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Èíòåãðàëüíàÿ ìîäåëü òðåõìåðíîãî âðàùàþùåãîñÿ
ìàãíèòíîãî ïîëÿ ñòàòîðà öèëèíäðè÷åñêîãî ÝÌÏ
íà îñíîâå ñèììåòðè÷íûõ ñîñòàâëÿþùèõ. II

Ñêàëÿðíàÿ ñèñòåìà èíòåãðàëüíûõ óðàâíåíèé (ÑêÑÈÓ), ïîëó÷åííàÿ â [1—3], ïðåîáðàçîâà-
íà ñ ó÷åòîì ñèììåòðèè ïî êîîðäèíàòå Y â ïðîåêöèÿõ ïëîòíîñòåé èñòî÷íèêîâ k-é ñèììåò-
ðè÷íîé ñîñòàâëÿþùåé ìàãíèòíîãî ïîëÿ ñòàòîðà. Îáëàñòüþ îïðåäåëåíèÿ ïîëó÷åííîé ÑêÑÈÓ
ÿâëÿåòñÿ ÷àñòü ïîâåðõíîñòè ìàãíèòîïðîâîäà ñòàòîðà, ëåæàùàÿ âûøå ïëîñêîñòè ñèììåòðèè
XOY è ñïðàâà îò êîîðäèíàòíîé ïëîñêîñòè XOZ. Ýòî îáñòîÿòåëüñòâî ñóùåñòâåííî ñîêðàùàåò
îáúåì âû÷èñëåíèé, ñâÿçàííûé ñ ñîñòàâëåíèåì ìàòðèöû àïïðîêñèìèðóþùåé àëãåáðàè÷åñ-
êîé ñèñòåìû è åå ðåøåíèåì.

Ñêàëÿðíó ñèñòåìó ³íòåãðàëüíèõ ð³âíÿíü (ÑêÑ²Ð), îòðèìàíó â [1—3], ïåðåòâîðåíî ç óðàõó-
âàííÿì ñèìåòð³¿ ïî êîîðäèíàò³ Y â ïðîåêö³ÿõ ù³ëüíîñòåé äæåðåë k-¿ ñèìåòðè÷íî¿ ñêëàäîâî¿
ìàãí³òíîãî ïîëÿ ñòàòîðà. Îáëàñòþ âèçíà÷åííÿ îòðèìàíî¿ ÑêÑ²Ð º ÷àñòèíà ïîâåðõí³ ìàã-
í³òîïðîâîäó ñòàòîðà, ùî ëåæèòü âèùå ïëîùèíè ñèìåòð³¿ XOY ³ ïðàâîðó÷ â³ä êîîðäèíàòíî¿
ïëîùèíè XOZ. Öÿ îáñòàâèíà ³ñòîòíî ñêîðî÷óº îá’ºì îá÷èñëåíü, ïîâ’ÿçàíèé ³ç ñêëàäàííÿì
ìàòðèö³ àïðîêñèìóþ÷î¿ àëãåáðà¿÷íî¿ ñèñòåìè òà ¿¿ ðîçâ’ÿçêîì.

Ê ë þ ÷ å â û å ñ ë î â à: èíòåãðàëüíàÿ ìîäåëü, òðåõìåðíîå âðàùàþùååñÿ ìàãíèòíîå ïîëå,
ñèììåòðè÷íûå ñîñòàâëÿþùèå, ñîîòíîøåíèÿ ñèììåòðèè, ýëåêòðîìàãíèòíûé ïåðåìåøè-
âàòåëü, ìàãíèòîïðîâîä, ñêàëÿðíàÿ ñèñòåìà èíòåãðàëüíûõ óðàâíåíèé.

Â [1, 2] âåêòîðíàÿ ñèñòåìà èíòåãðàëüíûõ óðàâíåíèé äëÿ âåêòîðîâ ïëîò-

íîñòè èñòî÷íèêîâ k-é ñèììåòðè÷íîé ñîñòàâëÿþùåé (ÑÑ) ìàãíèòíîãî ïîëÿ

ñòàòîðà öèëèíäðè÷åñêîãî òðåõôàçíîãî ýëåêòðîìàãíèòíîãî ïåðåìåøèâà-

òåëÿ (ÝÌÏ) ïðåîáðàçîâàíà ê ñêàëÿðíîé ñèñòåìå èíòåãðàëüíûõ óðàâíåíèé

(ÑêÑÈÓ) îòíîñèòåëüíî ïðîåêöèè íà îñè öèëèíäðè÷åñêîé ñèñòåìû êîîð-

äèíàò âåêòîðîâ ïëîòíîñòè èñòî÷íèêîâ k-é ÑÑ ìàãíèòíîãî ïîëÿ. Â [3] óêà-

çàííàÿ ÑêÑÈÓ ïðåîáðàçîâàíà ñ ó÷åòîì ñèììåòðèé ïî êîîðäèíàòå Z â ïðîåê-

öèÿõ ïëîòíîñòåé èñòî÷íèêîâ k-é ÑÑ ìàãíèòíîãî ïîëÿ ñòàòîðà. Îáëàñòüþ

îïðåäåëåíèÿ ÑêÑÈÓ, ïîëó÷åííîé ïîñëå óêàçàííûõ ïðåîáðàçîâàíèé, ÿâ-
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ëÿåòñÿ ÷àñòü ïîâåðõíîñòè ìàãíèòîïðîâîäà ñòàòîðà, ëåæàùàÿ âûøå êîîðäè-

íàòíîé ïëîñêîñòè XOY, êîòîðîé ïðèíàäëåæàò òî÷êè M X Y ZM M M( , , ) ñ

êîîðäèíàòàìè ZM � 0.

Â äàííîì ñëó÷àå ïîñòàâëåíà öåëü ïðåîáðàçîâàòü ïîëó÷åííóþ â [3]

ÑêÑÈÓ ñ ó÷åòîì ñîîòíîøåíèé ñèììåòðèè ïî êîîðäèíàòå Y â ïðîåêöèÿõ íà

îñè öèëèíäðè÷åñêîé ñèñòåìû êîîðäèíàò âåêòîðîâ ïëîòíîñòè èñòî÷íèêîâ

k-é ÑÑ ìàãíèòíîãî ïîëÿ. Îáëàñòüþ îïðåäåëåíèÿ íîâîé ÑêÑÈÓ ÿâëÿåòñÿ

÷àñòü ïîâåðõíîñòè ìàãíèòîïðîâîäà ñòàòîðà, ëåæàùàÿ âûøå êîîðäèíàòíîé

ïëîñêîñòè XOY è âïðàâî îò êîîðäèíàòíîé ïëîñêîñòè XOZ, êîòîðîé ïðè-

íàäëåæàò òî÷êè M X Y ZM M M( , , ) ñ êîîðäèíàòàìè ZM � 0 è YM � 0.

Ââåäåì îáîçíà÷åíèÿ, êîòîðûå áóäåì èñïîëüçîâàòü ïðè ïðåîáðàçîâà-

íèè èíòåãðàëüíîãî óðàâíåíèÿ (ÈÓ) äëÿ ÑÑ ìàãíèòíîãî ïîëÿ. Ïóñòü òî÷êà

M X Y ZM M M( , , ) ëåæèò íàä êîîðäèíàòíîé ïëîñêîñòüþ XOY äåêàðòîâîé

ñèñòåìû êîîðäèíàò XYZ. Ïðè ýòîì ZM � 0. Òî÷êà M X Y ZZ M M M( , , )� ñèì-

ìåòðè÷íà òî÷êå Ì îòíîñèòåëüíî êîîðäèíàòíîé ïëîñêîñòè XOY. Ïóñòü

òàêæå

S 2 –– âíóòðåííÿÿ áîêîâàÿ ïîâåðõíîñòü ìàãíèòîïðîâîäà;

S 21 –– ÷àñòü ïîâåðõíîñòè S 2, êîòîðîé ïðèíàäëåæèò òî÷êà M Z , ëåæà-

ùàÿ ïîä ïëîñêîñòüþ XOY;

S 22 — ÷àñòü ïîâåðõíîñòè S 2, êîòîðîé ïðèíàäëåæèò òî÷êa M, ëåæàùàÿ

íàä ïëîñêîñòüþ XOY;

S 3 èëè S 32 –– âåðõíåå îñíîâàíèå ïîâåðõíîñòè ìàãíèòîïðîâîäà, êîòî-

ðîìó ïðèíàäëåæèò òî÷êà M;

S 4 –– âíåøíÿÿ áîêîâàÿ ïîâåðõíîñòü ìàãíèòîïðîâîäà;

S 41–– ÷àñòü ïîâåðõíîñòè S 4, êîòîðîé ïðèíàäëåæèò òî÷êà M Z , ëåæà-

ùàÿ ïîä ïëîñêîñòüþ XOY;

S 42 –– ÷àñòü ïîâåðõíîñòè S 4, êîòîðîé ïðèíàäëåæèò òî÷êà M, ëåæàùàÿ

íàä ïëîñêîñòüþ XOY.

