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

Ñêàëÿðíàÿ ñèñòåìà èíòåãðàëüíûõ óðàâíåíèé (ÑêÑÈÓ) [1, 2] ïðåîáðàçîâàíà ñ ó÷åòîì ñèì-
ìåòðèè ïî êîîðäèíàòå Z â ïðîåêöèÿõ ïëîòíîñòåé èñòî÷íèêîâ k-é ñèììåòðè÷íîé ñîñòàâ-
ëÿþùåé ìàãíèòíîãî ïîëÿ ñòàòîðà. Îáëàñòüþ îïðåäåëåíèÿ ÑêÑÈÓ, ïîëó÷åííîé ïîñëå óêàçàí-
íûõ ïðåîáðàçîâàíèé, ÿâëÿåòñÿ ÷àñòü ïîâåðõíîñòè ìàãíèòîïðîâîäà ñòàòîðà, ëåæàùàÿ âûøå
ïëîñêîñòè ñèììåòðèè, ò.å. êîîðäèíàòíîé ïëîñêîñòè XOY. Ýòî îáñòîÿòåëüñòâî ñóùåñòâåííî
ñîêðàùàåò îáúåì âû÷èñëåíèé, ñâÿçàííûé ñ ñîñòàâëåíèåì ìàòðèöû àïïðîêñèìèðóþùåé
àëãåáðàè÷åñêîé ñèñòåìû è åå ðåøåíèåì.

Ñêàëÿðíó ñèñòåìó ³íòåãðàëüíèõ ð³âíÿíü (ÑêÑ²Ð) [1, 2] ïåðåòâîðåíî ç óðàõóâàííÿì ñè-
ìåòð³¿ ïî êîîðäèíàò³ Z â ïðîåêö³ÿõ ù³ëüíîñò³ äæåðåë k-¿ ñèìåòðè÷íî¿ ñêëàäîâî¿ ìàãí³òíîãî
ïîëÿ ñòàòîðà. Îáëàñòþ âèçíà÷åííÿ ÑêÑ²Ð, îòðèìàíîþ ï³ñëÿ âêàçàíèõ ïåðåòâîðåíü, º ÷àñ-
òèíà ïîâåðõí³ ìàãí³òîïðîâîäó ñòàòîðà, ùî ëåæèòü âèùå ïëîùèíè ñèìåòð³¿, òîáòî êîîðäè-
íàòíî¿ ïëîùèíè XOY. Öÿ îáñòàâèíà ³ñòîòíî ñêîðî÷óº îá’ºì îá÷èñëåíü, ïîâ’ÿçàíèé ³ç
ñêëàäàííÿì ìàòðèö³ àïðîêñèìóþ÷î¿ àëãåáðà¿÷íî¿ ñèñòåìè òà ¿¿ ð³øåííÿì.

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.

Ðàçðàáîòêà èíòåãðàëüíîé ìîäåëè òðåõìåðíîãî âðàùàþùåãîñÿ ìàãíèòíîãî

ïîëÿ (ÂÌÏ) òðeõôàçíîãî öèëèíäðè÷åñêîãî ýëåêòðîìàãíèòíîãî ïåðåìåøè-

âàòåëÿ (ÝÌÏ) íà îñíîâå ñèììåòðè÷íûõ ñîñòàâëÿþùèõ (ÑÑ) ñîñòîèò èç

òðåõ ýòàïîâ:

1) ðàçëîæåíèå íåñèììåòðè÷íîãî ðåçóëüòèðóþùåãî ÂÌÏ íà ÑÑ;

2) ïðåîáðàçîâàíèå âåêòîðíîãî èíòåãðàëüíîãî óðàâíåíèÿ (ÂÈÓ) äëÿ

ïëîòíîñòè èñòî÷íèêîâ îäíîé èç ÑÑ ìàãíèòíîãî ïîëÿ (áóäåì ñ÷èòàòü åå k-é

ÑÑ) ê ñêàëÿðíîé ñèñòåìå èíòåãðàëüíûõ óðàâíåíèé (ÑêÑÈÓ) îòíîñèòåëüíî

ïðîåêöèé íà îñè öèëèíäðè÷åñêîé ñèñòåìû êîîðäèíàò âåêòîðîâ ïëîòíîñòè

èñòî÷íèêîâ k-é ÑÑ ìàãíèòíîãî ïîëÿ;
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3) ïðåîáðàçîâàíèå ïîëó÷åííîé ÑêÑÈÓ ñ ó÷åòîì ñîîòíîøåíèé ñèì-
ìåòðèè â ïðîåêöèÿõ íà îñè öèëèíäðè÷åñêîé ñèñòåìû êîîðäèíàò âåêòîðîâ
ïëîòíîñòè èñòî÷íèêîâ k-é ÑÑ ìàãíèòíîãî ïîëÿ ïî êîîðäèíàòàì � �, , Z.

