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Abstract

The development of cost-effective electric vehicles has renewed interest in the
Wound Field Synchronous Machines (WFSMs) for traction applications. However,
efficiency and reliability issues of the brushes for rotor excitation present a bottleneck
for adopting WFSMs. To overcome these challenges, the application of wireless
power transfer systems for field excitation has recently been explored. This thesis
presents an integrated Capacitive Power Transfer (CPT) system for field excitation
of WEFSMs. The proposed coupling structure for CPT is placed within the air gap
of the machine. The coupling plates, constructed of magnetic material, constitute
the coupling structure. The novelty of the proposed approach is that the presented
design allows power transfer to the rotor without increasing the active volume of
the machine. A preliminary feasibility analysis of the system is performed through
Finite Element Analysis (FEA) simulations and different topologies of matching
networks are compared. A prototype with a stator and a Computer Numerical
Control (CNC) fabricated fictitious rotor is developed to test the proposed CPT
system. Experimental verification of the proposed power transfer system shows an
efficiency of 81.3% with a transferred power of 64 W at 2 MHz frequency.
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Chapter 1

Introduction

Nowadays, electric motors are getting a lot of interest from the industry as part of a
consistent transition from engine motors to electric motors. The electric motor can
be a good candidate for the future due to the sustainability that they bring with
them, low maintenance compared to the classic ones, and optimal performances.

This study is linked to a specific category of electric motors, the Wound field
synchronous machine, WFSM. Those motors are characterized by the absence of
permanent magnets (PM) on the rotor or stator and hence WFSM is much cheaper
than the PM machine. As explained in [1], WFSMs are chosen when the customer
is interested in power generation applications from a few kVA to GVA with an high
efficiency and reliability.

On the other side, as there are no permanent magnets on the rotor, a system
to generate the rotor field is needed. In these terms, a lot of solutions have been
suggested during the years, considering their dynamic performances, compactness,
and reliability of them [2] but all of them included brushes, slip rings or additional
components that are quite invasive or increase significantly the dimension of the
machines, need periodic maintenance and have a significant weight.

To overcome these issues, new solutions have been proposed during the years
including the use of harmonics, inductive and capacitive excitation systems [3], but
none of them capable of exploiting a truly solution to the problems: the harmonic
excitation and the inductive power transfer avoid the use of brushes, but they
have a low efficiency. Capacitive power transfer solutions seems to be a valid
alternative in terms of cost and efficiency,but the spread of electric field in the
nearby environment limits its use for lower power application for human safety.
Additional components are also added to realize the CPT system.

1



Introduction

1.1 Thesis objectives

This dissertation aims to study and develop a unique CWPT structure for a WESM.

In particular, the main objectives are:

to investigate the proposed geometry topology of the capacitive plates, under-
standing the parameters effect on the overall performance of the machine;

to investigate through Finite Element Analysis (FEA) different configuration
and consequently build a prototype looking at the best design.

to test the prototype to verify if there is an effective power transfer between
the plates.

1.2 The thesis outline

In order to accomplish the study objectives, the dissertation is structured as follows:

from Chapter 2 to Chapter 3, a general description of the different excitation
system is presented putting more attention on the CWPT system. Moreover,
the need of a compensation circuit for this kind of topology is explained;

Chapter 4 describes the conducted Finite Element Analysis through the
software ANSY'S, showing the procedure and practical consideration on the
proposed structure of the capacitive coupler. Moreover, an analysis of the
estimated losses is performed.

in Chapter 5 the analytical modeling of the prototype is described and two
compensation network are developed and compared;

Chapter 6 shows the analysis results coming from a preliminary sweep of few
parameters of the coupler regarding the overall performance of the machine.
Both the previously described compensation networks are illustrated with
different Pareto fronts.

in Chapter 7 the construction of a prototype of a CWPT is proposed. Conse-
quently, a full power transfer test has been performed in order to verify its
feasibility. The challenges encountered during the prototype development have
also been discussed in detail.

A Bayesian optimization procedure is explained in Chapter 8, presenting the
challenges related to it.
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o Chapter 9 carries out a final analysis about the obtained results and the
possible improvements that may be developed in the future



Chapter 2

Wound field synchronous
machine: State-of-the-art for
excitation systems

The growing interest in the electric vehicles (EVs) brought the customers to find
alternative solutions to the wide use of permanent magnets in their motors. Interior
permanent magnet synchronous motors (IPMSMs) and Induction motors (IMs)
are costly and do not represent a valid alternative in the future because they are
based on the extraction of rare material. WFSMs represent an attractive solution
because they get rid of permanent magnets and can achieve higher efficiency, but
still, they represent some critical issues.

