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Abstract. In this paper, a new methodology combining the Polynomial Chaos Expansions (PCE) and a
controlled, elitist genetic algorithm (GA) is proposed to design inductive power transfer systems. The
relationship between the quantities of interest (mutual inductance and ferrite volume) and structural
parameters (ferrite dimensions) is expressed by a PCE metamodel. Then, two objective functions
corresponding to mutual inductance and ferrite are defined, and the other is the ferrite volume equation.
These are combined with GA to obtain optimal parameters with a trade-off between these outputs. In
addition, a sensitivity analysis directly available with this PCE metamodel shows how the structural
parameters influence the outputs, which is helpful in choosing the final optimized values. This new method
is easy to be implemented in Matlab, and can provide the Pareto front at a low computational cost,

compared to the multiobjective optimization with 3D Finite Element Methods (FEM).
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1. INTRODUCTION
Recently, due to global warming and air pollution, electric vehicles (EVs) have been widely used. However,
electro-mobility faces some challenges, such as battery life and troublesome cables. So, inductive power transfer
(IPT) systems have attracted significant attention to expand the battery life and simplify the charging process [1-
2]. To meet the needs of the EV industry, significant effort has been invested into the design of highly-effective
IPT couplers.

To this end, several magnetic pad designs have been proposed and studied by using an analytical design approach
or numerical simulations in the literature so far. To compare different designs of magnetic pads, many researchers
have considered the coupling coefficient k [3-4], kQ factor (Q is the coils’ quality factor), the power density [5],
or the leakage field as a criterion. In [6], only three variables are considered for k without getting the Pareto front.
In [7], the core loss is chosen as the objective function on double-D pads without studying the misalignment effect.
Reference [8] only optimized the number of turns in the transmitter and receiver pads. In [5], the circular pad is
optimized between the efficiency 1 and the power density. Reference [9] proposes a cost-efficiency optimization
algorithm to determine the design of the transmitter in a dynamic wireless power transfer system. However, it did
not consider the design of the receiver pad. In [10], the normalized Gaussian network is used on the distribution
of the ferrite volume, and Non-dominated Sorting Genetic Algorithm II (NSGA-II) is to find a Pareto front
between the coupling coefficient and leakage magnetic flux density, but it optimizes the ferrite shape without

keeping the transfer efficiency.

Moreover, in the case of an optimization procedure, the large number of simulations involved in a parametric
sweep can be time-consuming. Some researchers run sweeps of only the most important parameters through
principal component analysis. Reference [11] and [12] showed how changing each parameter can affect the output

power, and this helps to find the critical parameters in order to reduce the number of simulations. However, when



the model is in a 3D environment, even only those important parameters are considered for the optimization, the

computation time is still a big problem.

In this paper, we present a new approach to perform the multiobjective optimization of an IPT system in order to
find an optimal design for a 3D IPT system at a low computational cost. First, the IPT coupler is studied with a
3D FEM model for a wide range of design parameter values. Secondly, a relationship between the output (mutual
inductance M) and structural design parameter values (ferrite dimensions) is expressed by a polynomial chaos
expansion (PCE) metamodel [13-14]. A combination between such a metamodel and an optimization algorithm
avoids including a 3D full-wave model into an iterative loop. So it leads to a significantly faster approach. This is
the novelty of this paper. Then, to maximize the transfer efficiency in a general case and at a low cost, two
objective functions are defined. The first objective is to maximize the mutual inductance M, the second objective
is to minimize the ferrite volume M. The ferrite volume is a key feature in inductive systems for electric vehicles.
It has a direct impact on the price and performance. Hereafter, a controlled, elitist genetic algorithm is proposed

to find the Pareto front between the mutual inductance M and the ferrite volume V.

