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Abstract: Energy efficiency and leakage magnetic field (LMF) are two important issues in electric
vehicle inductive chargers. In this work, the maximum achievable coil efficiency and the correspond-
ing LMF strength are formulated as functions of system parameters, and figures of merits (FOM) are
proposed for assessing the efficiency and LMF performance of the coil assembly pair. The impacts of
the coil assemblies’ geometric parameters on both FOMs are examined with the aid of finite element
analysis (FEA), and measures to improve the FOMs are suggested based on FEA results. A manual
optimization process is conducted on a coil assembly pair. Compared with the initial design, the
optimized one results in a higher DC-to-DC efficiency and lower LMF strength while consuming less
copper. The performance improvement is verified by FEA results and experimental data measured
on an 85 kHz electric vehicle inductive charger prototype. The key measures for coil assembly
optimization are summarized.

Keywords: efficiency; electric vehicle; finite element analysis; inductive charger; optimization

1. Introduction

Efficiency improvement [1] and leakage magnetic field (LMF) suppression [2] are
two important issues in inductive power transfer (IPT) systems, e.g., electric vehicle
inductive chargers. The fundamental principle of IPT is to utilize the conversion between
electrical energy and magnetic energy as a means of transmitting power over an air gap.
Such a conversion is realized via a pair of coil assemblies, one on the transmitter (TX) side
and the other on the receiver (RX) side; hence, the design of the coil assembly pair greatly
influences the system performance. The simplest coil assembly pair consists of two single-
winding circular coils having a spiral, rectangular or square shape. Multi-winding coils are
proposed to enhance the performance from certain aspects, examples of which include the
DD coil [3], the DDQ coil [4] and the solenoidal coil [5]. The increased complexity is an
obvious shortcoming, though.

This work is focused on the coil assembly pair composed of two single-winding
rectangular coils. The interoperability among different types of coils is of high practical
value; however, it is not discussed here because its rich content simply cannot be fully
covered in such a short article. The advantages of single-winding rectangular coils are
that they are easy to manufacture and have the largest area under a given width-by-length
dimensional constraint. Besides, it is a common practice to fabricate the ferrite core using
multiple small ferrite bricks; hence, rectangular cores are easier to manufacture than circular
ones. It is natural to pair a rectangular core with a rectangular coil.

The optimization of coil assemblies has been discussed in numerous references. Some
previous works endeavored to maximize the coupling coefficient [6]. The dependency of
the coupling coefficient on the geometric parameters is analyzed in [7] using the response
surface methodology. Some tried to strike a balance among multiple objectives [8–10]. For
most IPT systems, the latter, i.e., multi-objective optimization of the coil assemblies, is of
more practical value as a practical IPT system is usually subject to various constraints.
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Both analytical methods and numerical methods, e.g., finite element analysis (FEA) [6,8]
and the finite-difference time-domain method (FDTD) [11,12], are useful tools for per-
formance evaluation. Analytical methods are based on simplifications and are usually
restricted to certain types of coil assembly designs [9]. They are practical tools for analyzing
coil assemblies with simple geometric features, e.g., axis-symmetrical coils. When complex
geometric features are included, the number of degrees of freedom to be considered in the
model should be greatly increased to guarantee high accuracy, which actually obscures
the main advantage of analytical methods, i.e., simplicity. By contrast, numerical methods
are universally applicable and yield good results, provided that the model parameters are
accurate and the software itself is based on solid physical foundations. Compared with
simplified analytical methods, numerical methods generally consume more computing
power. However, both the runtime and the hardware cost will be decreased with the
evolution of technologies. A popular approach is to combine numerical methods with
modern optimization methods, e.g., generic algorithm, to obtain the optimal design in a
systematic and efficient manner [6,8].

Two optimization methodologies that are commonly adopted in the literature are
shown in Figure 1. Examples of analytical equation-based optimization are [5,9,13,14].
In [14], only the copper winding is considered, and the spiral coil is approximated using
circular loops, which greatly reduces the number of degrees of freedom. In [9], the ferrite
layer is modelled using a homogeneous layer, the number of decision variables is three
and the impact of coil misalignment is omitted. In [13], the parameters of the lumped-loop
analytical model, instead of the physical parameters of the coil assemblies, are utilized
during parameter sweep, and the runtime is greatly reduced. In [5], a loss calculation
method and a magnetic-circuit model for the solenoidal-type coil assemblies are proposed,
and the turn numbers are optimized to maximize the energy efficiency. Examples of
FEA-based optimization are [8,10]. In [10], the optimization is accomplished using a
combination of FEA simulations and analytical equations. All possible combinations of
design parameters are tested. In [8], FEA is combined with the particle swarm algorithm to
test possible parameter combinations.
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based optimization. (b) Finite element analysis-based optimization.

