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Ïîíäåðîìîòîðíàÿ ñèëà ñöåïëåíèÿ äâóõ ïîñòîÿííûõ ìàãíèòîâ çàâèñèò îò èõ ôîðìû. Â ðà-

áîòå ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëåíèÿ îïòèìàëüíîé ôîðìû ýëëèïñîèäàëüíûõ ìàã-

íèòîâ, ïðè êîòîðîé ñèëà èõ ìàãíèòíîãî ñöåïëåíèÿ ìàêñèìàëüíà. Àíàëèçèðîâàëîñü âçàèìî-

äåéñòâèå äâóõ ïîëîâèíîê ìàãíèòà, ïðåäñòàâëÿþùåãî ñîáîé ýëëèïñîèä âðàùåíèÿ, è ìàãíèò

â âèäå äëèííîãî ñòåðæíÿ ñ ýëëèïòè÷åñêèì ïîïåðå÷íûì ñå÷åíèåì. Ïîëó÷åíû àíàëèòè÷å-

ñêèå ôîðìóëû äëÿ ñèë ñöåïëåíèÿ â ýòèõ ñëó÷àÿõ. Äëÿ ôèêñèðîâàííîé ìàññû èëè îáúåìà

ìàãíèòîâ ðåøåíà çàäà÷à îïòèìèçàöèè ñèëû ñöåïëåíèÿ è íàéäåíà ãåîìåòðè÷åñêàÿ ôîðìà,

ïðè êîòîðîé ñèëà ñöåïëåíèÿ áóäåò ìàêñèìàëüíîé. Ïîêàçàíî, ÷òî â ñëó÷àå ìàãíèòà â âèäå

ýëëèïñîèäà âðàùåíèÿ ìàêñèìàëüíàÿ ñèëà ñöåïëåíèÿ åãî ïîëîâèíîê (â ïðåíåáðåæåíèè ìàã-

íèòíûì íàòÿæåíèåì íà áîêîâûå ïîâåðõíîñòè) äîñòèãàåòñÿ ïðè ýêñöåíòðèñèòåòå 0,625958.

Âåëè÷èíà ìàêñèìàëüíîé ñèëû ñöåïëåíèÿ ïðåâûøàåò ñèëó ñöåïëåíèÿ ïîëîâèíîê îäíîðîä-

íî íàìàãíè÷åííîãî øàðîâîãî ìàãíèòà òàêîãî æå îáúåìà íà 1,7 %. Ïðè ýòîì ïëîùàäü ñöåï-

ëåíèÿ ýëëèïñîèäàëüíîãî ìàãíèòà áóäåò ìåíüøå ïëîùàäè ñöåïëåíèÿ øàðîâîãî ìàãíèòà íà

28 %. Íàéäåíà îïòèìàëüíàÿ ôîðìà ñòåðæíåâîãî ìàãíèòà ýëëèïòè÷åñêîãî ñå÷åíèÿ ñ ìàêñè-

ìàëüíîé ñèëîé ñöåïëåíèÿ åãî ïîëîâèíîê ïðè ôèêñèðîâàííîì îáúåìå ìàãíèòà. Ïîëó÷åíà

ôîðìóëà äëÿ ïîíäåðîìîòîðíîé ìàãíèòîñòàòè÷åñêîé ñèëû âçàèìîäåéñòâèÿ ïîëîâèíîê ñòåð-

æíåâîãî ìàãíèòà ñ ýëëèïòè÷åñêèì ñå÷åíèåì è ìàêñèìàëüíîé ñèëîé âçàèìîäåéñòâèÿ. ×èñ-

ëåííûå îöåíêè äëÿ ñïå÷åííîãî ñòåðæíåâîãî ìàãíèòà NdFeB ïîêàçàëè, ÷òî ïîíäåðîìîòîð-

íàÿ ñèëà âçàèìîäåéñòâèÿ ïðè ðàäèóñå ïîïåðå÷íîãî ñå÷åíèÿ 5 ñì ìîæåò äîñòèãàòü 2 ò íà 1 ì

