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Abstract

To date inductively coupled power transfer (ICPT) systems
have already found many practical applications including
battery charging pads. In fact, current charging platforms
tend to largely support only one- or two-dimensional planar
movement in load. This paper proposes a new concept of
extending the aspect ratios of the operating power transfer
volume of ICPT systems to support arbitrary three dimen-
sional load movements with respect to the primary coils.
This is done by use of modern finite element method anal-
ysis software to propose the primary and secondary mag-
netic structures of such an ICPT system. Firstly, two pri-
mary magnetic structures are proposed based on contrasting
modes of operation and different field directions. This in-
cludes a single-phase and multi-phase current model. Next,
a secondary magnetic structure is customized to be compat-
ible with both primary structures. The resulting system is
shown to produce a 3D power transfer volume for battery
cell charging applications.

1. Introduction
The technique of transmitting power across an air-gap
without interconnecting wires is well established via the
technique termed magnetic induction [1-2]. Inherently,
this phenomenon removes the inconveniences caused from
physical wires by providing power in hard to reach places
where conventional direct electrical connections are in-
convenient, hazardous, or impossible, lowers maintenance
requirements as there is less wear and tear from wet,
dirty, moisturised and hazardous environments, provides
enhanced safety as it is free of sparking and can be used
in potentially explosive atmospheres and supports freedom
of mechanical movement of any load(s) as opposed to a lo-
calised load(s). Generally, this makes WPT systems reli-
able and robust. Systems utilising this technique are of-
ten referred to as inductively coupled power transfer (ICPT)
systems. Such systems are becoming increasingly ubiqui-
tous in industry. Some examples include; monorail systems
[1], people mover or transportation applications such elec-
tric cars, trains and buses [3], biomedical implantation [4]
and more recently low power consumer battery charging ap-
plications [5-6].

Regarding low power consumer battery charging ap-
plications, several platform charging systems have been
developed [2] [4-7]. Current commercial systems in-
clude the Powermat, WildCharger and WiTricity chargers.
These systems readily support two-dimensional (2D) pla-
nar load displacements. However, this is problematic for
three-dimensional (3D) load displacements in a cage-like
environment to support potential applications in sensors,
telemetry devices, medical equipment, low power elec-
tronic devices and more particularly charging AA battery
cells. To date, several approaches have been made to a sup-
port 3D power transfer volumes but further research is still
required to develop customized magnetic structures.

One of the first approaches was made by Schuder [7].
In [7] a technique is proposed combining three distinct pri-
mary coils to generate three orthogonal magnetic field vec-
tors. In this arrangement, all three coils are excited with AC
current simultaneously. However, the generated field was
not sufficiently uniform for 3D free positioning of any load
particularly away from the coils. Furthermore, the use of a
single pick-up does not permit power induction irrespective
of power pick-up position and orientation througout the en-
tire 3D power zone. Another arrangement is the Helmholtz
pair [4]. In this arrangement, three distinct pairs of pri-
mary coil pairs are placed along three orthogonal axes. This
design also does not produce a sufficiently uniform distri-
bution of field in the entire 3D power zone. Particularly,
in a 3D application as the seperation distance between the
Helmholtz coils is increased the performance of the ar-
rangement reduces drastically. In such arrangements, the
sinusoidal primary currents may be applied either simul-
taneously or sequentially to the primary windings to take
advantage of the pick-up position and orientation for maxi-
mum power transfer. However, the primary and secondary
magnetic structures proposed to date are not customized for
power transfer.

The process of customizing the magnetic structures of
ICPT systems may be done through use of modern Finite
Element Method (FEM) analysis software. Previously, such
software has been used for design and magnetic frequency
analysis of a novel S pick-up for a monorail ICPT sys-
tem [8]. Furthermore, [9] has developed and tested various
pick-up designs developed by use of similar software. The



implementation of such FEM has been described in [10] as
an essential part of the magnetic modeling for analysis and
improving modern ICPT systems. Such FEM software has
been used in [11] for complex magnetic frequency analysis
including various high frequency effects such as the skin
effect, proximity effect, eddy currents and various complex
material properties. In summary, [8-11] suggests the accu-
racy of such simulation software results can fall within 5%
of experimentally verified results. This motivates the need
to develop FEM assisted magnetic structures to support 3D
aspect ratios of the power transfer volume and develop a
unique battery charging system.

