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Abstract: With the optimization goal of improving the transmission efficiency of the magnetically
coupled resonant wireless power transmission (MCR-WPT) system, the influencing factors and
suppression methods of frequency splitting phenomenon (FSP) are analyzed from the perspective
of input impedance based on the mutual inductance model. Then we propose the Monte Carlo-
Interior Point method (MC-IPM) for nonlinear modeling to determine the optimal system parameters
while ensuring that the system does not suffer from FSP. Finally, the simulation results show that
the proposed method can obtain the optimal parameters faster and achieve higher transmission
efficiency. The optimized system can meet the practical requirements and provides a reference value
for improving the transmission performance of MCR-WPT.
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1. Introduction

The increasing perfection of high degree of freedom wireless power transfer (WPT)
technology means the advent of the era of contactless power transmission [1]. With ad-
vancement in electronic-based technologies, such as portable electronic devices, implanted
medical devices, electric vehicles (EVs) and so forth, this seemingly magic way can change
our traditional utilization patterns of the energy in various applications [2,3].

WPT can meet ever-growing demand for great convenience of being cordless and safe
in wet and harsh environments compared with the traditional cable power transfer [4].
According to the distance from the source, it can be categorized into (a) far-field coupling
(based on the electromagnetic radiation technique using the microwave, laser or solar
satellite) and (b) near-field coupling (the magnetic field coupling includes magnetically cou-
pled inductive (MCI) and magnetically coupled resonant (MCR)). When the transmission
distance increases or the transmitting coil and the receiving coil are offset, transmission per-
formance of MCI-WPT (efficiency, power and other performance metrics) will be decreased
significantly, which greatly limits the application of the technology. The MCR-WPT tech-
nology can solve the problems above. In 2007, a 60 watt bulb was successfully lit up over
a distance above 2 m with transmission efficiency of about 40% by scientists at MIT, and
magnetically coupled resonant wireless power transfer (MCR-WPT) was first proposed [5].
In recent years, MCR-WPT has drawn significant interest for implementing the near-field
WPT due to its high transfer efficiency as well as long transfer range. Researchers from all
over the world have made in-depth study on MCR-WPT, and have achieved significant
progress in charging safety, power level and transmission efficiency [6,7]. This technology
can achieve high transmission efficiency when resonance occurs between the transmitter
and the receiver. However, changes in the system itself and the external environment can
cause the system to operate in a detuned state, and the transmission efficiency will drop
sharply compared to that in a resonant state [8].
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Therefore, the core of improving the transmission performance of the system is to
ensure that the system works in a resonant state and avoid the frequency splitting phe-
nomena (FSP) caused by overcoupling and achieve an increase in transmission efficiency.
Li et al. [9] mechanically changes the angle of the coil and the transmission distance so
that the system exits the overcoupling area, but the adjustment is not very accurate. Lyu
et al. [10] uses two nonidentical resonant coils to avoid overcoupling between transmitter
and receiver with close transfer distance. Tian et al. [11] proposed a double two-way spiral
coil (DTSC) design method to narrow the overcoupling region of the system. In addition,
impedance regulation circuits are also commonly used to improve WPT transmission per-
formance [12–15]. Several methods described above change the external structure of the
coil and circuit or move the mutual inductance distance to weaken the frequency splitting
caused by overcoupling and achieve an increase in transmission efficiency. Since the exter-
nal structure is not easily adjustable, some researchers have focused on the development of
equivalent models of circuits and the derivation of mathematical expressions. They analyze
in depth the internal connection of the parameters and their influence on the output. This
leads to the selection of the optimal parameters and the optimization of the transmission
performance. Li et al. [16] analyze the relationship between the transmission efficiency
and the four system parameters, and thus give a method to optimize parameters of the
system. Zhao et al. [17] derive the relationship equation between transmission efficiency
and parameters, and introduce genetic algorithm to optimize the solution of transmission
efficiency. Lu et al. [18] propose an improved genetic simulated annealing algorithm to
solve the problem of parameter selection during the design of MCR-WPT. Yin et al. [19]
analyze the factors affecting the transmission efficiency from the perspective of the system
input impedance, and use the particle swarm optimization (PSO) algorithm to optimize
the factors.

