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A study on design optimization and anomaly

detection of wireless power transfer
Yunyi Gong

Abstract

In recent decades, wireless power transfer (WPT) has been attracting more and more attention
of researchers for its potential as charging system of electrical vehicles and consumer electronics.
Proposed one century ago, the most classical theory of WPT — inductive coupling — has been
developed a lot, realizing plenty of applications in several areas. Except for the unchanged main
objective of transfer efficiency, the safety of WPT system is also important, especially when WPT
become practical. Among the works of safety of WPT, the reduction of leakage electromagnetic
radiation, and the detection and removal of foreign object are the main purposes. In addition, the
effect of coil-misalignment on these performances need to be considered and reduced, as another
aspect of anomaly detection of WPT other than foreign object.

In this paper, several researches aiming at these purposes will be introduced. Lots of thoughts
and methods from the areas different from electromagnetism and power electronic have been used,
to promote the improvement of WPT further.

In chapter 2, works of design optimization of magnetic core in WPT coupler are introduced. In
order to obtain brand new optimized shape, topology optimization is used, which can express
more complicated shapes that designer is hard to imagine, than parameter optimization. For the
expression of topology shape, normalized gaussian network (NGnet) method is applied, in which
the topology shape can be described and controlled by discrete variables, allowing us to use

evolutionary algorithm to solve the optimization problem. In this way, the topology optimizations
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have been implemented in the designs of magnetic core in couplers with circular coil, double-D
coil, and H-shape core. For each of them, reference models are prepared and compared with the
optimized results, to see if the latter have better performances on the objectives they are
considering.

In chapter 3, except for the magnetic core, the shape of transmitting coil is considered as the
object of design optimization. Based on a multi-layer coils system with a simple individual input
control strategy, the shapes of coils are optimized using target field method, considering transfer
efficiency and leakage magnetic field simultaneously, under different coil-misalignment
conditions. Obtained by evolutionary algorithm as well, the optimized results are compared with
the reference model, showing stronger anti-misalignment performance.

In chapter 4, we shift attention to foreign object detection in WPT. Concerning the potential fire
risk brought by invaded metal object, a metal object detection (MOD) method is proposed. Based
on feature signals extracted from WPT system, MOD is realized by machine learning methods,
in which the detection is treated as classification problem. To implement MOD for different WPT
coupler, detection coils are introduced to get more feature signals which can help represent the
status of system. Meanwhile, position prediction of receiving coil is realized at the same time,
which can be helpful for WPT system to adjust the performances on efficiency and leakage field.

Finally, both the MOD and position prediction have been evaluated and show good accuracy.

Keywords: wireless power transfer, topology optimization, evolutionary algorithm, metal object

detection, machine learning.
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Introduction

Chapter 1 Introduction

In this chapter, the background, purposes of the researches, and the outline of this thesis will be described.

1.1 Background

In recent years, the increasing concerns of the global warming and air pollution has stimulated
the research of electric vehicles (EV). However, in the application of EV, lots of issues needs to
be solved or improved, such as the energy storage and charging. For energy charging, compared
to conventional solutions like wired plug-in system, wireless power transfer (WPT) is considered
as a possible alternative with potential for its relative advantages like ease of operation.

The origin of WPT dates back to the turn of the 20" century, when Nikola Tesla proposed a short
and midrange WPT system based on inductive coupling [1], making a profound impact on even
modern WPT applications. Since then, WPT basing on different theories has been proposed, like
capacitive coupling [2] and microwaves [3]. However, inductive coupling still attracts attentions
and realized practicality successfully such as Qi standard [4]. The major performances of a WPT
system includes system’s efficiency, safety, and robustness to charging environment changing,
especially the position misalignment. To improve these, the relative researches cover areas as
circuit design, electromagnetic compatibility, control theory, electromagnetic computation and
more. Specifically, lots of design of couplers with various structure has been proposed and
developed in consideration of different performance and usage scenario, through magnetic flux
route design, which will be elaborated in next chapter.

As for the optimization method for electric device and machine, parameter optimization is the

usually used method. Nevertheless, parameter optimization depends strongly on the designer’s



A study on design optimization and anomaly detection of wireless power transfer Yunyi Gong

experience to decide the design parameters, which determines that it’s hard for parameter
optimization to find novel structure or shape in design region. Differing from that, topology
optimization, expressing design shape without explicit variables, is considered to have a stronger
ability on searching for complicated novel design shape [5], though it usually causes larger

difficulty of actual production.

1.2 Purposes

In this study, several works are proposed to make improvement on the performances and safety
of WPT system through different methods. To be specified, following issues will be discussed in
this thesis.

1. 3D topology optimization of H-shape magnetic core and core for double D (DD) shaped

coils.

2. Multi-objective topology optimization of magnetic core for circular and DD shaped coils.

3. Multi-objective optimization of coil shape using target field method.

4. Foreign metallic object detection in WPT system.

5. Coil misalignment distance prediction.

1.3 Thesis Outline

This thesis is organized as follows:
Chapter 1: Introduction
Describe the research background and purposes of this thesis.
Chapter 2: Topology optimization2 of magnetic core in WPT coupler
The expression method of topology and optimizers used in the optimizations are
introduced. Then the optimization results for different couplers and objective functions

are described and discussed.
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Chapter 3: Optimizations of transmitting coil in WPT coupler
Target field method is introduced firstly, following by the descriptions of optimizer and
optimization problem setting in the work. Next, the optimization results under different
problem setting are compared, to see the effect towards the robustness of system to coil
misalignment.

Chapter 4: Metal object detection and coil misalignment prediction in WPT system
The idea of machine learning model construction for MOD and misalignment prediction
is introduced, together with the used machine learning method. The performances of
proposed method are evaluated using simulation and experiments data respectively.

Chapter 5: Conclusions

Give a summary of the researches and forecast the future research direction.
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Chapter 2 Topology optimization of magnetic

core in WPT coupler

In this chapter, the research background and basic theory of WPT will be introduced in detail
firstly, following by that of topology optimization. Then, the proposed works are going to be

introduced in turn.

2.1 Wireless power transfer

As mentioned in Chapter 1, the researches of wireless power transfer have lasted for over a
century. Based on different theories, several methods for WPT have been proposed. As described
in Fig. 2.1, theories of WPT can be basically divided into two types, which are based on
electromagnetic wave and mechanical wave [6] respectively, of which the former is more popular.
And the WPT based on electromagnetic mainly insist of far-field methods, inductive coupling,
and capacitive coupling. The far-field methods including microwave [7] and laser [8], usually
have the characteristics such as long transfer distance, high input power, low efficiency, and high
risk of safety. By comparison, the two near field methods — inductive and capacitive coupling,
have relatively short transfer distance and high efficiency. While the capacitive coupling WPT [9],
using the electric field between metal plates to deliver energy, still needs developments to solve
issues like short transfer distance and safety risk due to strong electric field. However, inductive
coupling is the type which is most popular and plenty of applications in industry. Except for Qi
standard, which is mentioned in chapter 1, inductive coupling WPT is widely used in charging
EV and industrial devices as well. Especially, due to the rapid development and mature application
of EV, plenty of attentions are attracted on the development of inductive coupling WPT, which is

considered as the most possible alternative of traditional wired charging system.

4
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In this thesis, the WPT system for EV based on inductive coupling is mainly considered and
discussed. The basic structure of coupler and circuit of inductive coupling WPT system will be

introduced in this chapter.

{

Laser

WPT

Fig. 2.1 wireless power transfer

2.1.1 Coupler in WPT

In this decade, lots of researches of WPT for EV have been proposed, while the design of coupler
shape is an important issue that decides the basic features of WPT system like the electromagnetic
field distribution, and the merits and weakness in performances. Three representative coupler
shapes which are considered in this thesis are shown in Fig. 2.2. Generally, a WPT coupler
consists of coil and magnetic core which are colored as yellow and grey in Fig. 2.2. The magnetic
core, usually applying material like ferrite, is implemented near the coil to enhance the coupling
between the couplers to obtain longer transfer distance and higher transfer efficiency.

Among these three designs, circular coil is first proposed design, and has advantages like
simplicity. Lots of works have been proposed to optimize the design of circular, including the size
of coil and the shapes of magnetic core [10]. Nevertheless, circular coil has weakness of short

transfer distance and low tolerance to misalignment between couplers, which raise the
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requirements for new design to overcome such weakness. Thus, Double-D coil was proposed,
showing better tolerance to misalignment because of its different flux patterns derived from two
D-shaped coil [11]. Coupler with H-shaped core was proposed with similar purpose — improve
tolerance to misalignment by changing flux pattern [12]. Based on these two coupler shapes,

several works have been proposed to optimize the designs for better performances [13]-[15].

Ferrite .
\ I / Col e
Coil
4 Forit Coil

(@) Circular coil (b) Double-D cail (c) H-shaped core

Fig. 2.2 representative coupler shapes

2.1.2 Equivalent circuit of inductive coupling WPT

In Fig. 2.3, the equivalent circuit of a basic inductive coupling WPT system is shown, where 1,
R, and L, represent the input source, equivalent resistance, and self-inductance of primary
coupler, while R,, L, and R, denote the equivalent resistance and self-inductance of
secondary coupler, and load resistance of system respectively. And M is the mutual inductance
between primary and secondary coupler. For such system, the coupling coefficient, which

represent the coupling effect between two couplers, is defined as:

K = VLiL, (2.1)

M

In electromagnetic simulation, the self-inductances of couplers can be calculated by equation
(2.2), and mutual inductance can be obtained by equation (2.3).
N;®; = L;I; (2.2)
V, = jwMI, (2.3)
where N;, ®; and I; represent the number of turns in coil, magnetic flux through the coils, and

current in coils respectively, while the index i denote the side number of couplers. In equation
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(2.3), V, and w are the induced voltage on secondary coil and angular frequency of the WPT

Ry R;
M
QORI T
(&) Non-resonance type
Cl Rl RZ CZ
1(5 L1§ = § Ly ?RL
(b) Resonance type (series-series)

Ry R,
M

(c) Resonance type (parallel- parallel)

system.

Fig. 2.3 equivalent circuit of inductive coupling WPT

Above the basic inductive coupling system shown as Fig. 2.3 (a), capacitor is often added in
series of parallel with coils, as shown in Fig. 2.3 (b), (c). Some of Tesla’s early work have
described and discussed such magnetic resonance system [16]. However, the theory of magnetic
resonance WPT is still based on inductive coupling, and the introduction of capacitor is for
reducing or canceling the leakage inductance. By this way, the mutual inductance effect and
efficiency in such loosely coupled system can be improved. The resonance frequency of the WPT

system can be calculated according to equation (2.4). In general, the resonance frequency of
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primary and secondary side of WPT system need to be adjusted to the same value.

1
fresonance = —F— (2.4)
2mVLC

For EV charging system, as noted in standards [[17], [18]], the resonance frequency — the
operating frequency of system as well — is specified between 79 to 90 kHz, of which 85 kHz is

the most common frequency.

2.2 Topology optimization

As mentioned above, optimization is a necessary and important work to complete the
development of electrical device. After the basic design scheme is proposed, the details like shape,
size, and system parameters need to be optimized for obtaining better performance, where
parameter optimization is usually considered to solve such problems.

