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Abstract

Inductive power transfer (IPT) technology allows for charging of electric vehicles with security, convenience and efficiency.
However, the IPT system performance is mainly affected by the magnetic coupling structure which is largely determined by the
coupling coefficient. In order to get this applied to electric vehicle charging systems, the power pads should be able to transmit
stronger power and be able to better sustain various forms of deviations in terms of vertical, horizontal direction and center rotation.
Thus, a novel cross-shaped magnetic coupling structure for IPT charging systems is proposed. Then an optimal cross-shaped
magnetic coupling structure by 3-D finite-element analysis software is obtained. At marking locations with average parking capacity
and no electronic device support, a prototype of a 720*720mm cross-shaped pad is made to transmit SkW power at a 200mm air gap,
providing a 1.54m’ full-power free charging zone. Finally, the leakage magnetic flux density is measured. It indicates that the
proposed cross-shaped pad can meet the requirements of the International Commission on Non-lonizing Radiation Protection
(ICNIRP) according to the Australian Radiation Protection and Nuclear Safety Agency (ARPANSA).

Key words: 3-D finite-element analysis, Cross-shaped magnetic coupling structure, Inductive power transfer, Leakage magnetic
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I. INTRODUCTION

Based on Ampere’s and Faraday’s Laws, inductive power
transfer (IPT) uses an alternating magnetic field to transfer
power across an air gap without physical contact. The
electrically isolated components contribute to its inherent
advantages. In addition, operation in wet environment does
not introduce any potential risks. Over the last decade, IPT
technology has become a major focus for research since MIT
made breakthroughs in its development. Nowadays, IPT has
been applied in numerous fields such as mobile phones [1],
[2], medical facilities [3], [4], household appliances [5], and
especially in transportation including buses [6], automatic
guided vehicles (AGVs) [7] and electric vehicles (EVs)
[8]-[10].

IPT systems are generally grouped into online and static
depending on whether or not there is relative motion between
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the transmitter and receiver pad of the magnetic coupling
structure. The transmitter pad is often used for continuous
power supply to vehicles in motion, while the receiver is
applied to charge plug-in batteries after parking in a fixed
position. Due to the high distance of the primary track, the
coupling coefficient of an online IPT system is low.
According to the coupling coefficient, static IPT systems are
subdivided into two types: loose coupling and close coupling.
Close coupling generally requires inserting a charging paddle
into a port. The small air gap enables high energy density
transition in a relatively small volume [11]. For loose
coupling, where the transmitter and receiver are placed in
parallel and have a relatively large air gap, automatic power
transfer can be performed. Therefore, it is widely accepted as
the most suitable IPT system for EVs, and is the subject of
this paper as well.

The magnetic coupling structure is the characteristic
component that directly determines the system capability.
The parameter which can effectively evaluate the magnetic
coupling structure is the coupling coefficient k. Due to a large
air gap, the numerical range of the typical IPT system
coefficient is 0.01-0.5, which poses limitations on the output
power (0.5W-50kW) [12]. In terms of the IPT systems of
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EVs, the application is often confined due to custom
differences in drivers that lead to a distance shift between
transmitter and receiver of the power pad. As a practical
solution, the circular electromagnetic coupling structure is
further improved to have a higher coupling coefficient and
better shifting features. The diameter of a circular pad needs
to be increased significantly to achieve good coupling for the
charging performance of EV IPT systems [13]. In addition, a
number of magnetic coupling structures have been proposed.
A new IPT structure for EV wireless charging systems has
been designed and flux pipes were introduced [14]. A flux
pipe is channeled by a coil array design along a maximum
length of ferrite to increase the path height as well as to
minimize inductance. Two coils are magnetically in series
(flux from one coil passes through the other) while
electrically they are in parallel and are required to reduce
inductance by the power supply. However, the flux pipe
produces a front and a back branch, and the flux passes
similarly through both of them. Based on this assumption, the
leakage induction is considerable, and correspondingly a
polarized single-sided flux structure is proposed [12]. It is
referred to as a double D (DD) structure due to the pair of
symmetrically connected “D” shapes. When compared to
circular magnetic coupling structures, the double D has a
higher coupling coefficient and better horizontal offset
tolerance in the vertical direction of the ferrite stripes. When
compared to the new IPT magnetic coupling structure [14],
only upward single-sided flux is produced in the double D
structures, which increases the main flux of the transmitter
and receiver pad and decreasing the leakage flux. The double
D structure has become a magnetic structure applied in
electrical vehicle wireless charging since it combines the
advantages of both circular pads and the flux pipe structures
[10], [24]. Later, a number of electromagnetic coupling
structures, including DDQ, BBP, etc., were proposed based
on DD pads [15], [16]. These structures can solve the
problem of an undesired shifting features along the ferrite bar
direction to some extent. However, the added copper
increases manufacturing and running costs (copper loss). In
addition, they cannot overcome the principal weakness of
centered revolution deviations of DD coils, which requires no
angular shift between the transmitter and receiver in the
charging zone for EVs. As a result, the charge performance is
reduced sharply. Such restrictions pose high limitations on
free parking and charging efficiency.

