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Abstract

As wireless power transfer (WPT) is gaining more and more popularity in modern times,
it is finding its applications in many new areas, ranging from tiny implantable medical
devices to large scale EV charging infrastructure. One such area where WPT has caught
attention is high purity manufacturing industries such as pharmaceuticals and semicon-
ductor manufacturing industries, where high purity environment requirements renders
the supplied equipment to be completely encapsulated in metallic/electrically conductive
enclosure. Thus WPT certainly have one up in this area. However, due to presence of
electrically conductive material (usually stainless steel (SS)), the alternating flux crossing
it induces eddy currents which causes a part of transferred power to be lost in the SS
which reduces its efficiency. Such a system to supply equipment through SS has been
realized and tested.

This master thesis focuses on improving the performance of the system by geometry
optimization. Different types of WPT through SS (ie. OFC and PFC) are discussed.
To optimize the system, it first needs to be modelled. Various modelling techniques
like Numerical, Semi-Numerical, analytic, are discussed and their complexity is analysed.
Electrical as well as magnetic modelling is discussed and analytical model of OFC-WPT
is developed which is later used to geometrically optimize the system.

The major factor that governs the losses on SS is its resistance, which very well depends
on the system geometry. So geometrical modification, like introducing pole shoes at the
limbs of e-core is proposed. The idea is backed by analytic modelling of equivalent SS
resistance and finally geometry optimization is performer. Since geometry optimization
has many variables, approach to use boxed volume optimization is taken. Further, the
device is optimized to give 50W output power at 60V input voltage. The optimized design
is realized in hardware and analytical calculations are then verified on the prototype.

Keywords: Wireless Power Transfer, Magnetic Modelling, IPT, ICWPT, WPT, Solid
Losses, AC losses, optimization, boxed volume optimization.
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1| Introduction

Modern Inductive Power Transfer (IPT) systems are in existence since 1960’s where they
found applications in biomedical and radio-frequency identification systems, mainly sup-
plying implanted devices and for remote sensors.

IPT currently have also found applications in battery charging technology for consumer
electronic devices as well as for charging the batteries of Electric or Hybrid Electric Ve-
hicles (EV/HEV). [4]

In conventionally, the WPT system primary-side and secondary-side coils are realized as
air coils with litz wire, while flux guidance is provided by magnetic material suitable to
be used at high frequencies, typically ferrite cores, which also offers better coupling and
shielding. Use of litz wire eliminates the frequency-dependent parasitic skin and proximity
effects allowing the IPT system to operate at high frequencies of the alternating field (tens
of kHz, typically 85 kHz) with high transmission efficiencies of ≥ 90%. [10]

In high purity industries such as pharmaceutical and semiconductor industries, the man-
ufacturing environment have very high purity environment requirement. The manufac-
turing units are often enclosed in Stainless Steel enclosures to ensure high purity. To
supply systems inside a closed environment is usually achieved by cable carriers. This
may compromise the purity of the environment. Also with time, the cables loosens due
to ageing which may also cause contamination. Thus transmitting power wirelessly is
a promising solution. However, due to presence of conductive material in between the
sending and receiving module, usually stainless steel (SS), there are losses in SS. This
limits the maximum efficiency of the WPT module.

Previously there has been work done in developing such a WPT module through SS. An
MSc thesis [10] has been conducted in this topic in which different wireless power transfer
methods through SS has been studied and realized in hardware. The work included
modelling the differnt WPT modules (OFC and PFC), analysing equivalent circuits and
realizing and testing it in hardware demonstrator. The OFC-WPT module achieved 72%
of maximum efficiency at 50W output power & 60V input voltage [8]. Figure 1.1 shows
the OFC-WPT model developed along with it’s performance parameters.
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:
(a) Base Design Performance:: (i): Eff. vs Pout as a function of Û1, shows constant trend of efficiency over
entire voltage range, (ii):SS Losses vs Pout as a function of Û1, shows linear trend, (iii): Eff. vs Pout as a
function of RL, (iV): SS Losses vs Pout as a function of RL.

(b) Base Design (All dimensions in mm)

Figure 1.1: Previous Work on OFC-WPT [8]

However, the design was not geometrically optimized. This thesis mainly focuses on
geometrically optimizing the OFC-WPT module to improve the efficiency for given power,
voltage and volume of the module. The base design as shown in Figure 1.1b is taken
as reference and is geometrically optimized with constant boxed volume. The module is
studied for developing analytical modelling, which is used to run the optimization routine.
The most efficient design is chosen, realized and tested, such that it delivers 50W output
power at fixed 60V input voltage operating at calculated efficiency.

Outline of the Thesis

This thesis is organized as follows: In second chapter, the fundamentals of WPT are
discussed along with modelling and developing equivalent circuit of OFC-WPT module.
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The Third chapter lays down ground for modifications in the base design to reduce losses
and increase the efficiency. Optimisation methods are discussed and the analytical ap-
proach used for geometry optimization is developed and implemented. In chapter Four,
the optimum design is selected, analysed and methods to realize it in hardware along
with required power electronics to supply it are discussed. In Chapter Five we will see the
tests and measurements done on the developed model and results are analysed. Finally,
In Chapter Six the thesis is concluded along with a discussion on future research work in
this area.
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2| Fundamentals of Wireless

Power Transfer

In this chapter, the working principle of WPT and modeling of equivalent circuit for
performance analysis is presented. Later, the method to evaluate analytical performance
is studied.

2.1. Inductive Power Transfer System

The main objective of ans IPT system is to transfer power to a moveable component across
gapped magnetic structure. The complete realization of Inductively Coupled WPT system
is an intricate amalgamation of magnetics and power electronics . Due to the large air
gap, the magnetic coupling between primary and secondary is lower, which leads to low
mutual inductance and higher leakage inductance. Because of this, the power conditioner
along with circuit tuning is required for efficient operation of WPT system. The elements
of the ICWPT are shown in Figure 2.1 [1].

Figure 2.1: Elements of Inductively Coupled WPT system [1]

The basic principle of operation of WPT is governed by Amperé’s law and Faraday’s law.
The working of ICWPT can be modelled and better understood by equivalent circuit of
a transformer [3].

The analysis of MF transformers for Power Electronic applications can be split in various
categories, such as [7]:

• Magnetic: The magnetizing flux, leakage flux relations can be described by mag-
netic equivalent circuit.
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• Electric: Parasitics of a transformer and insulation coordination can be studied by
computation of electric field.

• Losses: The Cu-losses in windings and Core losses can be computed by different
methods established in literature. Further, for purpose of this thesis, the losses in
SS-sheets is modelled by incorporating a lossy tertiary winding.

• Thermal: To design effective cooling system for the transformer for heat extraction,
the thermal model can be developed for getting the temperature distribution.

For the purpose of this thesis, the parasitic effects and thermal considerations have been
neglected. Thus, for optimization, mainly the magnetic modelling of WPT and loss
calculations are studied.