The dominant factors of energy efficiency are mutual inductance and coil ESRs (equiv-
alent series resistance). In a typical electric vehicle inductive charger, a coil assembly
contains three parts: an aluminum shielding plate, a ferrite core and copper winding. The
eddy loss in the aluminum plate is related to the ambient magnetic flux density. According
to the Steinmetz equation, which is commonly adopted for characterizing magnetic core
loss under sinusoidal magnetic field excitations, core loss is approximately a power func-
tion of magnetic flux density. Copper loss is influenced by the DC resistance, skin effect,
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proximity effect and other stray factors. When the strand diameter of Litz wire is below the
skin depth, skin effect has a small impact. Proximity effect is related to the magnetic flux
density that the copper winding is exposed to [13,15]. Under a given excitation current
amplitude, all loss terms are affected by the geometric parameters of the coil assembly.
Coil ESR is the combined effect of all three loss terms. Meanwhile, the output power is
proportional to mutual inductance. Therefore, the maximum achievable energy conversion
efficiency of the coil assembly pair (designated as ηc and abbreviated as “coil efficiency” in
the remaining sections) is influenced by not only coil ESRs but also mutual inductance, and
the difficulty in maximizing ηc lies in the fact that both are affected by the geometric param-
eters in complex ways. To objectively assess the efficiency performance of a coil assembly
pair, figures of merits (FOMs) that reflect the combined influence of all relevant factors are
a useful criterion [14]. Obviously, the ηc-FOM is determined by the geometric parameters
of the coil assembly pair. Measures to improve ηc via coil assembly optimization have been
extensively discussed in previous publications [8,10,14].

As for LMF suppression, the measures can be divided into two categories: active
suppression [2] and passive shielding [16]. In active suppression schemes, extra coils are
usually deployed to generate a magnetic field component that partially counteracts the field
generated by the TX and RX coils, thus reducing the overall field strength to an acceptable
level. Due to the extra hardware and software cost, such methods are more suitable for
high-power applications where passive shielding alone is insufficient. By contrast, passive
shielding techniques rely on the design of the coil assembly pair to reduce the leakage
magnetic field strength and are widely adopted due to their simplicity and effectiveness.
LMF suppression techniques generally have a negative impact on ηc, and efforts have been
made to strike a balance between ηc and the LMF strength [8,10,13].

In this article, passive magnetic shielding alone is adopted. Two FOMs are proposed
to assess the efficiency performance and the LMF performance of the coil assembly pair
applied in electric vehicle inductive chargers. This work is focused on the ferrite layer
structure and the copper winding parameters and aims to reveal the impacts of the geo-
metric parameters on the FOMs via a combination of finite element analysis (FEA) and
empirical knowledge. Qualitative rules regarding the impacts of geometric parameters are
extracted, based on which a simple manual optimization procedure under given geometric
constraints is conducted with the purpose of improving ηc while minimizing the impact on
the LMF performance. The superiority of the optimized design is demonstrated through
FEA results and experimental results obtained from an 85 kHz electric vehicle inductive
charger prototype. The result is encouraging: the optimized design achieves significantly
higher ηc and lower LMF strength while consuming less copper.

The remainder of this article is divided into the following sections. In Section 2, the
maximum achievable ηc and the corresponding LMF strength are analyzed, and two FOMs
are proposed for assessing the efficiency and LMF performance of a coil assembly pair.
In Section 3, the overall design of the coil assemblies is introduced and the impacts of
geometric parameters on the FOMs are derived from FEA results. The design parameters,
i.e., the geometric parameters to be varied during the optimization process, are selected. In
Section 4, the accuracy of FEA in terms of coil loss calculation is verified. Manual optimiza-
tion of the coil assembly pair is conducted, and the superiority of the optimized design
is validated by FEA results and experimental results. Section 5 gives some discussions.
Section 6 concludes this article.

