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ÍÜ. ïá°(�õÔn|�.Ø=kÏu`z>å���(��O, Ó���$1G�µ

���æ�ä(XÛÜ�>uÿ)Jø
nØ�âÚO�| [8].

�X
~�<3©z[1]¥�Ñ�, ±õÔn|ÍÜê�O��Ø%�/O�p>ØÆ0,

�3Åì¤�DÚp>ØÁ�ïÄ�­�Ö¿�| , ¿®uÐ�>åC�+��ïÄ9

:. ,
, T+��?�ÚuÐE¡�Ãõ]Ô, �)á���5ï�!õ|ÍÜ°Ý��

y±9¯�p�ê��{�mu�. �éØÓa.>å���A^|µ, ÍÜ�.¤�9�

Ôn|��3�É. ©z[1]é;.>åC��ó§�µ!©ÛSN!ÍÜ�.!'�¯K9

'�á�ëê?1
o(. ~X, �éCØì�ÛÜL9¯K, Ï~I��Ä^!9!6|

�ÍÜ¶
3>|ì��ÄD(©Û¥, KIÚ\>^!å!(|�ÍÜ. d	, ©z[9]�

é110kVpØ>C�Þ, æ^
>^-9ÍÜ�., 5�Ä�Þdu�>>{Úý�"���

�ÛÜL9�>|ÆC¯K. ©z[10]æ^>-9-Å�ÍÜ, �ïIGBTÄ��., ?1
õ�

Å�¥�Aå�§Ý©Ù©Û. I. Smolyanov �<[4]@�, ïá��QU�¡�NhEªC

Øì¥¤kÔnL§A�, qU·^u°($1�Ï^êiÌ)�., ¢Sþ´J±¢y�.

Ïd, 3ó§¢�¥,   �â¢SA^|µÚïÄ8I, ÀJÜ·�õÔn|ÍÜ�., ±

3°Ý�O��Ç�m��²ï.

ÑuO(5±9ÛÜ�N��Ä, éõÔn|ÍÜ�.æ^�§£ã��ï�´�©7

��. Cc5, ïÄö�7>^–9!9–6±9n|ÍÜ3ØÓó¹e�9�AmÐ
XÚ

ïÄ[1].

3“>^–9”�¡, §ÝÏL>�Ç�CzK�ð�d��§, 
>µ6�ÝÚá��Ñ

�9�§Jø
î09
. DÚ^´{3CØì�Ñýÿ¥  °Ýk�, 
Ú\§Ý�A

¿æ^V�ÍÜ�., �±�O(/£ã�Ñ�§Ý�üC5Æ[11]. ©z[12]ïÄ
^9Í

Ü�., £ã
�N�c�Ñ±9^|Úî09�m�Uþ��,¿�ÍÜ�.(½
f�

ª, 'DÚ�µ6�.�ý¢. ©z[13, 14]�Ñ
�6CØì�6 ^G�eh�¥µ6�

Ñ�O�úª, ?�ÚUõ
>^–9ÍÜO��°Ý. 3“6–9”�¡, §Ý|ÏLé6�6

N|rÍÜ, 
§,q¬UC6NA5. (Üg,é6�n, ïÄö[15](Üg,é6�Ôn

�n, ïÄ7|Ñ9þ�7|§Ý!ý�h§Ý�m�'X, ïáÙÄ�9�., JÑ#�

SÜh�§ÝO��{, ÏLù��.�O7|9:§Ý�¢ÿ�Ø�36%±S. ©z[2]æ

^�áÏPÁ�äïá
6–9ÍÜ��ÝÆS�., ¿ÏL��©)üD, ¢y
9:§Ý

�Ä�ýÿ. 3“>^–9–6”n|ÍÜ�¡, yk�{Ì�©���ÍÜÚm�ÍÜüa[16],

�ã 1. ��ÍÜ�{U
�N�Nn|��p�^, �3ê�O�¥¡�ºÝØ��!g

dÝLpÚS�Âñ(J�]Ô. �'�e, m�ÍÜ�{~ò>^|^u�ÑO�, ¿�

�9
Ñ\�6–9ÍÜ�.¥µ=ÄkÏL(]�)>^|�ýO��½ó¹e�SÜ�Ñ,

,�òÙ��§Ý|�ý�9
, S�¦)6–9ÍÜ�§, XdÌ�S�õg����­

�[3, 11, 16, 17]. ù«�{3�y°Ý�Ó�wÍü$
O�E,Ý. ©z[18]�Ä�Å�¹e,

�ï5��3D>^–9–6NÍÜ�ý�., ÏLk��¼�7|Úc��Ñ, 2��9
°

Äh6�§Ý|�[, ©Û9: �Ú§Ý3ØÓ16^�e�Cz. ©z[19] �ïk��

�.�¹>^!9D�±99AåÍÜ, ©Ûn�Ø²ïe7|Úc��Ñ. 8c, CØì9
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¯KïÄ�õ8¥3ý�9:, X7|9:½Ñ�C�§Ý. ,
, du�.CØìSÜ(�

E,, °[zï���Ñ°(O�E,É���. XÛ3�y(J��5�Ó�ü$�.E

,ÝÚO�þ, E´J,CØì§Ý|ï�Y²�Ø%]Ô[1].

(a) ��ÍÜ (b) m�ÍÜ

ã 1 õÔn|ÍÜ�{

3�nã¥, 1�!ò0�CØìõÔn|�êÆï��{, ºXAÛï��êÆÔn

�§, ¿é>^!9!6N�üÔn|�.?1�ã, ¿�ÑõÔn|m�ÍÜ�;.O�

6§��{µe. 1n!0�~��ê�O��{, �)k��{!k�NÈ{�, ¿©ÛÙ

`":9·^��. 1o!òÄu¤ïá�õÔn|�., ­:?ØÛÜ�>uÿ�{, AO

´UHF ½ Eâ, 0�Ùï��n!~^½ �{±9K�&ÒDÂ��Â°Ý�'�Ï

�. ��, 31Ê!é�©?1o(�Ð", �ÑõÔn|ï�3CØìG�iÿ��æ�ä

¥�A^d�9�5uÐ��.

2 CØìõÔn|êÆï�

2.1 hEªCØìAÛ�.

hEªCØì��>åXÚ¥�'���, 2�A^u>UDÑ��>�!. �ZªC

Øì�', hEªCØìäk�`û�ý�5UÚe%Uå, U
3p>Ø!�Nþó¹e

­½$1. ÙSÜ(�E,, dc%!7|!ý��!=¬!h�!Ø�!h�!@+!h

�!Ñ9ì9iÿC��õ«Ü��¤[20]. ù
Ü�Ø=«úX>íý��Å�| �^,

��3wÍ�>^!9!6N�õÔn|ÍÜ�A.

