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|^1Æw�*	!ÛÜ�>ÿþÚ�à� Raman 1Ì©Û�(Ü��{, ïÄ
�éà¯L (XLPE) >Cý
�á�¥ü«;.>ä{��>A5. ¦+äk�q���^�, ü«>ä{%¥yÑ��ØÓ�/�, Ù¥ 9 kV
e;.>ä{�{-t{G, 11 kV e�{G, 
�>ä{)�9ÛÜ�>5Æ¥yÑ²w��É. {-t{G>ä{
ÌZÏ�S�3ÃS�$%��È, �â�$% G �� D ���érÝ, ��%�þÝ�� 8 nm, ä{Ï�ü �
Ý>{�u 10 Ω · µm−1, v±³�>ä{SÛÜ�>�uÐ, >ä{¥yÑ�>.>ä{A�. {G>ä{Ï�S
*	�F1�µ, �3á��z��Ô, �Ø�3ÃS�$%�à8, Ï�äk²w���>A5
Øv±³�>
ä{SÛÜ�>�ëY�^. ��JÑ
 XLPE >Cý�á�¥�>.Ú��>.>ä{�üÏ�)��., |^
��>´nØé XLPE >Cý�á�¥ü«ØÓ�>A5>ä{�)�Ån?1
&?.

'�c: �éà¯L>C, >ä{, �>A5, �à� Raman 1Ì

PACS: 77.22.Jp, 77.84.Jd, 78.30.–j

1 Ú ó

�éà¯L (XLPE) duÙ`��>5U!Å
�5UÚ9­½5
2�A^uy�pØ@Ñ>
å>Cý�. �3>å>C�¢S$1¥, du>
C¥,�½"��ÛÜ>|rÝ8¥«���3
kÚu>ä{��U. d	, XLPE >C3>Aå!
9Aå���ÏPz�^e, �¬Ñyä{z�
y�. 8c>ä{z®¤�>Cý����­�Ï
� [1,2], 3Ù¦�3"����ÛÜp|r«�¿
�LÛÜ�ÂB|r�àÜÔá�¥, ��3k>
ä{)��y�. >Cý�á�¥�>ä{��´
3,�!��Ú��>�âå�>|8¥«�å
© [3,4] ½dYä{��Úu [5]. Cc5, 110 kV 9
±þ>Ø�?� XLPE >Cý�á�¥>ä{z
é>C$1��5�K�É�
FÃ'5, ïÄu
y XLPE >Cý�á�¥>ä{�Úu!)�/
�ÚÛÜ�>A5É�á��à8/� [6]!	�
>ØªÇ [7,8]!í�Å�Aå [9] ±9	�>ØÌ
� [10] �ÃõÏ��K�.

�XàÜÔý�á�A^²��È\Úy�
uÿEâ�uÐ, <�é>ä{�ïÄ��
Øä
�\. Champion Ú Dodd[11] ïÄL², 3Àæ�½
p�����ä�·ÜÔ¥�3ü«>í5U�
�ØÓ�>ä{, =�>.>ä{Ú��>.>ä
{. Vaughan � [12,13] ÏLéZL/¯L�àÔÚ$
�Ýà¯L (LDPE) ¥>ä{(��ïÄ, uy3
	�óª>Ø 15 kV eZL/¯L�àÔ¥�>ä
{¥yÑ²w��>A5, 
 LDPE ¥�>ä{3
	�óª>Ø 13.5 kV e, �¢�§Ý�k�É�
%¥yÑzÆA5��ØÓ�ü«>ä{(�. ©
z [14] |^>ä{3ß�1e�ôÚÚ)��Ç
�m��â, é XLPE >Cý�á�¥�>ä{«
a9Ù�>5?1
ÐÚ&?. 8c, �é XLPE
>Cý�á�¥>ä{(��>A5��'ïÄ
�����, cÙ´é>ä{�>A5���â
�ïÄÿ?u�x. �©æ^¢�w�êi��
EâÚÛÜ�>ëYÿþ�(Ü�¢��{, �
é XLPE >Cý�á�¥ü«;.>ä{)�L
§9ÙÛÜ�>A5��É5?1©Û. (Ü>ä
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{��1*	Ú�à� Raman 1Ìéä{Ï�z
Æ¤©©Û�¢�(Juy: {-t{GV(�>
ä{�ÌZÏ�3��1�^e¥çÚ, Ï�S�
3ÃS�$%�à8, ��3á��z©)��Ô,
%�þÝ������ 8 nm, äk�>.>ä{
�;.>íÚzÆA5; 
 11 kV e{G>ä{3
��1e¥xÚ, Ï�SØ�3ÃS�$%�à8,
��3á��z©)��Ô. �â>ä{)�L§
��ãA5, (Ü��1*	Ú�à� Raman 1Ì
©Û(J, JÑ
 XLPE >Cý�á�¥�>.Ú
��>.>ä{�üÏ�)��., é XLPE >C
ý�á�¥ØÓ�>A5�>ä{/¤Ån?1