2. Performance Evaluation of Coil Assemblies
2.1. Efficiency Analysis

A simplified schematic of an IPT system with series compensation on both sides is
shown in Figure 2. Uin is the inverter’s output voltage, UL is the voltage across the load
resistance, I1 and I2 are the coil currents, C1 and C2 are the series compensation capacitors,
L1 and L2 are the coil inductances, M is the mutual inductance, RL is the equivalent AC
load resistance and R1 and R2 are the coil ESRs. Considering that the focus of this work is
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coil assembly optimization, the power losses in the other components are neglected. Due
to the band-pass property of the compensation networks, only the fundamental voltages
and currents are considered. For the sake of simplicity, coil ESRs are assumed to be zero
except in efficiency calculations.
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Measures to maximize ηc have been discussed in numerous studies [1]. For the
simplified IPT system shown in Figure 2, the output power (Pout) is

Pout =
1
2

I1·(jωMI2) ≤
1
2

ωM|I1|·|I2| (1)

The power loss on coil ESRs is

Pcoil =
1
2

(
|I1|2R1 + |I2|2R2

)
≥ 2Pout

√
R1R2

ωM
(2)

The conditions for minimizing the Pcoil-to-Pout ratio are

∠I1 −∠I2 = 90
◦

(3)

|I1|2R1 = |I2|2R2 (4)

The first condition is satisfied by maintaining the circuits in full resonance, i.e.,
L1C1 = L2C2 = 1/ω2, where ω is the angular operating frequency of the IPT system. In
this work, the operating frequency is fixed at 85 kHz. Equation (2) reveals that the lowest
achievable Pcoil-to-Pout ratio is a function of M2

R1R2
In this article, this ratio is selected as the

FOM for assessing the efficiency performance of the coil assembly pair and designated as
FOMe f f i. A larger FOMe f f i means the maximum achievable ηc is higher. Meanwhile, the
optimal AC load resistance that maximizes ηc is

RL,opt =
ωM|I1|
|I2|

= ωM

√
R2

R1
(5)

2.2. Leakage Magnetic Field Analysis

LMF is defined as the magnetic field that users might be exposed to under predefined
operating conditions, e.g., the magnetic field in the vicinity of an inductively charged
electric vehicle. Under the assumption that the flux lines generated by both coil assemblies
are overlapped in the LMF region [2], the LMF strength at a selected observation point
under conditions (3) and (4) is simplified as

BLMF =
√

k2
1|I1|2 + k2

2|I2|2 =

√
2Pout

ωM

√√√√k2
1

√
R2

R1
+ k2

2

√
R1

R2
(6)

where k1 or k2 denotes the magnetic flux density generated by 1 A coil current on the

observation point. Therefore, the expression M·
(

k2
1

√
R2
R1

+ k2
2

√
R1
R2

)−1
is selected as the

FOM for assessing the LMF performance and designated as FOMLMF. A larger FOMLMF
means the LMF strength at the maximum-ηc operating point is lower.
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Generally speaking, BLMF increases with coil misalignment, i.e., the highest BLMF is
observed when the vehicle-side coil is at the maximum-misalignment position. Still, the
FOMLMF calculated based on the k1 and k2 data measured at the zero-misalignment posi-
tion is a useful indicator of the LMF performance. Overall, the LMF strength in the maximum-
misalignment case has a positive correlation with that in the zero-misalignment case.

3. Influence of Geometric Parameters
3.1. Overall Design of Coil Assembly Pair

As is shown in Figure 3a, a ferrite layer is inserted between the copper winding and
the aluminum shielding plate. FEA results reveal that under the same ferrite consumption
limit, both core loss and eddy loss are minimized when an integral ferrite core, instead
of separate ferrite strips with spaces between them, is adopted. In this work, protrusions
are added along the outer contour of the ferrite layer to improve mutual inductance and
reduce eddy loss. The top view of the coil assembly (excluding the aluminum plate) is
given in Figure 3b.
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As is illustrated in Figure 3c, the magnetic flux lines generated by each turn can be de-
composed into six components. Self-inductance is related to the sum of all six components.
Mutual inductance is related to the sum of d, e and f. Component f is the source of LMF.
Copper loss is mainly affected by components a, b and c.

The geometric parameters influence all six flux components, thereby affecting the
system parameters (e.g., k1, R1 and M) to different degrees. Take coil ESR as an example.
With the strand diameter of Litz wire being smaller than the skin depth, skin effect is
significantly diminished. By contrast, the proximity-effect-induced loss in each strand is
caused by the magnetic field strength contributed by all other strands [9,10], including
those in the same turn and those that belong to other turns. Therefore, increasing the coil
pitch is beneficial for reducing coil ESRs. Meanwhile, when the observation point is located
far away from the copper winding, a slight change in coil pitch has a small impact on the
winding-to-observation-point distance; hence, mutual inductance and LMF strength are
less sensitive to the variation of coil pitch. The same conclusion can be derived from the
perspective of the magnetic flux components, i.e., coil pitch has a more significant impact
on components a, b and c than on d, e and f.

