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Abstract—In this paper, a new ferrite-less wireless charging pad,
called circular nonferrite pad, for roadway applications is intro-
duced. The pad is characterized by having the ability to control
leakage flux to reduce the electromagnetic fields outside the charg-
ing region. In addition, the pad shows low sensitivity to changes
in the self-inductance due to secondary pad misalignment. A com-
parison of this new pad with similar-sized ferrite pads and single
spiral couplers is presented. A formal mathematical description
of the pad is shown here with finite element method simulations
along with lab measurements to verify the validity of the mod-
els. The costs, advantages, and limitations of the new pad are also
investigated.

Index Terms—Electric vehicles (EVs), electromagnetic field
(EMF) shielding, inductive power transfer (IPT), leakage flux, non-
ferrite, two-coil resonator.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) is a rapidly growing tech-
nology that enables energy to be transferred wirelessly be-

tween one or more electrical systems. Common applications
range from clean rooms, factory automation, transportation,
lighting, wireless sensors, and consumer electronics devices to
transcutaneous implantable devices [1]–[10].

Wireless charging is not only convenient but also safe, robust,
reliable, and especially suitable for applications in harsh, wet or
dusty environments where mechanical contact can be detrimen-
tal to the electrical system itself. More recently, the automobile
industry has been in the process of developing standards for
IPT systems to enable electric vehicles (EVs) to be charged
wirelessly, both while stationary and in motion [11]–[16]. Over
the years, different magnetic pads have been developed that can
couple power over relatively large air gaps. These pads are com-
monly named according to the geometry of the coil and/or the
way the magnetic field is generated. Among the most notable are
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the circular (CP), double D (DD) and its variant with a quadra-
ture coil DDQ, bipolar (BPP), solenoid, and tripolar (TPP) pads
[14], [17]–[23]. Some pads are further classified as polarized
(examples include the DD and Solenoid) or nonpolarized (the
CP or square shaped pads) depending on the path taken by the
magnetic field, while the DDQ, BPP, and TPP can generate ei-
ther polarized or nonpolarized fluxes depending on the phases
of the currents flowing through the different coils in the primary.

High power is needed to provide the energy required by EVs
and to decrease the battery charging time, which occurs over rel-
atively large air gaps. In consequence, strong electromagnetic
fields (EMF) are generated in and around the charging region
of the pads. In consumer applications, e.g., EV charging, safety
regulations must be met to keep EMF levels within the safety
guidelines for human exposure [24]–[26]. Several shielding
methods have been devised and utilized in the past to suppress
undesired EMFs including both active and passive shielding
[27]–[38]. This paper introduces a magnetic coupler suitable for
roadway charging applications with the ability to reduce stray
magnetic leakage fields using active cancelation techniques.

Roadway pads must be designed to have not only excellent
electrical and magnetic performance, but they also must be in-
tegrated into existing infrastructure and be extremely rugged to
survive under the extreme forces and vibrations under roads. In
addition, they must require minimal maintenance, be cost effec-
tive, interoperable, and flexible to adapt to fast changing tech-
nologies. In order to meet most or all of these requirements, the
materials used for the charging pads must be carefully selected,
designed, and tested. Roadway pads today use, among others,
aluminum and plastic as shielding and protective materials, re-
spectively. However, these materials may not survive or integrate
easily with existing roadway technology, and might degrade
over time, thereby changing the pad’s ability to transfer power
adequately and efficiently. Furthermore, if robust protective ma-
terials are not used, the brittle and expensive ferrite used to
boost power transfer and control the leakage of IPT pads can be
exposed to the elements and its performance might be compro-
mised [39]. In addition to these mechanical issues, at high power,
the losses in core and shielding materials can become signifi-
cant [40]. Another practical consideration is thermal runaway in
high-power IPT systems. Traditional cooling methods may be
difficult to implement under the roadway, and high temperatures
can also compromise or cause deterioration of the entire system.

