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Abstract. In this paper a three-phase magnetic field system
is applied to the wireless power transfer system. The research is
directed not only to the distribution of the magnetic field but to
optimize the energy transfer efficiency, and to reduce the
electromagnetic field influence to the surroundings. The
development of the future intelligent transportation system
depends on the electric mobility, namely, the individual or the
public electric vehicles. It is crucial to achieve progress in the
batteries and the battery charging, especially through a wireless
power transfer technology. The study of the magnetic field is
important in this technology. The energy transfer efficiency
depends of the alignment, the size of the coils, the spatial
orientation of the magnetic field, the detachment and the tilt
between the windings.

Key words

WPT, magnetic field, magnetic resonant coupling,
inductive power transfer, experimental results.

1. Introduction

The demand for sources of sustainable energy, the
shortage of fossil fuels and the need for carbon footprint
reduction have resulted in a global awareness of the
importance of alternative energy sources and efficiency
in the use of energy [1,2]. Particularly the internal
combustion engines have become one of the major
contributors for global greenhouse gases. Distributed
generation, the increase of electricity demand,
particularly the introduction of electrical vehicles (EV),
will drive upcoming concerns on nowadays power
systems about the ability to encompass with the future
[3,4]. The EV has a negative impact on the power
systems in terms of power outages, voltage fluctuations,
harmonics pollution and system stability [5].

The ecological vehicle, i.e., electric vehicle is the
international tendency in the automobile industry. With
the electric vehicle, the battery manufacturing has seen
huge growth over the past few years in portable,

rechargeable battery packs.

Recently there has been a significant effort to develop
new battery charging systems, accompanying the
evolution of the battery manufacturing technology. The
main purpose of the various systems of battery charging
has been to increase the charge capacity and speed [6].
These needs are more evident in the applications for pure
EV, also known as battery electric vehicle (BEV), and for
hybrid electric vehicles (HEV), both for individual or
collective transport [6]. The new charging systems have
been tested and installed in various cities, making it
easier the use of this type of vehicles. Installed equipment
allows, just as in normal fuel pumps, the self-service,
which implies that it should be practical and safe to use
[6,7].

Maxwell, Henry Poynting and Nikola Tesla studies, that
have been forgotten for about a century, gained a new
importance with the results obtained by various
researchers, especially the MIT team, which managed to
show surprising results in electric energy transmission
without contact, i.e., wireless power transfer (WPT)
systems [8-10]. The WPT systems can be generally,
divided into two categories, depending on the range that
allow transmitting electric power: near-field, i.e., short
range and far-field, i.e., long range [9-11].

The WPT near-field systems use the electric field or the
magnetic field to transfer energy in short-range or in mid-
range.

The far-field technologies make use of microwave
radiation or laser energy to transfer high power over long
distances. However, those technologies require a direct
visual contact for the transmission and large antennas,
which are impractical in EV applications [11,12].

In the case of electric field as a transporter of energy
(Capacitive Power Transfer or CPT), the main advantage
is that the energy transfer is not affected by metal barriers
and this method claims lower electromagnetic
interference (EMI) [11]. However, the permittivity of the
air is low, resulting in insufficient coupling capacitance,
so the power transfer is very low and is sensitive to the



air-gap distance between the coupling plates and its
changes [12].

The magnetic field technology for energy transfer is
possible in two main implementations: inductive power
transfer (IPT) and magnetic resonant coupling (MRC)
[13]. The IPT technology offers the possibility of
transferring tens of kW but it is very sensitive to the air-
gap size. Even by a few cm of variation, it shows a
significant variation of losses. The MRC technology
applying higher internal voltages is less sensitive to
larger air-gaps and it can extend the air-gap range to tens
of cm [12,14]. Thus, the magnetic field WPT
technologies have been identified as the most viable for
EV battery charging [14].

The MRC is a process for WPT, using LC resonance,
series or parallel, between the transmitter and the
receiver. The primary and the secondary coils should
have the same resonant frequency [11].

The three-phase system WPT with MRC process has
three advantages [15]:

1) a high power capacity;

2) a relatively simple circuit compared to the same power
capacity in single phase systems;

3) a capability to transfer continuous power without
ripple.

The three-phase system is more effective for increasing
capacity of MRC, up to 10 kW. Although 10 kW is
already realized in magnetic induction (heating), but
when air-gap between the transmitter and receiver is
larger than 0.1 m the transfer efficiency is low. The
magnetic resonant coupling has the advantage of being
more efficient when energy is transferred at a larger air-
gap. For example, the efficiency is 90% at air-gap of
0.5 m, as it was already experimentally proven [14,15].
The tank circuits are constituted by coils and capacitors,
the dielectric strength of these devices is a limitation,
especially at circuits with high quality factor Q. The
voltages generated in these circuits, at the resonance
frequency, are very high [14].