2.1.1. Transformer Equivalent Circuit

The main element of a WPT system is the magnetics, as the energy transfer from primary
side to the secondary side is achieved via alternating magnetic field, guided through a
magnetic core. The sending and receiving modules of a WPT system can be modelled as
a transformer. The main magnetic field established by the excitation source can be split
into two components: (a): Leakage field, & (b): Mutual field.

An ideal transformer can be represented by two mutually coupled coils, as shown in
Figure 2.2, the leakage field and mutual field can be modelled by Leakage Inductance
(Lσ) and Mutual Inductance (Lµ or M) respectively. The differential equations of an ideal
transformer can be described fully by 3 circuit elements, namely: Primary & Secondary
Self Inductances (L1 & L2), and Mutual Inductance (Lµ or M).

u1 = L1
di1
dt

−M
di2
dt

u2 = L2
di2
dt

−M
di1
dt

(2.1)

This transformer model can be extended to any arbitrary ‘n’ value as shown in Figure 2.2.
The equation. 2.1 is still valid. By chosing appropriate value of ‘n’, such as n = k

√
L1/L2,

the model can be again reduced with 3 variables, where k represents the coupling coeffi-
cient of the two windings, and by definition is given by:

k =
M√
L1L2

(2.2)
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Figure 2.2: Equivalent circuit of an ideal transformer: (a): Ideal transformer with n = 1,
(b): Ideal transformer with n ̸= 1, (c): Ideal transformer with n = k

√
L1/L2; [3]

2.1.2. Losses in WPT

The main loss components associated with a WPT are: (a): Conduction losses in the
winding of transformer (b): Core losses inside magnetic material of transformer, & (c):
Losses associated with shielding or conductive materials present (if any).

The Cu-losses in the winding are ohmic losses due to the resistance of the winding. This
resistance is frequency dependent due to the so called HF skin and proximity effects. The
calculation methods of HF losses are well described in literature, and which are explained
in later chapters.

The core losses in the magnetic material are due to the changing magnetic field. the
three main components constituting to the core loss are: (a): Hysteresis losses, (b):
Eddy-current core losses, & (c): Residual losses. [9]

Empirically, the core loss can be characterized by the so called Steinmetz Equation (SE):

Pc = kfαB̂β (2.3)

Where: B̂ is the peak flux density inside the core, f is the excitation frequency, k, α, β
are material parameters.

The above equation is valid for sinusoidal excitation with DC paramegnetization effect
neglected. However, the excitation with power electronic systems is not always sinusoidal.
For an arbitrary waveform, improved version of SE called improved Generalized Steinmetz
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Equation (iGSE) can be used. For the purpose of this thesis, as the applied excitation to
WPT is quite sinusoidal due to capacitive compensation (explained later), SE equation is
sufficient to estimate core losses in magnetic material.

To complete the equivalent circuit of the transformer including losses, the Cu-losses are
modelled as series resistance of winding, while the solid losses are represented as an
equivalent solid loss resistance (Rc) in parallel with magnetization branch. The complete
equivalent circuit is shown in Figure 2.3.

Figure 2.3: Equivalent circuit of an a real transformer including loss components. [8]

2.1.3. WPT through Stainless Steel

The conventional WPT systems employ primary and secondary coils which are generally
realized as air coils. To avoid parasitic effects, litz wire is typically employed and the core
is generally realized with ferrite materials. Since the HF parasitic effects are absent, high
efficiencies at relatively higher frequency range can be achieved.

In high purity environments, such as Pharmaceutical or Semiconductor manufacturing
industries, the equipment supplied needs to be encapsulated to avoid exposure to outside
environment. These machines are usually fully enclosed by SS. The usual method of power
delivery is via cable or cable carriers, which makes it challenging to seal the enclosure
completely and may compromise the purity of manufacturing environment. Therefore,
power transfer through wireless methods is a promising solution. However, this method
has its own problems: Since SS is electrically conductive, the alternating field penetrat-
ing through it induces eddy currents. This creates additional losses and also limits the
operating frequency.

The two main types of WPT methods employed through SS are: (a): Parallel Field WPT
Concept (PFC-WPT), & (b): Orthogonal field WPT concept (OFC-WPT), depending
on the way the magnetic field penetrates the SS.

As the name suggests, in PFC-WPT, the magnetic field penetrating the SS is parallel to
the SS sheets, while in OFC-WPT, the magnetic field and SS sheets are orthogonal to
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each other. Figure 2.4 gives a pictorial depiction of the two WPT concepts through SS.
[[8, 10]]

Figure 2.4: WPT Concepts through SS: (a): Orthogonal Field Concept (OFC) - B⃗ & SS
sheets are orthogonal, & (b): Parallel Field Concept (PFC) - B⃗ & SS sheets are parallel

2.2. OFC - WPT: Modelling and Analysis

The main focus of thesis is on OFC-WPT. As seen in section 2.1.3, the magnetic field
lines cross the SS sheets orthogonally. The WPT module is realized on a ferrite E-core
srtucture, one for each: sending and receiving end. The module is supplied to the sending
end winding via a DC-AC converter. This sets up the alternating magnetic field in the
core which crosses the air gap, through the SS sheets, and closes through the receiving
end module. This mutually coupled flux induces voltage in the secondary winding. The
secondary side is connected to the load through a diode bridge.

In this chapter, we will see the equivalent circuit modelling of the OFC-WPT, concepts
of resonant compensation, fundamental frequency analysis of the load and power output
relation and proposed modifications to improve the efficiency of the module.

2.2.1. OFC-WPT Equivalent Circuit

The OFC-WPT is modelled as a 3-winding transformer [8] with SS sheet modelled as
single turn, short-circuited winding. The equivalent circuit of the OFC-WPT is shown in
Figure 2.5(b). KVL can be applied and equations can be written for the three windings
as shown in Equation set 2.4.

u1 = R1i1 + L1
di1
dt

+M12
di2
dt

+M31
di3
dt

,

u2 = R2i2 + L2
di2
dt

+M12
di1
dt

+M23
di3
dt

,

0 = R3i3 + L3
di3
dt

+M23
di2
dt

+M31
di1
dt

,

(2.4)



10 2| Fundamentals of Wireless Power Transfer

Figure 2.5: Equivalent circuit model of OFC-WPT

The mutual inductances are related to each other by no. of turns (N1, N2 & N3) as:

M12 = N1N2 ·M0 M23 = N2N3 ·M0 M31 = N3N1 ·M0 (2.5)

where M0 is the mutual inductance per turn. If we define turns ratio as: n = N1/N2 &
m = N1/N3, the equations 2.4 can be further simplified to:

u1 = R1i1 + L1
di1
dt

+ nM12︸ ︷︷ ︸
=M

d i2
n

dt
+mM31︸ ︷︷ ︸

=M

d i3
n

dt
,

nu2 = n2R2
i2
n
+ n2L2

d i2
n

dt
+ nM12︸ ︷︷ ︸

=M

di1
dt

+ nmM23︸ ︷︷ ︸
=M

d i3
n

dt
,

0 = m2R3
i3
m

+m2L3

d i3
m

dt
+ nmM23︸ ︷︷ ︸

=M

d i2
n

dt
+mM31︸ ︷︷ ︸

=M

di1
dt

,

(2.6)

Since using Equations 2.5, we can simplify the mutual inductances as:

n M12 = m M31 = nm M23 = N2
1M0 = M.

