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Abstract—In order to increase the mutual inductance between 
wireless charging coils of electric vehicles (EVs) and to improve 
the charging efficiency, the effect of magnetizer is analyzed by 
using the circuit theory. Based on planar spiral coils, three 
types of magnetizer structures, i.e. the disc types (including two 
structures) and the lampshade type, are designed in this paper. 
Moreover, four types of coils, one without magnetizers and 
three with three types of magnetizers, are simulated and 
compared using COMSOL. The magnetic flux density 
distribution diagrams of four types of coils and corresponding 
system transfer efficiencies are obtained. The simulation 
results show that: 1) magnetizers can help increase the 
magnetic flux passing through both transmitting and receiving 
coils and improve the wireless charging efficiency of EVs; 2) 
the length of magnetic circuit occupied by magnetizer should 
be increased as much as possible in the magnetizer structure 
design.  

Keywords—electric vehicles, wireless charging coils, 
magnetizer, simulation 

I. INTRODUCTION  
The development of wireless charging system for electric 

vehicles (EVs) [1-3] is gaining more and more attention, 
since wireless charging is much safer and more convenient 
compared with wired charging. Wireless power transfer 
(WPT) technology provides electric energy for EVs based on 
magnetic coupling resonance [4-5]. However, magnetic flux 
leakage exists in the WPT transfer coils, and thus, the 
transfer efficiency of wireless charging is low. In order to 
improve the WPT’s transfer efficiency, a kind of spinel 
ferrite material is proposed in [6] to increase the mutual 
inductance of transfer coils, while the material is too 
complex to be manufactured easily. In [7], a patterned soft 
magnetic metal is proposed to suppress magnetic flux 
leakage, while its transfer efficiency is lower than that using 
ferrite materials. In [8], a kind of ferrite material is proposed 
to increase the mutual inductance of coils, while its effect of 
ferrite on the system transfer efficiency is not verified. In [9], 
a kind of core with irregular shape is proposed to decrease 
the core loss, while it is difficult to manufacture it. 

In this paper, based on planar spiral coils, three types of 
magnetizers added into coil structures are proposed, which 
can increase the mutual inductance of transfer coils and 
improve the WPT system’s transfer efficiency and whose 
performances are verified by COMSOL. Simulation results 
show the effective and advantages of the proposed 
magnetizers’ structures.  

II. SYSTEM STRUCTURE AND THEORETICAL ANALYSIS 

 
Fig. 1. Equivalent circuit model of series-series topology 

Using equivalent circuit theory [10], the equivalent circuit 
model of series-series topology for resonant WPT system can 
be illustrated in Fig.1, where C1 and C2 are the resonant 
capacitances, respectively; is the high frequency current of 
power supply; i1 and i2 the currents of transmitting and 
receiving sides, respectively; u1 and u2 the voltages of 
transmitting and receiving sides, respectively; L1 and L2 the 
self-inductances of transmitting and receiving sides, 
respectively; M the mutual inductance of transfer coils; R1 
and R2 the high frequency equivalent resistances of 
transmitting and receiving coils, respectively; RL the load 
resistance. R1 and R2 include ohmic resistance and radiation 
resistance. The radiation resistance is much smaller than the 
ohmic resistance, and thus, can be ignored.  

Using Kirchhoff Voltage Law, the equivalent circuit 
model [10] shown in Fig.1 can be expressed as  
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where ω is the system angular frequency. If the transmitting 
and receiving coils are the same, i.e. L1=L2=L, R1=R2=R, 
C1=C2=C, (1) can be simplified as  

1 s 2 1

2 2 s = 0
Z i j Mi u

Z i j Mi

− =
 −

ω
ω   

                      (2) 

where Z1=R1+jωL1+1/(jωC1), Z2=R2+RL+jωL2+1/(jωC2)=Z1+ 
RL; when the system is working at the resonance frequency,  
Z1=R, Z2=R+RL. 
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According to (2), output power Pout and input power Pin 
can be expressed as  
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where U1, U2, I2 and Is are the root-mean-square (RMS) 
values of u1, u2, i2 and is, respectively. Thus, the transfer 
efficiency can be expressed as  
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According to (4), the transfer efficiency η can be 
improved by increasing the mutual inductance M. 