On the basis of the circuit parameter analysis above, the principle of FSP in WPT
systems are analyzed from the perspective of input impedance, and a nonlinear modeling
and parameter optimization method for MCR-WPT system based on Monte Carlo-Interior
Point method (MC-IPM) are proposed. Firstly, this study selects the MCR-WPT system
with series–series (S-S) type basic compensation circuit as the object of study and uses the
theory of mutual inductance model to analyze the transmission characteristics of the system.
Subsequently, the working principle of MCR-WPT is quantitatively analyzed and the factors
affecting the transmission efficiency of the system are determined. Secondly, this study
analyzes the mechanism of FSP in WPT systems from the perspective of input impedance,
and provides the basis for quantitative calculation of system parameter optimization.
Thirdly, with the goal of improving transmission efficiency, a nonlinear model based on
MC-IPM was built, so as to optimize the relevant parameters affecting the transmission
efficiency of the MCR-WPT system. Finally, a practical experimental platform is established
to verify the effectiveness of the proposed method.

Combining the suppression of frequency splitting with the proposed method can
ensure that the system achieves maximum transmission efficiency without a significant
drop in output power due to FSP. The interior point method has less iteration variation,
excellent convergence and fast computation speed. However the traditional interior point
method requires strict initial value selection. Therefore, this study optimizes the initial
values using the Monte Carlo method, which is able to avoid getting trapped in a local
optimum. Experiment results show that the improved method can break the limitation
of local optimal solutions. Compared with other intelligent optimization algorithms and
parameter selection, the proposed method can obtain the optimal parameters faster and
achieve higher transmission efficiency. The optimized system can meet the practical
requirements and provides a reference value for improving the transmission performance
of MCR-WPT.
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2. Transmission Characteristics Analysis of MCR-WPT System
2.1. Factors Affecting System Transmission Efficiency

The S-S topology is used in magnetic coupling resonant WPT frequently, because
its load receiving power and system transmission efficiency are better when the system
is resonant [20,21]. A series–series(S-S) MCR-WPT system was selected as the object of
study, and the theory of mutual inductance model was used to analyze the transmission
characteristics of the system and determine the factors affecting the transmission efficiency
of the system. Figure 1 demonstrates a typical S–S-type MCR-WPT system mutual sensing
model topology [2].
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Where, L1 refers to the transformer inductances on the primary side, while L2 indicates
the one on the secondary side. Similarly, C1 and C2 refer to the primary and secondary
compensation capacitors, respectively, which are used for enhancing energy transferred
from an AC source to an output loading resistance RL. u0 indicates the high frequency
AC voltage source and R0 is the internal resistance of the power source. R1 refers to the
equivalent resistance of the primary coil, while R2 indicates the equivalent resistance of the
secondary coil.

To simplify the analysis, this study makes the resonant compensation network struc-
ture symmetrical, so that the primary and secondary coils are identical (the mutual induc-
tance of the two coils is equal, i.e., M12 = M21 = M). Since the system is powered by an
adjustable power supply, the internal resistance R0 of the power supply is ignored.

The input power and output power of the system [22] can be respectively expressed as

Pin = U0 I1cosθ =
(RL + R2)u0

2

R1(RL + R2) + (ωM)2 (1)

Pout = I2
2RL =

(ωMu0)
2RL

(R 1(RL + R2) +
(
ωM

)2)2 (2)

where θ indicates the phase angle between the input voltage and the primary current.
When the circuit is in resonance, θ = 0

◦
.