Rearranging the equations 2.6 and further simplifying, we can get:

u1 = R1i1 + (L1 −M)
di1
dt

+M
d

dt
(i1 +

i2
n
+

i3
m
),

nu2 = n2R2
i2
n
+ (n2L2 −M)

d i2
n

dt
+M

d

dt
(i1 +

i2
n
+

i3
m
),

0 = m2R3
i3
m

+ (m2L3 −M)
d i3
m

dt
+M

d

dt
(i1 +

i2
n
+

i3
m
).

(2.7)
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This equivalent circuit (Figure 2.6) is similar to the equivalent circuit of a transformer,
as seen in Section 2.1 (Figure 2.3). The only addition is a parallel branch with magneti-
zation inductance, which denotes the equivalent referred inductance of SS sheet and loss
components of SS. Based on the equation set 2.7, the parameters of this OFC-WPT can
be obtained from Z-parameters as [8]:

R0 = ℜ(Z11 − Z12)

Ls0 = ℑ(Z11 − Z12)/ω,

M0 = 1/ℑ(1/Z∗
12) · 1/ω, &

R3 = 1/ℜ(1/Z∗
12).

(2.8)

Figure 2.6: Complete equivalent circuit of OFC-WPT through SS

2.2.2. Resonant Compensation

As explained in Section 2.1, the coupling coefficient of ICWPT is quite low as coupling
coefficient k is very small due to the presence of large air gap. Additionally, the presence of
SS plates in OFC-WPT also, creates its own magnetic field due to eddy currents induced
in it, which further reduces the coupling factor.

This low coupling factor results in relatively large voltage drops across the stray induc-
tances, thus limiting the reduce its power transfer capability to the load. To cope with
this, resonant compensation becomes necessary to achieve higher transmission efficiencies.
Various compensation techniques are studied for IPT systems. The most common typolo-
gies as given in [11] are: (a): Series-Series, (b): Series-Parallel, (c): Parallel-Series, &
(d): Parallel-Parallel. Figure 2.7 shows various compensation topologies.

Typically for IPTs, the reciever side is compensated with a resonant capacitor C2 con-
nected either in series or parallel. On transmitter side, another resonant capacitor C1 is
connected to the transmitter coil L1 for reducing the power requirements of the converter.
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Figure 2.7: Compensation Networks for IPT: (a): Series-Series, (b): Series-Parallel, (c):
Parallel-Series, & (d): Parallel-Parallel. [11]

With this, we can make the phase angle of the input impedance of the resonant circuit as
seen by the transmitter-side power converter to zero at the resonant frequency. And so,
power converter only processes the active power required at resonant frequency, which is
often same as the operating switching frequency fsw.Transmitter coil can also be compen-
sated by parallel compensation, but it requires an additional inductor connected in series
between the resonant tank and the power converter. [5].

For this thesis, Series-Series Compensation technique is used. For this, usually the primary
and secondary side compensation capacitances are chosen to compensate the primary and
secondary self-inductances respectively at swithicng frequency. However, due to presence
of SS, losses are larger if self-inductances are compensated as compared to only compen-
sating leakage inductances. Therefore, for compensation, only leakage/stray inductances
are compensated. After conpensation, the OFC-WPT equivalent circuit can be simplified
as shown in Figure 2.8.

The compensation capacitors are calculated as:

C1 =
1

ω2Ls1

and C2 =
1

ω2Ls2

. (2.9)

where ω = 2πfsw.
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(a) OFC-WPT Equivalent circuit with series-series compensation.

(b) Simplified equivalent circuit

Figure 2.8: Series Compensated Equivalent circuit of OFC-WPT
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3| Model and Optimization

Methods

In this chapter we will see the proposed modifications in the OFC-WPT geometry to
improve its performance and effect of geometrical parameters on different circuit as well
as operational parameters. later the optimization methodologies would be discussed and
we will then see the modelling of system in FEM as well as Analytical environments. We
would also see the methods to evaluate/estimate equivalent circuit parameters and based
on that, the estimation of module performance.

3.1. OFC-WPT Model and proposed geometrical

modifications

As discussed in previous chapter, the OFC-WPT module is realised with an E-type ferrite
core. The main geometrical parameters as well as the physical arrangement of WPT cores
can be seen in Figure 3.4. As can be seen, the magnetic flux passes from the transmitter
module inside the core, through the air gap and crossing the SS sheets and finally closing
through the receiving module core. It can be evaluated using Amperé law that the induced
EMF in SS sheets will be maximum in the air gap between the limbs of the core. Figure 3.1
shows the distribution of induced EMF as a function of distance along the center line of
SS sheet.

This will cause the eddy current to flow in the SS sheets and thus, there will be losses
associated with the SS sheets. Figure 3.2 shows the distribution of Eddy current density
in the SS sheet. This loss component is reflected as an equivalent resistance R3 in the
equivalent circuit of the winding model of SS (see Figure 2.5). In the simplified equivalent
circuit, this equivalent SS resistance is represented by RSS (see Figure 2.8).

As can be seen in the figures above, the induced EMF and thus the eddy currents are
mainly induced in the air gap between the limbs of the E-core. The induced current den-
sity is maximum in the slit between the limbs of E-core (see Figure 3.2), and thus, this
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Figure 3.1: Induced EMF distribution for an E-core type OFC WPT module

section contributes to the maximum resistance to the induced eddy currents. Moreover,
the induced EMF and thus the current density can be approximated to have trapezoidal
distribution as shown in Figure 3.1 & Figure 3.2.

Proposed Modifications:

Since RSS contributes towards maximum reduction of losses in SS, increasing the value
of RSS would reduce loses in SS, and thus increasing the overall efficiency of the module.
As seen in Figure 3.2, the current density is maximum in the slit between the core limbs,
and thus it contributes maximum to RSS, since the current spreads out in the SS sheet
in the area outside the slit, thus, reducing the width of this slit may increase the RSS.
Figure 3.3 shows the proposed modifications.

To achieve this, Pole Shoes can be introduced at the ends of the limbs to reduce the
overall width of the air-gap. This would in turn reduce the cross sectional area of the
eddy current path and thus increasing RSS. Different Pole shoe shapes were first analysed
in the FEM environment to see which pole shoe placement is best (see Figure 3.3). From
the results, it was found that Pole Shoes placed symmetrically inside the air-gap gives
best results with symmetric magnetic field distribution (as shown in Figure 3.3(b)).
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Figure 3.2: Induced Eddy Current distribution for an E-core type OFC WPT module
along the center line of SS sheets.