©Û.

2 ¢ �

2.1 ÁÁÁ ���

�ïÄ¤^Á����gI� 64/110 kV ?p
Ø XLPE >C�ã, ÄÑC��, |^p��K�
�\ó¤þÝ� 5 mm ��%��G½��GÁ
�. æ^;.� - �>4(�, >4må��3 (2 ±
0.2)mm, �>4�»� 1 mm, �k�I� θ = 30◦,
­Ç�» r � (5 ± 1)µm. Á�Ú�>4(�Xã 1
¤«. ��y�>4� XLPE ý�á��m�;�
(Ü, 3²LË°�W?n¿óZ��>4L¡ý
æ��à¯L. 3\Ø¢��c, z�Á�Ñ^ 
1w�º?1*	, ¤kÁ���k«�þÃí�

ã 1 Á��>4(�«¿ã

Å�Aå, 
��>4� XLPE ý�á�;�(Ü,
ÃíY�3. ¢�L², éu�>4� XLPE ý�
á��mkíY�3�Á�, �	�óª>Øk�
�� 2 kV �, Ò�±ÿ�²w�ÛÜ�>&Ò.

2.2 ¢¢¢���XXXÚÚÚ

¢�¥>ä{¢�*	ÚÛÜ�>´3ëY
ÿþXÚ¥?1, TXÚdóªpØÁ�CØì!
©Øì!�o>{!ÛÜ�>ëYÿþXÚÚ�
@¢�w�êi��XÚ��¤ [10,15]. ÛÜ�>
ÿþXÚUì IEC60270 IO�O, (¯Ý� 2 pC,
¢��K��½� 10 pC, ��¢�3¶-¿¥?
1. ¢�w�êi��XÚXã 2 ¤«, ì®¥�
7h^u��Á��	�Ù¦Ü���>ÚÁ�
�÷¡ðä, OrÁ��ß²Ý, Bu¢�L§¥
¼��ßã�, ��1�±¢y>ä{Ï�ôÚ�
é'*	.

2.3 ���ààà��� Raman 111ÌÌÌ©©©ÛÛÛ

�à� Raman 1Ì3á�L¡zÆ¤©©
Û [12,13] ÚàÜÔý�á�í{Aåµ� [16] �
+�äk2��A^. 3é>ä{Ï�?1�à
� Raman 1Ì©Û�c, I�éÁ�?1Xe?
n: �
¦þ~�éä{Ï�L¡�»�, Äk|

ã 2 ¢�w�êi��XÚ«¿ã
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^���¡Å3 −30 ◦C �^�eé>ä{«�
�¡, Á��¡þÝ� 50 µm; ,�æ^ HR800 .
w��� Raman 1Ì¤é>ä{Ï�L¡?1
zÆA5©Û, T¤ìd LAS-HN633/17 .��N
�4+-1
 (-1Å�� 633 nm, ��ÑÑõ
Ç� 17 mW)!Synapse >ÖÍÜì� (CCD) &ÿ
ì!Olympus w�º�¤, XÚæ^ LabSpec 5.0
^�, �m©EÇ� 1 µm. ¢��À�-1õÇ
� 1.7 mW (-1��ÑÑõÇ� 10%), ÿþ�æ
^ 1 s ëY 10 g×£��ª, 3¢�c|^C1

?1IO7�O.