3õÔn|ïÄ¥, XÛ3�yÌ�ÔnA5L��Ó�ü$ï�ÚO�E,Ý, ´ï

�ó��'�. �d, ïÄö~æ^{zAÛ�.. Ù¥, dc%!7|!h�Úh�(¹Ñ9

ì)|¤�ü��.[21] �@�´CØì9õ6õ>^ÍÜ�/��4�0. T�.QU�3

Ì�>^�D9A5, q;�
Lu
,�[!ï�, Xã2 ¤«. ,��¡, �kÆö3ü
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ã 2 ü�CØì�.

ã 3 n�CØì�.

��.�Ä:þÚ\ý�| !Ø��Ü�, ïá
�\°[�n�CØì�.[2, 4], Xã3

¤«. ùa�.U
�O(/ýÿ§Ý|©Ù, ��5�p, �ï�ÚO��d�wÍO\.

Ï~3500 kV 9±þ�ApØCØì¥, Ñu$Ñ!�E!ý�Ú$1��5�nÜ�Ä,

ó§¢S���uæ^ü��., 
n��.Kõ^u$Ø½¥ØïÄ, ½���{Æ�y.

3[21, 22]¥, COMSOL ©Oïá
ü�Ún��.5O�d��9�)��Ñ9ÙÚå�

§,©Ù. d	, �kïÄJÑ·Ü�äõAÛ�.. ~X©z[23] ¥, �öé7|Ü©æ^

AÛï�, éÑ9ìæ^9�ä�., l
wÍü$AÛE,Ý, ¿U�±�Å�96²ï.

ù«�ª3ó§A^¥o�
°Ý��Ç, ��5�O�Jø
�1´».

nþ, ü�AÛ�.ÏÙ{'5Ú�*Ð5�2�æ^, n��.·Üu�p°Ý��

ý�y, 
·Ü�äõAÛ�.K3ó§A^¥ÐyÑûÐ�¢^5. ØÓï��Y�ký

­, ïÄ<
��âïÄ8I�O�]
?1ÜnÀJ.

2.2 õÔn|êÆ�§

3�!¥, ·�ò?ØõÔn|�êÆÔn�§, �)>^|Maxwell �§!§Ý|9

D��§±96|Navier-Stokes�§. ù
ü|�§ÏLÍÜ'X�pK�, ~X>^�Ñ

=z�9
, §Ý|©Ùq¬UCá�>�ÇÚ^�Ç, l
/¤���õÔn|ÍÜ�..

2.2.1 Maxwell �§
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>^|Ï~dMaxwell �§|£ã, Ù�©/ª�µ

∇ ·B = 0, ∇×E = −∂B
∂t

,

∇×H = J +
∂D

∂t
, ∇ ·D = ρ.

(2.1)

��æ^Maxwell �§|�f©/ª3O��¡þ)�­½5Øp, 3¢Só§O�¥·�

¬|^��±9O\b�5{z¯K, Jp)�­½5.

·�Ú\^¥þ A�>Iþ V

B = ∇×A, E = −∇V − ∂A

∂t
, (2.2)

òL�ª�\(2.1), (Üpd�O=����§�A-V/ªµ

∇× (ν∇×A) + σ∇V + σ
∂A

∂t
= Jext, ∇ · (σ∂A

∂t
+ σ∇V ) = 0. (2.3)

Ù¥, A´^ �þ, V´> Iþ. σ´á��>�Ç, Jext = J − σE´	Ü>6�Ý. e0

�þ!!��Ó5(ν = 1/µ = const), �k¥Ô5�:

∇ ·A = 0, (2.4)

Kkð�ªµ

∇× (∇×A) = −∇2A. (2.5)

u´1���§�z�¥þPossion�§µ

−ν∇2A + σ
∂A

∂t
+ σ∇V = Jext. (2.6)

XJ>6!>Ø´�u­�, ·��±b�:

A(r, t) = R{Âejwt}, V (r, t) = R{V̂ ejwt}, Jext(r, t) = R{Ĵexte
jwt}, (2.7)

l
��ª��§µ

∇× (ν∇× Â) + jwσÂ + σ∇V̂ = Ĵext,

∇ · (jwσÂ + σ∇V̂ ) = 0.
(2.8)

�'u��/ª, ª��§Ø¹�m�ê, {z�Eê�ê�§, �´¦).

d	, ·���±ÏLæ^^|�A-/ª5~��.���ê:

σ
∂A

∂t
+∇× (ν∇×A) = Jext. (2.9)

T�§Ì�´3>|FÝ��±�Ñ½ØK�(Je¦^, ~^u©ÛCØì7|3á´�

¹e�Å�A5[24, 25]±9O�c�^|©Ù�¦^|O�. Ù¥, éå�K���Ä´ÏL

3CØì7|¥Ú\>6�)ÛL�ª5¢y�. Ó�, A-/ª�kª�/ª, b�

A(r, t) = R{Â(r)ejwt}, (2.10)
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�\���µ

∇× (ν∇× Â) + jwσÂ = Ĵext. (2.11)

^|�§�T -φ/ª�²~^�, �X3©z[26]¥^Ù5©Û©ÑªCØì7|�á´

>6. ·�Ú\>6¥³T , ÷vJ = ∇× T , ù��±gÄ÷v>ÖëY5^�∇ · J = 0.


�·�Ú\>I³φ, ÷vE = −∇φ. òü��ª�\î0½Æ, �±��Ä����§

∇× (ν∇× T ) = −σ∇φ+ Jext,

∇ · (σ∇φ) = ∇ · Jext.
(2.12)

T -φ/ª~^u¦)7|SÜ>6©Ù�Ô�, 37|«ï��·Ü�	Ü>´�§ÍÜ, �

´3��N«�¦^ØB, ���37|«�¦^. d	, 3��N«�(σ = 0), �§òz

�µ

∇× (ν∇× T ) = Jext, (2.13)

3éõ¯K¥, �
~�O�þ, ¬æ^Äu^ Iþφm��., 'X^·�!Ãgd

>6«�, ^|H �±dIþ³L«µ

H = Hj −∇φm, (2.14)

Ù¥H´^||r�þ, Hj´
^||r�þ. ·��±��φm÷v��§µ

∇ · (µ∇φm) = ∇ · (µHj). (2.15)

T/ª�I¦)��Iþ�§, O��Çép, 3©z[27]¥, �öæ^T�.5©Û3��m

¥ZªCØì�>^å. �1e«�S�3gd>6, ÒÃ{üÕ¦^T/ª.