Ferrite-less pads for EV charging applications have been
recently proposed in the literature as alternative pads with
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increased mechanical robustness are suitable for roadway ap-
plications [38], [39], [41]–[45]. In [38], active coils driven out
of phase were added to both the primary and secondary pads
to mitigate the EMF outside the desired region of charging.
In [43], it was found that a combination of a canceling LC-
resonant coil and a conductive plate is a good candidate for
controlling the leakage flux in ubiquitous large air-gap appli-
cations. The EMF of the main coil can be either enhanced or
reduced depending on whether an LC-resonant coil is below or
above resonance, respectively, which requires a precise match-
ing of the resonant network to achieve a good performance. This
paper explores a similar system using only an inductive cancel-
ing coil connected in a series-opposing configuration with the
main coil and designed so that most of the magnetic field under
the pad and outside the charging area is minimized. The series-
opposing configuration enforces the same current level in both
the main coil and canceling coil but in opposing phase; thus,
the field cancelation is only controlled by the geometry of the
system.

This paper investigates a primary pad having a structure sim-
ilar to a two-coil system (although wound as a single winding)
comprising a main flux producing coil and a lower canceling
coil, suitable for high-power roadway EV charging. This pad is
hereafter referred to as a circular nonferrite pad (CNFP). This
structure is based on initial proposals detailed in [46] but is
now reported for the first time in the academic literature with
additional analysis. A similar system with some remarkable
differences has been recently proposed in [44]. In [44], a low-
power system is proposed and analyzed with the cancelation
coil, called parasitic coil, in a short-circuit condition. Leakage
was measured along a reference line on the underside of the
pad and the axial component of the magnetic field Bz was mea-
sured. The pad in [44] is suitable for low-power applications,
e.g., biomedical implants. The work in [46] and described in
this paper investigates a high-power system for roadway charg-
ing applications. It takes into account the tradeoffs between a
low undesired magnetic leakage field, minimal impact in power
transfer capability, and minimum copper usage by optimizing
the amp-turns ratio between the main and canceling coils and
using an active canceling coil that is wound in a series-opposing
configuration.

The CNFP resembles the geometry of Helmholtz coils com-
monly used in the biomedical field for wireless charging of
implantable devices, such as endoscopic capsules [47]–[49].
However, it is worth pointing out several important distinctions
between the two. First, the power levels and coupling factors for
biomedical applications are very small and impractical for EV
charging applications. Second, Helmholtz coils are character-
ized by uniformity of the magnetic field in the region between
the two coils, for which the use of identical coils (same size and
number of turns), separated by a distance equal to the radius of
the coils, are required. In contrast, here the coils of the CNFP
have a different number of turns and different radii and the dis-
tance between the coils is not necessarily equal to the radius of
either coil. Finally, the CNFP aims to reduce undesired flux in
the regions under the canceling coil and outside the charging
area where humans may be present, with minimal impact to the

Fig. 1. General IPT system overview.

flux out the top of the pad. Uniformity of the magnetic flux
density between the two coils is not a design objective.

This paper is organized as follows. Section II provides a gen-
eral overview of IPT systems. Section III gives a mathematical
analysis of the proposed pad. In Section IV, the CNFP is intro-
duced. It is shown to be able to produce a one-side flux with
reduced emissions by virtue of active magnetic shielding. The
pad is further analyzed in Section V to optimize its power trans-
fer capability in terms of coupling factors and leakage emissions.
In Section VI, the results of FEM simulations are validated by
lab measurements. Finally, in Section VII, a summary of the
findings is provided.

II. WIRELESS POWER TRANSFER SYSTEMS

A simple IPT system, as shown in Fig. 1, comprises two
inductive coils L1 and L2 , with mutual inductance M ; the pri-
mary inductor L1 is driven by current I1 at an operating angular
frequency ω to generate an alternating magnetic field. Using a
conventional analysis, a voltage is induced in a secondary coil
L2 when it is immersed in this variable magnetic field. The in-
duced open-circuit voltage in L2 is given by Voc = jωMI1 and
the short-circuit current in the secondary coil is Isc = MI1/L2 .

The maximum output power that can be transferred is given
by the product of the open-circuit voltage Voc , the short-circuit
current Isc , and the secondary loaded quality factor Q2 of the
secondary circuit as expressed below [11]

Pout = VocIscQ2 (1)

which can be expressed as

Pout = ωL1k
2I2

1 Q2 = k2V1I1Q2 (2)

where k = M/
√

L1L2 is the coupling factor, which constitutes
a measure of the ratio between the magnetic flux of the sec-
ondary with respect to the total magnetic flux generated by the
primary ω is the operating angular frequency, and Psu = VocIsc
is the uncompensated apparent power at the secondary. For an
increase in power, either the input VA1 (V1I1), Q2 , or k has
to be increased. However, increasing the primary VA increases
the cost and, although it can be limited by adding extra series
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capacitance to lower the VA seen by the power supply, the tuning
sensitivity and costs are increased [11]. There are also practical
limits to increasing Q2 because the efficiency is lowered due to
high circulating currents in the secondary resonant tank and the
system becomes more difficult to control and more sensitive to
secondary coil displacements. Increasing the power by improv-
ing the magnetic coupling factor k is the optimal solution as it
is a good tradeoff between efficiency and total cost [4].