The transmission efficiency of the system [22] is given by

η =
Pout

Pin
=

ω2M2RL

(RL + R2)
(

R 1(RL + R2) + (ωM)2) (3)

Since the coil equivalent resistance is not easily changed after the coil winding is
completed, its value is considered as a constant and is analyzed further. Therefore, the
main factors affecting the transmission efficiency of the MCR-WPT system are the resonant
frequency of the system ω, the mutual inductance of the coupling coil M and the load
equivalent resistance RL.
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2.2. Parameter Calculation of FSP Analysis

When the distance between the two coils is larger than a critical value or if the mutual
inductance is too large, the characteristics of the transferred power will change from a
single-peaked curve to a double-peaked curve [23,24]. The WPT system reaches its power
peak when operating at non-resonant frequencies, and the power decreases at resonant
frequencies instead. This is called the frequency splitting phenomenon (FSP), which
seriously affects the system safety [25]. The mechanism of FSP generation will be analyzed
from the perspective of input impedance and a basis for system parameter optimization
is provided.

(a) Normally, the input impedance for WPT topology [26] can be given by

Zin = Z1 + Z21 = R1 + jωL1 +
1

jωC1
+

ω2M2

RL + R2 + jωL2 + 1/jωC2
(4)

where Z1 indicates the equivalent impedance of the primary circuit, Z21 denotes the
impedance of the secondary circuit equivalent to the primary and M is mutual inductance.

The real and imaginary parts of Equation (4) are separated by

Zinreal = R1 +
ω2M2(RL + R2)

(RL + R2)
2 + (ωL2 − 1/ωC2)

2 (5)

Zinimage = j

((
ωL1 −

1
ωC1

)
− ω2M2(ωL2 − 1/ωC2)

(RL + R2)
2 + (ωL2 − 1/ωC2)

2

)
(6)

(b) Because the system is symmetric, this study lets L1 = L2 = L and C1 = C2 = C, which
leads to the derivation that ω0L1 = 1/(ω0C1) = ω0L2 = 1/(ω0C2) = ω0L. Therefore, the
mode of the imaginary part of the input impedance can be simplified as

∣∣Zinimage
∣∣ = ω0Lδ− ω2M2ω0Lδ

(RL + R2)
2 + (ω0Lδ)2 (7)

where δ denotes the detuning factor and δ = (ω/ω0 −ω0/ω).
(c) When the circuit resonates, the imaginary part of the input impedance is zero and

the input impedance of the circuit is equal to the resistance value of the resistor [27]. When
the system undergoes FSP, the circuit resonance condition is met (the imaginary part of the
input impedance is zero and the system output power reaches its maximum). However,
the operating frequency does not coincide with the resonant frequency, and the output
power drops at the resonant frequency. For the case that both FSP and circuit resonance
may occur (ω0 6= ω, δ 6= 0), this study makes the imaginary part of the input impedance
(Equation (6)) zero. The results of calculation can be expressed as

ω2
(

1− 2L2

M2

)
=

(RL + R2)
2 − 2L/C

M2 (8)

After transformation, Equation (8) can be expressed as

k2

2
− (RL + R2)

2 + R1
2

4ω2L2 = 1 (9)

where M = k
√

L1L2 = kL ≤ L, k denotes the coupling coefficient, 0 ≤ k ≤ 1.
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According to the definition of M, the coefficient of ω2 on the left side of Equation (8) is
less than zero, so the right side of the equation must also be less than zero. Similarly the left
side of Equation (9) should be greater than 0. The three inequalities can be expressed as

1− 2L2/M2 < 0
(RL + R2)

2 < 2L/C
k >

(
1/
√

Q1Q2
)√

(1/2)(Q1/Q2+Q2/Q1)

(10)

where both Q1 and Q2 denote the quality factor, Q1 = ω0L1/R1, Q2 = ω0L2/(RL + R2).
In summary, conditions that make Equations (8) and (9) have solutions that are

given by 
M >

√
R1(RL + R2)

