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Abstract: Coaxial coil topology is used as the transfer medium in traditional MCR-WPT
(Magnetic Coupled Resonant Wireless Power Transfer) systems to improve the transfer characteristics.
The intermediate coils are added to extend the transmission distance, whose positions are critical.
This paper focuses on the optimal intermediate coil positions for an MCR-WPT system with four
coaxial planar circular spiral coils. By modeling the MCR-WPT system, the mathematical expression
of the self-inductance and the mutual inductance are used to calculate the load power of the
MCR-WPT system, which is composed of four planar circular spiral coaxial coils, and using MATLAB.
The optimal distance ratio between the adjacent coils for maximizing the power of load is proposed.
Furthermore, the experiments are implemented from the network analyzer and the experimental
platform. In the platform, the load power is measured at the different intermediate coil positions,
and the optimal position at which the load power is maximized is found. Both experimental results
obtained by the network analyzer and the experimental platform have validated the theoretical and
simulation results and provided the correctness of the suggested ratios.

Keywords: wireless power transfer; coaxial coil; intermediate coil; distance coefficient; network analyzer

1. Introduction

With the rise of engineering technology and the deepening of theory, the field of wireless energy
transmission has gradually become a concern of researchers from academic and industry areas.
This technology is used not only in the electrical equipment to obtain electrical energy from a fixed
power grid in a non-contact way, but also to improve the safety of the electrical equipment. In July 2007,
an academic team headed by Professor Soljacic from MIT proposed a power transfer scheme using
magnetic coupling resonance [1,2], which greatly promoted the development of mid-range wireless
charging equipment, especially in biomedicine [3,4] and EV (electric vehicle) charging [5]. However,
with the increasing of the transfer distance, the transfer performance of the traditional two coil
structure drastically decreases [6], which often brings difficulties in practical applications. Moreover,
the frequency splitting phenomena seriously affect the transfer performance of WPT(Wireless Power
Transfer) systems [7].
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In recent years, many researchers have improved the transfer characteristics of
MCR (Magnetic Coupled Resonant)-WPT from many aspects [8]. One aspect is to add intermediate
coils to extend the transfer distance of the system and to improve the transfer characteristics of the
MCR-WPT system. The use of HTS (High-Temperature Superconducting) as a coil material was
proposed in [9] to improve system efficiency and to increase the transfer distance of the system.
The system with a single intermediate coil was designed and analyzed in [10,11]. However, the authors
in [10] only analyzed its characters from the concept of the coupling coefficient, and the results were
not intuitive. The non-coaxial four coil WPT structure was proposed in [12,13]. Since the position of
the four coils is too scattered, the volume of the whole system is not suitable for actual application.
In [14], two different resonant structures of LCC and CLC were compared. In addition, a special
network was presented in [15], which could accomplish both the max constant excitation state for the
transmitting terminal and the unity-power-factor for the receiving terminal. The effect of frequency
splitting on the scheme four coils was analyzed in [16]. In addition, the authors in [16] presented a
method of adjusting the load resistor to suppress frequency splitting of the four-coil WPT system.
The power transmission of multi-coil McR-wpt system was realized by utilizing the frequency splitting
phenomenon in [17]. The influence of coil misalignment on the four coil system was illustrated in [18].
In [19], the transfer power of the system is optimized by adjusting the coupling coefficient of the coil
through simulation. In addition to the multi-coil transfer topology with intermediate coils, there are
also three topologies: multi transmitter to single receiver [20], single transmitter to multi receiver [21],
and multi transmitter to multi receiver [22]. The authors in [23] propose a detailed analysis of the
omnidirectional wireless power transfer systems, and an omnidirectional power transmission system
is implemented. However, the research on the location parameters of the intermediate coil is not
sufficient, especially when there are more intermediate coils (two or more) in the system. The position
of the intermediate coils in the system is related with the transfer efficiency and transfer power of the
system. If the relationship between the positions of the intermediate coils and the transfer power is
clearly provided, the transfer characteristics of the WPT system will be more intuitive and practical.