3?nCØì¥>^|k��ï��, «�SQkc�, qk7|�N«, Ïd�±�Ä

¦^©«ÍÜ�{µA-T·Ü/ªµ3��N«(A-/ª), �§��

∇× (ν∇×A) = 0; (2.16)


3�N«(T -/ª), �§��

∇× (ν∇× T ) = −σ∇φ+ Jext. (2.17)

ÍÜ^�´3�.¡µ

BA · n = BT · n, HA × n = H × n. (2.18)

T·Ü/ªU
¿©|^ü«/ª�`³, ¿��N´�>´�§ÍÜ, 3ê�þ�'�­

½, ~A^u�.>Å!CØìk��©Û. ©z[28]JÑ¿�y
A-T/ª5�[�kp§

��(HTS)7|�>Å,l
Up�ÓP>6©Ù¿O��6�Ñ.

¢SA^¥,   �âäN�¹À�Ü·�>^|�§/ª¿�ê�¦). >^|ê�

¦)�Ì�J:3u�Åê^�e�­½5�°Ý��. �XªÇ,p, IOk���{¬

É�À/Ø��î­K�, ��O�°Ýeü, ÏdI��OÜ·�ê��{ü$À/Ø�.
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2.2.2 §Ý|�§

|^UþÅð� �©�§?1§Ý|�ê�O�, �±�O(/ýÿCØì�9ó¹.

3�õêó§¯K¥, T�§Ï~��µ

ρCp

(
∂T

∂t
+ u · ∇T

)
= −∇(λ∇T ) +Q, (2.19)

Ù¥, ρ´6N�Ý, λ´9D�Ç, Q´NÈ9
, Cp´A½�9Nþ, T´§Ý, u´6�.

�u · ∇TL«�N¥�é6�, 3�N¥d��0.

©z[12]¥�Ä6�¥�§Ý|, �Ñ
±eé6-*Ñ�§µ

cρ(
∂T

∂t
+ u · ∇T )−∇ · (k∇T ) = σ(T )E2 in Ωh × (0, Tend),

T (0) = T0 in Ωh,

T = T0 on Γin × (0, Tend),

−k∂T
∂n

= cρ(u · n)(T − T0) on Γout × (0, Tend),

−k∂T
∂n

= h(T 4 − T 4
0 ) + λ(T − T0) on Γr × (0, Tend),

(2.20)

Ù¥Ωh´lÑ��O�«�, Γin´Sý>., Γout´	ý>., Γr´h�Ω0�	ý>., ¿

�T0´�¸§Ý, cρ´ðØ'9N¦±á��Ý, λ´9é6Xê, h´��Xê, k´9D�

Ç, n�LR�uΩh�ü 	{��þ, u�L6N�Ý. T�§|´��;.�6N��é

6-*Ñ�§, n�>.^�éA\�>.^�!Ñ�>.^�±9Ë�+é6>.^�. 3

1n�>.^�¥, 1���Stefan-BoltzmannË��9�, 1����5é6�9�. �§

�9
�����9Q = σ(T )E2, �§Ý�'.

§Ý|O��]ÔÌ�Ny3��5�õºÝA5þ. á���9Xê�U�6u§

Ý, ���§¥y��5¶Ó�, >åC�SÜ�U�3ÛÜr9
Ú§ÝFÝ, �¦��3

ÛÜ«�p©EÇ, 
3�ºÝ«��±O��Ç.

2.2.3 6|�§

6|dNavier-Stokes�§£ã. CØìh�Ï~æ^Ø�Ø �Navier-Stokes�§[29]µ

∇ · u = 0,

ρ

(
∂u

∂t
+ (u · ∇)u

)
= −∇p+ µ∇2u = ρgβ(T − Tref),

(2.21)

Ù¥1���§��þÅð�§, u´6N�Ý�þ, T�§L«6N�Ø�Ø , NÈ6

þÅð. 1���§´ÄþÅð�§, ´Navier-Stokes�§+2å�, Ù¥ρ´6N�Ý, u´

6N�Ý, p´6NØr, µ´ÄåÅÝ, µ∇2u´Å5*Ñ�, ρgβ(Tf − Tref)´2å�, æ^


BoussinesqCq, ´���§�¤�'�2å
, g´­å\�Ý, β´N)äXê, Tf´6

N§Ý, Tref´ë�§Ý.
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6|ê��[�Ì�J:3u��5Úë6ï�. NavierõStokes �§pÝ��5, O

�­½5é�mÚ�Ú��ºÝ¯a¶3pXìê^�e, 6Ä¥yë6A�, I��	�

ë6�.(RANS!LES!DNS), Ù¥ØÓ�.3°ÝÚO��d�m�3�ï.

2.3 õÔn|m�ÍÜ�{

2.3.1 >^|O�

dc·�®²0�
^uO�>^|�Maxwell�§�ØÓ/ª. 3ù��!¥, ·�ä

N0�3¦^m�ÍÜ�{O�>^|�~^�§. ©z[12]�Ä
^–9ÍÜ�., Ù¥>

^|dO·�Maxwell �§|(�Ñ∂tD)5£ãµ
∂B

∂t
+∇×E = 0 in Ω× (0,+∞),

∇×H − σ(T )E = Jext in Ω× (0,+∞),

(2.22)

Ù¥E´>|, B´^Ïþ�Ý, H = µ−1B´^|, µ ´^�Ç, σ´>�Ç, d±eúª�

Ñ[3]µ

σ(T ) =
σ0

1 + ξ(T − T0)
, µ(T ) ≈ µ0

1 + η(T − T0)
, (2.23)

Ù¥T0´ë�§Ý, σ0Úµ0�Ùë�>�ÇÚ^�Ç, T�7|�¢S§Ý, ξÚη´�á��

'�>{Ú^{§ÝXê. §Ý�,p¬��>�Çeü!^�ÇCz, ù�9�6A5�

´>^|�§Ý|ÍÜ�ÔnÄ:. Jext´	\>6�Ý
�, ÷v

divJext = 0, Jext(0) = 0 (2.24)

Ú\^¥³A Ú>I³V ÷v

B = ∇×A, E = −∂A
∂t
−∇V, (2.25)

