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Abstract
The spread of Wireless Power Transfer applications in different sectors has
exponentially increased its popularity among technical and non-technical public, due to its
unique advantages and facilities. The changes in the automotive industry have sped up a
transformation to a more electric society, were WPT offers unique solutions to problems that
were technically unfeasible just 20 years ago. The shift to full Electric Vehicles poses
technological challenges such as improvement of the battery life, the creation and maintenance
of a strong infrastructure of charging stations, or the development of a technology that allows
EVs to charge batteries with no human interaction.
In this context, new research on a scientific field that has been dead for almost 100 years
seems to bring a solution. WTP not only allows battery charging with no interaction, but also
can provide a solution to charge batteries with the vehicle in movement, reducing the battery’s
size and cost. This technology opens a new exciting field with many different applications, but
with a clear research line on EV battery charging.
In this TFG, this technology is analysed, to provide a measuring procedure which offers
reliable results. Parameters needed to characterise the coupling are the coils self-inductances,
coil resistances, mutual inductance between the coils, and the magnetic field. A setup is created
to test inductive links, and a WPT system is optimised and crafted.
Two commercial pairs of WPT antennas from Würth Elektronic were used to compare
different measuring procedures, as well as a 3D finite elements simulation, so that the measures
can be compared against the simulation and the manufacturer’s datasheet. All measuring
procedures to obtain mutual inductance are based on simplifying the equations from the
electrical equivalent circuit of the system, so that is easy to clear the equation and get the mutual
inductance M and self-inductances L as a function of currents and voltages, which are easy to
measure.
The proposed simplifications are short circuit test, open circuit test, primary and
secondary series connection, and a variation of the open circuit test measuring voltage gain
between primary and secondary.
A special device is needed to measure the magnetic field. Since commercial solutions
are too expensive, a magnetic field probe based on Lenz’s law was designed, crafted and
validated.
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Then, the methods that prove to perform well are used to characterise a WPT system.
The system is a WPT1 Z1 system, which means it is 3.7 kW and operates with distances
between 10 cm and 15 cm. First, losses in the windings were analysed to optimise the efficiency
of the WPT system, and then, a prototype was crafted.
Efficiency of the WPT prototype was measured and evaluated under different
conditions, such as misalignment conditions between the coils, obtaining a high efficiency with
a low coupling factor.
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Chapter 1.
State of the art
1.1. Introduction
Wireless power transfer via resonant inductive coupling offers unique advantages for
several applications, from industrial robots to battery charging systems. In the last decades, the
use of IPT systems has increased in many different sectors, where galvanic isolation was
required.
As shown in [1], research in Inductive Power Transfer has exponentially increased since
2005. This is due to several factors. The most immediate one is the recent changes in the
automotive industry, were there is a clear shift towards the full electric vehicle. This raises
technological challenges such as an increase in the battery’s autonomy or improvements in the
charging stations.
WPT systems can now be found in several homes, in low power applications such as
wireless battery chargers for mobile phones. Research on WPT deals with both low power and
high power applications, like pacemakers and other implantable devices, or contactless
automating solutions and EV wireless chargers, respectively.
The first serious research on WPT was carried out by the Serbian-American physician
and electrical engineer Nikola Tesla in the XIX century. This research [2] aimed to design a
system to transmit electrical energy from long distances, by means of huge electrical towers.
Tesla’s most important contribution to WPT was the use of the resonant inductive links, which
now is the basis of an efficient coupling for the optimal power transmission.
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Figure 1. Nikola Tesla’s first patent on WPT

Although Tesla’s WPT solutions did not end in a revolution of the power sector, his
inventions set the basis to future research, and definitely demonstrated that WPT was possible.

1.2. Physical fundamentals
Although the interest on this technology has never been as close to the general public as
today, IPT is not a new concept. The physical fundamentals date from the last two centuries,
and correspond to the operating principle of the electrical transformer [3]:
When current flows through a conductor wire, a magnetic field is created, as shown in
Ampère’s theorem:
⃗⃗ 𝑑𝑙⃗
∬ 𝐽⃗𝑑𝑠⃗ = ∫ 𝐻
𝑆

(1)

𝛤

Where 𝐽⃗ is the current surface distribution, 𝛤 is a closed loop, S is the surface enclosed
⃗⃗ is the magnetic field intensity around 𝛤. As 𝐽⃗ is normal to 𝑠⃗, (1) leads to the following
by 𝛤 and 𝐻
expression:
⃗⃗ 𝑑𝑙⃗
𝑖 = ∫𝐻

(2)

𝛤

In addition, according to Lenz’s law, voltage is inducted in a loop when there is a
magnetic flux variation (3).
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𝜀 = −𝑛 ∙

𝑑𝛷
𝑑𝑡

(3)

~

Figure 2. Electrical transformer schematic

Electrical transformers include a ferromagnetic core to guide the field lines across a
magnetic circuit, so that most of the lines generated in the primary coil get through the loop in
the secondary. This concept leads to the definition of the coupling factor (k), which is the
relation between the magnetic field lines that get through both coils and the magnetic lines that
only enclose one of the coils. In an electrical transformer, the coupling factor is k ≈ 1, which
means perfect coupling. Conversely, WPT systems generally present low coupling factors,
being k = 0.2 a typical value. The coupling factor is defined by the following expression:
k=

𝑀

(4)

√ 𝐿1 · 𝐿 2

Where M is the mutual inductance of the coupled coils, 𝐿1 is the self-inductance of the
primary, and 𝐿2 is the mutual inductance of the secondary.

The quality factor of the coil is defined as the relation between the inductive impedance
of the coil and the resistive impedance, as shown in (5).
𝑄𝑖 =

𝜔𝑖 · 𝐿𝑖
𝑅𝑖

(5)

A high quality factor is desirable, since it represents the approximation to the ideal coil.
The efficiency of the coupling depends on the losses and the coupling. Hence, the
efficiency depends on the quality factor of the coil and the coupling factor [4]:
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𝜂𝑚𝑎𝑥 =

(𝑘𝑄)2
(1 + √1 +

(6)

(kQ)2 )2

Which can be simplify to:
𝜂𝑚𝑎𝑥 = 1 −

2
𝑘𝑄

(7)

This is the overall efficiency of the inductive link.
In order to achieve resonant inductive coupling, the inductance shall be compensated
with capacitors, to get a resonant circuit with a resonant frequency equal to the work frequency.
This can be done with both series and parallel compensation [5]:

Figure 3. Resonant topologies

With resonant capacitors, phase compensation is achieved, and maximum power is
transferred between primary and secondary.

1.3. Electric vehicle charging systems
WPT offers unique solutions for EV battery charging. Contactless technology is useful
to avoid accidents manipulating powered cables, eliminates wear since no mechanical
components are used to plug in and off, and is an attractive alternative to traditional changing,
since there is no interaction between the user and the charger.
A typical WPT system structure is shown in [6]. Line voltage is rectified and then, a
DC/DC converter manages the power transfer at 85 kHz through the inductive link. In the
vehicle, voltage is rectified and filtered, to feed the battery. Communications between the
vehicle assembly and the DC/DC converter shall be wireless, which also provide a design
challenge in choosing a transmitting frequency so that the signal is not interfered by the power
transfer.
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Figure 4. Topology of a wireless EV battery charger

Matching again with the electrical transformer analogy, there are two main topologies,
according to the shape of the magnetic circuit [4]. Parallel topologies, also known as C-core,
are the ones in which the magnetic field is parallel to the winding, and perpendicular topologies,
or E-cores, are the ones where the magnetic field is perpendicular to the winding.

Figure 5. Magnetic circuit topologies

Generally, E-cores provide higher coupling factors and efficiencies than C-cores, as well
as better performance in misalignment conditions. C-cores provide lower magnetic field values
than E-cores, because of the magnetic field lines location, inherent to the magnetic circuit
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design. The use of one or the other depends on several factors, such as safety values, efficiency,
thermal limitations or power density.
Since the magnetic field in E-cores is theoretically perpendicular to magnetic field in Ccores, some considerations must be taking in order to provide compatibility between different
topologies in Ground Assemblies and Vehicle Assemblies. This problem is partially solved
with the Quadrature pad [7], which includes a decoupled loop within a Double-D topology (Ccore), and provides an E-core topology in this inner loop. The evolution of the Double-D
Quadrature Pad is the Bipolar Pad [8], where the decoupled loop is formed by the intersection
of the two coils in a Double-D pad. This way, less copper is used in the construction of the
antenna, maintaining the same overall performance level.

Figure 6. BPP (left) and DDQP (right)

In order to normalize battery charger for EV, the normative SAE J2954 [9] was written.
In this document, all design values, such as inductances, power, minimum efficiency and
compatible topologies are described, as well as validation procedures.
SAE J 2954 defines four power ranges for light duty EVs: WPT1 for 3.7 kVA, WPT2
for7.7 kVA, WPT3 for 11.1 kVA and WPT4 for 22 kVA. In the table below, the minimum
efficiency for each category is shown.