Generally, the parameter optimization problem can be described as followings:

min. « f(v;) (2.5)
where f(v;) is an implicit function with variables v;, and the objective function of the
optimization problem. For example, in shape optimization problem, as illustrated in Fig. 2.4, by
adjusting v;, the shape of design object which is marked as blue, can be changed accordingly.
Besides that, parameter optimization for system parameters like operating frequency and

capacitance is also often considered in WPT system design [19].

V3 A V3 Vg

Fig. 2.4 parameter optimization
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Fig. 2.5 Topology optimization

Different to parameter optimization, topology optimization is another way to consider shape
optimization problem. As shown in Fig. 2.5, topology usually tend to express more novel shape
that is hard for designer to imagine and describe in the form of explicit shape parameters as shown
in Fig. 2.4. In order to find more shapes that have better performance, topology optimization have
attracted more and more attention in optimization design for electrical device [20]. Plenty of
works of optimizing different devices have been proposed, such as electrical motor [5], antenna
[22], and WPT coupler [22].

Since last century, lots of methodologies have been proposed to solve topology optimization
problems. Density method [23] and level-set method [24] are the representative methods which
have been widely used in structural design and electromagnetic device design. In recent years,
Normalized Gaussian network on/off method (NGnet on/off method) has attracted a lot of
attentions for its good shape expressing ability and simplicity of calculation. It has been applied
in topology optimizations of many different devices, and was proved effective for those problems
[[5], [22]]. The works in this chapter are based on NGnet on/off method as well, and the

introduction of it will be given in next section.
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2.2.1 Normalized Gaussian network method

Weighted sum
N
Normalization . 4

B0 = ) wibi(x)
bi(x) = Gi(x)/jzzlcj(x) 2 & &

-~

V= ferrite(ON) ¢(x) =0
€| air(OFF) ¢(x) <0

Fig. 2.6 Normalized Gaussian network (NGnet) ©2020 10S Press

In this section, NGnet method will be introduced in detail, together with the application of it in
on/off topology optimization problem.

As shown in Fig. 2.6, firstly, lots of Gaussian functions are placed over the design region, while
the amount and distribution of them are decided by designer. For each Gaussian function, the
calculation is described as equation (2.7). Then, the Gaussian functions are normalized as

equation (2.6), before the topology shape function can be calculated by equation (2.8).

1 1
Gi(x) = —5—exp | — 5 |x — p;|? (2.6)
(27T)§O'D ( 207 )
b Gi(x)
ey 2.7
=60 @7)

Where G;(x) and b; representthe i-th gaussian function and normalized gaussian function. D,
o, p; in (2.6) denote the dimensions of gaussian function, standard deviation, and the center
coordinate of i-th gaussian function respectively. While N, in (2.6) is the amount of gaussian

functions placed over the design region. Then, the shape function ¢ can be obtain as following:

Ng

P = ) wibi(x) 28)
=1

where w; is the weight coefficient for i-th normalized gaussian function b;. By this way, ¢

appears like what is shown in Fig. 2.6, which consists of somewhat discrete and flat hills and

10



Topology optimization of magnetic core in WPT coupler

valleys.
In this thesis, only two material problem is considered, for which the material of each element

in mesh is defined as (2.9), where the two materials correspond to on or off state.

(2.9)

e

_(on ¢(xe) =0
B {off P(x.) <0

where x, and V, denote the center coordinate of element and the on/off state.

So far, the material distribution of design region can be expressed by NGnet method, and
adjusted by simply controlling the weight coefficients w; . Moreover, in electromagnetic
simulation by Finite Element Method (FEM), the simulation objects with the extended air region
need to be meshed, consisting many elements and nodes. Here, applying NGnet on on/off method,
like what is described in (2.9), the relationship between the material of each element in design
region and the coefficients weights has been built. Then the topology optimization problem can
be expressed in a similar form with parameter optimization, which is described in (2.5).

In Fig. 2.7, a rough process of topology optimization using on/off method is illustrated. Starting
from a random initial state shown in the left, adjusting the material distribution of the elements, a
different topology with optimized performance on the objective functions is finally obtained as

the right.

Fig. 2.7 On/off method process

2.3 Optimization algorithm

In the previous section, the background of topology optimization, and the methods for expressing

11
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topology have been introduced. Following that, the optimization algorithms to solve such
optimization problems defined like (2.5) are going to be introduced in this section.

Traditionally, gradient methods are usually adopted to settle with such minimization problems,
like what is in [[23], [24]]. However, this approach requires that the relationship between
objective functions and optimization variables can be expressed and calculated numerically. But
in some cases, the considered problem cannot satisfy this requirement, or the calculation is
complicated and time-consuming, making unpractical. Especially, in electromagnetic simulation
by FEM, the simulation model can have up to millions of elements in three-dimensional problem,
which makes the simulation and optimization time-consuming. Therefore, without requirement
of explicit numerical expression, evolutionary algorithms such as genetic algorithm (GA),
differential evolution (DA), and particle swarm optimization (PSO) were deployed to solve
topology optimization problem, and showed good performances [[5], [15], [22]].

Because GA is the algorithm adopted in the works reported in this chapter to solve the
optimization problems, only the introduction of GA is going to be given in this chapter. There are
some other algorithms which are used in other works in this thesis, and the introduction of those

algorithms will be given when those works are reported.

2.3.1 Genetic Algorithm

In this section, a typical process of GA will be introduced firstly. Then, several modified types
of GA used in the published works will be introduced respectively.

The idea of GA is inspired by the process of natural selection. In GA, the optimization variables
are set as the genes in chromosome of individuals. During the optimization, crossover and
mutation happen on the genes from time to time to generate new individuals with new genes.
Finally, with the evolution of the whole population advancing towards the direction of better genes,

the individuals with better performances can be obtained.

12
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Fig. 2.8 process of typical genetic algorithm

As illustrated as Fig. 2.8, a typical process of GA can be described as a loop consisting of
evaluation, selection, crossover, and mutation. At the end of every loop, the convergence of
algorithm is judged, on which to decide if the algorithm should continue.

The steps in loop are explained as followings.

[1] Evaluation

For individuals who have not been evaluated, the objective functions of them are calculated.
Depending on the requirements of problem and algorithm, the fitness of individual is
determined by the objective functions and constraints of optimization problem.

[2] Selection

In order to generate new individuals in next generation, which is called as children in GA,
individuals need to be selected to decide which individuals can be the parents, based on the
fitness of them.

[3] Crossover

13
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[4]

(5]

After the parents to generate children are selected, based on the genes of parents, the genes
of children are decided from the crossover between the genes of parents.

Mutation

In case of the population converging too fast, it is required that mutation happens on the
genes of children from time to time according to determined probability. By this way, larger
search space can be ensured.

Convergence judgement

Usually, the convergence condition is set as an expected value of objective function, or a
fixed number of maximum iterations. For the former, the algorithm will terminate when the
objective functions of elite individuals or the average of population reach the expected

values. While the evolution will continue until the iterations reach the limit, for the latter.

2.3.1.1 micro-GA

Generally, to ensure the performance of algorithm, the size of population in GA need to be large

enough, which leads to more evaluation in each generation, and longer computation time for

whole optimization. In some cases like FEM computation, fewer evaluation is preferred because

every evaluation can cost long time. For this reason, with smaller population, micro-genetic

algorithm (micro-GA) is used to settle with such situation [25]. Comparing to the general GA

which usually has dozens or hundreds of individuals, the population for micro-GA is less than ten,

making it much more time-saving.

14



Topology optimization of magnetic core in WPT coupler

Convergence
Judgement

l

evaluation

I

selection

!

crossover

!

reset

results

Fig. 2.9 process of micro-GA

The process of micro-GA is illustrated as Fig. 2.9, where the difference with typical GA is that
there is no mutation in micro-GA but replaced by reset. As mentioned above, the population for
micro-GA is usually far less than that for GA, which makes mutation is not effective enough to
ensure the search space. Thus, in micro-GA, the individuals except for the elite one will be reset
every couple of generations, by regenerating the genes of them randomly. The reset period needs

to be decided in advance.

2.3.1.1 NSGA-II

In some cases, the optimization problems have multiple objective functions, in which the
problem cannot be described as (2.5) anymore. The first way to solve such problem is converting
multi-objective functions to single objective function as shown in (2.10).

min. < f(v;) = z wif; (v) (2.10)
=1

J

where f; and w; are the j-th objective function and the weight coefficient for it. By this way,
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the multi-objective optimization problem can be described as a single objective problem
expressed by f, which is the weighted sum of all objective functions. However, this method
requires the weighted coefficient to be determined in advance, which strongly depends on the
experience of designer and may has large influence on the optimization result.

To deal with such concern, instead of using objective functions to evaluate individuals directly,
Pareto front is introduced, which is shown as Fig. 2.10. It allows the designer to get rid of the
decision of weight coefficients, and makes tradeoff relationships between objective functions
clearer. In Fig. 2.10, the Pareto front is applied on a two objective optimization problem, where
z, and z, are the objective functions, and F,;, F,, F;, F, are the frontiers described as
different fitness. And the fitness of all individuals is calculated by non-dominated sorting

algorithm, whose process is as followings.

Step 1: define i =1

Step 2: set the fitness of all the individuals that don’t dominate any other individual as i.
(Dominate: has larger values for all objective functions)

Step3ri=i+1.

Step 4: delete all the individuals found in Step 2. If there is any individual remained, repeat from

Step2, if not, finish.
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Fig. 2.10 Pareto front
By this way, the individuals can be evaluated by fitness, and the multi-objective optimization
problem can be described as (2.11), without considering the decision of weight coefficients.
fi(vy) » min.
fy) = (2.11)
fi(w;) » min.
Based on the concept of Pareto front, Non-dominated Sorting Genetic Algorithm 1l (NSGA-II)
is proposed for solving multi-objective optimization problem [26]. In addition, calculated as

equation (2.12), crowded distance is introduced in NSGA-II to compare individuals with same

fitness.

cdy (I[i, k) = felli - 1,’:2 —/ ’:S,Ei + LK) (2.12)
™ = fe

where "4 and f£™" s the maximum (minimum) value for f, among all the individuals in

this generation. And the indices i and k are the sequence number of individuals and objective
functions, while the individuals are sorted according to each objective function. Crowded distance
is used to described how the individual is clustering with the others. During the optimization, for
ensuring the diversity of individuals and the size of search space, the individuals with larger

crowded distance are preferred in selection.
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2.4 Single-objective optimization

In this section, two single-objective topology optimizations are going to be introduced. In both
works, the coupling coefficient k, whose calculation is introduced in equation (2.1), is set as the

objective function of optimization.

2.4.1 H-shape core

In first work, the magnetic core in WPT coupler with H-shape core is optimized using NGnet
on/off method and micro-GA. As mentioned in section 2.1.1, coupler with H-shape core is
proposed to improve the tolerance to lateral misalignment. The specific structure considered in

this work is shown as Fig. 2.11.

110 mm

Fig. 2.11 Coupler with H-shaped core

where the orange and grey part represent the coil and magnetic core respectively. In order to save
computation cost, only a quarter of the model is simulated and optimized in the FEM computation
for evaluating individuals in micro-GA, while the rest in model is determined by symmetry. Other

parameters of WPT system and coupler are listed in Table 2.1.
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Table 2.1 Parameters of WPT system and coupler

Operating frequency 20 kHz
Current 1A
Strand radius 0.15 mm
Number of strands 100
Number of turns 20
Transmission distance 40 mm

The optimization problem with the constraint in this work is written as (2.13).

