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Abstract—Recently, safety concerns related to electro-
magnetic fields (EMFs) in inductive power transfer (IPT)
systems for electric vehicles applications are pointed out.
Magnetic flux concentrators are commonly used in the
system to direct magnetic field lines and enhance the power
transfer capability and efficiency. This article explores the
performance of an IPT system for two different shapes of
magnetic flux concentrators in terms of magnetic field
distribution and power transmission efficiency. The dish-
shape and plate-shape flux concentrators are examined and
compared with a coreless IPT system. A simulation study
based on three-dimensional finite-element analysis is carried
out to design the magnetic couplers and analyze the IPT
system’s performance. The simulation results are verified
analytically and good matches are achieved.

Index Terms—Inductive Power Transfer (IPT), magnetic
flux concentrator, magnetic field distribution, power
transfer efficiency, Wireless Power Transfer (WPT)

I. INTRODUCTION

Nikola Tesla dreamed of a “‘wireless world’’ at the end
of the last century [1]. In fact, we, as researchers, have a
dream of providing electrical energy wirelessly through
the air as well. The dream has come true recently, as
many applications today are based on Wireless Power
Transfer (WPT) technology, including medical devices,
cell phones, laptops, home appliances and Electric
Vehicles (EVs). Therefore, massive attention has been
given to improve the performance of WPT systems,
which is typically measured by the Power Transmission
Efficiency (PTE) and the compatibility with the safety
requirements [2]-[6]. On this basis, the Inductive Power
Transmission System (IPTS) is one of the best-known
WPT technologies that offers the best performance for
high-power applications, such as EV charging. It consists
of two electrically isolated sides. Each side consists of a
power converter, a compensation network, and a power
pad. The power transfer from a primary coil (in the road)
to a secondary coil (in the vehicle) by magnetic induction
while the system operating at resonance [7]. The PTE
depends on the coupling coefficient between the two coils
(k) and the quality factor of each coil, which is related to
the coil’s parameters (inductance and resistance) and
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resonant frequency (f) [8]-[10]. Consequently, the
magnetic coupler should be designed to provide high
coupling and quality factors to meeting the power transfer
requirement [11]. Typically, an inductive pad consists of
a copper Litz wire that carries the high-frequency current,
a magnetic core for directing the flux lines from the
transmitter toward the receiver, and an aluminum
shielding plate for limiting the leakage flux around the
system. Spiral planar coils are typically used in the
system to reduce the pad thickness and increase the flux
loops’ travel distance. The magnetic core is placed behind
the spiral coils to reduce the magnetic path reluctance,
enhance the coupling performance, reduce the leakage
flux and thus increase the values of both k and PTE.
Exposure to high-frequency EMFs presents a safety
concern that has the potential to cause health problems
for humans and living objects in the long-term. Therefore,
the International Commission on Non-lonizing Radiation
Protection (ICNIRP) and the World Health Organization
(WHO) have attested and issued some guidelines to
ensure the safety of the living objects [12], [13]. For an
IPT system to meet these safety requirements, leakage
EMFs around the system should be suppressed. For EV
inductive charging applications, more attention should be
paid to the problem related to exposure to magnetic fields
due to the high-power operation and large airgap (10-40
cm) [7], [14]-[16]. Fig. 1 shows the structure of a typical
EV inductive charger along with the distribution of
magnetic fields around the transmitter and receiver coils.
As it can be noticed, a significant portion of both leakage
and coupled EMFs extend around the system and may
present a safety issue if they exceed the standard limits.
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Fig. 1. Structure and operation of an IPT system.

Different types of EMF shielding techniques are
presented in the literature: passive, active and reactive
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shielding, as indicated in Fig. 2 [17]-[19]. Passive shields
show an effective performance for low-power chargers
(<50 kW), which can be either a magnetic core,
conductive plate or both [20]-[24]. Magnetic core is
typically made of a high permeability material such as
ferrite to concentrate and confine the magnetic flux
between the coils [18], [19], [25]-[27]. Another fact is
that the coil shape has significant impact on the system
performance and leakage flux. Several coil shapes are
proposed, investigated and compared in the literature;
however, circular and square coils are the most
commonly used due to their simple structure and high
EMF [28]. Several researches have been conducted
considering the different shapes of the magnetic core for
the circular coil. In [29] and [30], a convex-magnetic flux
concentrator was proposed in [22], which shows a
significant reduction in the magnetic leakage flux and
consequently increasing the coupling performance.
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Fig. 2. Types of EMFs shielding for IPT systems.