This papers proposes a novel magnetic coupling structure
for EV wireless charging systems, which is referred to as
cross-shaped pads. To have an efficient design, 3-D magnetic
field finite element analysis (FEA) software is used for the
optimization of its ferrites structures, coil shapes and turns.
When compared with DD pads and square pads, the magnetic
structures in EV wireless charge standards SAE TIR J2954,
the proposed crossed-shaped pads have desirable horizontal
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Fig. 1. IPT system components.

shifting tolerance and centered resolution characteristics.
Finally, the proposed device is shown to stably transmit a
SkW output power with a converter to charge EV batteries at
a 200mm distance. In experiment, a 1.54m’ circular full-
power free charging zone satisfies the requirements of
manual parking. Finally, the leakage magnetic flux density is
investigated for EV IPT charging systems.

II. IPT SYSTEMS

A typical IPT system mainly consists of a power supply, a
primary compensation topology, power pads, secondary
compensation topology and a power converter, as shown in
Fig. 1. The power supply generates a sinusoidal current
(typically between 20 kHz and 100 kHz) to motivate the
transmitter of the power pad to generate a magnetic field that
emits power at a same frequency as the excitation current.
Then the PU pad receives and transforms the magnetic
energy into electrical power. Finally, the load obtains energy
from the power converter. Both the transmitter pad and the
PU pad make up a magnetic coupling structure, which is the
focus of this article. At the same time, to minimize the
reactive power of the whole system and to make the power
supply work under the soft-switching condition, primary and
secondary compensation topology is needs to match the
impedance with the transmitter pad and the PU pad at the
operation frequency.

The LCC compensation network structure is adopted at the
primary and S compensation is adopted at the secondary. This
enables independence between the original track of the circuit
and the load in a simple control circuit. Meanwhile the
magnetic and electrical design can be separated, reducing
design complexity.

The output power (P,,) of an IPT system can be expressed
as a product of the open circuit voltage (V,.), short circuit
current (/) and load-dependent quality factor (Q;) as shown
in equation (1).

» M’

Ijout = I)suQs = Voclchs = a)[p Qs = Vinlpszs (1)

S
where Py, is the output power of an IPT system without the
secondary component topology, which is also equal to the
product of V. and I; w is the frequency of the operation; /,
is the current flowing through the transmitter pad; Vi, is the
voltage across the transmitter pad; M, L, and k represent the
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mutual inductance between the power pads, the self-
inductance of the PU pad when the transmitter pad is an open
circuit and the coupling coefficient of the power pads,
respectively. From equation (1), it can be concluded that the
output power of the system is determined by the VA at the
input terminal of the transmitter pad (Vin/,), the transformer
coupling coefficient (k) and the load-dependent quality factor
O, [18]. The VA rating of the transmitter pad is limited by the
voltage across the transmitter pad (V;,) and the current inside
(I,). However, both of them have to be balanced against
electrical insulation class and the copper loss of the
transmitter pad. In engineering experiments, due to the
ratings and tolerances of the component VA, Q; is limited to
between 2 to 10 [19]. The ratio between the magnetic flux
through the power pads and the total flux produced by the
transmitter pad is defined as the coupling coefficient k. This
is beneficial for comparing the magnetic properties of
different power pads. The coupling coefficient %, depending
on the distance between the transmitter pad and the PU pad,
is expected to be higher to ensure the overall efficiency,
feasibility and cost effectiveness of the IPT system.

III. PROPOSED MAGNETIC COUPLING STRUCTURE

The magnetic coupling structure plays a leading role in IPT
systems, where the air gap is fairly large between power pads
and the energy required for transmission is stronger.

Therefore, ferrite cores should be used to improve the
coupling coefficient and electromagnetic capacity. Pot [20],
U [21], and E cores [22], [23] are often seen in addition to the
most commonly used “I” core [12]-[16]. In this paper, a novel
IPT magnetic coupling structure consisting of two rectangular
coils and ferrites is proposed as shown in Fig. 2. The two
rectangular coils are spatially orthogonal. They are referred to
as the cross-shaped magnetic coupling structure or cross-
shaped pads. The coils are placed up next to the rectangular
ferrites snugly, which regulates the flux paths. There is no
MMF (magneto motive force) being produced that can drive
the flux out the back. The shaded portion of the coils and
ferrites in Fig. 2 indicates some flux pipes since the coils are
magnetically in series and electrically in parallel.