F =k » max. sub.to 2, <0Q,/2 (2.13)
where k, 2, 2, denote the coupling coefficient, volume of magnetic core with optimized
shape, and volume of design region, respectively. The volume constraint is introduced to obtain
optimized design with higher k and smaller core — also lower cost of production — at same time.

Micro-GA is adopted to solve this optimization problem, and the parameters of it are listed in
Table 2.2.

Table 2.2 micro-GA parameters

Population 5
End generation 350
Reset generation 5
Crossover BLX-a [27]

A three-dimensional topology optimization is considered in this work by placing two layers of
NGnet bases on the design region uniformly. In total, 112 bases with standard deviation of 5 mm
are settled.

The optimization is implemented while the magnetic relative permeability is set as 10 and 100
respectively, to see the effectiveness for different material for magnetic core. A reference model
as shown in Fig. 2.12 is simulated as well to give a comparison for the optimized results as shown

in Fig. 2.13, while the magnetic flux of them is illustrated together.
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The self-made FEM and micro-GA programs are made in C++, and the mesh generation for
FEM computation is by commercial software JMAG. All the proposed works in this chapter are

implemented with these programs and software.

Fig. 2.12 Reference model (H-shaped core coupler)
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Fig. 2.13 Optimized results (H-shaped core coupler)
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Table 2.3 Comparison of optimized and reference model

Optimized Reference
u =10 0.093 0.091
U, = 100 0.228 0.215

The comparison between optimized and reference design is listed in Table 2.3. It shows that for
both permeabilities the optimized models have higher coupling coefficient than the reference
model, which means better transfer efficiency of WPT. The coupled phenomenon can be seen in
the magnetic flux distribution, more fluxes are coupled to the receiving coupler in the optimized
model with higher permeability.

The convergence histories of two optimizations are shown as Fig. 2.13 (b) and (d), where
obvious increase can be seen on the objective function — k of WPT. Although the convergence
condition of evolution was set in 350 generation based on designer’s experience, it seems like

there is still potential of optimization for the second optimization according to Fig. 2.13 (d).

2.4.2 DD-shaped coil

Introduced in section 2.1.1 as well, coupler with DD-shaped coil is another design proposed for
improve anti-misalignment performance of WPT system. In this section, two works considering
different designs are introduced, and both of them are going to be optimized using the method

discussed above.

2.4.2.1 Typical structure

Firstly, a typical structure of coupler with DD-coil is shown in Fig. 2.14.
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Top view
‘1
'X
Front view

Fig. 2.14 Coupler with DD-coil

As denoted in Fig. 2.14, the current directions of two D-shaped coil are opposite, which makes
the magnetic flux of the coupler is like what illustrated in the below. The flux pass through the
receiving coupler along x-direction is the reason why DD-coil has better anti-misalignment
performance than traditional circular coil.

The simulation model is shown in Fig. 2.15. Similar to the work in previous section, only a
quarter of the model is optimized and computed in program for saving computation cost. In this
work, different amounts of Gaussian bases of 200, 112, and 348 have been considered to see the

influence of it on optimization results.

Design
Region

4 Coil

58 ) ] 98 mm

162 mm

() Size diagram (b) NGnet placement
Fig. 2.15 simulation model (DD-coil coupler)

Other parameters of the model are listed in the table below. The optimization problem of this

work is same as (2.13) — maximizing the coupling coefficient with a constraint that the designed
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shape should have a volume smaller than half of the total volume of design region. Micro-GA is

adopted to solve this optimization problem, while the parameters of it are same with Table 2.2.

Table 2.4 Parameters of WPT system and coupler

Turns of coil 20
Transmission distance 20 mm
Frequency 20 kHz

Current 1A

(a) Gaussians = 112

(¢) Gaussians = 348

Fig. 2.16 Optimized results (DD-coil coupler)
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Table 2.5 Comparison results (DD-coil coupler)

k volume

112 Gaussians 0.6318 <0,/2

200 Gaussians 0.6308 <0,/2

348 Gaussians 0.6342 <0,/2
Reference model 0.6271 = 0.530,

Finally, the representative results after 350 generation revolution under each NGnet setup are
shown in Fig. 2.16, and the comparison between them and reference model which is illustrated as
Fig. 2.14 is given in Table 2.5. It shows that all the NGnet setups finally obtained optimized results
with higher k than reference model, and lower volume of magnetic core. In the three optimized
results, that with 348 Gaussian bases has the highest k.

Because micro-GA is an algorithm with relatively narrow search space, usually the optimization
needs to be performed several times with different random initial individuals to ensure big enough
search space can be covered in the optimizations, so did the works in this section. The average
results of optimizations with three NGnet setups are summarized in Table 2.6. It can be seen that
the more Gaussian bases are placed, the higher average k optimizations got, which demonstrates
that the potential of optimization using NGnet on/off method is in proportion to the number of
placed Gaussian bases. Whereas, more Gaussian bases means higher complexity of optimization

problem. It asks the designer to balance these two issues.

Table 2.6 Average results of optimizations

k
112 Gaussians 0.6296
200 Gaussians 0.6304
348 Gaussians 0.6333

2.4.2.2 Leakage reducing structure

Above the basic design introduced in previous section, a modified design for reducing leakage
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magnetic flux was proposed in [28], which is showed in Fig. 2.17. The structure and topology of
coils is same as the typical type, which means that the basic theory is still same, while the magnetic
core is extended outside the coil, covering the coil slightly along the z direction. This design can
gather more flux in the outside of coils, preventing them from throwing far away. By reducing
leakage magnetic flux, both the coupling between couplers and electromagnetic radiation of WPT
system can be improved.

Coil

Ferrite

X

Top view

———

Magnetic Flux —— |

X

[/ — | Front view

Fig. 2.17 Leakage reducing design of DD-coil

Based on this design, topology optimization is performed. The general size and parameters in
simulation model are same with what is described in previous section. As written in (2.14), though
the objective function remains same, the constraint is changed to requiring the optimized shape
has less volume than a third of volume of design region. The NGnet placement is shown as Fig.
2.18, where 182 Gaussians are placed in two layers. Moreover, gap between transmitter and
receiver of 20 and 40 mm are considered respectively, and the results are shown in Fig. 2.19,
while the comparison between them and the reference model shown as Fig. 2.17 is given in Table
2.7.

F =k - max. sub.toy, <02,/3 (2.14)
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20 mm

Fig. 2.18 NGnet placement

(a) Gap =20 mm (b) Gap =40 mm

Fig. 2.19 optimized model

Table 2.7 Comparison results

k k
(without floating pieces)
Optimized model 0.7182 0.7183
Gap =20 mm
Reference model 0.6741 \
Optimized model 0.4566 0.4529
Gap =40 mm
Reference model 0.4173

It shows that in both case of gap, the optimized models have higher k than reference model,
which proves the effectiveness of the optimization method. Remarkably, there are some floating
tiny pieces isolated from the main core. Obviously, those tiny pieces cannot be produced in
practice, so the optimized models are evaluated with the pieces are eliminated to see if the
performance is still good. The k of the optimized models without floating pieces are listed in the

right of Table 2.7. It can be seen that their coupling coefficients don’t change too much after

26



Topology optimization of magnetic core in WPT coupler

eliminating the pieces, demonstrating the effectiveness of the main part of optimized designs.

Moreover, there is little core remained near the outside of coil in both optimized models, which
seems contradictory with what is discussed in [28]. There are two possible reasons for it.

Firstly, the transfer distance considered in this work is relatively short compared to the size of
coils. In this case, the main flux to transfer the energy is majorly concentrated around the center
of couplers. Thus, the optimizations tend to gather magnetic core near the center to enhance the
main flux, instead of preventing magnetic flux from leakage.

Secondly, the effect of outside magnetic core on reducing leakage flux does not necessarily have
obvious improvement of coupling coefficient. Even though the leakage flux can be gathered
towards coil due to the existence of outside core, it cannot be ensured if and how much flux will
be coupled to the receiving coil. That is why the optimization of coupling coefficient tends to
approach designs without outside core. But if the safety of WPT system, which can be considered
as the leakage magnetic field far away from the WPT system, needs to be optimized at same time,
the decrease of leakage flux will be important even though not coupled to the receiver. In next
section, several works of multi-objective optimization for coupling coefficient and leakage

magnetic field together will be introduced.

2.5 Multi-objective optimization

As mentioned in section 2.1, the safety is also an important issue of WPT research and
development. As ruled in standards [[17], [18], [29]], for frequency ranging from 3 kHz to 10
MHz, the magnetic flux exposure to human bodies should be limited up to 27 uT for general
public exposure, and 100 uT for occupational exposure. For this reason, optimizations
considering transfer efficiency and leakage filed simultaneously are called for improving WPT
device

In this section, multi-objective optimizations are performed on couplers with circular and DD
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coil. The increase of coupling coefficient and the reduction of leakage flux are set as the

optimization objectives.
2.5.1 Circular coil

As mentioned in section 2.1.1, circle is a representative topology of coil design in WPT coupler.
It has advantages like ease of manufacturing and magnetic flux pattern. In [30], like what is done
to coupler with DD-coil in [28], the magnetic core of circular coupler is optimized using PSO,
and the results show that a structure of magnetic core covering the coil in some extent helps
increasing coupling effect and decrease leakage magnetic flux.

Based on that, in this section, multi-objective topology optimization is performed on the
magnetic core shape to find designs with better performances. Prepared to be compared with
optimized results, the reference model is constructed as Fig. 2.20. The bar-shaped ferrite has same
structure as shown in Fig. 2.21, where the ferrite beneath the coil is thinner, forming the covering
structure. The bar-shaped topology in reference model is referring to the optimized results
reported in [31].

The diagram of design model is shown in Fig. 2.21, together with the arrangement of Gaussian
bases. Similarly, the optimization and simulation are only performed in a quarter of whole model
to save computation cost. An evaluation region is placed outside the coupler, in which the
maximum magnetic flux density is used to represent the leakage magnetic field. A 2D topology

optimization is applied on the magnetic core, by placing 69 Gaussians on the design region.

Fig. 2.20 Circular coil
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Ferrite

mﬂ -
1 mm

Fig. 2.21 Diagram and arrangement of Gaussians (circular) ©2020 IOS Press

The optimization problem is described as (2.15). The increase of k and decrease of maximum
flux density in evaluation region are chased together, while the constraint requires the volume of
optimized shapes Q,,; to be lower than c times volume of reference shape Qg.r. ¢ is a
predetermined constant, which is set as 1.0 and 1.1. The optimizations are performed with two
values of ¢ respectively.

k — max.
F_{B

3 )
max — Min.

sub.to Qope. < € * Qpger, (2.15)

NSGA-I1I is adopted to solve this multi-objective optimization problem. The parameters of WPT

system and NSGA-II are listed in Table.
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Table 2.8 Parameters of WPT system and NSGA-I1 ©2020 10S Press

I (abs) 23 A Parent population 120
Air gap 100 mm Child population 120
frequency 20 kHz End generation 150
Turns of coil 20 Crossover probability 95%
Ferrite u, 1000 Mutation probability 5%

Finally, the Pareto front of optimizations with ¢ of 1.0 and 1.1 are plotted together with the
point of reference model in Fig. 2.22.