äëèíû. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ïîâûøåíèè ýôôåêòèâíî-

ñòè óñòðîéñòâ íà ïîñòîÿííûõ ìàãíèòàõ.
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The ponderomotive force of the adhesion of two permanent magnets depends on their shape. We present

the results of determining the optimal shape of ellipsoidal magnets providing maximum magnetic adhe-
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sion between them. The interaction of two halves of a magnet, which is an ellipsoid of revolution, and a

magnet in the form of a long rod with an elliptical cross section, is analyzed. Analytical formulas for the co-

hesion forces in these cases are obtained. For a fixed mass or volume of magnets, the problem of optimiz-

ing the adhesion force is solved and a geometric shape which provide the maximum adhesion force is de-

termined. It is shown that in the case of a magnet in the form of an ellipsoid of revolution, the maximum

adhesion force of its halves (ignoring the magnetic tension on the side surfaces) is achieved at an eccentric-

ity of 0.625958. The magnitude of the maximum adhesion force exceeds the adhesion force of the halves of

a uniformly magnetized spherical magnet of the same volume by 1.7%. In this case, the adhesion area of

the ellipsoidal magnet will be less than the adhesion area of the spherical magnet by 28%. The optimal

form of a bar magnet with an elliptical section with the maximum force of adhesion of its halves at a fixed

volume of the magnet is determined. A formula is derived for the ponderomotive magnetostatic force of

the interaction between the halves of a bar magnet with an elliptical section and the maximum force of in-

teraction. Numerical estimates for a sintered NdFeB bar magnet showed that the ponderomotive force of

interaction with a cross-sectional radius of 5 cm can reach 2 tons per 1 m of length. The results obtained

can be used to improve the efficiency of devices based on permanent magnets.

Keywords: permanent magnets; magnetostatics; ponderomotive magnetic forces; magnetic levitation.

Ââåäåíèå

Ïîñòîÿííûå ìàãíèòû øèðîêî ïðèìåíÿþò â

ðàçëè÷íûõ òåõíè÷åñêèõ óñòðîéñòâàõ: â ìàãíèò-

íûõ ìóôòàõ, â êîòîðûõ ïðîèñõîäèò ñöåïëåíèå

âðàùàþùèõñÿ âàëîâ ïîñðåäñòâîì ïîíäåðîìîòîð-

íûõ ìàãíèòíûõ ñèë áåç íåïîñðåäñòâåííîãî êîí-

òàêòà ïîâåðõíîñòåé ìàòåðèàëà [1, 2], â ìàãíèò-

íûõ ïîäâåñàõ, äåðæàòåëÿõ è çàùåëêàõ [3 – 6],

â êà÷åñòâå áåñòîêîâûõ ñòàòîðîâ èëè ðîòîðîâ â

ýêîíîìè÷íûõ è ìèíèàòþðíûõ ýëåêòðîäâèãàòå-

ëÿõ è ãåíåðàòîðàõ [7 – 9], â ìàãíèòíîé ëåâèòàöè-

îííîé ñèñòåìå â ïîåçäàõ íà ìàãíèòíîé ïîäóøêå

(maglev) [10 – 14] è äð.

Ñîâðåìåííûå ïîñòîÿííûå ìàãíèòû íà îñíîâå

NdFeB è SmCo èìåþò âûñîêèå çíà÷åíèÿ íàìàã-

íè÷åííîñòè íàñûùåíèÿ, îñòàòî÷íîé èíäóêöèè,

êîýðöèòèâíîé ñèëû [15, 16]. Òàê, ñîåäèíåíèÿ

Nd2Fe14B õàðàêòåðèçóþòñÿ ðåêîðäíûìè çíà÷å-

íèÿìè ýíåðãåòè÷åñêîãî ïðîèçâåäåíèÿ (BH)max =

= 474 êÄæ/ì3 [15].

Ïîìèìî ðàçðàáîòêè íîâûõ ìàãíèòîòâåðäûõ

ìóëüòèêîìïîíåíòíûõ ìàòåðèàëîâ ñ âûñîêèìè

çíà÷åíèÿìè ìàãíèòíûõ ïàðàìåòðîâ [16 – 19], íå

ìåíå âàæíà çàäà÷à íàõîæäåíèÿ îïòèìàëüíîé

êîíôèãóðàöèè ïîñòîÿííûõ ìàãíèòîâ äëÿ ïîëó÷å-

íèÿ ìàêñèìàëüíîé ñèëû ìàãíèòíîãî ñöåïëåíèÿ.

Ïðèìåðîì ðåàëèçàöèè òàêîé çàäà÷è ìîæåò ñëó-

æèòü òàê íàçûâàåìàÿ ñáîðêà Õàëáàõà [20, 21] è

ìàãíèòíîå âçàèìîäåéñòâèå ðåøåòîê ïîñòîÿííûõ

ìàãíèòîâ [22, 23].

Öåëü ðàáîòû — îïðåäåëåíèå ôîðìû ýëëèï-

ñîèäàëüíûõ ìàãíèòîâ çàäàííîãî îáúåìà, ïðè êî-

òîðîé ñèëà èõ ñöåïëåíèÿ áóäåò ìàêñèìàëüíîé.

