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Abstract 

In this paper, based on the principle of near-field energy coupling, the input impedance 
of the system, the output power (load power) and the input power of the power supply 
are obtained, and the energy transfer efficiency of the system is defined as the ratio of 
the power obtained from the secondary load to the power provided by the primary 
power supply to establish a mathematical model of transmission frequency, matching 
impedance and wireless power transfer efficiency. At the same time, the mathematical 
model of the distance wireless power transmission efficiency related to the mutual 
inductance calculation formula and wireless transmission is established, and the power 
transmission efficiency when the distance between the two coils is changed from 100mm 
to 150mm, 200mm, and 250mm is recalculated. Conclusion: The power transfer 
efficiency decreases with the increase of distance, and the off-board part of wireless 
charging can be optimized by shortening the distance between the two coils. 
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1. Introduction 

In recent years, environmental problems have become very serious. The exhaust gas emitted 
by automobiles is considered to be the main culprit of urban air pollution. Electric vehicles 
powered by electricity have the advantages of low environmental pollution, low noise, high 
energy utilization efficiency, and convenient maintenance. Become the best alternative to 
traditional cars. In view of the disadvantages of wired charging, such as complicated operation 
and potential safety hazards, electric vehicles use wireless charging devices to achieve charging, 
and dedicated models must use dedicated wireless charging equipment, that is, the principle of 
" special use for special vehicles " , considering that there are many electric vehicle 
manufacturers on the market, which will cause a great waste of power resources. Therefore, it 
is necessary to optimize the off-board part of wireless charging, so as to realize the 
interconnection between wireless charging equipment and electric vehicles of different 
manufacturers, and reduce the waste of power resources. 

2. Model Building 

2.1. Establishment of Models for Transmitting Frequency, Matching Impedance 
and Wireless Power Transfer Efficiency 

The wireless charging system is a magnetic coupling resonant wireless power supply system , 
and the receiver resonator adopts a series structure , which belongs to the S-S type circuit 
topology structure . 

Let M be the mutual inductance between the two inductive coils, and 𝑅𝐿be the equivalent load 
impedance. ULet it be an ideal sinusoidal AC voltage with a frequency of 𝜔0. 
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The resonant wireless power transmission system is based on the principle of near-field energy 
coupling to achieve efficient power transmission. Theoretically, when the power input 
frequency is the same as the natural frequency of the LC resonant circuits at the transmitter 
and receiver, the system is in a resonant state, and energy is most efficiently exchanged and 
transferred between the various circuits. When the transmitting coil and the receiving coil are 
in series resonance [1] , the equivalent impedance of the entire loop is the smallest, the current 
flowing is the largest, the transmission efficiency is the highest, and the energy is efficiently 
transmitted between the two coils. At this time, the angle of the high-frequency power supply 
is the frequency 𝜔0 is equal to the natural resonant frequency of the coil loop: 

                                            ω0 =
1

√L1C1
=

1

√L2C2
                                                  (1-1) 

Then the transmission frequency: 

                    𝑓0 = 2𝜋ω0 =
2π

√L1C1
=

2π

√L2C2
                                 (1-2) 

In this transmission system, 𝑍𝑖 is the equivalent impedance of the left and right sides of the 
system (i=1 is the left side, i=2 is the right side), 𝐼1 and 𝐼2 are the current phasors of the 
transmitting coil and the receiving coil, respectively. Based on Kirchhoff's law for the circuit, 
the circuit equation of the entire transmission system is : 

      (
𝑈
0

) = (
𝑍1 𝑗ω𝑀

𝑗ω𝑀 𝑍2 + 𝑅𝐿
) (

𝐼1

𝐼2
)                       (1-3) 

where:𝑍𝑖 = 𝑅𝑖 + 𝑗ωLi +
1

𝑗ωCi
, 𝑖 = 1,2. 

When the system is in a resonance state, the imaginary part of the equivalent impedance is 0, 
and it appears as a pure resistance state to the outside world. According to formula (1) and 
formula (2), the input impedance 𝑍1 , output power (load power) 𝑃2 and input power of the 
power supply of the system can be obtained 𝑃1: 

                          𝑍1 = 𝑅1 +
(ω0𝑅)2

𝑅2+𝑅𝐿
                                                               (1-4) 

of the mutual inductance of the two coils, the loop equation [1-2] can be written : 

  𝐼1𝑅1 + 𝐼1𝑗𝜔𝐿1 + 𝐼1/𝑗𝜔𝐶1 − 𝑗𝜔𝑀𝐼2 = 𝑈                       ( 1-5 ) 

  𝐼2𝑗𝜔𝐿2 + 𝐼2𝑅2 + 𝐼2/𝑗𝜔𝐶2 + 𝐼2𝑗𝜔𝑅2 = 𝑗𝜔𝑀𝐼2                   ( 1-6 ) 

