹­º­» SOC ¼­½­¾­¿­À­Á­Â­ÃÄ­Å­Æ ¶ÈÇ­É­Ê­Ë­Ê­Ì­Í­Î­Î­Ï­¯ 2020; 46(8): 1444—1452
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