Ïðåîáðàçóåì ÈÓ (11 ) è (13 ), ïîëó÷åííûå â [3], ñ ó÷åòîì ñîîòíîøåíèé

ñèììåòðèè ïî êîîðäèíàòå Y â ïðîåêöèÿõ íà îñè öèëèíäðè÷åñêîé ñèñòåìû

êîîðäèíàò âåêòîðîâ ïëîòíîñòè èñòî÷íèêîâ k-é ÑÑ ìàãíèòíîãî ïîëÿ ñòàòîðà.

Ââåäåííûå â [3] îáîçíà÷åíèÿ ñèììåòðè÷íûõ îòíîñèòåëüíî êîîðäèíàòíûõ

ïëîñêîñòåé òî÷åê è ó÷àñòêîâ ïîâåðõíîñòè ìàãíèòîïðîâîäà çäåñü è â äàëü-

íåéøåì ïðåäñòàâëÿþò èíòåðåñ â ñëó÷àÿõ, êîãäà òî÷êà M X Y ZM M M( , , )

ëåæèò â ïåðâîì îêòàíòå äåêàðòîâîé ñèñòåìû êîîðäèíàò XYZ. Ïðè ýòîì

òî÷êà M 21â îáîçíà÷åíèÿõ, ââåäåííûõ â [3], â ðàññìàòðèâàåìîì ñëó÷àå ìî-

æåò áûòü îáîçíà÷åíà òàê: M M X Y Z MM M M Z21 2 22� � �( , , ) . Àíàëîãè÷íî:

M M X Y ZM M M22 2� ( , , ), M M X Y Z MM M M Z11 1 12� � �( , , ) , M 32 � M X Y ZM M M3 ( , , ),

M X Y Z MM M M Z41 42� � �( , , ) , M M X Y ZM M M42 4� ( , , ).
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Äîïîëíèòåëüíî [3] ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:

S 1 è S 2 — ÷àñòè ïîâåðõíîñòè S ìàãíèòîïðîâîäà, êîòîðûì ïðèíàäëå-

æàò ñîîòâåòñòâåííî òî÷êè M X Y ZM M M( , , )� è M X Y ZM M M( , , );

S 11è S 12 — ÷àñòè ïîâåðõíîñòè S ìàãíèòîïðîâîäà, êîòîðûì ïðèíàä-

ëåæàò ñîîòâåòñòâåííî òî÷êè M X Y ZM M M( , , )� � è M X Y ZM M M( , , )� ;

S 21 è S 22 — ÷àñòè ïîâåðõíîñòè S ìàãíèòîïðîâîäà, êîòîðûì ïðèíàä-

ëåæàò ñîîòâåòñòâåííî òî÷êè M X Y ZM M M( , , )� è M X Y ZM M M( , , );

S 111 — ÷àñòü ïîâåðõíîñòè S ìàãíèòîïðîâîäà, êîòîðîé ïðèíàäëåæàò

òî÷êè M X Y ZM M M( , , )� � � .

Óðàâíåíèÿ (8) è (9) , ïîëó÷åííûå â [3],

2
22

22

2222 22 22 22 22

�

�
� �	 	Q

S

Z MQ RC Q M RC Q M( ) [ ( , ) ( , )]
 � 
� ( )M dsM22 22




 � 
 
�
S

Z M MRS Q M RS Q M M ds

3

3 322 3 22 3 3[ ( , ) ( , )] ( )��


 � 
 
�
S

Z M MRC Q M RC Q M M ds

3

3 322 3 22 3 3[ ( , ) ( , )] ( )� 	


 � 
 � ��
S

Z M MRC Q M RC Q M M ds F

42

42 4222 42 22 42 42[ ( , ) ( , )] ( )� 	 2 22	
Z Q( ),

Q S22 22 ; (1)

2
22 22 22 22 22 22

22

22

�

�
� � 	z

S

Z MQ ZS Q M ZS Q M M( ) [ ( , ) ( , )] (
 �� ) dsM 22




 
 
�
S

Z z MCR Q M CR Q M M ds

22

2222 22 22 22 22[ ( , ) ( , )] ( )�


 � 
 
�
S

Z M MZC Q M ZC Q M M ds

3

3 322 3 22 3 3[ ( , ) ( , )] ( )��


 � 
�
S

Z M MZS Q M ZS Q M M ds

3

3 322 3 22 3 3[ ( , ) ( , )] ( )� 	


 � 
�
S

Z M MZS Q M ZS Q M M ds

42

42 4222 42 22 42 42[ ( , ) ( , )] ( )� 	


 
 � ��
S

Z z M z
ZCR Q M CR Q M M ds F

42

4222 42 22 42 42 2[ ( , ) ( , )] ( ) (� Q22 ),

Q S22 22 , (2)
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çàïèñàííûå ñ ó÷åòîì ñèììåòðèè ïî êîîðäèíàòå Z â ïëîòíîñòÿõ èñòî÷íèêîâ

ÑÑ ìàãíèòíîãî ïîëÿ, ïðåîáðàçóåì ñ ó÷åòîì ñèììåòðèè ïî êîîðäèíàòå Y â

ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèòíîãî ïîëÿ. Ïðåäâàðèòåëüíî ó÷òåì ñëå-

äóþùåå îáñòîÿòåëüñòâî. Ïëîñêîñòü XOZ [3, ðèñ. 2] ðàçáèâàåò êàíîíè÷åñ-

êèå ó÷àñòêè S 22, S 32, S 42 ïîâåðõíîñòè S 2 ìàãíèòîïðîâîäà íà äâå ÷àñòè:

S S S22 221 222� � , S S S32 321 322� � , S S S42 421 422� � . (3)

Ñ ïîìîùüþ ðàâåíñòâ (3) óðàâíåíèÿ (1) è (2) çàïèøåì â âèäå

2
22

221

22 22 221

�

�
� 	Q

S

Q RC Q M( ) [ ( , )
 � 
�


 
 ��RC Q M M ds RC Q MZ M M

S

( , )] ( ) [ ( ,22 22 1 221 22 2221 221

222

� 	 22 )



 
 ��RC Q M M ds RS Q MZ M M

S

( , )] ( ) [ ( ,22 22 2 222 22 3222 222

321

� 	 21 )



 
 ��RS Q M M ds RS Q MZ M M

S

( , )] ( ) [ ( ,22 32 1 321 22 3321 321

322

�� 22 )



 
 ��RS Q M M ds RC Q MZ M M

S

( , )] ( ) [ ( ,22 32 2 322 22 3322 322

321

�� 21 )



 
 ��RC Q M M ds RC Q MZ M M

S

( , )] ( ) [ ( ,22 32 1 321 22 3321 321

322

� 	 22 )



 
 ��RC Q M M ds RC Q MZ M M

S

( , )] ( ) [ ( ,22 32 2 322 22 4322 322

421

� 	 21 )



 
 ��RC Q M M ds RC Q MZ M M

S

( , )] ( ) [ ( ,22 42 1 421 22 4421 421

422

� 	 22 ) 



 � �RC Q M M ds F QZ M M
Z( , )] ( ) ( )22 42 2 422 2 22422 422

� 	 	 , Q S22 22 ; (4)

2
22 22 221 22 22 1

221

221

�

�
� � 	z

S

Z MQ ZS Q M ZS Q M( ) [ ( , ) ( , )]
 �� ( )M dsM221 221




 ��
S

Z M MZS Q M ZS Q M M ds

222

222 222 222 22 22 2 222[ ( , ) ( , )] ( )� 	 22




 
 
�
S

Z z MCR Q M CR Q M M ds

221

22122 221 22 22 1 221[ ( , ) ( , )] ( )�
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�
S

Z z MCR Q M CR Q M M ds

222

22222 222 22 22 2 222[ ( , ) ( , )] ( )�


 � 
�
S

Z M MZC Q M ZC Q M M ds

321

32122 321 22 32 1 321[ ( , ) ( , )] ( )�� 321




 � 
�
S

Z M MZC Q M ZC Q M M ds

322

32222 322 22 32 2 322[ ( , ) ( , )] ( )�� 322




 ��
S

Z M MZS Q M ZS Q M M ds

321

321 322 321 22 32 1 321[ ( , ) ( , )] ( )� 	 21




 ��
S

Z M MZS Q M ZS Q M M ds

322

322 322 322 22 32 2 322[ ( , ) ( , )] ( )� 	 22




 ��
S

Z M MZS Q M ZS Q M M ds

421

421 422 421 22 42 1 421[ ( , ) ( , )] ( )� 	 21




 ��
S

Z M MZS Q M ZS Q M M ds

422

422 422 422 22 42 2 422[ ( , ) ( , )] ( )� 	 22




 
 
