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Abstract

This paper describes a novel contactless power transfer (CPT) system with geometrically improved H-shape ferromagnetic cores and
electromagnetically prospective modelling analysis methods for wireless power transmitting (WPT) applications of electric vehicles (EVs). A
CPT prototype, using optimized H-shaped magnetic couplers and series-to-series (SS) compensation, is proposed to address and ensure the
maximization of system efficiency, power transfer ratings, and air gaps of coupling coils. By focusing on the main factors such as various system
operating frequencies, different geometric designs of coils, changeable inductive coupling distances, electromagnetic field performances and
actual phase angle deviations when the inductive coupling system tends to be stable with its waveforms, this small-sized H-shape CPT system has
been analytically considered and modelled in a finite-element method (FEM) environment, resulting in a maximum system efficiency of 59.5%,
a coil transmitting efficiency of 83.8% and a maximum power output of 42.81 kW on the load end when the resonant coupling of CPT system
tends to occur within a range of calculated resonant frequencies, with an air gap of 10 mm. Moreover, the system efficiency and coil transmitting
efficiency can reach 47.75% and 77.22%, respectively, and the highest RMS real power to load can achieve 31.95 kW with an air gap of 20 mm.
Besides, with an air gap of 30mm, this H-shape CPT system is measured to output 20.39-kW RMS power, along with the maximum system
efficiency and coil efficiency of 41.78% and 63.23%, respectively. Furthermore, the improvements of flux linkage, magnetic flux density regarding
the actual electromagnetic performance produced and the issues on the calculated natural resonant frequencies have been studied by result
analysis and comparison of electromagnetic field parameters generated. In addition, the current limitations and further design considerations
have been discussed in this paper.

Keywords: Contactless power transfer; Wireless power transmitting; Magnetic resonant coupling; Inductive power transfer; Ferrite, Electric
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Introduction

Based on the wireless power transmitting (WPT) proposed
by Nikola Tesla, the fundamental principles of Faraday’s law of
induction and Maxwell’s equations [1,2] in the 19" century, the
contactless power transfer (CPT) using loosely coupled inductive

Over the past decades, there has been a growing tendency for
developing environment friendly energy usage all over the world
due to the increasing concerns on the reduction of conventional
fossil fuels, environment pollution and the global climate change
issues, for which the development progress on electric vehicles
(EVs) and hybrid electric vehicles (HEVs) has been driven rapidly
forward. EVs have shown its advantages on addressing most of the
environmental challenges while reliability and safety concerns of
the traditional plug-in EVs are still obstructions. Whereas, the con-
tactless power transfer (CPT) technology has capabilities to allow
eliminations of cables, slip rings and exposed plugs, which could
increase the charging safety with no sparkling and the reliability
under extreme environmental conditions.

energy transfer or electromagnetic resonant coupling could show
the main advantages such as wireless charging convenience and
charging implementation safety especially in dusty or humid con-
ditions. Numerous studies and industrial applications worldwide
have been carried out in the past two decades. A 2-kW circular
pads based inductive power transmitting (IPT) model with 700-
mm diameter windings and 200-mm charging air gap was con-
structed and tested in 3D FEM software in [3] , which examined
that this circular pad modular can result in satisfactory outputs
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and that the result difference between the simulation and exper-
iment tests was claimed within 10% despite no detailed discus-
sions about RMS real power ratings. In order to cancel out the
reactive power generation from inductive coupling system to
increase the RMS real power to the load end, four basic capaci-
tor compensation topologies have been introduced and studied,
which are primary series to secondary series (SS), primary series
to secondary parallel (SP), primary parallel to secondary series
(PS) and primary parallel to secondary parallel (PP) circuits. In
[4], a current source-based SP compensation IPT system was built,
resulting in an output of 200 W at 100 kHz with up to 88% exclud-
ing inverters. An innovative primary series-parallel to secondary
series (SPS) combination compensation topology was proposed in
alarge sized IPT system with 15-cm air gap [5] and was claimed to
show a high tolerance to misalignment degree.