1.1. Finite element formulation

Mathematically, a conceptual model for the FEM may be
derived in terms of the magnetic field intensity H [12] for a
triangular element with three nodes. An equation governing
each element can be derived by application of the method
of weighted residue using the Galerkin approach [12]. This
approach essentially begins with the wave equation in terms
of the magnetic field intensity H . The weighted residual for
a single two dimensional element e, in medium of conduc-
tivity σ, permeability µ, permittivity ϵ, operating angular
frequency ω, with domain dΩ may then be written as in
Equation 1 where g is a non-zero constant.
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In order to minimize Equation 1, multiply by a weight
function w, then integrate over element area enforcing the
equation 0. ∫ ∫
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By applying an identity to Equation 2 is rewritten as in
Equation 3.

∫ ∫
Ω

[
∂

∂x
(wαx

∂H

∂x
) +

∂

∂y
(wαy

∂H

∂y
)] dx dy −∫ ∫

Ω

[(αx
∂w

∂x

∂H

∂x
) + (αy

∂w

∂y

∂H

∂y
)] dx dy

+

∫ ∫
Ω

βωH dxdy =

∫ ∫
Ω

ωg dx dy (3)

Applying Green’s theorem to the first integrating term
of Equation 3 results in Equation 4 where the integration
is performed over a closed loop path dℓ.∮
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where nx and ny are components of the unit vector normal
to boundary of element. Upon substituting this term back
into Equation 3 yields Equation 5.
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Next, using a set of Lagrange polynomials to represent
the magnetic field intensity as in Equation 6

H =
n∑

j=0

He
jNj (6)

where Nj are the element shape functions based on the La-
grange polynomials and n is the number of local nodes per
element. Notably, the weight functions may also be written
as a set of polynomials w = Ni, where i = [1, n] so that
Equation 5 is now written as Equation 7.
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Equation 7 may be simplified and rewritten in matrix
form. For a single two-dimensional triangular element in
cartesian co-ordinates (x,y) with three nodes (1, 2, 3) of
area A, the following compact matrix Equation 8 arises.

[T +M ]H = 0 (8)

where T and M are given by Equations 9 and 10 where
Ni is a 3x1 matrix and Nj is a 1x3 matrix composed of
the element shape functions integrated over element domain
dΩ.
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where α = 1
4µA , M11 = ¯y223 + x̄2

32, M12 = ¯y23 ¯y31 + x̄32x̄13,

M13 = ¯y23 ¯y12 + x̄32x̄21, M22 = ¯y231 + x̄2
13, M23 = ¯y31 ¯y12 +
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x̄13x̄21 and M33 = ¯y212 + x̄2
21, where ȳij = yi− yj or x̄ij =

xi − xj for i = [1, 3] and j = [1, 3].
The result is that a single triangular element with 3

nodes, yields a 3x3 matrix. So, the ICPT system model with
n nodes will yield an nxn matrix. Therefore, in order to au-
tomate this process, powerful FEM simulation software is
used for magnetic frequency analysis at 155kHz and tran-
sient analysis at 6.45µs.

1.2. Proposed ICPT system

The block diagram of the proposed ICPT system is shown
in Figure 1. The input to the system is a DC voltage to
the power converter for inversion into high frequency reso-
nant AC current @ 155khz. The resonance is often required
to lower the input VAR requirement. This stage is often
termed primary compensation [13]. The outpuot current
is fed to the primary windings that may typically wound
around ferromagnetic material. The secondary magnetic
structure intercepts the time varying flux for voltage induc-
tion into the secondary coils. This voltage is weak and so
it is often resonanted. This stage is often termed secondary
compensation [13]. Furthermore, the induced voltage may
be of low quality and so power contioning may be required.
Finally, the induced voltage is AC so it is rectified for satis-
factory application to a load.

Figure 1: Structure of the proposed ICPT system.

2. Development of primary magnetic
structures

The aim of the primary magnetic structure is to provide
a satisfactory magnetic flux density (MFD) distribution
in terms of magnitude and uniformity in a 3D intended
power zone whilst minimizing the flux leakage to reduce
potentially harmful electromagnetic interference (EMI). To
do this, two magnetic structures with different coil orien-
tation are proposed. Before presenting the structures, a
methodology used for comparison is summarized in Equa-
tion 11. This method ensures the same magnetomotive

force (MMF) in ampere current-turns (NI) ratio is used to
account for the section length of coils i in one model and a
differing section length of coil j of another model both of
the same cross sectional area. This is equivalent to rewriting
in terms of the the excitation input parameter of the current
density J of the FEM model as shown below.

i∑
1

(NI)ili =

j∑
1

(NI)j lj ⇔
i∑
1

Jili =

j∑
1

Jj lj (11)

For a rectangular winding structure, at larger distances
it appears as a magnetic dipole and the magnetic field
strength decays as 1

z3 , where z represents the vertical dis-
tance from the winding arrangement. Such characteristic
results in a field that is weak due to a rapid decay within the
middle region of the intended power zone. This motivates
two models, a vertical field box and a horizontal field box.
This is to spacially direct the resulting flux in orthogonal di-
rections and contrast the effectiveness of the ferromagnetic
casing for EMI shielding as will be evident in the following
subsections.