Ïåðâûå äâà ýòàïà ïîäðîáíî îïèñàíû â ðàáîòàõ [1, 2], ãäå â ÷àñòíîñòè
ÂÌÏ ÝÌÏ ðàçëîæåíî íà òðè ÑÑ, èç êîòîðûõ k-ÿ ÑÑ ñîçäàåòñÿ òîêîì â
îáìîòêå k-é ôàçû ïðè íóëåâûõ òîêàõ â îáìîòêàõ k + 1 è k – 1 ôàç. Äëÿ íà-
õîæäåíèÿ ÂÌÏ â ïðîñòðàíñòâå â äàííûé ìîìåíò âðåìåíè ìîäåëèðóåòñÿ
k-ÿ ÑÑ. Ïîëå k + 1 ÑÑ ïîëó÷àåòñÿ ïîâîðîòîì k-é ÑÑ âîêðóã îñè ñèñòåìû íà
120 ãðàä ïî ÷àñîâîé ñòðåëêå, à ïîëå k – 1 ÑÑ — ïîâîðîòîì ïîëÿ k-é ÑÑ
âîêðóã îñè ñèñòåìû íà 120 ãðàä ïðîòèâ ÷àñîâîé ñòðåëêè.

Ïðè ìîäåëèðîâàíèè k-é ÑÑ èñïîëüçîâàíà êîíöåïöèÿ ñâÿçàííûõ òîêîâ
íàìàãíè÷åííîñòè, ïîçâîëÿþùàÿ âûïîëíÿòü ìîäåëèðîâàíèå ïðè ëþáîé êîí-
ôèãóðàöèè ìàãíèòîïðîâîäà è îáìîòîê ñ òîêîì è ëþáîì èõ âçàèìíîì ðàñ-
ïîëîæåíèè. Âåêòîðíîå èíòåãðàëüíîå óðàâíåíèå äëÿ ïëîòíîñòè òîêîâ íàìàã-
íè÷åííîñòè íà ïîâåðõíîñòè öèëèíäðè÷åñêîãî ìàãíèòîïðîâîäà ïðåîáðàçî-
âàíî ê ñèñòåìå ÷åòûðåõ ÂÈÓ, êîòîðûå, â ñâîþ î÷åðåäü, ïðåîáðàçîâàíû ê
ÑêÑÈÓ îòíîñèòåëüíî ïðîåêöèé íà îñè öèëèíäðè÷åñêîé ñèñòåìû êîîðäè-
íàò âåêòîðîâ ïëîòíîñòè èñòî÷íèêîâ k-é ÑÑ ìàãíèòíîãî ïîëÿ.

Ïðåîáðàçóåì óêàçàííóþ ÑêÑÈÓ ñ ó÷åòîì ñèììåòðèè â ïðîåêöèÿõ íà
îñè öèëèíäðè÷åñêîé ñèñòåìû êîîðäèíàò âåêòîðîâ ïëîòíîñòè èñòî÷íèêîâ
k-é ÑÑ ìàãíèòíîãî ïîëÿ ïî êîîðäèíàòå Z. Îáëàñòüþ îïðåäåëåíèÿ íîâîé
ÑêÑÈÓ, ïîëó÷åííîé ïîñëå ïðåîáðàçîâàíèé, ÿâëÿåòñÿ ÷àñòü ïîâåðõíîñòè
ìàãíèòîïðîâîäà ñòàòîðà, ëåæàùàÿ âûøå ïëîñêîñòè ñèììåòðèè XOY.

Â [1] ïîëó÷åíà âåêòîðíàÿ ÑÈÓ (ÂÑÈÓ) äëÿ âåêòîðîâ ïëîòíîñòè èñòî÷-

íèêîâ k-é ÑÑ ìàãíèòíîãî ïîëÿ ñòàòîðà ÝÌÏ íà êàíîíè÷åñêèõ ó÷àñòêàõ

ïîâåðõíîñòè ìàãíèòîïðîâîäà. Íà ðèñ. 1 ïðåäñòàâëåíà ñõåìà ìàãíèòîïðî-

âîäà ÝÌÏ â äåêàðòîâîé XYZ è öèëèíäðè÷åñêîé ��Z ñèñòåìàõ êîîðäèíàò, à

íà ðèñ. 2 — ñõåìà îáìîòêè k-é ôàçû.
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Ïîñëåäîâàòåëüíî ïîëàãàÿ â (1) Q S2 2 , Q S3 3 , Q S4 4 , ïîëó÷àåì âòîðîå,

