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Abstract—Powering electronic toys by replacing chargeable
batteries or using wires are common fechnique, although these
technigues are unsecure for the children. Providing an alternative
source to power the toys is a pressing demand for kid safety.
Trausferring power to toys/portable devices wirelessly is an
attractive and desirable techmique due to eliminating the risks of
replacing batteries or using cords for the toys. In this paper, a
wireless power transfer (WPT) system is designed and built, to
deliver power from a stationary source (primary coil) to a moving
toy/portable device (secondary coil) via maguetic resonamt
coupling. The moving toy/device must be able to move freely, a
novel primary coil design is proposed Lo cover the required space
for the toys. Three-dimensional finite element analysis COMSOL
software is used to investigate the magnetic flux density
distribution of three different primary coil designs. The simulation
results show the novel design of the priinary coil that distributes
the electromagnetic field uniformly at any location for the moving
toy (secondary coil). To improve the coupling between the primary
and secondary coils, a ferrite core is used to significantly increase
of flux through the coil. Three different secondary coils are
proposed to provide the required power to the toys, which are air
core, ferrite toroid, and PCB coils. Experiments are conducted {o
nieasure the received power by the secondary coil wirelessly from
the novel primary coil. The Experimental results show the
maximum efficiency achieved when the ferrite toroid secondary
. coil is used. :

Keywords—Wireless Power Transfer, Magnetic Resonance,
Power Amplifier, Finite Element Analysis, Portable Devices.

I.  INTRODUCTION

Wireless power transfer (WPT) refers to transferring electric
power from a source to a load without using wires. WPT
systems have been used in various industry applications such as
portable devices, biomedical, and electric vehicles due to its
advantages. The major benefit of WPT is eliminating electric
cords that may cause shocks, sparks, and fires. Moreover, WPT
systems reduce the risk of the possibility of infection by wires
piercing the skin (for medical applications), wire breakage, and
undesirable replacement and corrosion ol embedded batteries.
1t is also cost effective for consumers and utility as no wires,
mechanical connector nor maintenance needed. There are many
other benefits such as high reliability, expandability power
range and flexibility in charging devices [1-2].

There ate two main categories of WPT systems, radiative and
non-radiative  fields. The radiative fields also called
eleciromagnelic radiation, in which power is transferred over
long distances using laser or microwaves. In non-radiative
fields power is transferred over medium and short distances
such as capacitive coupling, inductive coupling, and magnetic
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resonance. The first prominent attempts in developing WPT
systems were done by Nikola Tesla in 1890 {2-3].

Capacitive coupling transfers power between two electrodes
using electric field, one of electrodes is connected to transmitter
and the other is connected to the receiver. This capacitive
technique is based on Maxwell's equations, and requires high
voltage operation. WPT systenis based on magnetic resonant
coupling or inductive coupling can use two, three or four coils.
After investigating the different techniques of the WPT
systems, we decided to use a two coils system which is based
on magnetic resonant coupling [2]. Inductive coupling and
magnetic resonance techniques based on a two coils system
transfer power form a (ransmitter/primary coil (L) to a
receiver/secondary coil (Ls), where the power transfers via
generated electromagnetic field from the primary coil. Both
coils require a tight magnetic coupling between them, to
overcome flux leakage, this iechnique is based on Ampere's and
Faraday's laws [2-4]. Our ‘application transfers power
wirelessly to electric toys rather than batteries which would
provide many merits such as; safety, weight, elc. Also, using
the WPT system would be more flexible and useful for charging
the electronic toys wirelessly in the future.

This paper is organized as follows. Section ] provides the
research motivation of using WPT system for toys. Section II
describes the literature survey of using WPT systems for toys
and portable devices. The methodology of our WPT system is
described in Section II. Section IV describes the WPT theory.
Simulation setup and results are reported in Section V. The
experiment setup and results of our WPT are shown in Section
V1. Finally, the conclusion is in Section VII.

1I.  LITERATURE REVIEW

There are many researchers developed WPT systems for
portable devices and toys. lu this section, a survey of WPT
systems for toys/portable devices are described.