This paper presents the MCR-WPT system with intermediate coils, based on the principle of
equivalent circuit analysis. A mathematical model of WPT system with the intermediate coils is
built, and the transfer power of the WPT system with one and two intermediate coils are deduced.
The concept of the distance coefficient is defined from the variation of the position of the intermediate
coil. The transfer power is obtained with respect to distance coefficient change. The optimal positions
of the intermediate coils are found, and, in these positions, the transfer power of the WPT system
with one and two intermediate coils is maximized through simulations. Network Analyzer and an
experimental prototype are adopted to verify the simulation results, which shows the consistency of
the experiments and theoretical analysis.

The rest of the manuscript is structured as follows: in Section 2, the theoretical analysis for the
system with single and two intermediate coils are considered, and then the mathematical expressions
of the transfer power are derived. In Section 3, the transfer power of the systems with single and
two intermediate coils are simulated with the distance coefficient. The optimal placements of the
intermediate coils are analyzed by simulations. The validity of this proposed method is verified with
the experimental results in Section 4. The whole content of this paper is concluded in Section 5.

2. Theoretical Analysis of MCR-WPT System with Intermediate Coils

2.1. Equivalent Circuit Model with a Single-Intermediate Coil

Figure 1 shows an MCR-WPT system with an intermediate coil, which is the coaxial circular coil.
The transmitter circuit is composed of an adjustable rectifier whose input is city alternating current
power, a high frequency power inverter, transmitter coil, and the compensation capacitor. Similarly,
each intermediate resonator circuit is composed of an intermediate coil and a compensation capacitor.
The receiver circuit is composed of the receiver coil, the receiver compensation capacitor, and a load.
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The system can be expressed with the equivalent circuit model, and Figure 2 shows the equivalent
circuit of an MCR-WPT system with an intermediate coil. In the transmitter circuit, Us is the RMS
(Root Mean Square) value of the output voltage of the high-frequency inverter, R0 is the internal
resistance of the source, RT is the equivalent resistance of the transmitter coil when it is operated at
high frequency, LT is the inductance of the transmitter coil, and CT is the compensation capacitance of
the transmitter . In the intermediate coil circuit, L1 is the inductance of intermediate coil-1, and C1 is
the compensation capacitance of the intermediate coil-1. In the receiver circuit, R1 is the equivalent
resistance of the intermediate coil-1 when it is operated at high frequency, RR is the equivalent
resistance of the receiver coil when it is operated at high frequency, LR is the inductance of the
receiver coil , Cr is the compensation capacitance of the receiver, and RL is the load resistance. MT1,
M1R and MTR are the mutual inductances between the transmitter coil and the intermediate coil-1,
the intermediate coil-1 and the receiver coil, the transmitter coil and the receiver coil, respectively.
ω0 is the angular frequency of the high-frequency inverter output.

Rectifier High-Frequency
Power Inverter 

Intermediate coil

Receiver coil
AC Power 

Supply

Load

D

1D 2D

Transmitter
coil

Figure 1. The structure of an MCR-WPT system with a single-intermediate coil.

Figure 2. The equivalent circuit model of the MCR-WPT system with a single-intermediate coil.

Based on the Kirchhoff’s voltage law (KVL), the equivalent circuit model in Figure 2 is built by Us

0
0

 =

 Z1 jωMT1 jωMTR
jωMT1 Z2 jωM1R
jωMTR jωM1R Z3

×
 I1

I2

I3

, (1)

where 
Z1 = R0 + RT + jωLT + 1

jωCT
,

Z2 = R1 + jωL1 +
1

jωC1
,

Z3 = RR + RL + jωLR + 1
jωCR

.
(2)
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The resonant frequency can be expressed by

ω =
1√

LTCT
=

1√
L1C1

=
1√

LRCR
. (3)