òðåòüå è ÷åòâåðòîå ÂÈÓ ñèñòåìû (1).
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Â ðàáîòå [2] ÂÑÈÓ (1) ïðåîáðàçîâàíà ê ÑêÑÈÓ îòíîñèòåëüíî ïðîåê-
öèè íà îñè öèëèíäðè÷åñêîé ñèñòåìû êîîðäèíàò âåêòîðîâ ïëîòíîñòè èñ-
òî÷íèêîâ k-é ÑÑ ìàãíèòíîãî ïîëÿ ñòàòîðà. Ïðè ýòîì ïåðâîìó óðàâíåíèþ
ÂÑÈÓ (1) ñîîòâåòñòâóþò ïåðâîå è âòîðîå óðàâíåíèÿ ÑêÑÈÓ, âòîðîìó óðàâ-
íåíèþ ÂÑÈÓ (1) — òðåòüå è ÷åòâåðòîå óðàâíåíèÿ ÑêÑÈÓ, òðåòüåìó óðàâíå-
íèþ ÂÑÈÓ (1) — ïÿòîå è øåñòîå óðàâíåíèÿ ÑêÑÈÓ, ÷åòâåðòîìó óðàâ-
íåíèþ ÂÑÈÓ (1) — ñåäüìîå è âîñüìîå óðàâíåíèÿ ÑêÑÈÓ. Â äàííîì
ñëó÷àå óêàçàííàÿ ÑêÑÈÓ ïðåîáðàçóåòñÿ ñ ó÷åòîì ñèììåòðèé ïî êîîðäè-
íàòå Z â ïëîòíîñòÿõ èñòî÷íèêîâ k-é ÑÑ ìàãíèòíîãî ïîëÿ ñòàòîðà.

Ââåäåì îáîçíà÷åíèÿ, êîòîðûå èñïîëüçóåì ïðè ïðåîáðàçîâàíèè èíòåãðàëü-
íûõ óðàâíåíèé (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( , , )
 ñèììåòðè÷íà òî÷êå Ì
îòíîñèòåëüíî êîîðäèíàòíîé ïëîñêîñòè XOY. Ïóñòü òàêæå S 2 — âíóòðåí-
íÿÿ áîêîâàÿ ïîâåðõíîñòü ìàãíèòîïðîâîäà; S 21 — ÷àñòü ïîâåðõíîñòè S 2,
êîòîðîé ïðèíàäëåæàò òî÷êè M Z , ëåæàùàÿ ïîä ïëîñêîñòüþ XOY; S 22 —
÷àñòü ïîâåðõíîñòè S 2, êîòîðîé ïðèíàäëåæàò òî÷êè M, ëåæàùàÿ íàä ïëîñ-
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êîñòüþ XOY; S 3 èëè S 32 — âåðõíåå îñíîâàíèå ïîâåðõíîñòè ìàãíèòî-
ïðîâîäà, êîòîðîìó ïðèíàäëåæàò òî÷êè M; S 4 — âíåøíÿÿ áîêîâàÿ ïîâåðõ-
íîñòü ìàãíèòîïðîâîäà; S 41 — ÷àñòü ïîâåðõíîñòè S 4, êîòîðîé ïðèíàäëåæàò
òî÷êè M Z , ëåæàùàÿ ïîä ïëîñêîñòüþ XOY; S 42 — ÷àñòü ïîâåðõíîñòè S 4,
êîòîðîé ïðèíàäëåæàò òî÷êè M, ëåæàùàÿ íàä ïëîñêîñòüþ XOY.

Â ðàáîòå [2] âòîðîå ÂÈÓ ÂÑÈÓ (1) ïðåîáðàçîâàíî ê òðåòüåìó è ÷åòâåð-

òîìó ÈÓ ÑêÑÈÓ. Â îïåðàòîðíîé ôîðìå ýòè óðàâíåíèÿ èìåþò âèä
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Èñïîëüçóÿ ñîîòíîøåíèÿ ñèììåòðèè

M M Z1 3	 , � �� �M MM M
1 31 3( ) ( )	 
 ,

M M Z1 3	 , � �� �M MM M
1 31 3( ) ( )	 
 ,

M M Z21 22	 , � �� �M MM M
21 2221 22( ) ( )	 
 ,

M M Z41 42	 , � �� �M MM M
41 4241 42( ) ( )	 
 , (7)

M M Z21 22	 , � �ZM ZMM M
21 2221 22( ) ( )	 ,

M M Z41 42	 , � �ZM ZMM M
41 4241 42( ) ( )	 ,

çàïèøåì óðàâíåíèÿ (5) è (6) ñ ó÷åòîì ñèììåòðèè ïî êîîðäèíàòå Z â ïëîò-

íîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèòíîãî ïîëÿ:
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Çäåñü F QZ
2 22�( ) è F QZ

Z
2 22( ) ïðåîáðàçîâàíû ñ ó÷åòîì ñèììåòðèè ïî êîîðäè-

íàòå Z â ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèòíîãî ïîëÿ F Q2 2�( ) è F QZ2 2( ).