WPT Class
WPT1
Maximum input power
3.7 kVA
Minimum target efficiency
>85%
Minimum target efficiency at >80%
offset position

WPT2
7.7 kVA
>85%
>80%

WPT3
11.1 kVA
>85%
>80%

WPT4
22 kVA
>85%
>80%

Table 1. Target efficiencies for WPT systems

Maximum and minimum distance between the coils is also specified in three different
classes. Z1 is defined as a range between 100 mm and 150 mm, Z2 as a range between 140 mm
and 210 mm, and Z3 as a range between 170 mm and 250 mm.
Compatibility between different distance range systems is stablished as shown in the
table below.
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Ground
Assembly

Z1
Z2
Z3

Vehicle Assembly
Z1
Z2
Required
N/A
Required
Required
Required
Required

Z3
N/A
N/A
Required

Several tests are specified to verify the correct performance in misalignment conditions,
as well as safety conditions such as thermal rise, ignition and maximum magnetic field.
There is also a safety normative that limits the exposure to alternating magnetic and
electric fields [10]. The reference levels are shown in the graphics below:

Figure 7. Reference levels for magnetic field
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Figure 8. Reference levels for electric field

1.4. Losses in the coupling
In order to analyse the losses, the electrical equivalent circuit of the electrical
transformer will be used to describe the different power losses and their root:

Figure 9. Electrical equivalent circuit of the electrical transformer

Losses can be classified in two general groups: wire losses and core losses.
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1.4.1. Wire losses
The wire is not a perfect inductance. There is a resistive part, which depends on several
factors, such as frequency, diameter and wire topology.
To analyse losses in the wire, it is necessary to introduce the concepts of DC resistance
and AC resistance, which is divided into skin effect resistance and proximity effect resistance.
DC resistance is the intrinsic resistance of the coil when direct current flows through
the conductor. It depends on the material’s conductivity, as well as the wire section and the
wire length, as shown in (8).
𝑅𝑑𝑐 =

𝜌𝑐𝑢 · 𝑙
𝐴

(8)

AC resistance is resistance of the coil with alternating current, and is always a function
of frequency. Two physical effects reduce the available wire section where current can be
distributed as the frequency is higher, increasing the resistance.
The skin effect is a physical phenomenon which limits the current distribution at high
frequencies. Current tends to flow through an outer ring of the copper section, with a depth
defined in (9). This is due to the magnetic field created by high frequency currents in the wire.
The magnetic field induces currents in the inner section of the wire, limiting current distribution
in the centre of the wire.

Figure 10. Current distribution at high frequencies
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𝛿=√

𝜌𝑐𝑢
𝜋·𝑓·𝜇

(9)

Then, the available section of the wire decreases, increasing the resistance of the wire.
The proximity effect is produced by the repulsive forces between currents in the same
direction. These forces condition the distribution of the current, reducing once again the
available wire section, and thus, the wire resistance.
Litz wire is used to limit AC resistance in the winding. This wire is made of several
strands, isolated from each other and twisted between them, which limits the current in each
strand, as well as the strand diameter. Although full bobbin is the optimal wire election [11],
size matters in electronic design, so there must be a compromise between losses, performance
and cost. DC resistance is maintained even in AC conditions for certain frequency, and then
resistance increases due to proximity effect.

1.4.2. Core losses
The core is a crucial element in a WPT system. It guides the magnetic field through a
lower reluctance path to increase the coupling, and provides a limitation to the magnetic field
above the device.
Losses in the core depend on frequency, and are divided into Eddy current losses and
hysteresis loop losses.
Eddy currents are induced currents inside the core. In electrical transformers, eddy
currents are limited by core lamination, but in WPT systems, this is not needed. Ferrite cores
are widely used in WPT coils. Since they have low conductivity [12], Eddy currents are
depreciable.
Hysteresis losses respond to the magnetization cycles of the magnetic component. They
depend on the volume of the magnetic component, the frequency, the maximum value of the
magnetic field B and a constant of the magnetic material, as shown in.
1.6
𝑃ℎ𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 = 𝐾ℎ · 𝐵𝑚
·𝑓·𝑣
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(10)

Chapter 2.
Structure and objectives
2.1. Motivation and description
This TFG has been accomplished in the Industrial Electronics Centre (CEI) of Madrid
Technical University (UPM).
The main goal is to validate a procedure to measure the coupling factor of a WPT system
accurately, as well as the other parameters needed to characterise the inductive link. Then, this
measuring procedure will be used to validate a WPT1 Z1 prototype.
This measuring procedures are useful to validate different finite-elements software
simulations.

2.2. Objectives
Objectives of this TFG were defined at the moment of the assignation. The defined
objectives are:
•
•
•
•
•
•

Study of the inductive coupling characterization: key parameters and interactions
between them.
ANSYS Maxwell learning. Magnetostatic and Eddy Current analysis.
Electronic instrumentation learning.
Understanding of similarities and differences between a finite-element simulation and
measures in the laboratory.
Validation of a measuring procedure for the coupling factor.
Validation of a measuring procedure for the magnetic field. Magnetic field probe design
and construction.
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•
•
•
•
•
•

Study of the effects of the core material and the misalignment in the coupling factor.
Study of the losses at 85 kHz. Litz wire choice for the final prototype.
Understanding and study of SAE J954.
Construction and validation of a WPT1 Z1 GA as per SAE J2954.
Construction and validation of a WPT1 Z1 VA compatible with a SAE J2954 WPT1 Z1
GA.
Coupling and efficiency analysis of the WPT system crafted.

2.3. Structure
The structure of the document is the following:
•
•
•
•
•
•
•
•
•

In Chapter 1 the state of the art is described. There is a brief introduction to WPT
systems, specially to EV battery chargers, as well as the scientific fundamentals of IPT
operating principles and losses distribution.
In Chapter 2 the structure of the document and the objectives are presented. It includes
a justification of the project.
In Chapter 3 the characterisation is described. Testes for the antennas’ characterisation
are described in detail and performed, and results are presented and explained.
In Chapter 4 the validation of the WPT1 prototype is performed. It includes the first
studies, the wire choice, and the validation tests.
In Chapter 5 the conclusions are explained.
In Chapter 6 the future research lines are explained.
In Chapter 7 the environmental impact is described.
In Chapter 8 the Gantt diagram and the project budget are presented.
In Chapter 9 the references are presented.
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Chapter 3.
Inductive coupling characterisation
3.1. Introduction
In order to characterise the inductive coupling, inductance values of the coils should be
obtained, as well as coils resistances values. Hence, both small signal and large signal
procedures will be analysed.
Once these values are obtained, the coupling can be perfectly characterised by
calculating the quality factor Q of both coils and the coupling factor k. With these two
parameters, it is possible to calculate the coupling’s efficiency, as well as to obtain an equivalent
electric circuit.
To determine the correct measurement procedure, the following methodology was used.
For each proposed procedure, two commercial pairs of antennas were tested. Each pair of
antennas is 3D modelized using finite element simulation software ANSYS Maxwell. This way,
resistance and inductance values are also obtained from the simulation, so the inductive
coupling characterisation and modelling can be compared, analysed and validated.
Once a reliable measuring procedure is validated, a magnetic pad is crafted following
the specifications from the full-bridge converter in [13]. This pad is tested, and 3D modelled
using ANSYS Maxwell, to validate the characterization and modelling.
Furthermore, since the magnetic field shall be measured in some critical points due to
safety normative, a magnetic probe was crafted and tested.

3.2. Equipment and measure procedures
To make small signal measures, impedance analyser Agilent 4294 and network analyser
Bode 100 are employed. On the other hand, for large signal measures, an excitation equipment
is used, as well as an oscilloscope as a measurement equipment. The excitation equipment is
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composed by function generator Tektronix AFG 1022 and 150 W power amplifier Amplifier
Research. The oscilloscope is a Rohde & Schwarz RTE 1054.
Impedance analyser Agilent 4294 works between 40 Hz and 110 MHz, and can obtain
impedance values as phase and module, capacitances, inductances and resistances, all measures
as frequency sweep. In order to measure, the device under test is connected to the analyser’s
input, and start and stop frequencies for the sweep are set, as well as the kind of measure, which
in this project will be Ls-Rs, so that inductance and resistance values are obtained. Logarithmic
diagram and maximum precision are set, as well as the number of points in the sweep, which
will be 204. Data is stored in a floppy disk, and later moved to a computer.

Figure 11. Impedance analyser Agilent 4294.

Network analyser Bode 100 can be used to measure impedance values, as well as gain
values between 1Hz and 50 MHz, in magnitude and phase format. It works connected to a
computer, so data can be stored easily in the same computer, in csv format. Just like the
impedance analyser, the configuration allows the user to set default values for precision,
bandwidth, and number of points, which will be the same as for the previous device. To take
the measures, a single probe can be used to both measure voltage in the primary and excite the
device under test, and another probe to measure voltage in the secondary. Another option is to
use an extra coaxial cable for the signal source. Since in this project primary terminal always
matched with excitation terminal, the first option was the right one. It is important to keep in
mind that ground from the signal source output and the two input channels are internally
connected, so an injection transformer was needed, so they were insulated.

Figure 12. Network analiser Bode 100.

Function generator Tektronix AFG 1022 allows the user to generate multiple low
voltage signals, including square signal, sinusoidal signal and saw signal, through two
independent channels. Amplitude and frequency can be configured, with a maximum frequency
of 25MHz. A single channel was used in this project. Since the power amplifier did not work
below 10kHz, this was the lowest frequency used in the function generator.
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Figure 13. Function generator Tektronix AFG 1022.