Fundamentally, an arbitrarily oriented primary winding
structure will generate each of the three required magnetic
field vectors Bx, By and Bz in the space domain. Inher-
ently, particular orientations in the winding structures will
result in a dominant normal component (Bz or vertical) or
tangential component (Bx, By or horizontal) in the magni-
tude of the magnetic flux density. In addition to this, the
excitation of the winding structures in terms of the polarity
of currents and phase-quadrature relationships may be de-
veloped as part of the magnetic circuit. Such design charac-
teristics and parameters may be used advantageously to sat-
isfy the requirement of generating a relatively uniform mag-
netic flux distribution within the three-dimensional power-
ing volume. The entire intended powering volume is de-
fined to be 190mm x 150mm x 100mm. As a result, the
primary coils are of rectangular structure. The following
sections presents the development of two models. The first
is a single-phase current system model that is based on
the predominant normal or vertical component defined as
the magnitude component of (Bn =|Bz|). The second is a
multi-phase current system model that is based on the pre-
dominant tangential components defined as the magnitude
of components (Bt =

√
B2

x +B2
y).

2.1. Single-phase model

Firstly, a concept that is based on the production of a net
vertical field is proposed as shown in Figure 2. The con-
cept consists of overlayed winding structures with increas-
ing coil turn density in the central region producing a net
vertical field. The intention of this design is to compensate
the central valley region with an additional peak provided
by the additional coil turns in the middle layer with respect
to the top and bottom-most layers. This is to provide a uni-
form as well as a strong magnitude component in magnetic
flux density throughout the entire 3D power zone. Notably,
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in this model the primary windings are excited simulata-
neously and in-phase along as axes. The resulting magni-
tude of the magnetic field intensity vector |H| is propor-
tional to a single sinusoidal term [14] as in Equation 12

Figure 2: Vertical field conceptual box.

|H| ∝
√
3I0 sinωct+ ϕ (12)

where I0 is the current amplitude, ωc is the angular fre-
quency and ϕ is the current phase angle.

The corresponding FEM model and simulation is shown
in Figure 3. The concept is verified by the simulated MFD
contour plot visualizing the formation of an additional peak
in the absolute center of the power zone.

Figure 3: Vertical field FEM Model (left) and MFD distri-
bution (right).

In this model, the currents are applied simultaneously
and in-phase. Meanwhile, the dominance of the normal
component of magnetic flux accounts for up to 86% to 98%
of the total magnetic flux in the power zone. This data is
extracted and visually evident from the magnetic flux den-
sity vector plot shown in Figure 4(a). This result shows the
field largely vertically flowing during the entire cycle. The
corresponding averaged MFD throughout the entire cubic
power zone is 4.75e-05T. The MFD distribution may fur-
ther be visualized through the cut-plane by extracting MFD
values from the air-region mesh in 5mm steps as plotted in
Figure 4(b).

(a) MFD vectors.

(b) MFD distribution.

Figure 4: Vertical field box MFD distribution.

2.2. Multi-phase model

Secondly, in an effort to lower the unintended radiation in
the outer top and bottom-most regions, a horizontal field
concept is proposed. In this concept, the horizontally ori-
ented planar components of the magnetic flux density Bx,
and By that lie within a horizontal plane is intuitively made
predominant in this concept. This is done by orienting four
rectangular windings faced opposite and adjacent to each
other to form a three-dimensional power emission volume
as shown in Figure 5. This configuration is unique in that
by utilising two planar components enables the sequential
and phase quadrature application of the input primary cur-
rents. That is, the current magnitude of the current in each
of the 4 rectangular windings is the same |I1| = |I2| =
|I3| = |I4| but the current polarity of each winding opposes
the directly opposite spiral such that I1(t) = −I2(t) and
I1(t − 90◦) = I2(t − 90◦). Notably, the currents in two
of the adjacently placed coils encounter a current in-phase
quadrature with respect to the other two coils. This pro-
duces Bx(t) , while two of these spirals along the same
plane produce a magnetic flux that is 90 degrees out of
phase producing By(t − 90◦). This essentially produces
a rotating magnetic field tracing an elliptical pathway as
illustrated in Figure 5. For such a design, where the pri-
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mary currents must be applied sequentially and in phase-
quadrature, the resulting magnitude of the magnetic field
intensity vector may be derived to show it is proportional to
two time-variant terms to represent an elliptically rotating
field vector [14] as in Equation 13.