To allow voltage source based inverters to produce constant
AC current from the primary side of a CPT system, an induc-
tor-capacitor-inductor (LCL) network was embedded with an SP
compensation, which was reported to achieve a constant current
waveform independent of the load end value variations [6] and to
minimize the reactive currents in the pickup coil [7].

Alarger dimension stationary CPT system model in laboratory
was designed in [8] with width of 200 cm and length of 100 cm,
which was reported to acquire an output power of 15 kW with an
air gap of 15 cm and a lateral displacement tolerance of 40 cm. The
study in [9] compared the four compensation performances with
a 2-kW model and suggested that the SS compensation method
has lower copper loss than the other three methods. To improve
power transfer capability and efficiency, a dual side control IPT
scheme was proposed in [10] based on decoupling and primary
track current control [11], validating a 7% efficiency improvement
with 813-mm diameter circular power transmitting pads and each
winding of 1300 strands.

In this paper, to address the main challenges of maximiza-
tions of the system efficiency, power transfer ratings, and air
gaps of coupling coils, the H-Shaped magnetic couplers with a se-
ries-to-series (SS) compensation has been fabricated and imple-

mented. By analysis and comparison on the experimental results
and system performance, firstly, the improvements of the flux link-
age, magnetic flux density and flux line distribution can be noticed
due to the contributions of using soft magnetic material core Steel
1010 and the effectiveness of its high permeability for the overall
system electromagnetic performance enhancement. Secondly, the
specifically designed H-shaped cores could be of significant help
on facilitating magnetic strengths at critical points in the formed
inductive electromagnetic field by shaping the flux line trajecto-
ries, which, from the perspective of electromagnetics, utilizes the
most of the stored magnetic field energy leading to higher induced
currents and magnetic fluxes through the secondary coil.

Thirdly, it can be found that the maximum system efficiency
and power transfer to load could be reached when the system op-
erating frequency is set close to, but not exactly to, the calculat-
ed resonant frequency of the primary coil. Nevertheless, in some
cases of near-field coupling such as the models with 10-mm and
20-mm coupling distances in this paper, the maximum system
efficiency and power rating can be achieved twice at two peaks,
respectively, which could be caused by the combined effects of the
superposed fields from two coils and by the actual real-time pow-
er factors (PF) resulting in various RMS real powers. Furthermore,
as the secondary coil resonant frequency is increasing in terms of
higher strengthened coupling, approximating the system operat-
ing frequency to the calculated secondary coil resonant frequency
may contribute to the second peak values of efficiency and power.

System Overview

System Structure

Regarding the actual overall performance of a CPT system
and the electromagnetic field characteristics generated in real
world applications, the inductive coupling modular could play a
significant role whilst the wireless energy transmitting phenome-
non occur due to the contributions of the continual magnetic flux
generations and the effectiveness of inductive coupling within the
non-linear ferromagnetic core materials and in between the cou-
pler coils.
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Figure 1: The system structure for the CPT prototype using an H-shaped coupler.
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By optimally shaping the flux line trajectories and forming
the flux distributions using H-shape soft magnetic cores, the ac-
tual flux linkages and induced currents can be indices to enhance

the inductive coupling performance in real-world CPT scenarios.
Specifically, the high permeability and low core loss of soft ferro-
magnetic materials could contribute to flux linkage and magnetic
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flux density in order for the CPT system to produce an optimized
electromagnetic field performance especially when the electro-
magnetic resonant coupling tends to occur at specific conditions
[12]. A stationary CPT system layout using the designed H-shape
coupler with four compensation topologies (series-to-series, se-
ries-to-parallel, parallel-to-series and parallel-to-parallel) has
been shown in Figure 1. As presented in the CPT system in Figure
2, a series-to-series (SS) compensation has been selectively adopt-
ed to implement the investigations in this paper.