In order to further study the cross-shaped pads, 3-D finite-
element analysis software ANSYS Maxwell, which was used
in [12]-[14], has been utilized. Meanwhile, a large number of
verification experiments are carried out. To illustrate the
performance of cross-shaped pads, an arbitrary cross-shaped
pads prototype with the same transmitter pad and receiver
pad is established in Maxwell as shown in Fig. 3(a). Fig. 3(b)
shows the magnetic force lines distribution of a cross section
of AA’C’C of the cross-shaped pads shown in Fig. 3(a),
where @, is the main magnetic flux, while @; and @, are the
leakage magnetic flux. The flux pipes shown in Fig. 2 can
emit magnetic force lines farther, which increases @, and
decreases @, and @, to improve the performance of the power

Flux Path

A ) N
NS SRy é‘
‘{(g - CWA

i L\ T . = -\
» i ==
|

T AN i\ 77
L ey, Y

Orthogona
I Coils

Ferrites

Orthogona

|Transmitter Pad

LX) _ _ ey Pomies

ALWb/m]

4. 4439e-004
. 3.5946¢-004 D
3.0582¢-004

2.5218e-0084
1.9854e-004

1. 4490e-004
9. 1264e-885
3.7625¢-085
-1, 6014e-085
-6, 9653e-085
-1.232%¢-084
-1.7693e-004
~2.3057e-004%

-2.8421e-004
-3.3785e-084
-3.9148e-00Y4
-4, 4512e 084

(b

Fig. 3. Schematic diagram of cross-shaped pads.

pads. The improvement effect of the eight flux pipes is obvious
to see.

Some simplifications are made for this simulation model.
For instance, a compromise between the size of the
surrounding air region and elements has been made to
achieve the highest accuracy in terms of the simulation time
ratio. However, in practice, wire has a minimum bending
radius so that the coils are constructed with rounded corners.
For simulation purposes, square corners are used to reduce
the model complexity. Manufacturing tolerances result in
imprecise positions of the coils and ferrites, which influences
the accuracy to a small but acceptable extent.
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Fig. 4. Comparison of DD pads, square pads and cross-shaped
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To fully show the characteristics of cross-shaped pads,
existent magnetic topologies are compared. According to EV
wireless charging standard SAE TIR J2954, a couple of
magnetic path topologies including square and DD are chosen
as alternatives under the same air gap (200mm), the same
Litz wire length (77.6m) and the same ferrite thickness
(7mm). Fig. 4 shows that the needed magnetic core volume
and cross section area of crossed-shaped pads is lower than
that of DD pads. In addition, the coupling coefficient £=0.308
is equal to that of DD pads and higher than that of square
pads. In order to further compare DD pads, square pads and
cross-shaped pads, some offset characteristics under the

condition shown in Fig. 4 have been studied and shown in Fig.

5. In this paper, “horizontal offset” describes the distance
between the pad centers in the X-axis or Y-axis direction,
“vertical offset” describes the distance between the pad
centers in the Z direction, while “center rotation offset”
describes the angle of rotation around the Z-axis.

The three offsets in Fig. 5 show a number of things. (a)
The vertical tolerance of DD and cross-shaped pads is
superior to that of square pads. (b) The horizontal Y-direction
shifting tolerance of DD pads is superior to that of X. Both
the cross-shaped and square pads are center symmetrical.
Therefore, there is only one shifting curve horizontally. The
horizontal Y-direction shifting tolerance of cross-shaped pads
is superior to the X-direction of DD pads. However, it is
inferior to the Y-direction of DD pads and square pads. (c)
The centered resolution shifting tolerance of cross-shaped
pads is the highest, with performances where the coupling
coefficient k always remains the maximum, and remains the
minimum fluctuation of the coupling coefficient £ of the
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shifting angle variation that axially revolves. The curve
fluctuation of DD pads is reduced to 0 at 90° and 270°. This
has a fatally detrimental effect on wireless charging systems.
Interoperability is very important for EV applications. The
transmitter and receiver side of a WPT system may or not be
produced by the same manufacturer. Therefore, cross-shaped
pads are set as the generation for power pads. The three
structures of DD, square and cross-shaped, shown in Fig. 4,
are selected as receivers and compared under horizontal shift
conditions. Fig. 6 shows that the power pads achieved a
desired match when both the emitter and receiver are
cross-shaped while interoperability between cross-shaped and
square is possible. However, the crossed-shaped/DD pair has
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almost 0 coupling coefficient at full alignment, and the value
remain unchanged with distance increase along the Y-axis,
while it rises first and then drops with distance decrease along
the Y-axis. Therefore, both structures need improvement that
can be realized by increasing the Q-coils. By evaluating the
crossed-shaped/square pads pair and the crossed-shaped/DD
pads pair, it is assumed that the crossed-shaped and DDQ
have the desired interoperability.