ω0

√
1
2

(
RL + R2

R1
+

R1

RL + R2

)
RL <

√
2L
C
− R2

(11)

(d) Critical mutual inductance, load resistance and coupled coefficient are given by
Mcri =

√
R1(RL + R2)

ω0

√
1
2

(
RL + R2

R1
+

R1

RL + R2

)
RLcri =

√
2ω0L− R2

kLcri = Mcri/L

(12)

Based on the analysis above, two conclusions can be drawn as follows: (i) When the
load resistance RL is less than the critical load resistance RLcri and the mutual inductance
M is greater than the critical mutual inductance Mcri, the system is in an overcoupled state
and FSP occurs (both conditions of Equation (11) must be satisfied at the same time). (ii) On
the contrary, when the load resistance is larger than the critical load resistance or the mutual
inductance is smaller than the critical mutual inductance, the system will not experience
FSP (only one of the two conditions must be satisfied).

To verify the correctness of theoretical analysis (i) and (ii), the system simulation
parameters are assumed to be as shown in Table 1, where resonant capacitance is obtained
by performing the calculation ω0L = 1/(ω0C) and ω0 = 2Π f0. RLcri is calculated according
to Equation (12).

Table 1. Simulation parameters of the MCR-WPT system.

Parameter Symbol Value

Coil inductance L1 = L2 = L 1.12 mH
Coil resistance R1 = R2 = R 4 Ω

Resonance frequency f0 20 kHZ
Resonant capacitance C1 = C2 = C 56 nF

Critical load resistance RLcri 195 Ω

Figure 2 shows the different cases of FSP in the system with different load resistance
values. When RL= 26 Ω, the critical coupling coefficient kLcri calculated according to
Equation (12) is 0.15. Since the load resistance is less than the critical load resistance
(RLcri= 195 Ω) and the system in the Figure 2a undergoes FSP when k is greater than 0.15,
it is consistent with the analysis of conclusion (i). When RL= 195 Ω and 300 Ω, since the
load resistance is already greater than the critical load resistance, the two conditions of
Equation (12) cannot be satisfied simultaneously no matter what value of K is taken. In
both cases, the systems in the Figure 2b,c do not undergo FSP, which is consistent with the
analysis in conclusion (ii).
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3. Transmission Efficiency Optimization of MCR-WPT System
3.1. Nonlinear Model Building and Simplification

This study chooses Monte Carlo simulation to optimize the initial values and couples
the interior point method for nonlinear programming. Compared with the traditional
nonlinear programming model, the proposed model can efficiently search for the global
optimal solution with simple programming, fewer iterations and better convergence, while
avoiding blind initial values and falling into local optima.

3.1.1. Nonlinear Interior Point Method

The interior point method is a common algorithm for solving linear programming
or nonlinear optimization problems. The obstacle function method and the primal-dual
method are the two classic interior point methods. The obstacle function method eliminates
inequality constraints by adding obstacle terms to the objective function, and iteratively
reduces the obstacle weights to continuously approach the optimal solution. With reference
to the obstacle function method [28], a nonlinear interior point method applicable to
MCR-WPT systems was proposed. The specific implementation process of the method is
described as follows.

(a) Analyze the circuit mutual inductance model and establish the mathematical
formulation for the nonlinear programming problems of MCR-WPT system, where the
constraints include equation constraints and inequality constraints. General model for
nonlinear programming is given by

min
x∈Rn

f (x)s.t.
{

ci(x) = 0, i = 1, 2, . . . , p
cj(x) ≤ 0, j = 1, 2, . . . , q (13)

where x denotes a point in an n-dimensional Euclidean space Rn (n-dimensional vector)
and f (x), ci(x), i, j are real-valued functions defined on Rn.

(b) For the case containing an inequality constraint, consider adding a parameter
vector s to the optimization problem. The newly added parameter s can be transformed to
form an equation constraint to replace the previous inequality constraint.