To analyze the inductive coupling performance of the pro-
posed CPT system, based on the RLC circuit theories, the imped-
ance matching principle and the initial system tests with calcu-
lations for conditions of approaching electromagnetic resonant
coupling, the designed system circuit parameters have been con-
figured in Figure 2, in which both the compensation capacitors are
set with 150 nF, the load is set with a resistor of 50 ohm and the a
voltage source with an RMS value of 5 kV has been adopted as the
system power supply

e N
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Figure 2: The simplified equivalent circuit with SS compensation topology.
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Geometric Design for Couplers

As mentioned above, the particularly shaped soft ferromag-
netic core with analytical geometry design and characteristics
of high permeability can be able to form the magnetic flux paths
as expected in order to facilitate the generations of flux linkage,
magnetic flux density and field strength. Therefore, the Steel 1010
with a relative permeability p of 1000 is employed as the ferro-

magnetic core material in this coupling modular built in the soft-
ware package ANSYS 3D Maxwell as shown in Figure 3. Besides,
considering the advantages of proximity effects mitigation, skin
effects reduction and high frequency application capability, Litz
wire is adopted for the windings in this prototype. The geometric
model design parameters of the small sized magnetic coupler have
been presented in Table 1 below.
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Figure 3: The H-shape coupler prototyped in 3D FEM environment.
(a) An overview of the coupler.
(b) Details of windings.
J
Table 1: The geometric specifications of the designed H-shape couplers for the CPT system.
Parameters Values

Winding size

100 mm *100 mm * 20 mm

Soft magnetic core size

150 mm * 150 mm * 20mm

H-shaped core bar size of each side

150 mm *15 mm * 20 mm

Primary winding number of turns

80 turns

Secondary winding number of turns

80 turns

Air gaps of the CPT charging system

10 mm, 20 mm and 30 mm
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Theoretical Basics and Numerical Representations

In order to investigate and analyze the CPT system outputs
with its expected electromagnetic coupling performance, the elec-
tric current density ] induced on the secondary side of the coupler
model is required to be determined. Hence, the Maxwell equations
constitutively expressed by Ampere’s law in Eq. (1), Gauss’ law in
Eq. (2), Faraday’s law in Eq. (3) and the B-H curve relation in Eq.
(4) are required to be solved:

AxH=](1)
V.B=0(2)

0B
AxE="22(3
xE=——(3)

B=uH @

where H is the magnetic field strength in ampere per meter
(A/m), B is the magnetic flux density in tesla (T), E is the electric
field strength in volt per meter (V/m), and p is the permeability
non-linearly depending on local value of B in B=f(H). The electric
current density ] is in ampere per square meter (A/m”"2).

B=AxA(5)

Simultaneously with Ohm’s law in electromagnetics by Eq. (6)
and material equations of Pouillet’s law by Eq. (7), the 3D finite-el-
ement method (FEM) is adopted to numerically solve Maxwell
equations above and the relative material equations, using the
methods of discretizing the modelled 3D space by tetrahedrons,
translating the differential equations into algebraic equations
[13]. The methods of semi-iterative conjugate gradient for each
magnetic vector potential A [14], based on the initial B-H curve,
constant values of p can be selected for each finite element de-
pending on local nonlinear value of B for the beginning. The flux
density B values afterwards can be computed according to the
calculated magnetic vector potential A by Eq. (5) derived from
Gauss’ law of Eq. (2). Repeatedly, the numerical computations can
be completed until the convergence of the element permeability.

J=0cF (6)
1
R=p— (7
e
where o is the material-dependent parameter conductivity.
p is the resistivity of the windings. R is known as electric resis-
tance of the wire material. | is the total length of the wire. C is the

cross-sectional area of the wire. Based on the equations above, Eq.
(1) turns into:

A X leA :J(S)

Y7,

0A
E=V¢—E 9)

together with Faraday’s law and Lorenz gauge vector potential
by Eq. (9) [15], by using 3D FEM computations, the magnetic flux
density B, the electric field strength E and the magnetic field with
values of magnetic flux ¢ in weber can be numerically solved and
determined. In order to determine the self-inductance values of L
in henry produced by the electromagnetic field on the both sides
of the CPT system, the relations between the coil current values of
i and the flux linkage A satisfy:

A4 =N¢ =Lji (10)

4 =N,¢, = L,i, (11)

A

L=—
; (42)

In addition, based on the RLC circuit theories [16] and circuit
resonance conditions, the approximate natural resonant frequen-
cy for the designed coupling system in this paper could be deter-
mined in order to specify the power source operating frequencies,
which then is for the analysis and optimization of the actual sys-
tem performance. To study the actual inductive magnetic coupling
outcomes and electromagnetic field performance represented and
reflected by the numerical vectors and scalars above, the actual
RMS power generations given by Eq. (13) and the efficiencies giv-
en by Eq. (14) and (15) from the front end to the load end of the
CPT system are required to be calculated, compared and analyzed.
cos @ is the power factor (PF) caused by phase difference ¢ be-
tween induced voltage and current waveforms.