Ââåäåì îáîçíà÷åíèÿ:

[ ( , ) ( , )] ( , )RC Q M RC Q M RC Q MZ Z22 22 22 22 22 22
 	 � ,

[ ( , ) ( , )] ( , )RC Q M RC Q M RC Q MZ Z22 3 22 3 22 3
 	 � ,

[ ( , ) ( , )] ( , )RC Q M RC Q M RC Q MZ Z22 42 22 42 22 42
 	 � ,
(10)

[ ( , ) ( , )] ( , )RS Q M RS Q M RS Q MZ Z22 3 22 3 22 3
 	 � .

Òåïåðü çàïèøåì óðàâíåíèÿ (8),èñïîëüçóÿ ââåäåííûå îáîçíà÷åíèÿ (10):

2
22

22

22 2222 22 22 22

�

�
� �� �Q

S

Z M MQ RC Q M M ds( ) ( , ) ( )
 
� �


 
� �
S

Z M M

S

Z MRS Q M M ds RC Q M M

3

3 3

3

322 3 3 22 3� �( , ) ( ) ( , ) (� �� � 3 3
) dsM 



 	 
�
S

Z M MRC Q M M ds F Q

42

42 4222 42 42 2 22� �( , ) ( ) ( )� � � , Q S22 22 . (11)

Ââåäåì îáîçíà÷åíèÿ:

[ ( , ) ( , )] ( , )ZS Q M ZS Q M ZS Q MZ Z22 22 22 22 22 22
 	 � ,

CR Q M CR Q M CR Q MZ

Z

( , ) ( , ) ( , )22 22 22 22 22 22� 	 � ,

ZC Q M ZC Q M ZC Q MZ Z( , ) ( , ) ( , )22 3 22 3 22 3
 	 � ,

ZS Q M ZS Q M ZS Q MZ Z( , ) ( , ) ( , )22 3 22 3 22 3
 	 � ,
(12)

ZS Q M ZS Q M ZS Q MZ Z( , ) ( , ) ( , )22 42 22 42 22 42
 	 � ,

CR Q M CR Q M CR Q MZ

Z

( , ) ( , ) ( , )22 42 22 42 22 42� 	 � .

Çàïèøåì óðàâíåíèÿ (9), èñïîëüçóÿ ââåäåííûå îáîçíà÷åíèÿ (12):

2
22 22 22 22

22

22 22

�

�
� � �z

S

Z M MQ ZS Q M M ds( ) ( , ) ( )� �� �

� 
� � �
S Z

z M

S

Z MCR Q M M ds ZC Q M

22

22

3

322 22 22 22 3( , ) ( ) ( , )� ��� ( )M dsM3 3
�

� �� �
S

Z M M

S

Z MZS Q M M ds ZS Q M

3

3 3

42

422 3 3 22 42� �( , ) ( ) ( , )� �� � 2 4242( )M dsM �

� 	 
� �
S Z

z M ZCR Q M M ds F Q

42

4222 42 42 2 22( , ) ( ) ( )� � , Q S22 22 . (13)

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

8 ISSN 0204–3572. Electronic Modeling. 2012. V. 34. ¹ 6



Â ðàáîòå [2] òðåòüå ÂÈÓ ÂÑÈÓ (1) ïðåîáðàçîâàíî ê ïÿòîìó è øåñòîìó

ÈÓ ÑêÑÈÓ. Â îïåðàòîðíîé ôîðìå ýòè óðàâíåíèÿ èìåþò âèä

2
3 31 31 32 32 34

�

�
� � � � � �� � � �Q

Q ZC ZS CR ZS CRM M z M Z( )
 � � � � �

� 	 
ZS F QM34 3 3� � �( ), Q S3 3 ; (14)

2
3 31 31 32 32 34

�

�
� � � � � �� � � �Q

Q ZS ZC SR ZC SRM M z M Z( )
 
 � 
 � 



 	 
ZC F QM34 3 3� � �( ), Q S3 3 . (15)

Èñïîëüçóÿ ââåäåííûå â [1, 2] îáîçíà÷åíèÿ îïåðàòîðîâ, çàïèøåì ÈÓ (14) è

(15) â ðàçâåðíóòîì âèäå:

2
3

2

2 23 3 2 2

�

�
� �� �Q

S

M MQ t ZS Q M M ds( , ) ( , ) ( )� ��

� 
 �� �
S

z M

S

M MCR Q M M ds ZC Q M M ds

2

2

1

1 13 2 2 3 1 1( , ) ( ) ( , ) ( )� ��

� �� �
S

M M

S

M MZS Q M M ds ZS Q M M ds

1

1 1

4

4 43 1 1 3 4 4( , ) ( ) ( , ) ( )� �� � �

� 	 
�CR Q M M ds F Q

S

z M

4

43 4 4 3 3( , ) ( ) ( ),� � Q S3 3 ; (16)