Due to the far distance, the mutual inductance MTR between the transmitter and the receiver
is small. In general, MT1 and M1R are far greater than the non-adjacent coupling coefficient MTR.
Thus, the influence of mutual inductance MTR on the system can be ignored. This paper assumes
MTR = 0. Solving the KVL equation of the equivalent circuit, the current expression of each circuit can
be obtained, and all the current solutions given in (4) are valid only at the resonant frequency:

I1=
(ω2M2

1R+R1Rµ)Us

R1RλRµ+(M2
TRRµ+M2

1RRλ)ω2
,

I2=
ωMT1RµUs

R1Rµ+(M2
TRRµ+M2

1RRλ)ω2
,

I3=
ω2MT1M1RUs

R1RλRµ + (M2
TRRµ+M2

1RRλ)ω2
,

(4)

where {
Rλ = R0 + RT ,
Rµ = RR + RL.

(5)

Furthermore, the expressions of the powers of the transmitter and the receiver can be derived,
respectively:

P3c_out = |I3|2RL

=
M2

T1M2
1Rω4U2

s RL

{R1RλRµ+[M2
T1Rµ+M2

1RRλ]ω2}2
.

(6)

To facilitate the analysis, the distance between the transmitter coil and the intermediate coil-1 is
D1; the transfer distance between the transmitter and the receiver coil is D, and the distance coefficient
α is defined as the position of the intermediate coil-1:

D1 = αD. (7)

On this topology, to ensure that the intermediate coil-1 is always between the transmitter coil and
the receiver coil, the distance coefficient should be in the following constraint condition:

0 < α < 1. (8)

The mutual inductances are related to the distances between the coils, and the coupling coefficients
are directly derived from the mutual inductances. In addition, the transfer power is related to the
coupling coefficients. Thus, the transfer power is also related to the distance coefficient α. The mutual
inductance between the coils is shown in (9):

M(r1, r2, ρ) = µ0N1N2

√
r1r2

b
[(2− b2)F(b)− 2E(b)], (9)

b =

√
4r1r2

(r1 + r2)2 + ρ2 . (10)

N1 and N2 are the numbers of turns of the two coil’s, and r1, r2 are the radii of the two circular
coils. F(b) and E(b) are the complete elliptic integrals of the first type and the second type, respectively,
and ρ is the center distance of the two round coils. The flat circular spiral coil can be considered as the
overlay group of several single-turn coaxial rings with different radii on the same plane [24]. Similarly,
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the mutual inductance between two spiral coils can be considered as the overlay group of several pairs
on different planes.

The mutual inductance between the adjacent coils can be expressed as:

M(ri, rj, ρ) =
N1

∑
i=1

N2

∑
j=1

M(ri, rj, ρ). (11)

The mutual inductance between the coils MT1 and M1R can be further expressed as:{
MT1(ri, rj, αD) = ∑N1

i=1 ∑N2
j=1 M(ri, rj, αD),

M1R(ri, rj, (1− α)D) = ∑N1
i=1 ∑N2

j=1 M(ri, rj, (1− α)D).
(12)

The relationship between transfer power and distance coefficient α can be obtained by
Equations (6)–(12):

P3c_out = f (α). (13)

By solving the above equation, the position of the intermediate coil-1 can be decided, and then
transmission power is maximized.

2.2. Equivalent Circuit Model of a Two-Intermediate Coil WPT System

Two intermediate coils have the short circuit topology. The transmission distance is longer owing
to using two-intermediate coils with a high quality factor.