2. INDUCTIVE POWER TRANSFER SYSTEMS
The scheme of an inductive power transfer system for electric vehicles is provided in Figure 1.
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Figure 1: Scheme of an IPT system for electric vehicles

The power network feeds the transmitter through the converters and the compensation circuit. The receiver
embedded at the bottom of the EV is used for picking up power from the magnetic field excited by the transmitter.
In order to achieve a high transfer efficiency, a resonant compensation of the coupling coils is needed, such as
series-series, parallel-parallel, series-parallel, parallel-series, and so on. Here, a resonant capacitor C; or C, is
connected to the transmitter or the receiver in series, as shown in Figure 2 (R4, R, represents the resistance of the
wires, both in transmitter and receiver separately, M is the mutual inductance between the transmitter and the
receiver, L,, L, represents the self-inductances of the transmitter and receiver, R; is the load) [15]. The working

(resonant) frequency f, for this IPT system is 85 kHz
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Figure 2. The equivalent electrical circuit in the series-series topology [1, 2, 13, 15]

Therefore, the equation to calculate the maximum transfer efficiency 1,4, can be simplified as below when kQ >

1, and the coils are identical for the transmitter and the receiver [17]:

Lzl—iZI VR1R2—1_ Ry
(1+‘/1+(kQ)2)2 kQ nfoM TfoM

(1)

Nmax =
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where the coupling coefficient is k = N and the system quality factor is Q = 2xf, KRy

Considering the transfer efficiency and tolerance to the misalignment, a lot of different coil geometries have been
proposed, such as circular, square, bipolar, double-D, and so on [1-2,15,17]. Here, in Figure 3, the transmitter and
receiver are square coils and made of Litz wires. The ferrite pad is used to decrease the magnetic flux leakage and
improve the mutual inductance. The parameters of the coils and the ferrite pads are described in Table 1, and the
permeability of the ferrite is 2500. However, the shielding problem is rarely considered in the early phase of a

design process, which may result in the suboptimal operation of the entire system [18].

Parameter Value
Coil length [, 468 mm
Coil thickness t, 13mm
Ferrite length I, 600 mm
Ferrite width [,,, 500 mm
Ferrite thickness tf 2 mm
Air gap 150 mm
Figure 3: Base IPT system [4, 13] Table 1: Structural parameters of the base IPT system

From Equation [1], the maximum transfer efficiency 7,,,,, is only related to the mutual inductance M between the
transmitter and the receiver when the resonance frequency and the coils are fixed. So, the mutual inductance M is
selected as one of the objective functions for efficiency optimization. When improving the mutual inductance M,

the cost of ferrite also needs to be controlled. So the ferrite volume V' becomes the other objective function.

3. POLYNOMIAL CHAOS EXPANSIONS
Polynomial chaos expansions (PCE) are a powerful metamodeling technique that aims at providing a functional
approximation of a computation model through its spectral representation on a suitably built basis of polynomial
functions [14]. In this paper, the input parameters X are geometric values of the ferrite and the distance between
the coil and ferrite, which are independent of each other. The PCE metamodel of the mutual inductance M is built

on the outputs from 3D FEM modeling computations for the given range of parameters X.
M(X) = Yaea Ca®a(X) (2)

where @, (X) are multivariate polynomials, the c, are the corresponding coefficients, the multi-index a identifies
the components of the multivariate polynomials @,, the set A (which selects multi-indices of multivariate
polynomials) is constructed on the hyperbolic truncation scheme that can be used to significantly reduce the

cardinality of the polynomial basis [14].

Then, the leave-one-out (LOO) error is used to evaluate the accuracy of the PCE metamodel for the mutual
inductance M. The equation below consists of building N separate metamodels MP¢F\!| each one created on a
reduced model evaluation X\x® = {x),j = 1,---,N,j # i} and comparing its prediction on the excluded point

x® with the real value M (x(i)) from 3D FEM simulations. The LOO error can be written as [14]:

EL (M (x®)- RPN (x0))

S, ()= ZIL, M (xO))’

®)

€L00 =

After, a PCE metamodel allows deriving post-processing of the model response at a negligible computational

cost. The first two statistical moments of M(X) are the mean value and variance given as follows [14]:
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Moreover, the first-order PCE-based Sobol index S; of the model response M(X) for the input random variable
X; can be estimated [19-20]:

_ Vary[Ex_[MOOIXil]  Taea; o ©)
L V[ (X)) T v[mMx))

with A; = {leA:4; > 0,1, = 0Vj # i} and X__; notation indicates the set of all variables except X;.The total
PCE-based Sobol indices Sy ; can also be formulated as follow [19-20], which is the sum of all the Sobol” indices
involving the i*" variable:

o o Exvarx [(MEOX-DN Lrear; i
L v[mx)] T ov[mx] @

where Ar; = {AeA: A; # 0}.