3 (J9?Ø

�©Ì�ïÄk��©O� 9 Ú 11 kV �	
�óª>Ø�^e XLPE >Cý�á�¥ü«;
.>ä{��>A5, ¢�3¿§ (25—30 ◦C) ^
�e?1, z�>Øe���>ä{ 20 �. ¢��
¢�w�êi��*	ÚÛÜ�>ëYÿþÓ�
?1, P¹>ä{�)��Ý l(l ��k�ä{k
à���ål), Ó��P¹ÛÜ�>����>
þ Qmax!�>ªg N Ú�>õÇ P �ÛÜ�>

A�ëê.

3.1 >>>äää{{{)))���999ÛÛÛÜÜÜ���>>>AAA555

3 9 kV e;.{-t{GV(�>ä{ [6,8−10]

(Ó 80%) Xã 3(a) ¤«, ¤éA�)�­�ÚÛÜ
�>A�ëê­�Xã 3(b), (c) ¤«. �â>ä
{�)�­�, Ù)�L§�Uã 3(b) ¥©� A,
B Ú C n��ã. 3 A �ã¥, >ä{Úu�¥
{G(�×�)�, ²þ)��Ç� 70 µm·min−1,
ÛÜ�>ëþ�Xä{)�
O\, �ä{)�
?\ B �ã�, 3t{G(�Ñy�cä{)�
A�Ê¢, ÛÜ�>ëþ���~�, �t{G(
�fÑy�, ÛÜ�>���>þ Qmax < 10 pC,
��t{G(��Cé¡>4�, ÛÜ�>þ2
g�u 10 pC. 3 C �ãä{�)�Ì�Ly�t
{G(��é¡>4)���ª, Ïmä{²þ
)��Ç� 18 µm·min−1. 11 kV e�>ä{�Ü
�{G [10,15] (ã 4(a)), ¤éA�)�­�ÚÛÜ
�>A�ëê­�Xã 4(b), (c) ¤«. >ä{Ú
u�¥{G×��é¡>4)�, ²þ)��Ç
� 78 µm·min−1, ÛÜ�>ëþ�Xä{�)�

O\.

ã 3 9 kV e�{-t{G>ä{9Ù)�­�ÚÛÜ�>A�ëê­� (a) {-t{G>ä{; (b) �m�>ä{)�ÚÛÜ
�>���>þ Qmax �'X; (c) �m��>õÇ P Ú�>ªg N �'X
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ã 4 11 kV e�{G>ä{9Ù)�­�ÚÛÜ�>A�ëê­� (a) {G>ä{; (b) �m�>ä{)�ÚÛÜ�>��
�>þ Qmax �'X; (c) �m��>õÇ P Ú�>ªg N �'X

éu XLPE >Cý�á�
ó, 3�q�¢�
^�e%��
ü«��ØÓ/��>ä{, ¤é
A�)�A:ÚÛÜ�>A5�3²w��É. |
^��1éã 3(a) ¤«{-t{G>ä{?1
*
	, uyä{ÌZÏ�¥çÚ (ã 5), �U�3�>

5Ô��à8, >ä{)�L§¥ÛÜ�>¹ÄÉ
�²w³� (ã 3(b)), äk�>.>ä{�;.>
íA� [11−13]. 
 11 kV e{G>ä{3��1e
¥xÚ (ã 6), >ä{)�L§¥ÛÜ�>�^²
w, äk��>.>ä{�;.>íA� [11,13].

ã 5 {-t{G>ä{���1*	
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ã 6 {G>ä{���1*	

3.2 ���ààà��� Raman 111ÌÌÌ©©©ÛÛÛ

�
y¢ XLPE >Cý�á�¥�>.Ú
��>.>ä{��39Ù/¤Ån, æ^�à
� Raman 1Ìé>ä{Ï��zÆ¤©?1©
Û. �
�y�à� Raman 1Ìéä{Ï�zÆ
¤©©Û�k�5, é 1.2/50 µs Ì�� 36 kV I
OX>ÀÂe�ÂBÁ�?1©Û, 3ã 7 ¤«
ÂBÏ����¡L¡ P1, P2 Ú P3 :��éA
 �� Raman 1ÌXã 8 ¤«. òÿ�� Raman
1Ì� LabSpec 5.0 ^�IOêâ¥?1é', Ó
�ëìL 1 �Ñ� Raman 1ÌA�¸éA�zÆ
¤©, uy3ålÂBÏ� P3 :� 200 µm ? P1

