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𝑩𝟐 by 𝑰𝟐  𝑩𝟏 by 𝑰𝟏 

When the direction of currents is 
different, Repulsive force is generated. 

When the direction of currents is 
same, Attractive force is generated. 

 1. Force in Wire  
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Permanent Magnet Current with air core Equivalent Circuit 

𝓕𝑷𝑴 

𝓡𝑷𝑴 

Magnetomotive Force of PM   𝓕𝑷𝑴 =  
𝑩𝒓

𝝁𝟎𝝁𝒓
𝒉 

Magnetic resistance of PM    𝓡𝑷𝑴 =  
𝒉

𝝁𝟎𝝁𝒓𝑨
 

 2. Permanent Magnet Modeling  

Vacuum Permeability                 𝝁𝟎 = 𝟒𝝅 × 𝟏𝟎−𝟕 𝐇/𝐦 
Relative Permeability of PM        𝝁𝒓 = 𝟏. 𝟎𝟓 
Relative Permeability of Vacuum  𝝁𝒓 = 𝟏 
Height of magnet                     𝒉            
Area of magnet                        𝑨 

  

𝑨 (𝒂𝒓𝒆𝒂) 

≈ ≈ ≈ 

𝑯 

𝑩 

𝑩𝒓 

𝑯𝒄 

Residual magnetic 

flux density(1.2T) 

Coercive force 

N 
S 

<B-H Curve> 

ℎ 
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 2. Permanent Magnet Modeling  
-Flux and flux density calculation by FEM  

  

N 

S 

PM model: Br =1.2T  
  

   1m  

   10cm 

   10cm 

     10cm 

1cm 1cm 

𝝁𝒓 = 𝟏. 𝟎𝟓 

   1m  

Model by Current Sheet(CS): Current Value(9.1*104 A= 
𝑩𝒓

𝝁𝟎𝝁𝒓
𝒉 )  

 

Flux Density  along red line   PM model : flux line  Current Sheet(CS) model : flux line  
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(max. Diff. (%) = 1.97%) 



 3. Repulsive Force by Permanent Magnet 

  

  

≈ ≈ 

𝒂 

𝒄 𝒅 

𝒃 

𝑭
𝒅𝒂 by d 𝑭

𝒄𝒃 by c 

𝑭
𝒄𝒂 by c 𝑭

𝒅𝒃 by d 

∵ 𝐒𝐚𝐦𝐞 𝐰𝐢𝐭𝐡 𝐚𝐢𝐫 
Relative Permeability of PM   𝝁𝒓 = 𝟏. 𝟎𝟓  
Relative Permeability of Vacuum (air)    𝝁𝒓 = 𝟏. 𝟎 

  

N 

S 

  N 

S 

Fixed PM 

PM 
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 3. Repulsive Force by Permanent Magnet 

5 

-Magnetic field   by FEM  

  

N 

S 

  N 
S 

Fixed PM(Br=1.2T)  
) 

   1m  

   10cm 

   10cm 

Magnetic field  by PM 

  20cm 
   1m  

     10cm 

1cm 
1cm 

𝝁𝒓 = 𝟏. 𝟎𝟓 

     10cm 

1cm 1cm 

𝝁𝒓 = 𝟏. 𝟎𝟓 

  20cm 

Magnetic field  by Current Sheet(CS):  
 

Current Value=9.1*104 A 



 3. Repulsive Force by Permanent Magnet 
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-Repulsive force by FEM  

Repulsive force along y  Repulsive force along x  Repulsive force along y & x  

9,318 N by FEM  

Ref.   
-9,318 N  by FEM calculation     
-11,592 N  𝐛𝐲 𝐡𝐚𝐧𝐝 𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐢𝐨𝐧 𝐬𝐞𝐞 𝐩𝐚𝐠𝐞  𝟏𝟐  
 The 𝐡𝐚𝐧𝐝 𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐢𝐨𝐧 𝐢𝐬 𝐛𝐢𝐠𝐠𝐞𝐫 𝐭𝐡𝐚𝐧  𝐅𝐄𝐌 𝐜𝐚𝐥.   𝐛𝐞𝐜𝐚𝐮𝐬𝐞  Fda and Fcb (in page 4 )  is not calculated.   
   