By relaxing the constraint condition, the Pareto front shows advance towards optimization
direction. And both the optimizations with two constraints obtained optimized results which have
lower leakage flux density than the reference model, while none of them can get results with
higher coupling coefficient. Two optimized designs with their magnetic flux pattern shown in Fig.

2.23, together with the reference model.
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Fig. 2.22 Pareto front of optimization for circular coupler ©2020 10S Press
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(a) Optimized model 2 (k = 32.6%, B = 90.8 uT)

Fig. 2.23 Reference model and optimized models (Circular) ©2020 10S Press

2.5.2 DD caoil

Similar optimizations are performed on magnetic core of DD coupler, whose structure is shown
as Fig. 2.24. The evaluation region is placed 105 mm far away from the design region. The
optimization problem is same with (2.15), performed two times with different value of constant
c. The Parameters of WPT system and NSGA-II are same with previous work as well, as

summarized in Table 2.8. For NGnet, 126 Gaussian bases are placed uniformly.
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Fig. 2.24 Diagram and arrangement of Gaussians (DD) ©2020 IOS Press

The Pareto front obtained by the optimizations are shown in Fig. 2.25, while two representative
optimized results and the reference model are illustrated in Fig. 2.26. A similar result that all the
optimized results got lower leakage flux but few of them have higher coupling coefficient than
the reference model. In Fig. 2.26 (b), an optimized design with better performances of both two
objective functions is shown. It has a somehow bar-shaped ferrite but with less and thicker bar

shape.
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Fig. 2.25 Pareto front of optimization for DD coupler ©2020 IOS Press
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(a) Reference model (k = 21.1%,B = 42.0 uT)
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(b) Optmized model 3 (k = 21.3%,B = 40.3 uT)
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(c) Optmized model 4 (k = 19.1%, B = 30.9 uT)

Fig. 2.26 Reference model and optimized models (DD) ©2020 10S Press
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2.6 Conclusion

In this chapter, the backgrounds of WPT, topology optimization, and optimization algorithm
have been introduced. Especially, the calculation in WPT system, NGnet on/off method, and
genetic algorithm used in the proposed works are explained in detail. Based on these methods,
the magnetic cores in different topologies of WPT coupler are optimized to obtain better
performances with less ferrite used.

As aresult, several novel shapes of magnetic cores have been gotten and discussed in this chapter.
It shows that the proposed method can obtain novel designs with better performances under
predetermined constraints. Although the optimized shapes are sometimes hard to be produced in
practice consistently, they can provide reference for the practical production by summarizing the

relationship between the shape patterns and the performances.
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Chapter 3 Optimizations of transmitting coil

In WPT coupler

As discussed in previous chapters, the topology of transmitting coil has a fundamental influence
on the system performances, for it determining many important properties of WPT like magnetic
flux pattern. And as we have mentioned before, many researches have been proposed to improve
WPT by designing new coil topology, like DD-coil [11] and H-shaped core [12]. Both of them try
to improve the anti-misalignment, which is one of the most common factors influencing the
performances of WPT system, by designing the coil topology to make the magnetic flux through
receiving coil have longer span over the misalignment direction.

Except for the coil topology design, multi-coils have been discussed a lot to improve anti-
misalignment performance as well. As summarized in [32], in recent years, many researches of
WPT coil design have been proposed using multi coils and three-phase electric power. Without
designing new complicated coil shape, anti-misalignment performance is ensured by combing
individual input control with multi-coils. In [33], a tripolar pad including three coils somehow
overlapping each other is proposed, with the input controls of them are optimized to make the
WPT system has better anti-misalignment performance for all the misalignment directions. And
in [34], based on target field method, the topology of multi-coils is optimized considering transfer
efficiency and leakage magnetic flux at same time.

Having a wild application on the design of magnetic resonance imaging coil [34][35], [36], target
field method is going to be used here to optimize transmitting coil design. In target field method,
usually the relationship between generated magnetic field and current density in coil is built by

Bio-Savart law [37]. And the current density in coils can be easily computed when the coil shape
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is described by stream function. The specific calculating processes will be introduced later in this
chapter.

In this chapter, we aim to obtain optimized multi-layers coil design by using target field method
and NGnet method, considering transfer efficiency and leakage magnetic field simultaneously
under different misalignment conditions. Assuming the exact misalignment distance is known by
position prediction technique, which will be discussed and realized in later chapter, a simple
control strategy for input current is designed and applied on the multi-layers coil. The
optimization problem is solved by multi-objective Covariance Matrix Adaptation Evolution
Strategy (MO-CMA-ES) [38]. Finally, a representative optimized result is picked and compared
with the reference model. It shows that the optimized one has close performance when no

misalignment, but better anti-misalignment performance.

3.1 Multi-layers coil and control-strategy
With reference to WPT1/Z1 standard [17], a resonance WPT system operating at 85 kHz with

transfer distance of 0.1m is considered in this work. The scheme of the system is shown in Fig.
3.1 (a), where the primary side of WPT system consists of three coils and a ferrite layer with its
relative permeability set as 2300. The design region of three-layer coils overlaps each other, with
a size of 0.6 * 0.6m. From top to bottom, left, right, and middle coil are placed, while the design
of receiving coil is fixed. Treating the coils as litz wire, the thickness of coil layer is set as 4.5mm,
though the field computation is implemented only in two-dimension space, the thickness is
considered as the gap between coil layers. This scheme is determined according to what is
specified in [17].

The equivalent circuit of this multi-layer coil system is illustrated as Fig. 3.1 (b), where R,;,
L,;, denote the equivalent resistance, self-inductance of the coils, while C,; represent the

capacitor attached to adjust resonance frequency, and M; is the mutual-inductance between
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receiving coil and each transmitting coil. The mutual-inductances between transmitting coils are
ignored for simplification. Three individual input current sources I; are set for the three
transmitting coils. A 20Q resistance is attached on the receiver coil as system load. The
parameters of transmitting coils are decided by calculation which will be introduced later, and the
parameters of receiving coil are calculated according to the pre-determined design, and remain
unchanged during the optimizations. It should be noted that, both transmitting and receiving side

of the system are assumed to work in resonance all the time, for simplification.

0.26%0.26m 15 turns
receiver :
. d=0.1m '
Left coil _ Design region
Right coil }3 layer coils 0.6*0.6m
Middle coil .
Ferrite Iayer_

(ur = 2300)

(@) Multi-layers coil system

Cp1 Ryt
I

Cpz Rya
I

Cps Rps
I3

(b) Equivalent circuit

Fig. 3.1 WPT system

37



A study on design optimization and anomaly detection of wireless power transfer Yunyi Gong

Based on this equivalent circuit, the output power P,,; on the load resistor R; can be
calculated as following equation.

Y-z joM; (3.1)
P = (—)2 ‘R .
out RS +RL L

R, - the equivalent resistance of receiving coil - is calculated by multiplying unit resistance of
litz wire [39] and the length of coils, which is pre-determined. Because the system is assumed to
be in resonance, the system efficiency can be simply expressed by magnetic efficiency, calculated

as (3.2), according to [40].

n — Pout — Pout (3.2)
mag Pi Z?=3 Rpiliz

A simple control-strategy for the three transmitting coils is designed, as illustrated in Fig. 3.2.
With an assumption that only one misalignment direction is considered, and the exact
misalignment distance is known, a multiplier c; is defined for each coil, which are complex
number in order to realize magnitude and phase control together. However, we take the RMS
value of the performances and the quantities as the objective functions in optimization.
Additionally, we assume that left coil is totally symmetrical with right coil, so that the shapes and
¢; of them are symmetric as well. The input current of each coil will be multiplied with ¢; to

realize the misalignment-based control.

+ ¢; —Leftcoil
--Right coil
Middle coil

[ Sl

-
1/ -
........ I

|
l e |
-150 —7L5 0 75 150

Misalignment/mm

Fig. 3.2 Multi-layer coils control-strategy

3.2 Target field method

In this work, the field computation is implemented within static magnetic field. And the
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relationship between magnetic flux density and current density is described as the following,

according to Bio-Savart law.

’

B(r) =f_ﬂ£ ]X#dS (3.3)
where u is the permeability, and J, r' are the current density and the displacement vector from
dS to observation point r, while dS isthe space element in design regions of three transfer coils.

In target field method, stream function § is introduced to describe the current density J and
the current value I of coil, as written in following equations.

J=VxS (3.4)

(Smax = Smin) (3.5

I =
N

where Sy,q and S,,;, are the maximum and minimum value of the stream function S, while
N is the number of turns of coil, which is pre-determined as 20 during the optimization. It needs
to be mentioned that for stream function S, only the component vertical to coil layer is considered
in the calculation. And the coil shape can be obtained by drawing the contour line of stream
function, which is realized by using library matplotlib [41]. In addition, we impose the stream
function to be 0 along the edge of design region for purpose of acquiring closed coil shape.
Besides, the magnetization current J,, within ferrite layer is considered, whose calculation is
described as the followings.
Jm =V X (xmH;),i =1,2,3 (3.6)
Xm =pr—1 (3.7)
where H; and x,, ae the magnetic field generated from each transmitting coil, and the
magnetic susceptibility of the ferrite. In this way, the contributions from magnetization current to
generated magnetic field within the space of receiving coil can be calculated, using Bio-Savart

law as well.
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Finally, the mutual inductances can be obtained, using equation (3.8).

o l$=1f5 Bi ds
i = I

3.8
,i =123 (38)

where B; denote the flux density contributed by the current density of i-th coil and the
magnetization current generated by i-th coil. And I; represents the current of i-th coil, which is
calculated by (3.5).

So far, the magnetic efficiency 7,,,, and output power P, can be calculated from filed

computation.

3.3 NGnet method

In this work, NGnet method is used to express and control stream function by individual
variables. The calculation process of NGnet is referred to section 2.2.1. To reduce the complexity
of the optimization problem, like what we did to the control strategy, symmetry condition is
applied on the NGnet setting for three design regions. As shown in Fig. 3.3, for left and right coil,
the Gaussian bases are placed over the half of whole region, and mirror symmetry is constrained
for them, while Gaussian bases are deployed only in a quarter of design region for middle coil,
and the rest space is expressed by rotational symmetry. In this way, the number of variables for

NGnet is reduced to 24 in total.

Mirror —
Symmetry
rotationa
Symmetry
Left coil Right coil Middle coil
(a) Left and right coil (b) Middle coil

Fig. 3.3 NGnet setting for coils
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3.4 Optimization setting

In this work, we want to optimize the coil design considering transfer efficiency and leakage
magnetic field under misalignment conditions. The objective functions of this multi-objective
optimization are summarized as following:

max(Pout, i~ Ptar) - min. (3.9)
F= min(npqg ;) - max. ,j=12,..,5
max(Bieqr,jy = min.

where j denotes the number of cases, and Py, isthe target output power which is set as 2500W,
while Bj.qk 1S the leakage flux density in observation region. To sum up, the magnetic efficiency
is required to be maximized, and the leakage flux density needs to be minimized, under all
misalignment cases, while the output power is supposed to maintain in a fixed value as a constraint
of optimization.