:� Raman 1Ìäk$�Ýà¯L (LDPE) �¤
kA�¸, 
 LDPE ��´ XLPE >Cý�á�
�Ä���, Ïdò P1 :éA Raman 1Ì��
ÄO, {¡�Ä�. ålÂBÏ� P3 :� 40 µm
? P2 :� Raman 1Ì�Ä�A�¸ ����
�, �ØÓ�´, P2 :� Raman 1Ìäk²w�
�Ý, `²3 P2 :� Raman 1ÌþU\
3ý�
á�PzL§¥²~Ñy�F1�µ, ù�´á�
�z�­�I� [13]. ÂBÏ� P3 :� Raman 1
Ì, 3 1000—1500 cm−1 �m� LDPE A�¸��,
3 1310 Ú 1580 cm−1 NC �Ñy
ü��~²
w�A�¸, ©OéA sp2 %� D �Ú G �, `²
3ÂBÏ�S�3ÃS�$%�à8. ±þ©Û(
JL², |^�à� Raman 1Ì�±é>ä{Ï�
�zÆ¤©?1k�L�.

éã 5 ¤«{-t{GV(�>ä{?1�
��¡, ��>ä{ÌZÏ�Ü©�¡Xã 9 (a)
¤«. |^�à� Raman 1Ìéä{Ï���
«� (ã 9 (b)) ± O :�å© �÷�Þ¤«�
��ØÓål?1ÿÁ, ��å O :ØÓål?
� Raman 1ÌXã 10 ¤«. lã 10 �±wÑ,

>ä{Ï�S (3 0 µm  �Ú 1 µm  �) á�
� Raman 1Ì3 1360 Ú 1580 cm−1 NC¥yÑ
ü�²w�A�¸, ©OéA sp2 %� D �Ú G
�, Ó�U\
²w�F1�µ, L²>ä{Ï�
S�3ÃS�$%�à8, 
�äk²w��z
è,. 
éuå O : 12 µm ?� Raman 1Ì, Ù
3 1360 Ú 1580 cm−1 NC�A�¸�U\�F1
�µ��, 
¥y�´ XLPE >Cý�á��Ä�

L 1 Raman 1ÌA�¸éA�zÆ¤©

Raman  £/cm−1 á� zÆ¤© ¶¡

1061 à¯L �e� —

1127 à¯L �e� —

1296 à¯L CH2 —

1439 à¯L CH2 —

2848 à¯L CH2 —

2882 à¯L CH2 —

1310 sp2 % ��� D �

1580 sp2 % ��� G �

ã 7 ÂBÁ�����¡w�ì¡

ã 8 ÂBÁ� P1, P2 Ú P3 ?� Raman 1Ì
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ã 9 {-t{G>ä{Ï��w�ì¡ (a) �¡w�ì¡; (b) ä{Ï����w�ì¡

�� LDPE �A�¸, �Ä�A�¸ ����
�, L²3ålÏ���?ý�á���z¿Ø
²w, >ä{éá���z�^Ì�8¥3ä{Ï
�NC.

�â D �Ú G �%¸�rÝ�±éä{Ï�
S�%�þÝ La ?1��. d Matthews � [17] J
Ñ�U?���{, k

La = (C0 + λLC1)
IG

ID
, (1)

Ù¥, C0 = −12.6 nm, C1 = 0.033, λL �-1Å
� (λL = 633 nm), IG Ú ID ©O� G �Ú D �%
¸��érÝ. �â (1) ª��, ä{Ï�S O :�
%�þÝ La �� 8 nm. Vaughan � [13] |^ LDPE
¥>ä{çÚÏ�Sÿ� Raman 1Ì� D �Ú G
�A�¸rÝ��Ñ%�þÝ La ≈ 4 nm, �O
>ä{Ï�3¿§e�>{Ç3 10−3 Ωcm ê
þ?, l
���> .>ä{Ï�ü �Ý�
��>{� 1—10 Ω · µm−1. ©z [11] 3é�
>.Ú��>.>ä{�ÛÜ�>?1ê��
ý�uy, ��½>ä{Ï�ü �Ý�> {
� 2×106 Ω·µm−1 �, >ä{Ï�S�ÛÜ�>
y���²w³�, ¥yÑ²w��>A5, �
>4�>|rÝ=£��>Ï��cà, Ïd
ÛÜ�>�u)3>ä{cà#/¤�Ï�S,
Ùü �Ý�>{� 2×1010 Ω·µm−1. �'u©
z [12] �ïÄ(J, XLPE >Cý�á�¥{-t
{G>ä{Ï�S�%�þÝ�� LDPE ¥�>
Ï�S%�þÝ� 2 �, ü �Ý���>{�
u 10 Ω · µm−1, ��u�>.>ä{ÛÜ�>�
ý��½� 2×106 Ω · µm−1, Ïdv±³�{-t
{G>ä{Ï�SÛÜ�>�uÐ. 
t{G(�
A�Ñy3ÛÜ�>����>þ Qmax < 10 pC
�Ó��mS (ã 3(b)). ù«{-t{GV(�>