During the years starting from 1920, many excitation solutions for the rotor
field have been provided [1], starting from DC exciters, that uses DC generators as
power source, coming to the most recent solutions that use wireless power transfer
systems. The primary connection between all those methods and that differentiates
them from the proposed design is that most of them derive power from the spinning
shaft by adding brushes, slip rings or other structures, increasing the length of the
motor consequently. Talking about the most common solutions to derive power
to the rotor, those can be classified in three categories: static excitation systems,
brushless, and embedded systems. Further solutions like inductive power transfer
(IPT) and CPT received significant interest in recent years. This chapter aims to
give an overview of the principal excitation systems highlighting their pros and
cons of them.
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2.1 Static excitation systems

Static excitation systems are the oldest solutions proposed and they make large use
of brushes and slip rings. A slip ring is an electromechanical device that transmits
power between two structures, one is static and the other one is rotating. The
main purpose is that it allows the energy to flow between two electrical components
while just one of them is rotating and the other one is fixed, like the stator of a
motor.

The pros about them are that they allow bidirectional power flow and they are
very cheap, but on the contrary, there are components that slide on each other.
This generates friction between components and mechanical wear that brings the
need of periodic maintenance. A simple setup is shown in figure 2.1: the brushes
are maintained in contact with the slip rings through a charged spring.

% :ressure Spy Lifting Device

Ball Bearings with
Axial Guide

\Shaﬂ

Shorting bar

Slip Rings

Figure 2.1: Left: Cross section of slip rings for an electric motor, from Wikipedia;
right: carbon fiber brushes, from [4]

Figure 2.2 shows a basic excitation configuration of a brushed system. From
the grid, a 3-phase winding is energized to generate the rotating stator field. An
excitation transformer is needed to provide power to the field windings from the
grid. Then, a silicon-controlled rectifier (SCR) combined with an automatic voltage
regulator (AVR) rectifies the current. Through the brushes, the current is brought
to the rotating parts of the machine and finally to the field windings.

More configurations have been developed, including the use of a boost-buck
converter in alternative to solve problems related to a low grid voltage condition.
In the end, a discharge circuit is needed to guarantee a fast way to de-excite the
rotor field windings.
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Potential
transformer

AVR |« ------------- .
| Il\
I . >
I |
I L & 14
1
I L —p
| Brushes - v ? "
I
_ | l
Dlscrlirge I | Rotating
resistor | ! components

————————J

Figure 2.2: Static excitation configuration

2.2 Brushless excitation systems

This kind of solution is generally used in standby generator sets. It delivers power
from the shaft and is contactless 2.3. It has proven reliability that lets bring this
solution to be used in different scenarios, especially where periodic maintenance is
not achievable, like the aerospace domain.

On the other side, the additional component required for this configuration
occupies significant space on the shaft, so it’s not always implementable.

The excitation system is based on a three-phase rotor winding that is excited
by a DC current present on the stator of the excitation system, shown in 2.3. As
explained before, those additional components are mounted on the shaft of the
machine. When the shaft revolves, an electromotive force is induced in the gap
between the stator exciter and the rotor. A rotating rectifier transforms the AC
current into DC to feed the rotor field windings of the machine. This kind of
solution is generally implemented when a good excitation control is needed, mostly
implemented in small to medium generator sets [1].

Another contactless solution can be achieved with the use of a rotary transformer.

6
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©

Figure 2.3: Components of a brushless excitation system, from

1]

A rotary transformer works like the static one but presents a geometry that lets it
rotate on its shaft. There exists two principal structures for them, an axial version
of it and a flat one [5], shown in figure 2.4.

This solution is more compact compared to the previous one, has a high power
density and is independent of the shaft speed and its position.

7
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Power Out
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Figure 2.4: Top: axial rotary transformer; Bottom: flat plane rotary transformer,
from [6]

On the other hand, they have a more complex structure. They are unidirectional
power and are expensive. The introduction of a rotary transformer adds a few
constraints that are not present in a common transformer [7]. A bigger air gap,
directly depending on the eccentric dimension of the rotating shaft, results in
low magnetizing inductance. Furthermore, the distance between the primary and
secondary windings imposes a significant leakage inductance generating a not
neglectable amount of losses.
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2.3 Embedded, integrated or exciterless excita-
tion systems

This kind of solution implements the exciter components directly on the stator of
the machine, avoiding increasing the overall dimensions of the machine. The idea is
not new, but recently they obtained a renewed interest in the industry. The basic
principle is based on the use of harmonics. The excitation power is generated by
an extra single-phase harmonic winding located on the stator designed in a way
that generates an electromotive force. The good points about this solution are that
it is again contactless, it does not depend on the shaft position, and it does not
need any complex electronics. On the other side, a similar configuration imposes
to modify the structure and the geometry of the machine itself and this can affect
its performance and its control of it. As additional space is needed to store the
stator harmonic windings, more space is necessarily increasing the active size of
the WFSM. The simplest configuration that can be implemented is shown in figure
2.5.

