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Abstract - This research work deals with the challenges and
issues facing the misalignment contactless inductive power
charging of electric vehicles (EVs). The focus is on analysis
and design of the inductive power transfer (IPT) for
dynamic (in-motion) charging systems. The computational
electromagnetics approach is used here, and a graphical and
programming platform is developed capable to link and co-
simulate the models of the coupled coils with the models of
the external circuitry of the overall IPT system consisting
of: high frequency power inverter on the primary coil side,
resonant tuning capacitors, diode bridge rectifier on the
secondary coil side, DC filtering capacitor and the vehicle
battery load.

Cuvinte cheie: transfer de putere inductiv, cuplare dinamicd,
Incdrcare fara contact, analizd cu elemente finite
(FEA),software ANSYS.

Keyword: inductive power transfer, dynamic coupling,
contactless charging, finite element analysis (FEA), ANSYS
software.

[. INTRODUCTION

In recent years, IPT (or wireless) charging of EVs has
been the focus of intensive research studies, and the
stationary charging systems have successfully been
achieved using the IPT technology. More recently,
dynamic (or in-motion) charging with IPT technology has
been demonstrated for electrification transportation
applications such as utility vehicles, electric buses and
trams, or electric trains. Much work is still required on
analysis, design, prototype development, and testing of
IPT systems for dynamic EV charging. Optimization
studies are required on related-relevant issues such as:
coils magnetic coupling, coils misalignment tolerance
and compensation, power electronics converters, and
resonant circuitry for dynamic charging systems. The
need to understand many challenges facing of in-motion
charging of vehicles was recognized in 2012 by the U.S.
Department of Transportation [1].

Many studies, implementing the inductive transfer of
electrical power between two coils, have been published
in the past decade under the high pressure to find new
energy storage technologies and extend the driving range
of EVs. Many aspects of electric vehicle inductive power
transfer have been introduced and discussed in [1], and
[2], and a laboratory bench for experimental charging in-
motion demonstration has been implemented. In [2] it is
shown that when a coil passes across a pair of energized
coils, the transmitted power varies with respect to their
position, and fluctuations in the power occur. In [3], a
hybrid electric vehicle was wireless plug-in powered

using a pair of coupled coils, and the performances were
examined at different gaps and different operating
frequencies. In [4], a 20 kW wireless power transfer at
400 V/20kHz was modeled by ANSYS software
considering the coupling of the electromagnetic coils
model with the external circuit. The energy efficiency for
a two-coil wireless power transfer system may be
maximized by using the method presented in [5]. For
analyzing the power flow in the wireless power transfer it
is possible to consider primary (transmitter) coil as the
frequency selection stage, to insure the highest mutual
flux development and thus to facilitate the power
transmission, while the secondary (receiver) coil is a
voltage controlled utility network [6]. The development
and implementation of a high efficiency wireless power
transfer charging system up to 12 kW, integrated into a
Toyota RAV4 electric vehicle is presented in [7]. [8]
presents a topology that integrates a wireless charging
system and the boost converter for the traction drive
system. [9] proposes to use the common utility low
frequency in anticipation of a higher potential wireless
charging for small power EVs.

In order to extend the application of IPT for vehicle
charging, the most important issue of coupling power
over relatively large gaps has been solved using high
frequency (HF) magnetic resonance.

The achievement of high power transfer efficiency is
determined by a multitude of influencing factors such as
the number of turns of primary and secondary coils, that
is the system main component, the coil geometry, the gap
and alignment between the coils, or the excitation
frequency.

In the end, a good design should lead to a high
coupling coefficient, k, with a minimum variation due to
predicted changes in air-gap and expected range in lateral
misalignment of the pair of coupled coils [10]. The
objectives of this study are (i): the FEA based modeling
and analysis of the pair of resonant magnetic coupled
coils, and (ii): the development of the graphical and
programming platform capable to link and simulate the
models of the coupled coils in-motion with the models of
the external circuitry of the overall IPT system, con-
sisting of: high frequency power inverter on the primary
coil side, resonant tuning capacitors, diode bridge recti-
fier on the secondary coil side, DC filtering capacitor and
the vehicle battery load.