The solution with three-phase systems, has other
advantage because for the same transmitted power, the

system works with voltages 1/\/5 lower than the

monophasic systems [14,15].

The energy transfer process depends on the variation of
the flux. This variation is generated by a high frequency
alternate excitation. The high frequency alternate
excitation is used to charge a battery, and for this should
be rectified and filtered. The DC ripple voltage of the
monophasic systems is always higher as compared with
DC ripple voltage of the three-phase systems [15].

The behaviour of the magnetic field is important, as it is
the mechanism to transfer the electrical energy in WPT
systems. In the power systems a three-phase system is
used when it is necessary to transfer large electrical
power. The same procedure should be used in WPT
systems [14].

This paper is organized as follows. Section Il presents the
magnetic field and the main modelling proposed.
Section 11 deals with the prototype built in the
Laboratory and the experimental results. Section IV
presents the conclusions.

2. Modelling

The basis of WPT is the magnetic field variation. The
magnetic field is generated in the transmitter coil, i.e.,
primary and it is received in the receiver coil, i.e.,
secondary. An electromotive force (emf) is induced in the
coil when the magnetic flux through this coil varies,
known as the Faraday Low and is given by

_do
dt
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where E is the emf, @ is the magnetic flux.
Generalizing (1) to a coil with N number of the turns is
given by

e

E= -
dt
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The mutual inductance M between the primary and the
secondary is given by

N, do,
N, di,
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where N is the number of the turns of the secondary,

N, is the number of turns of the primary, @, is the

magnetic flux linking both coils, i, is the instantaneous

current that flows through the primary coil.

This means that mutual inductance between the two coils
is proportional to the instantaneous variation of the flux
linking to the one coil @, due to an instantaneous

current variation i, through the primary coil.

The mutual inductance, in terms of the inductance of the
primary and the secondary, respectively is given by

M =k (L, L;)*? 4

where k is the coupling coefficient, L, is the inductance

of the primary, L, is the inductance of the secondary.
The coupling coefficient is given by

k=Lm 5)
)
where @, is the magnetic flux generated by the primary.

3. Experimental Results

The study in this paper shows the behaviour of the
magnetic field of a prototype built in the Laboratory of
Power Electronics, Faculdade de Ciéncias e Tecnologia,
Universidade Nova de Lisboa, Portugal. The power
systems is a three-phase system in a star electrical



connection at the frequency of 50 Hz. For the prototype,
the geometric configuration of the primary has three coils
and has been placed in two different configurations delta
or star. The magnetic field data were collected in both
geometrical configurations, i.e., delta and star,
respectively, that enables to choose the best
configuration.

The primary coils are formed by three coils. Each coil
was manufactured by wounding with 110 turns in two
layers, the first layer with 60 turns and the second layer
with 50 turns. Each coil has the length of 180 mm, the
thickness of 60 mm and the height of 300 mm. The
primary coils are identified by colours: red, yellow and
white.

Table | summarizes the data measured for the primary
windings.

Table Il summarizes the data for the inductive reactance
and the impedance measured for the primary windings.
The core of the primary coils consists of the laminated
ferromagnetic material, cylindrical shape, with the
diameter of 28 mm and the length of 130 mm.

Table I. - Data Measured for the Primary Windings

Coil Inductance Resistance
[mH] [Q]
Red 8.6 1.7
Yellow 8.66 1.6
White 9.43 1.6

Table Il. — Primary, Inductive Reactance and Impedance

Coil Inductive reactance Resistance
[Q] [Q]
Red 2.7 3.19
Yellow 2.72 3.16
White 2.96 3.37

The coil probe of the prototype, i.e., the secondary is
formed by a freely movable coil. The coil probe was
manufactured by wounding 180 turns, 4 layers with 40
turns each and the last with 20 turns, with the inductance
of 3.56 mH and the resistance of 0.7 Q. The core
consists of the laminated ferromagnetic material,
cylindrical shape, with the diameter of 28 mm and the
length of 130 mm.

The prototype is shown in Fig. 1.

To conduct the tests a platform was built with a non-
ferromagnetic material, namely Kline material, with the
following dimensions 1000 mm of length and 700 mm of
width. The coils, platform and probe coil are shown in
Fig. 2.