(b)(a) (c)

Pole Shoes E-Core

Figure 3.3: Pole Shoe Types explored:: (a): Pole Shoes placed at the center of each
limb with equal pole width on each side, (b): Pole shoes placed symmetrically to get
symmetric gap between the pole shoes, (c): Pole shoes placed on central limb to increase
distance between air-gaps.

The details of geometrical dimensions are shown in Figure 3.4. The description of various
geometrical dimensions involved is given in Table 3.1
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Table 3.1: Description of Geometrical Dimensions

lc : Core length hc : Core height
wc : Core width tc : Core limb thickness
ww : Winding width hw : Winding height
lw : Winding length gps : Pole shoe gap
hps : Pole shoe height Ac : Core Area (tc · lc)
Aw : Winding window area (hw · ww) xc : Core aspect ratio (lc/tc)
wps : Poles shoe width

wps

SS Sheets

Primary Core

Secondary Core

Primary Winding

Secodary Winding

Pole Shoes

lc

hw

ww tc

wc

lw

hc

hpsgps

Figure 3.4: Geometrical Dimensions of OFC-WPT Module

3.2. Optimization methods

In previous chapter we have seen the geometrical model of the OFC-WPT module and
also the proposed modifications in the geometry to improve performance. The main aim
of this modification is to reduce the losses in the SS sheets. However, there are many
other parameters which also affect the efficiency, for e.g. Switching Frequency (fsw), No.
of turns (Nt), Input Voltage (Ûin) etc.

To find the best performing parameters, we must perform an optimization routine. The
output of this optimization should give the set of all the parameters (geometrical as well
as operational) which would give us maximum efficiency for the module. In order to start
optimization, the system needs to be modelled based on the analysis type as discussed in
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Section 2.1. There are various ways to obtain the full-model of a system for optimization,
classified in three categories [6]:

• Numerical Model: The WPT module parameters are calculated from numerical
field simulations (FEM). This method is the most accurate but is very complex and
time-consuming.

• Semi-Numerical models: The model is derived using analytical equations, but
doesn’t have an explicit solution. Optimized design is found through numerical
optimizations, but is difficult to realize mechanism leading to optimized design.
Reasonably fast compared to Numerical Model.

• Fully Analytical: Closed form solution analytical equations of the model are used.
Simple, fast but accuracy of this method is limited.

For the purpose of this thesis, FEM model and Fully - Analytical Models are used. Ini-
tially, the FEM approach was used to get the model parameters, and then optimization
was run in MATLAB program. This optimization method was kept unconstrained and
all the parameters were varied. This resulted in getting most optimum designs at the
extremes of the design space. This approach was therefore not suitable, hence analytical
model was developed and optimization was run with fully analytical model in MATLAB.
Both the optimization methods are discussed in detail in next sections.

3.2.1. FEM Model and optimization approach

To assess performance of the module, the equivalent circuit as shown in Figure 2.8 is used
and the circuit parameters needs to be known. The model parameters of such a circuit
can be extracted from its Z-parameters (ref: Equation 2.8).

In FEM environment, the physical model can be created and analysed for different frequen-
cies and excitation types for optimization. From the analysis results, various parameters
such as Z-parameters, Field Distribution, loss calculations etc. can be evaluated. For
our analysis, we would need the Z-parameters to obtain circuit parameters. The model
is parameterized and controlled externally through a MATLAB program. The geometri-
cal parameters are iteratively varied to solve for different geometries of WPT. For each
geometry, the analysis data is exported and is then processes in a separate program in
MATLAB. Based on the filtering criteria, invalid design are discarded and Pareto Plots
are generated to observe the efficiency trends. The complete working flowchart for FEM
based optimization approach is shown in Figure 3.5.
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Figure 3.5: FEM Optimization Flowchart

A typical workflow of modelling in FEM environment is shown in Figure 3.7. Parame-
terized commands generates the geometry in Ansys EDT, solves analyses the model and
saves the analysis results.

After processing the FEM data, a typical η − ρ Pareto plot is obtained as shown in
Figure 3.6. The plots can be generated as a function of different geometrical as well as
operational parameters. As can be seen in Figure 3.6, the design space for all the valid
designs in plotted as a function of fsw, gps(pu), lc & Ac, with all the variables free no clear
trend is discernible. Therefore, some parameters needs to be fixed.

A design from the pareto plot can be chosen and can be verified back in Ansys with actual
excitation, i.e. a solid single turn winding replaced with actual winding. The winding
can be modelled in Ansys Maxwell circuit and excited with actual voltage source to verify
the actual performance which was previously calculated analytically in MATLAB using
Z-parameters.

From the analysis, the fields plots can also be generated to verify the peak flux densities in
the core and current densities in the windings. Figure 3.8 shows a typical field distribution
plot obtained from FEM analysis. This tool is helpful in checking for any saturation effects
in the core, or to see the maximum current densities to observe any thermal considerations.
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(a) (b)

(c) (d)

Figure 3.6: η− ρ Pareto Plot for FEM based optimization analysis, with filtering criteria
applied as:- B̂pk ≤ 0.3T, dwire ≤ 1mm, Ĵpk ≤ 5A/mm2 & η ≥ 78%.

3.2.2. Analytical Modelling and Optimization

In Section 3.2.1 we saw the Numerical method of optimization. Though accurate, this
method is computationally intensive and time consuming. Since there are may parameters
involved in the geometry optimization, a good approach will be to analyse the model in
fully-analytic way.

To do that, the different circuit elements namely Rw, Ls, M, & RSS (Figure 2.8) needs
to be modelled individually. These parameters are linked with geometrical as well as
operational parameters. Thus, the analytical closed form equations needs to be developed
which links the operational & geometrical parameters with the circuit parameters. After
obtaining closed form equations, the optimization routine similar to FEM approach can be
run to find the optimized design. The modelling methods of circuit elements are discussed
in detain in following sections.
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1. Create Primary Core 2. Duplicate to add
secondary core

3. Add primary
winding

4. Duplicate to create
seconady winding

5. Add SS sheets 6. Add winding sections &
assign currents

7. Run analysis and obtain
model parameters

MATLAB script Interfacing with Ansys EDT

Figure 3.7: FEM Workflow

Magnetic Modelling of OFC-WPT module

The main component of the OFC-WPT is the E-core, and the magnetics play a pivotal
role in determining the performance. The magnetic modelling of the E-core is to be
done to determine the flux linkage of the transmitter module with the receiver module.
The mutual flux linked with primary (transmitting side) and secondary (receiving side)
mainly contributes to the power transfer. However, not all the flux that is generated in
the primary module links with the secondary side. Some flux lines closes through the air
within the primary ( or secondary) modules, which is called the Leakage Flux.