Once the signal is generated, it was amplified using the AR power amplifier. This
amplifier can offer 150W at the output, being power regulated by a potentiometer. Its frequency
bandwidth is between 10kHz and 100MHz.

Figure 14. AR power amplifier.

The Rohde & Schwarz RTE1054 is a four-channel oscilloscope that does multiple
operations, such as signal filtering and Fourier analysis. In this project, it will be used to
measure voltages and currents, with voltage probes and a Hall effect current probe. The
oscilloscope can store data in local memory, as well as in external devices, such as USB flash
drives. Data is stored in csv format, so it is easily processed via Matlab or Excel.

Figure 15. Rohde & Schwarz RTE1054 Oscilloscope.

Since the device under test generates magnetic fields when is excited, all measures can
be easily contaminated by the voltage induced in the probe when magnetic fields are around.
This problem is present in all the equipment described above and is inherent to the measuring
procedure.
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Nevertheless, this problem was partially solved by twisting tightly both terminals in
every probe, so the inductive loop produced by the probe is minimised.

3.3. Large signal measures
For these measures, the procedure proposed in [14] is used to characterise the coupling.
This method is usually employed to model an ideal transformer. Although the WPT system is
not an ideal transformer, it is actually an accurate approximation, due to the low core losses in
ferrite cores, and the low copper losses in Litz wire. This simplification leads to the following
equivalent electrical circuit, with tow coupled coils:

Figure 16. Large signal equivalent electrical circuit.

From the electrical circuit in Figure 6, it is immediate to write the inductance matrix
equation, where the known parameters are current and voltage. Once the equation is cleared,
inductances can be obtained, as well as the coupling factor:
𝑍12
𝐼
] · [ 1]
𝑍22
𝐼2

(11)

𝑈1 = 𝑗𝜔𝐿1 · 𝐼1 + 𝑗𝜔𝑀 · 𝐼2

(12)

𝑈2 = 𝑗𝜔𝑀 · 𝐼1 + 𝑗𝜔𝐿2 · 𝐼2

(13)

[

𝑈1
𝑍
] = [ 11
𝑈2
𝑍21

From equations (12) and (13) it is relatively simple to stablish a dependence of the
inductances on the measurable parameters. Hence, three tests are taken: two of them with
secondary in open circuit and the last one with primary in open circuit. This way, equations
(2.1) and (13) lead to the following expressions:
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𝐿1 =

1 Û1
( )|
𝜔 Î1 𝐼2 = 0

𝐿2 =

1 Û2
( )|
𝜔 Î2
𝐼1 = 0
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(14)

(15)

𝐿1 =

1 Û2
( )|
𝜔 Î1
𝐼2 = 0

(16)

Therefore, to measure voltages and currents, the oscilloscope cited in 1.2 is used.
Current and voltage signals are stored and processed with Matlab® to get peak to peak values.

Figure 17. Detail of the three large signal tests

3.4. Small signal measures
With small signal measuring procedures, equivalent resistances values will be gotten for
each coil, as well as L1, L2 and M inductance values. Therefore, the equivalent electrical circuit
is the one in Figure 18.

Figure 18. Small signal equivalent electrical circuit.

To measure inductances and resistances for each coil, the impedance analyser will be
used, whereas three different procedures will be considered for mutual inductance measuring.

3.4.1. Primary impedance measure with short circuit in secondary
This method, which is widely used in electrical transformers [15], simplifies equation
(13) reducing 𝑈2 to 0, by a short circuit in secondary. The resistive part of the circuit is removed
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from the equations, so they can be easily solved. This way, the following expression are
obtained:
𝑈1 = 𝑗𝜔𝐿1 · 𝐼1 + 𝑗𝜔𝑀 · 𝐼2

(17)

0 = 𝑗𝜔𝑀 · 𝐼1 + 𝑗𝜔𝐿2 · 𝐼2

(18)

From equation (18) 𝐼2 can be cleared
𝐼2 = −

𝑀 · 𝐼1
𝐿2

(19)

And substituting of this in (17) would give the following expression
𝑀2 · 𝐼1
𝑈1 = 𝑗𝜔 · (𝐿1 · 𝐼1 −
)
𝐿2
Since

𝑈1
𝐼1

(20)

is the circuit’s impedance from the primary, it results in:

𝐿1𝑠 = 𝐿1 −

𝑀2
𝐿2

(21)

So, clearing the equation would give
𝑀 = √𝐿2 · (𝐿1 − 𝐿1𝑠 )

(2.22)

This way, the obtention of all relevant parameters to characterise the coupling will be
achieved, making it possible to obtain the coupling factor and the coupling efficiency as a
function of 𝑅1 , 𝑅2 , 𝐿1 , 𝐿1𝑠 and 𝐿2 . These 5 parameters are measured with the impedance
analyser.

3.4.2. Primary and secondary series impedance measure
This method is proposed in [16] to test WPT antennas. The resistive part is also removed
to simplify clearing the equation. When primary and secondary are connected series, 𝐼1 is equal
to 𝐼2 , so equation ¡Error! No se encuentra el origen de la referencia. is reduced to the
following expressions:
𝑈1 = 𝑗𝜔𝐿1 · 𝐼 + 𝑗𝜔𝑀 · 𝐼

(23)

𝑈2 = 𝑗𝜔𝑀 · 𝐼 + 𝑗𝜔𝐿2 · 𝐼

(24)

Where 𝑈1 + 𝑈2 = 𝑈 so:
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𝑈1 = 𝑗𝜔𝐿1 · 𝐼1 + 𝑗𝜔𝑀 · 𝐼2

(25)

Furthermore, the inductance in the series circuit is:
𝐿𝑠𝑒𝑟𝑖𝑒 = 𝐿1 + 2 · 𝑀 + 𝐿2

(26)

Where every parameter can be obtained using the impedance analyser.

3.4.3. Primary and secondary voltage gain measure
It is possible to make an accurate voltage gain measure using the network analyser [17]
so equation ¡Error! No se encuentra el origen de la referencia. can be cleared as the following
expressions:
Secondary is open circuit, so 𝐼2 = 0. Therefore, it is get:

Where

𝑈1
𝑈2

𝑈1 = (𝑗𝜔𝐿1 + 𝑅1 ) · 𝐼1

(27)

𝑈2 = 𝑗𝜔𝑀 · 𝐼1

(28)

𝑈1 𝑗𝜔𝐿1 + 𝑅1
=
𝑈2
𝑗𝜔𝑀

(29)

is the voltage gain 𝐺𝑟𝑒𝑎𝑙 + 𝑗𝐺𝑐𝑜𝑚𝑝𝑙𝑒𝑥, measured with the network analyser.

When equation (29) is cleared, it is get:
𝑀 = 𝐺𝑟𝑒𝑎𝑙 · 𝐿1 +

𝐺𝑐𝑚𝑝𝑙𝑥 · 𝑅1
𝜔

(30)

Now, the inductive coupling can be characterised.

3.5. Commercial antennas testing
In order to validate the procedures explained above, commercial antennas from Würth
Elektronik are measured and compared with simulations in a finite element tool (ANSYS
Maxwell®).
The antennas selected have different geometries (square, circular) and different winding
(solid wire and litz wire).
Antennas 760308102207 and 760308102213, shown in Figure 19, are square WPT
antennas, with ferrite core and solid copper wire, whereas antennas 760308100110 and
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760308101105, shown in Figure 20, are circular WPT antennas, with ferrite core and litz wire.
The four models were designed for wireless chargers.

Figure 19. WPT antennas 760308102207 (down) and 760308102213 (up)

Figure 20. WPT antennas 760308100110 (down) and 760308101105 (up)

3.5.1. ANSYS Maxwell modelling
A 3D model is performed with ANSYS Maxwell for both couplings. In each model,
both antennas are placed one in front of the other, so that the power transfer is possible. An
Eddy Current simulation is run for both models, with a frequency sweep. Since the antennas’
self-resonance frequency is 5 MHz, the highest frequency in the sweep was set to 1 MHz, and
frequencies below 1 kHz are not interesting due to hardware limitations when testing the
antennas. This bandwidth was selected to include 85 kHz, which is the frequency that most
WPT systems work at in EV charging applications, such as the future magnetic pad that will be
crafted and tested. These 10 frequencies where selected to be included in the simulation: 1 kHz,
10 kHz, 85 kHz, 100 kHz, 200 kHz, 300 kHz, 400 kHz, 600 kHz, 800 kHz and 1 MHz.
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Boundary conditions are set to both models, where the currents are set to solid for
760308102207 and 760308102213 and stranded for 760308100110 and 760308101105, due to
skin effect and proximity effect behaviour of litz wire.

Figure 21. ANSYS Maxwell model for the solid coper wire antennas

Figure 22. ANSYS Maxwell model for the litz wire antennas

3.5.2. Large signal measures
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The first test procedure was the large-signal characterisation. Both antennas were
tested in 9 different frequencies: 10 kHz, 85 kHz, 100 kHz, 200 kHz, 300 kHz, 400 kHz, 600
kHz, 800 kHz and 1 MHz. 1 kHz was not included in the test due to the power amplifier’s work
bandwidth. Data was displayed alongside simulation results, so that both modelling and testing
fitting can be discussed.
First, solid wire antennas are tested, obtaining the data shown in the following graphs.

Figure 23. Primary inductance
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Figure 24. Secondary inductance.

