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An Investigation of Coils Used in Dynamic Wireless Charging for
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Abstract-The dynamic charging for electric vehicles (EVs),
compared with stationary charging, has become an essential
research direction for release users from long parking time.
In this paper, the coupling theories of coils are analyzed in
aspects of shapes, misalignment. The considerations of coils
and ferrites when designing the dynamic wireless charging
system for EVs are indicated by simulation results. A wireless
charging platform based on inductive coupled power
transmission is presented, and the analyses are proved in
hardware. The power efficiency of the proposed system is up
to 82.29% after improvement.
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I. INTRODUCTION

The wireless power transfer, also known as wireless
charging in practice, has been a hot topic and gained much
attention from governments, research groups and
companies all over the world. The main process of this
technology is to transfer energy from power source to
electric load over an air gap. It is also developed in electric
vehicle charging recently and wildly.

In the last 20 years this technology once again sparked the
interest of researches around the world. At the University
of Hong Kong, Dr. Ron Hui and his team performed
research on planar low power inductive battery chargers
based on a low power printed circuit board technology [1-
2]. Almost at the same time, in Auckland New Zealand, Dr.
Covic and Dr. Boys started looking into high power WPT
applications for mostly static charging. They have
published numerous patents and journal papers, in order to
describe and to highlight multiple aspects of this
technology, ranging anywhere from power electronics to
various circuit topologies and coil designs and
optimizations [3-7].

The dynamic charging, which allows the EV can get
recharged without any parking time, gets its research
popularity increasingly. The significant breakthrough in
the development of this technology was made by many
research groups and companies. One of them was the
Korea Advanced Institute of Science and Technology
(KAIST), who built a On-Line Electric Vehicle (OLEV)
which can transfer 60 kW of power to the busses, and 20
kW to the SUV’s with efficiencies of 70% and 83%
respectively [8].

However, the power efficiency of wireless charging for
EVs is still not satisfied if considering worldwide using.
For better understanding the factors influencing the
charging process, the coupling theory is introduced. The
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shapes of coils and ferrites and the misalignment between
emitters and receivers are the key to study the coupling.
For coil design and its optimization, reference [9]
proposed an asymmetric coil sets for EV, which achieved a
stationary wireless charging system with 75% power
efficient and large tolerance when the horizontal
displacement happens.  Although this paper gives an
improved coil design, it not starts from the coupling theory.
Reference [10] proposed a dynamic charging system,
which consists of multi-output circuits and circular pads. It
analyzes the model using coupling theory, but only the
interval distance is set to be a variable when compares the
situation.

In this paper, the coupling theory based on basic charging
process is analyzed. The mathematic models are built and
their simulation results are followed, considering the
shapes of coils, vertical and lateral displacement, and
aspect ratio. A charging system is proposed and the
experiments are also proceeded to prove the analyses in
hardware. The goal is to find the considerations of coil
design that helps to improve lateral tolerance and save
materials.

I1. COUPLING THEORY OF COUPLED COILS

1. Circular Coils

1.1. Self Inductance

The placement of coupled circular coils is depicted in Fig.
1, where R; and R is the radius of primary and secondary
coils respectively, and the t is the lateral misalignment
while h is the interval in vertical direction.

Fig. 1: Relative position of circular coils

As mentioned in the case study of inductance calculation
[11], the self inductance is given by double integral
Neuman formula as:
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where p is the relative permeability of the medium.

In common cases, the radius of circle filament is much less
than the curvature radius of coil, and the current is mainly
distributed in the wire cross section [12]. Therefore, the
internal self inductance when there is only one turn is
given by:

_
=g, (2R )

1.2. Mutual Inductance

Based on the model shown above, we assume that R; and
R, are the vectors of the primary and secondary circles.
They are given by:

R, =R, cosé&x +R, sin &y 3)
R, =R, c0s(8 +¢p)x+[R,sin (O +¢)+tly+hz  (4)
(%)

VIR, cos(0+¢)-R, cosOF +[R,sin (0+¢)+t— R sin OF +h’
d, -d, =RR,cosed,d, (6)

The case without lateral misalignment is simply given in
[13] based on Neumann formula:
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Lateral and angular misalignment brings more complicated
parameters considered in the computation process. An
improved calculation method, which is named Magnetic
Vector Potential Approach, is proposed in [14]. The
situation of misalignment is considered. Based on [15], the
equation for calculating the mutual inductance between
filamentary coils with misalignment is given by :
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2. Rectangular Coils
2.1 Self Inductance
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Fig. 2: Relative position of rectangular coils

To accurately compute the self-inductance of a rectangular
coil, the magnetic field produced by a current element
should be considered. Assuming that the current element

has an unit length, the flux density generated by a straight
line is given by Biot-Savart Law as:
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The relative position of two coupled The relative position
of two coupled rectangular coils has been illustrated in Fig.
2 , where I; and I, are the lengths of two coils, and d1 and
d2 are their widths. And h is the vertical interval and t is
the horizontal displacement, and r is the radius cross
section of the winding wire. In this model, the turn of
filament winding is assumed to be one for simple
expression.

