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Abstrac—Abundant  sensors used in  non-stationary,
maintenance-free industrial environments with high sensor
densities are preferably powered by a wireless power system.
For most industrial applications this is possible with a magnetic
sapply principle, based on unconventional transformers with
large air-gaps. This paper presents an analytical description of
the magnetic components of a wireless power supply system
based on the magnetic coupling of multiple spatially separated
coils. The power transfer through the large air-gap transformer
is accurately predicted using a coupling model.

1. INTRODUCTION

Novel power supplies for use in applications such as
robotics, automated production. machines, and applications
with high insulation requirements where wired energy
transfer is not suitable have recently been proposed [1], [2],
{31,[4]. These power supplies together with suitable wireless
communication devices eliminate wires and connectors which
were identified as one of the major causes of equipment
down-time. Alternatives, such as batteries, are not well suited
for long-term, reliable operation in high volume applications
(e.g. > 10,000 units for >10 years).

Unconventional transformers with large air-gaps are used to
supply energy to the load via magnetic fields over distances
up to several meters and provide for the wireless supply of
power to devices such as sensors, communication devices, or
actuators.! As an example, Figure 1 depicts the main
transformer components being used. Multiple primary coils
consisting of one or several coils per plane form an
orthogonal system. The secondary coils, each consisting of
three coils each wound around cne of the three axes of a
cube-shaped ferrite core are placed inside the box formed by
the primary coil(s). Both the primary and secondary
components operate in resonance, which allows power
transfer to the load to be optimized.

In order to properly analyze the system, the coupling
between each individual primary and secondary must be
understood and described. Formulas describing the coupling
between all possible coil combinations are presented in this
paper, and a transformer equivalent circuit model is used to
further explain the operation of the system.

! Patents pending

Figure 1 — Example automation application with a robot and a
power supply using a large air-gap transformer:
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II. SYSTEM CHARACTERIZATION

The coils can be represented as a system of loosely coupled
inductors with the self-inductances L, and L, of each- coil
coupled with each other coil by &gy, &y, and/or &y, (where
p represents a primary coil, s represents a secondary coil, and
x and y represent the £ and y']1 coil). However, each time
that a coil is moved the entire set of coupling factors relating
to that coil must be recalculated. The system becomes
extremely complicated as the number of elements is
increased. The number of coupiing factors N, that must be
calculated is given by
N, =CpCo+CptCot—sS’ »

= + +Co+———— -

k=Cplg+Cpriy 2Cy - ) M
where Cs is the number of secondary coils and Cp is the
number of primary coils in the system.

Figure 2 shows a system with two primary coils and three
secondary coils. Note that although each secondary shown in
Figure 2 is actually comprised of three coils wrapped around
a ferrite core, these coils are 90 degrees apart spatially and
therefore are not coupled to each other in the ideal case.
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Figure 2 - Coupling between primary and secondary coils

Although prototypes show coupling between these three coils
of up to 0.6%, this does not cause significant problems in
normal operation of- the system. These three coils allow the
load to receive constant power regardless of the orientation of
the secondary with respect to the primary coil or coils. For
the purpose of this analysis, coupling between coils on one

secondary will be neglected. The term “secondary coil” will”

refer to one ferrite cube with one coil wrapped around each of
its axes.

Figure 2 can be simplified by .ignoring the coupling
between secondary coils that are not located within a few
centimeters of each other as the coupling between cube
shaped secondary coils separated spatially by a distance
greater than the value of one side-length of the ferrite core
has been seen in preliminary tests and simulations to have a
negligible effect on the overall performance of the system.

A. Calculation of Coil Self Inductances

All primary and all secondary coils are of rectangular
shape. Other coil shapes were discussed in [4]. The self-
inductance of a coil that is comprised of straight elements can
be described by the sum of the self-inductance of each
straight wire and the mutual inductances of all of the possible
wire pairs.

Starting with the differential form of the Biot-Savart Law,
[5} approximates the self-inductance of a straight round
conductor as

2f 3
L =02 In——— 2)
s P 4

where p is the radius and / is the length of the conductor.

. The mutual inductance between opposite sides of a
rectangular coil (parallel conductors of the same length} is
given by [5] as

L 021 l 1+‘l2 1+d2+d
= 0. —+ — |- —- +—
mutual ! d \ 2 2 3

d { !

where [ is the length of the conductor and 4 is the distance
between the parallel conductors. In this case the radius of the
wires can be neglected, as it is very small relative to d [5].

The mutual inductance of two conductors meeting at a right
angle is zero. For the purposes of this calculation, the wires
forming the primary coils are assumed to form an ideal
rectangular system.

