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Abstract: This study proposes a novel approach for selecting the resonance capacitance of wireless
power transfer systems, aiming to achieve a zero phase angle (ZPA) while simultaneously minimizing
the leakage magnetic field. The performance of the method is validated across two key topologies:
series–series (S–S or SS) and the double-sided inductor–capacitor–capacitor (LCC, LCC–LCC) topolo-
gies. By minimizing the vector phasor sum of the coil currents, the proposed approach effectively
mitigates magnetic field leakage. The method is further validated through mathematical derivations,
simulations, and experimental tests. The results reveal that using the proposed method to select
resonance capacitances reduces the leakage magnetic field by up to 35.2% in the SS topology and
by 42.0% in the double-sided LCC topology. Furthermore, the method improves the ZPA by more
than 20◦ in both cases. These outcomes affirm the effectiveness of the proposed resonance tuning
approach.

Keywords: wireless power transfer; magnetic field; resonance circuits; zero phase angle; topology;
electric vehicle

1. Introduction

Wireless power transfer (WPT) systems have garnered considerable attention owing to
their potential for widespread application across diverse industries [1,2]. The ability of WPT
systems to deliver energy without requiring physical connections makes them particularly
suitable for use in electric vehicle chargers, medical devices, consumer electronics, and
industrial automation systems [3–5]. The convenience and safety advantages offered
by WPT systems, along with their potential to revolutionize power delivery in these
fields, have spurred considerable research interest. Consequently, extensive research is
ongoing to address existing technical challenges and enhance the performance, power
transfer efficiency (PTE), and reliability of WPT systems, ultimately aiming to facilitate
their widespread adoption across diverse applications [6,7].

One of the key challenges encountered by WPT systems is the issue of leakage mag-
netic fields, which originate from the magnetic fields used for energy transfer [8,9]. These
unintended fields can extend beyond the designated energy transfer area, potentially inter-
fering with the fields of nearby electronic devices and hence raising safety concerns. These
leakage magnetic fields not only diminish the PTE of the WPT system but also complicate
its practical implementation, particularly in environments requiring electromagnetic com-
patibility. Hence, minimizing these leakage fields has become a central focus of research on
the design and optimization of WPT systems.

In addition to addressing leakage magnetic fields, it is crucial to tune the resonance of
the WPT system for optimal operation [10–12]. Specifically, zero phase angle (ZPA) [12–14]
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and zero voltage switching (ZVS) [15] are important factors in achieving high PTE. A ZPA
is achieved when the input impedance of the WPT system, as seen from the inverter, is
purely resistive, meaning that the voltage and current are perfectly in phase [12–14]. This
eliminates reactive power and allows for maximum PTE. On the other hand, ZVS occurs
when the current lags the voltage, which allows the inverter’s switches to turn on and
off with minimal power loss, thereby reducing switching losses and increasing overall
PTE [15]. Therefore, the most efficient way to operate the system is by tuning it as close to
the ZPA frequency as possible while still ensuring ZVS. This process involves operating in
the inductive region, where soft switching is achievable, but still close enough to the ZPA
to maintain a high PTE. Ultimately, ensuring that the system operates near ZPA is critical
for optimizing the overall performance and efficiency of the WPT system.

Within the domain of WPT systems, two prominent topologies have garnered widespread
attention: the series–series (S–S or SS) [16,17] and the double-sided inductor–capacitor–
capacitor (LCC, LCC–LCC) topologies [18,19]. Among these, the SS topology is widely
adopted in consumer electronics owing to its simplicity, ease of implementation, and
effectiveness for short-range power transfer applications. This topology is particularly
well-suited for devices such as smartphones, tablets, and other portable electronics, where
compact designs, lower power levels, and efficient power transfer are critical. Its straight-
forward structure also minimizes the complexity of the system, making it ideal for mass-
produced consumer devices.

Meanwhile, the double-sided LCC topology is primarily adopted in electric vehicles,
which demand higher power and longer power transfer distances [18,19]. This topology
offers advantages such as improved compensation, better voltage regulation, and more
precise control over power flow, rendering it ideal for fulfilling the dynamic and high-power
demands of electric vehicle charging systems. Additionally, the LCC topology provides
robustness against misalignment, which is crucial in scenarios where precise coil alignment
is challenging, such as in EVs. These distinct applications highlight not only the versatility
of WPT technology but also the importance of selecting the correct topology to optimize
efficiency, system stability, and performance based on the specific requirements of each
target application. While recent studies, such as Corti et al. [20], have provided valuable
optimization techniques for the SS topology, they do not address the double-sided LCC
topology, which is key for high-power applications.

Although numerous studies have extensively explored techniques for realizing ZPA
conditions in WPT systems [12–14], they often fail to address the critical issues of leakage
magnetic fields. Specifically, studies related to ZPA realization in WPT systems lack
efforts to mitigate leakage magnetic fields, which is crucial for ensuring both human
safety and the commercial viability of the systems. While some methods, such as using
shielding coils [21–23], have been proposed to suppress leakage magnetic fields, they
introduce additional challenges, including increased spatial requirements and financial
costs. Furthermore, attempts to modify topologies to address leakage issues often disregard
the need to maintain ZPA conditions, which is crucial for optimizing PTE. In addition to
these techniques, recent studies have shown that the spread spectrum technique, which
involves modulating the inverter’s switching frequency either periodically or randomly, can
effectively reduce leakage magnetic fields and EMI without increasing spatial or financial
burdens [24,25]. This approach provides a cost-effective alternative that can be implemented
via software, addressing leakage magnetic fields while maintaining system efficiency. This
oversight in existing research underscores the urgent need for novel approaches that can
concurrently tackle ZPA and leakage magnetic field mitigation without affecting spatial or
financial efficiency.