As was seen in Section 2.1.1, the two flux fields: Leakage & Mutual fluxes can be modelled
as Inductances, namely: Leakage (Lσ) & Mutual (MorLµ) Inductance respectively. Re-
ferring to the equivalent circuit of the OFC-WPT (Figure 2.8), the primary and secondary
sides have their respective leakage inductances (Lσ). The mutual inductance (M) takes
into account the flux linked with Primary & Secondary and also the flux linked with SS
sheets.

The megnetic circuit modelling of the WPT is analogous to modelling electric circuit.
Just like KVL for electric circuits, the Amperé’s Law states that sum of magnetomotive
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(a) (b)

Figure 3.8: Field Plots of FEM analysis:: (a): Flux density distribution inside the core,
(b): Current density distribution inside the windings

force (MMF) in a closed loop is zero and similar to KCL, the Gauss’ law for magnetic
circuit states that sum of magnetic flux at a node is zero. Similar to resistance in electric
circuits, the resistance of flow of magnetic flux in defined as Reluctance: Rm = MMF/ϕ.
Hence the magnetic model is also simply called the Reluctance Model. [9]

Using the reluctance model, the inductance of any inductive components having Nt turns
of winding and total reluctance Rm,tot can be evaluated as:

L =
N2

t

Rm,tot

(3.1)

To get the indutance, we must first know the reluctance of each section of the inductive
component. The OFC-WPT module thus can be divided into different sections as shown
in Figure 3.9(a). For each section, the reluctance can be calculated as:

Rm =
l

µ0µrAcm

(3.2)

where Rm is the reluctance of the path/section, l is the length of the section, Acm is the
cross sectional area of the magnetic material section and µ0µr is the permeability of the
section (µr = 1 for air). [9]

Referring to Figure 3.9(a), the reluctances R1, R2 & R4 are the reluctances of the magnetic
material, while reluctances R3, R5 & R6 are reluctances in the air path. The reluctance
R3 & R5 contributes to the leakage inductances. The various dimensions in calculation of
reluctances is given in the Table 3.2, where µr is the relative permeability of N86 Ferrite
material, µ0 is the permeability of air, ga is the air gap between primary and secondary
cores and other geometrical dimensions as described in Table 3.1.
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Figure 3.9: Magnetic modelling of OFC-WPT module:: (a): E-core split into different
sections and reluctances calculated for for each section, (b): Reluctance model simplified
along the central symmetry axis.

Using symmetry, the reluctance network shown in Figure 3.9(a) can be simpified to that
shown in Figure 3.9(b) & Figure 3.10(a). This is a typical ladder network which can be
reduced to an equivalent-T network as shown in Figure 3.10(b). From this, the total flux
ϕ1 can be split into the mutual flux ϕm and leakage flux ϕs1. Using this, we can calculate
the inductances as:

Ls1 =
N1ϕs1

I1
& Lmu =

N1ϕmu

I1
(3.3)

SS Resistance Calculation

As discussed in Section 2.2, the alternating flux generated by exciting the primary wind-
ing, crosses the SS sheets orthogonally in OFC-WPT. This alternating flux induces eddy
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Reluctance l Acm µ

R1 hw + tc
2

lc · tc µ0µr

R2 ww + 3tc
4

lc · tc
2

µ0µr

R3 ww wh · lc µ0

R4
hps

2
(2wps + tc) · lc µ0µr

R5 gps hps · lc µ0

R6 ga (2wps + tc) · lc µ0

Table 3.2: Parameter description for calculation of reluctance model.

currents in the SS sheets and contributes to solid losses. These losses can be modelled as
an equivalent resistance RSS as shown in the equivalent circuit of OFC-WPT (Figure 2.8).
From the Equations 2.7, we can see that RSS can be written as (ref. Figure 2.8(b)):

RSS = N2
t ·R3 (3.4)

where Nt is the number of winding turns and R3 is the single turn SS resistance. Since
Nt is known quantity, we need to model R3 to get the value of RSS.

We had already seen previously that the induced eddy currents mainly flows in the slit
between the core limbs. This can be seen clearly in Figure 3.11 that this portion of SS (R1)
contributes mainly towards the total resistance in R3, as the eddy currents can spread in
wider area outside this region and thus the resistance of this region (R2) in quite lower
as compared to the section of SS directly below the slit. Moreover, it is quite difficult to
estimate the total resistance in the region outside the slit, so empirical methods are used
to correct for the resistance value.

We had seen previously in Section 3.1 (Figure 3.2) that the current density is maximum
in the slit area and has more of a trapezoidal distribution (ref. Figure 3.11). Thus, for
our analysis, we can approximate a trapezoidal cross-section of SS sheet directly below
the slit region for calculation of SS resistance in this region. Figure 3.11(b) & 3.11(c)
shows the current density distribution approximation and the dimensions involved.

The effective width of the SS sheet therefore can be approximated as shown in Fig-
ure 3.11(b). Therefore, for the region below the slit, the SS resistance R1 can be approx-
imated as given in Equation 3.5:
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Figure 3.10: Reluctance network of OFC-WPT module:: (a): Reluctance network of
simplified magnetic network (Figure 3.9(b)). The network in the shaded area is a typical
ladder network, (b): The ladder network is reduced to T-network.



wss = gps + wps +
tc
2

l1 = lc

Ass = tss · wss

∴ R1 =
l1

σss Ass

(3.5)

where σss is the conductivity of the SS, wss is the effective cross-sectional SS width, tss
is the SS sheet thickness (0.5 mm thick SS sheets are used) and Ass is the effective cross
sectional area of the SS sheets for RSS calculation.

For the region outside the slit, it is quite difficult to accurately calculate the path length
taken by eddy currents. This path length can be approximated by arc from one side to
other as shown in Figure 3.11. Moreover, the analytical model was verified in FEM an
iteratively, a correction factor was used to match closely the value of RSS from analytical
calculations with the FEM based results. A closed form empirical result for R2 is obtained
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Figure 3.11: SS Resistance calculation

as in Equation 3.6:


l2 = 1.5 · (ww + tc)

∴ R2 =
l2

σss Ass

(3.6)

Finally R3 & hence RSS can be calculated as in Equation 3.7:

{
R3 = 2 · (R1 +R2)

∴ RSS = N2
t ·R3

(3.7)

The analytic model developed to calculate SS resistance however calculates the DC resis-
tance and frequency dependent effects are neglected.
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Frequency dependent AC winding resistance modeling

The conduction losses in the winding of OFC-WPT are modelled as equivalent winding
resistance. The DC resistance of the windings can be straightforward calculated from the
geometrical dimensions and winding material properties (Cu) as:

Rw0,DC =
lCu

σCu Aw

(3.8)

where Rw0,DC is the single turn DC winding resistance, σCu is the conductivity of the
copper, lCu = 2(2ww +2lc + tc) is the effective copper turn length, and Aw is the winding
window area.