~4 AVR - e e

Harmonic
windings

AV

[r—
C —

S o ———

-~
B
v

v

v

S C R Discharge I

resistor

Figure 2.5: Basic scheme of a harmonic excitation system
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2.4 Wireless power transfer solutions

A separate section is dedicated to the methods concerning wireless power transfer
solutions. Inductive power transfer (IPT) and capacitive power transfer (CPT)
are two methods that exploit the near-field electromagnetic induction, magnetic
induction, and electric one, respectively. IPT was already known and studied
originally by Nicola Tesla [8]. Nowadays, established solutions regarding roadway
lighting [9], transport systems, and handling applications have been introduced.
From [10], it’s clear how IPT systems are a better choice in situations where the
air gap is significant while having an important efficiency drop over short transfer
distances, compared to CPT solutions [11], as shown in fig. 2.6.

‘ - . rT: @
CPT £ IPT crT: o
10° = : :
= H Efficiency:
= e 1
) ; “
g 10 o+ ‘ 0.8
2 06
g 0 + =
107 0.4
10°  10° 10, 10" 10°

Gap distance [m]

Figure 2.6: Output power versus gap distance, from [11]

An IPT system works with a magnetic field: the receiving coil is put in close
proximity to the track wires in order to catch the magnetic flux around. The
principle is very similar to a transformer but with a smaller magnetic coupling

The next chapter is dedicated to a more accurate explanation of the CPT system
as a major part of the thesis project.
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Chapter 3

Capacitive wireless power
transfer and compensation
topology

The concept of Capacitive Wireless Power Transfer was first demonstrated by Nicola
Tesla back in 1892 [8]. In his experiment, he shows by applying a high-frequency
voltage to two metal plates and putting in between two tube lights those turn
on, demonstrating in this way the transmission of power without contact between
parts.

3.1 Capacitive wireless power transfer principle

The basic idea of a CWPT is extremely simple, as shown in fig.3.1. It is divided
into two portions, a forward path and a backward path. Through the forward path,
the current goes from the source to the load and returns back using the backward
path. The power transfer is guaranteed by two capacitive couplers that let the
system transmit the power wirelessly. The distance between the capacitive plates
depends on the application and can vary from a few mm (electronics applications)
to cm (electric e-drives). The more the gap increases, the more complexity of the
system increases In the case of a capacitor with simple geometry and with a small
air gap between the plates, the value of the total capacitance can be computed

based on the known formula:
eod

d
11

C = (3.1)
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Capacitive coupler

—

Source Load
\
_’
E’ R
4_
|
4—

Figure 3.1: Basic scheme of CWPT

where e is the dielectric constant of air, A is the surface area of the capacitive
plates and d is the distance between them.

3.2 Fundamental topologies of CWPT

Different configuration topologies have been developed in the past years. The
classical configuration is the one that is presented in the previous section with four
capacitive plates where the direct and the return path are parallel to each other, as
shown in figure 3.1. In order to avoid undesired cross-coupling in this configuration
the two paths need to be spaced each other to minimize the cross-coupling effect.

Another topology that has been proposed is the one that uses only two metal
plates as a direct path using the ground as a returning path [12], as shown in
figure 3.2. This coupler has a large coupling tolerance but presents very low power
transfer capability and very poor efficiency.

: @
High Matching
&

Vi frequency Network
inverter

Figure 3.2: Single wire CPT system
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A topology that has been very important in this research field is the four plates
stacked configuration [13] shown in figure 3.3.

Plate 4 T 1
Plate 3

Plate 2 D
Plate 1 | !

Figure 3.3: Structure of the four plate capacitance model

This kind of configuration was first studied and later implemented for large air
gap power transfer like EV charging. The main characteristic of this topology is
that the direct path is stored inside of the returning path plates, bigger than the
previous ones. Compared to previously proposed solutions, the four stacked plates
have a higher tolerance to rotational misalignment but present high undesired
cross-coupling effects that translate into a reduction of the power transmitted.

One of the last proposed configuration is a six plate capacitive coupler [14]. As
shown in 3.4, the structure is similar to the four plates parallel power transfer, but
with two extra outer plates that have the main purpose of shielding the system,
reducing the electric field outside of the interested area.