As illustrated in Fig. 3.2, totally 5 misalignment cases are considered, with a misalignment
distance range from -150 to 150 mm, which is about two times of the maximum misalignment
required to be considered, as specified in [17]. According to [17] as well, the observation area of
leakage magnetic field is determined as shown in Fig. 3.4. With length of 0.1m along z direction,
two observation area on y-z space are placed by the two sides of car. The magnetic flux density
in the areas is calculated in each misalignment case to get the maximum value, which is used in

the optimization and expected to be less than 27uT, as stipulated in [29].
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Leakage
Region 2

Fig. 3.4 Observation area of leakage magnetic field

Totally, there are 28 variables in the optimization, including 24 weights of NGnet and the others

for expressing multipliers c;. MO-CMA-ES is used as the algorithm for the optimization, and the

parameters of it are listed in Table 3.1. All the program in this work is constructed in Python,

while MO-CMA-ES is deployed using library DEAP [42].

Table 3.1 Parameters of MO-CMA-ES

Parent population 10

Child population 15
End generation 1000

Sigma 5

To sum up, the calculation process in every evaluation during the optimization is illustrated in

Fig. 3.5, where the quantities colored as red are used to get calculate objective function

subsequently.
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* w; of NGnet Fleld e M; to

to stream « S to magnetic performances
function § fields under Mmags Pout
misalignments

Fig. 3.5 Calculation process

3.5 Optimization result

A representative shape among the final optimization results is picked and shown in Fig. 3.6,
where the symmetry of themselves and between left and right coil can be seen. To give a
comparison with the optimized designs, a simple reference model is prepared as shown in Fig.
3.7. It is assumed that the reference model has three layers coil with same shape, and the input
current of them is same as well, with an equal magnitude of the input current of middle coil in
optimized model.

In Fig. 3.7 (a) and (c), it shows that the center of coil obviously moves to towards its responsible
misalignment direction. And the middle coil has two symmetric centers placed along the

misalignment directions.

43



A study on design optimization and anomaly detection of wireless power transfer Yunyi Gong

.

4
. =—

(a) Left coil (b) Middle coil (¢) Right coil

Fig. 3.6 Optimized coil designs

Fig. 3.7 Reference coil design

The performances of optimized and reference model under each misalignment case are
compared and summarized in Table 3.2. It shows that the optimized one performs closely to the
reference one when no misalignment, but has better anti-misalignment performance. When
misalignment distance increase, all the three performances — output power, magnetic efficiency,
maximum leakage flux density — of reference model degrade obviously. But the performances of
optimized model don’t decrease so much relatively, of which Pyyt, Nmag, max(Bjeq) Can
maintain in over 80%, over 2000W, and less than 40uT in all the cases. In addition, the reason
why optimized model performs best under +75mm is considered that left/right coil and middle
coil work together in this case because of the control strategy. It suggests that there may be room
for improvement if better control strategy is adopted. Although P, and 7,4, are not bad, the

maximum leakage flux density seems hard to be less than 27uT, which is the limitation specified
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in [29].

Table 3.2 Performances comparison (optimized model / reference model)

Misalignment/mm -150 -75 0 75 150
Pou: |W 2496 /1806 | 2244 /2633 | 2813/2901 | 2197 /2633 | 2812/ 1806
Nmag | % 82.2/759 | 86.3/819 | 83.3/83.2 | 86.0/81.9 | 83.8/759

max(Bjeqr) / uT | 30.9/549 | 30.3/379 | 373/274 | 30.3/37.9 | 30.9/54.9

3.6 Conclusion

In this work, an optimization of WPT transmitting shape is proposed. Considering a multi-layer

coil system with a simple control strategy for them, the designs of each layer coil is optimized

using target field method. As a result, the representative optimization model shows better anti-

misalignment performance on magnetic efficiency, output power and leakage flux density.

However, the leakage flux density failed to be less than the limitation. It is considered that the

control strategy of multi-coils can be improved further, to make the performances better.

45




A study on design optimization and anomaly detection of wireless power transfer Yunyi Gong

Chapter 4 Metal object detection and position
prediction in WPT system

As discussed in previous chapters, safety is an important issue of researches and developments
of WPT. However, in the works introduced above, only the leakage magnetic field is considered
for the safety issue, while there is another potential threat to the safety of WPT system. As
discussed in [[17], [18], [43]], the existence of foreign object must be involved in the
consideration of WPT system safety.

The possible foreign object in WPT system can be roughly divided into two types. Metallic
object and living object. As for the former, metal can, flip, key are some typical objects that
probably invade into WPT system. In the scenarios like charging station of EV, the magnetic field
between the couplers is usually strong, which will generate eddy current inside the metal object,
making the temperature of the object increase rapidly. The high temperature object may cause
damage to the system and device nearby. Moreover, it may come to a fire, when there is
combustible close by the metal object. Therefore, technique to detect the existence of metal object
in WPT system is required, which is called as metal object detection (MOD). WPT can not be
operated unless the MOD is done and confirming that there is not any metal object.

On the other hand, living object is another challenge to the safety of WPT system. Just as the
motivation of the works to restrain the leakage magnetic field in previous chapters, the strong
magnetic field will harm the living body. Thus, living object detection (LOD) is required to ensure
there is no living object before the WPT starts.

There have been many works proposed to realize foreign object detection (FOD) for WPT

system. They can be roughly divided into sensor type and sensor-less type. As for the former,
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additional sensor or device are introduced into the system. In [44] and [45], one or multiple groups
of coils are placed above the transmitter, and by monitoring the change and pattern of the induced
voltages in the detection coils, the existence of metal object can be detected. But these methods,
bases on the system parameters like voltages, currents, and inductances, are only effective on
MOD usually. Without that obvious influence on the electromagnetic field and the WPT system,
LOD is usually realized by using extra sensors like radar [46] and camera [47].

In this thesis, we focus on the researches of MOD, trying to propose techniques that can simply
and reliably realize MOD. In the following sections, two works will be introduced. The first is a
sensor-less MOD technique adopting on a WPT system without magnetic core, while the second
one realizes MOD and misalignment prediction at same time in a WPT system with magnetic
core, by using detecting coils. The methods in both works are based on machine learning. The
basic idea and the used machine learning methods will be described in the following section as

well.

4.1 Object detection to classification problem

The basic idea in our works to realize MOD is treating it as classification problem. Judged as
with or without metal object, MOD in WPT system can be considered as a simple binary
classification problem. Based on that, machine learning methods can be good choices, if correct
and effective parameters are chosen to construct the input vector for classifier.

As proposed in [44] and [45], representing the status of WPT system, the parameters like induced
voltages can be good indicator of existence of metal object. A serious challenge to this type of
MOD is that, except for the existence of metal object, the misalignment between couplers
influences the parameters as well. It requires the MOD method can correctly distinguish the
parameters change due to metal object, from that due to misalignment. In this section, a

verification work is going to be introduced, where cases with different misalignment and metal
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object positions are simulated, and the parameters we expect to indicate the system status are
visualized to see if the classification can be realized under the disturbance from coil misalignment.

In the stage of verification of the basic idea — treating MOD as a classification problem — the
input impedance of WPT system is chosen to be the characteristic parameter. We considered a
WPT system without magnetic core as shown in Fig. 4.1 (a), and the equivalent circuit of it is
same with Fig. 2.3 (b), with capacitor connected to the coils making the system resonant at 85
kHz. For simplification, an aluminum cube as shown in Fig. 4.1 (b) is used as the foreign metal
object, whose eddy current effect is dealt by using complex permeability [48] of sphere

approximately, to save the computation time.

I:So r;Lm _460 (30) mm

250 mm
(a) Cail (a) The most serious situation

Fig. 4.1 The model of WPT coils

Considering the misalignment ranging from 0 mm to 120 mm, and the metal object placed at 0
mm to 250 mm far away from the center of primary side coil, in total 181 cases with different coil
misalignment or position of metal object have been simulated, in which 97 cases are without metal
object and the others are with metal object.

All these cases are simulated while the frequency of input current ranging from 85 kHz to 90
kHz with 11 sampling points. In each frequency step for each case, the input resistance and
reactance are recorded, and plotted in Fig. 4.2, where corresponding each case, the loci of input

impedance are visualized with resistance on the horizontal and reactance on the vertical axis. It
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seems that the loci of without metal can be somehow distinguished from the loci of with metal,
which means the influence on the input impedance from coil misalignment and from

misalignment and metal object together, can be distinguished correctly.
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Fig. 4.2 Loci of input impedances

Moreover, using singular value decomposition (SVD), the multi-dimensional vectors of these
loci are projected into points in two-dimensional space. By arranging all the vectors together as a
matrix K, as described as (4.1). SVD is expressed as (4.2), and the new vectors after dimensional
reduction are calculated as (4.3), where only the components of first two orders are used to form

the new vectors in two-dimension, shown as points.

K = [xq,x5, ..., x,] € RZ2X1 (4.1)
n
K = USV! = Z o; u; vk (4.2)
i=1
Xp & 01V Uy + 005Uy, 1<k<n (4.3)

as shown in Fig. 4.3, it clearly shows that the influence from coil misalignment differs with that
from metal object, orienting to different direction on the two-dimensional SVD space. It illustrates
the feasibility of the method discussed above. The MOD can be realized by using input impedance,

if proper classifier is trained. Whereas, there are several orange points that locate close to the blue
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points, which are expected to be the challenge of the classification problem.

without metal with metal

10

-70 o0 50 -40 -30 -20 -10 0

Fig. 4.3 Loci of input impedances

4.2 Machine learning methods

As discussed above, MOD in WPT system can be treated as a supervised classification problem,
solved by training classifier using proper methods. This inspired us to adopt machine learning
methods, on the training data generated by simulations. Until now, there have been numerous
works proposed for developing machine learning methods for classification problem, and
application on different specific areas [49].

In this section, the machine learning methods used in the proposed works are going to be
introduced. For the programing in this thesis, neural network is constructed using Tensorflow [50],

while the other machine learning methods are by Scikit-learn [51].
4.2.1 Support vector machine (SVM)

SVM is a classical method in area of machine learning. When applied to solve classification
problem, SVM searches for a (n-1)-dimensional hyperplane which divide the n-dimensional
vectors into different classes with the widest gap [52]. In addition, for non-linear classification, a
kernel function is usually used to project the input vectors into higher dimensional spaces, where
the classification can be turned to linear. In the work in this thesis, radial basis function kernel
(RBF kernel) is used for the projection, which is defined as

K(x,x") = exp(—yllx — x'[|?) (4.4)
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where x and x’' denote the feature vectors. It is assumed that y = 1/(no?), where o2
represent the variance of the vectors. After standardization, the variance of the input vector

become nearly 1 so that we have y = 1/n.
4.2.2 Naive Bayes classifier (NBC)

The naive Bayes classifier is based on the Bayes’s theorem which state that the posterior
probability is given by

P(x|y)P(y:) (4.5)

PO = S GPon

where y; and x denote the label of classification {0,1}, where 0 (1) corresponds to non-
existence (existence) of metallic objects in this thesis, and the feature vector. We assume that
likelihood P(x|y;) obeys the normal distribution, and the prior probability P(y;) and P(y;) are
determined from the training data. N represents the number of labels of classification. By this
way, the likelihood of existing metal object in WPT system can be determined, based on the

feature vector, which is constructed by the parameters picked to represent system status.