The Sobol indices here are used to perform an efficient sensitivity analysis for Section 5. When the total Sobol
indices and the first-order sobol index are equal, it means that the considered variables have no interactions with
each other. In addition, the first-order PCE-based Sobol index of the i*" variable is closer to 1 means that the it"
variable has more impact on the PCE metamodel M(X). In this paper, the first-order Sobol indices can help to
choose the final optimal parameters for the PCE metamodel M(X) during the multiobjective algorithm. The

process to build an accurate PCE metamodel of the mutual inductance M(X) is shown in Figure 4.
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Figure 4: Process of PCE metamodel M(X)

4. MULTIOBJECTIVE ALGORITHM

In this work, a controlled, elitist genetic algorithm (a variant of Non-dominated Sorting Genetic Algorithm II) is

adopted in order to solve the multiobjective optimization problem [21]. The objective functions are defined as:
My (X) = max(M) : To maximize the mutual inductance (®)
Veerrite(X) = min(V) : To minimize the volume of the ferrite )

The progress of the optimization algorithm is shown in Figure 5. This algorithm evaluates the objective function
and constraints for the population and uses those values to create scores for the population. It runs within
MATLAB 2019 while the objective value of the mutual inductance is obtained by using the PCE metamodel, and



the value of the ferrite volume is based on its volume equation. Here, the Pareto fraction is set as 0.3, which limits

the number of individuals on the Pareto front. The number of individuals in the population is 100, and the

| Generate initial population |

generations are 200.
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Figure 5: Process of multiobjective genetic algorithm

5. OPTIMIZATION PROBLEMS AND RESULTS
The proposed optimization based on PCE metamodel was achieved for inductive couplers with two identical
square power pads. The FEM simulations run in a work station (XEON E5-1629). According to the number of
individuals and the generations defined for the optimization algorithm in Section 4, it needs to run 20000 times
in a 3D environment (COMSOL V5.6). At the same time, for the model in Section 5.1, the mesh consists of
199475 elements, and it costs 59 s for calculating one set of parameters; for the model in Section 5.2, the mesh
consists of 289870 elements, and it costs 88 s for calculating one set of parameters. So if the optimization progress
runs in a 3D environment, it may cost 328 hours (for the Section 5.1 model) or 489 hours (for the Section 5.2
model), which is quite time-consuming. However, for building an accurate PCE metamodel of the mutual
inductance M, it requires at least 100 times of calculations from the 3D environment, which costs at least 2.4
hours. But the evaluation of M based on the PCE metamodel requires 1~2 seconds in Intel(R) Core(TM) 15-8365U
(CPU @ 1.60GHz 1.90 GHz). Then, the optimization process based on PCE metamodel costs around 15 minutes.
So compared to a conventional optimization based on the 3D model, it is easier to get optimized results with this
approach, and it saves a lot of computation time. The results of the optimization process and the performance of

the misalignment, and the leakage magnetic flux density on the design are discussed below.

5.1 GEEPSPRACTICAL IPT SYSTEM OPTIMIZATION
Here, the practical IPT configuration developed by GeePs and Vedecom institute is shown in Figure 6, and
previous structure parameters are in Table 2 [22-23]. It is considered to be characterized by these five independent
parameters listed in Table 3. A PCE metamodel is established to simulate the varying trend of the mutual

inductance M.



