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Abstract— This paper presents a finite element analysis of five
different sizes of flux-pipe resonant coil design with a different
number of coils turns but having the identical length of litz
copper wire and aluminum shield. The analysis was undertaken
to establish the impact of coil turns on the losses, magnetic flux
distribution, power output, and power transfer efficiency of flux-
pipe resonant coils. From the result presented, it was noted at a
constant frequency, an increase in the excitation current causes a
significant increase in the ohmic, core, and eddy current losses
for each of the coil model designs.

Similarly, at constant excitation current, it was observed that the
eddy current losses increase significantly with an increase in
resonant frequency. In contrast, the ohmic and core losses are
relatively constant over the range of resonant frequencies used in
the analysis. It was also noted that term k\/st (where Kk is the
coupling coefficient and Qps is the product of the quality factor of
the primary and secondary coils) has a significant influence on
the input power, output power and coil-to-coil efficiency of a
particular flux-pipe resonant coil design. Increasing the value of
kVQys increases the value of output power, input power and coil-
to-coil efficiency. Similarly, the lower the coupling coefficient, the
higher the required optimum resonant frequency for optimum
coil-to-coil efficiency and output power.

Keywords— Finite element analysis, power output, coil-to-coil
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I. INTRODUCTION

The WPT technology based on the Magnetic Resonant
coupling allows effective transfer of electrical power between
two subsystems working at a particular resonant frequency[1].

In this method of wireless power transfer, the transmitter coil is
receives an electrical power source, which is then transmitted
to the receiver coil by means of electromagnetic resonance[1].
This technique of WPT has the benefit of transferring electrical
power over a longer range when compared with the wireless
power transfer technology based on the inductive approach but
at a shorter range when compared with the electromagnetic
radiation-based WPT approach. An added advantage also is the
absence of radiation concern while transmitting high power at
high transmission efficiency. The magnetic resonance coupling
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WPT technology can be classified into two types: the air-core
magnetic resonant coupling WPT technology and ferrite core
magnetic resonant coupling WPT technology([2].

The key difference between the two categories of magnetic
resonant coupling WPT technologies is the
nonexistence/existence of a ferrite core in the WPT system.
The air-core magnetic resonant coupling WPT system
comprises of only coils of copper wire operated at very high
frequencies in the megahertz range while the ferrite-core
magnetic core resonant coupling WPT system comprises of a
magnetic ferrite core which is used to increase the magnetic
coupling and self-inductance of the resonant coils[2]-[6].For
effective operation and deployment of ferrite-core magnetic
resonance WPT system, there are four major performance
parameters that determine the level of adaptability[18]. The
performance metrics are coupling factor (k), quality factor (Q),
power output and power transfer efficiency.

The coupling coefficient (k) is a number that measures the
ratio of the electromagnetic flux linkage between the receiver
coil and the transmitter coil. Magnetically coupled coils
having a k > 0.5 are termed strongly or tightly coupled coils;
while those coils having k factors < 0.5 are termed as poorly
or loosely coupled coils [9]. Another important property of
WPT coils is the quality factor. This is the measure of the
amount of inductive properties in relation to the resistive
properties of the resonant coil. It is a measure of the capacity
of the coil to produce a large amount electromagnetic field
which is majorly responsible for the transfer of electrical
power across the airgap[9].

Similarly, the level of power transfer and efficiency of a WPT
system is majorly determined by the level of losses in the
systems. Typically, three types of losses is identified in the
WPT system. They are ohmic losses, eddy current losses and
core losses[10]-[12].

For most WPT applications, the ferrite-core magnetic resonant
coupling WPT technology is the most commonly used
technology used for the charging of electric vehicle because of
the capability of transferring high power at high efficiency at a
relatively low cost[9]. Many different WPT models have been
proposed by many researchers. The common models deployed



for practical charging of electric vehicles are the rectangular
coils, circular coils, rectangular bipolar coil, and flux-pipe
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Figure 1. Common Geometries and Shape of Resonant Coil Design Models

coils[13]-[15]. The geometries of some of the common ferrite
core coil designs are shown in Figure 1.