M. Fareq et al. designed and built a WPT system based on
inductive coupling for charging mobile phone. Their DC supply
was harvested from solar cells. They simulated the WPT system
using NI Multisim software. The experiment results showed
that the maximum induced voltage was 4.5 DCV, and the power
was transferred up to 5 cm [5). Their WPT system was not
enough to charge mobile phone and the solar cells did not
provide enough power (o the WPT system. R. Lakshmanan et
al. designed and built a WPT system integrated with a password
security system. The induced voltage was rectified using a
Cockroft Walton circuit. The experiments showed that the
power transferred between two terminations across air medium



and achieved an efficiency of 60% flor no load and 36% for
loaded [6]. S. Agrahari et al. designed a WPT system for
charging a mobile phone from another-mobile phone based on
inductive coupling using bidirectional DC to DC converter.
Their initial results showed that the developed WPT system can
easily be made as a design in the backside of the mobile [1]. J.
Youn et al. designed a WPT system lo charge mobile and
portable devices. Their WPT syslem was based on magnetic
resonant coupling, which consists of four coils that are source,
transmilter, receiver, and load coil. The transmitter and receiver
coils were optimized for helical structure based on the
simulation results using HFSS (High Frequency Structure
Simulation) software. They used an impedance matching
technique to compensate the change of the inductance and
capacitance of the resonators. The experimental results showed
that the maximum efficiency achieved was 73.8% [7]. Y.
Roshan ef al. designed a power electronic rectifier controller to
. increase the efficiency of transferred power in WPT system that
was based on magnetic resonance coupling, their proposed
system was simulated to investigate controlling/adjusting the
impedance of the load for charging: portable devices. They
developed a modified incremental conductance algorithm to
track the MPPT (maximum power point tracking). They
modeled the system and analyzed it to ensure that the efficiency
could be increased by adjusting the load resistance. The
optimum resistance was calculated analytically and by
simulation software PSIM [8]. C. Yang ef al. designed a WPT
system based on magnetic resonant coupling technique to
charge portable devices on a desk, their system consisted of two
helical antennas embedded into the monitor (transmiiter) and

the portable electronic devices (receiver). The structure of the-

two antennas were same, and the resonant [requency was 45.5
MHz. The experimental dala showed that higher efficiency
obtained when the two layers antennas and the impedance
matching for the antennas were used [9]. P. Hao et al. proposed
a technique Lo charge multiple devices (receivers) by using a
priority technique in WPT system which based on magnetic
resonance to improve the efficiency. They used Bluetooth to
communicate between the devices and specify the priority that
was function of the distance and the needed power. Their
numeric results showed that the efficiency could be improved
if the devices are charged in order based on priority {10]. M. A.
Hassan ef al. designed and built a WPT system for charging
mobile phones based on the magnetic resonant coupling. Their
model depended on series-seties (SS) topology and the power
was transferred at a frequency of 100 kHz in very short distance
[L1]. Itis found that their system did not induce enough voltage
because of the vollage, and they did not design/provide the
charging system for the mobile phones. L. J. L. Paul et al. used
a WPT system to design a charger syslem for any electronic
devices which have batteries. The WPT and charger systems
were simulated using ISIS simulation software. They
developed a feedback system using a PIC microcontroller to
control the input voltage [12]. Disney research team designed
and built a WPT system inside a room 16X 16 foot. Their systein
depended on quasistatic cavily resonance which involved
induced current channeled through discrete capacitors in

metalized walls, floor and ceiling o generate uniform magnetic
fields in all places at the room [13].

III. METHODOLOGY

The main purpose of this work is to power toys wirelessly via
magnetic resonant coupling. Our WPT system is based on a two
coils system that are primary coil (stationary).and secondary
coil (moving). A novel primary coil is designed and compared
with two traditional transmilter coil designs. Finite element
analysis (FEA) COMSOL software is used to simulate the
generated electromagnetic [ield distribution of the three
primary coil designs. Section V illustrates the comparison of
the primary coils and using a ferrite core to improve the
coupling between the primary and the secondary coils.

A power amplifier is designed to generate a high sinusoidal
current go through the primary coil and generates
electromagnetic field. The oscillating eleciromagnetic field will
be captured by the receiver/secondary coil which moves freely
around the perimeter of the primary coil. Experiments ate
conducted to measure the transferred power wirelessly, as
shown in Section VI

1V. - THEORY

Our WPT systems is based on magnetic resonant coupling
system. The power transfers wirelessly via electromagnetic
field that is generated by an alternating current through a
primary coil. This electromagnetic field induces voltage into a
secondary coil. This induced voltage (Vi) in the secondary coil
can be expressed in terms of _tl)g: primary current (Ip) as [14]:

_ Ny Nspiop, Asay®
i
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where, Np is the number of primary turns, N;is the number of
secondary turns, yr is the relative permeability of a specilic

‘medium, o is the permeability of free space, As is the loop area

of the secondary coil, ap is the primary coil radius, and Ip is the
current applied to the primary.