The key contribution of this study lies in the introduction of a novel method for
selecting resonant circuit component values capable of simultaneously minimizing leak-
age magnetic fields and satisfying the ZPA condition in the two most widely used WPT
topologies—the SS topology and the double-sided LCC topology. The proposed approach
minimizes the phasor sum of the currents in the transmitter (TX) and receiver (RX) coils by
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optimizing the RX-side resonant circuit. Meanwhile, the transmitter-side resonant circuit is
designed to ensure that the impedance presented to the inverter satisfies the ZPA condition.
This method has been mathematically derived and experimentally validated.

The remainder of this paper is structured as follows. In Section 2, the proposed method
for selecting resonant circuit components that can achieve both leakage magnetic field
suppression and the ZPA condition is mathematically derived and explained. Section 3
presents a validation of the proposed method based on simulated and experimental findings.
Section 4 concludes the paper with a summary of the results. Additionally, Appendix A
discusses the control loop for implementing the proposed system.

2. Method for Selecting a Resonant Capacitance That Minimizes Leakage Magnetic
Fields While Satisfying the ZPA Condition
2.1. Factors Determining Leakage Magnetic Fields Within a WPT System

Before delving into the details of the proposed method, we first examine the factors
influencing the leakage magnetic field generated by the coil. The magnetic field produced
by a typical circular coil is represented by Equation (1) [26].

→
B =

µ0NIr2

4d2 sinθ, (1)

The components of Equation (1) are shown in Figure 1, where N represents the number
of turns of the coil, r denotes the radius of the coil, d represents the distance from the center
of the coil to the measurement point, and θ denotes the angle between the normal line to
the plane of the coil and the line connecting the measurement point. As detailed in [26],
under certain assumptions (e.g., d ≫ r, and NTX = NRX), the magnitude of the leakage
magnetic field produced by the coil can be expressed as indicated in Equation (2).∣∣∣∣→B ∣∣∣∣ = ∣∣∣∣ →

BTX +
→

BRX

∣∣∣∣ ∝ |ITX + IRX| (2)
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Thus, Equation (2) indicates that the magnitude of the leakage magnetic field generated
by the operating WPT coil can be minimized by minimizing the vector phasor sum of the
coil currents. Generally, when the resonant frequency on the RX side (ωRX) is set to match
the operating frequency of the inverter (ω0), the currents flowing through the TX and
RX coils exhibit a 90◦ phase difference, as illustrated in Figure 2a. In this scenario, only
the magnitudes of the TX and RX coil currents can be adjusted. However, given that the
currents flowing through most TX and RX coils are determined by the TX input voltage
and the RX load, their adjustments are limited. However, as illustrated in Figure 2b,c, if
the phase difference between the TX and RX currents, as well as their magnitudes, can be
varied, the magnitude of the vector phasor sum of the currents—which determines the
leakage magnetic field—can also change. The primary objective of this study is to identify
the resonant condition that leads to the smallest current phasor sum.
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2.2. Resonance Capacitance of a WPT System with SS Topology That Minimizes the Leakage
Magnetic Field and Satisfies the ZPA Condition

Figure 3 depicts a WPT system featuring the SS topology. In this figure, from the
inverter output to the rectifier input, only the fundamental component is expressed using
phasor representation. This approach, known as the fundamental harmonic approximation,
has been validated in numerous studies [27]. Furthermore, given that the value of the
equivalent series resistance (ESR) is generally extremely small, it is assumed to be negligible.
The relationship between the direct current (DC) input Vin applied to the WPT system and
the root mean square value of the inverter output Vinv is expressed in Equation (3) [15],
while the relationship between the equivalent load RL observed from the rectifier input on
the RX and the load resistance Rload is detailed in Equation (4) [15].

Vinv =
4

π
√

2
Vin (3)

RL =
8

π2 Rload (4)
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Applying Kirchhoff’s voltage law (KVL, loop equation) using only the alternating
current (AC) components in the circuit depicted in Figure 3 results in Equations (5) and (6).

Vinv =

(
1

jωoCTX
+ jωoLTX

)
ITX + jωo MIRX (5)

−jωo MITX =

(
jωoLRX +

1
jωoCRX

+ RL

)
IRX (6)
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where ωo denotes the operating frequency of the WPT system. By calculating the ratio
of the TX coil current (ITX) to the RX coil current (IRX) using Equation (6), we obtain
Equation (7).

ITX

IRX
=

√
R2

L + X2
RX

ωo M
∠(arctan(

XRX
RL

) +
π

2
), (7)

where XRX represents the reactance caused by the coil and capacitance on the RX side
( XRX2 = ωoLRX − 1/ωoCRX). To identify the condition that minimizes the leakage mag-
netic field while maintaining the same output (I2

RXRL) for a given load, the magnitude
of the RX current (IRX) is fixed, and its phase is set as the reference (i.e., 0 rad or◦), as
indicated in Equation (8). Notably, we fix the magnitude of IRX because the proposed
scheme is later compared with control methods under the same condition.

IRX = IRX∠0◦ (8)

Using Equations (7) and (8), the TX current (ITX) can be expressed as indicated in
Equation (9).

ITX =
IRX

√
R2

L + X2
RX

ωo M
∠(arctan(

XRX
RL

) +
π

2
) (9)

Equation (9) indicates that the phase difference between ITX and IRX depends on
the value of XRX. If XRX is negative, the phase difference is acute; if XRX is zero, the
phase difference is 90◦; and if XRX is positive, the phase difference is obtuse. These phase
differences are illustrated in Figure 2.

According to Equation (2), to minimize the leakage magnetic field in the WPT system,
the magnitude of the vector phasor sum of the TX and RX currents must be minimized. To
identify the corresponding resonance condition, an analysis based on Figure 4 is conducted.
In Figure 4, l denotes the magnitude of the sum of the TX and RX currents, which is to
be minimized. This parameter l can be expressed using the law of cosines, as detailed in
Equation (10).

l2 = |ITX|2 + |IRX|2 − 2|ITX||IRX|cos θ

= I2
RX

(
R2

L+X2
RX+ω2

o M2−2XRXωo M
ω2

o M2

)
= I2

RX f (XRX)
(10)
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In Equation (10), f (XRX) is a function with reactance XRX as the variable. To determine
the value of the RX-side reactance that minimizes the magnitude of the sum of the TX and
RX currents, we differentiate f (XRX), yielding Equation (11). The condition for XRX that
makes Equation (11) equal to zero is presented in Equation (12).