Figure 25. Mutual inductance
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Figure 26. Coupling factor

As can be seen in Figure 23, Figure 24, Figure 25 and Figure 26, there is an overall well
fitting for all measures and simulations. Slight differences can be noticed in primary and
secondary self-inductances, produced by the ideal transformer characterisation simplification.
Although this procedure shows a correct performance, mayor differences can be noticed
in the mutual inductance (Figure 25), which are later transmitted to the coupling factor (Figure
26). Several factors are behind this non-fitting. Firstly, the simulation is just a quick
approximation of the actual inductance values. Secondly, testing errors may be present, such as
voltage induced in the probe and misalignment. With such small antennas, the millimetre
precision available in the laboratory may lead to relatively large percentage errors. Loops
produced by the voltage probe are also important when the antennas are small, because, in
comparison, the surface inside the loop is relatively large. Hence, the magnetic flux is high
inside the loop, so the voltage induced in the probe can alter the measures. Lately, the real
antenna (square spiral) is modelled as a square coil, due to the complexity of the actual
topology.
Thus, the difference between the simulation and the measure is justified by the small
size of the antennas under test, the field surrounding the voltage probe and the complex
topology of the coil.
Then, the litz wire antennas are tested. The data obtained is displayed in the graphs
below.
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Figure 27. Primary inductance

Figure 28. Secondary inductance
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Figure 29. Mutual inductance

Figure 30. Coupling factor

Just like in the solid copper antennas case, the overall fitting is acceptable. Selfinductances in the measure fit the simulation as expected for a simple topology such as the
circular one. Furthermore, one antenna is much bigger than the other one, so the field
distribution can be partially controlled by exciting the smaller antenna and measuring voltage
in the bigger one, so that the loop generated by the voltage probe is not crossed by many
magnetic field lines. Hence, the mutual inductance (Figure 29), and, as a consequence, the
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coupling factor (Figure 30) are much more similar in the measure and in the simulation than in
the solid copper antennas case.

3.5.3. Small signal measures
For the small signal measures, an automatic frequency sweep is performed between 1
kHz and 1 MHz. Resolution is set to 201 points, and data obtained from the tests is displayed
alongside the simulation results.
The impedance analyser is used to measure inductances and resistances in primary and
secondary coils for both pairs of antennas, obtaining the following graphs for the solid copper
antennas.

Figure 31. Primary inductance
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Figure 32. Secondary inductance

Figure 33. Primary and secondary resistances

And the same test is applied on the litz wire antennas, leading to the following results.
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Figure 34. Primary inductance

Figure 35. Secondary inductance
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Figure 36. Primary and secondary resistances

As can be noticed in Figure 31 and Figure 32, the simulation fits the measure for the solid
copper antennas. Since this test is a simple measure, in which the inductance is taken directly
from the analyser with no manipulation, signal smoothing or indirect measures, it can be proved
that ANSYS Maxwell offers accurate and reliable results from a quick simulation on an
approximated model of the device under test.
The same applies to data displayed in Figure 34 and Figure 35, where the simulation
results perfectly fit the measure results.
From a quick review of Figure 33 and Figure 36 is noticeable that litz wire helps reducing
skin effect and proximity effect, being practically unnoticeable at 85 kHz.
Mutual inductance and, therefore, coupling factor, are taken from the three procedures
in 3.4: short circuit in secondary, series primary and secondary, and voltage gain.
Using the short circuit secondary method in the solid copper antennas, it is obtained the
information from the following graphs.
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Figure 37. Mutual inductance

Figure 38. Coupling factor

And the same information for the litz wire antennas.
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Figure 39. Mutual inductance

Figure 40. Coupling factor

Now, the mutual inductance for both solid copper and litz wire antennas fit the
simulation results for the bandwidth between 10 kHz and 1 MHz. There is a mismatch tendency
at low frequencies, as it can be seen in Figure 37 and Figure 39. The lowest is the frequency, the
biggest is the mismatch between the simulation and the test.
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This is due to the simplifications in the model. Resistance in the coils were deprecated
to remove the real part in the complex expressions obtained from ¡Error! No se encuentra el
origen de la referencia., so that the equation could be cleared. Since the inductance is relatively
small, and its contribution to the overall impedance depends on the frequency, it is not until
certain frequency that the dominant parameter in the impedance is the inductance: the inductive
impedance increases in a factor of 10 per decade, whereas the resistance only increases when
the skin effect and the proximity effect cause noticeable losses.
Other important cause of mismatch is the actual short circuit, which can make an
inductive loop next to the coil, inducing a current which may alter the measures.
Thus, this method is only suitable when the magnetic field is relatively low and the work
frequency is in the correct measuring bandwidth, which, in this case, is between 10 kHz and 1
MHz for both antennas.
By using the series method on the solid copper antennas, the following information is
displayed.

Figure 41. Mutual inductance
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Figure 42. Coupling factor

And so for the litz wire antennas.

Figure 43. Mutual inductance
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Figure 44. Coupling factor

This method reveals a good overall performance. As a measuring procedure, the
simplifications applied in the calculations are not as noticeable in the results as in the previous
procedure, although it may present the same problematic in other coils.
The main problem is the inductive loop in the wire connecting the coils. Since both
antennas shall be connected series, it is an unavoidable problem, and the percentage error
increases as expected when the wire connecting the antennas is closer to the magnetic field.
From a quick review of Figure 41 and Figure 43, the percentage error is bigger in the litz wire
antennas than in the solid copper ones, where the area difference between emitter and receiver
is smaller.
Therefore, this method shows an accurate fitting between the measure and the
simulation, but main disadvantages, such as parasitic inductance in the connexion wire or size
difference between the antennas should be taken into account when choosing it.
Next, the voltage gain method is tested against the simulation for the solid copper
antennas.
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Figure 45. Mutual inductance

Figure 46. Coupling factor

And the same for the litz wire antennas.
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Figure 47. Mutual inductance

Figure 48. Coupling factor

The voltage gain method shows an accurate match between the measures and the
simulation, especially for the litz wire coils. Main problems are the inductive loops between the
ends of the coils and the probes once again.
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3.5.4. Conclusion
Different procedures were described and analysed. All of them showed an acceptable
performance at the work frequency (85 kHz), but several considerations may be taken into
account when selecting one of them for a particular test.
From the small signal procedures, the short circuit method and the series method are
simpler than the voltage gain one, because only one device is required to carry out the test. They
are also simpler mathematically, because the real part of the impedance is removed.
Nevertheless, the voltage gain method provides more reliable results, since the inductive loops
which contaminate the measure results are restricted to the ones between the device under test
and the probes, and the resistive part of the coils are taken into account. Furthermore, both short
circuit and series methods require soldering to connect the wires for the test, which take time
and can damage the coils.
The large signal method also wins in simplicity. When the frequency is constant (85
kHz), the test is easily carried out, and only two measures are needed to take values for all the
coupling, except for the coil resistances.
For this project, the wire will be litz wire, and the topology will be rectangular coil. The
coils will be separated between 10 cm and 15 cm, and the size will be much bigger than the
coils analysed. This means that parasitic inductances between the coils are unacceptable,
especially when the loops are inside the main path for the magnetic field. Therefore, the short
circuit and series methods are discarded.
Although the voltage gain method matches slightly better the simulation than the large
signal procedure for the solid copper wire, the large signal procedure is chosen, because it is
much simpler than the voltage gain method, since only requires one device to measure and the
match for the litz wire antennas is almost perfect.

3.6. Magnetic field probe
Due to the potential risk inherent of the exposure to alternating magnetic fields, it is
needed to know the peak value of the magnetic field generated by the magnetic pad. Since all
commercial devices were too expensive, the acquisition of a magnetic field measuring
instrument was discarded. Instead, the design and crafting of a magnetic field probe was
proposed, so that it could be directly connected to the input of the oscilloscope.

3.6.1. Theoretical fundamentals
The use of Hall effect sensors was considered, since they are cheap and easy to use, but
were discarded due to their limitations at 85 kHz. Instead, the proposed device was based on
Lenz’s law. This is a much simpler design, which has been proved effective for this application
[18], and is affordable and easy to craft.
Applying Lenz’s law to a coil, it is obtained:
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𝜀 = −𝑛 ∙

𝑑𝛷
𝑑𝑡

(31)

And substituting the flux with the integral definition:
𝜀 = −𝑛 ·

𝑑
∬ 𝐵𝑑𝑠
𝑑𝑡

(32)

Assuming the magnetic field B is sinusoidal:

𝜀 = −𝑛 ·

𝑑
∬ 𝐵𝑝𝑘 · 𝑠𝑒𝑛(𝜔𝑡)𝑑𝑠
𝑑𝑡

(33)

And solving the integral:
𝜀 = −𝑛 · 𝐵𝑝𝑘 · 𝜔 · cos(𝜔𝑡) · 𝑆
𝐵𝑝𝑘 =

𝑉𝑝𝑘
𝑛·𝜔·𝑆

(34)
(35)

So the relation between the voltage in the coil and the magnetic field in the centre of the
coil is the one in (35).
The expression is adjusted to measure 100 µT per volt at 85 kHz in the probe, so the
number of turns n is fixed to 20 turns. Hence, the coil radius is 17.26 mm.
Hence, it is immediate to turn this one-dimension design into a 3 dimensions design.
This way, the magnetic field modulus is obtained, although the magnetic field is not
perpendicular to the probe. In order to achieve that, the following expression is used:
𝐵=

√𝑈12 + 𝑈22 + 𝑈32
𝑛·𝜔·𝑆

(36)

For the design parameters previously chosen, it is get:
1
= 10−4
𝑛·𝜔·𝑆

(37)

And finally, from (36) and (37):
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𝐵(𝑇) =

√𝑈12 + 𝑈22 + 𝑈32
10

(38)

Were 𝑈1 , 𝑈2 and 𝑈3 are measured in mV.