The main goal in this research is to complete the study
done in the previous work for the stationary IPT system
[11], and validate the efficient operation of the new
designed system in dynamic regime (in-motion). This
objective is achieved by employing the ANSYS



numerical FEA software, and developing a new co-
simulation platform based on the two software
components, namely ANSYS Maxwell™ and ANSYS
Simplorer™ [13]. In this way, the coupled coils para-
meters, such as the coils resistances, self-inductances,
mutual inductance and coupling coefficient, are accu-
rately calculated and extracted from eddy-current and
magneto-static solutions in ANSYS Maxwell environ-
ment.

The coupled coils design is based on using stranded
conductors, series tuned resonant capacitor on the
primary coil and a parallel resonant capacitor on the
secondary coil side, soft ferrite pad structures, and small
thickness non-magnetic shields.

The study in this paper is organized in five sections. In
Introduction, the motivation of the simulation platform
development was presented, and the work in progress
elsewhere was discussed. In the second section, the FEA
design of the coupling coils, and considering their longi-
tudinal misalignment, will be examined. The overall IPT
charging system description, and aspects of power trans-
fer efficiency are presented in the third section. The simu-
lation results are presented and discussed in the fourth
section. The concluding remarks are outlined in the final
section.

II. FEA CoOIL DESIGN

The objective to achieve more accurate coils models,
compared to the analytical equivalent coil circuits with
constant parameters, is achieved using the ANSYS soft-
ware. The coil models are created by using the software’s
own geometry utilities, and then the coil parameters are
generated and extracted employing the Magneto-static
and Eddy Current solvers available in ANSYS Maxwell.

In our preliminary study [11], two different shapes of
the coil pair have been considered, each with various
numbers of turns and geometric dimensions. Figs. 1 and 2
illustrate some of these design variants with or without
soft ferrite flux guides or aluminum shielding. The
primary coil is placed on the ground surface level, and
the secondary is mounted underneath the vehicle on its
chassis. The gap separating the coils is represented by the
car ground clearance.

In Fig. 1(a), each rectangular coil consists of 3 turns of
stranded copper wire. The area determined by the most
outer turn of primary coil is 0.8 m” For this initial design
the obtained coupling coefficient is only £=0.14. In
Fig. 1(b) a new design is illustrated with two identical
coils in size and number of turns: each single layer spiral
coil has 3 turns of stranded copper wire. In this new
variant, the coupling coefficient is increased to £=0.36.

Figs. 2(a) and 2(b) illustrate a new design with two
variants. In Fig. 2(a), both coils have the same circular
spiral shape, an equal number of 10 turns, and the same
geometric size with a median radius of 35 cm. In
Fig. 2(b), representing the final improved design, two soft
ferrite cores of small thickness and aluminum shield
plates have been added.

Here, both primary and secondary coils have the same
inner start radius of 15 c¢cm, and a radius change of 2.15
cm per turn. In this case, the primary coil has 7 turns, the
secondary 5 turns, and they are 100% aligned.

The parameters of this pair of coils are extracted at 22
kHz operating frequency as follows: R;=0.860 mQ,

R=0.700 mQ, L;=19.57 uH, L,=13.74puH, mutual
inductance M=5.24 pH and the coupling coefficient
k=0.32, with 150 mm gap between the coils.

(b)

Fig. 1. Maxwell 3D design of loosely coupled coils, 3 turns each, of
rectangular shape: (a) k=0.14; (b) with ferrite pads, £ =0.36.

(b)

Fig. 2. Maxwell 3D design of loosely coupled of circular shape:
(a) 10 turns each coil, £ =0.26; (b) 7/5 turns with ferrite pads and
aluminum shields.

In order to study the effect of the misalignment
between these coils a Maxwell 2D design is generated
from the 3D model as shown in Fig. 3.
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Fig. 3. Maxwell 2D design generated from the coils 3D model shown
in Fig. 2(b).

The simulation results of the coils misalignment are
presented in section IV of this study. The final 2D design
of the coupled coils in Fig.3 is imported in ANSYS
Simplorer for the overall IPT dynamic system model
development which is described in the next section.