Different from the abovementioned studies, this paper
proposes a dish-shape magnetic flux concentrator for the
circular pad. It investigates its performance compared to
the plate-shape and an air-core coil in terms of coupling
factor, PTE, and leakage EMFs. Both dish-shape and
plate-shape flux concentrators are made of ferrite. Three-
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dimensional (3D) finite-element models (FEMs) for the
different shapes are developed and analyzed using Ansys
Maxwell software. In addition, circuit models for the
entire system, including coupler, power converters, and
series-series compensation networks are developed and
evaluated in the same environment. Both FEMs along
with circuit-based models are utilized to design and
optimize the proposed dish-shape flux concentrator.

Il. NUMERICAL MODELING OF INDUCTIVE COUPLER

A simulation study based on finite element analysis
(FEA) has been used to model, design, and analyze the
IPT system. The geometric design and the flux
distribution analysis of the inductive coils and their
magnetic flux concentrators have been carried out with
the Ansys Maxwell tool. The coils’ parameters are
extracted from FEA and inserted into a circuit-based
model in Ansys Simplorer to analyze the entire system’s
performance, considering power converters,
compensation networks, and battery load.

A. Design of the Magnetic Coupler Circuit

As stated, the utilization of the ferrite core along with
aluminum plate significantly reduces the leakage flux and
improve the system’s performance [16]. Another
important factor that impacts both k and EMFs is the
shape of the pad. Several shapes pad are presented and
analyzed in the literature, which can be classified into
Non-Polarized Pads (NPP) and polarized pads (PPs).
NPPs consists of a single coil that generates vertical flux
components, such as circular (CP) and rectangular (RP)
pads. PPs consist of multiple-coil that generate both
horizontal and vertical flux components, such as Double-
D (DD), Double-D Quadrature (DDQ), bipolar (BP) and
Quadruple-D pad [31]. These shapes are presented in Fig.
3 and compared in [3] and [32] in terms of design and
applications.

I

i

DEVELOPMENT

Fig. 3. Pad structures for IPT system.

Fig. 4. Geometry of CP coil.
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TABLE I: DESIGN PARAMETERS OF THE HELIX CP CoIL

Coil Parameter Value
Polygon radius 2.5 mm
Coil inner radius 100 mm
Turns space, Ren 7 mm
Number of turns 17

The circular structure is considered in this paper for
simplicity and maturity. The copper coil is modeled as
stranded with large number of strands to emulate Litz wire.
Rectangular cross-section is considered for modeling the
coil to reduce the computational effort, as indicated in Fig.
4. The consists of 17 turns with an inner and outer radius
of 100 mm and 219 mm, respectively, as described in
Table I. Both transmitter and receiver coils are identical.
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The CP is easy to develop and offers the same tolerance
for misalignment in all directions. In addition, it offers
the best coupling during the perfect allgnment case [26].
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Fig. 5. Magnetic flux concentrators (a) Plate-shape design. (b) Dish-
shape design.
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Fig. 6. Magnetic coupler structure: (a) air-core concentrator, (b)
conventional plate-shape concentrator, and (c) dish-shape concentrator.

TABLE Il: DESIGN PARAMETERS OF THE CONCENTRATORS

Plate-shape design Dish-shape design
Parameter Value (mm) Parameter Value (mm)
Shielding radius (r) 220 Outer radius (ru) 100
Shield thickness (S,) 3 Lower radius (r) 270
Gapa?]%t"ggﬁ“(;;"e'd 5 Height (h) 15
Material Ferrite Material Ferrite
Thickness (S,) 3

The plate-shape and dish-shape magnetic flux
concentrators with ferrite material are designed and
presented in Fig. 5 (a) and (b), respectively. As it can be
noticed, the plate shape is just a flat circular sheet of
ferrite with a radius r, while the dish shape has a small
flat sheet with radius r. surrounded by a tilted one with an
outer radius of ry. The dimensions and characteristics of
both shapes are presented in Table Il. The final coupler
designs considering three cases of flux concentrators are
presented in Fig. 6. The figure shows the air-core pad,
conventional plate-shape pad, and the proposed dish-
shape pad.