Ïîñòàíîâêà çàäà÷è

Íà ðèñ. 1 ïðåäñòàâëåíà êîíôèãóðàöèÿ âçàè-

ìîäåéñòâóþùèõ ïîëîâèíîê ïîñòîÿííîãî ýëëèï-

ñîèäàëüíîãî ìàãíèòà. Äâå åãî îäèíàêîâûå ïîëî-

âèíêè îäíîðîäíî íàìàãíè÷åíû âäîëü îñè Z. Âåê-

òîð íàìàãíè÷åííîñòè — M. Ïîëóîñè ýëëèïñîèäà

âäîëü ãëàâíûõ îñåé êîîðäèíàò X, Y, Z ðàâíû ñî-

îòâåòñòâåííî a, b, c (îñü X íå îáîçíà÷åíà). Âåðõ-

íèé ìàãíèò èçîáðàæåí ñïëîøíîé ëèíèåé, íèæ-

íèé — ïóíêòèðíîé.

Äëÿ âû÷èñëåíèÿ ñèëû ñöåïëåíèÿ ïîëîâèíîê

ðàçäâèíåì èõ íà ìàëóþ âåëè÷èíó 2h âäîëü îñè Z.

Òîãäà èçìåíåíèå ýíåðãèè ìàãíèòîñòàòè÷åñêîãî

ïîëÿ ìàãíèòîâ W (â ïðåíåáðåæåíèè ìàãíèòíûì

íàòÿæåíèåì íà áîêîâûå ïîâåðõíîñòè) áóäåò îïðå-

äåëÿòüñÿ âåëè÷èíîé íàïðÿæåííîñòè ìàãíèòíîãî

ïîëÿ H â çàçîðå ìåæäó ìàãíèòàìè òîëùèíîé 2h:

W
H

S h�

2

8
2

�

, (1)

ãäå S — ïëîùàäü ñîïðèêîñíîâåíèÿ ïîëîâèíîê

ìàãíèòà.

Íàïðÿæåííîñòü ìàãíèòíîãî ïîëÿ H â ñîîòâåò-

ñòâèè ñ êîíôèãóðàöèåé ìàãíèòîâ îïðåäåëÿåòñÿ

âûðàæåíèåì

H = 4ðM(1 – n(z)), (2)

ãäå M — ìîäóëü âåêòîðà íàìàãíè÷åííîñòè; n(z) —

ðàçìàãíè÷èâàþùèé êîýôôèöèåíò âäîëü îñè Z,

îïðåäåëÿåìûé âûðàæåíèåì [24]
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Ðèñ. 1. Êîíôèãóðàöèÿ âçàèìîäåéñòâóþùèõ ïîëîâèíîê

ýëëèïñîèäàëüíîãî ìàãíèòà

Fig. 1. Configuration of the interacting halves of an ellip-

soidal magnet
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ùèé êîýôôèöèåíò âûðàæàåòñÿ ÷åðåç ýëåìåíòàð-
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èìååì [24]
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Îïðåäåëèì ôîðìó ýëëèïñîèäà, ïðè êîòîðîé

ñèëà ñöåïëåíèÿ ïîëîâèíîê ýëëèïñîèäàëüíîãî

ìàãíèòà áóäåò ìàêñèìàëüíîé ïðè çàäàííîì îáúå-

ìå ýëëèïñîèäà, ò.å.

V a c�
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Èñïîëüçóÿ óñëîâèå (8) äëÿ ýêñöåíòðèñèòåòà
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Ñ ïîìîùüþ âûðàæåíèé (8) è (9) ìîæíî âûðà-

çèòü ïîëóîñü a â (7) ÷åðåç ýêñöåíòðèñèòåò e è ïî-

ñòîÿííûé îáúåì V. Äàëåå, äèôôåðåíöèðóÿ (7) ïî

ïåðåìåííîé e, íàéäåì òðàíñöåíäåíòíîå óðàâíå-

íèå äëÿ ýêñöåíòðèñèòåòà ýëëèïñîèäà, ïðè êîòî-

ðîì ñèëà ñöåïëåíèÿ (7) áóäåò ìàêñèìàëüíà ïðè

çàäàííîì îáúåìå:
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×èñëåííîå ðåøåíèå óðàâíåíèÿ (10) äàåò ñëå-

äóþùåå çíà÷åíèå ýêñöåíòðèñèòåòà, ïðè êîòîðîì

ñèëà FZ áóäåò ìàêñèìàëüíà: e = 0,626958. Â ýòîì

ñëó÷àå îòíîøåíèå ïîëóîñåé ýëëèïñîèäà a/c =

= 0,78, à ôîðìà ýëëèïñîèäà áóäåò ïðèáëèçèòåëü-

íî èìåòü âèä, ïðåäñòàâëåííûé íà ðèñ. 1. Ïðè ëþ-

áûõ äðóãèõ çíà÷åíèÿõ îòíîøåíèé ïîëóîñåé a/c

ñèëà ñöåïëåíèÿ áóäåò ìåíüøå ïðè çàäàííîì

îáúåìå.