�
S

Z z MCR Q M CR Q M M ds

421

42122 421 22 42 1 421[ ( , ) ( , )] ( )�


 
 � ��
S

Z z MCR Q M CR Q M M ds

422

42222 422 22 42 2 422[ ( , ) ( , )] ( )� F Qz
Z

2 22( ),

Q S22 22 . (5)

Ïðè ïðåîáðàçîâàíèè óðàâíåíèÿ (4) áóäåì ó÷èòûâàòü ñëåäóþùèå óñëî-

âèÿ ñèììåòðèè ïî êîîðäèíàòå Y â ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèòíîãî

ïîëÿ:

� �	 	M MM M
221 222221 222( ) ( )� � , � �	 	M MM M

321 322321 322( ) ( )� � ,

� �� �M MM M
321 322321 322( ) ( )� , � �	 	M MM M

421 422421 422( ) ( )� � . (6)

Ñ ó÷åòîì (6) óðàâíåíèå (4) ïðèìåò âèä

2
222

222

222 222 222

�

�
� 	Q

S

YQ RC Q M( ) [ ( , )� � 
�


 
 ��RC Q M M ds RC QZ Y M M

S

( , )] ( ) [ (222 22 2 222 222222 222

222

� 	 , )M 222 



 
 ��RC Q M M ds RS QZ M M

S

( , )] ( ) [ ( ,222 22 2 222 222222 222

322

� 	 M Y322 )
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 ��RS Q M M ds RS QZ Y M M

S

( , )] ( ) [ (222 32 2 322 222322 322

322

�� , )M 322 



 � ��RS Q M M ds RC QZ M M

S

( , )] ( ) [ ( ,222 32 2 322 222322 322

322

�� M Y322 )



 
 ��RC Q M M ds RC QZ Y M M

S

( , )] ( ) [ (222 32 2 322 222322 322

322

� 	 , )M 322 



 � ��RC Q M M ds RC QZ M M

S

( , )] ( ) [ ( ,222 32 2 322 222322 322

422

� 	 M Y422 )



 
 ��RC Q M M ds RC QZ Y M M

S

( , )] ( ) [ (222 42 2 422 222422 422

422

� 	 , )M 422 



 � �RC Q M M ds F QZ M M
ZY( , )] ( ) ( )222 42 2 422 2 222422 422

� 	 	 , Q S222 222 . (7)

Ïðè ïðåîáðàçîâàíèè óðàâíåíèÿ (5) áóäåì ó÷èòûâàòü ñëåäóþùèå óñëîâèÿ

ñèììåòðèè ïî êîîðäèíàòå Y â ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèòíîãî

ïîëÿ:

� �	 	M MM M
221 222221 222( ) ( )� � , � �	 	M MM M

321 322321 322( ) ( )� � ,

� �z zM M( ) ( )221 222� , � �	 	M MM M
421 422421 422( ) ( )� � ,

� �� �M MM M
321 322321 322( ) ( )� , � �z zM M( ) ( )421 422� . (8)

Òîãäà

2
222 222 222 222 22 2

222

�

�
� �z

S

Y Z YQ ZS Q M ZS Q M( ) [ ( , ) ( , )]� �� 	M MM ds
222 222222( ) 



 ��
S

Z MZS Q M ZS Q M M ds

222

222222 222 222 22 2 222[ ( , ) ( , )] ( )� 	 M 222




 
�
S

Y Z Y z MCR Q M CR Q M M ds

222

2222 222 222 22 2 222[ ( , ) ( , )] ( )�
22





 
�
S

Z z MCR Q M CR Q M M ds

222

222222 222 222 22 2 222[ ( , ) ( , )] ( )� 



 � 
�
S

Y Z Y MZC Q M ZC Q M M

322

322222 322 222 32 2 322[ ( , ) ( , )] (�� ) dsM 322




 � 
�
S

Z MZC Q M ZC Q M M d

322

322222 322 222 32 2 322[ ( , ) ( , )] ( )�� sM 322
�

Â.Ô. Åâäîêèìîâ, Å.È. Ïåòðóøåíêî, Â.À. Êó÷àåâ

20 ISSN 0204–3572. Electronic Modeling. 2013. V. 35. ¹ 1



� ��
S

Y Z Y MZS Q M ZS Q M M

322

322222 322 222 32 2 322[ ( , ) ( , )] ( )� 	 dsM 322




 ��
S

Z MZS Q M ZS Q M M ds

322

322222 322 222 32 2 322[ ( , ) ( , )] ( )� 	 M 322
�

� ��
S

Y Z Y MZS Q M ZS Q M M

422

422222 422 222 42 2 422[ ( , ) ( , )] ( )� 	 dsM 422




 ��
S

Z MZS Q M ZS Q M M ds

422

422222 422 222 42 2 422[ ( , ) ( , )] ( )� 	 M 422




 
�
S

Y Z Y z MCR Q M CR Q M M ds

422

4222 422 222 42 2 422[ ( , ) ( , )] ( )�
22





 
�
S

Z z MCR Q M CR Q M M ds

422

422222 422 222 42 2 422[ ( , ) ( , )] ( )� � �F Qz
ZY

2 222( ),

Q S222 222 . (9)

Äëÿ äàëüíåéøèõ ïðåîáðàçîâàíèé çàïèøåì óðàâíåíèå (7) â ñëåäóþùåì

âèäå:

2
222

222

222 222 222

�

�
� 	Q

S

YQ RC Q M( ) [ ( , )
 ��

� 
 ��RC Q M M ds RC QZ Y M M

S

( , )] ( ) [ (222 22 2 222 222222 222

222

� 	 , )M 222 



 
 ��RC Q M M ds RS QZ M M

S

( , )] ( ) [ ( ,222 22 2 222 222222 222

322

� 	 M Y322 ) 



 
 ��RS Q M M ds RS QZ Y M M

S

( , )] ( ) [ (222 32 2 322 222322 322

322

�� , )M 322 



 
 �RS Q M M ds RC Q MZ M M

S

( , )] ( ) [ ( ,222 32 2 322 222322 322

322

�� 322Y ) �

� 
 ��RC Q M M ds RC QZ Y M M

S

( , )] ( ) [ (222 32 2 322 222322 322

322

� 	 , )M 322 



 
 �RC Q M M ds RC Q MZ M M

S

( , )] ( ) [ ( ,222 32 2 322 222322 322

422

� 	 422Y ) �
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� 
 ��RC Q M M ds RC QZ Y M M

S

( , )] ( ) [ (222 42 2 422 222422 422

422

� 	 , )M 422 



 � �RC Q M M ds F QZ M M
ZY( , )] ( ) ( )222 42 2 422 2 222422 422

� 	 	 , Q S222 222 . (10)

Â (10) çàìåíèì ñóììû èíòåãðàëîâ íà èíòåãðàëû îò ñóìì:

2
222

222

222 222 222 222 22 2

�

�
� 	Q

S

Y ZQ RC Q M RC Q M( ) [ ( , ) ( ,
 �� Y ) �

� 
 
RC Q M RC Q M M dsZ M M( , ) ( , )] ( )222 222 222 22 2 222222 222
� 	


 � 
 ��
S

Y Z YRS Q M RS Q M

322

222 322 222 32 2[ ( , ) ( , )

� 
 
RS Q M RS Q M M dsZ M M( , ) ( , )] ( )222 322 222 32 2 322322 322
��


 � ��
S

Y Z YRC Q M RC Q M

322

222 322 222 32 2[ ( , ) ( , )

� 
 
RC Q M RC Q M M dsZ M M( , ) ( , )] ( )222 322 222 32 2 322322 322
� 	


 � ��
S

Y Z YRC Q M RC Q M RC Q M

422

222 422 222 42 2 222 422[ ( , ) ( , ) ( , ) 



 � �RC Q M M ds F QZ M M
ZY( , )] ( ) ( )222 42 2 422 2 222422 422

� 	 	 , Q S222 222 . (11)

Ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:

RC Q M RC Q M RC Q MY Y( , ) ( , ) ( , )222 222 222 222 222 222� � � ,

RC Q M RC Q M RC Q MZ Z Y Y Z( , ) ( , ) ( , )222 22 2 222 22 2 222 22 2� � � ,

RC Q M RC Q M RC Q MY Y( , ) ( , ) ( , )222 322 222 322 222 322� � � ,

RC Q M RC Q M RC Q MZ Z Y Y Z( , ) ( , ) ( , )222 32 2 222 32 2 222 32 2� � � , (12)

RC Q M RC Q M RC Q MY Y( , ) ( , ) ( , )222 422 222 422 222 422� � � ,

RC Q M RC Q M RC Q MZ Z Y Y Z( , ) ( , ) ( , )222 42 2 222 42 2 222 42 2� � � ,

RS Q M RS Q M RS Q MY Y( , ) ( , ) ( , )222 322 222 322 222 322
 �� ,

RS Q M RS Q M RS Q MZ Z Y Y Z( , ) ( , ) ( , )222 32 2 222 32 2 222 32 2
 �� .
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Èñïîëüçóÿ îáîçíà÷åíèÿ (12), çàïèøåì óðàâíåíèå (11) òàê:

