Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 September 2021 doi:10.20944/preprints202109.0222.v1

Article
Finite Element Analysis-Aided Optimization of Rectangular

Coil Assemblies Applied in Electric Vehicle Inductive Chargers

Guodong Zhu ' and Dawei Gao 2*

1 State Key Laboratory of Automotive Safety and Energy, School of Vehicle and Mobility, Tsinghua Univer-
sity, Beijing, China; jack.zg68@live.com

2 State Key Laboratory of Automotive Safety and Energy, School of Vehicle and Mobility, Tsinghua Univer-
sity, Beijing, China; dwgao@mail.tsinghua.edu.cn

* Correspondence: dwgao@mail.tsinghua.edu.cn;

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 corre-
sponding LMF strength are formulated as functions of hardware parameters, and figure 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 extracted from FEA results.
A coil assembly pair is manually optimized within given dimensional limits. Compared with the
initial design, the optimized one achieves higher efficiency and lower LMF strength while consum-
ing 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 as-
sembly optimization are summarized.
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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 assemblies greatly influ-
ences the system performance.

The optimization of coil assemblies has been discussed in numerous references. Some
previous works endeavored to maximize the coupling coefficient [3]. Some tried to strike
a balance among multiple objectives [4-6]. 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. Both analytical methods and numerical
methods, e.g., finite element analysis (FEA) [3-4] and the finite-difference time-domain
method (FDTD) [7-8], are useful tools for performance evaluation. The former is based on
simplifications and usually restricted to certain types of systems [5]. By contrast, the latter
is universally applicable and highly accurate provided that precise parameters are as-
signed to the model. A common 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 [3-4]. In this work, FEA (based on the Ansys Maxwell software) is
employed to yield quantitative results. Qualitative rules regarding the impact of geomet-
ric parameters are extracted, based on which a coil assembly pair is manually optimized
to improve the efficiency and LMF performance.

The dominant factors of energy efficiency are mutual inductance and coil ESRs
(equivalent series resistance). In a typical electric vehicle inductive charger, a coil
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assembly contains three parts: an aluminum shielding plate, a ferrite core and a copper
winding. Coil ESR is the combined effect of all three loss terms. The eddy loss in the alu-
minum plate is related to the ambient magnetic flux density. According to the Steinmetz
equation, which is commonly adopted for characterizing magnetic core loss under sinus-
oidal magnetic field excitations, core loss is approximately a power function of magnetic
flux density. Copper loss is influenced by the DC resistance, the skin effect, the proximity
effect and other stray factors. When the strand diameter of the Litz wire is below the skin
depth, skin effect has a small impact. Proximity effect is related to the magnetic flux den-
sity that the copper winding is exposed to [9-10]. Under a given excitation current ampli-
tude, all loss terms are affected by the geometric parameters of the coil assembly. Mean-
while, the output power is proportional to the mutual inductance. Therefore, the maxi-
mum achievable energy conversion efficiency of the coil assemblies (designated as 1. 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 7. lies in the fact that
both are affected by the geometric parameters in complex ways. To objectively assess the
efficiency performance of a coil assembly design, figure of merits (FOMs) that reflect the
combined influence of all relevant factors are a useful criterion [11]. Obviously, the 7.-
FOM is determined by the geometric parameters of the coil assemblies. Measures to im-
prove 1. via coil assembly optimization have been extensively discussed in previous
publications [4, 6, 11].

As for LMF suppression, the measures can be divided into two categories: active sup-
pression [2] and passive shielding [12]. In active suppression schemes, extra coils are usu-
ally 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 to reduce the leakage mag-
netic field strength and are widely adopted due to its simplicity and effectiveness. LMF
suppression techniques generally have a negative impact on 7., and efforts have been
made to strike a balance between 7, and the LMF strength [4, 6, 9].

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 the combination of finite element analysis (FEA) and
empirical knowledge. A manual optimization procedure under given geometric con-
straints is conducted with the purpose of improving 7. while having a small impact on
the LMF performance. Based on FEA simulations and experimental results obtained from
an 85 kHz electric vehicle inductive charger prototype, the superiority of the optimized
design is demonstrated. The result is encouraging: the optimized design achieves signifi-
cantly higher 1, 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 7, 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 impact of
geometric parameters on the FOMs are derived from FEA results. In section 4, the accu-
racy of FEA in terms of coil loss calculation is verified. Manual optimization of the coil
assembly pair is conducted and the superiority of the manually optimized design is vali-
dated 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 1. Uy, is the inverter output voltage, U, the voltage across the load
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resistance, I, and I, the coil currents, C; and C, the series compensation capacitors, L,
and L, the coil inductances, M the mutual inductance, R; the equivalent AC load re-
sistance, R; and R, the coil ESRs. Considering that the focus of this work is coil assembly
optimization, the power losses in the other components is neglected. Due to the band-pass
property of the compensation networks, only the fundamental voltages and currents are
considered. For the sake of simplicity, the coil ESRs are assumed to be zero except in effi-
ciency calculations.
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Figure 1. Simplified schematic of series-series-compensated IPT system.