∂ f (XRX)

∂XRX
=

2(X RX − ωo M)

ωo2M2 (11)

XRX = ωo M (12)
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Given that the inductance LTX of the RX coil is fixed, the resonance capacitance value
CRX that satisfies Equation (12) is as detailed in Equation (13).

CRX =
1

ω2
o(LRX − M)

(13)

Additionally, the resonance frequency ωRX on the RX side is detailed in Equation (14),
and the sum of the TX and RX currents when (14) is chosen as the resonant frequency on
the RX side is given by Equation (15).

ωRX = ωo

√
LRX − M

LRX
(14)

Itotal = ITX + IRX = IRX(

√
R2

L + (ωo M)2

ωo M
∠(arctan(

ωo M
RL

) +
π

2
) + 1) (15)

The sum of the currents in Equation (15) is proportional to the leakage magnetic field
in the WPT system, as analyzed in Equation (2). In other words, since the magnitude of the
sum of the TX and RX currents has reached its minimum (|ITX + IRX|), the leakage magnetic
field will also be minimized. Thus, we have obtained the RX resonance capacitance (CRX)
that minimizes the leakage magnetic field in the WPT system with the SS topology, as
detailed in Equation (13). This capacitance is independent of the resonance frequency on
the TX side and depends exclusively on the resonance value on the RX side.

Using Equations (9) and (12), the required magnitude of TX current to transfer the
same power to the load in both the conventional and proposed systems can be determined.
For the conventional system, this corresponds to the cases where XRX = 0 in Equation (9),
and the magnitude of ITX can be expressed as in (16).

|ITX,conv| =
IRX

√
R2

L

ωo M
(16)

Similarly, for the proposed system, where XRX = ωo M in Equation (9), the magnitude
of ITX can be expressed as in (17).

|ITX,prop| =
IRX

√
R2

L + (ωo M)2

ωo M
(17)

Although Equation (13) provides a condition that guarantees the minimization of the
leakage magnetic field within a WPT system featuring an SS topology, it does not ensure a
purely resistive input impedance on the TX-side inverter. Specifically, tuning the resonance
according to Equation (13) fails to satisfy the ZPA condition, as the RX resonance frequency,
ωRX , differs from the system’s operating frequency, ωo. To address this, we will now derive
the resonance condition on the TX side that satisfies the ZPA condition for the system. By
substituting the result derived from Equation (12) into Equation (6) and expressing the
ratio of IRX to ITX, we obtain the expression detailed in Equation (18).

IRX

ITX
=

−jωo M
jωo M + RL

(18)

Meanwhile, the input impedance, Zin, of the WPT system as seen from the inverter can
be calculated by dividing both sides of Equation (5) by ITX. By expressing IRX in terms of
ITX using Equation (18), dividing the inverter output voltage (Vinv) by the inverter output
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current (ITX), which defines the input impedance (Zin = Vinv/ITX), and simplifying the
resulting expression, we obtain Equation (19).

Zin =
ω2

o M2RL

R2
L + ω2

o M2
+ j(ωoLTX − 1

ωoCTX
− ω3

o M3

R2
L + ω2

o M2
) (19)

To satisfy the ZPA condition, the imaginary part of the input impedance, Zin, must
be zero. This implies that the imaginary part of Equation (19) must be zero. The TX-side
resonance capacitance, CTX , that satisfies this condition is expressed in Equation (20).

CTX =
1

ω2
o(LTX − ω2

o M3

R2
L+ω2

o M2 )
(20)

Table 1 presents the proposed TX and RX resonance capacitance values and required
magnitude of target TX current for a WPT system with an SS topology. These values
minimize the leakage magnetic field while satisfying the ZPA condition and transfer same
output power to the load.

Table 1. Proposed TX and RX resonance capacitances that minimize the leakage magnetic field while
satisfying the ZPA condition and required magnitude of TX current to transfer the same power to the
load for an SS topology.

Parameters Conventional Value Proposed Value Role

CTX
1

ω2
o LTX

1

ω2
o

(
LTX− ω2

o M3

R2
L+ω2

o M2

) Satisfaction of the ZPA Condition

CRX
1

ω2
o LRX

1
ω2

o (LRX−M)
Minimization of Leakage Magnetic Field

|ITX| IRX

√
R2

L
ωo M

IRX

√
R2

L+(ωo M)2

ωo M

Required Magnitude of Target Current to
Transfer Same Power to Load

2.3. Resonance Capacitance of a WPT System with Double-Sided LCC Topology That Minimizes
the Leakage Magnetic Field and Satisfies the ZPA Condition

Figure 5 presents the circuit diagram of a WPT system featuring the double-sided LCC
topology. Similar to the SS topology, the condition for minimizing the leakage magnetic
field in the double-sided LCC topology depends on the values of the components on the
RX side. To analyze these component values, the AC equivalent circuit of the RX side is
illustrated in Figure 6.
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Applying KVL to the circuit depicted in Figure 6 yields Equations (21) and (22).

−jωo MITX = j
(

ωoLRX − 1
ωoCS2

− 1
ωoCP2

)
IRX − 1

jωoCP2
Irect (21)

(
jωoLS2 +

1
jωoCP2

+ RL

)
Irect −

1
jωoCP2

IRX = 0 (22)

If the resonance frequency of LS2 and CP2 is set equal to the operating frequency, we
obtain Equation (23). Substituting this equation into Equation (22) yields Equation (24).
Additionally, substituting Equation (24) into Equation (21) yields the ratio of ITX to IRX, as
indicated in Equation (25).