Maxwell �§|�±=z�±e�¥Ô5��A-V -A úª[4, 30, 31]µ
∇× ν∇×A−∇ν∇ ·A + σ∇V + σ

∂A

∂t
= 0 in Ω1,

∇ · (σ∂A
∂t

+ σ∇V ) = 0 in Ω1,

∇× ν∇×A−∇ν∇ ·A = Jext in Ω2,

(2.26)

Ù¥Ω1´µ6>6«�, Ω2´Ãµ6>6«�. d	, éµ6>6�Ý
�Je = σEk�

å∇ · Je = 0, �dc	\>6�Ý
�(Ü, ·�kµ

J = Je + Jext, divJ = 0. (2.27)

XJ�Ñµ68Ç�A, ¿ò�NÀ���7|, @oJext��6u7|�AÛ(�Ú	\>

6. ÙL�ª�µ

Jext = t
nc
Sc
I(t), (2.28)
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Ù¥, t��7|���ü �þ, nc�*ê, Sc�7|�oî�¡È, I(t)�z*>6. ¢S

þ, 3µ6«�(c�), µ6>6�ÝdCz^|�), =J = Je = σE. 3Ãµ6�N«

�(7|), du7|Ô�Ï~�¡é�, Ø¬/¤4Üµ6, Ïd>6�ÝÌ�d	\>6û

½, =J ≈ Jext. 3Ãµ6ý�«�(�í!h), σ = 0, Ïdo>6�Ý�J = 0.

�'²;�Maxwell�§|(2.22), A-V -A /ª��§�)(A, V )äk�p��K5, Ï

d�±�O�­½�ê�¦)�ª.

2.3.2 �ÑO�

§Ý|�§�9
5guá��>^�Ñ, ·��±�NòÙ©�c��ÑÚ7|�Ñ

üÜ©, =µ

p = pFe + pCopper. (2.29)

O�c��Ñ��.´ÄuSteinmetz�§

pFe = CSEf
αB̂β, (2.30)

Ù¥B̂ = maxt |B(t)|´^Ïþ�Ý�¸�, f´ªÇ. �§XêCSE, α, β d�Ñ�.�¢S

ÿþêâéA��. Steinmetz�.��Ä
^¢�Ñ, ¿�b�^Ïþ�Ý��u¼ê[32].

3©z[33] ¥Jordan ÄuSteinmetz �§, òc��ÑäN©�^¢�ÑÚµ6�ÑüÜ

©µ

pFe = physt + pec = ChystfB̂
2 + Cecf

2B̂2. (2.31)

Berttoti [34]?�Ú�Ä
É~�Ñ, Ïd°(Ý�p. 3ó§A^¥, Berttoti�.~^uO

�CØì!c%!>Å��c%�Ñ, Ùd±eúª�Ñµ

pFe = physt + pec + pexc = ChystfB̂
2 + Cecf

2B̂2 + Cexcf
1.5B̂1.5, (2.32)

Ù¥É~�ÑXêÄu²�úª

Cexc =
√
SV0σG, (2.33)

Ù¥SL«À¡Á��î�¡È, G ≈ 0.136´µ6{Z�ÃþjXê, σL«À¡�>�Ç,

V0KL�ÛÜ
�|�ÚO©Ù, ¿�Ä
¬âº��K�. Ó�, �§¥�XêI�²�ê

â½öÏL¢�êâ[Ü��, �XÏL���¦{��{.

7|�ÑpCopper�¡�Ô�, ´du>66L�N7|��)�>{5�Ñ, 7|�Ñ

Ì��)üÜ©µ�6�Ñ�N\�Ñ. �6�Ñ´>63�N¥6Ä�, du�N>{�

)���9, ´7|�Ñ�Ì�Ü©, N\�ÑK´d�6�AÚ¦^|Úå�µ6�Ñ�

|¤. ¦)Ô���a�{´ÏL>6��O�. éu�6�¹,

pDC = I2
rmsRDC, (2.34)

Ù¥Irms´7|>6�k��, RDC´7|��6>{, �6>{�±�âAÛº�Úá�5

�O�µ

RDC = ρ
l

A
, (2.35)
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Ù¥ρ´�N>{Ç, l´�N�Ý, A´�Nî�¡È. éu�6�¹, I��Ä*Ç�AÚ�

C�A, ¢S>{��, Salon3©z[35]k0�¢S>{O�úªµ

pAC = I2
rmsRAC, (2.36)

RAC = kskinkproxRDC, (2.37)

Ù¥kskin´*Ç�AXê, kprox´�C�AXê
[36]. Ïd, o�Ô�O��µpCopper =

pDC + pAC.

>6O�Ô���{°Ý�$, 
�I�(½��Xê, ²�XêÏ~kØ(½5. ¢S

A^¥  ÏLO�>^|±9|^��9úª����Ô�µp = J ·E. 5¿�37|¥,

>6�ÝÌ�d	\>6�ÝJext û½. ùa�{Ó�·^uc�µ6�ÑO�, �±;�

�OBerttoti�.éA�Xê. Ïd, §Ý|�9
L�ª�Ú���µ

Q(x, t) =


Jext ·E = σ−1

Copper|Jext|2 7|,

σFe|E|2 + ChystfB̂
2 + Cexcf

1.5B̂1.5, c�,

0, �í/h.

(2.38)

2.3.3 §Ý|-6|ÍÜ�§

ÏL>^|�§O�>^�Ñ�, ù
�Ñ±NÈ9
©Ù�/ªD4�9|, ¤�§

,©Û�Ñ\.

§Ý|-6|ÍÜ�.d±eØ�Ø �Navier-Stokes�§[29] Úé6*Ñ�§[37]éÜ

£ãµ 

∇ · u = 0,

ρ

(
∂u

∂t
+ (u · ∇)u

)
= −∇p+ µ∇2u + ρgβ(T − Tref),

ρcp

(
∂T

∂t
+ u · ∇T

)
= ∇ · (k∇T ) +Q.

(2.39)

Ù¥,1���§��þÅð�§, u´6N�Ý�þ,T�§L«6NØ�Ø . 1���§

´ÄþÅð�§, Ù¥ρL«6N�Ý, pL«6NØr, µ∇2u´Å5*Ñ�, ρgβ(T − Tref)´

æ^
Boussinesq Cq�2å�, ùpg´­å\�Ý, β´N)äXê, TL«6N§Ý,

Tref´ë�§Ý. 1n��§´6|�§, Ù¥cp´½Ø'9N, k´�9Xê, QL«NÈ9


.