Summing the self-inductance (given by (2)) of each of the
four wires and the mutual inductances (given by (3)) between
each of the possible wire pairs, the self-inductance of a
rectangular coil can be described by

2 2
Hn= +win=t + 212 + w2

2 Y

[

. 1w
L  =04N”|-Isinh -—-wsinh — 4)
self w !

~fi+w)+—i+w)

J

where [ and w are the lengths of the sides of the rectangle,
and N is the number of turns in the coil.

Effects of flux concemration due to the presence of a
ferromagnetic material: Equation (4) provides a good
approximation of the inductance of the primary coils {within
approximately 1.5%). While the secondary coils are also
rectangular in shape, they are wrapped around a ferrite core.
The inherent high initial permeability of the core provides a
low reluctance path for the flux created by the primary coils,
thereby concentrating the flux lines within the core and
increasing the density of the magnetic field. A concentration
of flux in the core (when the core material has p>1) will
increase the inductance of the coil wrapped around that core.
Equation (4) is multiplied by a flux concentration or
demagnetisation factor [, which accounts for this effect.
This factor is based on the permeability of the core material
and on the geometry of the core. Although the exact value of
D is extremely difficult to calculate, [6] shows that D for
prisms with two sides of equal length can be approximated
using the value of D for a cylinder. The demagnetisation
factors of cylinders are well known. Reference {7] shows that
for cylinders having long and short axes of equal length (a
good approximation of the ferrite cube used in this system)
and a relative permeability in the range of a few thousands, D
is approximately equal to 3.
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The effective permeability of the core is then described by
5] as

—== e (s)

where p is the true permeability of the core material and p’ is
the effective permeability of the core material.

B. Calculation of Mutual Inductances
The mutual inductance between coils in the system can be
found using the Neumann formula for mutual inductance

L, = (H‘dl -dl, | ©

lrz_ 1|

Alternatively, the mutual inductance, L,, between one
primary and one secondary ceil can be calculated by
integrating the flux density B, created when current passes
through the primary coil over the surface S; bounded by the
secondary coil (Figure 3). This method is made simpler
because the flux density at the secondary can be assumed
constant over the small area bounded by the secondary coil.

The field density generated by a rectangular coil lying in
the y-z plane (where wires 1 and 2 are parallel to the z-axis
and wires 3 and 4 are parallel to the y-axis) at any point in the
systern is shown in [4] to be

)
mn/112+r1 mz‘flzzwzz
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+cos¢4
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where L, ,are one half the lengths of each of the four sides
of the rectangle, N is the number of turns in the coil, [ is the
current in the wire, r is the perpendicular distance between
the point at which the field is being calculated and the current
carrying wire, and ¢ is the angle between the imaginary line
of length r connecting the field point with the wire and the x-
axis.

Figure 3 - Flux density B, passing through the surface S,
bounded by the secondary coil

Integrating (7) over the surface of the secondary coil to find
the flux linking the secondary and assuming that the field is
uniform over the surface bounded by the secondary coil

Wps =D [ B -ds ®

ps =g

where the subscripts p and s refer to the primary and to the
secondary coils, respectively, gives

LlJpS = DAJ‘HO | Bp I (9)

where Ag is the area encompassed by a secondary coil.
Flux linkage Ay is defined as

Apg =N¥p, (10}

where Ny is the number of turns on the secondary. .

Finally, the mutual inductance between the primary and
secondary coils is

A ps

L =
bs
IP

an

where [, is the current in the primary.

The mutual inductance between primary and secondary
coils is obviously highly dependent on the position of the
secondary coil in question. The mutual inductance between
one primary and one secondary coil is found by combining
(8), (9), (10) and (11) and simplifying
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C. Calculation of coupling facrors

The coupling factor k,, between the primary and secondary
coils is defined as

Lps

pPs
pp sy

where L, and L, are the self-inductances of the primary and
secondary coils and L, is the mutual inductance between the
primary and secondary coils.

Substituting (4) and {I2) into (13) gives an expression for
the coupling factor between the primary and secondary coil
which is obviously quite cumbersome. Scme simplifications
can be made to make the equation easier to use.

D. Simplifications and approximations of inductance and
coupling factor calculations

For primary coils of square shape equation (4) describing
the self-inductance of rectangular coils can be simplified. The
inductance of a square coil where s is the length of one side
of the coil is approximated by [5] as

osn?|ufz] 054
L=08sN°|In[ — [-0.5240 (14)
P

If the secondary is assumed to be near to the axis of a
square primary coil, (12} can be approximated by

Lps = DN N pAgpig4-

[,,) ’ (15)
—sin| — — 5
Y amNLE +r :

where L is the length of one side of the coil.