It is known that for DD pads, a higher length of a couple of
sides with a reasonable range is desired. The analyzed DD
pads have a length-to-width ratio of 1.5 (900mm/600mm). To
have a more comprehensive comparison of the three magnetic
structures, in following the ratio of DD pads, j varies by
1.4-1.8, with the air gap remaining at 200mm. In addition,
there is a guarantee of identical cross sectional areas, ferrite
thicknesses and lengths of Litz wire for the three pads. A
variation curve of the coupling coefficient k is shown in Fig.
7. The values of the cross-shaped and DD are higher than
those of the square. When j<1.7, the coefficient of the cross-
shaped is higher than the DD, while not being discriminable
when j>1.7. This is because the ferrite volume of the DD is
always higher than that of the cross-shaped. In addition, the
volume increases with a higher j value.

Cross-shaped pads are a new kind of electromagnetic
coupling mechanism with a higher coupling coefficient and
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higher tolerances in terms of the vertical and center rotation
offsets. This contributes to multiple flux paths in the cross-
shaped pad that can to a large extent intensify the main flux
between the primary launch side and the secondary pick-up
side.

IV. DESIGN AND OPTIMIZATION OF
CROSS-SHAPED PADS

A. Modelling the Power Pads

IPT systems and cross-shaped pads magnetic circuit
principles are introduced in Section II and Section III. A
comparison of cross-shaped pads, square pads and DD pads
shows that the cross-shaped pads deserves further research.
Therefore, in this section, the task is to design and optimize
the cross-shaped pads for better capability when a large
number of design parameters is changed as shown in Fig. 8.
These parameters include the shape, length, width, thickness
and number of ferrite bars. They also include the character,
wire diameter and number of turns of the coils, along with the
width of the coils, length of the coils and so on. It is
impractical to deal with all of these. Therefore, the
investigation is narrowed in scope based on experience and
existing research. For example, in order to balance the coils
copper loss and the transmitted energy of the power pads, the
effective value of the excitation sinusoidal current is set to
20A (=20kHz). The expected shape of the ferrite strips is
made of readily available “I” core of 30mm in width, which
is enough to channel magnetic flux. The Litz wire of
orthogonal coils is about 4mm in diameter and it is made of
enameled wire (0.1mmx800). For the transmitter pad, the
edge length of the ferrite strips is 2ay, the length of coils is 2a,
the width of coils is 2b, the spacing of middle ferrite strips is
2w and turns for each of the rectangular coils are n as shown
in Fig. 8. Several variables are defined for a detailed analysis
of cross-shaped pads, where the ratio of a¢ and a is referred to
as v, the ratio of w and «a is referred to as ¢, and the ratio of b
and a is q. The receiver pad is identical to the transmitter pad.
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shapes
Identifier (a) (b) (c) (d) (e
0.589(100mm) 0.556(100mm) 0.571(100mm) 0.567(100mm) 0.530(100mm)
Kt given 0.429(150mm) 0.399(150mm) 0.418(150mm) 0.417(150mm) 0.389(150mm)
separation) 0.315(200mm) 0.289(200mm) 0.308(200mm) 0.308(200mm) 0.288(200mm)
0.234(250mm) 0.213(250mm) 0.229(250mm) 0.230(250mm) 0.215(250mm)
Volume of 7257.6 54432 3175.2 2217.6 17052
ferrites(cm”)

Fig. 9. Comparison of different ferrite shapes.
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B. Shapes of Ferrite Strips

In order to optimize performance, ferrite strip shape is
obtained when « is 300mm, v is 1.2, ¢ is 0.75, the thickness
of the ferrites is 7mm and the turns of each coil are 10. Some
of the different shapes of ferrite strips that constitute
cross-shaped pads are shown in Fig. 9. The profiles of these
power pads have been compared and the results of the
coupling coefficient of different pads at 100mm, 150mm,
200mm and 250mm are shown in the descending order of the
volume of the ferrite cores.

In practical applications, separation ranging 100mm-250mm
is enough for the IPT systems of EVs. Among Fig. 9(a)-(e),
the coupling coefficients in (b) and (e) are lower. The
coefficients in (a) are slightly higher than those in (c) and (d).
However, the ferrite volume used is 2.3 times that of (c¢) and
3.3 times that of (d). The coefficients in (c) and (d) are
basically identical, and the volume in (d) is only 70% of the
volume of (c). Therefore, it is not very good for the coupling
coefficient that the volume of the ferrites is used, and the
ferrites should be arranged reasonably to improve the flux
path. In the end, (d) is chosen as the ferrite structure used in
cross-shaped pads.

C. Thickness of Ferrite Strips

It is shown in Fig. 10 that the ferrites thickness is Omm,
which corresponds to a very low coupling coefficient.
Therefore, it is critical to add-in a ferrite structure. However,
the ferrite thickness >5mm has little impact on the coupling
coefficient k, since a further increased value will not affect
the magnetic flux path when the excitation current remains
unchanged. With a lower thickness value, an increase in the
value can reduce the magnetic resistance. However, when the
value has been reached to some extent, the reduced resistance
is fixed and no longer affected.