2
222

222

222 222 222

�

�
� 	Q

S

YQ RC Q M( ) [ ( , )
 � 
� �


 
�Y Z M MRC Q M M ds( , )] ( )222 22 2 222222 222
� 	


 � 
�
S

Y Y Z MRS Q M RS Q M M

322

322222 322 222 32 2 3[ ( , ) ( , )] (� � �� 22 322
) dsM 



 � 
�
S

Y Y Z MRC Q M RC Q M M

322

322222 322 222 32 2 3[ ( , ) ( , )] (� � � 	 22 322
) dsM 



 � 
�
S

Y Y Z MRC Q M RC Q M M

422

422222 422 222 42 2 4[ ( , ) ( , )] (� � � 	 22 422
) dsM �

� �F QZY
2 222	 ( ), Q S222 222 . (13)

Äëÿ äàëüíåéøèõ ïðåîáðàçîâàíèé çàïèøåì óðàâíåíèå (9) â ñëåäóþùåì

âèäå:

2
222 222 222 222 22 2

222

�

�
� z

S

Y Z YQ ZS Q M ZS Q M( ) [ ( , ) ( , )]
 � 
� � 	M MM ds
222 222222( ) 



 ��
S

Z MZS Q M ZS Q M M ds

222

222222 222 222 22 2 222[ ( , ) ( , )] ( )� 	 M 222




 
�
S

Y Z Y z MCR Q M CR Q M M ds

222

2222 222 222 22 2 222[ ( , ) ( , )] ( )�
22





 
�
S

Z z MCR Q M CR Q M M ds

222

222222 222 222 22 2 222[ ( , ) ( , )] ( )� 



 � 
�
S

Y Z Y MZC Q M ZC Q M M

322

322222 322 222 32 2 322[ ( , ) ( , )] (�� ) dsM 322




 � 
�
S

Z MZC Q M ZC Q M M d

322

322222 322 222 32 2 322[ ( , ) ( , )] ( )�� sM 322




 � 
�
S

Y Z Y MZS Q M ZS Q M M

322

322222 322 222 32 2 322[ ( , ) ( , )] (� 	 ) dsM 322




 ��
S

Z MZS Q M ZS Q M M ds

322

322222 322 222 32 2 322[ ( , ) ( , )] ( )� 	 M 322
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 � 
�
S

Y Z Y MZS Q M ZS Q M M

422

422222 422 222 42 2 422[ ( , ) ( , )] (� 	 ) dsM 422




 ��
S

Z MZS Q M ZS Q M M ds

422

422222 422 222 42 2 422[ ( , ) ( , )] ( )� 	 M 422




 
�
S

Y Z Y z MCR Q M CR Q M M ds

422

4222 422 222 42 2 422[ ( , ) ( , )] ( )�
22





 
�
S

Z z MCR Q M CR Q M M ds

422

422222 422 222 42 2 422[ ( , ) ( , )] ( )� � �F Qz
ZY

2 222( ),

Q S222 222 . (14)

Ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:

ZS Q M ZS Q M ZS Q MY Y( , ) ( , ) ( , )222 222 222 222 222 222� � � ,

ZS Q M ZS Q M ZS Q MZ Z Y Y Z( , ) ( , ) ( , )222 22 2 222 22 2 222 22 2� � � ,

CR Q M CR Q M CR Q MY Y( , ) ( , ) ( , )222 222 222 222 222 222
 �� ,

CR Q M CR Q M CR Q MZ Z Y Y Z( , ) ( , ) ( , )222 22 2 222 22 2 222 22 2
 �� ,

ZC Q M ZC Q M ZC Q MY Y( , ) ( , ) ( , )222 322 222 322 222 322
 �� ,

ZC Q M ZC Q M ZC Q MZ Z Y Y Z( , ) ( , ) ( , )222 32 2 222 32 2 222 32 2
 �� , (15)

ZS Q M ZS Q M ZS Q MY Y( , ) ( , ) ( , )222 322 222 322 222 322� � � ,

ZS Q M ZS Q M ZS Q MZ Z Y Y Z( , ) ( , ) ( , )222 32 2 222 32 2 222 32 2� � � ,

ZS Q M ZS Q M ZS Q MY Y( , ) ( , ) ( , )222 422 222 422 222 422� � � ,

ZS Q M ZS Q M ZS Q MZ Z Y Y Z( , ) ( , ) ( , )222 42 2 222 42 2 222 42 2� � � ,

CR Q M CR Q M ÑR Q MY Y( , ) ( , ) ( , )222 422 222 422 222 422
 �� ,

CR Q M CR Q M CR Q MZ Z Y Y Z( , ) ( , ) ( , )222 42 2 222 42 2 222 42 2
 �� .

Èñïîëüçóÿ îáîçíà÷åíèÿ (15), çàïèøåì óðàâíåíèå (14) â ñëåäóþùåì âèäå:

2
222 222 222

222

�

�
� z

S

YQ ZS Q M( ) [ ( , )
 �� �

� 
 �� �Y Z M M

S

YZS Q M M ds CR Q( , ] ( ) [ (222 22 2 222 22222 222

222

� 	 2 222, )M 



 
 ��� �Y Z z M

S

YCR Q M M ds ZC Q( , )] ( ) [ ( ,222 22 2 222 222222

322

� M 322 ) 
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 �� �Y Z M M

S

YZC Q M M ds ZS Q( , )] ( ) [ (222 32 2 322 2322 322

322

�� 22 322, )M �

� 
 �� �Y Z M M

S

YZS Q M M ds ZS Q( , )] ( ) [ (222 32 2 322 2322 322

422

� 	 22 422, )M �

� 
 �� �Y Z M M

S

YZS Q M M ds CR Q( , )] ( ) [ (222 42 2 422 2422 422

422

� 	 22 422, )M 



 � ��Y Z z M z
ZYCR Q M M ds F Q( , )] ( ) ( )222 42 2 422 2 222422

� , Q S222 222 . (16)

Ïðåîáðàçîâàíèå ÈÓ (18) è (19) èç [3] ñ ó÷åòîì ñèììåòðèè ïî êîîð-

äèíàòå Y â ïëîòíîñòÿõ èñêòî÷íèêîâ ÑÑ ìàãíèòíîãî ïîëÿ. Óðàâíåíèÿ

(18) è (19) èç [3], èìåþò âèä

2
3

22

223 22 3 22 3 22

�

�
� �� 	Q

S

M ZQ M ZS Q M ZS Q M( ) ( )[ ( , ) ( , )]
 �� dsM 22




 
 
�
S

z Z MM CR Q M CR Q M ds

22

2222 3 22 3 22� ( )[ ( , ) ( , )]


 
 �� �
S

M Z M

S

MM ZC Q M ds M ZS Q M

3

3 3

3

33 3 3 3 3 3� �� 	( )[ ( , )] ( )[ ( , Z Mds)]
3





 � 
�
S

M Z MM ZS Q M ZS Q M ds

42

42 4242 3 42 3 42� 	 ( )[ ( , ) ( , )]


 
 � ��
S

z Z M
ZM CR Q M CR Q M ds F Q

42

4242 3 42 3 42 3 3� �( )[ ( , ) ( , )] ( ), Q S3 3 ;
(17)

2
3

22

223 22 3 22 3 22

�

�
� �	 	Q

S

M ZQ M ZC Q M ZC Q M( ) ( )[ ( , ) ( , )]� �� dsM 22




 
 
�
S

z Z MM SR Q M SR Q M ds

22

2222 3 22 3 22� ( )[ ( , ) ( , )]


 
� �
S

M Z M

S

M ZM ZS Q M ds M ZC Q M

3

3 3

3

33 3 3 3 3 3� �� 	( )[ ( , )] ( )[ ( , )]dsM 3
�

� � 
�
S

M Z MM ZC Q M ZC Q M ds

42

42 4242 3 42 3 42� 	 ( )[ ( , ) ( , )]
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 � ��
S

z Z M
ZM SR Q M SR Q M ds F Q

42

4242 3 42 3 42 3 3� 	( )[ ( , ) ( , )] ( ), Q S3 3 , (18)

çàïèøåì ñ ó÷åòîì ñîîòíîøåíèé (3):

2
32

221

22132 221 32 221 3

�

�
� �� 	Q

S

MQ M ZS Q M ZS Q( ) ( )[ ( , ) (
 �� 2 22 1 221
, )]M dsZ M 



 ��
S

M Z MM ZS Q M ZS Q M ds

222

222 2222 32 222 32 22 2� 	 ( )[ ( , ) ( , )]
22





 
 