Conventionally, magnetic materials are used to increase the
coupling coefficient by providing a low reluctance path to shape
the flux. In addition, the geometry of the coil plays an important
role in increasing the performance of the system as well as con-
taining the flux within the desired region of charging. This paper
focuses on the latter method by proposing a circular pad with
a one-sided field generated using a flux cancelation technique.
Optimal design of the coil is considered to balance the tradeoffs,
with a complete absence of magnetic materials.

Electromagnetic theory is commonly used to describe the
magnetic field produced by different coils, for example, circu-
lar and square coils. The Biot–Savart law is a simple equation
to find the axial field component of a loop coil. Using linear
superposition, it can also be used to find the total flux density
produced by the combination of several coils composed of mul-
tiple spiral turns. For instance, Helmholtz coils comprise two
identical circular coils placed symmetrically along a central axis
separated by a distance h that is equal to the radius of the coils,
to produce an almost homogeneous magnetic field in the re-
gion between the two coils [50], [51]. Normally, the coils are
connected in a series-aiding configuration. If the currents are
180◦ out of phase, then the configuration is called antiparallel
Helmholtz coils with the effect of canceling the magnetic field in
the center of the coils. The resultant magnetic field on the z-axis
of the combined out-of-phase coils B1 + Bc can be expressed
as

Bz = B1 + Bc

=
μ0r

2

2

[
N1I1

(r2
1 + z2)3/2 − NcI2

[r2
c + (z + h)2 ]3/2

]
(3)

where B1 is the magnetic field arising from the main or top coil
with N1 turns and Bc is the magnetic field from the bottom coil
with Nc turns as shown in Fig. 2(a). r1 and rc are the radii of
the main and canceling coils, respectively.

It can be observed that by choosing appropriately the NI
product, the radii r1 and rc , and h, a good balance can be
found to minimize the leakage flux out the back of the pad,
as seen in Fig. 2(b). Fig. 2(b) covers a range of combinations
from an air coil, labeled as “No Cancelation,” to two identi-
cal coils connected in a series-opposing configuration. The z
component of the magnetic flux field Bz for different values
of Nc with OD1 = ODc = 500 mm, ID1 = IDc = 357.2 mm,
h = 200 mm, and N1 = 9 is shown in Fig. 2(b) for each combi-
nation. For example, given a primary coil of radius r1 with N1I1
amp-turns, a canceling coil of the same radius can be designed
by finding the right NcIc and h to completely cancel the flux at
a distance z along the center axis.

A front-to-back ratio (FBR) can be defined as the ratio of the
area under the Bz curve on the top of the pad over the area under
the Bz curve under the bottom side of the pad, as

FBR = Stop/Sbottom (4)

where Stop =
∫ ∞

z=0 Bzdz and Sbottom =
∫ −∞

z=−h Bzdz. The
FBR provides an indication of the ability of the pad to minimize
the EMF in the region below the pad (under the cancelation
coil). In Fig. 2(b), a maximum FBR = 20.844 is found for the
combination N1/Nc = 9/3, while the minimum FBR = 0.740
is found for N1/Nc = 9/5. This is the situation specifically for
the field along the axis, but (3) does not provide a complete
picture of the overall flux density in the space surrounding the
two coils and a more complex equation involving elliptic inte-
grals is needed to give a better approximation, as is shown in
Section III.