III. DYNAMIC IPT SYSTEM DESCRIPTION bridge, the DC filtering capacitor, and the vehicle battery

For a dynamic, charging-in-motion system for EVs, loading.

high level of power is required. In this situation, a string 4. H-bridge Power Inverter
of pad-like structures with primary coils are embedded in
the roadway and switched synchronously with the motion
of the vehicle carrying the secondary coil [1]. In this way,
there are always pads in close alignment under the
vehicle enabling higher power levels to be transferred. A
two-coil primary with moving secondary IPT system
exemplification is shown in Fig. 4.

The voltage of the power inverter is adjusted using the
input DC power supply (V,) which actually represents
the grid voltage full-wave rectified and filtered (not
represented in Fig. 5). This input voltage of the high
frequency inverter, the switching frequency and duty
cycle, determine the amount of power transferred to the
secondary coil. The H-bridge inverter synthesizes the
switching voltage ¥ across the primary side of the pair of
coupled coils, and drives the current excitation /; in the
primary coil. In various publications, the operating
frequency of the IPT system is recommended in a range
of 10 to 50 kHz for the poorly coupled coils (£<0.5). The
choice of the power inverter operating frequency is /=22
kHz, as in the previous work [11]. This value is close to
the one employed in Oak Ridge National Laboratory
(ORNL) experimental setups, with good experimental
reported results [1, 2].

B. Coupled Inductors Circuits

Fig. 4. A two-coil primary with moving secondary in a dynamic IPT The pair of coupled coils of the IPT system represents

system. an air-core transformer with very small coil resistances,
high leakage inductances, and a small magnetizing
inductance. Therefore for the correct circuit analysis, it is
desirable to modify the model of the ideal transformer for
unity (k=1) coupled inductors (Fig. 6(a)), to account for
loosely coupling (k<1) situation which is the case of the
pair of coils of the IPT system (Fig. 6(b)).

The connected load resistance R; shown in Fig. 6 on
the secondary coil side represents the battery equivalent
resistance seen on the AC side of the diode bridge
charging rectifier in Fig. 5, [11].

The modeling and co-simulation of the overall IPT
system is implemented using the dynamic link between
ANSYS’s Maxwell and Simplorer environments. The
Simplorer block diagram realization of the IPT charger
schematic is illustrated in Fig. 5.

The following models of the IPT system components
are built and added into Simplorer external circuit
simulator, besides the imported Maxwell 2D model of the
coupling coils previously designed: the input DC power
supply, the high frequency H-bridge inverter, the series
tuned resonant capacitor on the primary coil side and the
parallel capacitor on the secondary coil side, the diode
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Fig. 6. (a) Unity coupled inductors with a connected load resistance;
(b) A model of the coupled inductors (k<0.5) with an ideal transformer.



For the ideal unity coupling (Fig. 6(a)), with mutual
inductance M, the circuit equations in the frequency
domain are given by,

Vil joL,  joM || I, (a
v, - JoM  joL, || 1, :
Solving for /, from the Eq. (1)

L_MZ )

2 oL, L,

Substituting Eq. (2) in Eq. (1), the voltage equation on
the primary side is rewritten as,

. M? M
Vi=joL|l-———|[,+—V, (3)
Ll L2 LZ

In the non-idealized coupled coils, L1, > M 2 with the
coupling coefficient k<1. Substituting the mutual induc-

tance M =k4/L, L, inEq. 3, we have

KlzjcoLl(l—kz)_Il+LM2Z2:

M 4)
=joLoli+—V,
L,
where o is the leakage factor given by:
2
oo1-M 2 (4a)
L L,

The equivalent circuit to model Eq. (4) is illustrated in
Fig. 6(b). The term joL, 6 I, is the voltage drop due the

large leakage inductance (l—kz)Ll and the transformer

action is indicated by the second term, (M / L,)V, with the
transformer ratio given by M/ L,.

The remaining small inductance, kL, =L, , together
with L, and M, forms a unity coupling system, satisfying
the condition M2L, =L, [12].

