http://dx.doi.org/10.11142/jicems.2013.2.3.349

349 Journal of International Conference on Electrical Machines and Systems \ol. 2, No. 3, pp. 349~355, 2013

Optimisation of an inductive power transfer structure
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Abstract — This paper presents the multi-objective optimisation of an Inductive Coupled
Power Transfer (ICPT) device. A setup as complicated as the one at hand in this paper is
extremely hard to model analytically. To acquire some knowledge about the influence of the
geometric factors, a sensitivity analysis is first performed using design of experiment (DoE)
and finite-element modelling (FEM). It allows validating that the choice of the free factors is
relevant. This being done, the optimisation itself is performed using a genetic algorithm (GA),
with two objectives and a strict functioning constraint.
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1. Introduction

Contactless power transfer consists in transferring
electric power from a power supply to a mobile load
without any physical link. Although several technologies
exist for this purpose, only Inductive Coupled Power
Transfer (ICPT) is studied in this paper. The latter is used in
a lot of different applications. For low-power transfer
(< 100W), it is widely used for desktop peripherals supply
and cellphone chargers [1]-[3]. For medical purpose,
contactless power transmission is used to supply devices
inside the patient’s body, isolating it from its
environment [4].

For mid-range and high-power transfer applications,
electric vehicle supplies and battery chargers are widely
investigated fields. Indeed, it increases security removing
the need to plug any electric cable. Also, it allows
uninterrupted power supply, even while the wvehicle is in
motion [5]-[7].

This paper focuses on the design of a coreless
transformer for a small electric vehicle. Specifically, the
coils and the environment are investigated. Since iron parts
are present under the vehicle, a shielding is placed in order
to reduce the Joule losses induced by Eddy currents in the
conductive parts. Depending on the specifications of the
transformer, various shielding configurations can be used
[8]-[10]. In order to increase the magnetic coupling
between the primary and secondary parts (also called pads),
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several coils can be placed in different configurations and
supplied with different phases [11], [12].

The studied topology is presented in Fig. 1. The
transformer is composed of two identical power parts. Each
one contains a planar circular coil, a ferrite plate to direct
the magnetic field. An aluminium backplate is placed under
the ferrite to stop the leakage flux by eddy currents. Finally,
a copper ring is placed in order to reduce lateral leakage
field in order to be compliant with the European
recommendations [13].

Secondary side
|
I

H

mm Coil i

Al g

B Ferrite plaie !

I [ron plate i

Ny =Xs |

Xe ) XZ X3 i

¥ | ]
i X4 IX] I '

E Primary side
Fig. 1. Geometry of the transformer and its shielding
(axisymmetric cross-section)

The aim of this paper is to optimise this structure. The
basics of ICPT are first introduced. Then, a sensitivity
analysis of the system is performed using Design of
Experiment (DoE) and Finite Element Modelling (FEM).
This sensitivity analysis is done to verify the importance of
the geometric factors on the performances of the system.
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Finally, a global optimisation of the transformer’s
performance using Genetic Algorithm (GA) is done. The
two objectives functions are minimising the magnetic losses
and the maximum radiated magnetic field along the line L1.

2. ICPT Basics

The conversion chain of a typical ICPT is illustrated in
Fig. 2. The DC power supply is converted into an AC one
through a resonant power inverter. At the secondary side,
the AC induced voltage is rectified to obtain a DC voltage
to supply the load.
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Fig. 2. Overview of the ICPT conversion chain

Due to the low magnetic coupling factor of the
transformer, it is capacitive compensated in order to
increase its power factor, power transfer capability and
efficiency [14]. According to [15], the compensation
capacitances can be placed either in series or in parallel
with the coils, leading to four main topologies. The ‘series-
series’ (SS) topology is chosen. Its electric equivalent
circuit is shown in Fig. 3 U;, is the input voltage, U, the
load voltage, w the supply frequency, I, and I,the primary
and secondary currents respectively, Ry, R,, Ly, Ly, Cy, C,
are the resistance, self-inductance and compensation
capacitance of the primary and secondary sides. This
topology has some advantages. First of all, it behaves like a
current source supplying the load if the transformer is
driven with a constant voltage U;,. This allows to directly
connect the battery to the rectifier without any additional
power converter. Moreover, unlike the others topologies,
the values of the compensation capacitances C; and C, are
independent of the coupling factor of the transformer and
the load value. The capacitances C; and C, are evaluated in

(1), where wy is the resonant pulsation.
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Fig. 3. Electric equivalent circuit of the SS topology
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Neglecting the serial resistances of the coils R; and R,
regarding R_ and woM, the relationship between the mutual

inductance M, the load current I, and the supply voltage Ui,
isgivenin (2).
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In this paper, the load power is set to P, = 500 W, the
load voltage is set to U_ = 40V, the supply voltage is set to
Ui, = 50 V and the pulsation is set to w = 2-7-50000 rad st

3. ICPT Basics

The target of the sensitivity analysis is to acquire
knowledge about how much effect each free factor has on
some output of interest. The analysis is performed using
DoE, which is a statistical technique based on experiments.
In particular, it provides powerful tools for empirical
modelling and screening. The major idea of this technique
is to smartly select the group of experiments to perform, for
a given number of free factors. A group of experiments is
called an experimental design. Obviously, results, later on
called responses, cannot be known before performing the
experiments but several conclusions can be deduced simply
based on the experimental plan. Particularly, for a given
type of empirical model, the efficiency of an experimental
design for identifying the model parameters can be deduced
mathematically. This will of course be used to define the
experiments.