Prsss = Vs rass | €0s @ | (13)

T — 14
nCoupIer = e % ( )
RMS Primary coil
— p Load
M i e~ P, (15)
RMS Power supply

Results and Analyses

Flux linkage and currents based on electromagnetic
field performanceOptimal flux linkage and currents with
a 10-mm air gap based on electromagnetic metrics: To
investigate the actual electromagnetic field system performance
of the CPT coupler proposed, the flux linkage A and coil current i
are required to be addressed. Based on Faraday’s law of induction
in electromagnetics and Eq. (10-12) above, the changing magnetic
flux ¢ that causes electromotive force (EMF) and flux linkage A
is determined by the electric field strength E and the magnetic
field density B. Thus, analyzing the actual changing status of the
system in electromagnetic field in Figure 4 and observing the
flux linkage waveforms in Figure 5, with reference to the induced
current waveforms in Figure 6, can be proper methods to evaluate
an optimal CPT system'’s characteristics with a 10-mm air gap at
about the natural resonant frequency of the specific prototype.
As presented in Figure 4, by the effects of flux line forming of the
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H-shape cores, both the vector arrows of magnetic flux density B
and magnetic field strength H tend to be able to reach their peak

onwards, which means the CPT system electromagnetic stability is
able to be immediately established after only 4 periods.

magnitude values at the edged corner of the very end points of
the H-shape cores, with maximum scalar values of 9.364 x10”(-1)
Tesla and 1.2608 x10”5 A/m, respectively From Figure 5, it can
be found that both the alternating flux linkage waveforms of two
coils tend to be stable sinusoidal AC waveforms since about 0.5 ms

Once the outputs tend to be AC stable, the amplitudes of the
flux linkages have been measured to be 0.1044 Wb and 0.1196 Wb
for the primary coil and secondary coil, respectively, which are
corresponding to RMS values of 0.0738 Wb and 0.0846 Whb.

Ve

e

Figure 4: Electromagnetic field overlays of the CPT coupler with an air gap of 10 mm, at 8000 Hz.
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Figure 5: Flux linkage waveforms of the 10-mm air gap CPT system at 8000 Hz.
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Figure 6: Current waveforms of the 10-mm air gap CPT system at 8000 Hz.
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From the current waveforms presented in Figure 6, similarly,
both the primary coil and secondary coil currents tend to be AC sta-
ble after 4 periodical waveforms, reaching amplitudes of 34.5679
A and 41.7339 A, corresponding to RMS values of 24.4432 A and
29.5103 A, respectively. Based on the Figures 5&6, compared to
the longtime of a full charging cycle for the EV batteries, 0.5 ms is
time transient and negligible. In other words, this 10-mm air gap
H-shape CPT system could accomplish a fast-inductive coupling
matching towards constant stable AC power transfer for EVs once
the vehicle receiving side is started for CPT charging. Besides, it
can be noticed that the RMS flux linkage of the secondary coil is
higher than the primary coil by 0.0108 Wb and the RMS current of
the secondary coil is 5.0671 A higher than the primary coil as well,
which could be mainly due to the contributions of SS compensa-
tion capacitors and the alternating field energy stored in the space
since the initial coupling of about 0.3 ms. Nevertheless, when con-
sidering the phase differences of actual real-time voltages and cur-
rents on both sides, the calculated RMS power of the secondary
side is lower than the primary side due to the power factor (PF)
cos ¢ corresponding to the reactive power’s sin ¢ that is for the
continually establishing and sustaining the optimistic electromag-
netic field of the CPT system.