Our coupled inductors model represents the case of a
moving secondary conducting loop in a time-varying
magnetic field produced by the primary (transmitter)
coils. The induced emf in the secondary (receiver) coil is
the sum of a transformer component and a motional
component written as,

Vemf emf + Ver:v,;f

j— dS+§3va) dl (5)
Compared to the secondary voltage Vz, induced at the
operation frequency of 22 kHz, with a peak of 68 V
(Fig.5), the motion-induced emf component can be
neglected. Considering, for example, a vehicle high speed
of 60 miles/hour, with an average radius of 23 cm of the
moving secondary loop perfectly aligned with a primary
coil, and the mid gap flux density of 3 mT obtained in our
model (Fig.8), the maximum value of the motion-induced

emf, V,,,, is about only 105 mV, which is ignorable

compared to the component of the voltage induced by
transformer action.

C. Efficiency Considerations of the IPT System

In this study, the final design variant of the coupled
coils illustrated in Fig. 2(b) is considered with the
following parameters: R;=0.860 mQ, R,=0.700 mQ,
L,=19.57 uH, L,=13.74 uH, mutual inductance
M=5.24 uH, and the coupling coefficient £~=0.32 with a
150 mm air gap.

As a measure of the efficient design of an inductor, its
quality factor Q can be employed. It is known that the O
factor of an inductor is the ratio of the inductive reactance
to its unwanted wire resistance at the operation frequency,
given by, O=oL / R. A very high Q value is desirable in
IPT systems, so that small losses are produced. The value
of the quality factor of the secondary coil, in this work, is
about 0=2700, at 22 kHz, that means the wire resistance
is negligible compared to the secondary inductive reac-
tance. Thus, the ohmic losses are drastically reduced and
the secondary coil output voltage is mostly applied as
desired to the load resistance, R; shown in Fig. 6.
Therefore, the best efficiency is obtained with R; >> R, ,

[11].

The practical evaluation of the dynamic IPT system
efficiency is limited by one important factor: the real
coupling coefficient k, which cannot be directly measured
and must be derived. The analytical expression of the

coupling coefficientk =M /L,L, , cannot capture the

effects of lateral or angular misalignments which are ex-
pected in dynamic, charging in-motion systems for elec-
tric vehicles. If experimental open secondary test results
are available, the coupling coefficient can be derived ac-
cording to the transformer ratio (replacing M /L, in
Eq. (4)) given by,
ViV, =kyL /L, (6)
with measured output/input voltages and the self induc-
tances of the coupled coils system.

Referring to Fig. 6(b), the load resistance seen looking
into primary is given by the impedance transformation
property (reflection to primary side),

R, —k2 L(R,+R,), (7

2

where the small secondary coil resistance is not
neglected.

Again, the best efficiency is obtained with R, >> R, ,

in order to reduce the primary coil ohmic losses and most
of the power to be transmitted to the load. To determine a
high quality factor O, of the primary coil by design, and
taking Eq. (7) into consideration, the following restriction
should be also met,

O >> ®



Both, the quality (factors) of the coils Q and the quality
of the magnetic circuit coupling k provide the best way to
make a more efficient inductive power transfer system.

High quality Q factors determine also a narrow range of
frequencies of resonant circuits. This becomes critical for
the IPT system where both coils must resonate with more
precision at the same frequency ®,. The goal is to
determine the compensating capacitances of the external
capacitors, C| and C,, added to accurately tune the circuit
and create the resonance condition to maximize the
transferred power, (Fig. 5):

1 1
Cl=———s—: C= 9)
Cea-kL” T el

The tuned capacitors are determined from the
resonance conditions Im{Z;,}=0, where Z;, are the
equivalent impedances of the respective RLC resonant
circuits, and using the coils design extracted data, L, and
L2a [1 1]

IV. SIMULATION RESULTS

The IPT system simulation results have been generated
using the platform built in ANSYS Maxwell/Simplorer
(Fig. 5). The parameters of the designed pair of coils have
been extracted using the Maxwell/Eddy Current solver at
22 kHz, and presented in sections II and III.