III. MATHEMATICAL FORMULATION OF MODEL

Circular loop coils have been extensively a subject of study for
the development of IPT systems due mostly to their simplicity
for analysis and manufacturing as well as good magnetic and
electrical properties. Different arrangements of multiple ferrite-
less circular coils for IPT were presented in [52] and [53], where
a sound analysis and evaluation of the characteristics of such
systems at low power was presented. In [54], a list of analytical
formulae for inductance calculations of different coil shapes are
given. The magnetic and electric fields of circular loops are well
known and can be calculated using well-established methods.
The radial Bρ (r′) and axial Bz (r′) components of the magnetic
field generated by a circular loop of radius ρi placed in the xy
plane (with normal unit vector ẑ) at a given z position, when
carrying a current Ii can be found as [55]

Bρ (r′) = μ0Ii

· (z′ − zi) k′ [(2 − k′2)E (k′) − 2
(
1 − k′2)K (k′)

]
8π (1 − k′2)

√
ρiρ′3

(5)

Bz (r′) = μ0Iik
′

·
[
k′2

(
ρ2

i − ρ′2 − (z′ − zi)
2
)
E (k′) + 4rir

′ (1 − k′2)K (k′)
]

16π (1 − k′2)
√

(ρiρ′)
3

(6)

where k′ is defined as following:

k′ =

√
4ρiρ′

(ρi + ρ′)2 + (z′ − zi)
2 . (7)

The mutual inductance between two concentric spiral coils of
radii ρi and ρj in air can be calculated as [56]–[58]

Mij =
μ0

k′
ij

√
ρiρj

[(
2 − k′2

ij

)
K

(
k′

ij

) − 2E
(
k′

ij

)]
. (8)

Equation (8) provides a divergent result in terms of elliptic
integrals for the self-inductance (i = j) of a closed-loop coil.
However, an approximated expression is proposed by some au-
thors for a closed-loop turn with cross section diameter di [56]
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Fig. 2. Cross-sectional depiction and 2-D axial field plot of the CNFP. (a) Cross-sectional geometric parameters. (b) Axial component Bz of the magnetic field
for different turns ratios between the main and cancelation coils keeping all other geometric parameters (h, ODc , etc.) constant.

Fig. 3. (a) Equivalent circuit diagram of a CNFP pad. (b) Plots of analytical
inductances and mutual inductance for a CNFP system.

as follows:

Lii � μ0ρi

[
log

(
4ρi

di

)
− 1.75

]
. (9)

Consequently, the self-inductance of a coil of n closed-loop
turns of radii ρi can be found by the addition of the mutual
inductance between each pair of spiral turns in (8) and the self-
inductance in (9) as

L =
n∑

i=1

Lii +
n∑

i=1

n∑
j=1,j �=i

Mij . (10)

Equations (8) and (9) can be used to find the self-inductances
and mutual inductance of a CNFP without a secondary pad.
Fig. 3(a) shows the equivalent electrical circuit diagram in
which the main and cancelation coils are connected in a series-
opposing configuration. The equivalent inductance of such a
configuration can be found as Leq = L1 + Lc − 2M , where M
is the mutual inductance between L1 and Lc . Fig. 3(b) shows
a plot of the self-inductances L1 , Lc , mutual inductance M ,
and the equivalent inductance Leq of a CNFP pad for differ-
ent values of the distance h between the coils. Notice that for
h = 100 mm, the value of the equivalent inductance is nearly
50 μH which, as shown in Table I, closely matches that of the
physical system.

TABLE I
CIRCULAR NONFERRITE PAD PARAMETERS

Parameter Description Value

Leq CNFP Inductance 51.54 μH
Rloss Pad resistance at 38.4 kHz 81.6 mΩ
I1 Primary current 20 A
OD1 Main coil outer diameter 500 mm
ODc Cancelation coil outer diameter 500 mm
ID1 Main coil inner diameter 357.2 mm
IDc Cancelation coil inner diameter 357.2 mm
Cw Copper winding width 71.4 mm
h Main–Cancelation coil distance 100 mm
N1 Main coil number of turns 9
Nc Cancelation coil number of turns 3

Fig. 4. Three-dimensional depiction of the CNFP pad. (a) 3-D CAD model
used for FEM analysis. The coils are series connected (not shown here). (b)
Contour plot (isolines) of the magnetic flux density driven with a primary
current I1 = 20 A.

IV. CIRCULAR NONFERRITE PAD

A CNFP, as proposed here, uses two annular coils with a
primary coil of outer diameter OD1 , inner diameter ID1 with
evenly distributed N1 turns and a cancelation coil of outer di-
ameter ODc , inner diameter IDc , and Nc turns located under the
primary coil at a distance h, as shown in Fig. 2(a). Both coils are
wound with one single wire in a series-opposing configuration
to generate opposing magnetic fields, thus Ic = −I1 .