3.6.2. Design and construction
The reason behind choosing 100 µT per volt is to keep a small coil radius, so that the
probe is manoeuvrable. Moreover, the normative SAE J2954 specifies that the coil shall be
circular [9], which was not the case for the one validated in [18]. To meet the conditions
described in SAE J2954, the number of turns is set to 20 turns. This way, the probe is small
enough to fit the pad, and is possible to wind it without noticeable misalignment between the
wire loops and the winding is not unnecessarily difficult. More turns would have made the
winding operation more difficult, whereas less turns would have made the coil too large.
The probe was 3D modelled with the software TinkerCAD, and once designed, it was
3D printed in the laboratory. It was decided to divide the probe into three different parts, so that
the printing was simpler. Unnecessary solid sections were removed, so less material was used
and the 3D printer could work faster. Once printed, the three parts were glued with contact
adhesive.

Figure 49. 3D model of the probe

The wire used was 0.2 mm solid copper wire. Since no current is supposed to flow
through the wire, there was no minimum diameter restriction, and this was the thinnest wire
available in the laboratory. The wire was winded as tight as possible to the plastic body, and
the ends were twisted to avoid additional inductive loops. The three coils were soldered to
coaxial cable.
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Figure 50. Winding in the magnetic field probe

Due to stock availability in the laboratory, three coaxial cables were recycled. One of them had
a x10 indicator in the output, so every time data is collected, a x0.1 correction shall be done in
the channel the x10 probe is connected to.

3.6.3. Probe validation
To validate the probe, two procedures were followed. Firstly, a two turns circular coil
was measured and compared to the theoretic field, and secondly, the magnetic pad was
modelled with ANSYS Maxwell and simulated, obtaining the magnetic field and comparing it
with the one resulting from measuring the actual magnetic pad.
Biot and Savart’s law was used to calculate the magnetic field induced by a known
geometry. In this case, a circular two turns coil. Thus, the magnetic field is the one in the
following expression:
⃗

⃗⃗
⃗⃗ = 𝜇·𝐼·𝑑𝑙 ×𝑢
𝑑𝐵
;
2
4𝜋 𝑟

(39)

Solving the expression and substituting known parameters:
𝑑𝐵 =

𝜇·𝐼 𝑑𝑙·cos(𝛼)

·
4𝜋

𝑟2

=

𝜇·𝐼 𝑅·𝑑𝜑·cos(𝜃)

·
4𝜋

𝑟2

=

𝜇·𝐼

𝑅 2 ·𝑑𝜑

·
4𝜋 (𝑅 2 + 𝑧 2 )3/2

(40)

Solving the integral:
𝐵𝑝𝑘
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𝜇 · 𝐼𝑝𝑘 · 𝑅 2
=
2 · (𝑅 2 + 𝑧 2 )3/2

(41)
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The magnetic field is measured using the probe at different distances and is also
calculated from (41).

Figure 51. Measure from the coil

Finally, the values obtained from the probe and the theory are compared.

Figure 52. Magnetic field in the two turns coil

The obtained results are very positive. The tolerances were relatively high, due to low
precision to measure the distance between the centre of the coil and the centre of the probe, as
well as the possible positioning error in the X and Y axis.
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Moreover, the emitter magnetic pad is modelled using ANSYS Maxwell, and a
magnetostatic simulation is run, to obtain the magnetic field at different distances alongside the
Z axis from the centre of the pad.

Figure 53. ANSYS Maxell model for the emitter pad

Once simulated, the pad is tested with the probe, at different distances, as done with the
circular coil.

Figure 54. Measure from the pad

When the data is obtained, a graph is drawn. Once again, the validation is a success,
because the precision of a commercial probe is not much better. This way, the magnetic field
can be measured with a very cheap device, and there is no need for an expensive one.
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Figure 55. Magnetic field in the pad
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Chapter 4.
Magnetic pad validation

4.1. Initial study and first prototype
A magnetic pad was crafted to study the effects of the distance between emitter and
transmitter in the coupling factor. In order to craft the pad, a coil-former was employed. The
coil former was designed by the UPM, crafted by Andaltec and granted by Premo. This coilformer is made of plastic, and its main feature is its modifiable geometry body, in which both
double-D and square topology can be winded.

Figure 56. Detail of the modifiable geometry coil-former

Then, different topologies can be tested with this coil-former. The topology used in the
prototype will be rectangular, so a rectangular coil is winded.
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Figure 57. Setup with winded Transmitter and receiver

But the coil-former could not meet the specifications of the power converter [13]. With
only 8 turns available, the coils were just 14.8 µH, meanwhile the converter specified 331 µH.
Thus, the coil-former was discarded, and instead, the coils were winded from scratch.
Area specifications from the coil-former were respected, and two coils were winded in
cardboard and wood plates.
To meet both the specifications from the converter and the area available in the coilformer, the number of turns was set to 40 divided into two layers of 20 turns, to optimise the
available space.
The new coils’ inductance is slightly higher than the design parameter: 400 µH, which
is an acceptable value for correct performance of the converter in a first approximation.
The coupling is measured in large signal. The reason behind is that the antennas are too
large to be measured in an accurate way using the short circuit or the series procedures, because
the loops created by the extra wire would lead to inaccurate measures. Therefore, the procedures
left are the small signal gain one and the large signal one. Since there is no frequency sweep
and both offer accurate measures, the large signal procedure is chosen.
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Figure 58. Detail of the emitter and transmitter

Two testes are carried out. In the first one, both mutual inductance and self-inductances
are measured, to obtain the coupling factor in a distance sweep between 10 cm and 20 cm. The
antennas are placed with no magnetic components. The second test is similar to the first one,
but ferrites are placed to guide the magnetic field.
The obtained signals are processed via Matlab® and then, the coupling factor is
calculated, as well as the quality factor of the coils.

Figure 59. Mutual and self-inductances with no ferrite
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Figure 60. Coupling factor with no ferrites

And now, the second test is carried out. Ferrites are placed below the transmitter coil
(ground) and above the receiver coil (vehicle). This way, the magnetic field is guided by a lower
reluctance path, and more magnetic field lines flow through the loop in the receiver, increasing
the mutual inductance.

Figure 61. Detail of the setup with ferrite core

The magnetic components used in the test were granted by Premo. They are made of
rectangular ferrite pieces put one behind the other, so that they conform a long ferrite core
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surrounded by a plastic shell. This way, the core material has ferromagnetic properties, but also
provides some flexibility to the core.

Figure 62. Detail of the flexible magnetic core

The coupling is measured, and mutual and self-inductances are calculated, as well as the
coupling factor.

Figure 63. Mutual and self-inductances with ferrite core
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Figure 64. Coupling factor with ferrite core

The data displayed shows that inductance in the bare coil case is constant, meanwhile
there is a slight variation in the ferrite core case. This is due to the interaction between the coil
itself (winding and core) and the magnetic component in the other coil, that’s why in the ferrite
core case, inductance in both coils increases as the distance between them decreases.
From a quick view to Figure 59 and Figure 63, it is noticeable that not only mutual
inductance is higher in the ferrite core case than in the air core case, but that mutual inductance
decreases faster in the air core case than in the ferrite core case.
The approximation taken in 3.3 is justified by the good performance of the measuring
procedure and the results obtained, as well as the low resistance in the circuit. As can be seen
in Figure 65, the real part of the impedance in the electrical circuit is depreciable, since the
inductive component is much higher. That leads to a phase of almost π/2.
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Figure 65. Detail of the current and voltage in the coil

Data is also shown in the tables below. Now, the quality factor for both antennas with
ferrite core and air core is calculated using expression (42), as well as que coupling’s efficiency,
using the approximation in (43):
𝑄𝑖 =
𝜂 ≈1−

Distance (cm) Coupling Factor k

𝜔𝑖 · 𝐿𝑖
𝑅𝑖

(42)

2

(43)

𝜅 · √𝑄1 · 𝑄2

Q transmitter

Q receiver

Efficiency

247,3053733

275,084767

0,754199309

0,03564988

247,4754595

275,59584

0,785182589

18

0,04010432

248,099109

273,232129

0,808459634

17

0,04383633

247,9290228

275,020883

0,825277321

16

0,05023962

247,4187641

273,359898

0,846926516

15

0,05685434

247,3053733

273,743202

0,86479962

20

0,03119585

19
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14

0,06446342

246,568333

274,765347

0,880802534

13

0,0741976

247,7022411

274,19039

0,896569395

12

0,08859603

247,8723274

273,359898

0,913277

11

0,1021919

247,6455457

273,232129

0,92476284

10

0,11626477

247,0218962

272,912709

0,933747501

Table 2. Coupling factor, quality factor and efficiency with air core.