Figure 3 shows the structure of WPT system with a two-intermediate coil. Similar to the
single-intermediate coil system, the MCR-WPT system with a two-intermediate coil can be expressed
as an equivalent circuit model. Figure 4 is the equivalent circuit of MCR-WPT system with a
two-intermediate coil. In the transmitter circuit, RT denotes the parasitic resistance of the transmitter
coil when it is operated at high frequency, LT descibes the inductance of the transmitter, and CT
represents the capacitance of the transmitter compensation. In the intermediate coil circuit, R1 denotes
the parasitic resistance of the intermediate-1 coil at high frequency operation, L1 describes the
inductance of the intermediate coil-1, C1 represents the compensation capacitance of the intermediate
coil-1, R2 denotes the parasitic resistance of the intermediate coil-2 at high frequency operation,
L2 describes the inductance of the intermediate coil-2, and C2 represents the compensation capacitance
of the intermediate coil-2. In the receiver circuit, RR denotes the parasitic resistance of the receiver coil
at high frequencies, LR describes the inductance of the receiver coil, CR represents the compensation
capacitance of the receiver coil, and RL is the load resistance. In addition, the mutual inductance is
shown in Table 1.

Rectifier High-Frequency 
Power Inverter

Transmitter 
coil

Intermediate coil-1,2

Receiver coil
AC Power 

Supply

Load

1D 2D
3D

D

Figure 3. The structure of the MCR-WPT system with a two-intermediate coil.
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Table 1. Definition of mutual inductance in the equivalent circuit of a two-intermediate coil.

Symbol Definition

MT1 the transmitter and the intermediate coil-1
M12 the intermediate coil-1 and the intermediate coil-2
M2R the intermediate coil-2 and the receiver coil
MTR the transmitter and the receiver coil
MT2 the transmitter and intermediate coil-2
M1R the intermediate coil-1 and the receiver coil

Since the non-adjacent coils are relatively far away from the others in practical applications,
the coupling coefficients between the non-adjacent coils are weak, and the impacts on the system are
very small. Therefore, in order to facilitate the calculation and analysis, similar to the analysis of the
three-coil system, this paper does not consider the mutual inductance of non-adjacent coils. Thus,
MTR = MRT = 0, MT2 = M2T = 0, M1R = MR1 = 0, where MTR, MT2, and M1R are the mutual
inductances as shown in Table 1.

Figure 4. The equivalent circuit of the MCR-WPT system with a two-intermediate coil.

Solving the current loop circuit equations, the load power is expressed as following:

P4_out = |I4|2RL

=
U2

s K1K2K3

(K1K3+K1R2Rµ+K2RλRµ+K3R1Rλ+RµR1R2Rλ)2 ,
(14)

where 
K1 = ω2M2

T1,
K2 = ω2M2

12,
K3 = ω2M2

2R.
(15)

The distance between the transmitter coil and the intermediate coil-1 is expressed as D1;
the distance between the intermediate coil-1 and the intermediate coil-2 as D2, and the distance
between the intermediate coil-2 and the receiver coil as D3, where D1 = αD, D3 = βD, and α, β

are defined as the distance coefficients. On this topology, the distance coefficient should satisfy the
following relations: 

0 < α < 1,
0 < β < 1,
0 < α + β < 1.

(16)

Similar to the analysis of a single-intermediate coil MCR-WPT system, a similar mathematical
formula can be obtained:

P4c_out = F(α, β). (17)
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By solving the above equation, the distance coefficient α and β values for which the output power
of the system is maximized would be obtained; this implies where the intermediate coils should
be placed.

3. Simulation of an MCR-WPT System with Intermediate Coils

3.1. Simulation of a Single-Intermediate Coil WPT System

The transfer distance between the transmitter and the receiver is defined as D. The distance
between the transmitter coil and the intermediate coil-1 and is D1, D1 = αD, α ∈ (0, 1), where α is
called the distance coefficient. When the transfer distance changes from 0.1 m to 0.3 m by the step of
0.1 m, the influence of the distance coefficient α is simulated for the transferred power of the system.
The inductance and capacitor values in Table 2, which are measured by the network analyzer, are used
in the simulations, in order to compare with the experiment. The values of inductances and capacitors
parameters in Table 2, which are measured by the network analyzer, are used in simulation to match
with the experiment. (The Us is 24 V and the load RL is 5 Ω). The relationship curves between the
transfer power and the distance coefficient is presented in Figure 5.
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D = 0 . 2 m
D = 0 . 3 m

Figure 5. The transfer power of the system under different transfer distances.