ωoLS2 −
1

ωoCP2
= 0 (23)

Irect =
1

jωoCP2RL
IRx (24)

ITX

IRX
=

√
α2 + β2

ωo M
∠(

π

2
+ arctan(

β

α
)) (25)

In Equation (25), α and β are defined as presented in Equations (26) and (27).

α =
1

ω2
o C2

PRL
(26)

β = ωo(LRX − LS2)−
1

ωoCS2
(27)

If IRX is considered as the phasor reference ( IRX = IRX∠0◦), ITX can be expressed as
presented in Equation (28) based on Equation (25).

ITX =
IRX
√

α2 + β2

ωo M
∠(

π

2
+ arctan(

β

α
)) (28)

The phasor diagram for the sum of the currents, as depicted in Figure 7, is redrawn
based on Equation (28). To minimize the leakage magnetic field, the magnitude of the sum
of ITX and IRX, denoted as l, must be minimized. The squared magnitude of this sum is
expressed in Equation (29).

l2 = I2
RX

(
α2 + β2 + ω2

o M2 − 2βωo M
ω2

o M2

)
= I2

RX g(β) (29)
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To determine the minimum value of l, the function g(β) in Equation (29) is differenti-
ated, yielding Equation (30). The value of β that satisfies the minimum condition is detailed
in Equation (31).

∂g(β)

∂β
=

2(β − ωo M)

ωo2M2 (30)

β = ωoLRX − ωoLS2 −
1

ωoCS2
= ωo M (31)

Finally, by rearranging Equation (31), the resonant capacitance CS2 that minimizes the
leakage magnetic field in the double-sided LCC topology can be derived, as detailed in
Equation (32). Additionally, when the capacitance value in Equation (30) is selected as the
value of CS2 on the RX side, the sum of the TX and RX currents is given by Equation (33).

CS2 =
1

ω2
o(LRX − LS2 − M)

(32)

Itotal = ITX + IRX = IRX(

√
α2 + ωo M2

ωo M
∠(arctan(

ωo M
α

) +
π

2
) + 1) (33)

Equation (33) shows the minimum value of the phasor sum of the TX and RX currents
under the given conditions. Therefore, as indicated by Equation (2), when the phasor sum
of the currents is minimized, the leakage magnetic field is also minimized. Thus, in a
WPT system with the double-sided LCC topology, selecting CS2 according to Equation (32)
minimizes the leakage magnetic field.

Using a method like the SS topology, and with Equations (28) and (31), the required
magnitude of TX current to transfer the same power to the load in both the conventional
and proposed systems can be determined. For the conventional system, this corresponds
to the cases where β = 0 in Equation (28), and the magnitude of ITX can be expressed as
in (34).

|ITX,conv| =
IRX

√
α2

ωo M
(34)

Similarly, for the proposed system, where β = ωo M in Equation (26), the magnitude
of ITX can be expressed as in (35).

|ITX,prop| =
IRX

√
α2 + (ωo M)2

ωo M
(35)

Equation (36) presents the general equation for the WPT system with a double-sided
LCC topology. To obtain the value of Iinv, the RX-side resonance conditions of LS2 and CP2,
as detailed in Equation (23), the value of CS2, as determined by Equation (32) for minimizing
the leakage magnetic field, and the resonance conditions of LS1 and CP1 on the TX side of
the double-sided LCC topology in Equation (37) are substituted into Equation (36), yielding
Equation (38).

jωoLS1 +
1

jωoCP1
−1

jωoCP1
0 0

−1
jωoCP1

1
jωoCP1

+ 1
jωoCS1

+ jωoLTX jωo M 0
0 jωo M 1

jωoCP2
+ 1

jωoCS2
+ jωoLRX

−1
jωoCP2

0 0 −1
jωoCP2

jωoLS2 +
1

jωoCP2
+ RL




Iinv
ITX
IRX
Irect



=


Vinv
0
0
0


(36)

ωoLS1 −
1

ωoCP1
= 0 (37)
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Iinv =

(
MRL + CS1M2RLω2

o + σ2 − CS1LTX MRLω2
o − jL2

S2ωo − σ1 + jCS1L2
S2LTXω3

o
)

jLS1ωo(−σ2 + σ1)
Vinv (38)

In Equation (38), σ1 and σ2 are introduced for calculation convenience and are defined
as in Equations (39) and (40), respectively.

σ1 = jCS1LS1LS2
2ω2

o (39)

σ2 = CS1LS1MRLω2
o (40)

Using Equation (38), the input impedance (Zin) observed from the inverter can be
determined. Similar to the SS topology, the input impedance (Zin) in the double-sided LCC
topology denotes the ratio of the inverter output voltage to the inverter output current
( Zin = Vinv/Iinv). To satisfy the ZPA condition in the WPT system, the phase difference
between the inverter’s output voltage (Vinv) and current must be zero ( Iinv). To achieve
this using Zin, the imaginary part of the input impedance (Zin) must be zero. The TX-side
series capacitance (CS1) that satisfies this condition is detailed in Equation (41).

CS1 =
1

ω2
o

{
LTX − LS1

(
1 + M3R2

L
LS1(L4

S2ω2
o+M2R2

L)

)} (41)

Table 2 compares the conventional resonant capacitance values with the proposed
values (CS1 and CS2) for minimizing the leakage magnetic field while satisfying the ZPA
condition, as well as the required magnitude of TX current to transfer the same output
power to the load in the double-sided LCC topology. Notably, the resonances between LS1
and CP2 and between LS2 and CP2 are detailed in Equations (37) and (23), respectively. These
are identical to those corresponding to the conventional double-sided LCC topology [18,19].

Table 2. Proposed TX and RX resonance capacitances that minimize the leakage magnetic field while
satisfying the ZPA condition and required magnitude of TX current to transfer the same power to the
load for the double-sided LCC topology.