The main dimensions of the pads structures are
illustrated in Fig. 7, where: the aluminum shield plates
diameters, D;=82 cm for both primary and secondary
coils, the ferrite cores diameters, D,=66 cm on primary
side and 56 cm on secondary side, and coils average
diameters, D;=45cm for primary, and 41 cm for the
secondary coil.
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Fig. 7. Main dimensions of coil pad structure.

In the initial simulation of the dynamic charging, the
considered IPT system consists of two identical primary
coils and a moving secondary in the direction of the
vehicle travel, with a constant vertical gap of 150 mm.
The considered voltage of the vehicle battery is 80 V, and
the required charging power is 1.5 kW, for this IPT
charging system.

The horizontal sliding of the secondary coil, on top of
the two primary coils, is performed in 4 steps, 250 mm
each. That is, the sliding starts from a full (100%)
alignment position with the first primary coil to a final
complete (100%) overlap with the second primary coil.
Fig.8 illustrates the magnetic field intensity vector in the
median position of the secondary coil between the two
primary coils, when the transferred power drops to its
minimum value during the sliding process. In Fig. 8, the
magnitude of the field intensity vector, H, is about
7 kA/m in the mid gap over the primary coil.

Fig. 9 illustrates the magnitude of flux density, B, when
the secondary coil is completely aligned with the second
primary coil. In the mid gap over the second primary coil,
the magnitude of flux density B is about 3 mT.

The variation of the magnetic coupling coefficient, &, in
the gap range of 9-21 cm, and with a secondary coil
sliding in the range of 0-60 cm, is shown in Fig. 10.

Fig. 8. Magnetic field of two primary coils and the secondary coil
moving in horizontal y-direction.

Fig. 9. Magnetic flux density of the coils with the secondary coil 100%
aligned with the 2™ primary.
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Fig. 10. Coupling coefficient, , vs. gap, with sliding as parameter.

For a fix vertical gap of 15 cm between the coils, the
coupling k£ value drops from a tight coupling of about
0.68, at the perfect coils alignment, to a loosely coupling
of about 0.35 at a 45 cm horizontal sliding in the traveling
vehicle direction.

If the slide reaches 60 cm from the null position, the
coupling remains almost constant at a low value of about
0.2 regardless the gap variation (Fig. 10).

Figure 11 illustrates the variation of the mutual induc-
tance, M [pH], in the gap range of 9-21 c¢m, and with a
secondary coil sliding in the range of 0-60 cm.
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Fig. 11. Mutual inductance, M [uH], vs. gap with sliding as parameter.



Considering the same fix vertical separation of 15 cm
between the coils, the value of the mutual inductance
drops 20% at a horizontal misalignment of 15 cm, 40% at
30 cm, a significant 64% at 45 cm, and a critical 84% at
45 cm horizontal misalignment (Fig. 11).

Figure 12 illustrates the input-output powers obtained
with the IPT system described in this study (Fig. 5).
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Fig. 12. DC input and DC output powers of the IPT system (Fig. 5).

Figure13 shows the 77% validated overall efficiency of
the IPT system, determined from the DC input of the
power inverter to the DC output of the rectifier charging
the battery.
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Fig. 13. Overall DC-to-DC power transfer efficiency.

V. CONCLUSION

In this study, a computational electromagnetics
approach is employed for the modeling and analysis of a
dynamic contactless inductive charging system for electric
vehicles. The modeling and simulation at the system level
is based, here, on the use of ANSYS Maxwell 3D for the
accurate design and parameters extraction of the pair of
magnetically coupled coils and for their 2D model
generation. The ANSYS Simplorer software component
allowed the dynamic link between the IPT system external
circuitry and the 2D FEA model of the coupled coils.

The magnetic field intensity and flux density simulation
results are presented and discussed for the system of two-
coil primary and a moving secondary coil.

A parametric sweep has been performed to reveal the
modification of the mutual inductive coupling, in terms of
k and M, with respect to the variation of the vertical gap
and the horizontal sliding between the coils. The obtained
IPT system input and output powers and the overall DC-
to-DC efficiency simulation results are presented.

This study, together with the preliminary work [11],
confirms the transferred DC output power corresponding
to overall DC-to-DC efficiency of 77%, reported in
experimental tests at 22 kHz operation in reference [2].
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