2
3

2

2 23 3 2 2

�

�
� �� �Q

S

M MQ t ZC Q M M ds( , ) ( , ) ( )
 ��

� 
 
� �
S

z M

S

M MSR Q M M ds ZS Q M M ds

2

2

1

1 13 2 2 3 1 1( , ) ( ) ( , ) ( )� ��


 
� �
S

M M

S

M MZC Q M M ds ZC Q M M ds

1

1 1

4

4 43 1 1 3 4 4( , ) ( ) ( , ) ( )� �� � �

� 	 
� SR Q M M ds F Q

S

z M

4

43 4 4 3 3( , ) ( ) ( ),� � Q S3 3 . (17)

Èñïîëüçóÿ ñîîòíîøåíèÿ ñèììåòðèè (7), ïðåîáðàçóåì óðàâíåíèÿ (16) è

(17) ñ ó÷åòîì ñèììåòðèè ïî êîîðäèíàòå Z â ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ

ìàãíèòíîãî ïîëÿ:

2
3

22

223 22 3 22 3 22

�

�
� �� �Q

S

M ZQ M ZS Q M ZS Q M( ) ( )[ ( , ) ( , )]� 
� dsM 22
�
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� � ��
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 ; (18)

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� � ( )[ ( , ) ( , )]

� � 	 
�
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 .
(19)

Çäåñü F QZ
3 3� ( ) è F QZ

3 3�( ) — ïðåîáðàçîâàííûå ñ ó÷åòîì ñèììåòðèè ïî êîîð-

äèíàòå Z â ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèòíîãî ïîëÿ F Q3 3�( )è F Q3 3�( ).

Ââåäåì îáîçíà÷åíèå ÿäåð óðàâíåíèÿ (18):

ZS Q M ZS Q M ZS Q MZ Z( , ) ( , ) ( , )3 22 3 22 3 22
 	 � ,

CR Q M CR Q M CR Q MZ

Z

( , ) ( , ) ( , )3 22 3 22 3 22� 	 � ,


 	ZC Q M ZC Q MZ Z( , ) ( , )3 3 3 3� ,


 	ZS Q M ZS Q MZ Z( , ) ( , )3 3 3 3� ,
(20)

ZS Q M ZS Q M ZS Q MZ Z( , ) ( , ) ( , )3 42 3 42 3 42
 	 � ,

CR Q M CR Q M CR Q MZ

Z

( , ) ( , ) ( , )3 42 3 42 3 42� 	 � .
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Èñïîëüçóÿ (20), çàïèøåì óðàâíåíèÿ (18) â ñëåäóþùåì âèäå:

2
3

22

22 223 22 3 22

�

�
� �� �Q

S

M Z MQ M ZS Q M ds( ) ( ) ( , )� �� �

� 
� � �
S

z

Z

M

S

M ZM CR Q M ds M ZC Q M

22

22

3

322 3 22 3 3� ��( ) ( , ) ( ) ( ,� 3 3
) dsM �

� �� �
S

M Z M

S

M ZM ZS Q M ds M ZS Q

3

3 3

42

423 3 3 42 3� �� �( ) ( , ) ( ) ( ,� � M dsM42 42
) �

� 	 
� �
S

z

Z

M
ZM CR Q M ds F Q

42

4242 3 42 3 3� �( ) ( , ) ( ), Q S3 3 . (21)

Ââåäåì îáîçíà÷åíèå ÿäåð óðàâíåíèÿ (19):

ZC Q M ZC Q M ZC Q MZ Z( , ) ( , ) ( , )3 22 3 22 3 22
 	 � ,

SR Q M SR Q M SR Q MZ

Z

( , ) ( , ) ( , )3 22 3 22 3 22� 	 � ,


 	ZS Q M ZS Q MZ Z( , ) ( , )3 3 3 3� ,


 	ZC Q M ZC Q MZ Z( , ) ( , )3 3 3 3� ,
(22)

ZC Q M ZC Q M ZC Q MZ Z( , ) ( , ) ( , )3 42 3 42 3 42
 	 � ,

SR Q M SR Q M SR Q MZ

Z

Z( , ) ( , ) ( , )3 42 3 42 3 42� 	 � .