There are four topologies for achieving magnetic resonant
coupling between the primary and secondary coils. The
topologies are SS, SP, PP, and PS, where S means series
compensation primary or secondary winding and P means
parallel compensation primary or secondary winding. We
found that the SP topology is suitable for our WPT system, as
described in [2]. Fig.1 shows the wiring diagram of the SP

topology.
Ls ==C;

T
M/

Fig.1: SP topology for our WPT system
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The load impedance of the secondary resonator is calculated
as a lumped impedance Zs whose value depends on the




secondary parallel compensation as given by [2, 15]:

Zs = jols +ja)Cs + (1/R) )

where, Lgis the inductance of the secondary side, Cjis the
capacitance of the secondary side, and Ry is the load.

The loading effect of the secondary coil back onto the primary
circuit causes a reflected impedance (Z,) in primary circuit. It
depends on the coupling factor and operating frequency, and it
can be written as [15]:

Z, = wM/Z,M = KVILs Le ©)

where, M is the mutual inductance between the primary and
secondary coils, and k is the coupling coefficient (value
between 0 and 1). Our WPT syslem is considered loose
coupling system because of the. low coupling factor [1].
Substituting (1) into (2), the reflected impedance is obtained as:

_ w?M?R, .
" R (@?Cslg — 1) + w?Lg?
—w3M2[R,*Cs(w?Csls = 1) + L] @
]

R 2 (w?Cslg — 1) + w?lg?

Our WPT system is based on magnetic resonant coupling,.and

the operating frequency is the secondary resonant [requency
(wo), which is given by:

@0 =T

The reflected impedance at the resonant frequency can be
calculated from (3) and (4) [15]:

)

M 2 R L "'(Uo M 2 (6)
Z, = f —
o=t
The primary capacitance used for SP topology can be obtained
by (2, L5]: :
¢, = 1 7)
Z
w§(Lp — M / Ls)
The literature shows (hat the transferred the power depends

on the quality factor of the primary or secondary coils (Qsp),
which can be obtained by:

®

Qsp =
wolsp

The transferred real power (Po) via the magnetic resonant
coupling is defined as [14]:
Vina® : 9
p, = Lind &)
R,

V.  SIMULATION SETUP AND RESULTS

In this paper, we designed a novel design of the primary coil
(Lp). Three primary coil designs are proposed and simulated to

lind the best candidate design of the primary coils. We used '

FEA COMSOL software to simulate the generated

electromagnetic field of the thwee primary coil designs. The first
is a rectangular coil shape (Fig.2 (a)) and the second is a figure
8 shape coil (Fig.2 (b)). The outer dimensions of each coil are
50x29x1 cm?. Each coil consisted of 7 turns and were wrapped
under a piece of wood. We used Tetrahedral meshing setting,
the total number of meshing points were 56477 and 73971 for
the rectangular coil and figure 8 shape coil, respectively. A
sphere was used which mimics the surrounding area (air core).
A Frequency Study was used to simulale the magnetic field
distribution, the Edge Current constraint was set to 4 A to go
through the primary coils.

Fig. 2 shows the magnelic flux density distribution in the x-y
plane at 1.7 cm of z-axis for the rectangular and figure 8 shape
coils. The maximum flux density was about 4 uT. The magnetic
flux density distribution of the figure 8 shape coil is better than
the rectangular coil, where there is a significant increase in the
magnetic flux density at the middle/center of the coil. Fig. 3
illustrates the arrow flux lines in z-y axes. The both coils show
same profile of the flux path at the edges, although the arrow
flux at the center of the figure 8 shape coil is denser than the
rectangular coil. However, the figure 8 shape coil shows less
magnetic flux distribution at the middle edges than the
rectangular coil, so the both shapes do not cover the magnetic
field uniformly for the moving secondary coil.

. (b)
Fig. 2: Magnetic field density in x-y plane at 1.7 cm of; (a) rectangular shiape
coil, and (b) ligure 8 shape coil



@ B
Fig. 3: Arrow flux lines distribution in the z-y axes; (a) rectangular shape coil,
and (b) figure 8 shape coil

To overcome the problem of covering the generated magnetic
field of the figure 8 shape and réctangular coils, a new coil
design is proposed. This novel primary coil is a hybrid of the
two coils, as shown in Fig. 4. This coil is denoted as hybrid coil,
which consisted of 4 turns rectangular and 3 turns cross-
winding turn alternately. In the cross-winding turn, the current
direction was taken into consideration to avoid the magnetic
ficld cancelation. The lotal Tetrahedral meshing points are
51942. Fig. 4 shows the magnetic field distribution at x-y plane
of the novel coil design at the same height (z=1.7 cm) in
comparison with Fig. 2.