Fig. 4(a) shows a three-dimensional (3-D) model of the pro-
posed pad, while Fig. 4(b) shows a 2-D cross-sectional flux plot.
For simplicity, it is assumed that both coils have the same inner
and outer diameters but can have different numbers of turns N1
and Nc . Equation (3) can be used to find a suitable turns ratio
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Fig. 5. CAD and experimental setup of the CNFP and CP pair. (a) 3-D depic-
tion of the CNFP to CP pads. (b) Lab setup of the experiments.

N1/Nc for a good front-to-back flux ratio. Fig. 2(b) shows the z
component of the magnetic flux field, |Bz |, for different values
of Nc with OD1 = ODc = 500 mm, ID1 = IDc = 357.2 mm,
h = 200 mm, and N1 = 9. The turns in each coil were evenly
distributed between the inner and outer diameter IDi and ODi ,
respectively. For practical matters, the numbers of turns are cho-
sen to be integer numbers, as each turn must return to the start
point to be fed by the power supply. It can be observed that a
ratio of N1/Nc ≈ 3 is a good choice with the flux falling rapidly
below the ICNIRP limit of 27 μT [24] required for human in-
teraction in less than 100 mm and approaching zero below the
cancelation coil.

Although the magnitude of the field for the N1/Nc = 3 ratio
is slightly smaller than that of a single coil (B1 only), at high air
gaps (200 mm above main coil), the difference is small while the
flux out the back of the pad is significantly reduced. This turns
ratio is optimal for the specific parameters chosen for this pad.
However, if the diameter of either coil, the distance between
the two coils h, or the distance between each consecutive turn
in the loop coil is changed, a new optimal turns ratio may be
necessary to produce significantly more flux out the top of the
pad and essentially no flux below the cancelation coil. For this
study, h was fixed such that the mutual inductance between the
two is just enough to provide good cancelation and low impact
on the coupling factors. Having a large distance between the
main and cancelation coils decreases its ability to reduce stray
magnetic fields as the pad approaches a single air coil.

A laboratory prototype of the CNFP pad was built to validate
the initial design simulations. Fig. 5(a) shows a depiction of
the 3-D CAD model used to carry out the FEM simulations.
The dimensions and parameters of the CNFP pad are described
in Table I. Here, OD and ID are the outer and inner diameter,
respectively, h is the distance between the main coil and the
cancelation coil, and N1 and Nc are the numbers of turns of the
main and cancelation coils, respectively. A circular ferrite pad
(CP), as described in [18], was used as a secondary pad. The sec-
ondary CP pad has a coil diameter of 500 mm with N = 25 turns
and overall pad size (aluminum shield) of 722 mm × 722 mm.
Fig. 5(b) shows a photo of the experimental setup of the pads.
The primary pad was driven with a current I peak = 20 A and
an operating frequency f = 38.4 kHz. Coupling factors were
measured and simulated for different z values and displace-
ments of the secondary pad, and the results are shown in Fig. 6.
The simulated and measured values here are within 2% of each
other and are within the acceptable range of values for efficient
power transfer [2].

Fig. 6. CNFP to CP coupling factor measurements and simulation validation
for different secondary pad air gaps z and displacements x. Solid lines represent
simulated data; circles correspond to lab measurements.

V. OPTIMIZATION

A key parameter in the design of high-power IPT systems
is the maximum achievable power before reaching the ICNIRP
limit of 27 μT, or the power-to-leakage flux ratio. Stray mag-
netic fields must be contained inside the charging region as much
as possible to prevent them from reaching people standing near
the charging pads. Fig. 7 illustrates the 3-D CAD setup used to
investigate the effect that changing the diameter of the cancela-
tion coil has on both the coupling factors and leakage flux using
FEM simulations. Parallel test planes were used to measure the
maximum rms flux density at 850 mm from the center of the
secondary pad along the direction of displacement. These test
planes constitute dummy elements with the physical properties
of air and, as shown, are denominated “left” and “right” test
planes, respectively. The left test plane is placed on the opposite
side of the secondary displacement (−y), while the right test
plane is on the same side of the secondary displacement (+y).
The planes were fixed relative to the secondary pad so as to
simulate the outer boundaries of the chassis of a car.