Analysis on flux linkages and currents for different air
gaps at various operating frequencies: In this investigation,

the H-shape coupler CPT prototypes with 10, 20- and 30-mm air
gaps, across various ranges of operating frequency, have been im-
plemented and analyzed. The system performances at electromag-
netic resonant coupling conditions have also been emphasized in
each model by peak values and characteristic trends. From Figure
7, it could be seen that the secondary coil current could have two
peak values at 8 kHz and 11 kHz, which are 29.57 A and 29.52 A,
respectively. The primary coil current reaches its maximum value
of 33.836 A at the operating frequency of 11 kHz. However, both
the primary and secondary flux linkages show decreasing ten-
dencies when the operating frequency supply increases although
there is one salient point with value of 0.070 Wb for the primary
linkage at 11 kHz. For the 20-mm air gap CPT model, in Figure 8,
both the primary and secondary coil currents tend to have stably
high values between 7 to 10 kHz while the secondary coil current
shows its maximum value of 25.23 A at 8 kHz and the primary
coil current reaches its maximum of 28.24 at 9 kHz. It can be seen
from Figure 8 that the values of secondary flux linkage could stay
optimistic when the operating frequency is between 7 to 8 kHz. In
Figure 9, it could be seen that the secondary coil current reach-
es its maximum of 20.29 A at 8 kHz where the primary coil cur-
rent almost drops to its bottom value. There is a maximum salient
point at 6 kHz for the secondary flux linkage however the primary
flux linkage shows two sharp knee points at 6 and 7 kHz.
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Figure 7: Flux linkages, currents vs operating frequencies for the 10-mm air gap model.
& J
4 N

0.25 70
s Flux linkage primary
= Flux linkage semndarv_ 60
02 Primary coil current
Secondery coil current
_ { so0
@
K
50.15 wZ
x =
c 303
S 01 o
x
=]
T
20
0.05
4 10
0 . L . . . . . 0
3000 5500 7000 7600 8000 9000 10000 12000
Operating Frequency (Hz)
L Figure 8: Flux linkages, currents vs operating frequencies for the 20-mm air gap model. )

How to cite this article: Junlong Duan, Weiji Wang. Design and Analysis of a Novel CPT System with Soft Ferromagnetic Material Cores and
Electromagnetic Resonant Coupling for EVs. JOJ Material Sci. 2019; 5(4): 555668. DOI: 10.19080/JOJMS.2019.05.555668


http://dx.doi.org/10.19080/JOJMS.2019.05.555668

Juniper Online Journal Material Science

e N
0.16 60
s Flux linkage primary
~
0.14 | b il Flux linkage secondary
= o = Primary coil current 50
0.12 Secondery coil current
a; 40
o
g 0.1 .
= <
2 >
e €
o 0.08 130§
© =
- =
c =
P o
= 0.06
= 20
-
. \
10
0.02 |
0 . . . . \ , 0
4000 5000 6000 7000 8000 9000 10000
Operating Frequency (Hz)
Figure 9: Flux linkages, currents vs operating frequencies for the 30-mm air gap model.
N J

Real Powers and Efficiencies

Due to the different power factors (PF) and various electro-
magnetic field parameters in the CPT models with changeable air
gaps, the RMS real power generations on each modular of the sys-
tem could be different, which can lead to different efficiency on
every two elements selected for analysis. In the 10, 20- and 30-
mm air gap CPT models, the coil transmitting efficiency, the overall
system efficiency from the power source front end to the load rear
end have been analyzed and compared in Figures 10-12. In each

figure, the system input power, primary coil power, the second-
ary coil power and the system output power against the operating
frequency have also been presented. As can be seen from Figure
10, both the system efficiency and the coil efficiency show the two
peak values at two operating frequency points. The system effi-
ciency reaches 57.407% at 7 kHz and 59.534% at 11 kHz. The coil
efficiency reaches 79.277% at 7 kHz as well and 83.806% at 10
kHz. The overall system output power RMS values on load could
stay satisfactory from 8 kHz to 11 kHz, with a maximum value of
42.812 kW at 8 kHz.
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Figure 10: Efficiencies, RMS real powers vs operating frequencies for the 10-mm air gap model.
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As shown in Figure 11, the 20-mm air gap system can produce  Calculated Natural Resonant Frequencies and