The complexity in coil assembly optimization lies in the fact that the impacts of the
geometric parameters on the FOMs are intertwined; hence, optimizing one single system
parameter, e.g., M, does not necessarily guarantee the best overall performance. For
instance, minimizing the coil pitch improves M but lowers FOMe f f i due to the drastically
increased coil ESRs, as will be proved in subsequent parts.
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3.2. Evaluation of FOMs
3.2.1. Calculation of Coil ESR

FEA is conducted using the Maxwell module in the Ansys Electronics Desktop 2020
R2 suite, from which not only the inductances but also the copper loss in Litz wires is
obtainable. The main parameter settings are listed in Table 1.

Table 1. Parameter settings in the Maxwell software.

Parameter Value

Copper conductivity 5.8× 107 S/m
Aluminum conductivity 2.7× 107 S/m

Litz wire diameter 2.45 mm
Litz wire strand diameter 0.1 mm
Litz wire strand number 600

µr of ferrite 2200
Coil excitation current 20 A (peak)
Excitation frequency 85 kHz

The ferrite (PC40) core loss density is estimated using the following equation:

Pcv = 18.7176 f 1.248B̂2.667 (7)

The units of Pcv, f and B̂ are W/m3, Hz and T, respectively. The coefficients are
extracted from the loss curves (at 60 degrees Celsius) in the datasheet provided by TDK
Inc. (Tokyo, Japan). One can infer from Equation (7) that Pcv is roughly proportional to
|Icoil |2.667, where |Icoil | is the peak value of the coil current. By contrast, copper loss and
eddy loss are roughly proportional to |Icoil |2. Accordingly, coil ESR is a monotonically
increasing function of |Icoil |.

The influencing factors of coil ESR include copper loss, core loss and eddy loss. FEA
results reveal that coil ESR is insensitive to coil misalignment; hence, it is reasonable to
evaluate coil ESR at the zero-misalignment position only. Geometric symmetry can be
employed to greatly reduce the runtime. For instance, a quarter model instead of the full
model can be used when the coil assembly is symmetrical with respect to the x and y axes.

3.2.2. Evaluation of LMF and Efficiency Performance

The inductances and the LMF strength are directly obtained from the Maxwell soft-
ware. FEA results show that the LMF strength increases with coil misalignment; hence,
the LMF performance in the maximum-misalignment case is of the highest practical value.
However, as is explained in Section 2.2, the LMF strength in the zero-misalignment case
is also a good indicator of the LMF performance. Therefore, unless otherwise specified,
both the efficiency performance and the LMF performance are evaluated at the zero-
misalignment case so that symmetry can be employed to greatly reduce the model complexity.

To further save the runtime, a coarser mesh is acceptable during LMF strength cal-
culation and inductance calculation. By contrast, a finer mesh is required to improve the
precision of ESR calculation.

3.2.3. Impact of Geometric Parameters

The geometric parameters shown in Figure 4 are varied to reveal their impact on the
FOMs. The majority of data are obtained in the zero-misalignment case, except when the
impact of coil misalignment is emphasized. The mesh is refined until the results are stable.
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Figure 4. Geometric parameters of the coil assembly (quarter model).

For the sake of simplicity, the rounded corners in the copper winding are omitted in
the FEA model. The parameters of the initial design are listed in Table 2. The impacts of
geometric parameters on the FOMs are intercoupled, and the impacts are dependent upon
the initial point. Therefore, unless otherwise specified, only one parameter deviates from
the initial value during the FEA simulations. The TX- and RX-side coil assemblies have
identical geometric parameters, except that the aluminum plate size is different.

Table 2. Initial parameters of the coil assembly pair. The unit of all parameters is mm.