(max. Diff. (%) = 0.4%) 



 3. Repulsive Force by Permanent Magnet 

  ≈ ≈    

N 
S     

N 
S 

𝑭
𝒂𝒄 by a 

𝑭
𝒃𝒄 by b Fixed PM 

Repulsive Force at c 
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𝒂 𝒅 𝒃 𝒄 
𝑭

𝒃𝒅 by b 

𝑭
𝒂𝒅 by a 

Attractive Force at d 



 3. Repulsive Force by Permanent Magnet 
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-Magnetic field  by FEM  

  

N 
S   

N 
S 

Fixed PM 

   1m   20cm    1m  

   10cm 

   1m   20cm    1m  

   10cm 

Current Value=9.1*104 A 

Magnetic field  by PM 
Magnetic field  by Current Sheet(CS)  

 



 3. Repulsive Force by Permanent Magnet 

-Repulsive force by FEM  

 
max. Diff. (%) = 6.5% max. Diff. (%) = 6.5% max. Diff. (%) = 6.5% 

Repulsive force along x  Repulsive force along y  Repulsive force along x & y  
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6742N  by FEM     

Ref.   
-6742N  by FEM calculation     
-𝟔𝟓𝟕𝟗  𝐍  𝐛𝐲 𝐡𝐚𝐧𝐝 𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐢𝐨𝐧 (𝐬𝐞𝐞 𝐩𝐚𝐠𝐞  𝟏𝟑 )   



 4. Attractive Force by Permanent Magnet 

  

  

≈ ≈ 

𝒂 

𝒄 𝒅 

𝒃 
𝑭

𝒄𝒂 by c  𝑭
𝒅𝒃 by d  

∵ 𝐒𝐚𝐦𝐞 𝐰𝐢𝐭𝐡 𝐚𝐢𝐫 
Relative Permeability of PM   𝝁𝒓 = 𝟏. 𝟎𝟓  
Relative Permeability of Vacuum (air)    𝝁𝒓 = 𝟏. 𝟎 

  

N 

S 
  N 

S 

Fixed PM 

PM 𝑭
𝒅𝒂 by d 

𝑭
𝒄𝒃 by c 
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 4. Attractive Force by Permanent Magnet 

  ≈ ≈    

N 
S   

  
N 
S 

𝒂 𝒅 𝒃 

𝑭
𝒂𝒄 by a 

𝑭
𝒃𝒄 by b 

Fixed PM 

𝒄 

Attractive Force at C 
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𝑭
𝒃𝒅 by b 

𝑭
𝒂𝒅 by a 

Repulsive Force at d 



  

When under two PMs with distance 0.3m, what is the total force 𝑭𝒕𝒐𝒕 which reacts to below PM? 

∙ Magnetic Flux Density 𝑩 𝒊𝒏 𝒍𝒊𝒏𝒆 𝑪 𝒃𝒚 𝒍𝒊𝒏𝒆 𝑨 
 

    𝐵 = 𝜇0𝜇𝑟𝐻 = 𝜇0𝜇𝑟

ℱ𝑃𝑀

2𝜋𝑟
= 𝜇0𝜇𝑟

1

2𝜋𝑟

𝐵𝑟

𝜇0𝜇𝑟
ℎ =

𝐵𝑟

2𝜋𝑟
ℎ 

∙ 𝑭𝒐𝒓𝒄𝒆  𝒊𝒏 𝒍𝒊𝒏𝒆 𝑪   𝒃𝒚 𝑩  𝒂𝒏𝒅   𝓕𝑷𝑴 𝒊𝒏 𝒍𝒊𝒏𝒆 𝑪 
 

    𝐹 = 𝐵𝑖𝐿 =
𝐵𝑟ℎ

2𝜋𝑟

𝐵𝑟ℎ

𝜇0𝜇𝑟
𝐿 =

1.2𝑇 0.1𝑚 ∗ 1.2𝑇 0.1𝑚

2𝜋 0.3𝑚 ∗ 4𝜋 × 10−7𝐻/𝑚 1.05
(1𝑚) 

∴ 𝑭𝒕𝒐𝒕𝒂𝒍 = 𝟒𝑭 = 𝟐𝟑, 𝟏𝟖𝟒 𝑵  
 2 dimensional calculation = 𝟐𝑭 =11,592 (N)  

= 5,796 (𝑁) 

N 
S 

N 
S 

𝑳 = 𝟏𝒎

𝑳 = 𝟏𝒎
𝒉 = 𝟎. 𝟏𝒎

=  
𝐵𝑟

𝜇0𝜇𝑟
ℎ ∙ Magnetomotive Force of PM 𝓕𝑷𝑴 in line A  

𝑳 = 𝟏𝒎

𝑳 = 𝟏𝒎

𝒓 = 𝟎. 𝟑𝒎

Line A 

Line C 

≈ 
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𝒓 = 𝟎. 𝟑𝒎

 5. Simple Calculation Example 

Ref. : 9,318 N  by FEM calculation (see page  6 )     