Fig. 4: Magnetic field distribution at x-y plane of the nvovel coil

The previous simulation results used air core. To improve the
coupling between the primary and secondary coils, a piece of
toroid ferrite is used as a receiver core. The toroid has a radius
of 4 cm, height of 1.2 cm, and thickness of 0.5 cm. The air gap
belween the toroid boltom surface and the upper turn of the coil
is set to be 0.5 cm in the z-axis. The Tetrahedral meshing
selting was used afso for the ferrite loroid. Fig. 5 shows the 3D
magnelic field volume of the ferrite toroid at the middle/center
of the figure 8 shape and the hybrid primary coil designs. The
simulation results that the hybrid coil design is the best option
for our application, where the generated electromagnetic [ield
covers the required space area for the Ltoys uniformly.

@ T
Fig. 5: 3D magnetic field volume of ferrite core; (a) rectangular shape coil,
and (b) hybrid coil

V1. EXPERIMENT WORKS

This section describes the experiment setup and results of our
WPT system. The block diagram of our WPT system is shown
in Fig. 6, where a DC source powers the WPT system. A power
amplifier (Class-E) is used lo convert the DC power to AC
power and generate sinusoidal current (Ip). This sinusoidal
current flows through the primary coil windings and generates
sinusoidal electromagnetic field. The secondary coil (Ls)
captures the generated magnetic field and induces voltage. A
resonant tank and the Class-E power amplifier are configured
to achieve the magnetic resonant coupling of the SP topology.

. Fig. 6: block dlugtam of WPT system
A. Power Amplifier

Fig. 7 depicts the schematic diagram of series resonance
Class-E power amplifier. 1t consists of a DC supply (Vpp), a
DC-feed inductor (Lcnoke), @ switch (MOSFET), the ESR of the
windings of the primary coil (Rp), a parallel capacitor (Cpar)
with the MOSFET, and a series resonant circuit (Lp &Cjer). The
power losses of the amplifier are minimized at the operating
frequency (resonant frequency). The efficiency is maximized
by minimizing power dissipation of the Class-E power
amplifier. This is achieved when the MOSFET voltage (Vo) or
the voltage across the capacitor (Cpar) is zero, and its derivative
should be zero at switch closure. Otherwise there will be power
losses due to the simultaneous large current through and voltage
across the MOSFET. The output current in the (Leoi) and (Cser)
is sinusoidal with a frequency equal to the frequency of the

'MOSEFET drive (V) [2, 16].

Voo
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=
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Fig. 7: Class-I power amplifier




Class-E operation, which are described in [2, 16]. The
inductance and the quality factor of (he hybrid primary coil are
measured using an [LCR meter at 55 kHe, which are 73 puH and
21, lespectively, The Cser and Coar  are calculated [2]:

1

Cpar = 2nf Rp5.447 (10)
B 1 1.42 (11)
Coer = ((an)ZL,,) (1 * Qp — 2.08)

The numerical values of the (Cser) and (Coar) are 123 yF and
443 nF, respectively, LTspic software is used

..
EE) 34
Tiime (Wseoeaxty

Fig. 8: Sinulation results of power amplifier
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B. Experimens Setup

Fig. 10 illustrates the experiment setup of our WPT system.
Three different secondary coils are used, which are gjy core,
Jerrite toroid core, and PCB coil (two layers). The secondary
coil is mounted in the bottog of the car toy, as shown in Fig.
10 (air core). Table 1 lists the main parameters of these
secondary coil prototypes. For the Jerrite torgid prototype, two
identical coils are connected in series, so the total inductance
29.5 mH. The induced voltage by the secondary coil powers the.
electronic circuits of the car loys. The following subsection

Posyer
Aniplifter

Primary Cogt

ig. 10: xperimeni slup of T system

TABLE ;. PARAMETERS OF SECONDARY COILS

Colt Type Disnension

C. Experimental Results

This section shows the experimental results of our WPT
System. Experiments with the thiree prototype secondary coils

lo eliminate the EM] and noise signals [17]. The received power
is calculated ag shown in equation (9), where the used Ry is 10

AND ANALYSIS) WiLL BE ADDED



VII. CONCLUSIONS

THIS INFORMATION OF THIS SECTION WILL BE
PROVIDED.
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