4.2.3 Gradient boosting decision tree (GBDT)

Prediction n
Prediction 2 (final answer)

Prediction 1 E::::l EI‘:::I |:||]:|
(Average)

Error between Error between
Prediction 1 and Prediction (n-1) and
correct answer correct answer

Fig. 4.4 Gradient boosting decision tree © 2022 Japan Society for Simulation Technology

Gradient boosting decision tree (GBDT) is a machine learning method based on gradient
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boosting technique and decision tree [53]. Fig. 4.4 schematically shows GBDT. Starting from the
first prediction which is set as the average value of all the labels, decision trees are trained in each
step to minimize the mean squared error between the correct answer and the prediction obtained
in previous step. The sum of all the trees and prediction 1 provides the final answer of GBDT.
In Scikit-learn®, softmax function given by
Zj

5(2); = Ne— forj=1,..N. (4.6)

—1e™m
is used to transform the continuous predicted value to discrete label, when GBDT is applied in
classification problem, where N denotes the number of classes, which is 2 in this thesis. The

hyper parameters and settings of GBDT are determined by default of Scikit-learn®.
4.2.4 Random forest classifier (RFC)

Random forest (RFC) is an ensemble learning method based on bagging and decision tree [54].
To train each decision tree, the training data is selected randomly with replacement. The split of
each tree is found from a random subset of the features, whose size is set as square root of the
number of features. By repeating this, we construct many decision trees to compose a random
forest. For classification, each tree in the forest gives their own prediction based on the input. The

final prediction of the forest is decided by majority vote.

4.2.4 Neural network (NN)

input layer hidden layer output layer

Fig. 4.5 Multilayer perceptron
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With the rapid development of machine learning, neural network (NN) is one of the most popular
methods, performing well on both regression and classification problem. In our works, besides
applied on MOD, NN is used to predict misalignment distance between couplers as well, which
will be introduced in next section.

The idea of NN comes from the structure of biological neural circuit. A basic form of NN, as
shown in Fig. 4.5, which can be called as multilayer perceptron (MLP), consists of several layers
made up by several neurons. Starting from the input layer, vectors are delivered from layers to
layers, neurons to neurons, like how the signal is delivered in biological neural circuit. In each
neuron, a linear transformation expressed as following equation is done to the input vector v;,,
to get the output vector v,,,.

Vout =W " Vip+ b 4.7
where w and b are the parameters of neurons, which need to be adjusted by optimization.
Following this, the output vectors are usually transformed one more time, which is called as
activation, before they are sent to the neurons in next layer. In our works, Rectified Linear Unit
(ReLU) is used as activation function, which is defined as the following.

f(x) = max(0, x) (4.8)

By this way, the relationship between the input vectors and output vectors of whole network is
constructed. Then, the parameters- w and b - of the neurons in hidden layers will be optimized,
according to the loss calculated by training dataset when supervised training. The optimization
algorithm used to do this is Adam [55] in our works.

Fitting the output of NN with training data is exactly a regression. When consider classification
problems, functions like softmax, as show in (4.6), are used to transformed the continuous output

vectors to discrete label.
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4.3 Sensorless metal object detection for WPT without magnetic core
In this section, using SVM, NBC, and NN, a sensorless MOD for a WPT system without

magnetic core is realized. Sampling at different frequencies around the resonance frequency, the
input impedances are recorded, including the real and imaginary part. Collected from FEM
simulations, the datasets are used to train and validate the classifiers obtained by the three machine

learning methods. Besides, experimental verification is also brought out for in this work.

4.3.1 WPT system and simulation

source

(c) Equivalent circuit

(b) Extremal position

N
\ ‘é" ‘l"llliﬁ."“/‘/

=< w’

D\

(d) Magnetic flux distribution

Fig. 4.6 WPT system model © 2021 Emerald Publishing Limited

A WPT system shown as Fig. 4.6 is considered, where an aluminum cylinder with a diameter
and height of 35 mm is used as the foreign metal object. The parameters of the WPT system and
the circuit are summarized in Table 4.1. The capacitance is adjusted to make the system resonate

at 81 kHz, which is same with the experimental system.
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Table 4.1 Parameters of WPT © 2021 Emerald Publishing Limited

Inner radius of coil 100 mm
Outer radius of coil 165 mm
Turns of coil 16

Transmission distance 100 mm

Input source (current) Lms=20 MA
Ry R, 10
C1,Cy 45 nF

Like the verification of basic idea described in section 4.1, in this work, 116 cases have been
simulated using JIMAG®, with sampling frequencies ranging from 75 kHz to 85 kHz. Vectors to
represent the cases are constructed as

Z =[Ry,...,R11, X1, .. X11]t € R?? (4.6)
where R; and X; are the input resistance and reactance of WPT system, while i is the index of
sampling frequency point. Finally, like what is shown in section 4.1, Fig. 4.2, the impedance loci
of the simulation cases are shown in the figure below. It shows that the cases with and without

metal object seem to be distinguishable, though the effect of coil misalignment exists as well.
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Fig. 4.7 Impedance loci (simulation) © 2021 Emerald Publishing Limited
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4.3.2 machine learning classifiers

In this work, SVM, NBC and NN are used to train the classifier. The structure of used NN is
shown as Fig. 4.8, where three dense layers are placed with activation function as ReLU. The
simulation data are divided into training dataset and validation dataset according to a proportion
of 80%:20%. And the exact value of y in the equation 4.1, which is the definition of RBF kernel

used in SVM, are listed in Table 4.2.

Table 4.2 value of y? = 1/02 © 2021 Emerald Publishing Limited

Simulation, no load 0.0442
Simulation, 20Q load 0.0439
Experiment, cylinder 0.0449
Experiment, can 0.0490
Experiment, key 0.0477
Simulation, no load 0.0442

Activation function: ReLU

PRy

X4 1 1 1 1 ) Possibility of 0
X2 64 32 16 2 ) Possibility of 1
INPUt  qense1  dense2  dense3  output

vector

Fig. 4.8 Structure of NN © 2021 Emerald Publishing Limited

4.3.3 Classification results (simulation)

As described above, the simulation data have been used to train classifiers using the three

machine learning methods. The accuracy of trained classifiers for the validation dataset are
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compared and shown in Table 4.3, where NN obtained the best performance of 100%, while SVM

and NBC obtained 96% and 88% respectively.

Table 4.3 Accuracy of three methods for validation data (simulations)

© 2021 Emerald Publishing Limited

NN 100%
SVM 96%
NBC 88%

4.3.4 Classification results (experiment)

An experimental verification of the proposed method is described in this section. The WPT coils
and associated circuit are same with the simulations. The coils, LCR meter, and the metal object

used in the experiments are shown in Fig. 4.9, with the specific size of metal objects marked.

23 mm

1mm

8 mm

(c) Cylinder (d) Can (e) Key

Fig. 4.9 Experiment devices © 2021 Emerald Publishing Limited
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A) Aluminum cylinder

Firstly, totally same with what is considered in the simulations, an aluminum cylinder is tested.
The aluminum cylinder is placed 0 mm, 130 mm and 200 mm away from the center of primary
coil, which is set to the same as the simulations. The input impedance values for 131 cases have
been measured here, where 33 cases are without metal and 98 cases are with metal.

The input impedance loci of the 131 cases are shown in Fig.11. The tendencies in the loci
obtained from the simulation and experiments seem similar although there are quantitative
differences between them which are possibly caused by factors such as skin effect and noise of
devices. The differences in the loci for the cases with and without metal object are unclear though
NN still obtains good performance as described below.

The performances of three methods are listed in Table 4.4. NN still got the best accuracy this
time, but obvious decrease on the accuracy of SVM and NBC can be seen, which demonstrates
that NN has a larger potential for classification problem. And the accuracy of NN seems hard to
maintain 100% accuracy when partition of dataset changes. However, the minimum accuracy of

96% by NN still prove the effectiveness of our method.

Table 4.4 Accuracy of three methods for validation data (experiment, cylinder)

© 2021 Emerald Publishing Limited

NN 96% ~ 100%
SVM 70%
NBC 58%
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Fig. 4.10 Impedance loci (experiment, cylinder) © 2021 Emerald Publishing Limited

B) Empty aluminum can

When using the empty aluminum can as the foreign metal object, the input impedance loci show
obvious differences between cases without and with metal as shown in, where 101 cases are
measured, including 33 and 68 cases without and with metal. The can is laid in experiments, and
placed in the center of Tx coil, or 100 mm far away from the central axis.

It seems easier for NN to make correct judgement for the cases. In Table 4.5, it can be seen that
all the three machine learning methods have accuracy over 90%. These results come from the
clear difference in the loci shown in Fig. 4.11. However, it would be difficult for us to pick the
features from the loci for classification. The machine learning methods automatically take those

features from the data.

Table 4.5 Accuracy of three methods for validation data (experiment, can)

© 2021 Emerald Publishing Limited

NN 100%
SVM 100%
NBC 90%
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Fig. 4.11 Impedance loci (experiment, can) © 2021 Emerald Publishing Limited

C) Steel key

In the experiments with key, the positions of the key are set to the same as the cylinder cases. In
total, 136 cases are measured, including 34 without metal and 102 with metal.

The input impedance loci of all the cases are shown in Fig. 4.12. It seems hard to find the
differences between the loci without and with metal. As a result, as shown in Table 4.6, all the
three machine learning methods judge all the cases in validation as with metal, so the accuracy of

them are all 71%, which is exactly the proportion of cases with metal in the validation dataset.

Table 4.6 Accuracy of three methods for validation data (experiment, key)

© 2021 Emerald Publishing Limited

NN 71%
SVM 71%
NBC 71%
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Fig. 4.12 Impedance loci (experiment, key) © 2021 Emerald Publishing Limited

4.3.5 Conclusion

In this section, a work of MOD technique for WPT system without magnetic core is introduced.
Using SVM, NBC, and NN to train the classifiers, both simulation and experiment verifications
have been done, and the results show that NN always has the highest accuracy above 90% among
the three methods. Nonetheless, when a steel key is used as the foreign metal object, all the three
machine learning methods failed to obtain effective classifier. Improved method requires to be

considered to solve this problem.

4.4 Metal object detection for WPT with magnetic core

In this section, MOD considering WPT systems with magnetic core will be introduced. After the
proposed work discussed in previous section, we found that the sensor-less method seems hard to
obtain similar performance when applied to WPT system with magnetic core. A possible reason
for that is that the existence of ferrite makes the distribution of magnetic field not homogeneous
for all directions, so the influence from misalignment and metal object become difficult to be
distinguished, only depending on the input impedance.

For this reason, a simple detection coils group is introduced into the WPT system. Using
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differential voltage of the detection coils group as a new signal, MOD is successfully realized.
And the accuracies of MOD using input impedance or differential voltage, or both, are compared
to see the contribution of two types of signals.

4.4.1 WPT system model

A 10 mm
Coil misalignment | d1 d3

=200 mm

receiver

Detection coils

(a) WPT system and detection coils (b) WPT coupler
ClH Ry R,
I AN A A A am—
M,
C
O N
input
source

(¢) Circuit model

Fig. 4.13 WPT model © 2022 Japan Saociety for Simulation Technology

As mentioned above, a WPT system which is different with that in previous works is considered.
As shown in Fig. 4.13, several bar-shaped ferrites with relative permeability of 3300 are placed

near the transfer coils, which is a common design to improve the transfer efficiency of WPT
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system. The gap between two coils is 100 mm, and the metal object is considered as an aluminum
cylinder with diameter and height of 35 mm.