 5. Simple Calculation Example 

∙ 𝐅𝐨𝐫𝐜𝐞  𝐢𝐧 𝐥𝐢𝐧𝐞 𝐜   𝐛𝐲 𝐁  𝐚𝐧𝐝   𝓕𝐏𝐌 𝐢𝐧 𝐥𝐢𝐧𝐞 𝐜 
 

    𝐅 𝐛𝐜 = 𝐵𝑖𝐿 =
𝐵𝑟ℎ

2𝜋𝑟

𝐵𝑟ℎ

𝜇0𝜇𝑟
𝐿 =

1.2𝑇 0.1𝑚 ∗ 1.2𝑇 0.1𝑚

2𝜋 0.2𝑚 ∗ 4𝜋×10−7𝐻/𝑚 1.05
(1𝑚)=8,684N  
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N 
S   

N 
S 

Fixed PM 

   1m   20cm    1m  

   10cm 

   1m   20cm    1m  

   10cm 

Current Value=9.1*104 A 

𝒂 𝒅 𝒃 𝒄 

∙ Magnetic Flux Density 𝐁 𝐢𝐧 𝐥𝐢𝐧𝐞 𝐜  𝐛𝐲 𝐥𝐢𝐧𝐞 𝐛  
 

    𝐵 = 𝜇0𝜇𝑟𝐻 = 𝜇0𝜇𝑟

ℱ𝑃𝑀

2𝜋𝑟
= 𝜇0𝜇𝑟

1

2𝜋𝑟

𝐵𝑟

𝜇0𝜇𝑟
ℎ =

𝐵𝑟

2𝜋𝑟
ℎ 

𝑭
𝒂𝒄 by a 

𝑭
𝒃𝒄 by b 

𝒅 𝒄 
𝑭

𝒃𝒅 by b 

𝑭
𝒂𝒅 by a 

≈ 

𝐅 𝐚𝐝 = 789 N, 𝐅 𝐚𝐜 = 1447 N   𝐅 𝐛𝐝 = 1,447 N     
𝐅 𝐭𝐨𝐭𝐚𝐥 = 𝟖𝟔𝟖𝟒 + 𝟕𝟖𝟗 − 𝟏𝟒𝟒𝟕 − 𝟏𝟒𝟒𝟕 = 𝟔, 𝟓𝟕𝟗  𝐍        
 Ref. : 6,742N  by FEM calculation(see page  9 )     



 6. Permanent Magnet Circuit in Iron Core  

≈ 

ℛ𝑃𝑀1 ℱ𝑃𝑀1 

ℛAG1 ℛAG2 

Magnetomotive Force of PM   ℱ𝑃𝑀 =  
𝐵𝑟

𝜇0𝜇𝑟
ℎ 

Magnetic Resistance of PM  ℛ𝑃𝑀 =  
ℎ

𝜇0𝜇𝑟𝐴
 

iron core 

Airgap1 

Airgap Magnetic Resistance of PM   ℛ𝑃𝑀 =
ℎ

𝜇0𝐴
 

PM1 

N 

S N 

S 

𝒉 

A 

Attractive Force  

Airgap2 𝒉 
𝒉 

N S 
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 6. Permanent Magnet Circuit in Iron Core  

ℛ𝑃𝑀1 

ℱ𝑃𝑀1 

ℛAG1 ℛAG2 

ℛ𝑃𝑀2 

ℱ𝑃𝑀2 

≈ 

ℛ𝑃𝑀1 

ℱ𝑃𝑀1 

ℛAG1 ℛAG2 

ℛ𝑃𝑀2 

ℱ𝑃𝑀2 0.6[T] 
PM1 

N 

≈ 
PM2 

S 

iron core 

Airgap1 Airgap2 

1.0[T] 

0.4[T] 

N S 
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≈ 

PM1 

≈ 
PM2 

iron core 

Airgap1 Airgap2 

1.0[T] 

0.4[T] 

When a current flows in coil, MMF by current is generated in Iron Core! 

or   

𝑪𝒖𝒓𝒓𝒆𝒏𝒕 𝑰 

ℛ𝑃𝑀1 

ℱ𝑃𝑀1 

ℛAG1 

ℛAG2 

ℛ𝑃𝑀2 

ℱ𝑃𝑀2 

ℛ𝑃𝑀1 

ℱ𝑃𝑀1 

ℛAG1 

ℛAG2 

ℛ𝑃𝑀2 

ℱ𝑃𝑀2 0.6[T] 

or   

N S 

N S 

 6. Permanent Magnet Circuit in Iron Core  
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Iron core 

PM1 

Airgap 

PM1 

Iron core 

𝑯 

∙ Point A Magnetic Density 1.2 [T] 

≈ 

≈ 

ℛ𝑃𝑀1 

ℱ𝑃𝑀1 

ℛ𝐴𝐺 

ℛ𝑃𝑀1 

ℱ𝑃𝑀1 

∙ Point B Magnetic Density 0.6 [T] 