ä{�/¤´du3{G(�)�ÏmÛÜ�>
�%z@¡�^, ä{Ï�>{Ç~�, ¦��k
|ru)=£¿3�C�>4NC�ä{Ï�S
/¤ÛÜ|r8¥, 3>-Å�å��^e [18,19] �
)ÛÜ�ÂB
¥yÑt{G�ä{(�, ÙÛÜ
�>Ì�´8¥3t{G(��kà«����
> [11,20]. Ïd, �t{G(�Ñy�ÛÜ�>þm
©�u 10 pC.

ã 10 g O :÷�Þ��ØÓål?� Raman 1Ì

éã 6 ¤«{G(�>ä{?1���¡, �
��C�>4�ä{Ï��¡Xã 11 (a) ¤«. |
^�à� Raman 1Ìéä{Ï���«� (ã 11
(b)) ± S :�å© �÷�Þ¤«���ØÓå
l?1ÿÁ, ��å S :ØÓål?� Raman 1
ÌXã 12 ¤«. lã 12 �±wÑ, 3 11 kV e{
G>ä{Ï�S (3 0 µm  �Ú 1 µm  �) á�
� Raman 1Ì¥yÑ LDPE �A�¸, Ó�U\

²w�F1�µ, �X Raman 1Ì×£:�>ä
{Ï�¥% �ål�O\, F1�µÅì~�,
�×£:lmä{Ï��, 3å S : 15 µm ? Ra-
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man 1Ì¤U\�F1�µ²w~f. >ä{Ï�
S	� Raman 1Ìvk¥yÑ D �Ú G ��
A�¸, L²{G>ä{Ï�SØ�3ÃS�$
%�à8, �duä{Ï�SF1�µ��3, `
²Ï�Sá�k²w��z©)�Ô. 3��1
e¥xÚ�{G>ä{)�L§¥duÛÜ�>

�ëY�^, 3pU>f�EÂ�^eàÜÔ
u)�)
/¤F1�z�Ô, �¿�/¤ÃS
�$%��È, 
�ä{Ï��»Øä*�, �\
k|uÛÜ�>�ëY�^. Ïd, 3{G>ä
{)�L§¥ÛÜ�>ëþ�Xä{�)�

O\.

ã 11 {G>ä{Ï��w�ì¡ (a) �¡w�ì¡; (b) ä{Ï���w�ì¡

ã 12 g S :÷�Þ��ØÓål?� Raman 1Ì

3.3 ÅÅÅnnn©©©ÛÛÛ

�â>ä{)�9ÙÛÜ�>A5, (Ü��
1*	��à� Raman 1Ìéä{Ï�zÆ¤©
©Û�¢�(J, JÑ XLPE >Cý�á�¥��
>.Ú�>.>ä{)��.. �
{z, æ^ü
Ï��ª5�O>ä{�©/(�.