Above the primary coupler, a group of detection coils are settled. The directions of the detection
coils are denoted in Fig. 4.13 (a), consisting of four one-turn coils which are divided into two
pairs marked by different colors. This design has been used in many works of MOD like [44] and
[56]. In each pair, the two coils have opposite winding directions, and are connected in series to
get differential voltage, which is the sum of induced voltage in two coils. When there is no coil
misalignment and any metal object, the magnetic flux passing through each coil are equal, making
the induced voltages have equal values but opposite phases, so the differential voltages of pairs
become zero as a result. Nevertheless, when there is coil misalignment or metal object, the
differential voltage would not be zero anymore because of the unequal magnetic flux through the
coils. Therefore, the differential coils can be used in WPT system to provide differential voltages
as a signal to represent the status of magnetic field inside the system.

About the circuit setting, as shown in Fig. 4.13 (c), it is a resonance system with capacitances
connected to coils to make the system resonating at 85 kHz. In this work, the effect of the
existence of load resistance is going to be discussed. The simulations will be run with and without

a load resistance of 20 Q connected, respectively.
4.4.2 Simulations

In the simulations, the coil-misalignment ranges from 0 to 80 mm in any direction, while the
metal object is randomly placed within the space covered by the detection coils. In total, 901 cases
with different coil misalignments and different positions of metal object, and 677 cases without
metal object are simulated, for no-load condition where the receiver coil is shorted. And for load
condition, 677 cases without metal and 625 cases with metal are simulated. All the simulations

use IMAG® as the solver of field computation.
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The differential induced voltage V,;, at 75, 85 and 100 kHz in the pair d1- d2 for the no-load
condition are plotted in (a) of Fig. 4.14, Fig. 4.15 and Fig. 4.16 where the horizontal and vertical
axes represent the real and imaginary part of V., respectively. The differential voltages V34
for the pair d3-d4 is found to have the similar tendency as that for V,4,, as shown in (b) of Fig.
4.14, Fig. 4.15 and Fig. 4.16.

Without obvious difference like when input impedance is plotted, it seems hard for people to
distinguish the cases with and without metal according to differential voltages. For this reason,

machine learning methods are expected to realize the classification.
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Fig. 4.14 Differential induced voltages at 75 kHz for different cases
© 2022 Japan Society for Simulation Technology
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Fig. 4.15 Differential induced voltages at 85 kHz for different cases
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Fig. 4.16 Differential induced voltages at 100 kHz for different cases
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4.4.3 data preparation and machine learning

The process of proposed method is shown in Fig. 4.17. Three types of feature vectors will be
considered in the verifications, which are only input voltage of system, only differential voltage,
and both. By sampling the frequency range of 75 to 100 kHz in 11points with equal increments,

three 22-dimensional vectors are constructed as followings:

Vi = [u(L1), .., u(1,11),v(1,1), ..., v(1,11) ] 4.7)
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V, =[u(2,1),..,u(2,11),v(2,1), ..,v(2,11) | (4.8)
V3 = [upn(1), o, uin(11), vi (1), ..., vin (11)] (4.9)
where V{ and V, consist of the real u(i,j) and imaginary part v(i,j) of the differential
voltage of pair i at sampling frequencies identified by j =1,2,..,11. Moreover, V3 is
composed of the real and imaginary part of the input voltage of the primary coil.
These feature vectors will be standardized to make the input vectors for classifier training. In
this work, four machine learning methods (SVM, NBC, GBDT, RFC) are used for the training.
The parameters used in the training by GBDT and RFC are listed in Table 4.6 and Table 4.8. All

these methods are implemented by scikit-learn® [51] in Python.

No load Only Input voltage V3 {Vs}, or {1, V5}, or {V5,V;, 5}
or or Only differential voltage I/, &V, = 22, 44 or 66 dimensional
200 load or /;&V; &V, standardized vector
N SVM |
| 4 machine
learning NBC —
E methods: GBDT
RFC |

Performances of each method _ Judgement for cases:
for each situation (1) metal / (0) no metal

Fig. 4.17 Process of proposed method
© 2022 Japan Society for Simulation Technology
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Table 4.7 Hyper parameters and setting of GBDT

© 2022 Japan Society for Simulation Technology

Number of boosting

Loss function Logistic regression 100
stages
) Maximum depth of
Learning rate 0.1 ) 3
estimators

] mean squared error Minimum Number
Function to evaluate

oolit with improved by | of samples to split a 2
i
P Friedman [57] node
Table 4.8 Hyper parameters and setting of RFC
© 2022 Japan Society for Simulation Technology
Number of features Square root of the
Number of trees 100

for finding split dimension of input

Minimum Number
None of samples to split a 2
node

Maximum depth of
the tree

) minimum number of
Function to evaluate L ) )
Gini impurity samples required to 1

split
be at a leaf node

4.4.4 Training and validation
4.4.4.1 K-fold cross validation

To eliminate the influence of division between training and validation data on the performance
of classifiers, K-fold cross validation is used in this work. All the data are divided into 10 subsets
while the proportion of each class in the subsets remain same as that in the entire dataset.
Classifiers obtained by each machine learning methods will be trained for 10 times, while each
subset will be used as validation data in order and the others as training data at the same time.
Finally, the average accuracy of the 10 times training is treated as the final accuracy of the

methods.
4.4.4.2 Classification results

As mentioned before, different input vectors and their combination are used for the training
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respectively, to see the effect under no-load and 20 Q load conditions. Finally, applying K-fold
cross validation, the results are summarized in Table 4.9. Overall, only GBDT and RFC can obtain
good accuracy, while SVM and NBC failed to get accuracy over 80%. And it shows that when all
the feature vectors constructed by input voltages and differential voltages are inputted, the trained
classifiers obtained highest accuracies, compared to other input patterns. And an obvious
difficulty of training can be seen when only the input voltages are inputted and load resistance are
attached, which demonstrate that only inputting V3 is incompatible with our proposed method.
The reason for this is since there are little differences in V3 because of the off-resonant states.
By introducing the differential voltages into the input data, we can perform accurate classification.

However, highest accuracy is obtained when {V,V,,V3} is inputted to training by GBDT and
RFC, where GBDT reached 93.8% and 97.9% by RFC. The reason why the two decision-tree

based methods performed better is considered to be that weak classifier is more suitable for this

problem.
Table 4.9 Accuracy of trained classifiers
© 2022 Japan Society for Simulation Technology
Load conditions 20Q load No load (shorted)

SVM=60.5% SVM=77.9%

Case I: {V3} NBC=60.5% NBC=56.5%
(22 dimensions) GBDT=82.5% GBDT=93.5%
RFC=84.0% RFC=94.2%

SVM=51.2% SVM=57.1%

Case Il: {V41,V3} NBC=50.8% NBC=48.4%
(44 dimensions) GBDT=93.4% GBDT=89.2%
RFC=97.2% RCF=95.0%

SVM=63.4% SVM=68.2%

Case lll: {V4,V,,V3} NBC=56.3% NBC=54.8%
(66 dimensions) GBDT=93.8% GBDT=94.1%
RFC=97.9% RFC=95.8%
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Then, using SVD, which is introduced in section 4.1, a validation dataset is projected into two-
dimensional space, as shown in Fig. 4.18, and the predictions of each classifier trained by each
machine learning method are marked according to if it is correct or not. It shows that SVM and
NBC tend to classify the data by a high dimensional plane, which is somehow projected into the
two-dimensional space as a straight line, after SVD. However, the classification by GBDT and

RFC don’t show such division based on straight line, which may be the reason why they have

higher accuracy.
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Fig. 4.18 Visualizations of classification by SVD
4.4.5 Conclusion

In this section, we introduced a work of MOD considering WPT system with magnetic cores.
Unlike the works in previous sections, in order to overcome the difficulties brought by introducing
magnetic cores in system, detection coils are applied, providing new feature signal of system other
than input status of system (impedance or voltage). Four machine learning methods have been
used to train the classifiers. Finally, GBDT and RFC obtain good accuracies compared to SVM
and NBC. And the introduction of differential voltages from detection coils was proved to be

effective for improving MOD accuracy.

4.5 MOD and misalignment prediction together

As discussed before, coil misalignment may bring obvious influence on the performances of
WPT system including the transfer efficiency and the safety. Thus, techniques to detect, predict
the exact misalignment distance can help to adjust the WPT system to better and safer status.
Some works have been proposed to realize simple misalignment distance prediction. In [58], the

misalignment was predicted from the voltage induced in the sensor coils near the winding on the
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primary coil, where the extreme gradient boost algorithm was employed for the prediction.
Similar sensor coils were used for MOD [59]. Like these two works, the detection coils introduced
into WPT system for MOD, can be adopted to the misalignment distance prediction at same time,
using same feature signals same as for MOD.

In this section, following the work described in previous section, a similar WPT system with
similar detection coils are considered. And neural network is used to realize MOD and
misalignment distance prediction simultaneously, by treating the former as classification problem,

and the latter as regression problem.

4.5.1 WPT system model

Coil misalignhment

Trans. distance

(=] =
Transmitter //—2 s = Detection coils
2% 2 L
z
Y &,

Foreign metal object

X

Fig. 4.19 WPT system model © 2022 IEEE

(a) 15 turns (L ~ 86.9 uH) (b) 10 turns (L ~ 52.1 uH)

Fig. 4.20 WPT coupler © 2022 IEEE
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Fig. 4.21 Differential coils © 2022 IEEE

Amodel shown in Fig. 4.19 - Fig. 4.21 is consider in this work. The system is adjusted to resonate
at 85 kHz, and a 20 Q resistor is connected to receiving coil as the load. Instead of flat ferrite,
pole-shaped ferrite is used here, while the relative permeability of them is set as 3300. 15 turns
coil and 10 turns coil are modeled respectively, as shown in Fig. 4.20, where r;, and r,,; which
denote the inner and outer radius of coils are 77.5 and 145 mm for 15 turns, while they are 100
and 145 mm for 10 turns. The effectiveness of proposed method on them will be discussed after.

A similar design of detection coils is used, as illustrated in Fig. 4.21. Four one-turn coils are
placed, with the diagonal ones of them are paired as p,(d1,d2) and p,(d3,d4). Differential
induced voltages of these two pairs are computed in each simulation case, and used as feature
signals to realize MOD and misalignment distance prediction.

An aluminum cylinder with a diameter of 35 mm and height of 35 mm is assumed as the foreign
metal object. This object has similar or smaller size in comparison with a can and bar listed in
IEC 61980-3 [18]. The eddy current in the aluminum cylinder is considered in the field

computation using IMAG®.
4.5.2 Data preparation

The transfer distance ranges from 50 to 100 mm, namely the distance assumed to be 75 +25
mm, while the coil misalignment on the x-y plane ranges from -70 to 70 mm. The metal object
is assumed to have a random position within the space covered by the detection coils.

Totally, 1500 cases have been simulated, half with and half without a foreign metal object. An
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operating frequency of 85 kHz is considered in all the cases, where differential voltages of
detection coils pairs and the input voltage of system are recorded to construct the feature vectors
as the followings.
Vin = [ul, ud, uf, ul, ... ] (4.10)

Vy,= [V1r1: Vi1, V12, Uiz, Va1, Vb1, V2, Vha, o ] (4.11)
where the quantities with indexes r and i denote the real and imaginary components, V;, is
composed of the input voltages u;, = u} + jul of the primary coil, while V, consists of the
differential voltages vy, = v, + jvl, of the I-th pair for the cases k = 1,2, ....