Parameter Value

p 3
A 270
B 270

dw− f 3
d f−Al 2

di f fw− f 10
di f f f−Al 5

hring 0
Wring 5

TX aluminum plate size 300 × 300 × 5
RX aluminum plate size 600 × 600 × 2

Ferrite core thickness 5
Air gap height 130

Some of the FEA results are presented in Figure 5. Considering that core loss increases
faster than copper loss when the excitation current is increased, core loss is increased tenfold
in deriving FOMe f f i2 to simulate significantly higher-power operating conditions. When
calculating the FOMs, the units of M, R1/2 and k1/2 are µH, Ω and µT/A, respectively. The
purposes of obtaining these curves are: (1) to reflect how the geometric parameters affect
the FOMs and (2) to reveal the different sensitivities of the FOMs to different parameters.
The following rules are extracted from FEA results, some of which are not included in
Figure 5. It is virtually impossible to quantify the impacts of geometric parameters on
the FOMs as the impacts are actually dependent upon the initial point. Therefore, the
following conclusions are qualitative.
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1. With the increase in interlayer distances, (dw− f and d f−Al), FOMLMF is reduced,
whereas FOMe f f i is enhanced.

2. Increasing the coil size (A or B) or the ferrite-coil size difference (di f fw− f ) has the
same impacts as increasing dw− f .

3. Adding a ferrite ring, i.e., a protrusion along the outer contour of the ferrite layer,
improves both FOMs. By contrast, the impact of wring is insignificant.

4. The stability of M against coil misalignment can be enhanced via increasing the
average turn size of the TX coil. By contrast, increasing the average turn size of
the RX coil improves M but has a negligible impact on its stability. In a practical
IPT system, higher stability of M means a lighter burden on the power converters,
which is favorable. Therefore, the RX coil dimensions should be near the maximum
allowable values and the TX coil size should be determined based on the maximum
allowable variation of mutual inductance.

5. Increasing the coil pitch (p) is beneficial for improving both FOMs, and the impact is
significant. However, for the RX coil, a larger p implies that the maximum allowable
turn number is reduced, which can possibly lead to a lower FOMe f f i. For the TX coil, a
larger p means either the turn number or the average turn size is smaller. The possible
consequence is either lower FOMe f f i or lower stability of M, both of which are
undesirable. Meanwhile, a lower boundary should be assigned to size of the RX coil’s
innermost turn. When the innermost turn is so small that its contribution to mutual
inductance is far outweighed by its contribution to coil ESR, increasing the turn
number not only results in a higher consumption of copper but also lowers FOMe f f i.

6. When the size of the outermost turn is fixed, increasing the turn number before the
size of the innermost turn becomes excessively small is beneficial for improving both
FOMs. When the size of the innermost turn and the ferrite core parameters are fixed,
both FOMs are decreased after N exceeds a threshold, which is mainly attributable to
the increase in eddy loss due to the short distance between the copper winding and
the ferrite core boundary. By adding a ferrite ring, the eddy loss can be effectively
suppressed, and the maximum allowable size of the outermost turn is increased.
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3.2.4. Constraints and Design Parameters

The geometric parameters of the coil assembly pair are subject to various constraints
in a practical IPT system. A small profile is preferred for the RX-side coil assembly. By
contrast, the TX-side coil should have a relatively large average turn size to improve the
stability of M against coil misalignment. Based on Figure 5, the following parameters
are fixed to reduce the number of parameter sweeps: hring = 7 mm, dw− f = 3.2 mm,
d f−Al = 3 mm. Increasing hring is beneficial for enhancing both FOMs. However, after
it exceeds a threshold, further increasing hring results in a larger coil-to-coil distance,
which actually lowers FOMe f f i. dw− f has a smaller impact on FOMe f f i than on FOMLMF
after exceeding 3.5 mm; hence, a relatively small value should be assigned to dw− f . The
value of 3.2 mm is equal to sum of the Litz wire radius (1.7 mm) and the insulation layer
thickness (1.5 mm) adopted in the inductive charger prototype. d f−Al has a smaller impact
on FOMLMF than on FOMe f f i; hence, a relatively large value should be adopted. The
parameters (listed below) whose impacts on the FOMs are less straightforward are selected
as design parameters, i.e., they are to be varied during the manual optimization procedure.

• On the TX side: A, B, p, di f fw− f ;
• On the RX side: p, di f fw− f , N.

The average turn size of the TX coil is determined by N, p and A (B); hence, the
turn number of the TX coil is subject to the restriction on the stability of M and not a
free variable.