3.3.1 ��>.>ä{)�Ån
éu��>. ({G) >ä{, Ù)��.X

ã 13 (a) ¤«. �âÛÜ�>ïÄ+�ÊHæ^�
ò0����n�>N=0�S"íY�"�>
N Cc!�íYGéÜ©>N Cb ±9� Cc Ú Cb

GéÜ©�N�¿é�Ù{Ü©>N C ���>
´nØ [21], ���>ä{)��.���>´X
ã 13 (b) ¤«, Ù¥ Cc �í+Ï����>N, Cb

�üÏ�Gé0����>N. �â©z [21] ¥é
n>N�.eÛÜ�>þ Q �í�, ��Ñ Cb �
üÏ�í+�Ý l �m�3Xe'X:

Q = Cb∆Uc

= ε0εr
S

L − l
Ebl, (2)

Ù¥, ∆Uc ��>�)�>Øü, ε0 �ý�0>~
ê, εr � XLPE ��é0>~ê, S �í+�¡È,
L ��-�må, Eb �ä{Ï�SíNÂB|r.
(2) ªü>é�m��©, k

dQ

dt
=

K

(L − l)2
dl

dt
, (3)

ã 13 ��>.>ä{)��.9Ù��>´ (a) )��.;
(b) �.��>´
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Ù¥ K = ε0εrLSEb. d (3) ª��, ��>.>ä
{ÛÜ�>þO�Ç�>ä{)�Ç¤�', 3>
ä{)�L§¥, k dl/dt > 0, ÙÛÜ�>þ Q �
Ï�í+�Ý l �O\
O\.

3.3.2 �>.>ä{)�Ån
éu�>. ({-t{G) >ä{, duÙ)�

L§äk²w��ã5, I��é>ä{)��Ø
Ó�ãïá)��.. Äkéu A �ã (ã 3 (b)),
>ä{¥{G(�¯�)�, ÛÜ�>þ�ä{)
�
O\, L²ä{)��?u��>ä{�ã,
Ù)��.���>.>ä{��. �ä{)�?
\ B �ã (ã 3 (b)) �, ä{ÌZÏ�)�Ê¢, �
3�C�>4NC�ÌZÏ�±�)�Ñ�þ#
{, ÛÜ�>þÅì~���$u 10 pC, (Ü©
z [12] é�>.>ä{)�L§¥1ÿþ�(J
��, �C�>4NC�ä{Ï�3ÛÜ�>�%
z@¡�^e/¤
�>.ä{Ï�. Ïd|^
ã 14(a) ¤«�.éÙ��, Ù��>´Xã 14 (b)
¤«, Ù¥ R �Ï��>Ü©���>{. �X>
ä{�)�, ä{Ï�%zÜ©ÅìO\, í+�
Ý l ~�, k dl/dt < 0, d (3) ª��, 3 B �ã, >
ä{ÛÜ�>þ Q òÅì~�, $�$u 10 pC.

ã 14 �>.>ä{3 B �ã�)��.9Ù��>´
(a) )��.; (b) �.��>´

�ä{3 C �ã�Cé¡>4�, ÛÜ�>þ
2g�u 10 pC, |^ã 15 (a) ¤«�.éÙ��,
Ù��>´Xã 15 (b) ¤«. �â>´nØ, k

Q = Cc∆Uc

= ε0εr
S

l
Etipl, (4)
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Study on conducting characteristics of electrical trees
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Abstract
The conducting characteristics of two typical electrical trees in cross-linked polyethylene (XLPE) cable insulation are studied by a

combination of optical microscopy observation, partial discharge measurement and con-focal Raman spectroscopy analysis. Although
they are grown under similar conditions, these two trees display very different shapes. One is a typical branch-pine tree grown at 9 kV,
and the other is a branch tree grown at 11 kV. The growth and the partial discharge regularities show obvious differences. The disordered
graphitic carbon is condensed in the main tree channels of the branch-pine tree. From the relative intensity of the graphitic carbon G
band to D band, the graphitic domain is estimated to be about 8 nm in size. The tree channel resistance per unit length is less than
10 Ω·µm−1, which is sufficient to prevent the partial discharge from developing within the tree structure. The branch-pine tree shows
the features of the conducting tree. The fluorescence background is observed in the channels of branch tree, which shows the existence
of the products of the material degradation, but no disordered graphitic carbon is observed in these tree channels. These tree channels
display obvious non-conducting characteristics, which is not sufficient to prevent the continuous effect of the partial discharges. Finally,
a single channel growth model is proposed for the conducting and non-conducting trees grown in XLPE cable insulation. Based on the
equivalent circuit theory, the growth mechanisms of the two trees with different conducting characteristics in XLPE cable insulation
are discussed.

Keywords: cross-linked polyethylene cable, electrical tree, conducting characteristics, con-focal Raman
spectroscopy
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