However, the thickness value can affect the flux density,
which can result in magnetic damage. Fig. 11 shows the flux
density distribution at the values of 7mm, 14mm, 21mm and
28mm. The maximum core flux density value is obtained and
it is reduced with an increase in the ferrite thickness.
Therefore, excess ferrite results in high cost and weight,
while insufficiency ferrite can result in magnetic saturation.
Hence, optimization regulation is to reduce the thickness
under the condition of no excess of the saturation limit with
the margin considered. Based on experiments and
manufacturing conditions, 20mm is selected for the simulation
and experimental verifications. The material properties
includes relative permeability 2500, Curie temperature 215°C
and saturation flux density 380mT at 100°C.

D. Edge Length of the Ferrite Strips

The edge length of ferrite strips is a key parameter in terms
of the performance of cross-shaped pads. Therefore, it is
necessary to investigate its influence on the coupling
coefficient by a; or v(aga). Fig. 12 shows the relationship
between the coupling coefficients under various a-values of
the cross-shaped pads and the ratio v. This demonstrates that
by increasing v, the coefficient & is increased. However, this
tendency is reduced under different coil dimensions. Fig. 13
shows that the coupling coefficient under different v ratios



1284

Journal of Power Electronics, Vol. 18, No.

B[tesla] BLtes1al
1.8311e-802 4. 8267e-801
1.7003e-002 3.7391e-001
1.5695e-002 3, 4515e-801
1.4388e-002 3.1639e-801
1. 3888e-802 2.8763e-801
1.1772e-002 2,5887e-001
1.0464e-002 - 2.3811e-881
9. 1564¢-803 2.0136e-001
7. 8486e-003 1, 7260e-001
6. 5488e-003 1.438%e-801
5.2330e-003 1.1588e-801
3.9252e-003 §.6318e-002
2.6174¢-803 5, 7559¢-802
1.5096e-803 2. B600e-002
1.8311e-006 4, 8267e-005

Blteslal B[tesla]l
1.4820e-082 2.2689e-801
1.3761e-002 2.1065e-001
1,2793e-082 1.94%45e-0@1
1.16%4e-8812 1.7827e-801
1.08586e-002 1.6286e-881
9.5271e-003 1.4585e-001
8, 4686e-003 - 1.2965e-001
7.4190:-083 1. 134%4e-881
6.3514%e-003 9. 7239e-002
5.2929-003 8.10532e-002
4, 2534%5e-003 6. 4826e-802
3.1757e-003 4. 8619e-882
2,1172e-8813 3. 2413e-002
1.0586e-003 1.6206e-002
1,3240e-008 9.8080: +000

Bltes1al B[teslal
1.3558e-802 1.5024e-881
1. 2598e-002 1.3951e-801
1.1621e-802 1.2878e-881
1.8653e-802 1.1805-001
9. 6843e-003 1.8731e-001
. 715%-803 9, 6583e-P02
7. 7474e-883 8.56851e-882
6. 7790e-803 7.5128e-002
5.8106e-803 6. 43892002
4. 8422e-B03 5. 3657=-002
3.8737e-603 4. 2926e-002
2. 9853¢-003 3.2194%¢-802
1.9369e-883 2. 14632-882
9, 6845e-08Y4 1.0731e-092
2.4823e-805 . BP0 e +000

B[tes1al

1.1386e

1.1837e-002
1.09188e-002
9.3390e-003
8. 4900e-003
7.6410e-003
6.7920e-083
5.9438e 3
5.094@e-003
4. 2458e-883
3. 396@e-083
Z.5470e-003
1.6950e-003
8. 4982e-08Y4
1.7313e-885

Bl teslal

1.1838e-001
1.0992e-801
1.0147e-801
9. 30913e-0802
&.4557e-002
7.6181e-802
6. 7646e-B02
5.9198e-002
5.@8734e-002
%, 2279e-B02
3.3823e-802
2.5367e-002
1.6911e-802
8. 4557=-8Aa3
0. BBE0e 4008

(d)
Fig. 11. Magnetic flux density simulation diagrams with the same primary excitation current and the secondary pick-up current of the 20
arms at 20 kHz under different ferrite thickness values: (a) 7mm; (b) 14mm; (¢) 21mm; (d) 28mm.

4, July 2018




Cross-Shaped Magnetic Coupling Structure for Electric Vehicle ... 1285

0.6
o /*/.—’4
§ 0.4+ /_’,A"‘—_’_‘
2
=
803k
3
2
=0.2F .’_M___.__,—o——*
[=9
3
QO1F —— a=200mm —=— g=300mn
—d— g=400mm —e— g=500mm|
0.0 ! ! ! ! 1 !

1.0 1.1 152 13
Vv

Fig. 12. Coupling coefficient k as v varies from 1 to 1.5 (¢=0.75,
¢=0.2 and n=10).