�
S

z Z MM CR Q M CR Q M ds

221

221221 32 221 32 22 1� ( )[ ( , ) ( , )]


 
 
�
S

z Z MM CR Q M CR Q M ds

222

222222 32 222 32 22 2� ( )[ ( , ) ( , )]


 
�
S

M Z MM ZC Q M ds

321

321 321321 32 32 1�� ( )[ ( , )]


 
�
S

M Z MM ZC Q M ds

322

322 322322 32 32 2�� ( )[ ( , )]


 � 
�
S

M Z MM ZS Q M ds

321

321 321321 32 32 1� 	 ( )[ ( , )]


 � 
�
S

M Z MM ZS Q M ds

322

322 322322 32 32 2� 	 ( )[ ( , )]


 ��
S

M Z MM ZS Q M ZS Q M ds

421

421 4421 32 421 32 42 1� 	 ( )[ ( , ) ( , )]
21





 ��
S

M Z MM ZS Q M ZS Q M ds

422

422 4422 32 422 32 42 2� 	 ( )[ ( , ) ( , )]
22





 
 
�
S

z Z MM CR Q M CR Q M ds

421

421421 32 421 32 42 1� ( )[ ( , ) ( , )]


 
 � ��
S

z Z MM CR Q M CR Q M ds

422

422422 32 422 32 42 2� ( )[ ( , ) ( , )] F QZ
3 32� ( ),

Q S32 32 . (19)

2
32

221

22132 221 32 221 3

�

�
� �	 	Q

S

MQ M ZC Q M ZC Q( ) ( )[ ( , ) (� �� 2 22 1 221
, )]M dsZ M �

Â.Ô. Åâäîêèìîâ, Å.È. Ïåòðóøåíêî, Â.À. Êó÷àåâ

26 ISSN 0204–3572. Electronic Modeling. 2013. V. 35. ¹ 1



� ��
S

M Z MM ZC Q M ZC Q M ds

222

222 2222 32 222 32 22 2� 	 ( )[ ( , ) ( , )]
22





 
 
�
S

z Z MM SR Q M SR Q M ds

221

221221 32 221 32 22 1� ( )[ ( , ) ( , )]


 
 
�
S

z Z MM SR Q M SR Q M ds

222

222222 32 222 32 22 2� ( )[ ( , ) ( , )]


 
�
S

M Z MM ZS Q M ds

321

321 321321 32 32 1�� ( )[ ( , )]


 
�
S

M Z MM ZS Q M ds

322

322 322322 32 32 2�� ( )[ ( , )]


 
�
S

M Z MM ZC Q M ds

321

321 321321 32 32 1� 	 ( )[ ( , )]


 ��
S

M Z MM ZC Q M ds

322

322 322322 32 32 2� 	 ( )[ ( , )]

� ��
S

M Z MM ZC Q M ZC Q M ds

421

421 4421 32 421 32 42 1� 	 ( )[ ( , ) ( , )]
21

�

� ��
S

M Z MM ZC Q M ZC Q M ds

422

422 4422 32 422 32 42 2� 	 ( )[ ( , ) ( , )]
22





 
 
�
S

z Z MM SR Q M SR Q M ds

421

421421 32 421 32 42 1� ( )[ ( , ) ( , )]


 
 � ��
S

z Z MM SR Q M SR Q M ds

422

422422 32 422 32 42 2� ( )[ ( , ) ( , )] F QZ
3 32� ( ),

Q S32 32 . (20)

Ñ ó÷åòîì óñëîâèé ñèììåòðèè (8) óðàâíåíèÿ (19) è (20) ïðèìóò âèä

2
322

222

222322 222 322 222

�

�
� �� 	Q

S

M YQ M ZS Q M Z( ) ( )[ ( , )� �� S Q M dsZ Y M( , )]322 22 2 222




 ��
S

M ZM ZS Q M ZS Q M ds

222

222 222 322 222 322 22 2� 	 ( )[ ( , ) ( , )] M 222




 
�
S

z Y Z Y MM CR Q M CR Q M ds

222

2222 322 222 322 22 2� ( )[ ( , ) ( , )]
22
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�
S

z Z MM CR Q M CR Q M ds

222

222222 322 222 322 22 2� ( )[ ( , ) ( , )] 



 
�
S

M Z Y MM ZC Q M ds

322

322 322322 322 32 2�� ( )[ ( , )]


 ��
S

M Z MM ZC Q M ds

322

322 322322 322 32 2�� ( )[ ( , )]

� � 
�
S

M Z Y MM ZS Q M ds

322

322 322322 322 32 2� 	 ( )[ ( , )]


 � ��
S

M Z MM ZS Q M ds

322

322 322322 322 32 2� 	 ( )[ ( , )]

� ��
S

M Y Z YM ZS Q M ZS Q M

422

422 422 322 422 322 42 2� 	 ( )[ ( , ) ( , )]dsM 422




 ��
S

M ZM ZS Q M ZS Q M ds

422

422 422 322 422 322 42 2� 	 ( )[ ( , ) ( , )] M 422




 
�
S

z Y Z Y MM CR Q M CR Q M ds

422

4422 322 422 322 42 2� ( )[ ( , ) ( , )]
22





 
�
S

z Z MM CR Q M CR Q M ds

422

422422 322 422 322 42 2� ( )[ ( , ) ( , )] � �F QZY
3 322� ( ),

Q S322 322 . (21)

Äëÿ óäîáñòâà ïðåîáðàçîâàíèÿ óðàâíåíèÿ (21) çàïèøåì åãî â ñëåäóþ-

ùåì âèäå:

2
322

222

222322 222 322 222

�

�
� �� 	Q

S

M YQ M ZS Q M( ) ( )[ ( , )
 � 
�


 
 �ZS Q M ds M ZS QZ Y M

S

M( , )] ( )[ ( ,322 22 2 222 322222

222

222
� 	 M 222 ) �

� 
 �ZS Q M ds M CR Q MZ M

S

z Y( , )] ( )[ ( ,322 22 2 222 322 222222

222

� ) 



 
 �CR Q M ds M CR Q MZ Y M

S

z( , )] ( )[ ( ,322 22 2 222 322 222222

222

� ) 



 
 �CR Q M ds M ZC Q MZ M

S

M( , )] ( )[ ( ,322 22 2 322 322222

322

322
�� 32 2 322Z Y Mds)] 


Â.Ô. Åâäîêèìîâ, Å.È. Ïåòðóøåíêî, Â.À. Êó÷àåâ

28 ISSN 0204–3572. Electronic Modeling. 2013. V. 35. ¹ 1




 
�
S

M Z MM ZC Q M ds

322

322 322322 322 32 2�� ( )[ ( , )]


 
�
S

M Z Y MM ZS Q M ds

322

322 322322 322 32 2� 	 ( )[ ( , )]


 � 
�
S

M Z MM ZS Q M ds

322

322 322322 322 32 2� 	 ( )[ ( , )]


 � 
�
S

M Y Z YM ZS Q M ZS Q M

422

422 422 322 422 322 42 2� 	 ( )[ ( , ) ( , )]dsM 422




 ��
S

M ZM ZS Q M ZS Q M ds

422

422 422 322 422 322 42 2� 	 ( )[ ( , ) ( , )] M 422




 
�
S

z Y Z Y MM CR Q M CR Q M ds

422

4422 322 422 322 42 2� ( )[ ( , ) ( , )]
22





 
�
S

z Z MM CR Q M CR Q M ds

422

422422 322 422 322 42 2� ( )[ ( , ) ( , )] � � F QZY
3 322� ( ),

Q S322 322 . (22)

Ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:

�Y YZS Q M ZS Q M ZS Q M( , ) ( , ) ( , )322 222 322 222 322 222� � ,

�Y Z Z Z YZS Q M ZS Q M ZS Q M( , ) ( , ) ( , )322 22 2 322 22 2 322 22 2� � ,

�Y YCR Q M CR Q M CR Q M( , ) ( , ) ( , )322 222 322 222 322 222� 
 ,

�Y Z Z Z YCR Q M CR Q M CR Q M( , ) ( , ) ( , )322 22 2 322 22 2 322 22 2� 
 ,

�Y Z Z Z YZC Q M ZC Q M ZC Q M( , ) ( , ) ( , )322 32 2 322 32 2 322 32 2� 
 ,

�Y Z Z Z YZS Q M ZS Q M ZS Q M( , ) ( , ) ( , )322 32 2 322 32 2 322 32 2� � , (23)

�Y YZS Q M ZS Q M ZS Q M( , ) ( , ) ( , )322 422 322 422 322 422� � ,

�Y Z Z Z YZS Q M ZS Q M ZS Q M( , ) ( , ) ( , )322 42 2 322 42 2 322 42 2� � ,

�Y YCR Q M CR Q M CR Q M( , ) ( , ) ( , )322 422 322 422 322 422� � ,

�Y Z Z Z YCR Q M CR Q M CR Q M( , ) ( , ) ( , )322 42 2 322 42 2 322 42 2� � .