The operating frequency of the system is the resonant frequency of the secondary side, which 

is 𝜔 = 𝜔0 =
1

√L1C1
=

1

√L2C2
brought into the equations (1-1 ) and ( 1-2 ), and the calculation can 

be obtained : 

                        𝐼1 =
(𝑅2+𝑅𝐿)𝑈

(𝑅2+𝑅𝐿)𝑅1+𝜔2𝑀2
                               (1-7) 

                         𝐼2 =
𝑗𝜔𝑀𝑈

(𝑅2+𝑅𝐿)𝑅1+𝜔2𝑀2
                               (1-8) 

Considering the influence of the secondary circuit load on the primary circuit current, the 

reflection impedance is defined  Zr =
−jωMI2

I1
= Rr + jXr , which is the equivalent impedance 

reflected by the secondary circuit to the primary circuit, and its magnitude directly reflects the 
size of the system's transmission of active power. By formula ( 1-7 ), ( 1-8 ) can be calculated, 

ω＝ω０when, 𝑅1 = 𝜔2𝑀2𝑅2 + 𝑅𝐿, 𝑋𝑟 = 0. 

It is defined that the system energy transfer efficiency is equal to the ratio of the power obtained 
on the secondary side load to the power provided by the primary side power supply, then 

                            η =
Rr

R2+R1
×

RL

RL+R2
                                             ( 1-9 ) 

Calculated to get : 
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η =
ω0

2M2RL

R1(R2 + RL)2 + ω0
2M2（R2 + RL)

 

                             =
(2πf0)2M2RL

R1(R2+RL)2+(2πf0)2M2(R2+RL)
                                                ( 1-10 ) 

 

from the formula ( 1-10 ) that the energy transmission efficiency η of the system is related to 
the system parameters f0, RL, R1, R2and the mutual inductance M between the transmitting coil 
and the receiving coil. 

2.2. Power transfer efficiency and results of wireless charging 

From the formula ( 1-6 ), it can be known that the power transmission efficiency η =
(2πf0)2M2RL

R1(R2+RL)2+(2πf0)2M2(R2+RL)
 can be obtained 𝑅1 = 1.55𝛺，𝑅2 + 𝑅𝐿 = 432.24𝛺，𝑓0 =

30𝑘𝐻𝑧,  according to the data provided in relevant data set. 

In actual design, in order to ensure the transmission efficiency and achieve the purpose of 
saving power resources, it R2 is often very small, and it is R2 much smaller here RL , ignoring 
R2the impact on the transmission efficiency, ie R2=0 , RL=432.24 𝛺. 

Bringing in 10 sets of measurement values of M, the 10 sets of transmission efficiencies 
obtained are shown in the following table: 

Table 1 Inductance and mutual inductance data at different distances 

Experiment 
number 

distance 
between two 

coils 

Transmitter coil 
inductance 

Receive coil 
inductance 

Coil mutual 
inductance 

Transmission 
efficiency 

 h(mm) L1(μH) L2(μH) M12(μH) % 

1 100 162.21 163.6 63.83 17.768 

2 125 161.46 163.04 51.49 12.327 

3 150 161.36 163.15 40.17 7.883 

4 175 161.75 162.87 33.24 5.535 

5 200 161.79 162.96 28.24 4.058 

6 225 161.59 163.15 26.17 3.505 

7 250 161.53 163.25 24.78 3.154 

8 275 161.35 162.72 22.12 2.529 

9 300 162.61 163.74 21.25 2.339 

10 325 161.39 163.26 20.53 2.186 

Note: The experimental condition is that the vertical projections of the 
transmitting and receiving coils are completely coincident. 

 

2.3. Establishment of models for transmitting frequency, matching impedance, 
distance between two coils and wireless power transfer efficiency 

The transmitting coil and the receiving coil are the key components in the wireless charging 
system. The size of the two and the distance between the coils affect the transmission efficiency. 
Therefore, the distance between the two coils should also be considered in this question. 
Assuming that both the transmitting coil and the receiving coil are circular, the simulation 
diagram of the two circular coils is shown in Figure 1. 
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Figure 1 Coaxial Parallel Coils 

The most direct effect of the change of transmission distance on the coil is the mutual 
inductance M of the coil, and the change of the mutual inductance will affect the output power 
and transmission efficiency of the system. Assuming the same coil radius is r, consider a simple 
situation, that is , the two coils are coaxial and in a parallel positional relationship , and the 
established spatial diagram is shown in Figure 2 . 