Each of the coil designs has their own individual performance
advantages and drawbacks and have been discussed in various
literature and research work[16][17]. For example, the circular
coils and rectangular coils are capable of transferring a high
amount of power at high efficiency but the level of power
output and efficiencies decreases significantly with an
increase in horizontal misalignment. In contrast, the flux-pipe
coil designs have a good performance tolerance for vertical
and horizontal misalignment but can only transfer low amount
of electrical power at high efficiency due to the presence of
double flux at the top and back sides of the flux-pipe coils.
The rectangular bipolar coil was proposed to bridge the
performance gap between the rectangular coil and the flux-
pipe coils by providing a high power output at high transfer
efficiency with relatively good horizontal misalignment
tolerance. Despite the significant improvement obtained with
the rectangular bipolar coil, it has a major drawback of large
size and weight[18].

With respect to the flux-pipe model coils, finite element
analysis has been undertaken to ascertain the impact of coil
turns on the coupling factor of the coil system. In the research
work of Babatunde .O. et al[19], it was noted that for a fixed
length of litz wire, an increase in the number of coils turns
increases the level of magnetic coupling between the primary
and secondary coils.

In this research paper, a finite element modelling and analysis
was employed to ascertain the impact of coil turns on the
losses, power output and power transfer efficiency of flux-
pipe resonant coils. Finite element modelling (FEM) approach
was adopted for the design of the proposed physical coil
designs because of the modelling difficulty encountered in the
process of analytical modelling of resonant coils. The

software tool was employed for design and analysis of the
proposed design.

The performance accuracy of the proposed model designs was
evaluated based on the design environment, physical
modelling and boundary condition. The evaluated
performance results corroborated the WPT design models of
[13] and [20] with an error within a band of £6%.

II. DESIGN SPECIFICATIONS OF PROPOSED FLUX-PIPE MODELS

A. Proposed Governing Equations

The ohmic losses (W) in the coil windings is represented
mathematically by[21][22];

Pﬂhmic = IZR:!:: (1)

Where I(A) is the current flowing in the coil windings and B {{1] is
the A.C resistance of the coil windings consisting of D.C resistance
and resistance due to the skin and proximity effect[21]. An optimal
design must aim to reduce either the current or the total A.C
resistance of the coil or both.

Likewise, the power loss (W) in the ferrite core can be expressed
as[23]:

Peore = CrnF By 2)

Where C,, oo and § constants which are dependent on the
grade and properties of the ferrite core used. For the FDK
6H40 ferrite core used for this research, the values of the
constants are Ly, =2.0312, a = 1.418, and #=2.755 [23]. F (Hz) is
the resonant frequency and Bmax measured in Tesla (T) is the
maximum magnetic flux density in the ferrite core. Optimal design
with low amount of core losses will require a design that reduces the
amount of magnetic flux density as well as the resonant frequency.



TABLE L. TABLE OF PARAMETER SPECIFICATIONS FOR FLUX-PIPE RESONANT COIL DESIGNS
Parameter Model 1 Model 2 Model Ref Model 3 Model 4
Width of Coils (DLy) 552mm 386mm 297mm 257mm 227mm
Length of Coils (DLy) 168mm | 240mm | 312mm 360mm 408mm
Number of Coil Turns (N) 14 20 26 30 34
Width of Ferrite Core 538mm | 372mm | 283mm 243mm 213mm
Length of Ferrite Core 203mm | 293mm | 385mm 448mm 511mm
Width of Aluminum Shield 592mm | 426mm | 337mm 297mm 267mm
Length of Aluminum Shield 239mm | 332mm | 425mm 477mm 530mm

In the research work of P. P. Parthasaradhy and S. V
Ranganayakulu [10], The power loss per unit mass of a thin
sheet due to eddy current under certain conditions of uniform
material and magnetic field with no skin and proximity effect
is given by;

w2 By d-.F

G D

3)

Psdd_}r =

Where Fgz4y is the eddy current power loss per unit mass
(W/kg), d is the thickness of the shielding sheet (m), D is the

density of the material measured in (kg/m®) and g is resistivity
of the material measured in (Q m). From the equation (3)
given above, it can be noted that using a conductive material
with higher resistivity and density reduces the amount of eddy
current per unit mass in the shielding plate. Also, an increase
in the magnetic flux, sheet thickness and resonant frequency
increases the eddy current losses.

Similarly, Takanashi H et al [24] developed and proposed an
equation relating the maximum efficiency with the quality
factor and the coupling coefficient and it is given by:

1
Nmax = 72— (4)
k\.'m
1
Hmazx = T (5)
k\.'rq;-?

Where @y, is the product of the primary quality factor , and the

secondary quality factor ;. Equation 5 is very useful in
determining the optimum resonant frequency for a given maximum
efficiency.