Parameters Conventional Value Proposed Value Role

CS1
1

ω2
o (L TX−LS1)

(41) Satisfaction of the ZPA Condition

CS2
1

ω2
o (L RX−LS2)

(32) Minimization of Leakage Magnetic Field

|ITX| IRX
√

α2

ωo M
IRX

√
α2+(ωo M)2

ωo M

Required Magnitude of Target Current to
Transfer Same Power to Load

As seen in Tables 1 and 2, the proposed method minimizes the magnetic field while
satisfying the ZPA condition for both SS and LCC–LCC topologies. By identifying the
conditions that satisfy ZPA and adjusting the TX resonant capacitor, the proposed method
can also achieve ZVS, allowing it to maintain a power electronics circuit with a high
efficiency. However, because the required target current of the TX coil to transfer the
same power to the load is larger in the proposed system than in the conventional system,
the coil-to-coil efficiency decreases, which may lead to a reduction in the overall system
efficiency. While the existing reactive [21] or active shielding [23] methods also increase
the TX coil current to transfer the same power, the proposed method has significant spatial
advantages since it does not require additional shielding coils.

3. Verification
3.1. Verification Through Simulation

Figure 8 illustrates the coil set designed for the validation of the proposed system
simulation. This figure also includes the geometrical dimensions of the coil set, while
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additional simulation setup details are presented in Table 3. To minimize the leakage
magnetic field of the coil, ferrite with a high permeability is added, and an aluminum case
(housing) is included to simulate the actual wireless charging system. The coil system is
analyzed using ANSYS Maxwell (version: 2024R1), which is a finite-element-method-based
magnetic field analysis software.
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Table 3. Details regarding the simulation environment and coil wire material.

Parameters Value

Operating frequency 85 kHz
Air gap 40 mm

Diameter of coil wire 2.8 mm
Number of turns of coils 12 turns

Table 4 presents the inductance and mutual inductance values derived from the
magnetic field analysis simulation, along with the target output power for the power
transfer simulation performed using a circuit simulator and the corresponding resistance
values. As indicated in Table 4, the target output power is set to 100 W. This means that
regardless of the input and output conditions, the output power for each resonant system
is constant, while the input voltage is adjusted to ensure that the output reaches 100 W. The
circuit simulation is configured using the equivalent circuit depicted in Figure 3. Notably,
the parameter abbreviations in Table 4 correspond to the circuit components in Figure 3.

Table 4. Inductance values derived from the simulation, along with the target output power and
equivalent load values used in the circuit simulation.

Parameters Value

Inductance of the TX and RX coils (LTX , LRX) 36.5 µH
Mutual inductance between the TX and RX

coils ( M)
13 µH

Target output power 100 W
Load resistance (R) 8.56 Ω

The circuit simulation confirms that when the resonant system is configured using the
proposed method, the phasor sum of the current is minimized. Specifically, as indicated in
Equation (13), when the resonance capacitor on the RX side is configured according to the
proposed method, the phasor vector sum of the current, depicted in Figure 4, is minimized.
Table 5 lists the resonant capacitance values and resonant frequency values on the RX side
used in the simulation. In this table, the “Conventional” values correspond to the RX
resonant frequencies that are precisely matched with the operating frequency, as proposed
in previous studies and detailed in Table 1. Meanwhile, the “Proposed” values represent
the resonant settings determined by the method proposed in this study. The remaining
two cases represent additional comparison groups that are set for further evaluation.
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Table 5. RX-side resonant capacitance values and the resonant frequency used in the circuit
simulation.

Parameters CRX RX Resonant Frequency

Conventional 100 nF 84.12 kHz
Proposed 159 nF 66.71 kHz

Comparison group 1 120 nF 76.8 kHz
Comparison group 2 70 nF 100 kHz

Table 6 illustrates the TX and RX coil currents and the corresponding phase differences
based on changes in the RX resonant capacitance values detailed in Table 5. The “Con-
ventional” values demonstrate a phase difference of nearly 90◦ between the TX and RX
currents, while the proposed method achieves a phase difference of 142.3◦.

Table 6. Currents and phase differences between the TX and RX currents based on changes in RX
resonant capacitance values.

Parameters |ITX| [A] |IRX| [A] Phase Difference [◦]

Conventional 5.90 5.54 96.5
Proposed 8.37 5.39 142.3

Comparison group 1 6.53 5.43 119.6
Comparison group 2 7.93 5.36 46.4

The vector phasor sums of the TX and RX currents, calculated based on the phase
differences, are illustrated in Figure 9. As depicted in Figure 9, when the RX resonant
capacitance is determined using the proposed method, the vector phasor sum of the TX
and RX currents is minimized. This aligns with our previous inference that minimizing
the vector phasor sum of the TX and RX currents will also minimize the radiated leakage
magnetic field, as indicated in Equation (2). While the simulation only confirms the
minimization of the vector phasor sum of the TX and RX currents using the proposed
method, subsequent experiments validate the minimization of the magnetic field as well,
confirming this inference.
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The results summarized in Table 7 confirm the effectiveness of the TX resonant ca-
pacitance values proposed in this paper to satisfy the ZPA condition. Specifically, when
resonance is set according to the values specified in Table 5, the reactance on the RX side
is not completely eliminated. Consequently, from the perspective of the inverter output,
the WPT system fails to achieve proper resonance and satisfy the ZPA condition. This can
be observed in the “Conventional” section of Table 7, where the TX resonant capacitance
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is set to conventional values (refer to Table 1). In this case, the phase difference between
the inverter output voltage and current reaches 49◦. Conversely, when the TX resonant
capacitance is selected based on Equation (20), the power factor substantially increases
from 0.655 to 0.971. Additionally, the phase difference between the inverter output voltage
and current decreases from 49◦ to 14◦. These findings demonstrate that selecting the TX
and RX resonant capacitances as proposed in this study minimizes the sum of the TX and
RX coil currents, which reduces the leakage magnetic field of the WPT system and helps
satisfy the ZPA condition.