Èñïîëüçóÿ îáîçíà÷åíèÿ (22), çàïèøåì óðàâíåíèå (19) â âèäå

2
3

22

22 223 22 3 22

�

�
� �� �Q

S

M Z MQ M ZC Q M ds( ) ( ) ( , )
 �� �

� 
� � �
S

z

Z

M

S

M ZM SR Q M ds M ZS Q M

22

22

3

322 3 22 3 3� ��( ) ( , ) ( ) ( ,� 3 3
) dsM 



 
� �
S

M Z M

S

M ZM ZC Q M ds M ZC Q

3

3 3

42

423 3 3 42 3� �� �( ) ( , ) ( ) ( ,� � M dsM42 42
) �

� 	 
� �
S

z

Z

Z M
ZM SR Q M ds F Q

42

4242 3 42 3 3� �( ) ( , ) ( ), Q S3 3 . (23)

Â [2] ÷åòâeðòîå ÂÈÓ ÂÑÈÓ (1) ïðåîáðàçîâàíî ê ñåäüìîìó è âîñüìîìó
ÈÓ ÑêÑÈÓ.Â îïåðàòîðíîé ôîðìå ýòè óðàâíåíèÿ èìåþò âèä

2
4 41 41 42 43 43

�

�
� � � � � �� � � � � �Q

Q RS RC RC RS RCM M M M M( )� � � � � �
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� 	 
RC F QM44 4 4� � �( ), Q S4 4 ; (24)

2
4 41 41 42 42 43

�

�
� � � � � �� � � �z M M M z MQ ZC ZS ZS RC ZC( )� 
 
 
 � 



 
 
 	 
ZS ZS RC F QM M z Z43 44 44 4 4� � �� � ( ), Q S4 4 . (25)

Èñïîëüçóÿ ââåäåííûå â [1, 2] îáîçíà÷åíèÿ îïåðàòîðîâ, çàïèøåì èíòå-
ãðàëüíûå óðàâíåíèÿ (24) è (25) â ðàçâåðíóòîì âèäå:

2
4 4 1 1

1

1 1

�

�
� �� �Q

S

M MQ RS Q M M dS( ) ( , ) ( )� ��

� �� �
S

M M

S

M MRC Q M M dS RC Q M M dS

1

1 1

2

2 24 1 1 4 2 2( , ) ( ) ( , ) ( )� �� � �

� �� �
S

M M

S

M MRS Q M M dS RC Q M M dS

3

3 3

3

3 34 3 3 4 3 3( , ) ( ) ( , ) ( )� �� � �

� 	 
�
S

M MRC Q M M dS F Q

4

4 44 4 4 4 4( , ) ( ) ( )� � � , Q S4 4 ; (26)

2
4 4 1 1 4 1

1

1 1

1

�

�
� � �� �z

S

M

S

Q ZC Q M M dS ZS Q M
M M

( ) ( , ) ( ) ( , )� 
� � 1 11( )M dS M 



 
 �� �
S

M

S

Z MZS Q M M dS RC Q M M dS
M

2

2 2

2

24 2 2 4 2 2( , ) ( ) ( , ) ( )� ��

� 
� �
S

M

S

MZC Q M M dS ZS Q M M dS
M M

3

3 3

3

3 34 3 3 4 3 3( , ) ( ) ( , ) ( )� �� � 


� 
 	� �
S

M

S

Z MZS Q M M dS RC Q M M dS
M

4

4 4

4

44 4 4 4 4 4( , ) ( ) ( , ) ( )� ��

	 
F Qz4 4( ), Q S4 4 . (27)

Èñïîëüçóÿ ñîîòíîøåíèå ñèììåòðèè (7), ïðåîáðàçóåì óðàâíåíèÿ (26) è

(27) ñ ó÷åòîì ñèììåòðèè ïî êîîðäèíàòå Z â ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ

ìàãíèòíîãî ïîëÿ :

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�� ( )[ ( , ) ( , )]
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� 
 ��
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 ; (28)

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 M Z
ZM RC Q M RC Q M dS F

42

4242 42 42 42 42 4� ( )[ ( , ) ( , )] (Q42 ), Q S42 42 .
(29)

Çäåñü F QZ
4 42�( ) è F QZ

Z
4 42( ) ïðåîáðàçîâàíû ñ ó÷åòîì ñèììåòðèè ïî êîîð-

äèíàòå Z â ïëîòíîñòÿõ èñòî÷íèêîâ ÑÑ ìàãíèòíîãî ïîëÿ F Q4 4�( )è F QZ4 4( ).

Ââåäåì îáîçíà÷åíèÿ:

RC Q M RC Q M RC Q MZ Z( , ) ( , ) ( , )42 22 42 22 42 22
 	 � ,

RS Q M RS Q M RS Q MZ Z( , ) ( , ) ( , )42 3 42 3 42 3
 	 � ,

RC Q M RC Q M RC Q MZ Z( , ) ( , ) ( , )42 3 42 3 42 3
 	 � ,
(30)

RC Q M RC Q M RC Q MZ Z( , ) ( , )] ( , )42 42 42 42 42 42
 	 � .