Èñïîëüçóÿ îáîçíà÷åíèÿ (23), çàïèøåì óðàâíåíèå (22) â âèäå

2
322

222

222322 222 322 222

�

�
� �� 	Q

S

M YQ M ZS Q M( ) ( )[ ( , )
 �� �

Èíòåãðàëüíàÿ ìîäåëü òðåõìåðíîãî âðàùàþùåãîñÿ ìàãíèòíîãî ïîëÿ ñòàòîðà

ISSN 0204–3572. Ýëåêòðîí. ìîäåëèðîâàíèå. 2013. Ò. 35. ¹ 1 29



� 
 �� �Y Z M

S

z YZS Q M ds M CR Q M( , )] ( )[ ( ,322 22 2 222 322222

222

� 222 ) 



 
 �� �Y Z M

S

M YCR Q M ds M ZC Q( , )] ( )[ (322 22 2 322 3222

322

322
�� 22 32 2 322

, )]M dsZ M 



 � 
�
S

M Y Z MM ZS Q M ds

322

322 322322 322 32 2� 	 ( )[ ( , )]�


 ��
S

M Y Y ZM ZS Q M ZS Q M

422

422 422 322 422 322 42 2� 	 ( )[ ( , ) ( ,� � )]dsM 422




 
�
S

z Y Y ZM CR Q M CR Q M ds

422

422 322 422 322 42 2� ( )[ ( , ) ( , )]� � M
ZYF Q

422 3 322� � � ( ),

Q S322 322 . (24)

Àíàëîãè÷íî, ó÷èòûâàÿ ñîîòíîøåíèÿ (3), çàïèøåì óðàâíåíèå (18):

2
32

221

2232 221 32 221 32

�

�
� �	 	Q

S

MQ M ZC Q M ZC Q( ) ( )[ ( , ) (� �� , )]M dsZ M22 1 221
�

� ��
S

M Z MM ZC Q M ZC Q M ds

222

222 2222 32 222 32 22 2� 	 ( )[ ( , ) ( , )]
22





 
 
�
S

z Z MM SR Q M SR Q M ds

221

221221 32 221 32 22 1� ( )[ ( , ) ( , )]


 
 
�
S

z Z MM SR Q M SR Q M ds

222

222222 32 222 32 22 2� ( )[ ( , ) ( , )]


 
�
S

M Z MM ZS Q M ds

321

321 321321 32 32 1�� ( )[ ( , )]


 
�
S

M Z MM ZS Q M ds

322

322 322322 32 32 2�� ( )[ ( , )]


 
�
S

M Z MM ZC Q M ds

321

321 321321 32 32 1� 	 ( )[ ( , )]


 ��
S

M Z MM ZC Q M ds

322

322 322322 32 32 2� 	 ( )[ ( , )]

� ��
S

M Z MM ZC Q M ZC Q M ds

421

421 4421 32 421 32 42 1� 	 ( )[ ( , ) ( , )]
21

�
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� ��
S

M Z MM ZC Q M ZC Q M ds

422

422 4422 32 422 32 42 2� 	 ( )[ ( , ) ( , )]
22





 
 
�
S

z Z MM SR Q M SR Q M ds

421

421421 32 421 32 42 1� ( )[ ( , ) ( , )]


 
 � ��
S

z Z MM SR Q M SR Q M ds

422

422422 32 422 32 42 2� ( )[ ( , ) ( , )] F QZ
3 32	( ),

Q S32 32 . (25)

Ó÷èòûâàÿ óñëîâèÿ ñèììåòðèè (8), óðàâíåíèå (25) çàïèñûâàåì â âèäå

2
322

222

222322 222 322 222

�

�
� �	 	Q

S

M YQ M ZC Q M( ) ( )[ ( , )
 ��

� � �ZC Q M ds M ZC QZ Y M

S

M( , )] ( )[ ( ,322 22 2 222 322222

222

222
� 	 M 222 ) �

� 
 �ZC Q M ds M SR Q MZ M

S

z Y( , )] ( )[ ( ,322 22 2 222 322 222222

222

� ) 



 
 �SR Q M ds M SR Q MZ Y M

S

z( , )] ( )[ ( ,322 22 2 222 322 222222

222

� ) 



 
 �SR Q M ds M ZS Q MZ M

S

M( , )] ( )[ ( ,322 22 2 322 322222

322

322
�� 32 2 322Z Y Mds)] 



 ��
S

M Z MM ZS Q M ds

322

322 322322 322 32 2�� ( )[ ( , )]

� 
�
S

M Z Y MM ZC Q M ds

322

322 322322 322 32 2� 	 ( )[ ( , )]


 
�
S

M Z MM ZC Q M ds

322

322 322322 322 32 2� 	 ( )[ ( , )]


 ��
S

M Y Z YM ZC Q M ZC Q M

422

422 422 322 422 322 42 2� 	 ( )[ ( , ) ( , )]dsM 422
�

� ��
S

M ZM ZC Q M ZC Q M ds

422

422 422 322 422 322 42 2� 	 ( )[ ( , ) ( , )] M 422




 
�
S

z Y Z Y MM SR Q M SR Q M ds

422

4422 322 422 322 42 2� ( )[ ( , ) ( , )]
22
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�
S

z Z MM SR Q M SR Q M ds

422

422422 322 422 322 42 2� ( )[ ( , ) ( , )] � �F QZY
3 322	 ( ),

Q S322 322 . (26)

Äëÿ óäîáñòâà äàëüíåéøèõ ïðåîáðàçîâàíèé óðàâíåíèå (26) çàïèøåì â

ñëåäóþùåì âèäå:

2
322

222

222322 222 322 222

�

�
� �	 	Q

S

M YQ M ZC Q M Z( ) ( )[ ( , )
 �� C Q M dsZ Y M( , )]322 22 2 222




 � 
�
S

M ZM ZC Q M ZC Q M d

222

222 222 322 222 322 22 2� 	 ( )[ ( , ) ( , )] sM 222




 
�
S

z Y Z Y MM SR Q M SR Q M ds

222

2222 322 222 322 22 2� ( )[ ( , ) ( , )]
22





 
�
S

z Z MM SR Q M SR Q M ds

222

222222 322 222 322 22 2� ( )[ ( , ) ( , )] 



 
�
S

M Z Y MM ZS Q M ds

322

322 322322 322 32 2�� ( )[ ( , )]


 
�
S

M Z MM ZS Q M ds

322

322 322322 322 32 2�� ( )[ ( , )]


 � 
�
S

M Z Y MM ZC Q M ds

322

322 322322 322 32 2� 	 ( )[ ( , )]


 
�
S

M Z MM ZC Q M ds

322

322 322322 322 32 2� 	 ( )[ ( , )]


 ��
S

M Y Z YM ZC Q M ZC Q M

422

422 422 322 422 322 42 2� 	 ( )[ ( , ) ( , )]dsM 422




 � 
�
S

M ZM ZC Q M ZC Q M d

422

422 422 322 422 322 42 2� 	 ( )[ ( , ) ( , )] sM 422




 
�
S

z Y Z Y MM SR Q M SR Q M ds

422

4422 322 422 322 42 2� ( )[ ( , ) ( , )]
22





 
�
S

z Z MM SR Q M SR Q M ds

422

422422 322 422 322 42 2� ( )[ ( , ) ( , )] � �F QZY
3 322	 ( ),

Q S322 322 . (27)
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Ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:

�Y YZC Q M ZC Q M ZC Q M( , ) ( , ) ( , )322 222 322 222 322 222� � ,

�Y Z Z Z YZC Q M ZC Q M ZC Q M( , ) ( , ) ( , )322 22 2 322 22 2 322 22 2� � ,

�Y YSR Q M SR Q M SR Q M( , ) ( , ) ( , )322 222 322 222 322 222� 
 ,

�Y Z Z Z YSR Q M SR Q M SR Q M( , ) ( , ) ( , )322 22 2 322 22 2 322 22 2� 
 ,

�Y Z Z Z YZS Q M ZS Q M ZS Q M( , ) ( , ) ( , )322 32 2 322 32 2 322 32 2� 
 ,
(28)

�Y Z Z Z YZC Q M ZC Q M ZC Q M( , ) ( , ) ( , )322 32 2 322 32 2 322 32 2� � ,

�Y YZC Q M ZC Q M ZC Q M( , ) ( , ) ( , )322 422 322 422 322 422� � ,

�Y Z Z Z YZC Q M ZC Q M ZC Q M( , ) ( , ) ( , )322 42 2 322 42 2 322 42 2� � ,

�Y YSR Q M SR Q M SR Q M( , ) ( , ) ( , )322 422 322 422 322 422� 
 ,

�Y Z Z Z YSR Q M SR Q M SR Q M( , ) ( , ) ( , )322 42 2 322 42 2 322 42 2� 
 .