(c) Unlike unconstrained optimization, the optimal value of constrained optimization
is often on the constraint boundary. Therefore, the log function is introduced as a barrier
function to ensure that the search is performed only within the bound of the inequality
constraint. (Because the objective function will take a rapidly large value if the bound of
the constraint is approached). With the inequality constraint removed from the objective
function, the changed form can be expressed as

min
x∈Rn

f (x)− µ∑m
i=1 ln si s.t.

{
cE(x) = 0

cI(x)− s = 0
(14)
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where µ indicates a quantity defined to check the distance between the current iteration
point and the optimal point, parameters µ, s (mentioned in (b)) and si(limited by natural
log) are all greater than zero. Thus, the constraint function CI (x) > 0.

During the iterative process of the interior point method, the value of µ also decreases
until it converges to the point of true objective function minima. It is equivalent to simplify-
ing a complex optimization problem with inequality constraints into a series of optimization
problems without inequalities with different values of µ.

3.1.2. Monte Carlo Method

Monte Carlo method (MCM) is a numerical method based on probability and statistical
theory, which can solve many non-deterministic problems in mathematical and physical
phenomena [29]. The core idea of MCM is to represent the posterior distribution of the
problem to be solved by a random sample of probability distribution and the corresponding
probability. The mathematical description is as follows.

xav =
∫ ∞

−∞
x f (x)dx (15)

xex =
1
N

N

∑
n=1

xn (16)

where x is a random variable, f (x) is the probability density function of x, xav indicates the
mathematical expectation of x and xex denotes the expected estimate.

Taking N independent random samples {x1, x2, . . . , xN} from f (x), the expected esti-
mate xex of the MCM is expressed as the mean of the N sample values. By the law of large
numbers, MCM converges to its expected value with probability 1 when N tends to infinity.
xav is the exact mean of the random variable x, but xex is only an unbiased estimate of x.
Therefore, the error of MCM needs to be calculated, and its expression is given by

σ2(x) =
∫ ∞

−∞
x2 f (x)dx− 2xav

∫ ∞

−∞
x f (x)dx + xav

2
∫ ∞

−∞
f (x)dx (17)

where σ is the standard deviation of x, which reflects the measure of the distribution of x
in the vicinity of xav. The relationship between xex and the standard deviation of x can be
expressed as

σ(xex) =
σ(x)√

N
(18)

Equation (18) uses xex to estimate x. The diffusion range of xex around xav is pro-
portional to σ(x) and inversely proportional to the square root of N. According to the
central limit theorem, the set of a large number of random events converges to a normal
distribution. Therefore, the error ε of MCM can be expressed as

ε =

∫ a
−∞

1√
2Π

e−t2/2dtσ(x)
√

N
(19)

where a is the confidence level.

3.2. Optimization Process of MCIPM

The idea of MC-IPM to optimize parameters of MCR-WPT system is described in
Figure 3.
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The interior point method is an effective method for solving nonlinear programming
problems, but the solution result of a nonlinear programming algorithm is only a local
optimal solution, and it has strict restrictions on the selection of initial values. If the global
optimum is required, there are usually two ideas: (i) use the random number method to
generate different initial values to optimize the code, and then find an optimal solution
from them; (ii) first use Monte Carlo simulation to get a Monte Carlo solution, and then use
this solution as the initial value to find the optimal solution. However, randomly selected
initial values (method (i)) may lead to results that do not satisfy the constraints, or the
algorithm cannot find a valid solution.

The Monte Carlo method can describe both the characteristics of things with random
nature and physical experimental process more realistically, also can calculate multiple
unknown quantities at the same time, and the program structure is simple and easy to
implement. However, the Monte Carlo method is slow to converge and it is generally
not easy to obtain approximation results with high accuracy. To solve the parameters
optimization problems of systems with multiple constraints and parameters, the advantages
of the two algorithms are combined.