ℱ𝑃𝑀 = 𝜙ℛ𝑃𝑀 

𝐵 =
𝜙

𝐴
=

𝐵𝑟𝐴

𝐴
= 𝐵𝑟 = 1.2 [𝑇] 

𝒉

𝟐
 

PM1 

PM2 

Airgap
1 

Airgap2 

𝒉 

𝒉

𝟐
 

𝒉

𝟐
 

𝒉 

𝒉 

𝜙 =
ℱ𝑃𝑀

ℛ𝑃𝑀
=  

𝐵𝑟
𝜇0𝜇𝑟

ℎ

ℎ
𝜇0𝜇𝑟𝐴

= 𝐵𝑟𝐴 

𝒉 

ℛ𝐴𝐺 =
ℎ

𝜇0𝜇𝑟𝐴
 

𝜙 =
ℱ𝑃𝑀

ℛ𝑃𝑀 + ℛ𝐴𝐺
=

𝐵𝑟𝐴

2
 

𝐵 =
𝜙

𝐴
=

𝐵𝑟

2
= 0.6 [𝑇] 

A 

𝑩 

1.2 

0.6 

0.24 

𝑩𝒓 

B 

C 

0 
<B-H Curve> 

∙ Point C Magnetic Density 0.24 [T] 

〮 In this case, ℱ𝑃𝑀 decreases by 0.5 
times and ℛ𝑃𝑀 increases by 2.5 
times in comparison to Point A 

Iron core 

 𝐵 = 1.2
0.5

2.5
= 0.24 [𝑇] 

ℛ𝐴𝐺1 

ℱ𝑃𝑀1 

ℱ𝑃𝑀2 
ℛ𝐴𝐺2 

ℛ𝑃𝑀1 

ℛ𝑃𝑀2 
≈ 

N 
S 

N 
S 

N S 

N S 
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A 

𝑯 

𝑩 

1.2 

0.6 

0.24 

𝑩𝒓 

B 

C 

0 

<B-H Curve> 

ℱ𝑃𝑀1 =  
𝐵𝑟

𝜇0𝜇𝑟
ℎ 

ℱ𝑃𝑀1 = 𝜙1ℛ𝑃𝑀1 

ℛ𝑃𝑀1 =  
ℎ

𝜇0𝜇𝑟𝐴
 

ℱ𝑃𝑀2 = 𝜙2ℛ𝑃𝑀2 

ℱ𝑃𝑀2 =  
𝐵𝑟

𝜇0𝜇𝑟

ℎ

2
 

ℛ𝑃𝑀2 =  
ℎ/2

𝜇0𝜇𝑟𝐴
 

ℛ𝐴𝐺1 =  
ℎ/2

𝜇0𝜇𝑟𝐴
 

ℛ𝐴𝐺2 =  
ℎ/2

𝜇0𝜇𝑟𝐴
 

ℛ𝑡𝑜𝑡 = ℛ𝑃𝑀1 + ℛ𝑃𝑀2 + ℛ𝐴𝐺1 + ℛ𝐴𝐺2 

=
ℎ

𝜇0𝜇𝑟𝐴
+

ℎ/2

𝜇0𝜇𝑟𝐴
+

ℎ/2

𝜇0𝜇𝑟𝐴
+

ℎ/2

𝜇0𝜇𝑟𝐴
=

5

2

ℎ

𝜇0𝜇𝑟𝐴
 

𝜙𝑡𝑜𝑡 =
ℱ𝑡𝑜𝑡

ℛ𝑡𝑜𝑡
=

ℱ𝑃𝑀1 − ℱ𝑃𝑀2

ℛ𝑡𝑜𝑡
 

=

𝐵𝑟ℎ
𝜇0𝜇𝑟

−
𝐵𝑟

𝜇0𝜇𝑟

ℎ
2

5
2

ℎ
𝜇0𝜇𝑟𝐴

=
1

5
𝐵𝑟𝐴 

 
𝒉

𝟐
 

PM1 

PM2 

Airgap1 Airgap2 

𝒉 

𝒉

𝟐
 

𝒉

𝟐
 

∙ Point C : Magnetic Density 0.24[T] 

ℛ𝐴𝐺1 

ℱ𝑃𝑀1 

ℱ𝑃𝑀2 

ℛ𝐴𝐺2 

ℛ𝑃𝑀1 

ℛ𝑃𝑀2 
≈ 

∴  𝑩 =
𝝓𝒕𝒐𝒕

𝑨
=

𝑩𝒓

𝟓
= 𝟎. 𝟐𝟒 [𝑻] 
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