Çàïèøåì óðàâíåíèÿ (28), èñïîëüçóÿ îáîçíà÷åíèÿ (30):

2
42

22

22 2242 22 42 22

�

�
� �� �Q

S

M Z MQ M RC Q M dS( ) ( ) ( , )� �� �

� �� �
S

M Z M

S

M ZM RS Q M ds M RC Q M

3

3 3

3

33 42 3 3 42� �� �( ) ( , ) ( ) ( ,� � 3 3
) dS M �
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� 	 
�
S

M Z M
ZM RC Q M dS F Q

42

4 4242 42 42 4 42� � �( ) ( , ) ( )� , Q S42 42 . (31)

Ââåäåì îáîçíà÷åíèÿ:

ZS Q M ZS Q M ZS Q MZ Z( , ) ( , ) ( , )42 22 42 22 42 22
 	 � ,

RC Q M RC Q M RC Q MZ

Z

( , ) ( , ) ( , )42 22 42 22 42 22� 	 � ,

ZC Q M ZC Q M ZC Q MZ Z( , ) ( , ) ( , )42 3 42 3 42 3
 	 � ,

ZS Q M ZS Q M ZS Q MZ Z( , ) ( , ) ( , )42 3 42 3 42 3
 	 � , (32)

ZS Q M ZS Q M ZS Q MZ Z( , ) ( , ) ( , )42 42 42 42 42 42
 	 � ,

RC Q M RC Q M RC Q MZ

Z

( , ) ( , ) ( , )42 42 42 42 42 42� 	 � .

Çàïèøåì óðàâíåíèÿ (29), èñïîëüçóÿ îáîçíà÷åíèÿ (32):

2
42 22 42 22

22

22 22

�

�
� � �z

S

M Z MQ M ZS Q M dS( ) ( ) ( , )
 
� �


 �� � �
S

z

Z

M

S

M ZM RC Q M dS M ZC Q

22

22

3

322 42 22 3 42� ��( ) ( , ) ( ) (� , )M dS M3 3




 
� �
S

M Z M

S

M ZM ZS Q M dS M ZS Q

3

3 3

42

423 42 3 42 4� �� �( ) ( , ) ( ) (� � 2 42 42
, )M dS M 



 	 
� �
S

z

Z

M Z
ZM RC Q M dS F Q

42

4242 42 42 4 42� ( ) ( , ) ( ), Q S42 42 . (33)

Âûâîäû

Ñêàëÿðíàÿ ÑÈÓ îòíîñèòåëüíî ïðîåêöèé âåêòîðîâ ïëîòíîñòåé èñòî÷íèêîâ

k-é ÑÑ ìàãíèòíîãî ïîëÿ ñòàòîðà ÝÌÏ, ïîëó÷åííàÿ â [2], ïðåîáðàçîâàíà ñ

ó÷åòîì ñèììåòðèè ïî êîîðäèíàòå Z â ïðîåêöèÿõ ïëîòíîñòåé èñòî÷íèêîâ

k-é ÑÑ ìàãíèòíîãî ïîëÿ ñòàòîðà. Â ðåçóëüòàòå ïîëó÷åíà íîâàÿ ÑêÑÈÓ

(11), (13), (21), (23), (31), (33). Â îòëè÷èå îò èñõîäíîé ÑêÑÈÓ, îáëàñòüþ

îïðåäåëåíèÿ êîòîðîé ÿâëÿåòñÿ âñÿ ïîâåðõíîñòü ìàãíèòîïðîâîäà, îáëàñòüþ

îïðåäåëåíèÿ ïîëó÷åííîé ÑêÑÈÓ ÿâëÿåòñÿ ÷àñòü ïîâåðõíîñòè ìàãíèòîïðî-

âîäà ñòàòîðà, ëåæàùàÿ âûøå êîîðäèíàòíîé ïëîñêîñòè XOY. Ïîëó÷åííàÿ

ÑêÑÈÓ áîëåå íèçêîãî ïîðÿäêà (èìååò øåñòü èñêîìûõ ôóíêöèé). Ýòî îáñòîÿ-

òåëüñòâî ñóùåñòâåííî ñîêðàùàåò îáúåì âû÷èñëåíèé, ñâÿçàííûé ñ ñîñòàâëå-

íèåì ìàòðèöû àïïðîêñèìèðóþùåé àëãåáðàè÷åñêîé ñèñòåìû è åå ðåøåíèåì.

Â. Ô. Åâäîêèìîâ, Å. È. Ïåòðóøåíêî, Â. À. Êó÷àåâ
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The scalar system of integral equations (ScSIE) [1,2] will be transformed taking into account
symmetries on Z coordinate in the projections of stator magnetic-field sources density k SC. The
range of ScSIE definition, obtained after the indicated transformations, is part of stator magnetic
core surface, lying higher than symmetry plane that is a XOY co-ordinate plane. This circum-
stance reduces considerably the calculations volume, related to matrix drafting of the approxi-
mating algebraic system and its decision, substantially.