1.4 | )

0.36F ——=] —=—=]1
—h—y=]2 —v—y=13

——y=1.4——y=15

o

d

2
T

Coupling coefficient
o <
(o] [
1=y o0
T T

) | 1 1 1 1 1 ] 1 1
920 01 02 03 04 05 06 07 08 09
¢
Fig. 13. Coupling coefficient k as ¢ varies from 0.1 to 0.9

(a=300mm, ¢g=0.75 and n=10).

takes up uniformity, with the ratio c¢ steadily increasing. First
it goes up and then down, with local extremes at ¢=0.2.
Meanwhile at ¢=0.2 the coefficient & rises up with an increase
of v. Therefore, the value of a; can be determined by the
constraint geometry of the actual pads and the parameter a.

E. Spacing between Ferrite Strips

An optimization analysis of the shapes of ferrite strips was
made in the previous section, and the optimal solution is
shown in Fig. 9(d). Fig. 13 shows a potential optimum value
of the ratio c¢. Therefore, the spacing between the middle
ferrite strips should be optimized in the case of a constant
volume. In this paper, the optimal ratio ¢ is determined. Fig.
14 shows variation curves of the coupling coefficient & in
terms of variation of ¢ under different parameters.

Fig. 14(a) shows that the coupling coefficient k increases
gradually with an increase of a, which is expected of a value
as high possible for practical applications. The value of &
increases at first and then decease as ¢ varies from 0.1 to 0.9.
The value of k£ obtains its optimal value when c¢ is 0.2,
regardless of the value of a. All of the results of the analysis
in this paragraph are under the conditions that ¢ is equal to
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0.75 and the air gap is 200mm, which means the results are
unrepresentative. The next step is to research the coupling
coefficient as ¢ varies from 0.1 to 0.9 at different values of ¢
and the air gap as shown in Fig. 14(b) and 14(c), respectively.
Results show that ¢=0.2 is independent of the optimal
solution of ¢ and the air gap. Therefore, through the above
analysis, the optimal layout for the ferrite strips of power
pads is shown in Fig. 15, where the length of the ferrite strips
is 2ay, and w is equal to 0.2a.
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Fig. 15. Optimal ferrite strips of power pads.
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F. Length and Width of Coils

The optimal ferrite strips for power pads are shown in Fig.
15. In this part, the length and width of the orthogonal coils
are researched for achieving a greater coupling coefficient .
The curves of the coupling coefficient k are shown in Fig. 16
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Fig. 17. Influences of the turns for each of the rectangular coils n
with different optimal parameters: (a) Coupling coefficient k as ¢
varies from 0.1 to 0.9; (b) Coupling coefficient £ as ¢ varies from
0.5 to 1 with optimal ferrite strips (¢=300mm, v=1.2 and air gap
=200mm).

when ¢ varies from 0.5 to 1 with the optimal ferrite strips at
different values of @ and air gap.

Fig. 16(a) shows that coupling coefficient £ is monotonically
increasing with an increase of a. First it increases then it
deceases with ¢=[0.5, 1]. Thus, the optimal a should be as
high as possible to adjust to practical application. The
optimized ¢ for the coupling coefficient of cross-shaped pads
is obtained when ¢=0.75. An analysis of the influence of
different air gaps on the optimal value of ¢ for a higher
coupling coefficient &k is shown in Fig. 16(b). It can be seen
that there is no difference in the optimized ¢ value when the
air gap of power pads varies from 100mm to 250mm.

G. Turns of Coils

All of the previous analyses are in the case where the
number of turns of each rectangular coil is n=10. The
parameter n ranging from 5-20 is studied considering the
energy transfer of the system and the safety voltage levels of
the windings. In this part, the variation of n on different
optimal parameters is shown in Fig. 17. The curves in Fig.
17(a)-(b) show that an n variation within 5-20 does not affect
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Set the value of af according to the dimensional limits and
energy requirements in engineering.

‘Choose the proper ratio v(eg. v=1.2). ‘

‘Get the value of a based on the formula:v=a/as.

Choose the ferrites with proper width and depth(Under the premise that the
biggest flux density in ferrites is smaller than the saturated flux density of|
magnetic cores, the samller the volume of ferrites is, the better it would be.)

¥

‘Optimize the ratio ¢ (eg. ¢=0.2) ‘

‘Optimize the ratio ¢ (eg. ¢=0.75) ‘

‘Choose the proper coil turns n ‘

Whether to meet the
requirements of the system design?

Fig. 18. Flow diagram for the design of cross-shaped pads.

the optimization mentioned above.

In summary, if cross-shaped pads are chosen to be the
power pads of an IPT system, the flow diagram of Fig. 18 can
be used as a reference.

V. IMPLEMENTATION OF CROSS-SHAPED PADS

To demonstrate the proposed cross-shaped pads, a prototype
of these pads in a 5kW IPT system has been built as shown in
Fig. 19. Considering the inherent limitations of EVs, a=
300mm, v=1.2, ¢=0.2, ¢=0.75 and »=10 have been selected.
They have been analyzed and optimized in Section V1.