The total winding resistance for a Nt turn winding can be obtained as:

Rw,DC = N2
t ·Rw0,DC (3.9)

However, for accurate calculation of Cu-losses, the high frequency effects needs to be
considered. The two main HF effects namely: Skin & Proximity effects needs to be
modelled to get the total AC losses. Thus, the AC resistance of the winding can be split
into two components: Rw,AC−skin & Rw,AC−proximity. The calculation method of these are
well established in the literature and in this thesis, one such method is used as described
in [2] is used:


Rw,AC−skin = Rw,DC · 2FR

Rw,AC−prox = Rw,DC · 2GR ·
(
Hext,RMS

IRMS

)2

Rw,AC = Rw,AC−skin +Rw,AC−prox

(3.10)

The constants FR & GR depends mainly on geometrical parameters of winding and fre-
quency and can be evaluated easily from the closed form expressions (see Appendix A.1).
The main issue in calculating proximity effect comes to calculate the H-field distribution
in the winding. The contribution of skin and proximity effect for each winding turn needs
to be calculated individually and all the contributions needs to be added finally to get the
final AC resistance. For this, the H-field at each winding turn needs to be evaluated. The
two methods used to evaluate H-field in FEM and analytical model are discussed below:

FEM Approach:
In FEM method, the winding if excited with 1A current and H-field is evaluated in a
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Figure 3.12: AC Winding resistance calculation methods [2].

3D-grid of discrete points inside the volume of winding post running the analysis, and
the H-field data is exported to MATLAB. Figure 3.13 shows the distribution of H-field
inside the winding section as indicated. Since the H-distribution is symmetric along the
length of winding (along x-direction in Figure 3.13), it can be averaged along the axis of
symmetry to give a 2D grid.

z

x

y

Figure 3.13: Extracting H-field data from FEM analysis.

For the section of winding lying inside of core, the H-field is symmetric along x-axis as
shown in Figure 3.13, thus it can be averaged along x-axis to give us a 2D distribution of
H-field in yz-plane. Then the H-field at the center of each winding turn can be interpolated
and thus, proximity AC resistance can be calculated.

Analytic Approach:
In analytical method, the winding turns are assumed to be arranged in a rectangular
fashion as shown in Figure 3.14 and 1A current is assumed to be flowing. Amperé’s Law
can be used to calculate the H-field. Since the primary and secondary windings are not
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on the same core, the Amperé’s law is used in two directions and H-field is calculated for
each layer. The individual contribution of the H-field for each turn is vectorially added
so we can evaluate the AC proximity resistance.

.

.

.

(Nz,Ny)(Nz,1)

(1,Ny)..

Core

Windings

z

y

Amperian
 Loops

Ny layers

Nz layers

Hy

Hz

ww

hw

x

(1,1)

Figure 3.14: Analytical method of calculating H-field

For each layer in z and y direction, we can apply Apmperé’s law. The H-field inside the
magnetic material is zero and thus H-field exists only in the region of winding. Thus,
H-filed in as z and y can be calculated as:


(Hy)ny =

Nt · Irms

ww

· ny

Ny

(Hz)nz =
Nt · Irms

hw

· nz

Nz

(3.11)

where nz is the layer number in z-direction, and it takes the values from {1 to Nz}, ny

is the layer number in y-direction, and it takes the values from {1 to Ny}. For each
conductor at position (nz, ny), the H-filed can be calculated as:

Hzy =
√

H2
z +H2

y (3.12)

Since Irms = 1A & Nt = Nz ·Ny, we can rewrite Equation 3.11 as:
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(Hy)ny =

Nz

ww

· ny

(Hz)nz =
Ny

hw

· nz

(3.13)

3.3. Geometry Optimization

In previous section we have seen how we can obtain the model parameters for optimization.
The main aim for optimization is to find the best parameters which would give the most
optimum performance. This thesis mainly focuses on the geometry optimization of OFC-
WPT to achieve best efficiencies. However, as we saw in Section 3.2, since there are two
many parameters involved, it is very difficult to interpret the pareto results. Thus, boxed
volume optimization approach is used. Figure 3.15 shows the concept of boxed volume
optimization.

l box

w
box

hbox

Vbox = hbox 
. lbox

. wbox

Vbox =

l' box

w'box

h'box

V'box= h'box 
. l'box

. w'box

V'box

Figure 3.15: Box Optimization: The boxed volume of inductor is constant, while other
geometrical parameters are varied.

The overall boxed volume of the inductor (including core and winding) is kept constant
and the other geometrical parameters are varied. In addition to keeping the box volume
constant, the output power and input voltage is also kept constant. Thus the module is
optimized for constant 50W output power at fixed 60V input voltage. The optimization
variables are therefore:

• Operational parameters: fsw, RLoad

• Constructional parameters: Nt

• Geometrical Parameters (lc, wc, tc, hc, gps, . . .)

For the purpose of optimization, the analytical approach is used. To keep the power con-
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stant at 50W, the load resistance needs to be calculated according to the circuit param-
eters. Once model parameters are calculated, the network is simplified to a Thevenin’s
Equivalent and for a constant 50W, the load resistance RLoad is calculated (See Ap-
pendix A.2). The workflow of the analytical method is shown in Figure 3.16.

Load the saved results

Generate parallel plots
& analyse the trend

Refine parameters and iterate

Yes

No

Geometrical Parameters
converge?

Set the loop parameters
(operational)
fsw, Nt, RL

Set the loop parameters
(geometrical)
gps, wc, Ac, xc

Calculate other geometrical
parameters keeping

Vbox - constant

Calculate circuit parameters
using the models developed

Rw, Ls, M, Rss

Evaluate Model Performace
and save the results

Chose the best design and
 verify in FEM

Figure 3.16: Analytical method of Optimization Flowchart

Some optimization contraints are kept to filter out the invalid design. These are:

• Peak Flux density inside the core ≤ 0.3 T (typical value for ferrite cores)

• Wire diameter ≤ 1 mm (for easy winding on coil former)

Since the volume and output power are kept constant, the power density is therfore
constant. Therefore, the η − ρ pareto plot would be just a straight line. Therefore, it is
not a very convinient way to interpret the optimization results. Thus, the optimization
results are plotted on a parallel-coordinate plot as shown in Figure 3.17 & 3.18. The base
design is added along with all the other valid design in Figure 3.17 for comparison with
the base design. Figure 3.18 shows all the valid design without the base designs.

Optimization Result interpretation:

The Optimization trend can be seen in Figure 3.18. Since the optimization is done for
constant volume and power, the most efficient desgin can be chosen. The optimized design
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Figure 3.17: Parallel coordinate plot with base design included. The base design is
highlighted in black, while chosen design is highlighted in orange. Designs not meeting
filtering criteria are greyed out

is also highlighted on the plot. From the trend, the following conclusions can be made:

• Higher core aspect ratio (xc) design tends to be more efficient. This is because
higher xc =⇒ higher lc. Since the SS resistance (R1, ref Eqn. 3.5) depends directly
on lc, ∴ xc ↑ ⇒ RSS ↑ ⇒ SS Losses (PSS) ↓.