1. Åâäîêèìîâ Â. Ô., Êó÷àåâ À. À., Ïåòðóøåíêî Å. È., Êó÷àåâ Â. À. Ìîäåëü òðåõìåðíîãî
ìàãíèòíîãî ïîëÿ ñòàòîðà öèëèíäðè÷åñêîãî ýëåêòðîìàãíèòíîãî ïåðåìåøèâàòåëÿ ñ
ó÷åòîì ðàñïðåäåëåíèÿ òîêîâ íàìàãíè÷åííîñòè ïî ïîâåðõíîñòè ìàãíèòîïðîâîäà.I //
Ýëåêòðîí. ìîäåëèðîâàíèå. — 2012. — 34, ¹ 1. — Ñ. 48—51.

2. Åâäîêèìîâ Â. Ô., Êó÷àåâ À. À., Ïåòðóøåíêî Å. È., Êó÷àåâ Â. À. Ìîäåëü òðåõìåðíîãî
ìàãíèòíîãî ïîëÿ ñòàòîðà öèëèíäðè÷åñêîãî ýëåêòðîìàãíèòíîãî ïåðåìåøèâàòåëÿ ñ
ó÷åòîì ðàñïðåäåëåíèÿ òîêîâ íàìàãíè÷åííîñòè ïî ïîâåðõíîñòè ìàãíèòîïðîâîäà. II //
Òàì æå. — 2012. — 34, ¹ 2. — Ñ. 51—75.

Ïîñòóïèëà 18.09.12

ÅÂÄÎÊÈÌÎÂ Âèêòîð Ôåäîðîâè÷, ÷ëåí-êîð. ÍÀÍ Óêðàèíû, äèðåêòîð Èí-òà ïðîáëåì ìîäå-

ëèðîâàíèÿ â ýíåðãåòèêå èì. Ã. Å. Ïóõîâà ÍÀÍ Óêðàèíû. Â 1963 ã. îêîí÷èë Õàðüêîâñêèé

ïîëèòåõíè÷åñêèé èí-ò. Îáëàñòü íàó÷íûõ èññëåäîâàíèé — òåîðèÿ ìîäåëèðîâàíèÿ ïðîöåññîâ è

ñèñòåì â ýíåðãåòèêå, òåîðèÿ ôóíêöèîíàëüíî-îðèåíòèðîâàííûõ êîìïüþòåðíûõ ñèñòåì, àíà-

ëèç è ñèíòåç ïàðàëëåëüíûõ âû÷èñëèòåëüíûõ ìåòîäîâ è ñèñòåì.

ÏÅÒÐÓØÅÍÊÎ Åâãåíèé Èâàíîâè÷, êàíä. òåõí. íàóê, ñò. íàó÷. ñîòð., çàâ. îòäåëîì ìîäåëè-

ðîâàíèÿ çàäà÷ ýëåêòðîìàãíèòíîé ãèäðîäèíàìèêè Èí-òà ïðîáëåì ìîäåëèðîâàíèÿ â ýíåðãåòèêå

èì. Ã. Å. Ïóõîâà ÍÀÍ Óêðàèíû. Â 1960 ã. îêîí÷èë Íîâî÷åðêàññêèé ïîëèòåõíè÷åñêèé èí-ò, à â

1963 ã. — Ðîñòîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò. Îáëàñòü íàó÷íûõ èññëåäîâàíèé —

ìîäåëèðîâàíèå ýëåêòðîìàãíèòíûõ ïîëåé.

ÊÓ×ÀÅÂ Âèòàëèé Àëåêñàíäðîâè÷, àñïèðàíò îòäåëà ìîäåëèðîâàíèÿ çàäà÷ ýëåêòðîìàãíèòíîé

ãèäðîäèíàìèêè Èí-òà ïðîáëåì ìîäåëèðîâàíèÿ â ýíåðãåòèêå èì. Ã. Å. Ïóõîâà ÍÀÍ Óêðàèíû. Â

2002 ã. îêîí÷èë Íàöèîíàëüíûé òåõíè÷åñêèé óíèâåðñèòåò Óêðàèíû «Êèåâñêèé ïîëèòåõíè÷åñ-

êèé èí-ò». Îáëàñòü íàó÷íûõ èññëåäîâàíèé — ìîäåëèðîâàíèå ýëåêòðîìàãíèòíûõ ïîëåé.

Èíòåãðàëüíàÿ ìîäåëü òðeõìåðíîãî âðàùàþùåãîñÿ ìàãíèòíîãî ïîëÿ ñòàòîðà
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