ÏL¦)§Ý|-6N|ÍÜ�§, ·��±��CØìØÓÜ��§Ý©Ù±99:§

Ý, dd�±��h6´»´Ä�Ï, 6�´Äþ![18], ¿��æýÿ©ÛJø­��â[4].

2.3.4 m�ÍÜO�

§Ý�Cz¬��>^á�A5�Cz, l
�L5K�>^|�§. >^!§Ý!6

|�ÍÜ~æ^m�ÍÜ�{. b�>^|´±Ï­��, óªf = 50/60 Hz, >^±Ï
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�Tperiod = 1/f . §Ý�A��m~ê  ´¦?�©¨?, ���u>^|�±Ï(Î¦

?), Ïd39D��§p, Ø¬�)z�>^±Ï�]�§Ý, 
´��æ^>^|�Ñ�

±Ï²þ���9
�µ

Qavg(x) =
1

Tperiod

∫ Tperiod

0

J ·E dt. (2.40)

õ|(m�)ÍÜO���{Xeµ ÙØ%g�´3z�9�mÚSS��#>^ëê,

Algorithm 1 õÔn|ÍÜO�

1: �½Ð©§ÝT0 ±99|�m��ÚêNth, ¿Pj = 1¶

2: while j ≤ Nth do

3: -Tj = Tj−1

4: repeat

5: -T = Tj , �#>^ëêν(T )Úσ(T );

6: ¦)Maxwell�§|(2.22) ½A-V -A úª(2.26), ��>|E(x, t)¶

7: |^�Ñúª(2.38) 9(2.40) O�9
Q(x);

8: ¦)§Ý|–6|�§(2.39), ��#�§Ý|Tj ;

9: until |T − Tj | ≤ 0.01;

10: j = j + 1;

11: end while

12: ÑÑ§Ý|T = {Tj}.

¦)>^|¿O��Ñ, 2òÙ��9
Ñ\9õ6N�§, ��§Ý|Âñ.

¦)>|E(x, t)�Ð©^���À�E(0) = 0 ½þ��9�mÚ���>|, >|Ú§

Ý|!6|�>.^��â¢S�¹
½. �{�ÂñOKæ^�´~^OK, �±�â¢

S�¹?1N�.

3 õÔn|ê�O��{

3.1 ê�lÑ�.

�{1 ¥I�æ^ê�O��{¦)>^|�§(2.26) ½A-V -A úª(2.26), ±9§Ý

|–6|�§(2.39). �!·�¬©O0�~^�ê�O��{, ±9�éØÓ�.��
~

�?n.

3.1.1 ~�ê�O��{

�~^�ê��.�)k���{(FEM),k�NÈ{(FVM),k��©{(FD)±9Åì

ÆS�{, ù
�{Ñ�k`":. citeref43�Ñ, 3¦)Ôn¯K�, k��©�k�NÈ

�{?nÄåÆ¯K�Ñk­½), 
k���{3?nkE,O�«�, �þ!Ôn5�
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�¯KÐyÑp�Ç�°Ý. �e5, ·�ÏL±ePoisson�§50�ù
~^�{µ

∇ · (∇u) = F, in Ω,

u = 0, on ∂Ω,

Ù¥u´Ôn|�), FL«|
¼ê, ∂ΩL«O�«��>..

k���{

·�ÏLé�§�mÓ¦ÿÁ¼êφ,
�Ó�éüý'u«�Ω?1È©, ��µ∫
Ω

∇ · (∇u)φdV =

∫
Ω

FφdV, (3.1)

|^©ÜÈ©úª��∫
∂Ω

(∇u · n)φdS −
∫

Ω

∇u · ∇φdV =

∫
Ω

FφdV, (3.2)

Ù¥nL«>.þ�ü 	{�þ. T�§�¡�Poisson�§�f/ª. �
��u�Cq

), ·�ÀJõ�ª¼ê5��ÿÁ¼ê, ¿�¦ÿÁ¼ê3>.∂Ω �0. b�Cq)uhá

uÿÁ¼ê¤Ü¤�k���m¥, =µ

uh(x) =

N∑
i=1

uiψi(x), (3.3)

Ù¥ψi´k���m�Ä¼ê. Ïd, k��)uh÷v±e�5�§|µ

−
N∑
i=1

ui

∫
Ω

∇ψi · ∇ψj dV =

∫
Ω

Fψj dV, (3.4)

¦)þã�5�ê�§|=��Cq)uh. k���{ä����Âñ5�Ø��OnØ,

3p°Ý�*Ð5±9E,AÛ�õÔn|ï�Uå�¡äk²w`³, Ïd3(�åÆ!

>^|!9D�9õÔn|ÍÜO��+���
2�A^[39–41].

k�NÈ{

k�NÈ{´�«ÄuÅð�n�ê�lÑ�{, 2�^uO�6NåÆ!>^|!D

9D�� �©�§�ê�¦). ÙÄ�g�´µòO��y©�eZ�Ø­U���N,

¿é��NS�Åð�§?1È©, l
ò �©�§=z��ê�§|.

3þãúª(3.2) ¥, -ÿÁ¼êφ = 1��∫
∂Ω

∇u · n dS =

∫
Ω

F dV. (3.5)

k�NÈ{ÏLp°Ý�ê�ÏþCq(X¥%�ª!Hº�ª�)¢y¡Ïþ�lÑz. k

�NÈ{�lÑ/ª��5
u���§�È©L�ª, ÏdÙê�)U
î�÷v�þ!

Äþ�Uþ�ÛÜ��ÛÅð½Æ, l
3Ôn��5�¡äkU,`³. d	, T�{�(
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¹·��(���(Xn�/!o¡N9?¿õ¡Nü�), ·^uE,AÛ�¯K. ³/ÙÅ

ð5�AÛ(¹5, k�NÈ{®�2�A^u6NåÆ9õÔn|ÍÜ¯K�ê��[.

k��©{

k��©{´�«Äu�êCq�²;ê�lÑ�{, ÙÄ�g�´|^��!:

þ��©�f5Cq �ê, l
ò �©�§=z��ê�§|. Ø�b�«�Ω =

(0, Lx)× (0, Ly), ·��þ!��{(xi, yj) : xi = ihx, yj = jhy}, Ù¥hxÚhy©O�x¶Úy¶
���º�. Pui,j = u(xi, yj), æ^¥%�©Ê:�ª��µ

ui+1,j − 2ui,j + ui−1,j

h2
x

+
ui,j+1 − 2ui,j + ui,j−1

h2
y

= F (xi, yj).

l
����5�§|Au = f , �±æ^éA��
CG!multigrid, SOR��{¦).