• Increasing xc i.e. increasing lc & reducing tc, means that wc and hc needs to be
reduced to keep the boxed volume constant. However, reducing wc have effect on
reducing the winding width ww (and increasing the area lchw). This results in
reducing the leakage reluctance R3 (ref Table 3.2). This will increase the leakage
inductance (Lσ). Due to this, the mutual flux decreases and to transmit same power,
we need more total flux. Thus, saturation of the core occurs. Therefore there is an
optimum xc or lc.

• wc will reduce due to increase in lc, but since it cannot be too small to avoid
increase in leakage flux, thus there is an optimum wc. And since box volume (Vbox)
is constant, ∴ there is optimum hc as well.

• The core limb thickness tc can be reduced due to the fact that the peak flux density
in base design was ≈ 0.15 T. Increasing xc allows us to reduce tc and therefore
reducing core cross sectional area Ac. This was we can operate the module closer
to the saturation value and we can better utilize the core material. Further, since
B̂ depends on applied voltage (Ûin), number of turns (Nt), switching frequency
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Figure 3.18: Parallel coordinate plot without base design included. The chosen design is
highlighted in Blue. The invalid designs are greyed out.

(fsw) and on Ac, reducing Ac allows us to operate at higher switching frequencies.
However, higher switching frequencies also incrases AC losses in the windings, ∴ we
have an optimum fsw

• Reducing tc has effect on increasing the effective winding window area (Aw = wwhw).
This allows to reduce the winding resistance and hence reduce copper losses (PCu).
However, increase in lc increases the winding length, which increases the winding
resistance. Thus we have an optimum lc and ∴ Aw.

• Since RSS depends on N2
t , higher Nt is desirable. But, higher Nt =⇒ higher

Rw & Lσ. This also have effect in increasing the B̂ in the core. Thus, there is an
optimum Nt.

• Further, the introduction of pole shoes have allowed us to reduce the effective cross
section of the SS sheets (Ass, see Eqn 3.5). Lower gps is desirable to reduce wss and
thus increase RSS. However, reducing gps would lead to reduction in reluctance R5

(see Table 3.2), and increasing the leakage flux. Therefore, there is also an optimum
gps.

Figure 3.19 shows the comparison of efficiencies and losses in the module evaluated by
analytical and FEM method for the optimized design:.
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Figure 3.19: Efficiency and Loss plots for the OFC-WPT calculated through analytical
and FEM methods

As can be seen, the Analytical model is matches closely the trend of FEM output.
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4| Hardware Implementation

After optimization is done, the best design is chosen. The performance is verified in FEM
and then actual module in hardware is to be realized. In this chapter we will see the
realization of WPT module. We would also look at the consideration of effect of coil
former on the reduction of winding window area and thus effect on performance. Later,
we will see the Power Electronics realization for the WPT module.

4.1. WPT Hardware Realization

4.1.1. Analysis of Optimisation optimum design

In the Section 3.3 we had seen the optimization of OFC-WPT module using analytical
approach. We also saw the interpretation of the optimization results and based on the
results, we chose the highest efficiency design. The optimized design geometry with opti-
mized geometrical dimensions is shown in Figure 4.1. The module is expected to operate
of 78.9% efficiency. The analytical calculations of the module are verified by modelling it
in FEM environment. Table 4.1 shows the comparison of the results obtained from FEM
as well as Analytical approach.

56
.7
0

33.80

8.60

(a)

14.80 4.20

6.30

(b)

Figure 4.1: Physical dimensions of the optimized design:: (a): 3D view, (b): Cross-
sectional view. (All dimensions are in mm).
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Parameters FEM Analysis Result Analytical results % Error

Rw (Ω) 1.28 1.65 22.03

Ls (mH) 4.25 3.90 -8.85

M (mH) 9.75 7.80 -25.00

RSS (Ω) 273.60 238.60 -14.67

Pin (W ) 75.99 63.66 -19.37

Pout (W ) 62.77 50.00 -25.54

PSS (W ) 6.78 6.68 -1.5

PCu (W ) 6.12 6.77 -9.6

PCore (W ) 0.24 0.21 -12.38

η (%) 82.60 78.53 -5.18

Kcoup 0.62 0.60 -1.83

Table 4.1: Comparison of FEM and Analytical results for the optimized design.

As can be seen, the results from FEM and analytical approach matches quite closely.

4.1.2. WPT Module realization

To realize the optimized design module, a custom made ferrite E-core was required. How-
ever, it was quite expensive to manufacture, hence the model was realized with small
ferrite I-cores as building blocks.

The main E-core is assembled on a 3D-printed structure and the I-core are glued together
to make the main E-core structure except the central limb. The central limb is inserted
in the coild former and the winding and coil former is inserted in E-core structure to
complete the E-core module.

The pole shoes are glued to the bottom of coil former to complete the assembly.

Figure 4.2 shows the 3D render of the actual model and Figure 4.3 shows the actual
assembly.

4.2. Power Electronics for WPT

The WPT module is to be supplied by a Power Electronic converter system. Most common
topology used for IPT applications is isolated DC-DC converters [3], Figure 4.4 shows the
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Pole shoes glued on
bottom of coil former

Support Structure to
glue the outer E-core 
structure

Coil Former to wind 
the winding. It also holds
the middle limb

Figure 4.2: 3D-render of OFC-WPT module

topology of a typical isolated DC-DC converter system applied to IPT systems. The
primary side is supplied through a 1−ϕ inverter while the receiving side is a diode bridge.

The Primary side converter was realized using two Half bridges in H-bridge configurations.
Existing MALTA board was used to realize the converter system. TI F28069M board was
utilized to generate the PWM signals. Figure 4.5 shows the realized converter on PCB.
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Figure 4.3: Actual assembly of OFC-WPT:: (a): I-core, (b): Outer structure of E-core
glued on a 3D printed support structure, (c): Winding wound on a 3D printed coil former
and middle limb of E-core inserted in the slot, (d): Coil shown in (c) is inserted in the
E-structure shown in (b). Finally pole shoes are glued to the bottom of coil former to
complete the assembly. (All dimensions are in mm)

Figure 4.4: PE-converter topology for WPT applications [3]
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Figure 4.5: PE-converter for OFC-WPT
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5| Results

Till now the complete modelling process and optimization methodologies adopted were
discussed. Based on the optimization results, the most optimum design was selected and
realized in hardware. In this chapter, the discussion is further extended with the tests
performed on the module, and finally, analytic, FEM as well as measure data is compared.