Measures to maximize 7. have been discussed in numerous researches [1]. For the
simplified IPT system shown in Figure 1, the output power (P,,;) is

1 , 1
Pout:EII'(](‘)MIZ)SElelll'llzl- (1)

The power loss on coil ESRs is

1 VR1R
Pcoil = E(|11|2R1 + IIZ|2R2) = 2P0ut a;wz- (2)

The conditions for minimizing the P,,;-to-P,,; ratio are
LIl - LIZ = 900, (3'3)
[1117R; = [I;]*R,. (3-b)

The first condition is satisfied by maintaining the circuits in full resonance, i.e., L;C; =
L,C, = 1/w? where w 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

2
M In this article, this ratio is selected as the FOM for

P.,i;-to-P,,; ratio is a function of
1082

assessing the efficiency performance of the coil assemblies and designated as FOM,ff;. A
larger FOM,¢r; means the maximum achievable 7, is higher. Meanwhile, the optimal
AC load resistance that maximizes 7, is

wM|I| _ R;

M % (4)

|I2] Ry

RL,opt -

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 elec-
tric 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 (2-a) and (2-b) is simplified as

2Py R R
Buwe = JITILE + I = [P /kf\/R:i+ @ [ ©)

where k; or k, denotes the magnetic flux density generated by 1 A coil current on the

-1
observation point. Therefore, the expression M - (kf E+ k3 \E) is selected as the
1 2
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FOM for assessing the LMF performance and designated as FOM;yr. A larger FOMyyr
means the LMF strength at the maximum-7, operating point is lower.

Generally speaking, B;ur increases with coil misalignment, i.e., the highest B,y is
observed when the vehicle-side coil is at the maximum-misalignment position. Still, the
FOM,yr calculated based on the k; and k, data measured at the zero-misalignment po-
sition is a useful indicator of the LMF performance. Overall, the LMF strength in the max-
imum-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 2 (a), a ferrite layer is inserted between the copper winding
and the aluminum shielding plate. FEA results reveal that under the same ferrite con-
sumption limit, using an integral ferrite core instead of separate ferrite strips with spaces
between them minimizes core loss and eddy loss. 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
2 (b).
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Figure 2. Overall design of the coil assemblies and the magnetic flux paths. (a) Front view. (b) Top view. (c) Magnetic flux paths.

As is illustrated in Figure 2 (c), the magnetic flux lines generated by each turn can be
decomposed into six components. Self-inductance is related to the sum of all six compo-
nents. Mutual inductance is related to the sum of d, e and f. Component f is the source of
LMEF. 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., k;, R; and M) to different degrees. Take coil ESR as an example.
With the strand diameter of the 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 lo-
cated 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 ¢ 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 in-
stance, minimizing the coil pitch improves M but lowers FOM,ff; due to the drastically
increased coil ESRs, as will be proved in Figure 4.
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3.2 Evaluation of FOMs
3.2.1 Calculation of Coil ESR

FEA is conducted using the Maxwell software contained within the Ansys Electron-
ics Desktop 2020 R2 suite, in 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 x 107 siemens/m
Aluminum conductivity 2.7 X 107 siemens/m
Litz wire diameter 2.45 mm
Litz wire strand diameter 0.1 mm
Litz wire strand number 600
U, 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:
P., = 18.7176f 124852667, (6)

The units of P, f and B are W/m?3, Hz and Tesla, respectively. The coefficients are ex-
tracted from the loss curves (at 60 degrees Celsius) in the datasheet provided by TDK, Inc.
One can infer from (6) that P, is roughly proportional to |I.4;|%¢%7, where |Io;| is the
peak value of the coil current. By contrast, copper loss and eddy loss are roughly propor-
tional to |I.4]?. Accordingly, coil ESR is a monotonically increasing function of |I.4;].

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 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-mis-
alignment case, so that symmetry can be employed to reduce the model complexity.

To further save the runtime, a coarser mesh is acceptable during LMF strength calcu-
lation 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 3 (a) 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, so that a quarter model instead of a full
model can be used to save the runtime. The mesh is refined until the results are stable.
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Figure 3. 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. 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
aluminium plate dimensions are different.