Table 2. System parameters.

Parameters Values

Transmitter coil inductance 17.254 µH
Transmitter compensation capacitor 223.94 nF

Transmitter coil resistance 229.7 mΩ
Intermediate coil-1 inductance 17.250 µH

Intermediate coil-1 compensation capacitor 224.96 nF
Intermediate coil-1 resistance 216.53 mΩ

Intermediate coil-2 inductance 17.164 µH
Intermediate coil-2 compensation capacitor 224.54 nF

Intermediate coil-2 resistance 218.07m Ω
Receiver coil inductance 17.196 µH

Receiver compensation capacitor 224.02 nF
Receiver coil resistance 231.92 mΩ

Inverter output angular frequency ω0 81.3 KHz

As shown in Figure 5, for the different transfer distances, the single-intermediate coil system
works on the maximum transfer power condition, only when this coil is placed at a distance coefficient
α = 0.5.
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3.2. Simulation of a Two-Intermediate Coil WPT System

Through the simulations, the relationship between transfer power and distance coefficient is
obtained. As shown in Figure 6, MCR-WPT systems with a two-intermediate coils reach a maximum
transfer power point, when α = β = 0.15. (The Us is 50 V and the load RL is 50 Ω). In other words,
when the transmitter and the receiver coil are placed symmetrically, the system obtains the maximum
transfer power. At the same time, it is found that two-intermediate coils and single-intermediate coils
are not exactly the same. For a single-intermediate coil system, when the intermediate coil is located in
the midpoint between the transfer and the receiver coil, the load obtains the maximum power, while,
in the two-intermediate coil system, the load gets the maximum power, when the two-intermediate
coils are not equidistantly placed, the distances between each coils are approximately:

D1 : D2 : D3 ≈ 1 : 5 : 1. (18)

Figure 6. Relationship between transfer power and distance coefficient α, β of a two-intermediate coil
MCR-WPT system.

This result implies that, when the number of intermediate coil is changed, the value of the distance
coefficient that maximizes the transferred power of these systems is not regular. From the transfer
power expression that the output power is not only related to the mutual inductance between the coils,
i.e., the distance, but also related to the load. Therefore, according to the above idea, when the load of
the system is determined, the distance between the coil that maximizes the transmission power of the
load is uniquely determined.

4. Experimental Verification and Analysis

4.1. The Structure of a Coil

In a MCR-WPT system, the coil of a planar spiral type is often used, owing to the magnetic field
generated by the planar spiral coil is relatively uniform. In this paper, the coil’s structure is planar,
circular, and spiral, where the inner diameter is 140 mm, the outer diameter is 300 mm, the spacing
interval between each ring is 7.5 mm, and the number of coil turns is 8, while the diameter of the
conductor copper wire is 2.5 mm. The rendering-graph and photograph of the coil is shown in
Figure 7. The inductance of this coil is 17.322 µH calculated according to [25]. When the compensated
capacitance is 0.22 nF, the resonant frequency, which is provided with the inductance and capacitance
mentioned above, is 81.3 KHz.
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Figure 7. (a) the rendering-graph of coil; (b) the photograph of coil.

4.2. Experimental Results Using a Network Analyzer

Figure 8 is the photograph of the experimental topology using a Network Analyzer. The values
of the capacitance and inductance are measured by the network analyzer (Agilentr E5061B; Cary,
NC, USA), to accurately determine the resonance frequency of the system. The detailed parameters of
inductances and capacitances are shown in Table 2.