�F��5�, �±æ^ÚîS�?1¦).

k��©{äkVg{ü!´u¢y!O��Çp�`:, cÙ35K���{üAÛ

�(XÝ/½á�N)¥Ly`É. Ùê�°Ý�ÏLJp�©�ª�g5U?, ~��ª�)

Hº�©!¥%�©9;��©�. ,
, T�{3E,AÛ�½�(���¥�·^5�

�, J±�±AÛ(¹5ÚÛÜÅð5.

ÅìÆS

3ê�O�õÔn|+�, ÅìÆS(Machine Learning)Ú�ÝÆS(Deep Learning)Å

ì�Ú\, ^u)ûDÚ�{O�þ�!Âñú!�.J±J±¢�¦)�¯K.

~^�ÅìÆS�{�)Ôn&E ²�ä(PINNs),ü�ï�(ROM)!rzÆS(RL)�.

PINNs´òPDE�§����¼ê��Ü©, ��Ôö�ä÷vÔn½Æ. ©z[42]$

^PINNs, ^���Ý ²�ä5CqPDE�)u(x, t), T�{3O�L§¥U
÷

vPDEÔn5Æ, ¿�U
?np�¯K±9E,AÛ>.. 3>^-9ÍÜO�¥, U


^PINNsO�FEM, ��ýÿ7|�Ñ©Ù�§ÝCz. ROM´(Ü��©)(POD)!

Autoencoder�Eâ, 3�±Ôn��5�Ó�ü$O�E,Ý, 39-6NÍÜO�¥, �±

æ^ü��.\�CFD, ¯�ýÿhEªCØì�h6�Ý|Ú9:§Ý. rzÆSK´�

±^u`z�O!3�ý-`zL§¥~�S�.

�{'�

��·�'�!`²���{�`":. [43]3hEªCØìõÔn|�.¥æ^k��

�{5O�CØì����, æ^k�NÈ{5ïá��ýÿ9:§Ý�9�.. ©z[44]�

Ñ3^�¥¦^k���{, Ùé��«aÚ�þ'�¯a. 3Yå¯K�lÑCq¥, æ^

k�NÈ{¤Ñ�m��. o�5`, k���{(FEM)·^u>^|O�!9D�¯K, �

±·AE,AÛ/GÚ�þ!á�, ¿�´u�õÔn|�¬ÍÜ, ":Ì�3uO�Ú;

��d�. k�NÈ{(FVM)·^u6N|�[, U
­½?né6Ó`¯K, ":3uE,

AÛ?n'�E,, >^|¦)�Jk�. k��©{(FDM)Ì�^unØ�yÚ?n�


{z�., �õ^unØïÄÚ�~�y. d	, �ÄÃ�«�^|½ö	Ü>^Z6�, >

.��{(BEM)�±��FEM�Ö¿. �DÚ�{�', ÅìÆS�{éêâI¦��, O
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�p�¯KU
;��ê/J, U
?nE,AÛ�E,>.^�. �Ôö¤�p, °Ý�­

½5k�, �5�O�ÿØ¤Ù. 3¢Só§¥, Ì��´æ^FEM�FVM.

3.2 õÔn|�ýO�²�0�

�X>åC��p>Ø!�NþÚ;nz��uÐ, ÙSÜ>^!9!6NÚ(��Ô

n|�ÍÜ�A�\wÍ. ü�Ôn|ï�®J±�¡�N��$1Ån, Ï
I��6õ

Ôn|�ý²�5¢yéE,ÍÜL§�Ú�£ã�O�. 8c~��õÔn|�ý²�Ì

��)COMSOL Multiphysics!ANSYS X�!OpenFOAM ±9CFX/Star-CCM+ �.

COMSOL Multiphysics Äuk���{(FEM), S�>^!9!6N!�NåÆ�õ

�Ôn�¬, |±rÍÜ�fÍÜ©Û. Ù`³3uõÔn|�m�(¹|Ü�ÍÜ, ~^u

CØìc��Ñï�!ÛÜ�>>|©Ù�[�ïÄ.

ANSYS X�²�æ^�¬z(�µMaxwell ¡�>^|O�, Fluent ^u6N�D9

©Û, Mechanical KIåÆ��ÄïÄ, Workbench Jøª�¬êâ�p. T²�2�A^

u>^õ9õ6NÍÜO�±9>ÅD(�Ä©Û, 3ó§¯K¦)�¡äk�r·^5.

OpenFOAM ´�±m
�Äuk�NÈ{(FVM)�O�6NåÆ(CFD)óä, ·Üp

°Ý6Nõ9©Û��5�¿1O�. Ù`³3u�*Ð5r, ¿��Maxwell!COMSOL

�>^�ý(JÍÜ, Ïd3E,e%(��ï�ïÄ¥A^2�.

CFX/Star-CCM+ áu¤Ù�û�CFD ^�, äk�õ�6Nõ9©ÛõU, 3ó�?

6NÄåÆ�D9¯K¥LyâÑ, ~^u>åC�e%�O��y.

oN
ó, �²��äAÚµCOMSOL 3õÔn|rÍÜ�¡(¹Ýp, ANSYS 3ó

§A^¥¤Ù��, OpenFOAM ·Ü�5�¿1O��½�z*Ð, 
CFX/Star-CCM+

3ó�6N©Û¥äk`³. ïÄ<
A�âïÄ8I!O�]
9A^|µÜnÀJÜ·

��ýóä.

4 õÔn|ï��A^µÛÜ�>uÿ

iÿCØìSÜÛÜ�>(Partial Discharge, PD)¹Ä´ýÿ5�o�­�Ãã. Û

Ü�>U
�Ný�XÚ@Ï"�, Ù½ �þzé�æ>åC��S�$1�'­

�. �8c, CØìÛÜ�>iÿkõ«�{, �)IEC 60270 ½Â�IO�{[45],>í

{(Electrical)[46, 47],M)íN©Û(DGA) [48–50],(Æ{[51–53],±9Apª�{(UHF) [54–62].

duäkp(¯Ý!n�½ Uå±9|D(ÿþ�`:, �pª(UHF)PDuÿ�{Cc5

É�
�5�õ�'5.