3.1. Experiments

The experiments conducted here consist in evaluating
the mutual inductance of a transformer depending on the
value of its geometric parameters, as well as estimating its
magnetic efficiency for a given load power. The first
response is used to analyse the effects of the optimization
constraints. The second one does not exactly correspond to
the objectives of the optimisation for consistency reasons.
Indeed, comparing the losses in systems can only be done
for systems having the same output power, which is not the
case when the operating conditions are not fixed. Similarly,
it would be irrelevant to compare the emitted magnetic field
in the conditions.

The experiments are not carried out physically, but using
FEM. Each experiment consists in one simulation of the



351 Optimisation of an inductive power transfer structure

model shown in Fig. 1, performed with the commercial
software FLUX2D. The two responses for each experiment
can be calculated together with only one FEM solving,
which limits the computation time.

3.2. Empirical models and full factorial designs

To perform the sensitivity analysis, a model for each
response is required. Because of the complexity of the setup
at hand, the modelling of the responses is approximated
with regression functions of the form:

My = A+ a. X1+ +aX,+ -+ agXe+
A1 X. X5 + o+ Ay XoXe + o+ agg X X + (3
Q123 X1 X, K3 + -+ Ay56X4 X5 X6

Ne = bo + b1X1 + -+ b4X4 + -+ b6X6 +
b, X Xy 4 o+ by Xo X + oo+ b XX + 4)
b123X1X2X3 +et b4—56X4-X5X6

where X; to Xg each represent a normalised free factor, and
ap 10 agse and by to byse are the parameters of the different
models. 7y and 7. respectively model the mutual inductance
and the yield of the transformer. In 7y, &, is a constant, a; to
ap are called the linear parameters, aj, to asq the first-level
interaction parameters and aj;;; to asss the second-level
interaction parameters. Higher level interactions are
neglected due to their small relative value. The same
applies to 7.

The effects of each model are calculated based on the
responses, using least square fit. Matrix formulations are
used to compute the results. Considering the example of 7y,
which is rewritten as:

m=Xf=y-2 (5)

where X is an N < P matrix called the model matrix, with N
the number of experiments and P the number of effects.
Each line represents an experiment, and each column the
value of the factor (or combination of factors) for the
corresponding experiment. E is a P x 1 vector containing
the effects. The difference between the empirical model 7,/

-

and the measured responses ¥ is called the residue €. Of

course, after a run of experiments, the unknown is E Least
square fit applied to this system yields:

f=X"TX)"XT -y (6)
Since matrix inversion is necessary to evaluate the effects,

the model matrix has to be chosen carefully. In [16], the
authors suggest the use of the so-called full factorial

designs at two levels for such empirical models. For each
factor, the extreme acceptable values are taken and
normalised such that the value 1 or -1 (often represented
respectively by ‘“+’ and ‘-’) is assigned to each factor. The
factorial design consists in experimenting all possible
combinations of 1s and -1s. In the case of 6 free factors, the
factorial design contains N =2° =64 experiments (Table 1).
In addition to the factorial design, the experimental plan
includes the middle point of the space of experiments. For
mathematical reasons, the number of experiments should be
equal or greater than the number of effects. This condition
is fulfilled since the chosen empirical models have 42
effects.

3.3. Evaluation of the Model Parameters

The range of the free factors is given in Table 2, as well
as their correspondence with the x; (which are the non-
normalised values of X;). The normalised value of the
model parameters (effects) are represented in the bar chart
in Fig. 4. The higher an effect is, the more the associated
free factor contributes to the response. The two models
generate errors smaller than 10% of the maximal values of
the model. They could not be used for an optimisation, but
are good enough for the identification of important
parameters.

As expected, the number of turns of the coils (Xs) is
extremely important for the value of the mutual inductance.
In the same way, the effect on the flux and flux linkage of
the radii of the ferrite plates (X4) and the coils (X¢) yield to
a big effect on the mutual inductance. The size and position
of the shielding, although less important, shows to have a
rather strong effect. The fact that an effect is positive or
negative points out whether a factor tends to increase or
decrease an output. However, in such a sensitivity analysis,
it only has an informative value.

By analysing the effects of 7., it appears obvious that the
radius of the ferrite plates is essential, as it is for . It must
be remembered that the value of the mutual inductance is
not an objective, but a functioning constraint. To satisfy this
constraint, the radius of the ferrite plates has little freedom.
Indeed, when it changes a little, other factors have to be
adapted to satisfy the mutual inductance. Even if the effects
of the other factors is smaller, they will become the key
factors in optimising the transformer, since the largest effect
is almost blocked. For these reasons, it is expected to obtain
very varied optimal transformers for similar yields.