Fig. 8(a) shows that the change in coupling factors as the
outer diameter of the cancelation coil ODc is varied from 500
to 750 mm. The inner diameter IDc was changed accordingly
to keep the winding width Cw constant. The tendency is for the
coupling to decrease with increasing values of ODc , however,
the change is very small, as seen from the low slope of the lines
in Fig. 8(a). An interesting finding is the effect this change has
on the flux leakage outside the charging region. Fig. 8(b) shows
how the magnetic flux leakage decreases as the diameter of
the cancelation coil ODc is increased for a secondary displaced
y = 150 mm. It can be seen that a good compromise between
coupling and leakage can be achieved for ODc from 655 to
670 mm, as the reduction in coupling is minimal while the
leakage flux is near a minimum value.

The effect that the separation between the main and cance-
lation coils h has on several important parameters is shown
in Fig. 9. The change in coupling factors as h is increased is
shown to be insignificant. However, the uncompensated appar-
ent power at the secondary Psu tends to increase slightly with
increasing h, as seen in Fig. 9(a). This increase in Psu is mainly
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Fig. 7. Simulation model setup of a CP on CNFP with leakage flux test measurement planes. (a) Perspective view with test planes. (b) Front view.

Fig. 8. Coupling factors and maximum rms leakage flux plots for a CP on CNFP pair. Flux measured on the left test plane at 850mm from the center of the
secondary. (a) Coupling factors. (b) Leakage flux for secondary offset x = 150 mm with respect to the primary.

Fig. 9. Effect of separation (h) between the main and cancelation coils at two separate air gaps. (a) k (solid lines) and Psu (dashed lines). (b) L1 (solid lines)
and Brm s (dashed lines) measured at (0, 800, Z/2) mm. The primary current was I1 ,p eak = 20 A while ODc = 500 mm.

due to the change in the total inductance of the CNFP as de-
picted in Fig. 9(b). The closer the main and cancelation coils
are, the higher the mutual inductance between them. Hence, the
total inductance of the pad will be smaller due to the series-
opposing configuration of these two coils. The stray magnetic
field is shown to be measured at the middle point between the

primary and secondary pads 800 mm in the y-direction, which
falls very close to where the maximum leakage flux is. The stray
magnetic field slightly dips for 100 rm mm ≤ h ≤ 140 mm, as
shown in Fig. 9(b). Choosing an appropriate distance h between
the coils is a tradeoff between the achievable output power trans-
fer level, and stray magnetic field emissions, as well as size. In
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Fig. 10. Flux leakage contour plots for a CP on CNFP for different cancelation coil diameters at a z = 150 mm air gap and X = 150 mm displacement.
(a) ODc = 500 mm. (b) ODc = 650 mm. (c) ODc = 750 mm.

Fig. 11. Experimental setup of CNFP to CP pads.

this study, the separation was chosen to be h = 100 mm as a
suitable compromise between both and provides a primary pad
with the required impedance for the available lab power supply
(no extra compensation capacitor is required). Also, this height
has been implemented in other systems [14], [59] and having
some depth in a primary side system is an advantage in ground
installation for added robustness.

Fig. 10 shows a flux contour plot to visually reinforce the
change in flux leakage as the cancelation coil diameter is swept
from 500 to 750 mm. The secondary pad was kept at an air
gap z = 150 mm and offset y = 150 mm. It is clear that a
significant drop in emissions at the test planes is achieved. In
addition, it shows that the region of interest for flux reduction
is opposite the direction of travel of the secondary pad, which
would be more exposed due to the misaligned pads. In this case,
it is the left test plane, as that is where the leakage flux is of high
intensity. Therefore, flux leakage measurements are only done
on this side of the pads hereafter.

VI. EXPERIMENTAL VALIDATION AND COMPARISON

Laboratory scale prototypes were built for validating the sim-
ulated CAD models. Fig. 11 shows the setup of the CNFP on
CP prototypes. Measurement of the magnetic flux leakage was
done using a NARDA ELT-400 probe located 800 mm from the
center of the secondary pad at the middle air gap point; a high
precision LCR meter (Agilent E4940A) was used to measure
inductances and coupling factors at small-signal levels, while
the YOKOGAWA WT1800 power meter was used to measure
the currents and voltages across the pads at high signal levels.
Fig. 12 shows the measured and simulated rms magnetic flux
density. The measured data are in excellent agreement with the
simulated results, confirming the validity of the FEM models.
The CP–CP pair has the lowest emissions, while the “air coil”

Fig. 12. Magnetic flux density validation for the CNFP, CP, and air coil
primaries coupled to a CP secondary. The measurement point Ptest (x, y, z) was
chosen at 800 mm from the center of the secondary at the midpoint of the air
gap Ptest (x, y, z) = (0, 800, 75) mm and the input current I1 ,p eak = 20 A.
The optimized version of the CNFP (CNFPopt ) has been added for comparison.
(Solid lines represent simulated data whereas the circles represent the measured
points).