3.3. Simulation Analysis

Based on the above analysis of FSP,ω, M and RL are selected as optimization variables
to build a nonlinear model based on the MC-IPM method. The optimization objective
here is to make the MCR-WPT system reach the maximum transmission efficiency without
FSP, and the control variable method is used for experimental verification. The study of
Section 2 provides a preliminary reference range for the MC-IPM nonlinear constraints
and the determination of the upper and lower bounds of the three parameters (ω, M,
RL) to be optimized. In this section, a parameter optimization study will be conducted
based on the FSP simulation results in Section 2. According to Figure 2a, the range of
FSP is 15 khz < f < 30 khz when 0.1 < k < 0.5, so the range of values of the variables to be
optimized can be set as ω (2Π*15,000~2Π*30,000 rad/s), M (112~560 µH), RL (20~30 Ω),
respectively. Table 2 shows the optimal parameters selected using the proposed method.
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Table 2. Results of parameter selection based on MC-IPM.

MC-IPM ω (105 rad/s) M (10−4 H) RL (Ω) η (%) f (kHZ) k (10−4)

1.3094 1.926 29.99 74.49 20.08 0.172
1.3196 1.922 29.93 74.61 20.72 0.171
1.2919 1.926 29.95 74.19 20.26 0.172
1.3085 1.926 29.86 74.47 20.18 0.172
1.3405 1.925 29.92 74.98 21.03 0.171

Average 1.3139 1.925 29.93 74.55 20.42 0.172

Figure 4 shows the variation in transmission efficiency with different parameter values.
The parameters at the top of the surface function are similar to the selection results of MC-
IPM, which proves that the method in this paper can effectively improve the system
transmission efficiency by optimizing the parameter selection.
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To further demonstrate the advantages of the proposed method, Figure 5 shows
the results of transmission efficiency optimization using MC-IPM, Monte Carlo (MC),
Sequential Quadratic Programming (MC-SQP), Active Set Method (MC-AS) and Adaptive
Particle Swarm Algorithm (APSO), respectively.
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From Figure 5, it can be seen that the average value of transmission efficiency obtained
using the method of MC-IPM is 75.86%, which is improved by 5.8%, 3.76%, 3.65% and
2.87% compared with other methods. Moreover, there are no outliers in the experiment,
which indicates that the proposed method has higher robustness.

4. Experiments Analysis

In order to verify the effectiveness of the theory, the experimental platform was
realized, which was composed of a signal generator, a homemade power amplifier, a
homemade high-frequency inverter, a transmitting coil and a receiving coil with the same
diameter and a electronic load meter, which are shown in Figure 6.
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Table 3 shows the device parameters used in the experimental platform. Based on the
PSIM simulation results and the analysis above, RL = 2.4 Ω is chosen to calculate the critical
mutual inductance Mcri. The range of values of the variables to be optimized were set as ω
(2Π*15,000~2Π*25,000 rad/s), M (0.01~103 µH), RL (0.28~2.77 Ω), respectively.

Table 3. Experimental parameters of the MCR-WPT system.

Parameter Symbol Value

High-frequency power U0 10 V
Coil inductance L1 = L2 = L 103 µH
Coil resistance R1 = R2 = R 0.353 Ω

Resonance frequency f0 20 kHZ
Resonant capacitance C1 = C2 = C 615.71 nF

Critical load resistance RLcri 17.93 Ω
Critical mutual inductance Mcri 17.68 µH
Critical coupling coefficient kLcri 0.172

Table 4 shows the results of the optimal parameter selection based on MC-IPM and
the parameters set for the practical experiment. The system resonance frequency of the
experimental platform is 20 kHZ, and the actual input operating frequency is also set to
20 kHZ. The output is connected to the electronic load, and RL is set to 2.77 Ω due to the
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limitation of the instrument accuracy. The mutual inductance coefficient varies with the
distance between the two coils, and this effect is very sensitive. The practical experiment
may require complex adjustment to make the mutual inductance close to the theoretical
value, but it is difficult to be identical, making the transmission efficiency slightly reduced.
The test results of the experimental platform show that the actual transmission efficiency
decreases by about 4%, which is due to the inherent device switching losses.