stably high coil efficiency over 68% across the operating frequen-
cy range of 7 kHz to 10 kHz, with a maximum point of 77.220% at
10 kHz. The system overall efficiency shows a wide range of high
efficiency over 40% across the operating frequency of 7 kHz to 10
kHz, with a peak value of 47.754% at 7.6 kHz. It also can be seen
that the system output power to the load achieve its maximum of
31.954 kW at 8 kHz. The secondary coil and the system load could
show stable real power generations within a wide range of oper-
ating frequency in Figure 11. It can be found, from Figure 12, that
the system efficiency and coil efficiency share almost the same
trend against the operating frequency. The coil efficiency reaches
its peak value of 63.233% at 8 kHz, at which the system efficiency
reaches its maximum of 41.776%. Similarly, both the secondary
coil power and the output power on load achieve their maximum
values of 25.753 kW and 20.398 kW, respectively, at the operating
frequency of 8 kHz.

008 How to cite this article: Junlong Duan, Weiji Wang. Design and

Calculated Inductances

As found and concluded in [12], the natural resonant frequen-
cies of primary side and secondary side of the CPT system could
be varied directly depending on the generated inductance L, based

1 Fundamentally, the magnetic flux ¢ and flux

211y LC
linkage A in Eq. (9-12) are subject to the actual coupler’s geomet-

ric design, which then determines the inductances on both coils.

on.

resonant

Therefore, it is necessarily required to investigate and analyze the
relations between the increasing operating frequencies and the
changeable resonant frequencies of primary and secondary sides
by tracking and approximating the natural resonant frequency
using various operating frequencies, in addition to the different
air gaps against the system performance parameters in sections
above. From Figure 13, it can be noticed that the primary side’s
calculated natural resonant frequency tends to fall within a range
of 8.2 to 8.5 kHz, which means the natural resonant frequency of
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the primary side could be independent of increase of the operat-
ing frequency supply when the CPT system air gap is 10 mm.

This could be due to the stably flat values of calculated induc-
tance of the primary side at about 0.0024 H, across the operating
frequency of 8 to 13 kHz. On the other hand, the electromagnetic
resonant coupling for optimized CPT system outputs could be ap-
proximated by feeding the operating frequency of 8.2 to 8.5 kHz,
which has also been observed by the flux linkage, induced current,
RMS power and system efficiency values in previous sections.
However, compared with the primary side, the calculated natural
resonant frequency of the secondary side keeps increasing versus
the operating frequency, with nearly a proportional relation of a
gradient of 1, which could be mainly caused by the constantly de-
creasing inductance of the secondary side, based on Figure 13.

CPT prototype. it can be found from Figure 14 that the cal-
culated resonant frequency of the primary side tends to achieve
stable values of around 7.5 kHz. Whereas, the calculated resonant
frequency of the secondary side keeps rising, in terms of feeding
higher operating frequency. Regarding the calculated inductance
values of two sides, the primary side’s calculated inductance tends
to be stable at about 0.0028 H whilst the secondary side’s calcu-
lated inductance keeps gradually decreasing when the system
operating frequency is set growing over 12 kHz. In Figure 15, it
can be seen that there exists a knee point at 6 kHz for the curve
of calculated resonant frequency of primary side, which could be
caused by the dramatic dropped value of primary coil flux linkage
in Figure 9. And the calculated resonant frequency of primary side
tends to stabilize at 6.7 kHz. Similar to the trend in Figure 14, the
secondary side’s calculated resonant frequency keeps increasing
due to constantly descending inductance.
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Figure 13: Calculated resonant frequencies, calculated inductances vs operating frequencies for the 10-mm air gap CPT prototype.
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Discussion effects of the superposed fields induced from both coils, especial-

From the perspectives of electromagnetics, due to the positive
contributions of employing ferrite material with high permeabil-
ity and H-shape effects, the designed CPT model has shown the
improvements on the flux linkage, magnetic flux density, magnetic
field strength and flux line distribution based on the analyses in
the previous sections. Especially, the specifically designed H-shape
soft ferromagnetic cores have demonstrated its significance on fa-
cilitating the magnetic strength and flux density at critical points
and positions of the couplers such as the external edges and cor-
ners of the H-shape cores with expected maximum scalar values
and vector directions representing the optimally formed flux dis-
tributions and trajectories.