Fig. 13. Coupling factors comparison for the CNFP and CP at different air
gaps as the secondary pad is displaced. Solid lines correspond to the CNFP
while dashed lines correspond to the CP primary.

was found to have the highest leakage flux outside the charging
region. The CNFP, before optimization, has a higher leakage
flux than that of a CP. However, as shown in Fig. 12, when a
cancelation coil with a diameter ODc = 660 mm is used, the
leakage flux of the CNFP matches that of the CP. Fig. 13 shows
a plot of the coupling factors for both the CNFP and CP pri-
maries at different air gaps as the secondary pad is displaced
along the x-direction. The CP exhibits higher coupling factors
than the CNFP; however, the change in coupling factors as the
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Fig. 14. Magnetic flux density for CNFP–CP pair measured/simulated at a
test point 800 mm from the center of the secondary pad at a midpoint air gap
Ptest (x, y, z) = (0, 800, 75) mm for primary currents I1 ,p eak = 10 A and
I1 ,p eak = 20 A. (Circles represent measured points, while solid lines corre-
spond to FEM simulation).

secondary is displaced is less pronounced for the CNFP, espe-
cially at higher air gaps. Also, even though the coupling factors
are smaller, they fall in the range required for efficient power
transfer [2].

As seen in (3), the magnetic field is directly proportional to
the amp-turns or NI of the coil. This relationship is especially
true for coils in air. However, for ferrite pads, the system can
be considered almost totally linear as long as the ferrite is kept
out of the saturation region. Ferrite losses are more complicated
as other nonlinear dependencies arise such as temperature and
frequency. For the sake of simplicity, in this paper, the frequency
is fixed at 38.4 kHz and the effects of temperature are neglected.
All systems in this paper are assumed to be linear, as care has
been taken not to saturate the ferrite and to fix the operating
frequency at 38.4 kHz. Fig. 14 depicts the magnetic fields, both
measured and simulated, for two different primary currents,
I1 = 10 and 20 A, respectively. It shows that by doubling the
primary current, the magnetic field is also doubled; hence, the
ratio B(20 A)/B(10 A) in Fig. 14 between the two is constant
regardless of the secondary pad displacement, which further
confirms that this IPT system is linear.

Even though the CNFP can be optimized to produce a reduc-
tion in leakage flux, it also suffers a reduction in coupling factors
and, in consequence, the output power. A comparison in terms
of “power per leakage” is required between the investigated
pads to better assess their power transfer capability. Power per
leakage measures the amount of power a pad can transfer ver-
sus the pad’s stray field emissions. Pads that can transfer more
power with less stray leakage are preferable. In order to compare
the different primary pads, the uncompensated apparent power
Psu in the secondary pad was kept constant with an unloaded
secondary so that it does not impact the flux provided by the
primary pad under test. The required output power was assumed
to be provided only from the primary pad by generating the ap-
propriate VA. The required input current necessary to produce
the required uncompensated power can be determined from (2).

Fig. 15 shows the rms leakage flux for a range of uncom-
pensated output powers for the CNFP, CP, and air coil primary
pads. Notice that the CNFP can provide high amounts of power

Fig. 15. Comparison between the leakage flux as a function of the required
output power for the CNFP, CP, and air coil primary pads against the ICNIRP
27 μT limit. The secondary pad was placed at an offset X = 150 mm and an air
gap of Z = 150 mm for a test point 800mm from the center of the secondary
and midpoint air gap Ptest (x, y, z) = (0, 800, 75) mm.

before reaching the ICNIRP 27 μT limit. For this comparison,
all pads used identical coils in the primary pad, i.e., same vol-
ume and surface area of copper, and the same number of turns.
Even though the CNFP has slightly worse performance than
the CP in terms of power per leakage, the CNFP will not in-
cur core or eddy current losses as it does not use any ferrite or
aluminum. Relative core losses in the ferrite can become signif-
icant at high power and the potential for thermal runaway also
increases. Furthermore, ferrite and aluminum can be expensive,
increasing the overall system’s cost. These considerations make
the CNFP a potentially cost-effective alternative for roadway
IPT applications.