4. Optimization of Coil Assembly Pair
4.1. Validation of the Accuracy of FEA

Comparisons are made between FEA results and experimental results to verify the
accuracy of the former, as is presented in Figure 6. In the FEA model, the coil current has
a constant peak value of 20 A. In the experimental measurements, the excitation current
provided by the LCR meter (HIOKI IM3536, HIOKI, Nagano, Japan) is 50 mA (rms) and
the excitation frequency is 85 kHz. Although both sets of data in Figure 6 do not perfectly
match, the overall trend in the FEA results is credible.
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Figure 6. Comparisons between simulated and measured coil ESR. (a) ESR versus N. (b) ESR versus dw− f . (c) ESR versus
dw−Al (distance between copper wire and aluminum plate).

4.2. Constraints and Predetermined Parameters

In [17], a manually optimized coil assembly pair with both coil assemblies having
identical geometric parameters is compared with the initial design, and the performance
improvement is proved via FEA results. This work adopts a more practical design in which
the TX-side coil assembly is larger than the RX-side coil assembly. The predetermined
parameters and the main constraints are listed in Table 3.
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Table 3. Predetermined geometric parameters and constraints of the coil assembly pair. The unit of
all parameters is mm.

Parameter Value

Air gap 160
TX aluminum plate dimensions 560 × 560 × 2
RX aluminum plate dimensions 1000 × 700 × 2

TX ferrite core dimensions ≤490 × 490 × 5
RX ferrite core dimensions ≤360 × 360 × 5

Turn number ≤18
Coil misalignment 0 to 100

The test bench adopted in this work is capable of moving along one direction (in the
horizontal plane) only; hence, coil misalignment is confined to the x axis. The long side of
the RX-side aluminum plate is parallel to the x axis.

4.3. Manual Optimization of a Coil Assembly Pair

Based on the conclusions summarized in Section 3.2.3, a manual optimization proce-
dure (illustrated in Figure 7) is conducted. The objective is to maximize FOMe f f i (subject to
the geometric parameter constraints) while having a small impact on FOMLMF. FOMLMF
is not prioritized during the optimization procedure because the LMF strength is usually
not a major concern in low-power or medium-power IPT systems. As is illustrated in
Figure 7, after the impacts of the geometric parameters have been revealed, some parame-
ters are fixed based on a combination of practical constraints and empirical knowledge to
reduce the number of parameter sweeps. Meanwhile, the remaining geometric parameters
are selected as design parameters during the manual optimization procedure. The selection
of design parameters is similar to that introduced in Section 3.2.4. The subscript “last” in
Figure 7 denotes the result from the previous test.
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The adjustment of design parameters follows a simple rule: the change in FOMLMF
brought by the adjustment of one parameter is offset by the adjustment of another parame-
ter so as to maintain FOMLMF unchanged. If the adjustments result in a higher FOMe f f i,
then continue the perturbation until local maximum is reached for FOMe f f i. Otherwise, the
adjustments to both parameters should be reversed. After the local maximum is achieved,
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proceed to perturb another pair of design parameters. The results from the design param-
eter analysis part serves as a guide, based on which whether the parameter under study
should be increased or decreased is determined.

The optimized design and the initial design are shown in Figure 8. The ferrite core
is composed of ferrite strips (each measuring 60 mm × 15 mm × 5 mm). Its dimensions
are not continuously variable and, thus, slightly deviate from the limit values. The results
obtained from FEA (designated as “simulated”), and experimental tests are listed in Table 4.
When calculating FOMe f f i, the units of M and coil ESR are µH and Ω, respectively. The
electric parameters are acquired using an LCR meter (HIOKI IM3536, HIOKI, Nagano,
Japan) at an excitation current of 50 mA (rms), with the excitation frequency being 85 kHz.
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Table 4. Simulated and measured parameters of the coil assemblies.

Parameter Initial TX Initial RX Optimized TX Optimized RX

d f−Al (mm) 1.5 1.5 3 3
hrng (mm) 0 0 7 7

Self-inductance (µH) 481.32 223.35 203.25 127.04
DC resistance (mΩ) 141.0 79.8 88.9 67.5
ESR at 85 kHz (mΩ) 616.0 295.1 184.2 139.0

Series capacitance (nF) 7.47 15.64 17.76 27.41
Coupling coefficient 0.107 to 0.138 0.137 to 0.187
Coupling coefficient

(simulated) 0.102 to 0.133 0.129 to 0.181

Mutual inductance (µH) 35.1 to 45.1 22.0 to 30.1
FOMe f f i 6780 to 11,193 18,924 to 35,425

Litz wire length (m) 55.4 36.8

The disadvantage of the optimized design is that the mutual inductance drop brought
by 100 mm coil misalignment (along the x-axis direction) is 27%, whereas in the initial
design, the number is 22%. The difference is quite acceptable, though. By contrast, the
superiority of the optimized design is obvious. With a 34% reduction in copper wire
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consumption, both FOMe f f i and the coupling coefficient are significantly improved. One
can easily infer that the VA rating of the compensation capacitors is greatly reduced.