Distance (cm) Coupling Factor k

Q transmitter

Q receiver

Efficiency

289,4867574

321,272943

0,909226295

0,07578344

288,6363263

321,8479

0,913412576

18

0,08429004

289,9403207

325,553176

0,922769571

17

0,09318263

291,4144013

322,550625

0,929993146

16

0,09395915

289,8836253

323,636654

0,930505534

15

0,1039486

290,7340564

324,594915

0,937368538

14

0,10990054

302,3566153

328,939031

0,942295097

13

0,10968157

297,6508963

332,452654

0,942033397

12

0,11761123

297,8209825

335,135785

0,946173869

11

0,1185666

297,6508963

336,605118

0,946709023

10

0,14337097

296,2335111

334,049756

0,955654853

20

0,07224678

19

Table 3. Coupling factor, quality factor and efficiency with ferrite core.

It is noticeable that the ferrite core does not only increase the coupling factor, but the
quality of the coil. This is because of the low losses in the ferrite core: inductance increases
notably maintaining a low resistance.
With a coupling factor as low as 0.07, the efficiency of the inductive link is almost 91%.
This efficiency can increase with a better design of the coils: the quality factor is relatively low
because of the high resistance in the coil (almost 1 Ω for 40 turns).
One of the challenges in WPT for EV charging is the misalignment between the receiver
and the transmitter coil, produced by a bad parking manoeuvre. The effect of this misalignment
is shown in the next test, in which the mutual and self-inductances are measured in several
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points along the x and y axis. Maximum misalignment is set to 15 cm for both axis, and distance
between the coils is set to 20 cm. For this case, the maximum misalignment is approximately
the antenna’s radius. The antennas used in the test are the ones described in the last test, with
the ferrite core below the winding.

Figure 66. Effect of the misalignment in the coupling factor

From Figure 66 an exponential decrease of the coupling factor can be observed. The
effect of the misalignment is more important near the offset position, where there is a 25%
decrease in the coupling factor with a 4 cm lateral displacement in one axis, meanwhile there
is a 42% decrease for a 15 cm one. Hence, the critical design consideration is a high coupling
factor in the area near the offset position.
Another consideration deals with the size of the coils. When the receiver antenna is
placed 15 cm away from the offset position in both axis (about twice the radius of the antenna),
the coupling factor has decreased in 51%, which in terms of efficiency is 𝜂 = 0.86.
Although this 86% is not a possible design parameter, even the worst scenario (15 cm
displacement in both axis and 20 cm separation between the coils) offers an acceptable setup to
improve both the coupling and the quality of the coils.
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Figure 67. Detail of the misalignment test.

4.2. Losses in the windings
Efficiency in a WPT coupling is defined by the approximation in (7). Hence, efficiency
depends on the coupling factor k and the quality factor Q, defined in (5). The coupling factor is
limited by the distance between the coils, and the only way to improve it is by adding a ferrite
core to the coil or modifying the geometry of the coupling. Once is given a design coupling
factor, increasing the quality factor of the coils is a priority.
In order to maximise the efficiency in the coupling, losses in the coupling shall be
maintained as low as possible. At a constant frequency, losses depend on several factors:
•
•
•
•

Wire overall section (direct current losses)
Twisting and distance between wires (alternating current losses, proximity effect)
Wire section (alternating current losses, skin effect)
Magnetic material and core volume (core losses)
So, the following expressions can be useful to classify the losses:
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𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑐𝑢 + 𝑃𝑓𝑒

(44)

𝑃𝑐𝑢 = 𝑃𝑑𝑐 + 𝑃𝑎𝑐

(45)

𝑃𝑎𝑐 = 𝑃𝑠𝑘𝑖𝑛 + 𝑃𝑝𝑟𝑜𝑥𝑖𝑚𝑖𝑡𝑦

(46)
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𝑃𝑖 = 𝑅𝑖 · 𝐼 2

(47)

As losses in the magnetic core are depreciable against losses in the wire, the following
analysis focuses in 𝑃𝑐𝑢 losses.
DC resistance in the wire depends on the overall copper section. As can be seen in (48),
resistance increases as the diameter is smaller.
𝑅𝑑𝑐 =

𝜌𝑐𝑢 · 𝑙 4 · 𝜌𝑐𝑢 · 𝑙
=
𝐴
𝜋 · 𝑑2

(48)

AC resistance depends on the twisting and the topology of the wire for proximity effect
losses, as well as on the strand diameter for skin effect losses. As can be seen in (10), skin effect
losses increase with the frequency, since the ring section decreases and the overall resistance
increases. Wire section must be limited to prevent skin effect, so the effect can be limited by
maintaining the original overall section divided into isolated strands. More strands also mean
less current per strand, so the proximity effect is also limited by increasing the strand number.
Since the core material will not change, hysteresis losses should be the same, no matter
the wire used in the winding.
In order to choose the optimal wire, 5 different litz wires from the lab were tested. The
test consisted of crafting a similar antenna with each wire and measuring the losses with air
core and ferrite core. This will also provide a comparative analysis of the loss distribution at
different frequencies.
The testing antenna is a plain square coil, whose length is 7 cm in the inside and 16 cm
in the outside. It has 10 turns, separated by 0.5 cm. The design parameters are L = 15. 16 ±
0.6% µH for the air core one, and L = 26.14 ± 3.8% µH for the ferrite core one, at 85 kHz.
These values were chosen so that differences between the coils inductance due to winding errors
were unnoticeable, and the self-resonance frequency was not in the work frequency sweep.
Wires are named with the strand diameter in brackets, and the inner packages of strands
at the beginning. The tested wires are the following ones:
•

Wire 1: 4x5x8x(0.1mm)

•

Wire 2: 8x20x(0.1mm)

•

Wire 3: 630x(0.1mm)

•

Wire 4: 420x(0.08mm)

•

Wire 5: 510x(0.1mm)
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Figure 68. Antennas made of the 5 wires available in the laboratory

The resistance factor is defined as the relation between the AC resistance and the DC
resistance (49), so that the resistance factor is 𝑅𝑓 = 1 at 1 Hz and increases as frequency
increases.

𝑅𝑓 =

𝑅𝐴𝐶
𝑅𝐷𝐶

(49)

The resistance is measured for the five antennas, and the resistance factor is calculated
and shown in the following graphics. These two parameters offer information not only about
the losses (resistance) but about the importance of AC losses in the wire, so that design
consideration can be taken into account when choosing a strand number.
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Figure 69. Air core resistances

Figure 70. Ferrite core resistances
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As can be seen from Figure 69 and Figure 70, Wire 1 and Wire 2 are almost the same.
Not only the overall section is exactly the same (DC resistance), but they have also the same
strand diameter (skin effect losses) and strand number (skin effect losses, proximity effect
losses). The only difference between them is the strand packaging (proximity effect losses),
but is practically unnoticeable in the frequency range 1 kHz – 1 MHz. Wires 3 and 5 also have
similar behaviour, since their DC resistance is similar and the strand diameter is the same (skin
effect losses, proximity effect losses). Wire 4 behaves slightly different, since is the only one
with different strand diameter (skin effect losses, proximity effect losses).

Figure 71. Detail of an antenna with ferrite core

Figure 72. Detail of an antenna with air core

The comparative between the wires is similar with air core and ferrite core. The mayor
difference are the hysteresis losses, dominant from 100 kHz, but in the range 1 kHz- 100 kHz,
the resistance is almost the same.
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The resistance factor is calculated and shown in the following graphics:

Figure 73. R factor with air core

Figure 74. R factor with ferrite core
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So, in conclusion, the most suitable wire is the 510x(0.1mm) one (Wire 5), due to its
low resistance and overall performance at 85 kHz. Nevertheless, the best AC / DC resistance
ratio is achieved with the 8x20(0.1mm) wire (Wire 2).
Skin effect losses are almost the same for all the wires, because the wire diameter is the
same (0.1mm) for all wires, except for Wire 4 (0.8mm). Then, mayor differences between the
wires in the Resistance factor are due to proximity effect losses. It also highlights the
importance of the twisting, because wires with more strands are supposed to have better
performance than the ones with less strands (skin effect, proximity effect), and that is not the
case of the test above.
So, in conclusion, until certain frequency value, more strands will produce better
performance. The wire twisting and packaging is a key factor to limit high frequency losses in
the wire, and hysteresis losses are important from certain frequency value.

4.3. WPT1 Z1 crafting and validation
A WPT1 Z1 system analysed. The Ground Assembly was crafted as per SAE J2954 [9],
and the Vehicle Assembly was designed to fit a new power converter’s specifications. Due to
stock in the laboratory, 630x(0.1mm) wire was used to wind the GA. The schematic is described
in SAE J2954:

Figure 75. WPT1 Z1 GA schematic

The wire was winded on top of a transparent plastic sheet, so that it could be attached
and tested with air core and ferrite core.
At 85 kHz, resistance of the GA is 0.27 Ω for the air core and 0.44 Ω for the ferrite core,
and inductance is 158.9 µH for the air core and 268 µH for the ferrite core.
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Since ferrite is a very brittle material, it is difficult to manufacture large ferrite sheets.
This is why the core was made of 16 square ferrite pieces of 100 mm x 100 mm and 26n square
ferrite pieces of 50 mm x 50 mm. The core was then fixed to a cardboard coil-former.