With the schematic diagram in Fig. 1, a 5kW test bench is
built up and shown in Fig. 19. Some of the experiment
parameters is listed in Table I and some of the key values are
in Table II. In addition, L,, Lp, Ls, C,, C, and Cg are
demonstrated in Fig. 1. f'is the working frequency, Upc is the
DC input voltage of the inverter, /p is the coil current of the
emitter pad, U, [} and P,, are the DC output voltage, the
current effective value and the output power, respectively.
The output inverter voltage upc.ac, the launch pad current ip
of the primary side as well as the waveforms regarding the
system output voltage Uy and current /; when the power pads
are totally aligned are shown in Fig. 20, which illustrates a
capacity of SkW.

In Fig. 20(a), the phase lag of ip to upc.ac is 90°. In addition,
the value of i, do not change since the coupling coefficient
changes[8]. Therefore, when the electromagnetic coupling
mechanism shifts, the loss of the primary-side transmitting

Fig. 19. 5kW test bench.

TABLE I
EXPERIMENTAL SYSTEM PARAMETER VALUES
Parameters Values
L, 125.3uH
Lp 466.3pH
Ls 465.12uH
C, 0.51pF
Gy 0.18uF
Cs 0.14pF
TABLE II
KEY VALUES OF THE SYSTEM PARAMETERS
Parameters Values
F 20kHz
Upc 350V
Iy 19.9A
UL 390.6V
I 12.9A
Py 5039W

coil is basically fixed. However, in Fig. 20(b), the value of U
will decrease as the coupling coefficient decreases. The value
of I has to be increased in order to keep the system output
power invariant. However, this causes a decrease in the
whole system efficiency.

The quality of the IPT system is determined by the power
pads, while the pads are either standing or lying which is
determined by the coupling coefficient k& and its load-
dependent quality factor Q. The factor is the ratio of the
inductive impedance to the resistance at the operational
frequency (Qs=wL/R), which also represents a quality
indicator of the ratio of the energy stored in the inductance
coil to the energy lost in each cycle at the working frequency.
The coupling coefficient of the prototype, as shown in Fig. 19,
significantly decreases with an increase of the air gap, which
is shown in Fig. 21(a). Considering the relative position of
the vehicle chassis and the ground, a 200mm air gap is
selected to study the performance of the cross-shaped pads
prototype. The transmitter pad of the prototype has a Q of
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216 and a self-inductance of 466.3uH at 20kHz when the air
gap is 200mm. The power loss in the transmitter pad is
108.4W and the heat dissipation is only 20.91 mW/cm’.
When compared with the transmitter pad, the receiver is
lower due to its lower VA rating. Therefore, the power pads
have no obvious temperature rise. A high self-inductance of
466.3uH means that 1.17kV is required across the terminals
of the transmitter pad to get a 19.89 ARMS current. This
requires careful terminal insulation to avoid a potential
hazard. However, with the purpose of effectively reducing
both the inductance and the voltage at the external terminals,
the compensation capacitors can be placed in series with the
pad windings and internal to the pad structures.

Going further, in order to meet the lower voltage limits, the
capacitors can be distributed throughout the windings [10],
[14]. The graphs in Fig. 21(c) show the simulated and
measured coupling coefficient of the cross-shaped pads
prototype against a center rotation offset at a 200mm gap.
With the receiver pad rotating around the central axis, the
coupling coefficient remains constant, which is superior to
the DD pads proposed in [14].

The graphs in Fig. 21(b) show that the measured coupling
coefficient has a 70% decline when the horizontal offset is
300mm at a 200mm gap. This also leads to a decline in the
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Fig. 22. Measured horizontal profiles (Pg,) at a 200mm gap with
a primary current of 20 ARMS at 20 kHz and the operational O
for a 5 kW output.

system transmission capacity. Therefore, an adjustable Q; is
required to make the system output power constant for
charging EVs. The graphs in Fig. 22 show measured horizontal
profiles (Pg,) at a 200mm gap with a primary current of 20
ARMS at 20 kHz and the operational Qs for a 5 kW output.
As is shown, the power transmission capacity of the
200mm gap, 5 kW system descends rapidly with an increase
of the horizontal offset. According to equation (1), Qs with a
constraint of 2-10 can be adjusted to meet the needs of a 5 kW
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output, according to the component VA ratings and tolerances
in practical applications [13]. Assuming a maximum value of
10, a horizontal shifting of 240mm is allowed. However, an
increase of the O, values leads to lower stability of the
secondary side and the extremely high values mean system
failure. Meanwhile, an increase of Q; leads to a lower system
efficiency.

A curve showing the system efficiency # with a 0-240mm
horizontal offset is shown in Fig. 23. The power loss is
mainly located on the inverter power electronics, coil
resistance and rectifier. With an increase of the offset, the
efficiency is gradually reduced. This is because the current in
the secondary pick-up side increases with a higher offset,
which leads to greater losses on pick-up pads and rectifier
power electronics.