Importantly, the maximum system efficiencies and maximum
power transfer ratings of each model coupling scenario can be
achieved by approximating the operating frequency to the range
of calculated natural resonant frequencies of the primary side. In
other words, all the CPT models tend to have an approximate reso-
nant frequency range for the primary side rather than the second-
ary, as shown in Figures 13-15, the optimal system performance
including the maximum system efficiencies and maximum power
transfer ratings can be reached when the system tends to perform
at magnetic resonant coupling although there would be necessary
trade-offs between the optimal efficiency and the optimal power
ratings within the corresponding frequency range for electromag-
netic resonance in each model as these two optimal values may
not occur at the same time.

After comparing the proposed three models, obviously the
10-mm air gap CPT system demonstrates the best coupling per-
formance with the strongest magnetic strength and flux density.
In the meantime, the 10-mm air gap system shows two optimal
system efficiency points not only at its original calculated natural
resonant frequency of about 7 kHz of the primary side, but also
at 11 kHz, which may be a consequence caused by the combined

ly the highly strong resonant coupling from the secondary side.
Besides, the positive effect from compensation capacitor and the
lowest reactive power on the secondary side may occur at 11 kHz
to lead to highest system efficiency and RMS power to load for the
secondary time during the wide range of frequency.

In terms of the RMS real powers, the phase differences be-
tween AC voltages and currents play a vital role in working out
not only the real power for energy transfer to the load but also the
reactive power for establishing and sustaining the electromagnet-
ic field with stored field energy. Thus, the actual phase difference
produced in real-time couplings is essentially to be studied and
tuned when necessary by adjusting compensation capacitors to an
optimal condition at the fixed optimal range of operating frequen-
cy. This would be a good topic for further investigations since the
stored field energy contributes to the overall system performance
and efficiency calculations. In order to further improve and op-
timize the flux distributions, the electromagnetic field shielding
could be considered in the future research.

By using different shielding materials and shapes, the opti-
mal designs towards electromagnetic field performance could be
investigated. Furthermore, more potentially optimal core shapes
could also be proposed and studied in the future research. Regard-
ing the limitations, the model is supposed to be tested in terms of
misalignment degrees in the future research. In reality, the lateral
and longitudinal displacements caused in parking a vehicle could
significantly affect the electromagnetic field generations and the
quality of coupling, which indirectly leads to unsatisfactory losses
and power ratings to the CPT system. In this paper, the misalign-
ment tolerance has not been taken into account as a variable. In
addition, the model size in this paper is not sufficiently large to
be equivalent to a real application for a vehicle chassis due to the
considerations on computational complexity and accuracy in the
selected 3D FEM environment. The improved model size is sup-
posed to be larger and scaled up in the future discussion.
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Conclusion

To address and achieve the maximizations of the system
efficiency, the power transfer ratings, and the air gaps of coupling
coils, a novel small sized CPT prototype using geometrically
optimized H-shaped magnetic couplers and series-to-series (SS)
compensation has been analytically modelled and investigated
from prospective of electromagnetics, RMS power and efficiency.
Three CPT models with 10, 20- and 30-mm air gaps have been
investigated in this paper. It can be found that the 10-mm air gap
H-shape soft ferromagnetic coupler CPT system, as an optimal
prototype, could produce a maximum system efficiency of 59.5%,
a coil transmitting efficiency of 83.8% and a maximum power
output of 42.81 kW on the load end when the resonant coupling
of CPT system tends to occur within a range of calculated resonant
frequencies of the primary side. The enhancements of RMS flux
linkage, magnetic flux density and magnetic field strength in
terms of the actual electromagnetic performance produced have
been demonstrated. In addition, the resonant couplings for the
designed CPT systems relating to the calculated inductance and
natural resonant frequency have been studied by result analyses
and comparisons.
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