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

Parameter Value
p 3
A 270
B 270
dy_5 3
dr_a 2
dif fu_s 10
diffr-u 5
hring 0
Wring 5
TX aluminium plate size 300x300x5
RX aluminium plate size 600x600%2
Ferrite core thickness 5
Air gap height 130

Some of the FEA results are presented in Figure 4. Considering that core loss in-
creases faster than copper loss when the excitation current is increased, core loss is in-
creased tenfold in deriving FOM,ss;, to simulate higher-power operating conditions.
When calculating the FOMs, the unit of M, Ry, and kq/, is uH, Q and uT/A, respec-
tively. The following rules are extracted from the FEA results, some of which are not in-
cluded in Figure 4. It is virtually impossible to quantify the impacts of geometric param-
eters on the FOMs, as the impacts are actually dependent upon the initial point. Therefore,
the following conclusions are qualitative.
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Figure 4. Simulated FOMs. The solid line with triangular dots, dashed line with triangular dots and solid line with circular dots
denote FOM,fr;, FOMcgsr, and FOMyyp, respectively.

1. With the increase of inter-layer distances (d,_; and d;_,;), FOM,yp is reduced
whereas FOM,yf; is enhanced.

2. Increasing the coil size (A or B) or the ferrite-coil size difference (diff, ) has the
same impacts as increasing d,,_r does.

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 w,y4 is insignificant.

4.  The stability of M against coil misalignment can be enhanced via increasing the av-
erage 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 fa-
vourable. Therefore, the RX coil dimensions should be near the maximum allowable
values, whereas the TX coil size is determined by 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 FOM,;. For the TX coil,
alarger p means either the turn number or the average turn size is smaller. The pos-
sible consequence is either lower FOM,sf; or lower stability of M, both of which are
undesirable. Meanwhile, a lower limit should be imposed on the size of the inner-
most turn of the RX coil: 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 consumes more copper wires but also lowers FOM,y;.

6.  When the outermost turn size is fixed, increasing the turn number before the inner-
most turn size becomes excessively small is beneficial for improving both FOMs.
When the innermost turn size and the ferrite core parameters are fixed, both FOMs
are decreased after N exceeds a threshold, which is attributable to eddy loss. By add-
ing a ferrite ring, eddy loss can be effectively suppressed and the maximum allowa-
ble outermost turn size is increased.
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3.2.4 Constraints and Design Variables

The dimensions of the coil assemblies 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 4, the following parameters are fixed to reduce
the workload: h,i,, = 7mm, d,,_; = 3.2mm, d;_, = 3mm. The parameters to be varied
during coil assembly optimization are listed below.
e Onthe TXside: A, B, p, diff,,_f.
e OntheRXside: p, diff,—f N.
The average turn size of the TX coil is determined by N, p and A (B), hence the turn num-
ber of the TX coil is subject to the restriction on the stability of M and not a free variable.

4. Optimization of Coil Assemblies

The objectives of coil assembly optimization are to increase both FOMs, particularly
FOM_;, enhance the coupling coefficient to reduce the reactive power, and meet the re-
quirement on the stability of M. Due to the large number of geometric parameters and the
complex FOM-parameter relations, the optimal design depends on the specific applica-
tion. The optimal design in this work may be inappropriate for other IPT systems.

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 5. In the FEA model, the coil current has
a constant peak value of 20A. In the experimental measurements, the excitation current
provided by the LCR meter (HIOKI IM3536) is 50mArms (at 85kHz). Although both sets
of data in Figure 5 do not perfectly match, the overall trend in the FEA results is credible.

~0.07 . . ~0.08 ~0.3
o Air-core coil - N=10 o N=10
—0.06 | pitch=3 $mm =006 | —r—p——p———— ', Fq:i:&:;:;—:pq
£0.05 | A=B=265mm & Pitehes O AB=265mm 4 )
= .04 m 0.04 1tch=3.9mm, A=B=265mm 51 Pitch=3.9mm, A=B=265mm
. . . 0.1 g
0.02 _ Coil above ferrite : Coil above Al plate
0.03 (280mm*300mm*Smm) . (600mm*600mm*2mm)
0.02 0
5 7 9 11 13 15 3 4 5 6 3 4 5 6
(a) N (b) dy.r (mm) (c) dy.al (mm)

Figure 5. Comparisons between simulated and measured coil ESR. (a) ESR versus N. (b) ESR versus d,,_f. (c) ESR versus d,,_4
(distance between copper wire and aluminum plate).

4.2 Constraints and Predetermined Parameters

In [13], 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 has a larger size than the RX-side counterpart. The pre-
determined parameters are listed in Table 3.