Ïóñòü a0 ðàäèóñ øàðà, îáúåì êîòîðîãî ñîâ-

ïàäàåò ñ îáúåìîì ýëëèïñîèäà V. Òîãäà ýêñöåí-
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Íà ðèñ. 2 ïðåäñòàâëåí ãðàôèê ýòîé çàâèñè-

ìîñòè â îòíîñèòåëüíûõ âåëè÷èíàõ. Âèäíî, ÷òî

ñèëà èìååò ìàêñèìóì ïðè c/a0 = 1/(1 – e2)1/3 =

= 1,18029. Îòíîñèòåëüíîå çíà÷åíèå ìàêñèìàëü-
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Fig. 2. Dependence of the coupling force FZ of the halves of

an ellipsoidal magnet on the magnitude of the semi-axis of

the ellipsoid c/a0 at a fixed ellipsoid volume



ìàãíèòà òîãî æå îáúåìà. Ñîãëàñíî (7) îòíîñèòåëü-

íàÿ ñèëà ñöåïëåíèÿ øàðîâîãî ìàãíèòà

F

Ma
n

Z
z

øàðà

8
1

2

3
0 444444

0

2

2

2

( )
( ) , ,( )

�

� 	 �
�

�

�

�

�

� �

òàê êàê äëÿ øàðà ðàçìàãíè÷èâàþùèé êîýôôèöè-

åíò n(z) = 1/3. Ñîîòâåòñòâåííî, îòíîøåíèå ñèë

FZ/FZøàðà = 1,016569.

Òàêèì îáðàçîì, ìàêñèìàëüíàÿ ñèëà ñöåïëå-

íèÿ ýëëèïñîèäàëüíîãî ìàãíèòà îïòèìàëüíîé

ôîðìû òîëüêî íà 1,7 % ïðåâûøàåò ñèëó ñöåïëå-

íèÿ øàðîâîãî ìàãíèòà òîãî æå îáúåìà. Îäíàêî

ïëîùàäü ñîïðèêîñíîâåíèÿ ýëëèïñîèäàëüíîãî

ìàãíèòà ñ ôåððîìàãíåòèêîì áóäåò ñóùåñòâåííî

ìåíüøå ïëîùàäè ñôåðè÷åñêîãî ìàãíèòà:

�

�

a

a

2

0

2
0 71785� , .

Çàìåòèì, ÷òî ðåçóëüòàòû ïîëó÷åíû â ïðåíåá-

ðåæåíèè ìàãíèòíîé ñèëû íàòÿæåíèÿ íà áîêîâóþ

ïîâåðõíîñòü ýëëèïñîèäà. Ó÷åò ýòîé ñèëû äàåò

ïîïðàâêó ê ïîëó÷åííûì äàííûì îêîëî 10 %.

Â ÷àñòíîñòè, çíà÷åíèå ýêñöåíòðèñèòåòà ýëëèï-

ñîèäà, ïðè êîòîðîì ìàãíèòíîå ñöåïëåíèå áóäåò

ìàêñèìàëüíûì, ñîñòàâèò e = 0,771264.

Èññëåäóåì ñèëó ñöåïëåíèÿ FZ â ñëó÷àå ñèëüíî

âûòÿíóòîãî âäîëü îñè X ýëëèïñîèäà (ïîëóîñü a

ìíîãî áîëüøå ïîëóîñåé b è c). Îáîçíà÷èì äëèíó

ýëëèïñîèäà âäîëü áîëüøåé ñòîðîíû L = 2a. Â

ðàññìàòðèâàåìîì ïðèáëèæåíèè ìàãíèò — ñòåð-

æåíü äëèíîé L ñ ýëëèïñîèäàëüíûì ñå÷åíèåì (ñì.

