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Abstract—With more than 230 products on sttore shelves and an
estimation of 100 million wireless power deviices in use by 2015
(IHS source), the wireless power market iss rapidly growing.
Moreover, current smartphones are ussed with several
applications (music streaming, satellite navigattion system or even
NFC virtual key for car sharing) and thus a convenient power
supply system is required. This paper addreesses the complete
modeling and characterization of this power soource in a Wireless
Power Transfer context by an original mod
deling approach. A
good correlation between measurement and
a
simulation is
obtained both for electrical (e.g. input imped
dance, power, etc.)
and electromagnetic (e.g. magnetic field) qu
uantities. Through
simulations performed on commercial softwarre’s, the correlation
simulation/measurement shows a difference of
o only 2% on the
active power available on the load and the modeled
m
behavior of
the magnetic field corroborates with the measu
ured one.
Index Terms — Wireless power transfer, inductive
i
coupling,
electromagnetic modeling, electronic ciircuit simulation,
automotive systems, power budget

I.

T

INTRODUCTION
N

oday, there are more and more applicaations qualified of
wireless. Wirelessly powering nomadd objects (smart
phones, cellular phone, personal compuuter, GPS system,
etc.) seems to be a very smart and ergonom
mic solution [1]. To
implement a wireless powering system thhere are basically
three approaches: reactive near-field coupliing (inductive and
resonant) [2]-[3], far-field directive power beaming [4] and
far-field nondirective power transfer [5]. In order to guarantee
the interoperability between wireless powerr devices designed
by different manufacturers, organizations like the Wireless
Power Consortium (WPC) [6], the Powerr Matter Alliance
(PMA) [7] or the Alliance for Wireless Poweer (A4WP) [8] has
been established. The Wireless Power Consoortium made a low
power standard (named “Qi”) for providing up to 5 Watts to a
compliant
receiver,
with
specific
designs
and
recommendations [6]. A classical Wireless Power Transfer
System (WPTS) is illustrated in Fig. 1. Thhe power transfer
between the transmitter (Tx) and the receiveer (Rx) is made by
using coupled coils separated by a distancee (d) and having a
coupling factor (k) [9]. For automotive appliications, the power
supply is the car’s battery whereas the load could be a
nomadic electronic system. A possible appllication embedded
in vehicle is illustrated in Fig. 2.
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Fig. 2. Illustration of a WP
PTS in a vehicle environment

This paper proposes a new
w approach to model and to
characterize our WPTS. It is crrucial in a development phase of
an industrial product to perfoorm a realistic modeling of the
WPTS. The simulation/theoretiical models are intensively used
along the design and the optimization process of such an
industrial product (beforee the final prototyping).
Consequently, the correlatioon between simulation and
measurement is analyzed all ovver this study to corroborate the
different results allowing us to validate and fine-tune our
simulation model.
II.
ELECTROMAG
GNETIC MODELING AND
CHARACTERIZATION OF THE TRANSCEIVER COILS
As shown in Fig. 1, the coupleed coils are an important part of
the WPTS. Two types of WPTS
W
coils were designed and
modeled using the commerccial field solver FEKO (EM
Software & Systems - S.A).. The electrical and magnetic
parameters were measured on prototyped samples and
compared to the simulation resuults.
Most of WPTS uses two typess of coil technologies, based on
Litz wires [10] or on a Printed Circuit Board (PCB) [11]-[12].
Litz wires are a special type off cable used to carry alternating
currents (consisting of multiiple strands) and designed to
significantly reduce the lossses. Due to the reduction of
proximity effects, Litz coils haave usually a good quality factor

(around 100). The PCB coils are made byy printing metallic
strips with an appropriate shape directly on the PCB, and the
major advantages are an easy fabrication prrocess and a lower
price compared to Litz coils. But the main drawbacks
d
are the
lower quality factor (around 15) and higher thermal
dissipation than Litz technology. Litz andd PCB Coils are
respectively named as “A6” and “B5” in the
t Qi low power
designs used here [13]. A magnetic peermeable material
(ferrite) positioned on the coils’ backs impproves the quality
and coupling (between two coils) factors. This
T
ferrite is also
used as shielding against the undesired magnnetic field emitted
behind the coils and protects the transm
mitter’s electronic
circuitry of electromagnetic interferences.
A.