In systems that end up using stacked plates, the undesired cross-coupling be-
tween the plates cannot be neglected and need to be considered in the analysis of
the electric model. Taking into consideration the four plate model, for example, as
there are four plates involved, this leads to six coupling capacitances, shown in 3.5.
This initial complex configuration is transformed, as shown in [13] into a simpler
circuit model called 7 model 3.6. To find the relation between input and output, two
independent voltage sources are applied respectively to the sending plate and the
receiving one. Then, through Kirchhoff’s current equations, voltages expression and
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Figure 3.4: Structure of the six plate model
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Figure 3.5: Coupling capacitors between plates of the four plate model

equivalent simpler capacitance equation that contains all the coupling capacitance
possible are selected. The final model that can be utilized for circuit analysis has
only two capacitance (', Cy that represent the primary and secondary side, and
C)y that is the mutual capacitance between the two. An in-depth explanation of
the m model will be proposed in chapter 5 where the specific model for the case
study is explained.
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Figure 3.6: Simplified model of the four plate configuration

The capability to transfer a good amount of power comes from having a big
capacitance coefficient. This is not always achievable, especially in situations like
electric vehicles where the distance between the plates is not negligible. To estimate
how much power will be transmitted through the capacitive system, phasor analysis
can be performed, and the power transmitted, as explained in [15] is evaluated as:

Pout W?RC?*V? %VSQR if w < 25 (3.2)
out = —= .
2(1 + w?R2C?) » if w> 7=

The working conditions are practically two and depends on the current frequency.
The condition of interest is when the frequency of the current is significantly high
with respect to the resonance point so that the capacitive coupler looks like a short
circuit. When the frequency is very low it acts like an open circuit so the power
transmitted drops drastically.

However, taking in exam a case similar to the one presented, it comes out that
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in order to have at the output power of 70 W, supposing to having a 1 MHz current
flowing, the source voltage becomes unacceptable:

value unit

Capacitance 150 pF
frequency 1 MHz
Rioad 15 Q

Vi = 26.45kV (3.3)

From this consideration comes out that a simple model like the one previously
presented is not feasible.

A solution that can be adopted, first introduced by Tesla, is working at resonance
frequency adding inductors in the circuit. This means creating a resonance circuit,
as explained in the next session.

3.3 Matching network topologies

The purpose of a matching network is to provide primary voltage and current gain
and guarantee reactive power compensation. They are generally built by capacitors
and inductors in parallel or in series and their design of them hardly depends on
the specific application. The challenge that comes in terms of design is deciding
the number of stages and gains of the matching network.

In this section the principal topologies of matching networks are presented.

3.3.1 Simple resonant circuit

The purpose of using inductors is that they have positive reactive power. Adding
them to the circuit permits to balance the reactive power coming out from the
capacitors reducing the overall losses of the system. Choosing the working frequency,
it’s possible to dimension the inductor to put the circuit in the resonance conditions.

The most popular topology of compensation network is a single inductor in
resonance with the capacitor [16].
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3.3.2 LC compensation circuit

The further step close to a concrete solution is improving the current design by
creating a big virtual inductance without practically having it in the circuit. In
order to understand this concept, two transformers can be inserted into the circuit
as explained in [15]. The first one increases the voltage and the second one drops
it down again by a factor of N, while the current behaves in the opposite way.
When the impedance is analyzed after the transformer it gets multiplied by the
square turns ratio: in this scenario the capacitive plates on both sides see a bigger
inductance compensating the circuit.

At MHz frequency, the transformers can’t be used so an implementation with
capacitors and inductors is chosen. The first section of the circuit achieves the same

2C

() e oz

|
1

] RLuaJ

Figure 3.7: LC compensation circuit

voltage step up that can be obtained from a transformer and the same happens
on the other side. As explained in [15], the two sections of the circuit can be seen
as parallel resonant converters that resonate in parallel and not in series as in the
previous configuration. LC compensation is generally used on both primary and
secondary sides, resulting in a double-sided LC compensation [17].

3.4 LCL and other topologies

From the previous design, different topologies have been proposed incrementing

the number of components and, consequently, the stages of the resonance tanks.

Figure 3.8 shows the principal one: LCL, LCLC, CLLC compensation network.
From an analytical point of view, all the circuits can be studied through the
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Figure 3.8: fig.(a): LCL compensation network, fig.(b) LCLC compensation
network, fig.(c): LCCL compensation network

superposition principle. According to [18], The voltage gain that can be achieved
with an LCLC compensation is less than an LCL system, while both are directly
dependent on the coupling coefficient k.. The interesting aspect regarding the third
configuration, CLLC, is that his voltage gain is almost independent of the coupling
coefficient and higher than the previous ones.