Table 7. Inverter output voltages and current power factors, along with phase differences, based on
TX resonant capacitances.

Parameters CTX Power Factor Phase Difference [◦]

Conventional 100 nF 0.655 49
Proposed 120 nF 0.971 14

To further validate the effectiveness of the proposed resonant values in minimizing the
leakage magnetic field and satisfying the ZPA condition for the double-sided LCC topology,
a simulation is conducted using the circuit diagram depicted in Figure 5. Table 8 illustrates
the series inductance (LS1 and LS2) and parallel capacitance values (CP1 and CP2) for the
double-sided LCC topology.

Table 8. Resonant component values for the double-sided LCC topology (LS1, LS2, CP1, and CP2).

Parameters Value

Series inductance (LS1 and LS2) 12.4 µH
Parallel capacitance ( CP1 and CP2) 282 nF

Table 9 lists the RX series capacitance values used in the circuit simulation. Similar
to the SS topology, two scenarios are also established in the double-sided LCC topology:
“Conventional”, where the resonant capacitance is set according to existing studies, and
“Proposed”, where the resonant capacitance is set according to the method proposed in this
paper. The specific formulas for setting these resonant values are detailed in Table 2, and
the proposed relation for determining the RX series capacitance is detailed in Equation (32).
Two additional comparison groups are established for further evaluation (Comparison
groups 1 and 2). Table 9 specifies the resonant frequency for each case.

Table 9. RX series capacitance values and resonant frequency used in the circuit simulation.

Parameters CS2 Resonance Frequency ( 1
2π
√

(LRX−LS2)×CS2
)

Conventional 141 nF 87.7 kHz
Proposed 328 nF 57.8 kHz

Comparison group 1 120 nF 95.0 kHz
Comparison group 2 100 nF 104 kHz

Table 10 summarizes the magnitudes and phase differences of the TX and RX currents
as functions of the RX series capacitance values. Figure 10 visually depicts the vector
phasor sum of these currents, derived from the data presented in Table 10. Similar to the SS
topology, for the double-sided LCC topology, when the RX series capacitance is determined
using the method proposed in this paper, the vector phasor sum of the TX and RX currents
reaches its minimum value. This demonstrates the effectiveness of the proposed approach
in decreasing the value of the overall current phasor sum, which is critical for minimizing
the leakage magnetic field.
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Table 10. Currents and phase differences between the TX and RX currents based on changes in the
RX series capacitance.

Parameters |ITX| [A] |IRX| [A] Phase Difference [◦]

Conventional 5.69 6.28 67.3
Proposed 6.84 6.14 131.8

Comparison Group 1 6.19 5.93 123.4
Comparison Group 2 8.70 6.18 36.4
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RX currents in a WPT system with the double-sided LCC topology.

Finally, the results summarized in Table 11 demonstrate the effectiveness of the pro-
posed method in providing the TX-side series inductance value that satisfies the ZPA
condition. In the “Conventional” case, where the resonant capacitance is selected according
to previous methods, tuning the capacitance makes the reactance on the RX side equal to
zero, ensuring that the ZPA condition is satisfied. However, when the RX series capaci-
tance is adjusted using the method proposed in this paper, the reactance is not completely
eliminated, leading to a non-zero imaginary part of the impedance, as observed from the
inverter. Consequently, the ZPA condition is not fully satisfied. To resolve this issue, by
adjusting the TX series capacitance using the proposed Equation (41), the reactance of the
WPT system seen from the inverter can be eliminated, thereby satisfying the ZPA condition.
This solution increases the power factor from 0.644 to 0.960 and reduces the phase difference
from 49◦ to 16◦.

Table 11. Inverter output voltages and current power factors, along with phase differences, under
varying TX series capacitances (CS1).

Parameters CS1 Power Factor Phase Difference [◦]

Conventional 141 nF 0.644 49
Proposed 206 nF 0.960 16

3.2. Verification Through Experiments

Figure 11 illustrates the experimental setup for validating the proposed method.
Notably, to ensure accurate testing, input power is supplied via a DC power supply
(Vin), as illustrated in Figure 11a, while AC power is delivered to the WPT coils and
resonance circuit through an inverter (Vinv). On the RX side, the power reaches the DC load
through the RX resonance circuit and rectifier. All time-domain waveforms are captured
using an oscilloscope, while the magnetic field is quantified using a magnetic field meter.
Furthermore, as presented in Figure 11b, the coil system used in the simulation is practically
fabricated for the experiment. Similar to the simulation model, the practical coil comprises
ferrite, aluminum, and coils. Furthermore, the type and number of turns are identical
to those used in the simulation, as detailed in Table 3. Table 12 presents the electrical



Electronics 2024, 13, 4188 15 of 23

parameters of the fabricated coils, which are illustrated in Figure 11b, and the target output
power values used in the experiment.
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Table 12. Electrical parameters of the fabricated WPT coil set, target output power, and output load
used in the experiment.

Parameters Value

Inductance of the TX and RX coils (LTX , LRX) 35.8 µH
ESR of the coils 50 mΩ

Mutual inductance between the TX and RX
coils ( M)

12.6 µH

Target output power 100 W
Load resistance (R) 8.56 Ω

Table 13 lists the resonance capacitances used to verify the effectiveness of the proposed
method in a WPT system with the SS topology. Unlike the simulation, in the experiment,
the TX capacitance for satisfying the ZPA condition and the RX capacitance for minimizing
the leakage magnetic field are applied simultaneously. Specifically, the experimental group
uses the proposed method and the control group employs the conventional resonance
method. The selection of TX and RX resonant capacitances, as outlined in Table 13, is based
on the equations detailed in Table 1.

Table 13. Resonant capacitors used in the experiment of the WPT system with the SS topology.