Figure 5: Horizontal field conceptual box.

|H| ∝ I0

√√√√ 3∑
i=1

[sin(ωct) cos(ϕi) + cos(ωct) sin(ϕi)]2

(13)
where the symbols have their usual meanings.

The horizontal field box is shown in Figure 6. In this
box, two pairs of rectangular coils are aligned perpendicu-
lar to each other producing a net horizontal field. The ex-
citing current is such that one pair of coils encounters a 90
degrees phase shift in current with respect to the other pair.
The result is a rotating magnetic field. Instantaneously, only
one pair of coils are switched on. The result is compared
when two coils are fully switched on to reflect the scenario
that occurs every cycle. This is justified as the averaged
MFD throughout the cubic volume with both coil pairs fully
switched on is 2.27e-05T as opposed to the case of one coil
pair switched on is 1.74e-05T. Hence, the increase in MFD
with the second pair switched on is not very beneficial due
to destructive interfernce by adjacent like poles. The cor-
responding MFD distribution is shown to produce a central
valley region.

The field is relatively uniform between horizontal dis-
tances of 70-130mm with a variation of 18.15%. The tan-
gential component in this box accounts for up to 76% to
91% of the total magnetic flux in the power zone. This
data is extracted and visually evident from the magnetic

Figure 6: Horizontal field FEM Model (left) and MFD dis-
tribution (right).

flux density vector plot shown in Figure 7(a). This re-
sult shows the field largely horizontally flowing field during
each half cycle. During the other half of the cycle, the ad-
jacently placed coils will switch with a similarly horizontal
flow of field. This provides information for pick-up design.
The corresponding MFD distribution through the cut-plane
is by extracting MFD values from the air-region mesh in
5mm steps as plotted in Figure 7(b).

3. Development of secondary magnetic
structure

The proposed secondary magnetic structure, as customized
around the shape of the chargeable battery, is shown in Fig-
ure 8. The pick-up was designed and customized to be
compatible with both boxes. The objective of this pick-up
is to induce power irrespective of pick-up position and ori-
entation for charging a AA battery acting as a load. This is
done by customizing a ferromagnetic core designed to in-
duce the magnetic flux from three orthogonal axes. The de-
sign consists of a ferromagnetic cylindrical core surrounded
by rectangular blocks of ferromagnets. The top view of
the core shows the planar components of magnetic flux Bx

and By being traversed through the core inducing a volt-
age along a single pick-up coil. The vertical component
of magnetic flux Bz is induced through the vertical cross-
section of the cylindrical core as seen in the side core view.
By including the tri-directional coils (x), (y) and (z) the re-
sulting pick-up is also seen in Figure 8. Coils (x) and (y)
as labeled account for the planar components of magnetic
This requires a total of three series pick-up coils to account
for the planar and normal components of induction. The
battery may be accomodated within the air gap of the inner
core.

For the purposes of the FEM simulation, the magni-
tude of the uncompensated power in each coil is summed
as pick-ups in series. Notably, the uncompensated power
Su is defined as the product between the open circuit volt-
age Voc and short circuit current Isc as shown in Equation
14. This is essentially the power level induced in the secon-
day pick-up coil before the resonant or compensation stage.
Typically, the uncompensated power may be improved by a
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(a) MFD vectors.

(b) MFD distribution.

Figure 7: Horizontal field box MFD distribution.

factor of the quality Q of the compensation.

Su = Voc × Isc (14)

The vertical orientation of the pick-up is tested through
the center plane in 10mm steps in both models as shown
in Figure 9. The result shows an average total uncompen-
sated power level of 1.4W and 650mW with a deviation of
101.3% for the vertical field box and and 150.08% for the
horizontal field box.

Similarly, the horizontal orientation of the pick-up is
tested through the center plane in 10mm steps in both mod-
els as shown in Figure 9. The result shows an average total
uncompensated power level of 1.07W and 458mW with de-
viation of 171.14% for the vertical field box and 188.25%
for the horizontal field box.

4. Conclusions
This paper has demonstrated the concept of a three-
dimensional power transfer volume for a battery cell charg-
ing application by use of modern FEM assisted software to
custom develop the magnetic structures of an ICPT system.
This includes two primary structures based on contrasting
field directions shown to produce a 3D power transfer vol-
ume. In addition, a secondary pick-up structure was pro-

Figure 8: Proposed pick-up structure.

posed to accommodate battery cell charging and shown to
induce three orthogonal field components.

Figure 9: Pick-up performance.
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