In addition, the angular frequencies corresponding to the maximum voltage gain

are different for the three solutions:

Wrer > WLoLe > WCLLC (3.5)
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In conclusion, the choice of a matching network strongly depends on the charac-
teristics of the overall circuit, starting from the available physical space, the costs
regarding the components and the property of the system regarding the needed
gain, the oscillation frequency and the load.

3.5 Final configuration CWPT

To contextualize the purpose of a matching network, the complete implementation
of a CWPT system is shown in 3.9.

: @
Va ] High Matching Matching freH;gel;lc Vour
requency Network Network quency
inverter Rectifier

C

(o1

Figure 3.9: Circuit stages of a conventional CWPT system

The new components that come in the configuration are essentially two: an
high-frequency inverter and a rectifier.

The presence of the inverter is usually needed because the source of voltage, in
general, comes from a DC Battery [19], but also, in the case of an electric motor,
the source will still have a frequency extremely low compared to the high frequency
needed in the system. On the other side, the presence of the rectifier is needed if
the load requires a DC voltage source, as in the case study for WFSM.
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Chapter 4

Ansys model and
preliminary analysis

To perform a complete analysis of the losses and performance of the capacitive
wireless power transfer and the motor, multiple simulations have been carried
out using the well-known software ANSYS. For our purposes, the suite ANSYS
ELECTRONICS, a comprehensive platform where it’s possible to design and
simulate different configurations 2D or 3D in the Electromagnetic domain, is used.
In this chapter, the procedure to build a reasonable model of an electric machine
is described, showing and explaining the results regarding the estimation of the
losses and the torque for different geometry configurations.

For the preliminary analysis of the system, two simulations have been used: A
3D and a 2D model designed in ANSYS MAXWELL. The 2D model is used to
evaluate the losses and the torque of the motor. The 3D model is first used for
preliminary analysis and considerations on the capacitance matrix and later, as
explained in chapter 7, to confirm through real measurements that the capacitance
calculation is valid and later used for optimization design purposes in Chapter 8.

For the presented project, as there are no previous models similar to this one,
the software Flux from CEDRAT has been used to confirm the evaluation of the
losses in the plates.

4.1 Introduction to FEA

The software ANSYS makes use of the known Finite Element Analysis. This kind
of analysis solves complex problems related to many fields, from elasticity and
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structural analysis to electromagnetic simulations, like in this case study. FEA
methods are used in complex scenarios where building an analytical model would
be extremely complex as a first approach.

The basic principle of the FEA is dividing the model into smaller components,
usually tetrahedral forms, and then, using mathematical equations, predicting the
behavior of each of those elements. It’s evident that the higher the number of
tetrahedra the model is divided into, the higher the computational time, especially
compared with a full analytical model, but the advantage of this model is that it
can analyze very complex geometry, taking in consideration all the properties of
the material and combining together different domains, from electromagnetic to
thermodynamic domain and so on.

The real challenge in building an FEA analysis model is reducing as minimum
as possible the computational time directly related to the number of tetrahedra
while still having valuable results based on the reduction of the energy error. The
energy error is an evaluation of the mesh density that measure the discontinuity of
the field between two near subdivision.

100}

—

Energy error (%)

10! : 0 :
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5

N. of tetrahedra %107 N. of tetrahedra =107

Figure 4.1: Energy error decreasing (left) and time increasing (right) respect to
the number of thetrahedra in a general case study

The program goes through multiple passes and at each step, the number of
tetrahedral is increased till the energy error is smaller than a certain value decided
by the designer. If the model has a solution, the relation between the number of
tetrahedra and the energy error is almost linear, as shown in 4.1. For each step,
the time of analysis is consequently increasing.
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4.2 FE Models setup

The design of an electric motor usually is performed with the program RMXprt
from ANSYS ELECTRONICS software suite. This tool allows the selection of the
interested machine that the designer want to simulate, starting from the general
dimensions to the definition of the number and type of windings. This tool has
been only used for the realization of the stator of the machine as is the only fixed
component at this stage of analysis. For the other components, the rotor and the
capacitive plates, a parametric design has been developed in order to investigate
different designs. The chart presented in figure 4.2 gives the main steps needed to
set up a simulation correctly,which is valid for a 2D and 3D simulations.

Drawing of the Definition of Evaluation of Movement and Analysis of the
geometry the materials the mesh solver setup results

® @ @ ®

Figure 4.2: Work flow to model design

4.2.1 Geometry description

The main goal of this project is to install the capacitive power transfer plates within
the airgap of the machine. This brings few benefits coming from an important
reduction of the space occupied by the full machine and creating a WFSM completely
contactless.