According to flux linkage method [16], the external self-
inductance of rectangular coil can be expressed as:
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Because the radius of wire is much smaller than the one of
coil radius, so we have internal self-inductance as:

L =2£(2,+2d)) (1)
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2.2 Mutual Inductance

The mutual inductance of coils with rectangular shape is
simpler to be computed than coupled circular coils. The
result could be the summation of the mutual inductance of
four different edges. As illustrating in the rectangular
coordinates, we could have the equation of elements in
primary coil and secondary coil, which is given by:

d, =aXx+by-c,x-d;y (12)
d, =a,x+b,y-c,x-d,y (13)

According to Neumann formula, the mutual inductance
between one of edges (a1 and ay) is given by:
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Using the same equation, we could simply add the mutual
inductance of other edges and get the total mutual
inductance (the mutual inductance of two orthogonal
edges is equal to zero):

M=M,,

+Mblbz +MClCz +Mdldz +Ma1c2 +Mazq +Mtlldz +szd1 (15)

I11. COUPLING COEFFICIENT IN DIFFERENT SITUATIONS

1. Coupling Coefficient v.s. Vertical Misalignment When
Different Coils are Used
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Fig. 3: Coupling coefficient v.s. vertical distance

secondary coils, is set to be 20mm. Meanwhile, the width
and length of every rectangular coil is 40mm in order to be
the similar scale with circular ones. The lateral and
horizontal displacements are ignored, and the vertical
distance between primary and secondary coils is varied
from 10mm to 40mm.

The Fig. 3 shows the relationship between vertical
distance h and coupling coefficient K. The blue and red
lines are the result of circular coils and rectangular coils,
respectively.

The circular coil has higher coupling coefficient when the
vertical distance is lower than 5.3mm, approximately, but
it will decrease rapidly after the distance become large.
However, the rectangular coil will have much more slow
reduction.

From the analysis, the reason why the circular coils are
more widely adopted in litter air gap situation, such as cell
phone charging, is obvious. But in the case of EV
charging, the rectangular coils are more fit for air gap
situation.

2. Coupling Coefficient v.s. Aspect Ratio
The aspect ratio can be expressed as followed:
m=1/d (16)

To be comparable, the width is constant at 40mm in
calculation, while length varies from 1mm to 80mm. The
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Fig. 5: Coupling coefficient v.s. horizontal displacement
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is small when the aspect ratio is small. When m is smaller
than 0.25, the coupling coefficient increases rapidly with
the rocket of length. But after the aspect ratio come to 0.5,
the increasing trend of coupling coefficient becomes slow.
When the length is 20mm and 40mm, the coupling
coefficient is approx. 0.4342 and 0.4358, respectively.
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Hence, fdm saving materials while maintaining the
efficienc% ge aspect ratio can be set as 0.5 when
designing thé coils.

3. Coupling Coefficient v.s. Horizontal Misalignment
Based on Rectangular Coils

Fig. 6: Improved design of rectangular coils
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Fig. 9: Inverter with ZVS circuit

Similar to last part, the coupling coefficient is calculated
when the horizontal misalignment happens when two
coupled rectangular coils are used. The main parameters of
coil size are also following the last section. The vertical
distance h is 5mm. The horizontal displacement will vary
from Omm to 6mm in this research, while the length is set
as 10mm. The result is depicted in Fig. 5.

There is a peak of coupling when the horizontal
misalignment happens. After this peak, the coefficient will
decrease rapidly. It indicates that when designing the
system, the receiver coil should cover the emitter but in a
suitable ratio, as the power transferred to second side is
maximumed while the material is saved. The design
consideration is illustrated in Fig. 6.

The I, is the reluctant length of receiver, and I is equal to
the half of the length of the emitter coil.

IV. WORKBENCH BUILDING

Fig. 7 shows the diagram of main charging circuit, the
wireless charging path is the air gap which simulates the
distance from vehicle chassis to the embedded emitter
underground.

Fig. 10: ZVS Cuk Converter Equivalent Circuit

The topology of main circuit, including the inverter and
rectifier, is shown in Fig. 8. To avoid the peak times of
voltage over the switch and reduce swtiching loss, a
simple Zero-\Voltage-Switching circuit is implemented in
the inverter, which can be seen in Fig. 9.