B. Compensation Topologies

An effective and efficient power transmission in IPT
systems requires compensation for the large leakage
inductance due to the large air-gap. Resonance network is
typically added to the transmitter and receiver circuits for
this purpose. Four compensation topologies are mainly
used in IPT systems: Series-Series (SS), Series-Parallel
(SP), Parallel-Series (PS), and Parallel-Parallel (PP), as
depicted in Fig. 7. SS topology is considered in this work
due to its simplicity in design, and control, which does
not depend on k and load conditions [26], [33].
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I1l. PERFORMANCE ANALYSIS OF IPT SYSTEM

The simulation circuit diagram developed in ANSYS
Simplorer is directly linked to the magnetic coupler
structure created in the Maxwell environment, as
indicated in Fig. 8. In fact, FEA in Maxwell provides the
values of the coils' self-inductance, coupling coefficient,
and mutual inductance to carry out the simulation of the
IPT system. The system overall efficiency is estimated
for the three magnetic couplers given before with an air
gap of 150 mm. The input supply voltage and load
resistance are selected to be V=50V, and R =7Q,
respectively. Whereas the values of the compensator
capacitors for the both sides C, and C, are calculated
based on the resonant frequency and self-inductance
using (1).

1

2z JLC, 2xLC,

The resonant frequency is set to be f,=85 kHz, and the
IPT circuit parameters are shown in Table I11.

Pin Pout
+ Cp Rp Rs Cs +
‘\-W J » ” ) . VWA . Ill .\.W J
T o | T3
&

Fig. 8. Circuit diagram of IPT system.
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TABLE I1I: WPT CIRCUIT PARAMETERS

- Plate-shape Dish-shape
Parameters Alr-core concentrator | concentrator
Primary coil
resistance, R, 0.178 Q 0.178 Q 0.178 Q
Secondary coil
resistance, R 0.178 Q 0.178 Q 0.178 Q
Primary side
capacitor, C, 31.78 nF 20 nF 18.7 nF
Secondary side
capacitor, C 31.78 nF 20 nF 18.7 nF
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Fig. 9. (a) The variation of k with L, and L. (b) The relation of PTE
with k and Q. (c) The effect of M and the resonant frequency (W) on the
PTE. (d) The relation of PTE with L, and Ls.
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A simulation analysis is performed for measuring the
input power (P;,) and output power (Poy) to find out the
efficiency of the IPT system. The maximum achievable
efficiency can be expressed mathematically by (2) [3].

. =kQ, Qs/(1+,/1+ K*Q,Q, )21 )

where k is the coupling coefficient between coils, Qp, Qs
are quality factor of transmitter and receiver respectively.
The relation between k and the mutual inductance is

given as follows
k=M/JL,L, ©)

The quality factors (Q, and Qs) of the coils are related
to their parasitic resistances and self-inductances, as
described by (4).

L
szwgp, Q, = Mk (4)
p s

where wy is the angular resonant frequency.
Substituting (3) and (4) in (2), the following equation
is yield:

M2 2 20,2
M M ©)
R R, RR,

According to (5), it can be concluded that the
transmission efficiency is related to M, Wo, R, and Rs.
The above presented equations are depicted in Fig. 9.
Where, Fig. 9 (a) represents (3) for the variation of k with
L, and L;. Whereas, Fig. 9 (b) illustrates the relation of
PTE with k and Q according to (2). Fig. 9 (c) shows the
effect of M and the resonant frequency (w) on the PTE
based on (5). The correlation-free between the PTE with
both L, and L, has appeared in Fig. 9 (d).

IV. RESULTS AND DISCUSSION

The following sections highlight the results achieved
and list some of the interpretations.

A. Analysis of Magnetic Field Distributions by FEM

As indicated by the ICNIRP standard for WPT
emissions testing instructions, the magnetic field limit is
27uTrms for general-public exposure and 15uTrms in
areas where body-implanted pacemakers are an Interest
[12]. Table 1V presents the reference levels for the EMFs
defined by the different standards [11].