Èñïîëüçóÿ îáîçíà÷åíèÿ (28) , óðàâíåíèå (27) çàïèøåì òàê:

2
322

222

222322 222 322 222

�

�
� �	 	Q

S

M YQ M ZC Q M( ) ( )[ ( , )
 �� � 



 
 �� �Y Z M

S

z YZC Q M ds M SR Q M( , ] ( )[ ( ,322 22 2 222 322 2222

222

� 22 ) 



 
 �� �Y Z M

S

M YSR Q M ds M ZS Q( , )] ( )[ (322 22 2 322 3222

322

322
�� 22 32 2 322

, )]M dsZ M 



 
�
S

M Y Z MM ZC Q M ds

322

322 322322 322 32 2� 	 ( )[ ( , )]�


 � 
�
S

M Y Y ZM ZC Q M ZC Q M

422

422 422 322 422 322 42� 	 ( )[ ( , ) ( ,� � 2 422
)]dsM 



 
�
S

z Y Y ZM SR Q M SR Q M ds

422

422 322 422 322 42 2� ( )[ ( , ) ( , )]� � M 422
�

� �F QZY
3 322	 ( ), Q S322 322 . (29)

Ïðåîáðàçîâàíèå ÈÓ (28) è (29) ÑêÑÈÓ èç [3] ñ ó÷åòîì ñèììåòðèè

ïî êîîðäèíàòå Y â ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèòíîãî ïîëÿ. Óðàâ-

íåíèÿ (28) è (29), ïîëó÷åííûå â [3] â ðåçóëüòàòå ïðåîáðàçîâàíèÿ óðàâíåíèé
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(7) è (8) èç [2] ñ ó÷åòîì ñèììåòðèè ïî êîîðäèíàòå Z â ïëîòíîñòÿõ èñòî÷íè-

êîâ ÑÑ ìàãíèòíîãî ïîëÿ, èìåþò ñëåäóþùèé âèä:

2
42

22

2242 22 42 22 42 2

�

�
� �	 	Q

S

MQ M RC Q M RC Q M( ) ( )[ ( , ) ( ,
 �� 2 22Z MdS] 



 � 
�
S

M Z MM RS Q M RS Q M dS

3

3 33 42 3 42 3�� ( )[ ( , ) ( , )]


 � 
�
S

M Z MM RC Q M RC Q M dS

3

3 33 42 3 42 3� 	 ( )[ ( , ) ( , )]


 � ��
S

M Z MM RC Q M RC Q M dS

42

42 4242 42 42 42 42� 	 ( )[ ( , ) ( , )]

� �F QZ
4 42	( ), Q S42 42 ; (30)

2
42 22 42 22 42 22

22

22

�

�
� � 	z

S

M ZQ M ZS Q M ZS Q M( ) ( )[ ( , ) ( , ]� �� dS M 22
�

� 
 
�
S

Z Z MM RC Q M RC Q M dS

22

2222 42 22 42 22� ( )[ ( , ) ( , )]


 � ��
S

M Z MM ZC Q M ZC Q M dS

3

3 33 42 3 42 3�� ( )[ ( , ) ( , )]

� � ��
S

M Z MM ZS Q M ZS Q M dS

3

3 33 42 3 42 3� 	 ( )[ ( , ) ( , )]

� � ��
S

M Z MM ZS Q M ZS Q M dS

42

42 4242 42 42 42 42� 	 ( )[ ( , ) ( , )]

� 
 ��
S

Z Z MM RC Q M RC Q M dS

42

4242 42 42 42 42� ( )[ ( , ) ( , )]

� �F Qz
Z

4 42( ), Q S42 42 . (31)

Çàïèøåì ýòè óðàâíåíèÿ ñ ó÷åòîì ñîîòíîøåíèé (3):

2
42

221

22142 221 42 221 4

�

�
� �	 	Q

S

MQ M RC Q M RC Q( ) ( )[ ( , ) (
 �� 2 22 1 221
, )]M dSZ M 



 ��
S

M Z MM RC Q M RC Q M dS

222

222 2222 42 222 42 22 2� 	 ( )[ ( , ) ( , )]
22
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 ��
S

M Z MM RS Q M RS Q M dS

321

321 3321 42 321 42 32 1�� ( )[ ( , ) ( , )]
21





 ��
S

M Z MM RS Q M RS Q M dS

322

322 3322 42 322 42 32 2�� ( )[ ( , ) ( , )]
22





 ��
S

M Z MM RC Q M RC Q M dS

321

321 3321 42 321 42 32 1� 	 ( )[ ( , ) ( , )]
21





 ��
S

M Z MM RC Q M RC Q M dS

322

322 3322 42 322 42 32 2� 	 ( )[ ( , ) ( , )]
22





 ��
S

M Z MM RC Q M RC Q M dS

421

421 4421 42 421 42 42 1� 	 ( )[ ( , ) ( , )]
21





 ��
S

M Z MM RC Q M RC Q M dS

422

422 4422 42 422 42 42 2� 	 ( )[ ( , ) ( , )]
22

�

� � F QZ
4 42	( ), Q S42 42 . (32)

Òåïåðü ïðåîáðàçóåì óðàâíåíèå (32) ñ ó÷åòîì ñèììåòðèè ïî êîîðäèíàòå Y â

ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèòíîãî ïîëÿ. Ïðè ýòîì áóäåì ó÷èòûâàòü

óñëîâèÿ ñèììåòðèè ïî êîîðäèíàòå Y â ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèò-

íîãî ïîëÿ (8). Â ðåçóëüòàòå ïîëó÷èì

2
422

222

222422 222 422 222

�

�
� �	 	Q

S

M YQ M RC Q M( ) ( )[ ( , )� ��

� 
 �RC Q M dS M RC QZ Y M

S

M( , )] ( )[ ( ,422 22 2 222 422222

222

222
� 	 M 222 ) �

� 
 �RC Q M dS M RS Q MZ M

S

M( , )] ( )[ ( ,422 22 2 322 422222

322

322
�� 322Y ) �

� 
 �RS Q M dS M RS QZ Y M

S

M( , )] ( )[ ( ,422 32 2 322 422322

322

322
�� M 322 ) �

� � �RS Q M dS M RC Q MZ M

S

M( , )] ( )[ ( ,422 32 2 322 422322

322

322
� 	 322Y ) �

� 
 �RC Q M dS M RC QZ Y M

S

M( , )] ( )[ ( ,422 32 2 322 422322

322

322
� 	 M 322 ) �

� � �RC Q M dS M RC Q MZ M

S

M( , )] ( )[ ( ,422 32 2 422 422322

422

422
� 	 422Y ) �
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� 
 �RC Q M dS M RC QZ Y M

S

M( , )] ( )[ ( ,422 42 2 422 422422

422

422
� 	 M 422 ) �

� � �RC Q M dS F QZ M
ZY( , )] ( )422 42 2 4 422422 	 , Q S422 422 . (33)

Äëÿ äàëüíåéøèõ ïðåîáðàçîâàíèé óðàâíåíèå (33) çàïèøåì â ñëå-

äóþùåì âèäå:

2
422

222

222422 222 422 222

�

�
� �	 	Q

S

M YQ M RC Q M( ) ( )[ ( , )
 � 
�


 
 �RC Q M dS M RC QZ Y M

S

M( , )] ( )[ ( ,422 22 2 222 422222

222

222
� 	 M 222 ) �

� 
 �RC Q M dS M RS Q MZ M

S

M( , )] ( )[ ( ,422 22 2 322 422222

322

322
�� 322Y ) �

� 
 �RS Q M dS M RS QZ Y M

S

M( , )] ( )[ ( ,422 32 2 322 422322

322

322
�� M 322 ) �

� 
 ��RS Q M dS M RC QZ M

S

M( , )] ( )[ ( ,422 32 2 322 422322

322

322
� 	 M Y322 ) 



 
 �RC Q M dS M RC QZ Y M

S

M( , )] ( )[ ( ,422 32 2 322 422322

322

322
� 	 M 322 ) �

� 
 ��RC Q M dS M RC QZ M

S

M( , )] ( )[ ( ,422 32 2 422 422322

422

422
� 	 M Y422 ) 



 
 �RC Q M dS M RC QZ Y M

S

M( , )] ( )[ ( ,422 42 2 422 422422

422

422
� 	 M 422 ) �

� � �RC Q M dS F QZ M
ZY( , )] ( )422 42 2 4 422422 	 , Q S422 422 . (34)

Ââåäåì îáîçíà÷åíèÿ :

�Y YRC Q M RC Q M RC Q M( , ) ( , ) ( , )422 222 422 222 422 222� � ,

�Y Z Z Z YRC Q M RC Q M RC Q M( , ) ( , ) ( , )422 22 2 422 22 2 422 22 2� � ,

�Y YRS Q M RS Q M RS Q M( , ) ( , ) ( , )422 322 422 322 422 322� 
 ,

�Y Z Z Z YRS Q M RS Q M RS Q M( , ) ( , ) ( , )422 32 2 422 32 2 422 32 2� 
 ,

�Y YRC Q M RC Q M RC Q M( , ) ( , ) ( , )422 322 422 322 422 322� � , (35)

�Y Z Z Z YRC Q M RC Q M RC Q M( , ) ( , ) ( , )422 32 2 422 32 2 422 32 2� � ,

�Y YRC Q M RC Q M RC Q M( , ) ( , ) ( , )422 422 422 422 422 422� � ,
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�Y Z Z Z YRC Q M RC Q M RC Q M( , ) ( , ) ( , )422 42 2 422 42 2 422 42 2� � .