Parameters SS Conventional SS Proposed

CTX 100 nF 100 nF
CRX 120 nF 159 nF

Figure 12 and Table 14 compare the magnitudes and phase differences of the TX
and RX currents when using the conventional and proposed methods for selecting the
resonance capacitance in the SS topology. As indicated in Table 14, similar to the simulation
results, the proposed method reduces the magnitude of the current phasor sum from 9.10 to
7.31 A, demonstrating an approximately 20% reduction compared to the conventional
method. This decrease in the current phasor sum suggests a corresponding reduction in
the leakage magnetic field when using the proposed method.
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Figure 12. Current magnitudes and phase changes as functions of the resonance capacitance in the
WPT system with the SS topology: (a) when resonance capacitances are set based on conventional
methods and (b) the proposed method.

Table 14. Magnitudes and phase differences of the current vector sum for the conventional and
proposed resonance capacitance determination methods in the WPT system with the double-sided SS
topology.

Parameters S–S Conventional S–S Proposed

|ITX + IRX| 9.10 A 7.31 A
Phase difference between ITX and IRX 86◦ 131◦

Figure 13 presents the measured magnetic field as a function of the distance from the
WPT coil, which is depicted in Figure 11a. As depicted, the magnetic field is measured
at five different distances from the side of the coil, ranging from 100 to 300 mm, using a
magnetic field meter antenna. As illustrated in Figure 13, the proposed method consis-
tently results in lower measured magnetic fields compared to those resulting from the
conventional method, regardless of the distance. Specifically, the proposed method reduces
the magnetic field by varying extents, from 7% to 35%, depending on the distance. This
demonstrates the effectiveness of the proposed method in reducing leakage magnetic fields.
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and conventional methods to the WPT system with the SS topology.

Finally, Figure 14 illustrates the variations in the ZPA characteristics of the WPT
system with the SS topology depending on the method used to determine the resonant
capacitance. Similar to the previous simulations, this test also confirms that selecting the
resonant capacitance using the proposed method improves the ZPA performance compared
to the conventional method. Specifically, when using the conventional method, the phase
difference between the output voltage and current of the inverter is 20.9◦. Conversely,
when using the proposed method, this phase difference is reduced to 4.8◦.
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Figure 14. Changes in the ZPA of the inverter’s output voltage and current based on the method se-
lected for determining resonant capacitance in the WPT system with the SS topology: (a) conventional
method and (b) proposed method.

Table 15 presents the input, output, and PTE values for both the conventional and
proposed methods. The abbreviations used for each voltage and current correspond to the
symbols used in the circuit diagram of Figure 3. The input and output values summarized
in Table 15 represent the DC input and output, respectively. While various previous studies
have demonstrated that the conventional resonance method is advantageous for achieving
high PTE [10], the proposed method is capable of minimizing leakage magnetic fields while
also satisfying the ZPA condition. Specifically, as indicated in Table 15 and Figure 15, the
proposed method achieves up to 35% reduction in magnetic field leakage, with only a 2.7%
decrease in efficiency. Furthermore, given that the proposed method also helps satisfy the
ZPA condition, it can be concluded to be adequately effective.

Table 15. Measured input and output parameters as well as the efficiency of the WPT system with an
SS topology.

Parameters SS Conventional SS Proposed

Vin 30 V 24 V
Iin 4.26 A 5.51 A

Pin (= Vin × Iin) 127.8 W 132.24 W
Vout 28.92 V 28.9 V
Iout 3.54 A 3.54 A

Pout (= Vout × Iout) 102.4 W 102.3 W
PTE 80.1% 77.4%
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In the initial experimental results, the proposed WPT system achieves an efficiency
of approximately 80%, which can be considered relatively low. Upon further analysis,
three key factors are identified as contributing to this outcome. First, the optimal load
condition is not selected, which is essential for achieving maximum efficiency [28]. Second,
the current ratio that yields the highest efficiency is not applied, leading to suboptimal
energy transfer [29]. Third, the ferrite structure can be further optimized to enhance
magnetic flux control, thus improving the overall efficiency [30]. However, the significance
of this study lies in the fact that the proposed system minimizes leakage magnetic fields
while satisfying the ZPA resonance condition. Moreover, the system is compared under
the same conditions that conventional systems are, making the comparison valid and
highlighting the potential of the proposed approach.

Table 16 lists the resonance capacitances used to verify the effectiveness of the proposed
method in the WPT system with the double-sided LCC topology. All abbreviations in this
table correspond to the symbols used in the circuit of Figure 2. Notably, these capacitances
are selected based on Equations (23) and (37) and Table 2. As stated previously, CS2 plays a
role in minimizing the leakage magnetic field, while CS1 determines the ZPA of the WPT
system.

Table 16. Resonant capacitances used in the experiment of the WPT system with the double-sided
LCC topology.

Parameters LCC–LCC Conventional LCC–LCC Proposed

LS1 12.43 µH
CP1 282 nF
CS1 141 nF 206 nF
LS2 12.43 µH
CP2 282 nF
CS2 141 nF 328 nF

Figure 16 and Table 17 present the measured TX and RX current phase differences
and current sum magnitudes for the conventional and proposed resonance capacitance
determination methods in the WPT system with the double-sided LCC topology. As indi-
cated in Table 17, when using the proposed method to determine the resonance capacitance,
the magnitude of the current sum decreases by up to 46.8% compared to the conven-
tional method. Thus, because the current value, which is the source of the magnetic field,
decreases, the leakage magnetic field in the WPT system can also be inferred to decrease.
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Table 17. Magnitudes and phase differences of the current vector sum for the conventional and
proposed resonance capacitance determination methods in WPT system with the double-sided LCC
topology.

Parameters LCC–LCC Conventional LCC–LCC Proposed

|ITX + IRX| 10.29 A 5.47 A
Phase difference between ITX

and IRX
69.9◦ 138◦

Figure 17 presents the measured magnetic field as a function of the distance from the
WPT coil in the system with the double-sided LCC topology. Similar to the experiment
for the SS topology, the magnetic field in this experiment is measured in 50-mm incre-
ments from 100 to 300 mm. As depicted in Figure 17, when the resonance capacitance
is determined using the proposed method, the magnetic field decreases by a maximum
value of 42% and a minimum value of 23% compared to when the conventional method is
adopted. This reduction aligns with the approximately 46% decrease observed in the total
current magnitude, as detailed in Table 17, demonstrating the effectiveness of the proposed
method.
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Figure 17. Magnetic field as a function of the distance from the WPT coil when applying the proposed
and conventional methods to the WPT system with the double-sided LCC topology.