3UHF ½ �{¥, ÛÜ�>�)�>^Å²ØÓ´»DÂ¿�UHF Daì�Â, Ï

L©Û�Daì�Â&Ò��m�(TDOA), ��ü���>
� �. �
?�ÚJ,½ 

°Ý, I�/ÏõÔn|ï�5O�CØìSÜ>^Å�DÂ5Æ, l
ïá�m���m

 ��O(N�'X. Ïd, �Ùòl&Ò�ÂA5Ú½ �{ü��¡, �ãõÔn|ï�

éUHF ½ �{°ÝJ,��^.

4.1 &Ò�Â
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Daì�5U�Daì� �¬��K��Â�m�O(5. UHFU�´�Â>^Å

�Daì��, ©z[58]0�
UHF Daì3ÛÜ�>uÿ¥��O�muL§, Daìm

u�1�ÚÒ´�O�EUHFU�. �!·�¬0�UHFU��O!SC �Ú�Â�mO

�.

4.1.1 UHFU��O

UHF Daì(U�)�OIo��°!(¯ÝÚ��5, ©z[59, 60]þ0�
#.U��

O, ©z[60]�O
�«õ��ü4U�½Goubau U�, ¿¦^FDTD �{ïÄ
dCØì

�c�Ú7|Úå�UHF &Ò��mò´�AéÛÜ�>(PD)uÿ�K�.

3ÀJUHFDaì�O�, ·�I�k�@µ�OK. ©z[61] JÑ¿?Ø
�«#�

�pª(UHF)�{�O6§, ¿(½
¤SCDaì�5U.

U��(¯Ý�ûuÙ�O�>^ÅÅ��'X. U��±ÏLØÓ�A55£ã, ~

Xk��Ýleff ½U�Ïf(Antenna Factor, AF), Ù½ÂXeµ

AF (f) =
E(f)

U(f)
, (4.1)

Ù¥U(f) ´U�ªà�>Ø, E(f)´U�?�>|rÝ. AF �é�¿�X�p�(¯ÝK

U��É�à.

4.1.2 UHFU� �SC

©z[59]Ú\
�«gÄz�{, ^u(½U���ZSC �, ±Jp½ °Ý.

CØì¥�ÛÜ�>(PD)�Uu)3¤k«Ép>|�'�:. ù
'�:�±¡�d

3ÛÜ�> �(PPDL). U�½ �Ì�8I´é�SCo�U���Z �, ±¢yd3

ÛÜ�> �(PPDL) �m�CTD �þ���«©Ý.

ÏéU��Z ���{XeµÄk, (½CØìSÜNÈ¥�p>|�.«�, PD �

Uu)�/�. ,�, òù
«�y©��
���NÈ, ¿òÙ¥%:À�d3ÛÜ�> 

�(PPDL). �e5, �½h�þ·ÜSCU��ÿÀ �. ,�, lù
ÿÀ �¥ÀJo�

U�SC �. Nant�ÿÀ ��o�f8êþ�µ

C(Nant, 4) = Nant!/[(Nant − 4)!× 4!]. (4.2)

éuz«o�U� ��|Ü, O�CØìSÜ¤kd3ÛÜ�> �(PPDL)�CTD �

þ. z�PPDL �±ÏL��n�ã¥�:5L«, ù�ã¡��m�ã. CØìNÈ

S�PPDL ¬ln��m�I=��n��m�I. XJCØìS(½
NPD � ��

�PPDL, K3�m�ã¥ü�:�m�îAp�ål�êþò�uù
NPD :�2 �|Ü

�êþ. �±¦^äk�q��îAp��målêþ5)¤ÚO��ã. ù�ÚO©Ù¡

��målªÇ(TDF)©Ù. �±lù�©Ù¥J�¤kPPDL é�m����!���Ú

²þ��îAp��mål. d	, ��±¦^¤�¼ê5J�TDF ©Ù��NA5µ

TDFCost =
ΣN
i=1

fi
(di)n

N
. (4.3)
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3Ù¥, N ´TDF ©Ù�Y²¶(îAp��mål¶)þ�©�êþ, fi ´T©Ù¥�di �

q�îAp��mål�êþ, ��ên ´��ëê. ù�L§éuz«�U�o�U� 

�|ÜÑ¬­E. ��, ÏL'�J��`:A�5ÀJ�Z�o�U� �.

äk�p���!���Ú²þ�mål±9�$�TDFCost ���ò���O(

�PD ½ . du���målû½
PPDLs �m���«©Ý, §'Ù¦A���­�.

Ïd, §�^�Ïéo�U�|Ü�ZÚ���¹�Ì�A�. d	, duTDFCost Ð«


U����TDF ©Ù��NA5, §�À��äU� �`��1�­�A�.

4.1.3 �Â�m�ÿþ�{

1. \ÈUþ{(Cumulative Energy Method)

3\ÈUþ{¥, ÏLe��§ò>Ø&Ò=��Uþ&Ò, ¿òÙ$:�å© �À

�ÛÜ�>(PD)&Ò�å©:µ

E(m) = Σm
i=1v

2
i . (4.4)

ª¥viL«�pª&Ò�1i�æ��. Uþ­��$:�½Â��µD(m©�k�

&Ò����m!:. ,
, �&ÒDÑL§¥Ï��´»½��¿1´»�)�ò´

>^Uþ(3&ÒÐÏ�ã)pu�á´»DÑUþ�, \ÈUþ{�UÃ{/¤�ß

�E�$:A�.

2. Uþ�â{(Energy Criterion Method)

3Uþ�â{¥, ÏLe��§½Â�Uþ&Ò���éA��m!:��½��p

ª&Ò�å©:µ

S(m) = Σm
i=1v

2
i −mδ, (4.5)

δ =
ΣN
i=1v

2
i

N
. (4.6)

3d�{¥, N�oæ�ê. ���´»DÑ�>^Uþpu�á´»DÑUþ�, T

�{�UÃ{�(�½�pª&Ò�å©��.

3. ²þ�mIK�{(Average Time Window Threshold Method)

3K�{¥, ��pª&Ò�ýé�½²��Äg�Lý�K��, T�m:=��½

�&Òå©��. ²þ�mIK�{�#�ÏL3�m¶þwÄI�, O�I�S&

Òv�²þ�, ¿UXe�ª)¤?n��&Òµ

T (m) =
1

w
Σm
i=m−w+1|vi|, m ≥ w, (4.7)

ª¥, wL«�mI�°Ý. TëêI�â�pª&Ò�ªÌA5, ÏLe��§O�

(½µ

w =
1

2fd
, (4.8)
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fd =
ΣN
i=1fi · V (fi)

ΣN
i=1V (fi)

. (4.9)

ª¥, fdL«Äu�pª&ÒªÌV (f)O����²þªÇ. T�{ÏL&Ò²w?n

k��Ø��Z6, l
U
�ßE£&Ò�å©��.