 
Figure 2 Coaxial Parallel Coils 

Figure 2 , the two coils are in a coaxial and parallel position, the centers of the two coils are 

respectively (0，0，𝑧1)、(0，0，𝑧2), the axial distance of the coils is h, the currents flowing 
through the two coils are 𝐼1, and 𝐼2two points Р are taken on the coils. and Q, the coordinates 

are respectively, P(r，θ，z1), Q(r，p，z2),then the distance between the two points of PQ is 
expressed as: 

d = |r2 − r1| = [2r2 − 2r2 cos(φ − θ) + h2]
1

2                                     (2-1) 

The mutual inductance of the toroid can be calculated according to the Neumann formula: 

M =
μ0

4π
∬

dl1dl2

|r1−r2|
                                                             (2-2) 

Substituting formula (2-1) into (2-2) can get the mutual inductance calculation formula of this 
simplified model: 

M =
μ0

4π
∬

r2 cos(φ−θ)dθ

2r2−2r2 cos(φ−θ)+h2                                             (2-3) 

Substituting Equation 4-6 into Equation 1-10, we get: 

η =
(2πf0)2 （

μ0
4π

∬
r2 cos(φ−θ)dθ

2r2−2r2 cos(φ−θ)+h2）
2

RL

R1(R2+RL)2+(2πf0)2M2(R2+RL)
                                                       (2-4) 

2.4. Solving the power transmission efficiency of the two coils at different 
distances 

From the formula (1-6), it can be known that the power transmission efficiency is η =

(2πf0)2 （
μ0
4π

∬
r2 cos(φ−θ)dθ

2r2−2r2 cos(φ−θ)+h2）
2

RL

R1(R2+RL)2+(2πf0)2M2(R2+RL)
the same as the power transmission efficiency in 2.2, that is, 

𝑅1 = 1.55𝛺，𝑅2 + 𝑅𝐿 = 432.24𝛺，𝑓0 = 30𝑘𝐻𝑧，R2=0, RL=432.24 𝛺. 
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When the distance between the two coils is 150mm, 200mm, and 250mm , the transmission 
efficiencies of the three groups are 7.896%, 4.382%, and 3.766%, respectively. 

2.5. Comparative analysis of the power transmission efficiency of the two coils 
at different distances 

By analyzing the transmission efficiency of the two coils at different distances, it can be found 
that the power transmission efficiency decreases with the increase of the distance. Then, by 
contacting the formula and related tables, the power transmission efficiency can be calculated. 
At the same time, it is concluded that Power transfer efficiency decreases with distance. To sum 
up, the off-board part of wireless charging can be optimized by shortening the distance between 
the two coils. 

3. Model Evaluation 

3.1. Advantages of the model 

In the actual design, the reasonable assumption of this paper is often very small in order to 
ensure the transmission efficiency and save power resources, and it is much smaller here. 
Therefore, the influence on the transmission efficiency can be ignored, and the power 
transmission efficiency of the experimental wireless charging can be reasonably calculated. At 
the same time, the two-port non-contact transformer model is used to analyze the relationship 
between the circuit and the electromagnetic, which simplifies the problem, and the calculation 
accuracy is high, within a reasonable error range. 

3.2. Improvements to the model 

For the electromagnetic coupling resonance system in this paper, the classic contactless 
transformer model was used above, and the parameter equations of the transmission efficiency 
were obtained. In addition to the coupling theory model, Intel researchers also used 
electromagnetic coupling resonance. The two-way transmission of electric energy and sound 
data is realized by the disc oscillator, but its equivalent circuit model is established by multiple 
mutual inductance variables, and the influence of each parameter on the transmission 
efficiency of the system is not clear, so it is not suitable for practical analysis and design. 

In order to improve the model, the two-port network method is used for analysis. The two-port 
network allows the whole or part of the circuit to be represented by their corresponding 
external characteristic parameters without considering its internal specific structure, which 
can simplify the problem research. 

3.3. Generalization of the model 

In this paper, some preliminary results and accumulations have been made in the transmission 
efficiency of the high-frequency resonant magnetic field coupling energy transmission problem, 
but there are still many meaningful problems worthy of discussion and promotion. The 
promotion work includes: 

Further improve the transmission power and insulation level of high-frequency alternating 
current, improve the reliability of power transmission, reduce radiation loss, and provide a 
theoretical basis for high-power wireless charging and fast charging technology. 

According to the existing research foundation of Benwei, design and develop the wireless 
charging automatic parking system for electric vehicles to maximize the charging efficiency. 

To further explore the transmission efficiency optimization problem under other topologies, 
the analysis in the non-resonant state needs further study. 

This paper only considers the transmission characteristics under pure resistive load, but in 
reality, the electric vehicle load will change with the change of the state of charge during 
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charging, and the load is not necessarily a pure resistive load, and the simulation calculation 
under variable load also needs to be Research supplementary promotion. 

This paper only considers the charging process in the static state, and does not consider mobile 
charging and multi-load situations, which is also a major direction of model promotion. 
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