Çàïèøåì óðàâíåíèå (34) ñ ó÷åòîì îáîçíà÷åíèé (35):

2
422

222

222422 222 422 222

�

�
� �	 	Q

S

M YQ M RC Q M( ) ( )[ ( , )
 �� �

� 
 �� �Y Z M

S

M YRC Q M dS M RS Q( , )] ( )[ (422 22 2 322 4222

322

322
�� 22 322, )M �

� 
 �� �Y Z M

S

M YRS Q M dS M RC Q( , )] ( )[ (422 23 2 322 4322

322

322
� 	 22 322, )M �

� 
 �� �Y Z M

S

M YRC Q M dS M RC Q( , )] ( )[ (422 32 2 422 4322

422

422
� 	 22 422, )M �

� � ��Y Z M
ZYRC Q M dS F Q( , )] ( )422 42 2 4 422422 	 , Q S422 422 . (36)

Ïðåæäå ÷åì ïðåîáðàçîâûâàòü óðàâíåíèå (31) ñ ó÷åòîì ñèììåòðèè ïî

êîîðäèíàòå Y â ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèòíîãî ïîëÿ çàïèøåì ýòî

óðàâíåíèå ñ ó÷åòîì ñîîòíîøåíèé (3):

2
42 221 42 221 42

221

221

�

�
� � 	z

S

MQ M ZS Q M ZS Q M( ) ( )[ ( , ) ( ,� �� 22 1 221Z MdS)] �

� ��
S

M Z MM ZS Q M ZS Q M dS

222

222 2222 42 222 42 22 2� 	 ( )[ ( , ) ( , )]
22

�

� 
 ��
S

Z Z MM RC Q M RC Q M dS

221

221221 42 221 42 22 1� ( )[ ( , ) ( , )]

� 
 
�
S

Z Z MM RC Q M RC Q M dS

222

222222 42 222 42 22 2� ( )[ ( , ) ( , )]


 ��
S

M Z MM ZC Q M ZC Q M dS

321

321 3321 42 321 42 32 1�� ( )[ ( , ) ( , )]
21





 ��
S

M Z MM ZC Q M ZC Q M dS

322

322 3322 42 322 42 32 2�� ( )[ ( , ) ( , )]
22

�

� ��
S

M Z MM ZS Q M ZS Q M dS

321

321 3321 42 321 42 32 1� 	 ( )[ ( , ) ( , )]
21

�

� ��
S

M Z MM ZS Q M ZS Q M dS

322

322 3322 42 322 42 32 2� 	 ( )[ ( , ) ( , )]
22

�
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Ïðåîáðàçóåì óðàâíåíèå (37) ñ ó÷åòîì óñëîâèÿ ñèììåòðèè (8):

2
422 222 422 222 4

222

222

�

�
� � 	z

S

M YQ M ZS Q M ZS Q( ) ( )[ ( , ) (
 �� 22 22 2 222
, )]M dSZ Y M �

� ��
S

M ZM ZS Q M ZS Q M dS

222

222 222 422 222 422 22 2� 	 ( )[ ( , ) ( , )] M 222
�

� 
�
S

Z Y Z Y MM RC Q M RC Q M dS

222

2222 422 222 422 22 2� ( )[ ( , ) ( , )]
22

�

� 
�
S

Z Z MM RC Q M RC Q M dS

222

222222 422 222 422 22 2� ( )[ ( , ) ( , )] 



 ��
S

M Y Z YM ZC Q M ZC Q M

322

322 322 422 322 422 32 2�� ( )[ ( , ) ( , )]dS M 322




 ��
S

M ZM ZC Q M ZC Q M dS

322

322 322 422 322 422 32 2�� ( )[ ( , ) ( , )] M 322




 ��
S

M Y Z YM ZS Q M ZS Q M

322

322 322 422 322 422 32 2� 	 ( )[ ( , ) ( , )]dS M 322
�

� ��
S

M ZM ZS Q M ZS Q M dS

322

322 322 422 322 422 32 2� 	 ( )[ ( , ) ( , )] M 322




 ��
S

M Y Z YM ZS Q M ZS Q M

422

422 422 422 422 422 42 2� 	 ( )[ ( , ) ( , )]dS M 422
�

� ��
S

M ZM ZS Q M ZS Q M dS

422

422 422 422 422 422 42 2� 	 ( )[ ( , ) ( , )] M 422
�

Â.Ô. Åâäîêèìîâ, Å.È. Ïåòðóøåíêî, Â.À. Êó÷àåâ

38 ISSN 0204–3572. Electronic Modeling. 2013. V. 35. ¹ 1



� 
�
S

Z Y Z Y MM RC Q M RC Q M dS

422

4422 422 422 422 42 2� ( )[ ( , ) ( , )]
22

�

� 
�
S

Z Z MM RC Q M RC Q M dS

422

422422 422 422 422 42 2� ( )[ ( , ) ( , )] �

� � F Qz
ZY

4 422( ), Q S422 422 . (38)

Äëÿ äàëüíåéøèõ ïðåîáðàçîâàíèé óðàâíåíèå (38) çàïèøåì â ñëåäóþ-
ùåì âèäå:
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Ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:
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 ,
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�Y YZC Q M ZC Q M ZC Q M( , ) ( , ) ( , )422 322 422 322 422 322� 
 ,

�Y Z Z Z YZC Q M ZC Q M ZC Q M( , ) ( , ) ( , )422 32 2 422 32 2 422 32 2� 
 ,

�Y YZS Q M ZS Q M ZS Q M( , ) ( , ) ( , )422 322 422 322 422 322� � 
 , (40)
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 ,
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�Y YRC Q M RC Q M RC Q M( , ) ( , ) ( , )422 422 422 422 422 422� � � ,

�Y Z Z Z YRC Q M RC Q M RC Q M( , ) ( , ) ( , )422 42 2 422 42 2 422 42 2� � � .

Èñïîëüçóÿ îáîçíà÷åíèÿ (40), çàïèøåì óðàâíåíèå (39) â âèäå
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Âûâîäû

Òàêèì îáðàçîì äîñòèãíóòà ïîñòàâëåííàÿ öåëü ïðåîáðàçîâàòü ïîëó÷åííóþ

â [3] ÑêÑÈÓ ñ ó÷åòîì ñîîòíîøåíèé ñèììåòðèè ïî êîîðäèíàòå Y â ïðîåê-

öèÿõ íà îñè öèëèíäðè÷åñêîé ñèñòåìû êîîðäèíàò âåêòîðîâ ïëîòíîñòè èñ-

òî÷íèêîâ k-é ÑÑ ìàãíèòíîãî ïîëÿ. Îáëàñòüþ îïðåäåëåíèÿ íîâîé ÑêÑÈÓ

(13), (16), (24), (29), (36), (41) ÿâëÿåòñÿ ÷àñòü ïîâåðõíîñòè ìàãíèòîïðîâîäà

ñòàòîðà, ëåæàùàÿ âûøå êîîðäèíàòíîé ïëîñêîñòè XOY è âïðàâî îò êîîðäè-

íàòíîé ïëîñêîñòè XOZ, êîòîðîé ïðèíàäëåæàò òî÷êè M X Y ZM M M( , , ) ñ

êîîðäèíàòàìè ZM � 0 è YM � 0. Ýòî ïîçâîëÿåò ñóùåñòâåííî ñîêðàòèòü

îáúåì âû÷èñëåíèé, íåîáõîäèìûõ äëÿ ñîñòàâëåíèÿ ìàòðèöû àïïðîêñèìè-

ðóþùåé àëãåáðàè÷åñêîé ñèñòåìû è åå ðåøåíèÿ.

The scalar system of integral equations (ScSIE) obtained in [1—3] will be transformed taking
into account symmetries on Y coordinate in the projections of stator magnetic-field sources den-
sity k SC. The range of obtained ScSIE definition is part of stator magnetic core surface, lying
higher than symmetry plane XOY and at the right of coordinate plane XOZ. This circumstance re-
duces considerably the calculations volume, related to matrix drafting of the approximating alge-
braic system and its decision, substantially.
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