TABLE IV: STANDARD REFERENCE LEVELS OF EMFS EXPOSURE

Magnetic field, Bms Electric field, Eqns

Standard General(uT)Occupa- General(wm(;ccupati-
public tional public onal
ngRflzoooloKHz) 27 100 |83 170
giﬁiﬁ;ﬁu 205 615 614 1842
'é%%';%\jzzo” 200 |- 1842




International Journal of Electrical and Electronic Engineering & Telecommunications Vol. 9, No. 6, November 2020

B8 [teslal

4. 6079E-20Y
4. 3007E-204
3. 9935E-00Y
3. 6663E-004
3.3791E-20%
3.0719€-004

2. 7647E-204
2. 4S7SE-@ay
2. 1504E-20Y
1. 8432604
1. 5350E-204
1.2280E-004
9. 2159E-205
6. 1439E-205
3.8720E-005
8. 9487E-010

|8 [tesia)

5. 1526E-00%
N -0y

B [tesla)

4. 4T7E-00%
4. 1783E-00%
3.6799E-00%
3. SEINE-00N
3. 2829E-00%

2. 9845E-00%
2. 6960€-004

2. 3876E-00%
2.0891€-00%
l 1.7907E-00%
148226004
1. 1939€-00%
8, 9534£-005
5. 95WE-005
2.9895E-005
£.9029¢-010

(©
Fig. 10. Magnetic field distributions analysis of the magnetic coupler:
(a) Without concentrator, (b) With traditional plate-shape concentrator,
and (c) With dish-shape concentrator.

TABLE V: VARIATION OF L, M, AND K VALUES WITH THE AIR-GAP

Traditional Dish
concentrator concentrator

Air-gap (mm) 100 | 150 [ 200 | 100 | 150 | 200 | 100 | 150 200

Primary Self-
inductance (L,_pH)

Parameter Without concentrator

110.3 | 110.4 {110.04|182.55|174.74 | 172.2 |199.39( 187.15 | 183.67

Secondary Self- 172.2
inductance (L. pH) 110.3 | 110.41110.21|182.52(174.68 | =5 201 |188.73|185.27

Mutual Inductance

(M_pH)

Coupling
Coefficient (K)

36.41( 23 |15.126( 80 | 47.05|29.25(94.73|55.126| 34.21

0.33 (0.208| 0.137 | 0.438 | 0.269 | 0.169 | 0.473 | 0.293 | 0.185

The magnetic field distributions for the magnetic
coupler circuit with and without flux concentrators are
shown in Fig. 10. For the coils without concentrator
structure, there is a sturdy magnetic field distribution
around the non-effective transmission area as shown in
Fig. 10 (a). For the second case, the use of the plate-shape
flux concentrator reduces the divergence of the magnetic
field in the non-effective transmission area and focuses
most of the magnetic flux in a targeted direction as shown
in Fig. 10 (b). Whereas the use of the dish-shape flux
concentrator is focusing the field at the center and
minimizing the leakage flux from the coils shown in Fig.
10(c).

The results of the variance for the L, M and k values
with the air gap for the three cases (as shown in Fig.6) are
presented in Table V.

©2020 Int. J. Elec. & Elecn. Eng. & Telcomm.

o
n
|

——Without concentrator
0.45

—— Traditional concentrator

£ o
[0
Il 1

N ——Dish concentrator

oD o
MW
Il

Coupling Coefficient (K)
<)
.
w
Il

o
oo

o @i
1

100 110 120 130 140 150 160 170 180 190 200
Air-gap ([mm)
Fig. 11. The variation of the k coefficient with the air-gap

At Air-gap 150 mm

PTE (%)

Without Traditional Dish
concentrator | concentrator | concentrator
B FEM (%) 96.7 97.23 97.59
® Calculated (%) 97.13 98.58 98.83

Fig. 12. FEA results and the calculated results of PTE for the three cases.

Fig. 11 depicts the variation of the k coefficient with
the air-gap for the three presented cases. While, Fig. 12
shows both the FEA simulation results and the
analytically calculated results of PTE for the above cases
at air-gap equal to 150 mm. The PTEs are almost the
same with a small gain for the dish-shape magnetic flux
concentrator, but the latter case is preferred for safety
reasons.

V. CONCLUSION

This paper presented a dish-shape magnetic flux
concentrator for circular pad in inductive charger for
electric vehicles. A complete design procedure for
various magnetic couplers with and without flux
concentrators has been carried out based on 3D FEA. The
system performance with the proposed dish-shape flux
concentrator has been compared with that with the
conventional plate-shape concentrator. The results show
the dish-shaped concentrator provides less EMFs around
the system, which allows the system to meet the safety
requirements defined by the international guidelines. In
addition, it shows a higher coupling performance than the
plate-shaped concentrator. This is because of the ability
of the dish-shaped concentrator to direct the magnetic
flux lines toward the center of the receiver pad. However,
the main challenges for the proposed system are that the
difficulty of implementation, as it requires special cuts for
the magnetic material. This difficulty can be overcome by
approximating the shape, considering the commercially
available blocks.
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