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Abstract—The objective of this study is to provide suitable 

approximations of effective permeability for magnetic 

concentration cores. This core has dumbbell-shape, so that the 

magnetic flux is concentrated to the coil winding part of the core. 

It is well known that the demagnetizing factor strongly depends 

on the core shape which defines the effective permeability. 

Although several researchers have already proposed an 

approximation for a dumbbell-shaped core, it cannot take into 

account the flange part length. In this paper, a novel 

approximation for dumbbell-shaped core is proposed. It is based 

on the demagnetizing factor and correction terms related to the 

aspect ratio of both the flange and coil winding part. From 

experimental results, the validity of the  approximation is 

confirmed. 

 
Index Terms—Magnetic core, effective permeability, 

demagnetizing factor, magnetic concentration, dumbbell-shape 

 

I. INTRODUCTION 

AGNETIC energy harvesting [1] has several 

applications related with both the energy harvesting and 

wireless power transmission [2]. Because the target is a weak 

magnetic field defined by ICNIRP2010 guideline, magnetic 

flux concentration methods are key techniques. In previous 

report, the importance of magnetic flux concentration core and 

coil was experimentally demonstrated [3]. The harvesting 

power is proportional to the square of the magnetic flux density, 

therefore it is very important to design the effective 

permeability of the core defined by the concentration ratio of 

magnetic flux density to the coil. 

It is well known that the demagnetizing factor strongly 

depends on the core shape which defines the effective 

permeability. Because exact calculation of the demagnetization 

factor for ellipsoidal bodies exists [4], it is widely used for the 

estimation of the effective permeability for ellipsoidal core or 

relatively long rod core. Unfortunately, this estimation is not 

acceptable for the magnetic flux concentration core. The shape 

of the flange part, or magnetic flux concentration part, is a 

relatively long cylinder. And the cross section of the flange part 

is larger than that of the coil winding part. Several researchers 
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related to magnetic sensor have proposed an approximation for 

this core [5][6]. However, it cannot take into account the flange 

part length.  

 In this paper, a novel approximation for a dumbbell-shaped 

core is proposed. First of all, the estimation method of effective 

permeability for conventional rod-shaped cores are 

summarized. From a simplified model, an approximation is 

proposed. Compared with the previous approximation, a 

correction term is also introduced. It is based on the aspect ratio 

of both the flange and coil winding part. From experimental 

results, the validity of approximation is confirmed. This 

estimation method is also applicable for a magnetic sensor 

development.  

II. ESTIMATION OF EFFECTIVE PERMEABILITY 

 Fig. 1 shows the magnetic flux concentration cores. The 

material of the cores is PC Permalloy. Compared with a 

conventional rod-shaped core, a magnetic concentration core 

can provide an amplification of an external magnetic field to 

the coil. Table 1 shows the specifications of the cores. In order 

to evaluate the effective permeability, coil were wound around 

the coil winding part. The shape of coil was Brooks coil [7] 

whose length, inner and outer diameter were 5 mm, 10 mm and 

20 mm, respectively.  The number of coil turns was 500 with a 

wire of 0.2 mm in diameter. 

The effective permeability, µeff, is defined by the ratio of the 

mean magnetic field inside the core, Bcoil [T], to the external 

magnetic field, µ0 Hext [T]:  
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where, µ0 [H/m] is the permeability in vacuum, Hext [A/m] is 

the external magnetic field. Vcore_coil [V] and Vair_coil[V] 

represent the induced voltage of the coil with or without the 

core, respectively.  

A. Conventional  

 If the shape of the core is a conventional rod or plate, the 

value of µeff is defined by  
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where, µr is the relative permeability of the core, N is the 

demagnetizing factor of the core. The value of N can be 

expressed using the aspect ratio, m: 

 

   DLm / , (3) 

 

where L and D are the outer length and diameter of the core, 

respectively. The value of N can be roughly estimated by using 

the demagnetizing factor of the ellipsoidal bodies [8] as  
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From (2), it is easy to understand that the value of µeff 

strongly depends on the value of N. In other words, the value of 

µeff is defined by the inverse value of N when the value of µr for 

the core is relatively large:  
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Since demagnetizing fields are generally non-uniform, two 

demagnetizing factors should be defined: the fluxmetric and 

magnetometric demagnetizing factor. When a coil covering a 

core is concentrated in its central part, the fluxmetric 

demagnetizing factor should be used because the averaging 

area is the midplane of the core. If a winding covers a larger 

area remaining symmetrical relative to the core center, the 

magnetometric demagnetizing factor should be used because 

the averaging area is the entire volume. According to the 

reference in [9], M. A. Rozenblat proposed suitable 

approximations of effective permeability for both cases: 

µeff_center and µeff_volume:  
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where A [m2] is the cross-sectional area of the core, l [m] is the 

coil length, a [m] and b [m] are orthogonal dimensions of the 

core, and k is a coefficient as 

  

 baek /5.51732.04   .            (7) 

 

   To the best of the authors’ knowledge, D-X Chen's group 

have reported several papers related the good approximation of 

demagnetizing factors for several ideal shapes: cylinder [8], 

square bars [10], and rectangular prism [11]. Aharoni's 

calculation is also one of famous approximation of 

demagnetizing factor for the rectangular prisms [12]. 

 

B. Proposed 

Fig. 2 shows the schematic design of the concentration core. 

In order to improve the performance of induction 

magnetometer, several researchers also proposed similar core 

shape. Because of the differences in shape, the conventional 

approximation is not acceptable for a flux concentration core. 