Next, Figure 18 illustrates the variations in the ZPA characteristics of the WPT system
with the double-sided LCC topology depending on the method used to determine the
resonance capacitance. Similar to the SS topology, when the resonance of the WPT system
with the double-sided LCC topology is tuned using the proposed method, the ZPA charac-
teristics are improved compared to when the conventional method is adopted. Specifically,
when the conventional method is used, the voltage–current phase difference at the inverter
output reaches 18.4◦. Conversely, when the proposed method is adopted, the voltage and
current are nearly in phase, with a phase difference of approximately −2.3◦.

The experimental results are consistent with the predictions from the analytical equa-
tions. After applying the TX resonance capacitance derived from Equations (20) and (41),
which satisfies the ZPA condition, the phase difference between voltage and current signifi-
cantly decreases in the experiments, resulting in improved power transfer efficiency (as
shown in Figures 14 and 18). Additionally, after applying the RX resonance capacitances de-
rived from Equations (13) and (32), the experimental results confirm a significant reduction
in the leakage magnetic field (as shown in Figures 13 and 17).
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Finally, Table 18 presents the measured input, output, and efficiency for the WPT
system with the double-sided LCC topology. Similar to the SS topology, the PTE for the
double-sided LCC topology is approximately 2.5% higher when the resonance capacitance
is tuned using the conventional method. Figure 19 compares the leakage magnetic field
reduction capability and the PTE performance characteristics of the two methods. Notably,
the magnetic field measurement results are based on the values recorded at 100 mm. While
tuning the resonance using the proposed method results in a 2.5% decrease in efficiency,
it achieves an over 40% reduction in the leakage magnetic field. This highlights the
effectiveness of the proposed method, particularly in improving the ZPA characteristics,
underscoring its overall utility.

Table 18. Measured input and output parameters and the efficiency of the WPT system with the
double-sided LCC topology.

Parameters LCC–LCC Conventional LCC–LCC Proposed

Vin 31 V 28 V
Iin 4.27 A 4.9 A

Pin (= Vin × Iin) 132.37 W 137.2 W
Vout 29.92 V 29.92 V
Iout 3.33 A 3.34 A

Pout (= Vout × Iout) 99.6 W 99.9 W
PTE 75.3% 72.8%
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4. Conclusions

This study proposed a method for determining resonance capacitance values that could
simultaneously improve the ZPA characteristics and minimize the leakage magnetic fields
of WPT systems with the SS and double-sided LCC topologies. The necessary equations
were derived using a mathematical approach, and the effectiveness of the proposed method
was demonstrated through simulations and experiments. The results revealed that the
proposed method reduced the leakage magnetic field by up to 35.2% in the SS topology
and by 42.0% in the double-sided LCC topology. Furthermore, it improved the ZPA by at
least 20◦ in both cases, highlighting its effectiveness.

The significance of this study lied in the introduction of a practical method for a
resonance capacitance selection process suitable for WPT systems, where minimizing
leakage magnetic fields was crucial. The findings of this research demonstrated that the
proposed method could serve as an optimal solution for resonance tuning in WPT systems.

Although the proposed approach successfully minimized leakage magnetic fields
and improved ZPA conditions, some side effects on the system’s overall power transfer
efficiency (PTE) still remained. Future research could focus on further optimizing the
compensation techniques or refining system components, such as ferrite structures and coil
designs, to enhance efficiency without compromising performance. Moreover, adaptive
control strategies could be developed to dynamically adjust the resonance conditions in
real-time, further improving both the efficiency and stability under varying operational
conditions.
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Appendix A

In the proposed WPT system, a closed-loop control architecture is implemented to
dynamically respond to changes in mutual inductance (M) and load resistance (Rload).
Unlike conventional fixed-parameter systems, this architecture uses real-time sensing
and adaptive control to optimize system performance under varying conditions. The
system continuously monitors the voltage and current through sensors placed at the TX
and RX coils, as well as the load. These measurements are processed to calculate the
mutual inductance (M) and detect variations in the load resistance (Rload). Based on
this information, switch capacitor controllers [31,32] dynamically adjust the resonance
capacitors on both the TX and RX sides, allowing the system to continuously switch
to resonance capacitors that minimize leakage magnetic fields while satisfying the ZPA
condition in real time, despite fluctuations in M and Rload.
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Figure A1. Closed-loop control architecture for real-time adjustment of resonance capacitors in
response to changes in mutual inductance and load resistance, minimizing leakage magnetic fields
and satisfying ZPA conditions.

The control system is depicted in Figure A1, which illustrates how sensors, controllers,
and switchable capacitors interact within the feedback loop to ensure optimal system
performance. The input controller also modulates the input voltage, further enhancing the
adaptability of the system. By dynamically adapting the resonance condition, the system
can achieve higher efficiency and stability compared to conventional systems, which use
fixed capacitance values that cannot respond to parameter changes. A comparison between
conventional fixed-parameter systems and the proposed adaptive system reveals that the
latter offers superior performance when M and Rload vary. The dynamic adjustment of the
capacitors allows the proposed system to consistently maintain optimal power transfer and
minimize reactive power, even in practical scenarios where mutual inductance and load
resistance are not constant. This adaptability is critical for real-world applications, such as
electric vehicle charging or consumer electronics, where alignment or load conditions can
frequently change.

In conclusion, the proposed system’s ability to sense and adjust to real-time changes
in M and Rload represents a significant improvement over traditional methods, offering
enhanced efficiency and operational reliability.
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