Figure 4.3 shows the proposed structure. Two pairs of concentric stripped
cylindrical plates made from multiple strips are placed within the air gap of the
WFSM. Two plates are placed on the stator side (Plate 01 and Plate 02), and two
are on the rotor side (Plate 03 and Plate 04). Each plate pair has a total length
equal or slightly less than the to half the machine stack length. The plates are
distanced with air as a dielectric medium to constitute a rotary air capacitor [20].

In the geometry design procedure a reduction of the losses and an increase of
the overall torque needs to be considered as the main goal to achieve. The majority
of the losses come from the eddy currents induced by the 75 Hz field. In order to
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limit this non negligible consequence, the plates are cut in strips instead of having
a full complete sheet. For first analysis, the width of the strips is constant . All the
strips have been connected together at the end with a ring of the same material.
Further consideration will be provided to justify the plate thickness decision as the
insulation thickness.

The plates are separated by the core of the machine with a layer of an insulation
material. The rotor and stator core have also to be considered as plates (Plate 05
and Plate 06), as explained in chapter 5.

Plate 01

Plate 02

Plate 03
Plate 04

Plate 05

Plate 06

Figure 4.3: 3D representation of the capacitive coupler

The design of the machine started from an existing motor already present in the
lab, a Mitsubishi super line SF' XR. The machine was born as an induction motor,
so only the stator of it can be designed without any parametrization. Dimensions
of the rotor and the capacitive plates are object of study so they are defined as
variable parameters. In order to avoid an over complicate study of this machine
and maintaining the focus on the CWPT system, the net air gap between the static
component and the rotational one is fixed and equal to 0.8 mm.
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Figure 4.4: 2D and 3D model designed in ANSYS MAXWELL 2D and 3D

4.2.2 Meshing size

The definition of the mesh is extremely important for a correct analysis of the
torque and losses. Defining the mesh of the model means deciding the way the
program will divide the model in smaller tetrahedral, defining the number of them
based on the surface deviation and normal deviation. The program is not always
able to generate a good mesh from scratch, but needs some rules or boundary
condition imposed by the designer that knows what is the final purpose of that
analysis.

For example, if some tetrahedras are too stretched or too skinny those can
be eliminated or approximated with smaller elements. The tetrahedra density
can be defined over different regions of the model to give more flexibility and to
optimize the analysis time especially in engineering applications that often requires
three-dimensional mesh studies.

Taking in consideration this study, as the thickness of the plates is small compared
to the other elements of the machine (um vs mm), their meshing needs to be fine
enough to obtain valuable results. Over the basic mesh defined by the program
itself, ANSYS allows to define specific mesh operation to specific components based
on the length of the components, the surface extension or volume of them. In
figure 4.5 is shown the meshing plot of the 2D design and the redefined mesh of
the plates and the insulation layers.
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Figure 4.5: Meshing detail of the ANSYS MAXWELL 2D model

4.2.3 Definition of the material

In order to create a realistic and accurate model of the proposed design, a precise
definition of the material is needed. From the in-built ANSY'S library, the interested
material can be selected and assigned to the specific component.

For the proposed design, the materials present are three:

o Laminated steel HF-10: material of the core;
o Steel HF-10: material of the capacitive plates;

« Kapton tape: material of the insulation layers;

4.2.4 Motion setup and solver

The ANSYS MAXWELL Suite permits to perform static and dynamic analysis, in
the magnetic or in the electric domain.

An electrostatic analysis in performed on the 3D model. The electrostatic field
simulator computes static electric fields due to a stationary charge distribution or
based on an applied potential [21]. For this kind of analysis the solver supposes that
there is no time variation on the electric quantities. The electrostatic sources can
be defined as charges with uniform distribution over a surface or through voltages,
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as in this case. In the 3D simulation all the six main components are excited with
a voltage source and the capacitance matrix is evaluated.

Differently, a magnetic transient simulation is performed on the 2D design. The
magnetic source of magnetic field can be dependent on moving or non moving
currents, voltages or magnets and circuits. The transient solution is based on the
evaluated quantity of the magnetic field H and on the current distribution J.

Performing this kind of simulation gives access to multiple derived quantities
such as torque, position, flux linkage and losses. In this study, 2D simulations are
performed to evaluate the losses in the capacitive plates deriving from the stator
field current and from the one flowing in the plates themself.

4.3 Design considerations

4.3.1 Geometry rotor optimization

The optimization of the rotor geometry has been performed by another member
of the team through the software Flux with the algorithm Global response search
method (GRSM). This optimization solution is based on a response surface: every
iteration the optimization loop generates a different design. The first iterations
of generated design are spaced in all of the bounded geometry space in order to
ensure a good balance while looking for the optimum solution and then increasing
the number of simulation in the best region. Each iteration have a specific number
of design points. Every point is independent from each other so this permits the
algorithm to analyze them in parallel reducing the computation time.