It is worth pointing out that the overall dimension of the
CP ferrite-based pad is much bigger than that of the optimized
version of the CNFP. The aluminum back plate is not used in
the CNFP design, but is usually present in ferrite-based pads
to remove stray leakage. In the case of the ferrite pad used here
for the comparative analysis, this aluminum back plate was
710 × 710 mm2 . In contrast, the maximum diameter of the
cancelation coil in the optimized CNFP presented was 660 mm2 .
Therefore, there is considerable scope to increase the diameter
of this CNFP design to improve the coupling and power transfer
to the secondary, particularly under misaligned conditions,
and further improve the power output while maintaining a low
leakage footprint. The analysis presented in this paper can be
applied to smaller or larger systems as the superposition princi-
ple allows the system to be scaled. However, care must be taken
as the best turns ratio between the main and cancelation coils
can change when the relative dimensions of both coils change.

Roadways are traditionally built out of concrete, bitumen, or
asphalt, and reinforcing materials, such as steel rebars, are com-
monly used. Fig. 16 illustrates the effect that a 750 × 570 ×
1.5 mm3 steel sheet placed at different distances Dsteel behind
the cancelation coil has on the primary inductance and ac re-
sistance (losses). The change in inductance is below 2.6% and
can be considered negligible. As the pad resistance and, thus,
the losses, increases, the closer the steel sheet is to the pad by
as much as 20 per cent. However, the resistance is still small. In
practice, a coarse mesh of rebars is used for concrete reinforce-
ment. Therefore, the effect of such meshes in the proximity of
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Fig. 16. Measurements of primary inductance and ac resistance as a function
of the distance between a 750 × 570 × 1.5 mm3 steel sheet and the cancela-
tion coil. Primary inductance and resistance without the steel sheet present are
51.208 μH and 80.5 mΩ, respectively.

the pad is expected to be much smaller than that of the steel
sheet shown in Fig. 16. Both glass and concrete are nonmag-
netic materials and their magnetic permeability is similar to the
permeability of free space [60]. Therefore, fiberglass reinforced
concrete could be used to enhance the strength of any concrete
without impacting the performance of the IPT system.

VII. CONCLUSION

This paper introduced a circular-shaped ferrite-less pad,
called CNFP, suitable for high-power EV roadway charging ap-
plications. The pad is comprised of two series-connected coils
positioned vertically with the bottom coil designed to reduce
flux leakage. This topology is able to produce a single-sided
flux without using ferrimagnetic material to shape the magnetic
field. In conventional measures of the performance of wireless
charging pads, i.e., coupling factor and leakage flux, the pad has
a performance within the acceptable ranges while being physi-
cally robust, and suitable for harsh environments. The absence of
ferrite gives the pad the ability to be overdriven for short periods
of time, which would be useful for a roadway dynamic charging
system. It was shown that this pad can achieve coupling factors
within the range for efficient wireless power transfer. Further-
more, by carefully balancing the amp-turns or NI ratio between
the main and cancelation coils, the leakage fluxes out the bottom
and sides of the charging region have been significantly reduced.
This feature is highly desired as the power can be increased by
boosting the primary VA without exceeding the emissions limit.
It was also shown that looking at just the shielding effective-
ness of a cancelation technique is not enough when assessing
the power transfer capability of an IPT system. Parameters such
as coupling factors and power-per-leakage must be taken into
account.

The work presented in this paper aims to demonstrate some
unique features of the CNFP that can be useful for roadway
charging environments. Because of its lack of aluminum, plastic,
or ferrite, the CNFP is more physically rugged than other pads,
can be better integrated into roadway environments, and requires
less protection cover over the upper surface of the roadway,
potentially making the effective air gap smaller than that of
pads needing more protective materials. The diameter of the
coils can also be larger to closely match the size of ferrite-based

pads using larger aluminum back planes, thereby increasing
the coupling factors. Further research must be undertaken to
investigate the overall efficiency of a high-power prototype and
compare it to a similar ferrite pad including losses in the core
and aluminum shield.
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