In addition to accurately measuring the coil inductance and capacitance values used in the
experimental platform, the frequency characteristics of the four coil resonant circuits used in the
experiment are analyzed through the frequency sweeping function of the network analyzer. In addition,
the Smith chart for each circuit is then shown in Figure 9. The transmitter coil, intermediate coil-1,
intermediate coil-2 and receiver coil resonant circuits are scanned in the range of 50 KHz–400 KHz
(because the resonance frequency is estimated to be 81.3 KHz). Each coil and compensation capacitance
are connected to the network analyzer probe in series to adjust those resonances, and then, at the
resonant frequency, the impedance of the resonant circuit should be close to 0. Based on the
experimental results, 81.3 KHz is determined as the resonant frequency of the system.

Figure 8. Parameters S21 were measured by a network analyzer.
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Figure 9. The Smith chart of each resonant circuit in the range of 50 KHz–400 KHz.

As shown in Figure 8, the S21 parameters of the system are measured by the network analyzer in
the different intermediate coils’ position. The magnitude of S21 parameters is often used to imply the
transfer power of the WPT system [26].

The tendency of S21 in a four-coil MCR-WPT system is illustrated in Figure 10, when the distance
coefficient:α = β = 0.25. S21 pointed with maker-1 is the value where the sweeping frequency is
81.3 KHz. Table 3 gives the S21 parameter values for the several typical distance coefficients between
the adjacent coils, including the distance ratios as shown in Figure 10. From Table 3, it is obtained
that the best distance ratio between the adjacent coils in order to transfer maximum power should be
0.15:0.7:0.15 (approximately 1:5:1).

Figure 10. The curve of the four-coil MCR-WPT system S21, when α = β = 0.25.
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Table 3. The S21 parameters of the MCR-WPT system with intermediate coil-1, when the transfer
distance D = 0.5 m.

Distance Coefficient Distance Ratio between Coils/cm S21

α = 0.34, β = 0.34 17:16:17 0.035131
α = 0.26, β = 0.26 13:24:13 0.22256
α = 0.24, β = 0.24 12:26:12 0.26769
α = 0.22, β = 0.22 11:28:11 0.30252
α = 0.20, β = 0.20 10:30:10 0.3333
α = 0.16, β = 0.16 8:34:8 0.37346
α = 0.14, β = 0.14 7:36:7 0.37428
α = 0.12, β = 0.12 6:38:6 0.35832

Since each interval space of the test platform is 1 cm, the distance ratio value cannot be accurately
matched with 0.15:0.75:0.15 (7.5:35:7.5). Due to the same reason, the distance for the different distance
ratios between the coils should be integers at the centimeter unit, which are calculated with the
rounding method. From Table 3, the position of the maximum value should be between the ratios of
8:34:8 and 7:36:7, which is consistent with the results obtained by the simulation.

4.3. Experimental Results Using the Proposed Prototype

In addition to measuring the S21 parameters with the network analyzer, the high power platform
as shown in Figure 11 is used to verify the correctness of the optimal assign method for coil distances in
the three-coil and four-coil prototype. In the adjustable rectifier, 220V-50 Hz AC (Alternating Current)
is converted to DC(Direct Current) 24-50 V. In the power inverter, the high frequency power that
has same frequency as resonance is inverted from DC 24-50 V, and then provided to the MCR-WPT
system. The high frequency power is transmitted from the transmitting coil to the receiving coil,
through intermediate coil-1 and intermediate coil-2. In the experimental prototype system, the power
frequency is 81.3 KHz.

The load power is given in Figure 12 at the different transfer coefficient, when the transfer
distances are D = 0.1 m, 0.2 m and 0.3 m. It is observed that, for any transfer distance, the measured
values are approximately closed to the calculated ones, while the maximum load power always
happens at mid-point i.e., the distance coefficient α = 0.5.

Figure 11. Experimental prototype of the MCR-WPT system with two intermediate coils.
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Figure 12. Experimental results of the MCR-WPT system with the intermediate coil-1.