The mutual inductance M between two identical coaxial 
parallel planar circular coils [11] can be described as  

2
M 0=

2
k N r

M
μ

π
                             (5) 

where μ0 is vacuum permeability, μ0=4π*10-7 H/m; N the 
number of coils’ turns; r1 and r2 the inner and outer radius of 
the coils, respectively; r the average radius of coil, 
r=(r1+r2)/2. As Fig. 2 shows, the mutual coefficient kM can 
be determined by the radius-direction ratio kρ and axis-
direction ratio kz [11], which can be expressed as follows: 
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where r2-r1 is the difference value between the inner and 
outer radius of the coils; D the transfer distance between 
coils. The radius-direction ratio kρ (or axis-direction kz) 
describes the influence coefficient of coil modeling in radius 
(or axis) direction on the mutual inductance. In other words, 
it reflects the effect caused by the radio of r2-r1 (or D) to r. 
According to (6), if D (or r2-r1) increases, kz (or kz) will 
increase. Then, from Fig. 2, kM will decrease and thus, from 
(5), the mutual inductance M will decrease. Therefore, if the 
parameters of coils are remained constant, i.e. r, N, kM are 
remained constant, only the permeability of the coil 
structures determines the value of mutual inductance. 
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Fig. 2. The relationship between kρ, kz and kM  

Through adding magnetizers into the magnetic circuit of 
coil structures, corresponding permeability can be increased. 
Thus, mutual inductance can be increased, and system 
transfer efficiency can be improved.  Therefore, this paper is 
intended to optimize the magnetizers and design three types 
of magnetizers to improve the WPT system’s efficiency. 

III. MAGNETIZER STRUCTURE DESIGN AND SIMULATION 
This paper designs three types of magnetizer structures 

(structure B, C and D) to compare with the coil structure 
without magnetizer (structure A). The magnetizer structures 
are designed using COMSOL.  Fig. 3 shows the planar spiral 
coil model with disc type magnetizer (structure B). For 
structure B, the radius of magnetizer is equal to the outer 
radius of coil. For structure C, the radius of magnetizer is 
longer than the outer radius of coil. Fig. 4 shows the planar 
spiral coil model with lampshade type magnetizer (structure 
D). r0 is the radius of disc type magnetizer and lampshade 
type magnetizer. h is the height of disc type magnetizer and 
lampshade type magnetizer. 

 
Fig. 3. Planar spiral coil model with disc type magnetizer 
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Fig. 4. Planar spiral coil model with lampshade type magnetizer 

The simulation parameters of charging system are: 
current source Is=20 A, resonance frequency f=70 kHz and 
transfer distance D=45 cm. The parameters of planar spiral 
coils are: the cross section diameter of wire a=3 mm, the 
number of coils’ turns N=20, average radius of coil r=50 cm 
and load resistance RL=50 Ω. For structure B, r0=53 cm and 
h=5 mm. For structure C, r0=56 cm and h=5 mm. For 
structure D, r0=56 cm and h=30 mm. 

The parameters of four structures are listed in Table I, 
such as self-inductance L, mutual inductance M, coil 
equivalent resistance R and series resonance capacitance C. 
The simulation results of four structures are given in Table II. 
Fig. 5, Fig. 6, Fig. 7 and Fig. 8 show the three-dimensional 
magnetic flux density distribution diagrams of structure A, B, 
C and D, respectively. 

From the simulation results shown in Fig. 5 to Fig. 8, it 
can be seen that: 

1) The sizes of arrows inside of the coils are larger than 
those outside. In other words, the magnetic flux density 
inside of the coil is larger than that outside. 