Electromagnetic modeling and charracterization
techniques
The electromagnetic simulations were perforrmed in FEKO by
using the Method Of Moments (MoM
M) with Volume
Equivalence Principle (VEP) and Low Frequency (LF)
stabilization techniques on a twenty-noddes (CPU cores)
cluster. Meshing is a critical point in alll electromagnetic
simulations, defining how precisely Maxweell’s equations are
solved by using a finite elements disccretization of the
geometry. For example on the B5 design, thhe four PCB coils
are totally meshed with 2590 triangles andd 882 tetrahedrons
for the ferrite (triangle and tetrahedron are reespectively used to
mesh metallic surfaces and dielectric volum
mes). The adopted
mesh is a good trade-off between the accuracy
a
and the
simulation time. The four coils are implemeented with copper
strips and the ferrite (thickness: 2.2 mm
m) has a relative
magnetic permeability of 800 and a magnettic loss tangent of
0.00008 (the same ferrite will be used all oveer this study).
The Litz wires of A6 coils were modeled as
a a unique copper
wire of equivalent radius and the ferrite is the same than the
one used for the B5 PCB coils.
a
the coils
To validate the electromagnetic modeling accuracy,
with ferrite on the back have been prototypeed as shown on the
Fig. 3. Their inductance (L) and Equivalent Series Resistance
(ESR) are measured through an impedannce analyzer. The
magnetic field is measured with a H-field meter
m
(Maschek 3D
H/E field meter ESM-100) at different distannces of the coils.
B.
Electrical parameters of coils
meters (inductance
The simulated and measured electrical param
L and equivalent series resistance ESR) are presented
p
for both
Litz and PCB coils in the Table I. To com
mpare the different
results between modeling and experimentattion, the electrical
parameters are extracted at different frequenccies (100, 150 and
200 kHz).

Fig. 3. Schematic of Tx coils assembly coupled with
w the Rx system

TAB
BLE I
ELECTRICAL PARAMETERS COR
RRELATION FOR A6 & B5 COILS

A6
Design
B5
Design

ESR (mΩ
Ω)

Freq.
(kHz)

Meas

FEKO

100
150
200
100
150
200

85
100
123
339
417
507

97.25
115.3
131.5
503
530
553

L (µH)
Meas

FEKO

11.17

11.98

8.43
8.39
8.36

8.75
8.72
8.71

We can observe a relative goodd correlation between simulated
and measured results. Measuured and simulated inductance
values are very close over thee chosen/operating frequencies.
As expected, coils’ ESR is highher for PCB (B5) than Litz (A6)
structures. However the correelation simulation/measurement
of the ESR is better with PC
CB than Litz coils because Litz
models have been simplified within
w
FEKO through a unique
copper wire instead of a several
s
strands structure (105
strands). A correction factor of c = 1.801 was established
based on the analytical computtation of the ohmic losses (they
are predominant at such low frequencies)
f
taking into account
the realistic case (105 strands of
o radius r = 0.004 mm) and the
equivalent radius used by thee simulation model (radius r =
0.55 mm). The results depictedd in Table I take into account the
correction factor. With this correction, we obtain a good
correlation between simulationn and measurement for both A6
and B5 structures and for botth ESR and inductance values.
The small differences betweeen simulation and experimental
results can be explained by thee accuracy issues of the adopted
simulation model/approach at such low frequencies and for
such a complex geometry.
C.
Magnetic field of coilss
A WPTS exploiting the near field
fi
inductive coupling uses the
magnetic field to transfer enerrgy from a coil to another. So a
main step in the wireless poweer source study described in this
paper is the magnetic field chaaracterization and its compliance
with reference exposure limitss. This is a critical point due to
the close proximity of persons inside the car. Independently of
the region where the produuct will be implanted, basic
restrictions on Electro-Magnnetic Field (EMF) limits of
ICNIRP [14] or IEEE C95.1.2005 [15] are applicable. For
example, ICNIRP 2010 Guiddelines recommend a reference
level of 21 A/m for the magnnetic field strength while IEEE
advises a maximum permissiible exposure of 163 A/m for
head/torso and 900 A/m for lim
mbs.
In this study the magnetic fieldd is generated by a power source
operating at 110 kHz with a current
c
of 1 A rms injected into
the coils (both for A6 and B5
B designs), that is the typical
current needed in a 5 Watts WP
PTS. Fig. 4 and Fig. 5 show the
simulated (FEKO) and measuured magnetic field at different
distances for the B5 PCB andd A6 Litz coils while the ferrite
shielding impact on the magnnetic field is depicted in Fig. 6.
Supposing that the coil under test
t (A6 or B5) is positioned in
the horizontal plane (e.g. “xy” plane), the distance is measured
on a vertical axis (Oz) between the geometrical (symmetry)
center of the coil and the meassuring (or simulating) point. We
note a good correlation betweeen measurement and simulation
and the curves follow

. . .

∑

.√

(1)

Where:
is the magnetic moment, N the number of samples (between
the distance of d(1) = 0.5 m to d(6) = 1 m from coils with a
step of 0.1 m),
the magnetic field at i, μ the magnetic
permeability and P the reactive power into the coil.
At long distances (over than 50 cm), the PCB coils generates
slightly higher fields than A6 Litz. The estimated magnetic
moments of B5 and A6 coils are respectively 0.0148 A.m²/√
and 0.0132 A.m²/√ .
Fig. 4. Magnetic field as function of the distance (A6 Litz coil)

III.

WPTS CIRCUIT SIMULATIONS AND CORRELATION
WITH MEASUREMENTS

The electronic architecture of our power source has been
designed, simulated and prototyped. It will be illustrated only
with A6 Litz coils results because the same electronic
architecture is used for B5 coils. The power source is coupled
with a Qi compliant receiver, following the schematic
presented in Fig. 1, for a delivered power of 5 Watts to the
external load.