Table 4. Simulation and practical experimental parameters.

MC-IPM ω (105 rad/s) M (10−5 H) RL (Ω) η (%) f (kHZ) k

Simulation
optimal

parameters
1.2927 1.768 2.769 77.60 20.57 0.172

Practical
experimental
parameters

1.2567 1.780 2.770 73.17 20.00 0.173

The experimental results above prove the validity of the theoretical analysis, and the
control variable method is used next to verify the superiority of the proposed method.
Three sets of different resonant frequencies and load resistances are set, and the variation
of η with k is tested under the three sets of experiment parameters, respectively. The actual
experimental data are shown in Table 5. The critical coupling coefficients for the three
sets are: (a) kcri = 0.172, (b) kcri = 0.123, (c) kcri = 0.086. Figure 7 shows the comparison
curves of the three sets of experimental parameters. The reason that the independent
variables of each curve do not take the same range of values is that the critical coupling
coefficients are different for different parameter conditions. When the coupling coefficient
of the system exceeds the critical value, frequency splitting will occur, which does not
meet the optimization requirements of this paper. Therefore, only the data and curves
that meet the requirements of FSP suppression are retained. The parameter combination
of 20 kHZ, 2.77 Ω has an efficiency of more than 70% at k = 0.172, which is better than
the highest efficiency under other parameter combinations and can achieve the goal of
FSP suppression.

Table 5. Experimental data by controlled variable method.

k 0.07 0.08 0.086 0.100 0.110 0.123 0.140 0.160 0.172

(a) 20 kHZ, 2.77 Ω 37.87% 43.74% 46.94% 53.50% 57.46% 61.82% 66.41% 70.57% 72.57%
(b) 20 kHZ, 1.85 Ω 43.12% 48.66% 51.58% 57.34% 60.68% 64.26%
(c) 40 kHZ, 2.77 Ω 62.41% 66.57% 68.56%Electronics 2023, 12, x FOR PEER REVIEW 12 of 14 
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In addition, the proposed method can also show good adaptability even in the case
of FSP. The system in Table 6 undergoes FSP because the mutual inductance coefficient
is greater than the critical mutual inductance, and the efficiency of the system decreases
at the resonant state. However, the maximum efficiency of the system can still be greater
than 70% regardless of whether the actual operating frequency is greater or less than the
resonant frequency, which proves the correctness of the parameter selection.

Table 6. Experimental parameters of the system when FSP occurs.

MC-IPM ω (105 rad/s) M (µH) RL (Ω) η (%)

ω < ω0

1.0329 44.247 2.7712 71.25
1.2068 44.213 2.7687 72.39
1.0944 44.218 2.7687 71.71

ω > ω0

1.2838 44.063 2.7638 72.73
1.4709 44.246 2.7700 73.45
1.5615 44.247 2.7700 73.69
1.4583 44.022 2.7640 73.37
1.3084 44.057 2.7638 72.83

5. Conclusions

Firstly, the FSP is analyzed from the perspective of input impedance, and the influenc-
ing factors are determined as system operating frequency, coil mutual inductance and load
resistance. Secondly, the analysis results above are combined with MC-IPM to optimize the
system parameters so that the system can suppress the FSP while achieving the maximum
transmission efficiency. Finally, the correctness and feasibility of the theoretical analysis are
verified through simulation and practical experiments, which is a reference value for im-
proving the transmission efficiency of MCR-WPT system. However, the mutual inductance
measurement errors and device losses in the practical experiment result in a slight decrease
in transmission efficiency.
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