In Fig. 2, over the platform surface two sets of lines was
charted, the first set are lines centered, the second set are
radial lines defining successive angles of 30°. The angles
are marked on the radial lines at distance of 200 mm.
With the prototype was performed a significant set of
tests that enables the mapping of the magnetic field, in X
and Y coordinates. For the tests, the measured emf values
at each radial distance were obtained in steps of 30°. The
radial distances were of 50 mm, 100 mm and 150 mm.

Fig. 1. Prototype built.

Fig. 2. Coils, platform and probe coil to conduct the tests.

The tests were conducted for the primary input voltages
of 20 V and of 30 V. The geometric configurations of the
primary coils are placed in delta or star, respectively. The
probe coil is placed in two positions: vertical position or
horizontal and longitudinal position in respect to radial
lines.

Table 1l summarizes the currents in each primary coil
for the input voltages of 20 V and of 30 V applied by a
transformer.

Table 1. — Primary, currents in each primary coil
20V 30V
Coil Current Current
[A] [A]
Red 6.26 9.40
Yellow 6.34 9.51
White 5.94 8.91

Primary coils placed in star configuration and coil probe
in vertical position. The emf values are shown in Fig. 3.
Fig. 3 shows: a) input voltage of 20 V- the emf at the
radius 50 mm (blue), at the radius 100 mm (orange) and
at the 150 mm (gray); b) input voltage of 30 V- the emf
at the radius 50 mm (blue), at the radius 100 mm (orange)
and at the 150 mm (gray).



Primary coils placed in delta configuration and coil probe at the 150 mm (gray); b) input voltage of 30 V- the emf
in vertical position. The emf values are shown in Fig. 4. at the radius 50 mm (blue), at the radius 100 mm (orange)
Fig. 4 shows: a) input voltage of 20 V- the emf at the and at the 150 mm (gray).

radius 50 mm (blue), at the radius 100 mm (orange) and
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Fig. 3. The emf, Primary placed in star, probe coil in vertical position: a) 20 V; b) 30 V.
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Fig. 4. The emf, Primary placed in delta, probe coil in vertical position: a) 20 V; b) 30 V.
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Fig. 5. The emf, Primary placed in star, probe coil in horizontal and longitudinal position: a) 20 V; b) 30 V.



Primary coils placed in star configuration and coil probe
in horizontal and longitudinal position in respect to radial
lines. The emf values are shown in Fig. 5.

Fig. 5 shows: a) input voltage of 20 V- the emf at the
radius 50 mm (blue), at the radius 100 mm (orange) and
at the 150 mm (gray); b) input voltage of 30 V- the emf
at the radius 50 mm (blue), at the radius 100 mm (orange)
and at the 150 mm (gray).

Fig. 3 and Fig. 4 show that the emf values in the probe
are higher, when the input voltage increases, as it was
expected.

However, show that the highest emf values are reached at
the radius 100 mm (orange). This is more evident, when
compares Fig. 3b) and Fig. 4b) that correspond to the
same input voltage (30 V), but at two different geometric
configurations. The magnetic field achieves higher values
and more uniform in the delta configuration.

Fig. 5 and Fig. 6 show that the emf values are higher at
the radius 50 mm (blue). For the primary star geometric
configuration allows that the magnetic field lines closes
in the neighbourhood of the magnetic poles.

Due to the cross-section be rectangular core, the
magnetic field lines have the highest density at the ends
of the core. This fact, justifies the obtained highest emf
values in the lowest radius (50 mm). Also, the higher emf
values are achieved whit the probe in horizontal and
transversal position. Fig. 4, primary in delta geometric
configuration, the covered area by the magnetic field is
larger.

4. Conclusion

The primary magnetic cores placed in delta geometric
configuration (triangular disposition), is the best solution,
as can be confirmed in Fig. 4b), orange line. In this case
there is a limitation: the highest induced electromotive
force values corresponding to the highest intensity of the
magnetic induction are obtained only close to the
circumference, which corresponds to the cores geometric
position.

The primary magnetic cores placed in star geometric
configuration show the highest magnetic induction values
at the much closer distance from the center as can be
confirmed in Fig. 5b), blue line. The magnetic intensity
inside the area covered by magnetic field in Fig. 5b) is
slightly higher than the magnetic field intensity inside the
magnetic field area in Fig. 4b).

The primary placed in delta, probe coil in vertical
position (30 V) shown in Fig. 4b) is less sensitive to any
non-alignment than the primary placed in star, probe coil
in horizontal and longitudinal position (30 V) shown in
Fig. 5b).
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