5.1. Measurement Techniques

From FEM, the standard method to evaluate circuit parameters is to setup frequency
sweep analysis using current based excitation, which directly gives the Z-parameters of
the module. Once Z-parameters are known, the circuit parameters can be easily calculated
from Equation set 2.8.

However, on real system, it is not very intuitive to obtain Z-parameters Z11, Z12 , Z21,
Z22. To obtain circuit parameters, the Open-Circuit (ZOC) and Short-Circuit (ZSC)

Impedances can be measured, and based on that, the Z-parameters can be calculated.

For an ideal transformer which has been simplified for a general transformation ratio
n = k

√
L1/L2 (ref. Figure 2.2(c)), the Leakage (Lσ) & Mutual (Lµ) can be evaluated by

OC and SC tests as shown in Figure 5.1. [3]

For determining Lσ, the secondary winding is short-circuited and primary is excited with
a sinusoidal voltage having angular frequency ω. By measuring the current i1, the leakage
inductance can be calculated as shown in Equation 5.1:

Lσ =
Û1

ωÎ1

∣∣∣∣∣
u2=0

(5.1)

Similarly, for calculating Lµ, the secondary side is left open while supplying the primary
side. The voltage measured on secondary side gives us the magnetizing inductance (Equa-
tion 5.2): [3]
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Lµ =
Û2

ωÎ1

∣∣∣∣∣
i2=0

(5.2)

Figure 5.1: OC & SC tests on ideal transformer to determine Lσ & Lµ. [3]

Similar approach can be extended to real transformer. For our purpose, the impedance
measurement is done by a Bode Analyzer, and the system is swept for different frequencies
to capture its impedance over entire frequency range. Looking at our equivalent circuit
of OFC-WPT (ref. Figure 2.8), the OC and SC meaurement setup would look as shown
in Figure 5.2.

Rw Ls Rw Ls

L12

R12

i1

i2 u1

(a) Zoc Measurement

Rw Ls Rw Ls

L12

R12

i1

u1

i2 = 0

(b) Zsc measurement

Figure 5.2: SC & OC measurement on OFC-WPT

Looking at Figure 5.2, we can define some impedances as:

Zs = Rw + jωLs

Z12 = R12 + jωL12

Z11 = Z22 = Zs + Z12

(5.3)

From SC and OC measurements we would measure the impedances ZOC = ROC +

jωLOC & ZSC = RSC + jωLSC . These impedances can be related to the impedances
defines in Equation 5.3 as shown in Equation 5.4:

ZSC = Zs + (Zs||Z12)

ZOC = Zs + Z12

(5.4)
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From Equations 5.3 & 5.4, we can write that:

Z11 = ZOC + ZSC

Z12 =
√

(Z11 − ZSC) · Z11

(5.5)

Thus, once Z11 & Z12 are known from Equation 5.5, Zs can be calculates as Zs = Z11+Z12.
And once Zs & Z12 are known, the circuit parameters Rw, Ls,M & RSS can be calculated.

5.2. Prototype Testing

The WPT module realized in Section 4.1.2 is tested to observe the performance. Figure 5.3
shows the Impedance data obtained from a SC and OC measurement made on the realized
WPT module:

Figure 5.3: SC and OC measurement from Impedance Analyzer

Based on the Obtained SC and OC data, we can calculate the parameters as we had seen
in Section 5.1. The plots of calculated parameters are shown in Figure 5.4:

Based on the circuit parameters calculated from Impedance measurements, the perfor-
mance of the OFC-WPT was evaluated. The performance trend can be sen in Figure 5.5.
It can be seen that the efficiency of the module has increased from 72 % upto 84%.
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Figure 5.4: Circuit parameters of OFC-WPT module calculated from Impedance Analyzer
measurement.

Figure 5.5: Efficiency and Loss plots for the OFC-WPT measurement data. The model
has achieved an efficiency of ≈ 84 % while reducing the losses in SS as well as copper.
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6.1. Outlook

This thesis presented the optimization of the OFC-WPT module, developing analytical
model and performing constant boxed volume optimization. The effect of different geo-
metrical parameter was observed on the circuit parameters, such as on SS resistance (RSS),
winding resistance (Rw), Leakage and Mutual inductances (Lσ & M), and on performance
parameters such as Nt, fsw, power losses, coupling factors etc. These observations were
used to further refine the course of optimization.

The optimization resulted in a OFC-WPT module giving us ≈ 84% efficiency for same
volume and input voltage. The optimized geometrical parameters allowed us to increase
the RSS from 155 Ω in base design to 635 Ω and hence reducing PSS to 3W, reduce
Rw from 2 Ω to 1.6 Ω hence reducing PCu to 6W and reducing total losses to 9W. The
optimized desgin is also operated at higher frequencies and with lower core cross sectional
area, hence operating it near the knee on magnetic curve, thus utilizing the magnetic
material better.

Finally the optimized design was developed in hardware and the results were verified by
testing and measurements.

6.2. Future Work

Since many of the parameters of the OFC-WPT were kept constant during the optimiza-
tion (such as volume, input voltage, output power), there are opportunities to further
improve the performance by also incorporating these parameters for optimization. Fur-
ther, the scaling laws for such OFC-WPT modules can be developed to design them for
higher power ratings.
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A.1. Equations for AC constant calculations

FR(f) =
ξ

4
√
2

[
numFR(ξ)

Br1(ξ)2 + Bi1(ξ)2

]
numFR(ξ) =Br0(ξ)Bi1(ξ)− Br0(ξ)Br1(ξ)−

Bi0(ξ)Br1(ξ)− Bi0(ξ)Bi1(ξ)

,

GR(f) =− ξπ2d2

2
√
2

[
numGR(ξ)

Br0(ξ)2 + Bi0(ξ)2

]
,

numGR(ξ) =Br2(ξ)Br1(ξ) + Br2(ξ)Bi1(ξ)+

Bi2(ξ)Bi1(ξ)− Bi2(ξ)Br1(ξ)

ξ =
d√
2δ

and δ =
1√

πµ0σf
,

A.2. Load Resistance calculation for constant 50W

output power

To calculate the load resistance for giving constant output power for varying circuit pa-
rameter, the thevenin’s approach can be used.

The OFC-WPT simplified equivalent circuit as shown in Figure 2.8(b), the Thevenin’s
equivalent voltage uth and Thevenin’s Impedance Zth can be evaluated as:

Zth = Rw + (Z12||Rw), &

uth = u1 ·
Z12

Z12 +Rw

(A.1)

Once uth and Zth are known, then it can be used to calculate load resistance RL such that
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Rw Rw

L12

R12

i1

uthu1

i2 = 0

Zth

RLuth

Zth

Figure A.1: Thevenin’s Equivalent Impedance and Voltage calculation

the source uth delivers required power (50W) in our case.

i2 =
uth

Zth +RL

, &

Po = 0.5 · |i2|2 ·RL

(A.2)

Then just solve for RL such that Po = 50W
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