Table 3. Predetermined geometric parameters of the coil assembly pair. The unit of all parameters

is mm.
Parameter Value
Air gap height 160
TX aluminium plate size 560x560x2
RX aluminium plate size 1000x700%2
TX ferrite core size limit 490x490x%5
RX ferrite core size limit 360x360%5

Coil misalignment 0 to 100
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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 is conducted. The optimized design and the initial design are shown in Figure 6.
Because the coils are manually fabricated and the ferrite core is composed of ferrite strips
(each measuring 60mmx15mmx5mm), the coil dimensions may appear somewhat odd
and the ferrite core dimensions slightly deviate from the limit values. The results obtained
from FEA (designated as “simulated”) and experimental tests are listed in Table 4. When
calculating FOM,y;, the unit of M and coil ESR is uH and 2, respectively. The electric
parameters are acquired using an LCR meter (HIOKI IM3536) at an excitation current of
50 mA (rms) with the excitation frequency being 85 kHz.

< 485 N
1 ry
o
Z g 3
. Pitch=3.62, N=18 vitch=6 —16
Pitch=3.7, N=22 1tch ; Pitch=6.71. N=16 ‘ Pitch=6.77, N=16
. L2
Initial TX coil Initial RX coil Optimized TX coil Optimized RX coil

Figure 6. Geometric parameters of the initial and optimized coil assemblies (the aluminum plate is
not shown). The coils are made of 600-strand Litz wires.

Table 4. Simulated and measured parameters of the coil assemblies.

Parameter Initial TX Initial RX Optimized TX Optimized RX
dr_g (mm) 1.5 1.5 3 3
hypg (Mm) 0 0 7 7
Self-inductance (uH) 481.32 223.35 203.25 127.04
DC resistance (m(2) 141.0 79.8 88.9 67.5
ESR at 85 kHz (mQ) 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 0.102 t0 0.133 0.129 to 0.181
(simulated)
Mutual inductance (uH) 35.1 to 45.1 22.0 to 30.1
FOM,f; 6780 to 11193 18924 to 35425
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
consumption, both FOM,ff; and the coupling coefficient are significantly improved. One
can easily infer that the VA rating of the series capacitors is greatly reduced.

An electric vehicle inductive charger prototype at an operating frequency of 85 kHz
is fabricated based on the parameters in Figure 6. 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
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Diodes (Rohm SCS220) is adopted on the RX side. A full-bridge inverter composed of SiC
MOSEFETs (Cree C3M0075120]) is adopted on the TX side. The power and efficiency data

are acquired using a power analyzer (HIOKI PW6001). Photographs of the experimental
setup are presented in Figure 7.

Figure 7. Experimental setup. (a) Coil assembly pair and magnetic field analyser. (b) Optimized TX coil. (c) Initial TX coil. (d)
Measurement of power, efficiency and inverter output voltage.

Two DC resistance values are tested: 15 © and 20 €, which are roughly the optimal
load (calculated based on (4)) 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 %. The measured DC-to-DC efficiency at a constant output power of 600W
and the DC-link voltage are given in Figure 8. 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.
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Figure 8. Experimental results. (a) DC-to-DC efficiency. (b) DC-link voltage.

The LMF strength is measured using a magnetic field analyser (Narda EHP50) at a
point 70 cm away from the centre of the RX coil. The LMF strength measured in the max-
imum-misalignment case is listed in Table 5. The LMF performance of the optimized de-

sign is slightly better.
Table 5. LMF strength measured in the maximum-misalignment case.
DC load resistance (2) Initial design Optimized design
15 3.17 uT 294 uT
20 3.25 uT 3.11 pT
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5 Discussions

Due to unavoidable errors in the geometric and electrical parameters, the FEA results
do not strictly match experimentally measured data. Still, the general trend in the FEA
results is credible. The DC load resistance adopted in the prototype (15 Q and 20 Q) is
chosen in such a way that they are equal to the theoretical optimal values for the initial
design. For the optimized design, the numbers are approximately 13 Q and 17 €, respec-
tively. The impact of load resistance is clearly displayed in Figure 8. Even with a non-
optimal load resistance, the optimized design still outperforms the initial design by a no-
ticeable 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 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 bound-
ary 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 dur-
ing the analysis and optimization procedures.

6. Conclusion

Two FOMs are proposed for evaluating the performance of coil assemblies applied
in electric vehicle inductive charging applications. The impacts of the main geometric pa-
rameters 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 FOM,ff; and the coupling coefficient are enhanced.
The superior performance of the optimized design is proved via FEA results and experi-
mental tests conducted on an electric vehicle inductive charger prototype. The key
measures for coil assembly optimization are summarized.
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