ðèñ. 1).
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Òîãäà âûðàæåíèå äëÿ ìàãíèòíîé ñèëû ñöåï-

ëåíèÿ ïîëîâèíîê ñòåðæíåâîãî ìàãíèòà ýëëèïòè-

÷åñêîãî ñå÷åíèÿ â ïðåíåáðåæåíèè ìàãíèòíûì íà-

òÿæåíèåì íà áîêîâûå ïîâåðõíîñòè ïðèìåò âèä
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Èç (14) íåñëîæíî îïðåäåëèòü, ÷òî ñèëà ñöåï-

ëåíèÿ äëÿ ñòåðæíåâîãî ìàãíèòà ýëëèïòè÷åñêîé

ôîðìû áóäåò ìàêñèìàëüíîé ïðè
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L
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. (16)

Â ðåçóëüòàòå ìàêñèìàëüíàÿ ñèëà ñöåïëåíèÿ

ïîëîâèíîê ñòåðæíåâîãî ìàãíèòà
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Òàêèì îáðàçîì, ñèëà ñöåïëåíèÿ â ñëó÷àå ìàã-

íèòà â âèäå ýëëèïñîèäà âðàùåíèÿ çàäàííîãî îáú-

åìà â îñíîâíîì îïðåäåëÿåòñÿ íàòÿæåíèåì ìàã-

íèòíîãî ïîëÿ Ìàêñâåëëà [25] â îáëàñòè ñîïðèêîñ-

íîâåíèÿ åãî ïîëîâèíîê. Íàéäåíî ñîîòíîøåíèå

ïîëóîñåé ýëëèïñîèäà, ïðè êîòîðûõ âçàèìîäåé-

ñòâèå áóäåò ìàêñèìàëüíûì ïðè çàäàííîì îáúåìå.

Òàê, äëÿ ìàãíèòà NdFeB ñ 4ðM = 1,3 · 104 Ý è

a0 = 5 ñì ïîëó÷àåì ñëåäóþùóþ ÷èñëåííóþ îöåí-

êó äëÿ ìàãíèòíîé ïîíäåðîìîòîðíîé ñèëû, ïðèõî-

äÿùåéñÿ íà åäèíèöó äëèíû ñòåðæíÿ:

FZmax = 2,2 · 104 Í/ì.

Èíûìè ñëîâàìè, ñèëà ñöåïëåíèÿ ïîëîâèíîê

ñòåðæíåâîãî ìàãíèòà èç NdFeB îïòèìàëüíîé

ôîðìû ñ ðàäèóñîì 5 ñì è äëèíîé 1 ì ñîñòàâëÿåò

îêîëî 2 ò.

Çàêëþ÷åíèå

Îïòèìàëüíóþ ôîðìó ïîñòîÿííûõ ìàãíèòîâ

ñ ôèêñèðîâàííûì îáúåìîì, ïðè êîòîðîé èõ

ìàãíèòíàÿ ñèëà ñöåïëåíèÿ ìàêñèìàëüíà, íàõîäè-

ëè äëÿ äâóõ òèïîâ ýëëèïñîèäàëüíûõ ìàãíèòîâ.

Òåîðåòè÷åñêè ðàññ÷èòàíû ãåîìåòðè÷åñêèå ðàçìå-

ðû ìàãíèòîâ äëÿ ñëó÷àÿ ýëëèïñîèäà âðàùåíèÿ è

ñòåðæíåâîãî ìàãíèòà ñ ýëëèïòè÷åñêèì ñå÷åíèåì.

Îòìåòèì, ÷òî ïîëó÷åííûå ðåçóëüòàòû äëÿ ìàêñè-

ìàëüíûõ ñèë ïðèòÿæåíèÿ ðàññìîòðåííûõ ìàãíè-

òîâ, êîãäà îáå ïîëîâèíêè íàìàãíè÷åíû â îäíîì

íàïðàâëåíèè, áóäóò ñïðàâåäëèâû è äëÿ ñèë îò-

òàëêèâàíèÿ â ñëó÷àå íàìàãíè÷èâàíèÿ ïîëîâèíîê

ìàãíèòîâ â ïðîòèâîïîëîæíûõ íàïðàâëåíèÿõ.

Ýòî îáñòîÿòåëüñòâî íåîáõîäèìî ó÷èòûâàòü ïðè

ðåøåíèè çàäà÷ ìàãíèòíîé ëåâèòàöèè. Â ÷àñò-

íîñòè, â ñëó÷àå óñòðîéñòâ íà ìàãíèòíîé ïîäóøêå

èñïîëüçîâàíèå ìàãíèòíûõ ðåëüñîâ ñ îïòèìàëü-

íûì ýëëèïñîèäàëüíûì ïðîôèëåì ïðèâîäèò ê

óâåëè÷åíèþ ìàãíèòíîé ñèëû â 1,3 ðàçà ïî ñðàâ-

íåíèþ ñ êðóãîâûì ïðîôèëåì òîé æå ïëîùàäè

ñå÷åíèÿ.
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