Like what we did in previous sections, the vectors V,, for the 15 turns coils are mapped on the
two-dimensional plane by singular value decomposition (SVD) as shown in Fig. 4.22. Fig. 4.22
(a) shows the distribution of cases with and without metal object, where each point corresponds
to each case, and the distinguishment between them can be seen somehow. In Fig. 4.22 (b) and
(c), the points are colored by the misalignment distance in the cases, while (b) shows the
misalignment distance in x direction, which should have similar pattern with that in y direction,
and (c) shows the ground clearance variation. These two figures illustrate clear correlation
between the feature vectors and the misalignment and variation, but not for the existence of metal

object, at least in the two-dimensional plane obtained by SVD.
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Fig. 4.22 Visualization of {V},} through SVD © 2022 IEEE

4.5.2 Neural network

We implemented an NN using Tensorflow® [50] and Python. The hyperparameters are listed in
Table 4.10, and the structure of the NN is shown in Fig. 4.23. The input data are either {V;,,V,}
or {V,}, which are standardized before being provided to the NN, and D;, denotes the
dimensions of input vectors. We configured four dense layers composed of 64 neurons whose
activation function was set to ReLU. The NN has four outputs representing the existence
possibility of the metal object, the misalignment distances, and the clearance variance in z
direction. The loss functions and weighting coefficients for the losses are included in Table 4.10

as well.
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Fig. 4.23 NN structure

Table 4.10 Hyperparameter of the NN © 2022 IEEE

Batch size 20

Epochs 750
Optimizer Adam
Learning rate 0.001

Loss function (MOD) Binary cross entropy
Loss function (position prediction) Huber loss
Loss weights (MOD : position prediction) 1:0.01

4.5.3 Training and validation
4.5.3.1 K-fold cross validation

Same with the work introduced in previous section, K-fold cross validation is used here to
eliminate the influence of division of training and validation dataset. For both 15-trun and 10-turn
coil models, 5-fold cross validation was applied to the trained NNs. The average performances in
the 5 times validation are treated as the final performance of the NNs in this section. The program

was implemented by using Scikit-learn® [51].
4.5.3.2 Training results

The performance of the trained NNs is shown in Table 4.11, which includes the accuracy of
MOD and the mean absolute error in the prediction of misalignment distances (Error in X, y) and
clearance variance (Error in z). For both result types, the accuracy of the 15-turn model is better

than that of the 10-turn model. The accuracy of MOD for the former model is over 90% for both
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cases based on {V,,V,} and V,, while that for the latter is between 80% and 85%. This is

because the 15-turn model has a larger inductance, so that a larger magnetic field is generated

between the coils, causing a larger eddy current loss in the metal object. This results in a larger

change in V;, and V,, caused by the metal object. For this reason, MOD becomes easier.
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Table 4.11 MOD accuracy and error in position prediction of trained NN © 2022 IEEE

15-turn coil

10-turn coil

Casel: V,
(4 dimensions)

MOD: 93.54%

MOD: 80.9%

Error in x; 1.51 mm

Error in x; 6.75 mm

Erroriny: 1.60 mm

Erroriny: 7.14 mm

Error inz;: 1.47 mm

Error in z;: 3.45 mm

Case ll: {Vip,Vp}

(6 dimensions)

MOD: 92.13%

MOD: 84.39%

Error in x; 0.93 mm

Error in x; 1.00 mm

Error iny: 0.96 mm

Erroriny: 1.07 mm

Errorinz: 0.73 mm
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The prediction accuracy for the misalignment distance and clearance variance was clearly
improved by adding V;,, tothe input data. This tendency is more remarkable in the 10-turn model;
the prediction error is reduced to less than 20% by using V;, in addition to V,,. These results
suggest that the use of {V;,,V,} as the input data is preferable for our purpose. It is noted that
the predicted misalignment and clearance variance error in z direction can be sent to the user of
the WPT, who can make a fine alignment to improve the energy transfer efficiency.

Next, we consider the dependence of performance on the amount of data. We randomly thin the
data to create new data sets with sizes ranging from 300 to 1500 cases. NNs were trained and
evaluated using the different numbers of cases. Fig. 4.25 shows the dependence of the
performance of the trained NN for the 15-turn model on the number of cases. The accuracy of the
MOD increases, and the prediction error in the alignment distance decreases, with the number of

cases. A similar tendency was observed for the 10-turn model.
4.5.3.3 Misalignment and clearance variance prediction

In some scenarios like factory, there is unlikely to be foreign metal object in WPT system. And
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it is more important to get precise misalignment and clearance variance prediction, for ensuring
the transfer efficiency. For this reason, without MOD, the performance of the proposed method
on misalignment and clearance variance prediction is evaluated, using the simulation data without
metal object. The structure and parameters of NN remain unchanged, except for setting the loss
weight of MOD to 0, to build a NN specialized in the position prediction only.

The results are summarized in Table 4.12. Compared to the NN mentioned in the previous
section, it has higher accuracy in the prediction of misalignment distances and clearance variance,
especially when the combined data {V;,,V )} are used for the input data to the NN.

Fig. 4.25 shows the dependence of the error in the position prediction on the number of cases
when using {V;,,V,}. The accuracy depends on the number of turns. For the 15-turn model, the

error can be reduced to 0.5 mm by increasing the number of training data cases.

2.5

{Vin, Vp} for x
2 {Vin, Vp} fory

{Vin, Vp} for z
1.5

Mean Absolute Error /mm

150 300 450 600 750
Number of cases

Fig. 4.25 Dependence of misalignment distance error in the X, y, and clearance variation in z
on the number of cases (15turns, without MOD) © 2022 IEEE
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Table 4.12 Accuracy and error in position prediction of trained NN (without MOD)

© 2022 IEEE

15-turn coil

10-turn coil

Error in x; 1.51 mm

Error in x; 6.75 mm

Casel: V,
(4 dimensions)

Error iny: 1.60 mm

Erroriny: 7.14 mm

Error inz;: 1.47 mm

Error in z;: 3.45 mm

Case Il: {Vin, Vp}

Error in x; 0.93 mm

Error in x; 1.00 mm

(6 dimensions)

Erroriny: 0.96 mm

Erroriny: 1.07 mm

Errorinz: 0.73 mm

Errorin z: 0.69 mm

Yunyi Gong

4.5.3.3 Effect of noise

In the real scenario, there may be lots of noise happened during the measurement. To know the
effect of those noise in the data on the training results, and how robust the proposed method is,
random noise is added to the original data. The noise level was mapped to the equivalent size
variation in the foreign metal object, both of which cause the same change in the input and
differential voltages. We considered the two different noise levels which are equivalent to the size
variation ranging from 32 to 35 mm for the input voltage and 30 to 35 mm for the differential
voltage in Case A, and the size ranging from 25 to 35 mm for the input voltage and 20 to 35 mm
for the differential voltage in Case B. It is assumed that there is no misalignment and the metal
object is placed at a certain position. The results are summarized in Table VI. It can be seen that
there is no significant differences in the accuracy of MOD, while that of the misalignment
prediction clearly becomes worse with the noise level. However, the latter error is still lower than
4 mm. The prediction accuracy depends on the noise level in the real environment, which should

be measured for the design of this detection system.
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Table 4.13 Accuracy for MOD and position prediction under noisy environment (15 turns)

© 2022 IEEE
Original data Case A Case B
MOD 92.13% 88.9% 94.1%
Error in x 0.93 mm 2.07 mm 3.51 mm
Erroriny 0.96 mm 2.13 mm 3.76 mm
Errorin z 0.73 mm 1.60 mm 2.21' mm

4.5.4 Conclusion

In this section, we introduce a work realizing MOD and position prediction of coil at the same
time, using input voltage and differential voltage of detection coils as the feature signals of the
system. NN is used to solve MOD as classification problem and position prediction as regression
problem. The results show that our methods have good performances of accuracy of MOD over
90% and prediction error of misalignment distance under 1 mm, at best. Some additional
validations have been implemented. Without MOD, only focusing on the position prediction, the
trained NN shows better performances compared to the simultaneous trained NN. On the other
hand, by varying the size of metal object, the effect of noise in the training data is tested. It shows
that though the influence of noise exists, there is not obvious performance degradation over

trained NN, demonstrating the robustness of the proposed method in some extent.
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Chapter 5 Conclusion

In this thesis, to develop the performance of WPT system, several works have been proposed,
focusing on different problems, using different methods. In general, the development of WPT
focus on the two following issues.

1. Maximize and maintain the transfer efficiency under different adverse conditions, such as

coil-misalignment.

2. Ensure the safety of system. Minimize the effect of electromagnetic radiation to human

body. Avoid the risk brought by invading foreign object.

Aiming to solve these problems, make WPT more dependable and robust, the following works

have been introduced in this thesis.

5.1 Topology optimization for WPT coupler

In Chapter 2, several researches of optimization of magnetic core in WPT coupler have been
introduced. Considering different shapes of coil, the shape of magnetic core around it is optimized
using NGnet method to express the topology function, and revolutionary algorithm to solve the
optimization problems. Especially, some of the works use coupling coefficient and leakage flux
density as the objective functions together, in order to find designs realizing better transfer effect
and safety at same time. The optimized results in each works are compared with reference model,
which uses simple and typical design of magnetic core, and it shows that our optimized models

obtain better performances on the objectives that they considered, in some extent.

5.2 Optimization for transmitting coils

In Chapter 3, the optimization for transmitting coils in WPT coupler is introduced. Focusing on

the anti-misalignment of WPT system, a multi-layer coil system with misalignment-based
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control-strategy are considered, and the shapes of the coils are optimized using target field method,
where NGnet method is applied to express the coil shapes by topology function, so that the
optimization problem can be solved in a similar way like the works in Chapter 2. Finally, the
optimized model shows better anti-misalignment performance than a simple reference model,

proving the effectiveness of the proposed method.

5.3 Metal object detection and position prediction
In Chapter 4, the attention is given to the safety issue of WPT system. Except for the leakage

magnetic field that has been considered a lot in previous chapters, the risk of foreign metal object
is required to be avoided by realizing MOD, to ensure the safety of WPT. Therefore, we proposed
several works of MOD, using machine learning methods to treat MOD as a classification problem,
considering different WPT system (with or without magnetic core). The results of simulations and
experiments show the effectiveness of our method to distinguish the signal change brought by
coil-misalignment and existence of metal object. Moreover, with the application of detection coils
in WPT system, introducing more feature signals to represent the status of system, the position
prediction is realized with MOD simultaneously, providing useful reference to adjust WPT system

safer, and with better performance.

5.4 Future work

In Chapter 2 and Chapter 3, we have optimized the designs of magnetic core and coil in WPT
coupler, respectively. But a simultaneous optimization of both has not yet been implemented.
However, there is concern of complexity of optimization problem if consider these two objects
together. Besides, as mentioned in Chapter 3, the misalignment-based control strategy still
requires to be improved, which can be considered as a part in optimization as well.

On the other side, about the research of MOD and position prediction, the experimental

validation of section 4.5 is still not finished. Especially, the noise effect on the method strongly
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needs experiments to evaluate. Moreover, not only limited to the application in WPT, this idea of
anomaly detection — extracting feature signals and processed by machine learning methods — can
be adopted in other electric machine or system. We believe it will be, or has been, a major trendy

of anomaly detection, and more works needs to be done for different specific scenarios.
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