Structural Parameter Value

Ferrite length Ls 600 mm

A==
F T = Inner ferrite length INL; | 350 mm

W /o ’ ” . Inner ferrite width INW; | 350 mm
Ak ~ . / Hole length HL; 100 mm

L

Hole width HW 100 mm

Figure 6: Practical IPT configuration [22-23]
Table 2: Previous parameters of the studied IPT configuration

Table 3: Structural parameters of the practical IPT configuration

Parameter . Probal?ility
Number Structural Parameter Min (mm) | Max (mm) . de.nsnt)./
distribution
1 Ferrite length Ls 500 600
2 Inner ferrite length INL; 300 400
3 Inner ferrite width INW 300 400 Uniform
4 Hole length HL, 50 150
5 Hole width HW} 50 150

0
35 X

Leave-One-Out Error of Mutual inductance M

100 150 20 250

Numbor of training samplos N

Figure 7: Leave-one-out error with number of training samples N

The training dataset generated by using the FEM solvers is selected by Latin Hypercube sampling [24]. In Figure
7, it is clear that LOO error decreases with the number of training samples increasing. To make a balance between
LOO error and the computation time, 135 samples are chosen in this work to build an accurate PCE metamodel

of the mutual inductance.

From Figure 8, it can be seen that the number of samples to build the PCE metamodel does not change the impact
of the structural parameters on the mutual inductance M. Then, the total Sobol indices and first-order Sobol index
have the same results, and it means that the structure parameters are independent of each other, which conforms
to the condition in Section 3. Furthermore, the first-order Sobol index expresses that the ferrite length is the most
important parameter to the mutual inductance M among these input parameters, which will be helpful for the

multiobjective optimization in the next step.
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Figure 8: Sobol indices of mutual inductance M on practical IPT system

Then, the Pareto front of the multiobjective optimization based on the PCE metamodel M and the equation of
ferrite volume V is shown in Figure 9. It can be seen that the mutual inductance M increases with the ferrite
volume V increasing. The red point represents the previous values on the basis of Table 2. Although the points on
the Pareto front satisfy the compromise between the objective functions above, the criterion is to select the
solutions that M is not lower and V is not bigger than these of the redpoint. So the blue point is picked, which
gives a higher M and smaller V.
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Figure 9: Pareto front between 1/M and By, for the practical IPT system

The optimized parameters of this practical IPT configuration are shown in Table 4. It saves 44156 mm? of ferrite,

which means it decreases nearly 3% of the previous ferrite volume from Table 2.

To evaluate the performance of the IPT system, a comparison between the mutual inductance M and the magnetic
flux density B,,,, near the system obtained with the optimized values and the previous values is performed in

case of misalignment during the charging process.

Table 4. Optimized values of the practical IPT configuration

Structural Parameter | Optimized Value
Ferrite length Ls 573 mm
Inner ferrite length INLg 387 mm
Inner ferrite width INW 378 mm
Hole length HL; 114 mm
Hole width HW} 126 mm




Figure 10 shows that the mutual inductance M nearly keeps the same as that with the previous values, no matter

which misalignment along the X or Y axis happens.
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Figure 10: Variation of the mutual inductance Mwith the variation of the misalignment

The leakage magnetic flux density amplitude B,,,, (unit: uT) which is determined along a vertical line at 800 mm
from the center of the coupling coils in Figure 12, and the optimized values are both smaller than 27uT
(unperturbed RMS values) and meet the ICNIRP regulations [26]. However, B,,,, with the optimized values is

smaller than that with the previous values, even if the misalignments happen.
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Figure 11: Measurement point for the magnetic flux density By,
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Figure 12: Variation of the magnetic flux density By,,, with the variation of the misalignment

5.2 GENERAL FERRITE DESIGN FOR IPT SYSTEM OPTIMIZATION
In general, the ferrite pad in many IPT systems consists of a rectangular or square plate, just like shown in Figure
13. However, finding how to choose the design dimensions of the ferrite plate (Iength, width, and thickness) is a
difficult task. There is no general criteria or rule to help in this choice for a given coil size. So it is meaningful to
find the relationship between the coil size and the ferrite size. The ranges of structural parameters are considered

in Table 5 when the side of the square coil size is 468 mm studied in the GeePs before [4, 13, 23].
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Figure 13: IPT pad structure illustrating the design variables