To design the resonant circuit, the equivalent circuit is
drwan in Fig. 10. When the switch S is off and if L; has
enough inductance, the power source and L; can be seen
as a constant current source. Meanwhile, the diode in
secondary side is working in freewheel operation, and the
capacitor C, can be reflected into primary side. Thus, the
From the equivalent circuit, the equations below can be
extracted:

du
e =C,—%
Cr r dt
ICrZIin+ILr (17)
UC_UCr =L dlu

"ot

The initial conditions are as followed:



Fig. 11: Workbenc aging system
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Fig. 12: Experiment of horizontal misalignment

UCr (0) = 0
{ICr(O)zlin+|Lr0 (18)
Where |, is the initial current of inductor.
I, xcan be decided by output current as:
IO
ILro = F (19)

Based on the equations (17), (18) and (19), the voltage
over resonant capacitor can be calculated:

Ug = /U§+I§rogsin(a;t—0)+uc (20)

Where the phase angle and angular speed are as followed:

Table 1: Parameters of Components

Component Main Value
L1 50uH
L2 10uH
L 10uH
C1 1uF
Cz 2uF
Cr 1/JF
Co 100uF
Vin 20v DC
U
0=arcty——=—
g ICrO V Lr/Cr
(21)
1
w=
LC

Starting from t=0, the first time and second time when
the Ug; is crossing zero are:

{tl =(7+20) w 22)

t,=27/w

Between t; and t, the switch can achieve zero-voltage
switching. From the analysis, it can be concluded that this
circuit have a simple structure with easy control and less
loss in components. If the inductance of transformer can
be used as resonant inductor L, the additional components
are only resonant capacitor. The resonant capacitor C; is
paralleled with switch S, absorbing the over-voltage and
the high frequency ripple waves over the switch at the
very time of turning off. Due to the time limitation
allowing ZVS, this simple ZVS topology is suitable for
stable loads situation, where the duty time of gate control
signal is nearly constant.

The paremeters of all components are listed in Table 1.
The ratio N is 1, and the voltage conversion of the
converter is 1 consequently .

V. EXPERIMENTAL RESULTS

As for proving the simulation results, the experiments are
proceeded in a low power workbench, with 80kHz
frequency and 5mm air gap. The width and length of the
center rectangular coils are both 30mm. The workbench is
shown in Fig. 14. When there is no later misalignment and
the load is a 9Q resistor, the input power is 48W, and the
output power is 32.11W. The power efficiency is
66.89%. As the rectangular coil is more suitable for
dynamic charging, the design consideration of it is more
important. For improve the tolerance of later displacement,
the design of the coil and its position is the very factors
ferrites are used. Their placement is depicted in Fig. 12,
where the lower one is the emitter and above it is receiver.
The yellow part is the coils twined on the ferrites.

The results of experiments are presented in a oscilloscope,
where the Channel 1 (yellow lines) is the output voltage,
and Channel 2 (blue lines) represents the switching
frequency and Channel 3 (purple lines) is the voltage over
the switch S. From the results of scope, it is obvious that
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before it is turned on again. It proves that the ZVS is
5 achieved and the resonant circuit is working effectively.
70
?;60 The outputs are sampled when the lateral movement
£ distance is changing from Omm to 30mm, and Fig. 13
%fo shows three of the sampled results detected in the
SJE oscilloscope. The power efficiency curve which is
= ID changing with horizontal misalignment is shown in Fig. 14.
. From the results, it is obvious that the power efficiency has
0 5 10 15 20 2 »  its peak when the horizontal misalignment is 15mm, which

Horizontal Misalignment (mm)

proves that the tolerance of the lateral displacement can be

Fig. 14: Experiment results of power efficiency v.s. horizontal improved when the secondary coil covers the emitter coil.

misalignment . L. . -
The highest efficiency of the platform is 66.89%, which is

) ) ) not satisfied due to the non-matching load. Fig. 15 (a) and
the voltage over the switch will be reduced to zero just



(b) show the simulation results in PSPICE, when the load
is 90 and 2.5Q resistor respectively. When the 9Q) is as
the matched loading and the coupling coefficient is 0.632,
the output voltage is 17.3V which is also presented in
experiment. The output voltage is 33.25W, and the power
efficiency is 66.51%. After matching the load by using
2.5 resistor, the power efficiency is improved to 82.29%
in the same coupling, where the output voltage is
heightened to 57.6W.

V1. CONCLUSION

The coupling theory of EV dynamic wireless charging is
discussed. The factors, shapes of coils, vertical and
horizontal misalignment and aspect ratio are considered
based on mathematic models. The simulation results are
following the analyses. Based on the results, several
conclusions of coil design are indicated as followed:

1. The rectangular coils are more suitable for EV dynamic
charging.

2. The aspect ratio 0.5 (length/width) is helpful for saving
materials while maintaining the power efficiency.

3. The receiver coils should cover the emitters with proper
ratio (Im = Emitter coils length/2).

The experiments are proceeded in a 80kHz low power
workbench successfully. The ZVS resonant circuit is
achieved successfully as to reduce the switch loss. The
considerations introduced former are proved. The
efficiency of the designed platform can be up to 82.29%
after using well-matched load.
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