4.2 ÛÜ�>½ �{

©z[54]JÑ
�«3>åCØìSÜ½ ÛÜ�>
(PD) ��{, T�{ÏL3CØ

ìSÜÙ��ÂU�uÿ�pª(UHF)>^Å, ¿æ^Äuâf+`z�{�½ üÑ¦)

�>
�I.

ÛÜ�>½ �{

�¢yÄu>^Å���m�ÛÜ�>
(PD)°(½ , LòCØìk
Ü��>^Å

DÂN��AB\ÛÜ�>½ �{�O¥. Ï�>^Åk�Ã{��÷X�á´»l"�

 �DÂ�U� �. 3DÂL§¥, ù
>^Å¬3CØìSÜ��ØÓá�
u)��

ÚP~. ©z[57]|^CST ^�, ïÄ
CØìSÜ�3k
Ü�Úh�éCØìSPD �p

ª(UHF)ÅDÂ�K�.

©z[55]K´3©z[54]Ä:þ?1U?, JÑ
�«>åCØìÛÜ�>½ �{, Ù

Ø%M#3uÏL¦)>^|ÍÜ�., °(�O�pª(UHF)Daì&Òm����m

�(TDOA). ��uDÚ�{, T�{U
3½ �.¥þz>^ÅDÂ´»¥���!ò�

�û��A, l
wÍJ,E,(�CØìSÜ�>
�½ °Ý.

1. Daì �

DaìL÷v±eSC�¦µ���mmåÜÝ�AÛ��¡ÙÛ. äN
ó, ¤kD

aì7LSCuCØìh�L¡, ¿Ó�÷vDaìmå��z(±Or��ÿþ(¯

Ý)��m ���¡©Ù(;�AÛé¡5���½ �
).

2. CØì�[

�d, ÄkI�é>åCØì?1ï�. ��, Mï��dº��∆x ×∆y ×∆z �ü

��|¤�n�Ý
, ^±L«CØì�.¥��� �, Ù¥n��m¥�z��:

ÏL�Ix = i∆x!y = j∆y!z = k∆z L«, Xeã¤«.

3. DÂÝ
O�

��ïá
lÑz�CØì�.(L«�Ý
C(i, j, k)), 1nÚÒ´O�ln��m¥

z�ü�����h�þUHF Daì��pª&ÒDÂ�m. åÐ, b�lÙ¥��

Daìn = {1, 2, ..., N} ¥5\���OóÀ, ¿ÏL¦)õÔn�ÍÜ�.O�>^

&Òlz��.ü�C(i, j, k) DÂ�Daì��m∆tn. ,�, UC�OóÀ�u�


, �géÙ¦z�Daì­ETL§. ÏLù«�ª, o��1N gO��ý, �ª

¼�N �DÂ�mÝ
C(i, j, k){n}.
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ã 4 3D �IÝ
Ð«

4. )3D�`z¯K��?�âf+`z�{(BPSO)

���z�Daìn ¼�
DÂÝ
C(i, j, k){n}, ·�Ò�±3ï��CØì¥?1
ÛÜ�>(PD) ½ . Äkÿþ&Ò��Daì1 �N ����m�(TDOA), ,�Ï

L(½¦eã8I¼ê��z�ü��5�¤PD �½ µ

cost(Ci,j,k) =
√

(∆tm12 −∆tC12)2 + (∆tm13 −∆tC13)2 + · · ·+ (∆tm1N −∆tC1N )2, (4.10)

Ù¥, þIm ÚC ©OL«ü��Ci,j,k �ÿþ�mÚO��m. �é{`, T½ �

{�Ø%´, 3�m¥|¢¦�mò´�ÿþêâ3�½N���S�Î�ü��(½

�|ü��). �
¦�þã8I¼ê����, �±æ^�?�âf+`z(BPSO)�

{.

nþ, ÄuõÔn|ï��UHF ÛÜ�>uÿ�{, U
3&Ò¼�!�Â�m�½Ú

½ �{n��¡wÍJ,uÿ°Ý, �ó§A^JønØ��{|±.

5 o(

�©nã
hEªCØìõÔn|ï��ïÄ?Ð. Äk0�
CØìõÔn|�AÛ

ï��êÆï��{, ?Ø
XÛ�éØÓÔnL§ÀJÜ·�êÆ�§?1£ã. ��'

�
k���{!k�NÈ�{�~�ê�O��{, ©Û
Ù`":9·^��. 3>^

õ9õ6NÍÜï��¡, �©�Ñ
;.�m�ÍÜO�6§��{µe. 3A^�¡, �

©­:?Ø
ÄuõÔn|ï��ÛÜ�>uÿ�{, cÙ´UHF ½ Eâ. T�{ÏL�

ÂÛÜ�>�)�Apª>^&Ò, (ÜõÔn|¥>^ÅDÂ5Æ, |^�m��ü¢y

"� ��£O. ?�Ú/, ïÄL²ÏLõÔn|ÍÜ�±k�Jp&ÒDÂ�mO��

°Ý, l
Or½ �{���5�O(5. oN
ó, õÔn|ï��CØìÛÜ�>uÿ

Jø
lÅn©Û�ó§A^���Eâ´», éJ,��G�iÿ��æ�äY²äk­

�¿Â.
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Abstract: With the development of power equipment toward higher voltage, larger capacity,

and more compact configurations, the multiphysics coupling phenomena)covering electromagnetic,

thermal, fluid, and structural fields)within transformers have become increasingly complex. This

paper investigates the problem of multiphysics modeling of transformers. First, it introduces

the geometric and mathematical modeling approaches for oil-immersed transformers, elaborating

on the governing equations of individual physical fields, including electromagnetic, thermal,

and fluid domains, as well as the methods for multiphysics coupling. Then, commonly used

numerical computation methods for power equipment simulation are discussed. Based on these

methods, at the application level, the paper focuses on partial discharge detection, particularly

the ultra-high-frequency (UHF) localization technique. It is highlighted that multiphysics coupled

modeling combined with high-accuracy numerical computation provides theoretical foundations

and methodological references for precise partial discharge localization and condition monitoring.

Keywords: Multiphysics coupling; High-fidelity numerical simulation methods; Oil-

immersed transformers; Partial discharge detection and localization
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