In addition, a group of experimental results is shown in Figure 13. The yellow curve is the voltage
across the output terminal of power inverter, the green curve is the current flowing through the load
connected in series with the receiving coil, and the FFT analysis is performed for the current waveform
of the load as shown in Figure 14. From the FFT analysis, it is found that the constituents of H3

(third-harmonic wave) and H5 (fifth-harmonic wave) are small, which means that the power quality of
the load is very high. This implies that the transmitter resonance circuit, two intermediate resonance
circuits, and the receiver resonance circuit are with multiple filtering effects. The experimental results
are shown in Table 4.

Figure 13. Experimental result of the MCR-WPT system with two intermediate coils—when α = β = 0.2,
and the transfer distance is 0.5 m.
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Figure 14. Experimental result of the MCR-WPT system with two intermediate coils—when α = β = 0.2,
and the transfer distance is 0.5 m.

Table 4. The experimental results of the MCR-WPT system with intermediate coil-1,-2, when the
transfer distance D = 0.5 m and the RL = 50 Ω.

Distance Coefficient Distance Ratio I4rms H3 (%) H5 (%)between Coils/cm /mA

α = 0.34, β = 0.34 17:16:17 23.7 5.97 3.78
α = 0.26, β = 0.26 13:24:13 173 0.51 0.53
α = 0.24, β = 0.24 12:26:12 237 0.57 0.21
α = 0.22, β = 0.22 11:28:11 316 0.31 0.15
α = 0.20, β = 0.20 10:30:10 366 0.47 0.43
α = 0.16, β = 0.16 8:34:8 367 0.3 0.36
α = 0.14, β = 0.14 7:36:7 353 0.31 0.29
α = 0.12, β = 0.12 6:38:6 330 0.32 0.51
α = 0.26, β = 0.48 13:13:24 10.95 12.68 8.36
α = 0.16, β = 0.50 8:17:25 6.39 18.72 14.4
α = 0.16, β = 0.34 8:25:17 184 0.28 0.55
α = 0.64, β = 0.18 32:9:9 5.9 20.02 13.46
α = 0.64, β = 0.10 32:13:5 21.8 3.47 3.11

According to Table 4, the relationship between the load power and the distance coefficients α

and β is as shown in Figure 15, and the overall trend is similar to the simulation results as shown
in Figure 6. The deviation at the maximum power point is 5.14%, and this part of the power loss
is mainly consumed on the MOSFET(Metal-Oxide-Semiconductor Field-Effect Transistor) and the
internal resistance of intermediate coils. The experimental results are basically consistent with the
previous analysis and design.
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Figure 15. Relationship between transfer power and the distance coefficient α, β of the two-intermediate
coil MCR-WPT system.

The load obtains the maximum power when the RMS value of the load side current is the largest,
and the distance coefficient between the coils of such case is between 8:34:8 and 7:36:7 as listed in
Table 4. In addition to typical pairs, the same experiment is performed for the random pairs, in order
to identify the correctness of the proposed method. The experimental results show that, whatever the
distance ratios between the coils are, the load power on these cases is not larger than one on the ratio
obtained in the paper.

5. Conclusions

The modeling for the three and four-coil MCR-WPT system is provided. The model of the
coaxial planar circular spiral four-coil MCR-WPT system is followed, and then based on this model,
the output power is calculated in the relationship with the distance ratios between the adjacent coils,
using simulation calculation. According to this relationship, this paper proposes an optimal position
configuration method for the MCR-WPT system with four coaxial plane circular spiral coils.

At the same time, the detailed parameters of the coil inductance and capacitance used in
the experimental platform are illustrated in both geometrical and electrical aspects. In addition,
the correctness of the simulation analysis is verified not only by using the S21 parameters measured
with the network analyzer, but also by using the load current of the experimental platform that is
designed for the actual application. Finally, the waveform analysis for the load current is noted in
harmonic view.
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