B.  Coil Design Specification of Flux-Pipe Coils

The flux-pipe resonant coil design is modelled by winding a
piece of copper wire around a ferrite bar in order to provide
the shape shown in Figure 2. For a constant length of copper
wire, there are many ways of generating the length and width
dimension of the coil. The initial starting point is to model the
core such that the length and the breadth are almost equal, and
the flux-pipe model was denoted as the reference model (Ref

Model). Then the width and length are modified in order to
generate different shape geometries of different length and
breadth. A typical shape and dimension parameters of a flux-
pipe resonant coil is shown in Table 1.
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Figure 2. Dimension Parameters Specification of the Flux-Pipe Resonant Coil
Model

C. Compensation Scheme

The compensation scheme is employed due to the presence of
large magnetizing current and leakage inductance due to the
large airgap.

This is achieved by applying appropriate coupling capacitance
to compensate for the leakage inductance and drive the circuit
into resonance. There are basically four types of compensation
schemes: series-parallel, parallel-series, series-series, and

parallel-parallel compensation scheme.
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Figure 3. Equivalent Circuit for an S-S Compensation Topology



In this paper, the series-series compensation scheme was
adopted and the circuit representation is illustrated in Figure 3.
The series-series combination is considered to be the most
suitable for charging of electric vehicles because of the
compensation ability acts as a voltage source which is immune
to changes in the value of the secondary capacitance while
having high power factor and transmission efficiency[2].

The value of the primary compensation capacitors (Cp) and
secondary compensation capacitors (Cs) is a function of the
coupling factor (k) and the self-inductance of the primary and
secondary coils. The values of the primary and secondary
compensating capacitors are given mathematically as:

1 1
Cp=————. L=
Fowi(1-k)L, fwi(l-k) L (6)

The parameter w, is the angular resonant frequency of the
WPT system model measured in rad/s and mathematically
represented as w, = 2mf,. where f is the resonant frequency
measured in Hertz (Hz). The term (1 — k*) is known as the
leakage factor.

III. FINITE ELEMENT ANALYSIS OF FLUX-PIPE MODELS

The finite analysis is undertaken to ascertain the performance
of the individual coil designs based on a parametric sweep of
the excitation currents and resonant frequencies in order to
measure the values of the ohmic losses, eddy current losses,
and the core losses.
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Figure 4. Losses in Flux-pipe Models due to Variation in Excitation Current.
(a) Ohmic Losses. (b) Eddy Current Losses (c) Core Losses

At a particular value of electric current and frequency, the
magnetic flux distribution on the ferrite cores is visualized.
Similarly, the reduced order model of each model coils is
imported into a circuit environment known as Ansys
Simplorer® in order to obtain the optimum power output,
resonant frequency and coil-to-coil efficiency of each of the
flux-pipe models.

A.  Parametric Loss Evaluations at Constant Frequency

The finite element analysis is undertaken by performing a
parametric sweep of excitation current from 0 A to 50 A on
each coil designs at a fixed frequency of 50 kHz. The result of
the parametric sweep for each of the three losses is illustrated

in Figure 4.
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Figure 5. Losses in Flux-pipe Models due to Variation in Resonant
Frequencies. (a) Ohmic Losses. (b) Eddy Current Losses (c) Core Losses

From the result shown in Figure 4 it is noted that at a constant
frequency, an increase in the excitation current causes a
corresponding increase in the amount of each of the three
types of losses for each of the coil designs. Similarly, it is
noted that for each value of the excitation current the losses
increase with an increase in the number of coil turns. The
increase in the amount of core and eddy current losses is as a
result of increase ampere-turns which increases the value of
the maximum flux density in the ferrite core.



B. Parametric Loss Evaluation at Constant Current

The finite element analysis is undertaken by performing a
parametric sweep of resonant frequencies from 5 kHz to 100
kHz on each coil designs at a fixed excitation current of 50A.
The result of the parametric sweep for each of the three losses
is illustrated in Figure 5.