The input optimized parameters are the geometry of rotor slot and pole and the
control angle of the stator current. The interested objective function considered
include the maximization of the torque, the minimization of the ripple and the
current density of the rotor constrained to 4.5 A/mm?2. Figure 4.6 shows the
evaluated objective function.

Figures 4.7 and 4.8 show the variation of the average torque and the ripple
respect to each evaluation. The first fifty iterations are used by the algorithm
to have an overall view of the geometry space to be optimized. Subsequently, an
optimum region of solutions is identified and more designs are evaluated in that
region. When the design doesn’t show any more significant changes in the geometry
and the objective functions are almost constant the optimization is completed.
Figure 4.9 shows the initial geometry and the final geometry of the rotor.
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Figure 4.6: Variation of torque ripple and max torque across different evaluations
showing optimum point
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Figure 4.7: Variation of average torque with each evaluation showing average
torque maximization

4.3.2 Stator and rotor windings

To simplify the assembly of a first prototype, a full pitch winding scheme has
been proposed. However, after few simulations and optimization of the rotor
shape, the ripple of the machine was significantly high, about 17%. The torque
ripple is generated by harmonics of the magnetic field due to non idealities of it.
This imperfections generates vibrations that directly reflects on the efficiency and
stability of the machine [22]. It is mandatory during first design stages to reduce as
much as possible the simulated torque ripple considering the mechanical vibrations
present into a real model.

In order to avoid too many troubles related to an high ripple, the winding
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Figure 4.8: Variation of torque ripple with each evaluation showing torque ripple
minimization
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Figure 4.9: Rotor geometry before (left) and after (right) optimization

configuration has been changed to an half pitch winding, shown in figure 4.10.

As explained in [23], in the full pitch configuration the phase windings take the
full slot area, while in the short pitch configuration they are wrapped around each
pole with each winding taking almost half of the slot area. This configuration is
more complicated in terms of construction, but reduces significantly the ripple of
the machine. As shown in 4.11, a comparison between the two configuration is
presented. The ripple is reduced of around 7%.
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Figure 4.10: Flux model comparison between full pitch and half pitch windings
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Figure 4.11: Comparison configuration between short pitch winding and full
pitch winding

4.4 Loss analysis

For the purpose of having a vivid analysis on the impact of inserting capacitive
plates inside an electrical machine, an exhaustive losses analysis has been performed
through Finite Element Analysis.

In the table 4.1 are presented the principal losses due to the addition of the
plates in the motor. The principal source of losses come from the stator field current
at 75 Hz and the current that flows in the capacitive plates at high frequency
frequency. In the design of an electric motor it’s fundamental to take care of the
losses that are generated due to the presence of electromagnetic field.

In a machine the losses can be divided in two section, the losses coming from the
stator and rotor called core losses and the losses in the windings normally called
copper losses [24].
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Frequency Stator Rotor Stator plates  Rotor plates
75 Hz Hysteresis Hysteresis Hysteresis Hysteresis
eddy currents eddy currents eddy currents eddy currents
1 MHz Hysteresis Hysteresis conduction conduction
eddy current eddy currents loss loss

Table 4.1: Summary of the main losses present in the model

4.4.1 Core losses

The machine core is generally made of a magnetic material. Magnetic material has
a low reluctance so it generates a good path for the magnetic flux to low. The
eddy current losses are in general small due to a low conductivity of the material
itself and for lamination of the core.

Indeed, the losses can be divided in three parts using the known loss separation
method (LSM) [24]:

o Eddy current losses: this loss depends on the circular currents that are
generated into a material while exposed to a time varying magnetic field. This
kind of loss is evaluated by Ansys [25] for core material by:

Pe = ke(fBm)® (4.1)

o Hysteresis losses: it’s the typical loss of a ferromagnetic material, it describe
the magnetization of a component due to the presence of an external field in
the form of a residual magnetization, evaluated with:

Ph = kthii (4-2)

o Additional losses: usually called excess losses, deriving from some spatial
harmonics of the magnetic field, evaluated through the equation:

Pe = ke(,me)L5 (43)

Where k, are coefficients depending on the material characteristics, B,, is the
maximum value of the magnetic field and f is the frequency.