Fig. 5. Magnetic field as function of the distance (B5 PCB coil)

A. Modeling and measurement setup
The proposed modeling and simulation approach is based on
the use of the commercial electronic circuit simulator Orcad
PSPICE (Cadence Design System, Inc.) to model the complete
WPTS (including transmitter and receiver circuitry). To
provide a global simulation approach, the coils (Transmitter
Tx and Receiver Rx) are defined as coupled coils
characterized by their inductances Lp (primary: Tx coil) and
Ls (secondary: Rx coil) and the coils’ coupling factor (k). The
coupling factor (k) is given by the following formula:

k
Fig. 6. Impact of the ferrite on the magnetic field (A6 Litz coil)

the same trend for each case. The correlation is lower for large
distances (> 40 cm) where the magnetic field is weak and
subject to noise and field distortions leading to measurement
uncertainties. Fig. 6 illustrates the ferrite impact on the
magnetic field. Experimental and simulation curves show that
the magnetic field is lower with 20 dBµA/m at 3 cm (A6
design) on the bottom side of the ferrite compared with the
value measured on the top side of the Tx coil proving thus the
shielding effect of the ferrite. The distance measured here
(Fig. 6) is always on Oz axis but the measuring/simulation
point is situated below the ferrite.
Concerning the EMF limits, Fig. 4 and Fig. 5 show that the
radiated magnetic field is below the levels imposed by both
IEEE and ICNIRP recommendations for the two coils (A6 and
B5) for a distance greater than 7 cm.
Theoretical magnetic moments of the A6 (Litz wire) and B5
(PCB) models are estimated using the following formula:

U
U

L
L

(2)

where Up and Us are respectively the voltages across the input
ports of the primary (Tx) and secondary (Rx) coils while Lp
and Ls are the Tx and Rx coils’ inductances. Measured values
are taken into account in (2).
The transmitter used (homemade product) is also compliant
with the Qi A6 design. According to the Fig. 7, it consists of a
DC-DC conversion stage (not represented here) connected to
the DC-AC stage linked up to the resonant LC circuit through
a low pass filtering formed by the inductance (Lf) and the
capacitance (Cf).
The DC-AC conversion uses a class-D power amplifier
realized by a half bridge inverter (2 transistors) which drives
the primary coil (Lp, transferring the energy to the receiver’s
secondary coil) and the system is matched with the resonant
capacitor (Cp) in order to improve the power transfer.
Due to automotive applications, the energy supplying the
power transmitter comes from the car’s battery. A DC-DC
conversion stage is included in order to regulate the DC power
supplying the inverter and thus the amount of power
transmitted to the receiver. SPICE models were used
(transistors, diodes, etc.) and driving circuits were

TABLE II
CORRELATION BETWEEN ELECTRONIC MEASUREMENTS AND SIMULATIONS
Measurement
Simulation
Correlation (%)

Fig. 7. Tx SPICE electronic circuit of the WPTS

implemented in order to make a complete transient study with
specific logical driving signals. The primary Tx coil employed
here has an inductance of Lp = 11.25 µH and an ESR of 0.1 Ω
with a coupling factor k = 0.53. The receiver is compliant with
the Qi TPR#5 architecture [13] and uses a Litz coil to receive
power from the transmitter.
In the simulation setup, the components’ values and coupling
factor are implemented in the circuit. The following results are
given with the Tx coil coupled to the Rx coil, for a transferred
power of 5 Watts on the load.
B. Simulation and measurement results
First, the correlation between SPICE simulation (Tx model of
the Fig. 7) and experimental results was investigated by
analyzing the transient waveforms correctness (waveforms
represented in Fig. 8). Secondly, the active power available
across the transmitter coil is computed (average value over
one period of the product between instantaneous voltage and
current).
As shown in Fig. 8, a very good correlation for the simulated
and measured waveform was obtained. The peak to peak
measured voltage is 31.89 V (current: 4.41 A) while the peak
to peak simulated voltage is 33.26 V (current: 4.41 A). The
effective (rms) voltage, current and the power available on the
Tx coil were extracted from the simulated and measured
curves and are summarized on the Table II. A good correlation
(close to 2%) between theoretical modeling and experimental
measurement validates the proposed circuit simulation
approach.

Current (Arms)

Active power (W)

10.61
11.17
5.01

1.46
1.5
2.67

6.57
6.43
2.18

IV.

CONCLUSION

This paper addresses the full characterization of a wireless
power source, compliant with a Qi WPTS, from a simulation
and measurement’s point of view. Electromagnetic simulation
models were used for the coils while circuit simulation was
adopted for the driving electronic circuitry. Electrical
parameters of modeled coils and the radiated magnetic field
are well recovered by the measurements despite of the use of
simplified electromagnetic models motivated by time
simulation issues. The emitted magnetic fields are below the
limits imposed by ICNIRP or IEEE standards for a distance
beyond of 7 cm. The impact of ferrite shielding is well
reproduced by the proposed simulation model. A correlation
between simulation and experimental results close to 2%
demonstrates the accuracy of the adopted simulation approach
for the driving electronic circuitry. Thus the proposed
modeling and simulation approach can be an useful tool for an
efficient design and optimization of an effective WPTS.
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