From the results presented in Figure 5, it is noted that at a
fixed excitation current, the amount of eddy current losses and
ohmic losses are relatively constant over the range of
frequencies. In contrast, the amount of core losses in the WPT
system increases significantly with an increase in frequencies.
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From the results presented in Figure 6, it is noted that the
maximum flux density increases as the number of turns
increases. For example, model 1 with 14 number of turns has
the least maximum flux density of 0.135 T while Model 4 with
the highest number of turns (34 turns) has the highest
maximum flux density of 0.428 T at the same excitation
current of 50 A. This indicates that flux-pipe with more
number of coils is prone to core saturation easily than coil
with less number of turns using an equivalent length of copper
wire.
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Figure 6. Magnetic Flux Distribution in Ferrite Cores for Flux-Pipe Resonant Coils

Thus, the value of the resonant frequency has little impact on
the amount of ohmic losses and eddy current losses in the
system. Similarly, at each of the resonant frequencies, the
losses increase with an increase in the number of coil turns.

IV. EFFICIENCY EVALUATIONS OF FLUX-PIPE MODELS

In order to ascertain the individual performance of each of the
flux-pipe model coil designs in terms of optimum coil-to-coil
efficiency, power output, and total power losses, the evaluated

TABLE II. SUMMARY OF PERFORMANCE CHARACTERISTICS OF FLUX-PIPE OIL MODELS FOR S-S CONFIGURATION

S-S Configuration

Parameters Model 1 Model 2 Model Ref Model 3 Model 4
Resonant Frequency 130 kHz 100 kHz 60 kHz 40 kHz 30 kHz
k\/st 341 333 318 310 309
Input Voltage 300 V 300 V 300V 300 V 300 V
Output Voltage 340 V 330V 302V 298 V 285V
Load Resistance 20 Q 20 Q 20 Q 20 Q 20 Q
Input Current 19.72 A 18.48 A 15.48 A 15.13 A 13.81 A
Output Current 17.02 A 16.48 A 15.09 A 14.92 A 14.25 A
Input Power 5.90 kW 5.54 kW 4.64 kW 4.54 kW 4.14 kW
Output Power 5.79 kW 5.43 kW 4.56 kW 4.45 kW 4.06 kW
Total Power Losses 110 W 110 W 80 W 90 W 80 W
Coil-to-Coil Efficiency 98.10 % 98.05 % 98.09 % 98.05 % 98.02 %

C. Magnetic Flux Distribution Analysis

At an excitation current of 50A, a magnetostatic analysis was
performed on each of the five flux-pipe model designs. The
magnetic flux distribution in the ferrite core of each model is
illustrated in Figure 6.

model solution from the finite element analysis at constant
current is imported into the circuit analysis environment called
Ansys Simplorer and the desired results evaluated. The
evaluated results for each of the flux pipe model designs at a
minimum coil-to-coil efficiency of 98 % is shown in Table II.



From the result presented in Table II, it is noted that the
mathematical term kVQ,, has a significant impact on the
power output, power input, and coil-to-coil efficiency of a
particular flux-pipe resonant coil design. For example, Model
1 with the highest value of k\/st has the highest values of
output power and coil-to-coil efficiency while Model 4 with
the minimum value of k\/st has the minimum value of power
output and coil-to-coil efficiency. Similarly, the lower the
number of coil turns, the higher the required optimum
resonant frequency for optimum power output and coil-to-coil
efficiency.

For optimum design specifications, there is a required trade-
off between resonant frequency and power output for any
particular application.

V. CONCLUSION

This paper presents a finite element analysis of five different
flux-pipe resonant coil design with a different number of coils
turns but having the same length of litz copper wire. The
analysis was undertaken to ascertain the impact of coil turns
on the losses, magnetic flux distribution, power output, and
power transfer efficiency of flux-pipe resonant coils.

From the result presented, it was noted at a constant
frequency, an increase in the excitation current causes a
significant increase in the ohmic, core, and eddy current losses
for each of the coil model designs. Similarly, at constant
excitation current, it was observed that the eddy current losses
increase significantly with an increase in resonant frequency.
In contrast, the ohmic and core losses are relatively constant
over the range of resonant frequencies used in the analysis. It
was also noted that term k\'Q,s has a significant impact on the
input power, output power and coil-to-coil efficiency of a
particular flux-pipe resonant coil design. Increasing the value
of k\/QpS increases the value of power input, power output and
coil-to-coil efficiency. Similarly, the lower the number of coil
turns, the higher the required optimum resonant frequency for
optimum output power and coil-to-coil efficiency.

For optimum design specifications, there is a required trade-
off between resonant frequency and power output for a
particular application.
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