The error in (15) increases as the secondary is moved
further off axis. The error is proportional to the difference
between the field intensity at the actual position of the

secondary coil and the ficld intensity at the position on the
axis of the primary coil that is closest to the actual position of
the secondary coil. The volume in which this approximation
is accurate can be found using methods for finding the
volume of a certain field strength [4].

Substituting (14) and (15) into (13) gives an approximation
of the coupling factor.

Although the coupling factor k,, between the primary and
secondary coils 'is of central importance, an accurate
representation of the system will also include coupling factors
between the primary coils, k,,, and between the secondary
coils, k.

The mutual inductance between two primary coils can be
found using the Neumann Formula. Assuming that the
primary coils are square loops both of side length a, separated
by a distance & on the same axis

[ 2 2 2 i
aln{—a +J; +d J— a’+d’

d

24t a’++2a* +d”
e = 4+ d—aln| T XD (16)
7 vai+d’

+4/2a* +d* —va'+d’
L J

The coupling factor between two primary coils can then be
approximated by substituting (4) and (16) into (13).

Primary coil systems generally consist of sets of coils
placed at 90 degrees of spatial separation. If the ideal case
(exactly 90 degrees of separation) is assumed, coupling
between coils must be calculated only between coils lying on
the same axis, as coils separated by 90 degrees have zero
coupling between them.

Although flux density can normally be considered constant
over the relatively small area bounded by the secondary coil,
this is not the case when two secondary coils are placed in
close proximity to each other. As the case of two secondary
coils coming into close proximity is the main reason for
studying the coupling between them, this problem cannot be
neglected. A method of numerical integration of the
Neurnann formula can also be used to find the coupling factor
between two secondary coils, taking into account the angle at
which the axes of each secondary coil intersects with the axis
of the other.

I11. SYSTEM MODELLING

Now that L,,, Ly, Kpy Ky, and ke have been found, the
coils can be represented as a system of coupled inductors
with the self-inductances L,, and Ly, of each coil coupled with
each other coil by kg, Ky, and/or ., as shown in Figure 2.
In order to integrate the coupled inductors in a full system
description and to allow for a system optimisation, an
equivalent circuit was developed.
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A classic single-phase equivalent transformer model can be
used to represent the energy transfer between one primary
and one secondary coil in a wireless power system.

A wireless power system with its inherent large air-gap is
characterized by a small magnetizing inductance and large
leakage inductances. The core loss resistance, r., can be
neglected as the core losses are small enough to be
considered negligible for the core selected in this case.

The conventional transformer model can be simplified and
applied to the wireless power system by referring all values to
the secondary side of the transformer and replacing the
primary voltage, leakage inductance, and resistance with an
ideal current source representing the current flowing in the
primary coils. The equivalemt circuit model extended by the
resonant capacitor, rectifier, dc-filter, and load, is shown in
Figure 4.

Winding resistances can be calculated with conventional
equations using wire diameter, copper characteristics, number
of turns, and the dimensions of the system, taking into
account the skin and proximity effects.

Figure 5 shows simulation results using the model shown in
Figure 4 for several values of load resistance. Figure 6 shows
the current in the primary coil, the magnetic field at the
position of the secondary coil, and the de side voltage for a
load of 2k€2. The simulation model and the practical results
confirm the fact that the power available to the load is highly
dependant on the coupling between the primary and
secondary coils. Figures 7 show the test set-up used in
obtaining Figure 6.

Only one set of primary coils was energized during this test
and the secondary was aligned alcng the same axis so that
voltage was induced on only one of the coils comprising the
secondary.  For the multi-dimensional systems used in
practical set-ups, Figure 4 must be eéxpanded into a multi-,
winding transformer model.

R,

L,

L
B Cdc § R]uad

Figure 4 — Simplified equivalent transformer model where

Lyn = mutual inductance

R; = secondary side winding resistance
Ly =secondary side leakage inductance
Cres = Secondary side resonant capacitance
Cae = de-side capacitance

I, = Primary side current

a = Turns ratio (N/Na).

Riga = Load resistance
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Figure 5 — Simulation resutts showing rectified secondary
voltage for a range of load values
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Figure 6 — Primary terminal voltage (V,), primary curreni(l.),
magnetic field intensity at secondary -coil position (H.), dc
voltage (Va) at Ry=2k.

Figure 7 — Test set-up using one secondary coil and square
primary coils of 30 cm on each side.
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