The charge zone for the receiver pad of the cross-shaped
pads are shown in Fig. 24. A full 5kW of power can be
transferred within the lightly shaded circular areas of the
transmitter, with a diameter of @=1400mm. That is, a free
charging zone of 1.54m” is provided for the whole receiver
pad with an air gap of 200mm, which is sufficient for parking
without supportive electronic devices if appropriate markings
are made in the parking areas.

To apply an IPT charging system in an electric vehicle,
the power pads should comply with the International
Commission on Non-Ionizing Radiation Protection guidelines
(ICNIRP). These guidelines are enacted in order to limit
human exposure to time-varying electric magnetic fields.
According to different effects when the human body is
exposed to different frequency electromagnetic waves, the
ICNIRP formulates exposure limits in different frequency
ranges. Generally, the higher the frequency, the greater the
damage. However, sometimes it is harmful when a system
resonances at a lower frequency. ICNIRP stipulates that the
general public should not be exposed to body average RMS
flux densities beyond 6.25uT in the frequency range of 0.8 to
150 kHz. This limit is raised for occupational exposure and is
frequency dependent; between 0.8 to 65 kHz the limit is
30.7uT, and between 65 to 150 kHz the exposure level in uT
is defined by 2.0/f, where f is the frequency in MHz; this
corresponds to 13.3uT at 150 kHz [25]. However, the
ICNIRP does not explicitly describe measurement techniques
for determining whether systems meet these guidelines.
Measurement techniques have been addressed by the
Australian Radiation Protection And Nuclear Safety Agency
(ARPANSA). These measurement techniques have been
based on the ICNIRP guidelines formulating human exposure
standards covering frequencies from 3 kHz to 300 GHz [26].
The ARPANSA standard exposure levels are also frequency
dependent, and the reference level for the general public and
occupational exposure to magnetic fields are 6.1uT between
10 kHz to 65 kHz. These measurement techniques state that
the leakage magnetic flux density cannot exceed the spot
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Fig. 24. Charge zone of cross-shaped pads for a 5 kW output at a
200mm gap.

limits or the body average (equal to 6.1uT). The spot limits
may be up to a factor of V20 higher than the exposure level at
a given frequency. Consequently, the maximum exposure
level for the general public at a given spot is 27.3uT in the
frequency range of 10 to 65 kHz. The body average is
discussed at four points of the human body: knees, groin,
chest and head.

The maximum general public spots exposure should not
exceed 27.3uT and the body average exposure levels should
be lower than 6.1uT for the IPT system presented in this
paper. Measurements were taken with a SPECTRAN NF-5035
electromagnetic field radiation tester from AARONIA to
investigate the exposure level around the cross-shaped pads
with a 100mm offset at a gap of 200mm. The leakage
magnetic flux above and below the pads is very low due to
the ferrite layers, which will be further replaced by aluminum
shielding. The magnetic flux density along the measurement
line midway between the pads is shown in Fig. 25. The
graphed contour illustrates the worst situation in which the
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Fig. 25. Leakage magnetic flux density along the measurement
line midway between the pads.

leakage magnetic flux exposure level is the greatest in this
measurement line. This situation can be improved using
aluminum shielding. The peak of curve is 3368uT in the
center of the power pads, and the magnetic flux density of
27.3uT is at a distance of 960mm from the pads center. Body
average exposure at the four points of knees, groin, chest and
head of a 170cm person are separately 10.37uT, 6.83uT,
3.89uT and 2.98uT across a person while standing 1.3m
away from the center of the power pads, which complies with
the ARPANSA regulations. As a result, some necessary
means to test the presence of organisms should be used to
prevent animals or humans from entering the excessive
exposure areas.

VI. CONCLUSION

IPT charging systems are safe, convenient and efficient
when it comes to electric vehicles and its performance is
mainly up to the power pads. The coupling coefficient is an
excellent measurement indicator for comparing various
power pads designs and can be easily measured by a LCR
meter. A novel magnetic coupling structure, referred to as
cross-shaped pads, with a high coupling coefficient and high
tolerances in vertical and center rotation offset has been
proposed. With 3-D magnetic finite-element analysis software,
the dimensions and shapes of the core layer and coils of the
power pads can be optimized to obtain a higher coupling
coefficient. An optimized 5 kW IPT system with 720%
720mm cross-shaped pads at a 200mm air gap is made to
verify the presented simulation as well as its characteristics.
The 1.54m’ free charging zone provided by the power pads is
large enough to park without the need for any electronic

devices if appropriate markings are made in the parking areas.

At the same time, the leakage flux density measured by a
SPECTRAN NF-5035 electromagnetic field radiation tester is
fully compliant the ICNIRP requirements according to the
ARPANSA regulations. Consequently, the new cross-shaped

power pads proposed in this paper can meet the needs of
electric vehicle IPT charging systems and provide more
choices for the design of the power pads of IPT systems.
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