From numerical computation results, C. Coillot's group [5] 

proposed an approximation of µeff for this kind of the core:  
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where N is the demagnetizing factor of the coil winding part. 

When the value of µr is relative large, it could be expressed by   

 
2

eff

1


















d

D

L

D

N
 .               (9) 

  

 This approximation consists of the demagnetizing factor of 

the coil winding part, (1/N), and two correction terms: the 

aspect ratio, (D/L), and cross sectional ratio, (D/d)2. The 

validity of the approximation was confirmed by experimental 

results for the flange shape of cone [5] and disk [6]. It was 

reported that the flange part ensured the good uniformity of 

magnetic flux density inside the coil winding part. In both cases, 

the length of the flange part is very short compared with that of 

the coil winding part. Therefore, this approximation was not 

taking into account the length of the flange part. 

 Although the exact calculation of the demagnetizing factor 

only exists for ellipsoidal bodies, this paper tries to provide an 

approximation and find the similarity. From (1), it could be 

expressed by following equations: 
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where Hd [A/m] is the demagnetizing field in the core,  Bflange 

[T],  Bcoil [T] and Bcore [T] are the magnetic flux density of the 

flange, coil winding part, and at the connection surface between 

both parts, respectively. It is based on the conservation of the 

magnetic flux. In other words, all magnetic flux passes between 

the end and coil winding part. If the value of µr is relatively 

large, the first term of right side in (10) can be expressed by  
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Where Nflange is the demagnetizing factor of the end part. 

Relationship between demagnetizing field and magnetic flux 

density of the core can be summarized by following equations: 
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Where Ncore, Mcore[A/m] are the demagnetizing factor and 

magnetization of the coil winding part, respectively. From (12), 

(14), (15) and (16), the magnetic flux density of the coil 

winding part is expressed by 
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When the relative permeability is relatively high, the ratio of 

the Bcoil/Bcore can be expressed by  
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From (11), the ratio of the Bcoil/Bflange can be expressed by  
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From (10), (13), and (19), the value of µeff can be expressed by  
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It is apparent that the above described approximation is similar 

with the one described by (9). From several considerations, this 

paper adopts a correction term related to the aspect ratio: 
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For calculation of  both Ncore and Nflange, (4) was used. The value 

of m was (l /d) for Ncore , and (δ / D) for Nflange, respectively.  

 

III. EXPERIMENT AND DISCUSSION 

Fig. 3 shows the schematic diagram of the experimental 

setup. An uniform magnetic field with magnetic flux density of 

1 µT at 60 Hz was generated by Simple-Cubic-3 coil system 

[13]. The measured value of µeff was calculated from the 

following equations: 
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where Vcore_coil [V] is the induced voltage of the coil measured 

with a lock-in amplifier (5610B, NF corp.), Vair_coil [V] is 

calculated from Faraday's low of induction, f [Hz] is the 

frequency (= 60 Hz), n is the number of coil turns, A [m2] is 

mean cross section of the coil and µ0 Hext [T] is the external 

magnetic flux density (= 1 µT). 

 Fig. 4 shows the value of µeff as a function of the value of δ. 

The plots represent the measurement results, line and dotted 

line represent the calculation results from (21) and (9), 

respectively.  From experimental results, the validity of the 

proposed approximation was successfully confirmed. The 

relative values of estimation error were less than 10 %. 

 It was found that the calculation results from (9) were not 

agreed with the experimental results. One of the possible reason 

is acceptable aspect ratio of (L/D) because both approximation 

contain the correction terms. In order to check the acceptable 

aspect ratio for the proposed approximation, FEM analysis was 

conducted. 

 Fig. 5 shows the value of µeff as a function of the value of L/D. 

Filled plots represent the measured results, and line represents 

the calculation results from (21). Open plots represent the FEM 

analysis results with JMAG-Designer Ver. 12.0.2. Although the 

ratio of a coil part length, coil part diameter and flange diameter 

was fixed to 1:2:4, several similar models were tested for the 

FEM analysis. The FEM analysis indicated that proposed 

approximation could be acceptable when the L/D was less than 

2.25. It could be also useful to design an magnetometer having 

short length of the core. 

 

IV. CONCLUSION 

 This paper presented an approximation for the effective 

permeability of a magnetic flux concentration core which has 

dumbbell-shape. This approximation contained two 

demagnetizing factors: the flange and coil winding part of the 

core; two correction term: the aspect ratio and cross sectional 

ratio.  From both the experimental and FEM analysis results, it 

was confirmed that the proposed approximation could be 

acceptable when the L/D was less than 2.25.  
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Fig. 1. Magnetic flux concentration cores. 

 

 
Fig. 2. Schematic design of the magnetic concentration core. 

 

 
Fig. 3. Schematic design of the experimental setup. 

 

 

 
Fig. 4. Effective permeability as a function of the flange part length. The plot 

represents the measurement results, line and dotted line represent the 

calculation results from (21) and (9), respectively. 

 

 
Fig. 5. Effective permeability as a function of the aspect ratio. Line represents 

the calculation results from (21), filled and open plots represent the 
measurement and FEM analysis results, respectively. 

 
TABLE I 

SPECIFICATIONS OF THE MAGNETIC FLUX CONCENTRATION CORES 

Parameter  Value 

coil length, l [mm] 5 

inner diameter, d [mm] 10 

outer diameter, D [mm] 20 

flange length, δ [mm] 1, 2, 5, 10, 20 

material PC Permalloy (Nilaco Inc.) 

 