4.4. Experimental Results

An electric vehicle inductive charger prototype with an operating frequency of 85 kHz
is fabricated. The specifications are listed in Table 5. Series compensation is adopted on
both sides. The series capacitance values (listed in Table 4) are determined in such a way
that the reactance of the coil is almost fully counteracted, and the AC impedance seen by
the inverter has a small inductive component. A full-bridge passive rectifier composed of
SiC diodes (Rohm SCS220, Rohm, Kyoto, Japan) is adopted on the RX side. A full-bridge
inverter composed of SiC MOSFETs (Cree C3M0075120J, Wolfspeed, Durham, NC, USA)
is adopted on the TX side. The power and efficiency data are acquired using a power
analyzer (HIOKI PW6001, HIOKI, Nagano, Japan). Photographs of the experimental setup
are presented in Figure 9.

Table 5. Specifications of the IPT prototype.

Parameter Value

Litz wire strand diameter (mm) 0.1
Litz wire strand number 600

Ferrite material PC40
Room temperature (◦C) 23–26
DC load resistance (Ω) 15 and 20

Inverter phase shift angle (degree) 180 (fixed)
Input DC-link voltage (V) 100–300 (adjustable)

Inverter switching frequency (kHz) 85 (fixed)
Output power (W) 600

Inverter switching device Cree C3M0075120J
Rectifier diode Rohm SCS220
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Figure 9. Experimental setup. (a) Coil assembly pair and magnetic field analyzer. (b) Optimized TX
coil. (c) Initial TX coil. (d) Measurement of power, efficiency and the inverter’s output voltage.

The configuration of the test system is shown in Figure 10. The input DC-link voltage
is varied to regulate the output power. The phase shift angle between both half bridges
of the inverter is fixed at 180 degrees. Illustrations of the voltage or current waveforms in
each stage are also given.
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The LMF strength and the DC-to-DC efficiency are easily measurable, whereas both
the FOMs and the coil-to-coil efficiency are more difficult to acquire in the IPT prototype;
hence, in this work, the superiority of the optimized design is demonstrated through the
measured DC-to-DC efficiency and the LMF strength. The difficulty in measuring the
FOMs lies in the fact that the exact coil ESR changes with the excitation current. As the
maximum excitation current of the LCR meter (HIOKI IM3536, HIOKI, Nagano, Japan) is
merely 50 mA (rms), the ESR data under real operating points, with the current being tens
of amperes, are unobtainable. The difficulty in measuring the AC-to-AC efficiency is due
to the fact that the measured AC power is sensitive to the phase angle error. For instance,
even when the phase compensation value specified in the current sensor’s datasheet is
used, the measured inverter efficiency may still exceed 100% under some operating points.

Two DC load resistance values are tested: 15 Ω and 20 Ω, which are roughly the optimal
load (calculated based on (5)) in the maximum-misalignment and the zero-misalignment
cases for the initial design, respectively. The conversion between AC load resistance and
DC load resistance is governed by a simple rule: the former is roughly equal to the latter
multiplied by 8

π2 . The measured DC-to-DC efficiency at a constant output power of 600 W
and the DC-link voltage are given in Figure 11. As is previously stated, the compensation
capacitance values are chosen in such a way that the inverter is soft-switched; hence, the
inverter loss can be approximated using a small resistance in series with the coil. Figure 11b
reveals that the DC-link voltage in the “optimized design” case is lower than that in the
“initial design” case, which implies a lower inverter efficiency in the “optimized design”
case. One can conclude that even with a lower inverter efficiency, the optimized design
results in a higher DC-to-DC efficiency.
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The efficiency improvement brought by the optimization measures is significant.
Meanwhile, the stability of mutual inductance, which is reflected in the DC-link voltage
curves, is not drastically different in both designs.

The LMF strength is measured using a magnetic field analyzer (Narda EHP50, Narda,
Pfullingen, Germany) at a point 70 cm away from the center of the RX coil. The LMF
strength measured in the maximum-misalignment case is listed in Table 6. The LMF
performance of the optimized design is slightly better.