Also, for the same reasons, it is not possible to exclude
one of the parameters from the optimisation. They all have
too much influence on the considered outpus.
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Table 1. Experimental plan

#

X1

Xz

X3

X4

Xs

Xs

+| 4] +] +|

OO N O g B[ W N -

=
o

[
[

=
N

[
w

=
S

-
o

=
[=2]

R I S ) IS I I

+| | 4]+

=
)

-
o

=
o

nN
o

N
=

NN
N

N
w

N
=

F I I e

N
(53}

nN
(=]

N
<

nN
oo

N
©

w
o

w
g

w
N

B I I o e e ) B ) I ) R I I

R I I I S I I I

+| +| |+

w
w

w
iy

w
al

w
(=2}

w
by

(o8]
[e5]

w
©

N
o

+|+ ]+ +

N
py

o
N

N
w

o
=

S
(5]

N
[}

N
b

R I I o s ) s

+|+] +| +

S
[e5]

N
©

a
o

a1
=

a1
N

(S
w

a1
Y

o
ol

+| | | ]

(4]
[=2]

1]
e

foal
oo

a
(=}

D
o

[l
=

[22]
N

(2]
w

=
B

[o2]
ol

O +| 4| +| 4| +| +|+ |+ +|+| +| |+ | +| |+ || || || ||| || ] ] ] ]

O +| 4| +| 4| +| +|+ |+ +|+]| +|+]| +|+]| +]|+

O +| +| +| +| +| +|+|+

o +| +| +]| +|

352
Table 2. Range of the free factors

Geometric parameter Min | Max | Factor
Lateral distance between the
shielding and the ferrite plate [mm] |5 | 50 %
Vertical distance between the
shielding and the ferrite plate [mm] | -20 20 X
Height of the shielding [mm] | 10 35 X3
Radius of the ferrite [mm] | 150 | 350 X4
Number of turns of the coil [-] 5 50 Xs
Radius of the coil [mm] | 150 | 250 Xs
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Fig. 4. Normalised value of the parameters of ny (a), ne (b)

with most prominent parameters highlighted.

4. Optimisation of the Transformer

The geometry of the transformer is optimized using GA.
This is a stochastic global optimisation which is widely
used for electromechanical systems [17]-[20]. The two
objective functions are to minimise By and Pyoss defined in
the previous section. A constraint C is defined on the
mutual inductance in (7). The target inductance Mgt IS
computed according to (2). The inductance Mpyes iS

computed via the FEM model.
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Fig. 5. Results of the optimisation
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The results of the optimisation are shown in Fig. 6. And
the geometries associated to the five best solutions
presented in Fig. 6 (b) are shown in Fig. 5. The normalised
values of the factors for these solutions are reported in
Table 3.

Some conclusions can be drawn from these results. First

Table 3. Normalised values of the geometric factors

Solution | x; X2 X3 Xa X5 X6

Sy -0.96 | -09 | 0.33 | -0.8 | -0.11 | 0.66
S, -1 | -0.75| -0.6 | -0.45 | -0.69 | -0.56
S3 -0.73 | 0.55 -1 0.42 | -0.87 | -0.54
Sy 0.82 | 0.05 | -0.84 | -0.7 | -0.87 | -0.06
S 0.02 | -085| 0.6 | 0.15 | -0.42 | -0.9

of all, the optimisation leads to one optimal point for the
two objectives (no Pareto frontier). This means that
improving one objective does not necessarily deteriorate the
other, which was foreseen with the sensitivity analysis. The
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Fig. 6. Results of the optimisation

optimised transformers are then of very different shapes,
which allows to use other optimisation criteria, such as
manufacturing cost, size, weight, or electrical ratings. As
expected, the radius of the ferrite is minimal for the solution
with the best Bpax (S1). In order to satisfy the constraint on
the mutual inductance, the radius of the coil is large and the
number of turns somewhat high. Another extremely
interesting solution is S;, because the shielding rings are
thin and aligned with the ferrite plates. This results in a very
thin transformer.

It can also be observed that the boundaries of the
experimental plan have been chosen well, since very few of
the factors reach the boundary values. Indeed, this means
that none of the factors is preventing optimised
performance.

5. Conclusion

Throughout this paper, an ICPT system has been studied for
power transfer in the range of 500 W. The focus has been
made on the magnetic behaviour of the transformer. In
order to fulfill European regulation recommendations, the
effect of shielding metallic layers on the radiated magnetic
field has been taken into account. A sensitivity analysis of
the free factors of the transformer has been performed and a
global optimisation of the presented topology has been

performed in order to reduce the emitted magnetic field
nearby the transformer and also minimise the magnetic
losses of the shielded transformer. Behavioural tendencies
of the ICPT system have been pointed out and various
optimal solutions presented.
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