Figure 76. Ground Assembly

In order to match magnetic coupling considerations as well as power converter’s design
parameters, the VA was designed as a square planar antenna, with 17 turns divided in two
windings (10 - 7). Inner square’s length was 214 mm, and outer square was 280 mm for the first
layer and 260 mm for the second layer. Flexible ferrite cores from Premo were used in the VA.
The flexible core technology uses rigid ferrite pieces (29 mm x 17 mm) lined, avoiding lateral
shift but allowing up and down rotation movements. 120 ferrite pieces were used to craft the
VA.
For the windings, similar characteristics wires were tested: 630x(0.1 mm) and
1225x(0.07 mm). Losses should be similar, since the twisting is the same for both wires and
both strand diameter and copper section is similar.
Then, a VA is winded with both wires, and resistances are compared in order to get the
optimal litz wire for this application.
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Figure 77. 630x(0.1 mm) wire VA

Figure 78. 1225x(0.07 mm) wire VA

From Figure 79 it is noticeable that resistance is slightly lower for the 1125x(0.07 mm)
litz wire, so it will be used in the VA winding.
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Figure 79. Resistance comparison

A new setup was required, since the new prototype was so big that it did not fit the first
setup. A wooden structure was crafted to sustain the VA, and wooden bars were cut to lift the
GA when needed.

Figure 80. New setup for the WPT1 Z1 system
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The test performed in the WPT system is the one described in SAE J2954 [9], which
consists on a measure sweep in the three axis. Distance between measuring points is set to
2.5 cm, and limits are set to 7.5 cm for the x axis and 10 cm for the y axis.
X axis is defined as the axis in the direction of the vehicle, and y as the perpendicular
⃗⃗ points from the GA
axis to x in the coordinate plane parallel to the surface, so that 𝑖⃗ 𝑥 𝑗⃗ = 𝑘
to the VA.

Figure 81. Efficiency check points described in SAE J2954

So, the test is performed measuring mutual and self-inductances, resistances, and
calculating coupling factor, quality factor, and efficiency. The tables below show the data
measured and calculated in the test.
R1