Table 5: Structural parameters of the ferrite plate

Parameter Min Max Probal.nllty
Number Structural Parameter (mm) (mm) density
umbe distribution
1 Ferrite length I, 468 936
2 Femte Wldth Ly 468 936 Uniform
3 Ferrite thickness t; 2 10
4 Distance between coil and ferrite d 5 1 10

The PCE metamodel for the mutual inductance M on this ferrite pad is based on 116 training samples, and the
LOO error is 3.12e-6. Then, considering the sensitivity analysis for the mutual inductance and the ferrite volume
in Figure 14, the total Sobol indices and the first-order Sobol index are identical, which expresses that these
structural parameters are independent of each other and conforms to the conditions in Section 3. Moreover, for
the mutual inductance M, the length and width of ferrite are quite important, but for the ferrite volume V, the
ferrite thickness is the most important for the given ranges of values. This result will help to find an optimal value

during the optimization procedure.
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Figure 14: Sobol indices of mutual inductance M and ferrite volume V

After using the multiobjective optimization algorithm from Section 3, the Pareto front between the reciprocal of

the mutual inductance and the ferrite volume is displayed in Figure 15.
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Table 6: Structural parameters of the ferrite plate

Design Ferrite length | Ferrite width Ferrite Distance between Mutual One ferrite
Number Ly (mm) wy (mm) thickness coil and ferrite inductance volume
t; (mm) df (mm) M (uH) V (mm?)
1 928 870 9 1.2 27.2 72.7e5
2 781 784 2 1.5 24.1 12.2e5
3 541 536 2 1.2 15.9 5.8e5
Initial 600 500 2 8.0 14.2 6.0e5

In Table 6, design 1 significantly improves the mutual inductance but leads to the most ferrite volume. Compared
to the initial design, all the designs improves the mutual inductance, but only design 3 decreases nearly 3% of
ferrite. In the studies above, it appears that design 2 may be the best choice because it locates at the knee point,
which is normally considered first at the Pareto front. At the same time, the mutual inductance can also be further

improved by changing the structure of ferrite, as described in Section 5.1.

However, considering a practical system for an electric vehicle, a low ferrite volume and a high mutual inductance
are preferred, especially for the receiver which is installed in the electric vehicle. Therefore, in order to make a
trade-off between the mutual inductance M and ferrite volume V, design 2 can be used in the transmitter, and
design 3 can be used to the receiver, as shown in Figure 16.

2
X‘J .
D 3
Y _ =

™~ Receiver

Design 2 Transmitter

Figure 16: New ferrite arrangement for a general rectangular IPT system

The new ferrite arrangement improves the mutual inductance M and the tolerance to the misalignment, as shown

in Figure 17. The leakage magnetic flux density B,,,, at the same point as in Figure 10 is 15.3 uT, which also
meets the ICNIRP regulations.
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Figure 17: Variation of the mutual inductance M with the variation of the misalignment with new ferrite arrangement

6. CONCLUSION

In this paper, a multiobjective optimization based on polynomial chaos expansions has been applied to the design
of inductive power transfer systems considering both the mutual inductance and ferrite volume. Using PCE
metamodels to represent the mutual inductance and a controlled, elitist genetic algorithm for the optimization, the
Pareto front has been successfully obtained. In the case of a practical IPT system, with the optimized values set
inside, the mutual inductance is shown to be nearly the same as the previous situation (shown in Table 2), and it
saves nearly 3% of ferrite volume. It demonstrates that the configuration of this practical IPT system is well
designed. In the case of a general rectangular IPT system, it is shown that the size of the ferrite pad can be decided
with the coil side through this approach. Finally, such a multiobjective optimization based on polynomial chaos
expansions could be helpful to perform the optimization when considering the system in a realistic 3D
environment involving many parameters. The variability in the shapes of ferrite pads will be considered in future

work.
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