2) The arrows’ colors inside of the coils in Fig. 6-8 are 
darker than those in Fig. 5. In other words, the ratio of 
magnetic flux linking both coils to total flux is increased. 
Thus, the mutual inductance and the coupling intensity can 
be increased using structure B, C and D. 

3) The arrows’ colors inside of the coils in Fig. 8 are 
darker than those in Fig. 6 and Fig. 7. The length of 
magnetic circuit occupied by the lampshade type magnetizer 
(structure D) is bigger than that in structure B and C. Thus, 
the lampshade type magnetizer (structure D) has better 
performance in the mutual inductance and the coupling 
intensity, compared with structure B and C. Therefore, the 
length of magnetic circuit occupied by magnetizer should be 
increased as much as possible.  

As shown in Table I and Table II, the mutual 
inductances M are increased from 0.113 mH (structure A) to 
0.167 mH (structure B), 0.199 mH (structure C), and 0.218 
mH (structure D); the transfer efficiencies are increased 
from 88.7% (structure A) to 91.6% (structure B), 92.3% 
(structure C) and 92.7% (structure D). The relationship 
between the mutual inductance M and the transfer efficiency 
η explained in (4) and (5) is verified, i.e. the transfer 
efficiency η being improved with increased mutual 
inductance M. Therefore, the structure D, i.e. the coil 
structure with lampshade type magnetizer, is the optimal 
structure to increase the mutual inductance and to improve 
the system transfer efficiency.  

It should be noted that, apart from the length of magnetic 
circuit, we also should consider EV chassis structure, 
economic costs and other aspects so as to optimize the 
wireless charging system of EVs. 

TABLE I.  PARAMETERS OF FOUR STRUCTURES         

 

TABLE II.  SIMULATION RESULTS 

          structures 
parameters A B C D 

f(kHz) 70.594 69.906 68.402 68.519 
I1(A) 20 20 20 20 
I2(A) 18.93 27.71 32.29 35.49 
U1(V) 1099.96 2094.88 2822.85 3397.5 
U2(V) 946.54 1385.37 1614.33 1774.27 

η 0.887 0.916 0.923 0.927 

 

   
 a) transmitting coil                                                                                   b) receiving coil 

Fig. 5. Three-dimensional magnetic flux density distribution diagrams for structure A 

            structures 
parameters A B C D 

L(mH) 0.8922 1.2404 1.4083 1.5239 
C(nF) 5.7489 4.1676 3.6707 3.3922 
R(Ω) 2.997 2.997 2.997 2.997 

M(mH) 0.113 0.167 0.199 0.218 
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IV. CONCLUSION 
In this paper, to improve the WPT system’s mutual 

inductance and the transfer efficiency, three coil structures 
with magnetizers have been proposed, analyzed and 
simulated using COMSOL. Simulation results show that: 
the wireless charging system with the proposed magnetizer 
structures (structure B, C and D) is able to transfer 18~63 
kW with efficiency of 88.7%-92.7% at a transfer distance of 

45 cm. Moreover, the mutual inductance of structure D, i.e. 
the coil structure with lampshade type magnetizers, is the 
biggest. Therefore, it can be seen that the mutual inductance 
and the transfer efficiency of system can be improved by 
increasing the length of magnetic circuit occupied by 
magnetizer, such as the structure D.  

In the future, more coil types with different magnetizers 
can be studied to further optimize wireless charging system 
of EVs. 

   
 a) transmitting coil                                                                                  b) receiving coil 
Fig. 6. Three-dimensional magnetic flux density distribution diagrams for structure B 

   
 a) transmitting coil                                                                                  b) receiving coil 

Fig. 7. Three-dimensional magnetic flux density distribution diagrams for structure C 

   
 a) transmitting coil                                                                                 b) receiving coil 

Fig. 8. Three-dimensional magnetic flux density distribution diagrams for structure D 
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