R2

L1

L2

M

Δx

Δy

Δz

0.440295

0.152504 0.00026866 0.00021782

3.54E-05

0

0

15

0.441373

0.152783 0.00026869 0.00021768

3.47E-05

2.5

0

15

0.439113

0.157678 0.00026872 0.00021769

3.21E-05

5

0

15

0.44268

0.157221

0.0002688 0.00021779

2.81E-05

7.5

0

15

0.433917

0.158862

0.0002687 0.00021768

3.55E-05

0

2.5

15

0.440093

0.157697 0.00026869 0.00021769

3.43E-05

2.5

2.5

15

0.436735

0.160931 0.00026872 0.00021766

3.10E-05

5

2.5

15
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0.436451

0.154929

0.0002688 0.00021774

2.76E-05

7.5

2.5

15

0.443104

0.162064 0.00026876 0.00021783

3.47E-05

0

5

15

0.442214

0.155074 0.00026874

0.0002177

3.28E-05

2.5

5

15

0.438951

0.156466 0.00026877 0.00021759

3.05E-05

5

5

15

0.438596

0.159651 0.00026885 0.00021756

2.67E-05

7.5

5

15

0.44879

0.155731 0.00026885 0.00021792

3.25E-05

0

7.5

15

0.440521

0.154913 0.00026881 0.00021782

3.17E-05

2.5

7.5

15

0.439753

0.155205 0.00026884 0.00021782

2.90E-05

5

7.5

15

0.434524

0.159866 0.00026886

0.0002179

2.63E-05

7.5

7.5

15

0.44862

0.159073 0.00026888 0.00021786

3.02E-05

0

10

15

0.437554

0.162748 0.00026886 0.00021779

2.98E-05

2.5

10

15

0.434872

0.156845 0.00026889 0.00021798

2.74E-05

5

10

15

0.434212

0.148463 0.00026893 0.00021796

2.43E-05

7.5

10

15

0.381683

0.158419 0.00027122 0.00022109

4.68E-05

0

0

12.5

0.392087

0.155706 0.00027123 0.00022089

4.47E-05

2.5

0

12.5

0.380041

0.148496 0.00027131 0.00022096

4.07E-05

5

0

12.5

0.385664

0.15449 0.00027148 0.00022113

3.54E-05

7.5

0

12.5

0.380284

0.156946 0.00027126 0.00022111

4.67E-05

0

2.5

12.5

0.390785

0.155301 0.00027126 0.00022092

4.41E-05

2.5

2.5

12.5

0.391108

0.150506 0.00027136 0.00022103

4.03E-05

5

2.5

12.5

0.389588

0.153388 0.00027152 0.00022124

3.70E-05

7.5

2.5

12.5

0.386796

0.153382 0.00027135 0.00022125

4.55E-05

0

5

12.5

0.3857

0.153034 0.00027135 0.00022115

4.30E-05

2.5

5

12.5

0.389649

0.151943 0.00027141 0.00022083

4.05E-05

5

5

12.5

0.385889

0.158201 0.00027152 0.00022116

3.55E-05

7.5

5

12.5
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0.386979

0.153119 0.00027144 0.00022111

4.34E-05

0

7.5

12.5

0.387726

0.157884 0.00027146 0.00022109

4.15E-05

2.5

7.5

12.5

0.386766

0.159295

0.0002207

3.86E-05

5

7.5

12.5

0.384642

0.152277 0.00027159 0.00022091

3.40E-05

7.5

7.5

12.5

0.378149

0.155568 0.00027177 0.00022078

4.13E-05

0

10

12.5

0.391624

0.160883 0.00027178 0.00022066

3.94E-05

2.5

10

12.5

0.381655

0.16056 0.00027181 0.00022069

3.63E-05

5

10

12.5

0.385572

0.153633 0.00027188 0.00022085

3.12E-05

7.5

10

12.5

0.33512

0.160297 0.00027407 0.00022455

5.80E-05

0

0

10

0.331096

0.153244 0.00027416 0.00022469

5.46E-05

2.5

0

10

0.342282

0.154829 0.00027399 0.00022487

4.89E-05

5

0

10

0.346467

0.154489

0.0002742 0.00022436

4.23E-05

7.5

0

10

0.344426

0.157194 0.00027395 0.00022486

5.64E-05

0

2.5

10

0.336967

0.151099 0.00027403 0.00022462

5.40E-05

2.5

2.5

10

0.430152

0.147015 0.00027417 0.00022492

4.90E-05

5

2.5

10

0.334847

0.155676

0.0002253

4.34E-05

7.5

2.5

10

0.343747

0.155433 0.00027415 0.00022489

5.80E-05

0

5

10

0.341615

0.148579 0.00027414 0.00024475

5.47E-05

2.5

5

10

0.343767

0.155146 0.00027429 0.00022485

4.91E-05

5

5

10

0.340578

0.15018 0.00027451 0.00022518

4.27E-05

7.5

5

10

0.0002715

0.0002744

Table 4. Measures from the WPT1 Z1 prototype

Q1

Q2

k

η

Δx

Δy

Δz

325.883896

762.797624

0.14644982

0.97260918

0

0

15

325.117005

760.922269

0.1434937

0.97197748

2.5

0

15

326.83165

737.330469

0.13270882

0.96930009

5

0

15
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324.292229

739.816785

0.1159801

0.96479404

7.5

0

15

330.71334

731.801519

0.14658815

0.97226625

0

2.5

15

326.063814

737.245019

0.14196035

0.97126536

2.5

2.5

15

328.612455

722.340058

0.12809423

0.96795299

5

2.5

15

328.920506

750.60297

0.1139086

0.96466355

7.5

2.5

15

323.936117

717.830582

0.14348063

0.97109346

0

5

15

324.562709

749.735817

0.1358035

0.9701451

2.5

5

15

327.016756

742.710805

0.12629444

0.96786703

5

5

15

327.37277

727.77347

0.1105342

0.96293074

7.5

5

15

319.939071

747.334159

0.13426358

0.96953644

0

7.5

15

325.890076

750.956299

0.13097747

0.96913328

2.5

7.5

15

326.501729

749.546904

0.11993447

0.96629116

5

7.5

15

330.459073

727.950601

0.10852024

0.9624241

7.5

7.5

15

320.096023

731.455307

0.12498098

0.96692864

0

10

15

328.167029

714.682408

0.12309587

0.96645078

2.5

10

15

330.226559

742.227078

0.113287

0.96434048

5

10

15

330.780161

784.085349

0.10053994

0.9609393

7.5

10

15

379.51076

745.333779

0.19111636

0.98032364

0

0

12.5

369.444556

757.644664

0.18265835

0.97930416

2.5

0

12.5

381.276946

794.675526

0.16621818

0.9781407

5

0

12.5

375.947787

764.434352

0.14465044

0.97420851

7.5

0

12.5

380.958878

752.424311

0.19075612

0.98041692

0

2.5

12.5

370.726021

759.713331

0.18006462

0.97907092

2.5

2.5

12.5

370.54958

784.31107

0.16466382

0.97746983

5

2.5

12.5

372.214638

770.302388

0.15077615

0.97522749

7.5

2.5

12.5
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374.669418

770.370822

0.18558501

0.97994082

0

5

12.5

375.727151

771.77366

0.17538921

0.97882391

2.5

5

12.5

372.004225

776.204524

0.16534064

0.97748933

5

5

12.5

375.78948

746.60391

0.14480202

0.97392418

7.5

5

12.5

374.612309

771.2092

0.17697618

0.9789749

0

7.5

12.5

373.9195

747.889835

0.16929444

0.97766019

2.5

7.5

12.5

374.898705

739.937516

0.15754065

0.97589635

5

7.5

12.5

377.095255

774.793119

0.13861893

0.97330751

7.5

7.5

12.5

383.834267

757.952847

0.16862795

0.9780109

0

10

12.5

370.630024

732.494519

0.16079567

0.97612831

2.5

10

12.5

380.357225

734.094484

0.14817266

0.97445593

5

10

12.5

376.588776

767.72866

0.12752977

0.97083373

7.5

10

12.5

436.777187

748.146173

0.23369582

0.98502883

0

0

10

442.222699

783.060276

0.22000948

0.98455206

2.5

0

10

427.516239

775.685602

0.19711284

0.98238041

5

0

10

422.6667

775.619285

0.17042521

0.97950382

7.5

0

10

424.782136

763.950779

0.22742327

0.98456242

0

2.5

10

434.31178

793.918568

0.2178436

0.98436505

2.5

2.5

10

340.403182

817.070307

0.19715729

0.98076507

5

2.5

10

437.661225

772.930152

0.17473986

0.98032119

7.5

2.5

10

425.933492

772.709147

0.23355407

0.98507331

0

5

10

428.583902

879.766888

0.21107768

0.98456929

2.5

5

10

426.137089

774.031845

0.19788576

0.98240208

5

5

10

430.464369

800.789624

0.17174775

0.98016596

7.5

5

10

Table 5. Characterization of the WPT1 Z1 prototype

The tables above give a lot of information. From a brief comparison between the values
obtained in this inductive link and the ones from the first prototype, it is oblivious that the coils
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have much more quality, and the coupling is optimised. Even in the worst point, efficiency is
above 95%. This efficiency shall be multiplied by the converter’s efficiency, to get the overall
efficiency in the battery charging.
The coupling at the three heights is represented in the following graphs, so that it is easy
to notice the variation of the coupling factor as the coil is shifted.

Figure 82. Coupling factor at z = 15 cm
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Figure 83. Coupling factor at z = 12.5 cm

Figure 84. Coupling factor at z = 10 cm

From the images above, the understanding of the variation in the coupling factor is
easier. As there is more distance between the VA and the GA, the exponential decrease of the
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coupling factor is more important. Another important result is the slight difference between the
coupling factor at the offset position and the coupling factor with misalignment in the y axis.
This is due to the size of the GA: when GA and VA are close enough, even a 10 cm shift in the
y axis causes no noticeable effect on the coupling factor, and therefore, in the efficiency.
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Chapter 5.
Conclusions
The main goal of the TFG was to create a setup to carry out tests according to SAE
J2954, as well as to define a measuring procedure and study the effect of several factors on the
inductive coupling.
From the measuring procedures presented in Chapter 2, only the large signal method
and the small signal gain method provide reliable results at 85 kHz in relatively large magnetic
pads. Both short circuit method and series method can provide contaminated measures, as
inductive loops are present in the measuring procedure. Furthermore, soldering the wire every
time the coupling factor needs to be measure is not a big deal, and can damage the coils.
For the large signal method and the small signal gain method, the wires in the probe are
twisted, so that inductive loops are reduced, and the measures taken are accurate and reliable.

Figure 85. Wires are twisted to avoid inductive loops

The magnetic field probe was a succeed, since it is very low cost and can measure
magnetic fields accurately. It has been useful to characterise the coupling and to provide safety
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restrictions, such as aluminium shielding, to avoid high power density magnetic fields near
people.
From the losses analysis, the most important conclusion is the importance of the
application for each choice. There is a compromise between DC resistance and proximity effect
losses, since more strands will show a worse performance as the frequency increases.
Results from the WPT1 Z1 system were very positive. The coupling factor at 10 cm was
almost uniform for shift sweeps in the y axis, and the efficiency was very high. Even at 15 cm
efficiency is still in an acceptable range, so the power transfer can be possible.
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Chapter 6.
Future research
Now that there is a reliable setup to work on, several improvements and testes can be
carried out.
The next step would be connecting the inductive link to the full bridge converter,
preferably, with wireless communication between the GA and the VA, so that interferences due
to the strong alternating magnetic field can be measured, reported, analysed and corrected.

Figure 86. Test bench, with the WPT1 Z1 inductive link, resonant capacitors and power converter.

This way, the maximum magnetic field could be measured around the GA and above
the VA due to SAE J2954, and shielded if necessary.
The effects of the shielding on the coupling were not analysed, so they shall be
characterised in the future. Microwire magnetic materials provide a solution to reduce the
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magnetic field above the VA, guiding the magnetic field through a less reluctant path. It can be
interesting to perform an analysis using different shielding materials to reduce the magnetic
field.
Another important research line is the optimization of the magnetic circuit, using
flexible materials in the VA that provide coupling factor values similar to the ones with the
brittle ferrite cores.
To finish, compatibility between different winding topologies and power classes shall
be analysed.
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Chapter 7.
Environmental and social impact
Automotive industry is a leading sector that employs millions of people around the
world. It is also the primary cause of pollution in big cities. In a world that is moving into a
more electric future, the importance of an efficient battery charging solution for EV is
paramount.
Nowadays, the most important challenges regarding the implantation of the full electric
vehicle deal with battery capacity and battery charging infrastructure. Several companies are
researching on WPT as a solution to this battery charging, not only as a home battery charger,
but to install WPT battery chargers in stop lights, parking places, or even under the pavement,
to transfer power as the vehicle is moving.
It is important to remember that electric vehicles are polluting as well. The most
important difference deals with the regenerative break in EV, working as a generator and
charging the battery with energy that otherwise would be wasted. As a city transportation
solution, there is another difference. Pollution in a full electric vehicle is emitted far away from
the usage place, which is an important issue, since pollution can dissipate and is not generated
in the city.
As a long-term solution, WPT for electric vehicle battery charging should be focused
on charging stations distributed in the city rather than home battery chargers, since the electrical
net may not withstand the power requirements as EV acquisition grows.
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Chapter 8.
Organization and project budget
8.1. Temporal planification
This TFG was carried out between the assignation in September and the submission in
June. Dedication was full time between September and January and was later balanced with a
part-time internship in a company and a full-time job in the same company since April.
Temporal planification is shown in a Project Structure figure and a Gantt diagram.
With the Project Structure, the project phases are presented:

TFG

Fundamentals

Simulation

Crafting

First prototype
Paper reading
Test design
MFP design
Normative
reading

ANSYS
Maxwell
learning
3D Modelling
Simulation

MFP
Losses
WPT1 Z1 GA
WPT1 Z1 VA
WPT1 Z1 setup

Measuring

Validation

Instrumentation
learning

WE antennas

WE antennas

First prototypes

First prototypes

MPF

MPF

Losses

Losses

WPT1 Z1

Writing

Text
Graphs

WPT1 Z1

In the following Gantt diagram, the time organization for each task is detailed:
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8.2. Project budget
Since this is mainly a hardware project, most of the cost depends on the materials and
instrumentation equipment used. It also includes software licences and salary for both
supervisors and the student. Cost will be divided into fix cost and variable cost:
•

Fix cost
-Computer
-Software licences for Matlab, ANSYS Maxwell, Microsoft Office and Microsoft
Project.
-IEEE licence.
-Oscilloscope
-Power Amplifier
-Impedance Analyser
-Network Analyser
-Solid copper wire
-Different litz wire
-Ferrite pieces
-Wood, cardboard and other construction materials

•

Variable cost
-Student salary
-Supervisor salary

It will be taken the assumption that the power amplifier, the network analyser and the
impedance analyser are already amortised, so the cost is 0€ for the use of these three
instruments.
Since the total amount of hours is estimated as 360 hours, every cost will be calculated
consequently.
The computer’s price is estimated as 600€. Assuming that its life is 5 years, the total
cost of the computer is (600/43830)·360 = 4.93€.
An annual licence for Matlab costs 800€. Thus, the cost is (800/43830)·360 = 6.63€.
An annual licence for ANSYS Maxwell costs 5000€. Then, the cost is
(5000/43830)·360=41.45€.
The Office package costs 8.80€ per month and user, so the cost would be 88€.
A MS Project licence costs 118.50€ per year, so the cost is (118.5/43830)·360=0.97€.
The IEEE licence costs 895€ per year, so the cost is (895/43830)·360=7.35€
The oscilloscope is estimated to cost 15000€. The cost for this project is
(15000/43830)·360=123.20€.
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The magnetic materials, construction materials and copper wire are estimated to be 800€
worth.
An engineering student is estimated to earn 6€/h, and for a senior engineer the salary is
estimated as 20€/h. Then, estimating 35 hours for each supervisor, the salaries sum 3560€.
So, in conclusion, the overall project budget is shown in the table below.
Item
Computer
Licences
Oscilloscope
Materials
Students salary
Supervisors salary

Price per hour
0.014
0.16
0.34
6
20

Time (hours)
360
360
360
360
360
70

Cost
4.93€
144.4€
123.20€
800€
2160€
1400€
4632.53€

So, the overall cost is 4632.53, taxes included.
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