Table 6. LMF strength measured in the maximum-misalignment case.

DC Load Resistance (Ω) Initial Design Optimized Design

15 3.17 µT 2.94 µT
20 3.25 µT 3.11 µT

5. Discussions

The combination of modern optimization methods and FEA is a useful tool for ob-
taining the optimal design. However, two shortcomings are obvious. (1) The number of
parameter sweeps increases with the number of design parameters. (2) The impact of each
design parameter is not explicitly shown, as if the optimization procedure is sealed in a
black box. Analytical methods are commonly adopted for their simplicity. However, they
are based on simplifications and, thus, unable to deal with complex geometric features.
Therefore, these methods are not adopted in this work.

The focus of this work is to construct FOMs for performance assessment of the coil
assemblies, analyze the impacts of geometric parameters on the FOMs and propose practical
measures to improve FOMe f f i. After the impacts are clearly revealed, one no longer needs
to rely on modern optimization methods to yield the optimal design. In this work, manual
optimization (illustrated in Figure 7) is adopted. Comparisons between this work and
some relevant works in the literature are given in Table 7.

Table 7. Comparisons between this work and relevant works in the literature.

Reference Inclusion of
Ferrite Core

Inclusion of
Aluminum Shield

Number of
Parameter Sweeps

Analytical or
Numerical

Impact of Design Parameters
Explicitly Shown

[14] No No Not applicable Analytical No
[9] Yes No Not applicable Analytical No
[13] Yes No Small Analytical No
[10] Yes No Large Hybrid No
[8] Yes No Large Numerical No

This work Yes Yes Moderate Numerical Yes

In [14], only the copper winding is included in the analytical model, whereas the
ferrite core and the aluminum shield plate are not considered. As a result, this model
is suitable for a narrow range of applications. In [8–10,13], the ferrite core is considered
in the model but the aluminum shield plate is omitted. Analytical, numerical or hybrid
(partially analytical and partially numerical) approaches are adopted to construct these
models. Depending on the concrete methodology, the number of parameter sweeps varies
greatly. Analytical models generally require fewer parameter sweeps. None of these four
references attempted to explicitly reveal the impact of the design parameters. This work
takes a numerical approach and attempts to explicitly reveal the impact of the design
parameters on the performance. Both the ferrite core and the aluminum shield plate are
considered. By using the manual optimization method introduced in Figure 7, the number
of parameter sweeps is effectively reduced.

Provided that both the FEA software and the model parameters are accurate, one
can have confidence in the accuracy of FEA results. Due to unavoidable errors in the
geometric and electrical parameters, the FEA results do not strictly match experimentally
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measured data in this work. Still, the general trend in the FEA results is credible. The DC
load resistance adopted in the prototype (15 Ω and 20 Ω) is chosen in such a way that it is
equal to the theoretical optimal values for the initial design. For the optimized design, the
numbers are approximately 13 Ω and 17 Ω, respectively. The impact of load resistance is
clearly displayed in Figure 11. Therefore, one can conclude that even with a non-optimal
load resistance, the optimized design still outperforms the initial design by a noticeable
margin in terms of efficiency and by a small margin in terms of LMF performance.

The key measures for coil assembly optimization are summarized as follows. (1) Coil
pitch should be increased to a suitable level to reduce coil ESRs. (2) The average turn size
of the TX coil is determined by the required stability of mutual inductance. (3) A ferrite
ring should be added and the distance between the outermost turn of the copper winding
and the boundary of the ferrite core should be reasonably large to reduce eddy loss.

The findings of this work are applicable to IPT systems other than electric vehicle
inductive chargers, as no restrictions specific to electric vehicle charging are imposed during
the analysis and optimization procedures. Besides, some of the optimization measures can
be applied to coil designs other than the single-winding rectangular type.

6. Conclusions

Two FOMs are proposed for evaluating the performance of coil assemblies applied
in electric vehicle inductive charging applications. The impacts of the main geometric
parameters on both FOMs are examined with the aid of finite element analysis. A manual
optimization procedure is conducted based on the qualitative rules extracted from FEA
results. In the optimized design, both FOMe f f i and the coupling coefficient are enhanced.
The copper wire consumption is reduced. The LMF strength is slightly lowered. The
superior performance of the optimized design is proved via FEA results and experimental
tests conducted on an electric vehicle inductive charger prototype. The key measures for
coil assembly optimization are summarized.
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