In picture 4.12 and 4.13 are shown the amount of losses derived from an evaluated
machine design. As explained in [21] the core loss evaluation it’s a post-processing
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calculation, based on already calculated transient magnetic field quantities. It is
applicable for the evaluation of core losses in steel laminations. As can be noticed
the Hysteresis component takes more time to reach the steady state value: this
is due to the material that has to complete a full hysteresis loop before reaching
steady state and the effect is more evident on the stator compared to the rotor.
The stator is close to the varying magnetic field and it’s more affected by this
time-varying action. As the field is rotating at 75H z it reach steady state after one
full electric cycle at around 13ms. On the rotor the effect is extremely reduced.

150

—— Core loss

—— Eddy cyrrents loss
Excess loss

— Hysteresis loss

100 -

Loss {mW)

50

0 | I | I I I I
5 10 15 20 25 30 35

Time (ms)

Figure 4.12: Core losses on the rotor core for one electrical cycle

1 MHz core loss

The losses in the stator and rotor core due to the 1IMHz current flowing in the
strips are present, but negligible as will be shown in the chapter 6. The current
frequency is high, but the the magnetic field generated is very small due to a small
current flowing in the capacitive strips, as shown in

4.4.2 Losses in the plates

A different analysis should be performed to evaluate the losses in the capacitive
plates. The source of losses in these components come from two sources: losses due
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Figure 4.13: Core losses on the stator core for one electrical cycle

to 75 Hz frequency and losses due to 1 MHz frequency. As the frequencies are very
different from each other, 2 different simulations needs to be performed.

To evaluate the losses, the plates are modeled as a conductive component. The
core loss model can only be used for components that are not supposed to have
current flowing inside.

The losses present are due to:

o Eddy currents: deriving from the 75 Hz field;

o Proximity effect: in presence of multiple conductors near each other, like
multiple capacitive strips, the distribution of the currents of the first conductor
is directly affected from the current flowing in the other conductors. In other
words, the current will flow in a smaller region of the conductor;

o Skin effect: this effects represents the tendency of an alternating current
flowing into a conductor to distribute such that the current density on the
outer region of the conductor is higher compared to the inside. Also this
effect reduce the effective area where the current can easily flow, increasing
the overall losses. This effect is evident while having an fast-changing field.

Losses due to 75 Hz magnetic field

Figure 4.14 shows the profile of the losses generated in one strip over one electrical
cycle at 75 Hz frequency. The peak of the loss comes in correspondence of the peak
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of the magnetic field on the strips. As a consequence, the eddy currents will be
higher for that amount of time, as shown figure 4.15, directly proportional to the
square root of the magnetic flux density [26] 4.4:

_ WZBng 12

4.4
6kpD (44)

As can be noticed, the value of the eddy currents is not negligible even though the
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Figure 4.14: Capacitive strip losses over one electrical cycle due to 75 Hz current

material has a low conductivity: this is related to the absence of lamination in the
plates.

Figure 4.15 shows the effect of the 75 Hz field over the strips, showing the
circulating currents inside the coductor.

Losses due to 2 MHz frequency

A second analysis is performed to evaluate the losses coming from the current
flowing inside the strips. For this analysis, the capacitive strips are modelled
as solid conductors and a current is injected inside them. From figure 4.16 The
skin effect can be noticed. An estimation of this effect is performed through the
equation 4.5 that represent the point where the current, starting from the side of
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Figure 4.15: 3D simulation showing the eddy current circulating in one strip

the conductor, reaches the 37% of the value over the surface:

Y N |
0= i\ e (45)

where p is the resistivity of the material, f is the frequency, and p is the permeability
of the material. Fig. 4.17 shows the losses due to the near magnetic field, previously
called proximity effect. All this kind of losses are small and negligible, as will be
shown in chapter 6
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Figure 4.16: 3D simulation showing the skin effect over one capacitive strip

Figure 4.17: 3D plot showing the magnetic flux density around the capacitive
strips with a 2 MHz frequency current flowing in the strips
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Chapter 5

Analytical model of the CPT
and selection of the
matching network

In this chapter, the analytical model of the capacitive power transfer system and
the matching network topology are presented. For the CPT system, the six plate
model previously introduced in chapter 3 will be developed and two compensation
topologies will be analyzed and compared.

5.1 6 plate model

The system that we are considering is shown in Plates P, P» and Ps are respectively
the two plates on the stator side and the stator machine core, then P3, P, and Fs
represent the secondary side and are the plates positioned on the rotor and the
rotor core itself.

In 5.1 are shown all the couplings present in the model. As the considered model
has six plates, this will end up having 15 coupling capacitances. The majority
of them, in our case, represent some minor cross-coupling effects that, as will be
shown later, will be neglected to simplify the analysis. The voltages on the sides V}
and V5 represent the voltages on the primary and secondary side, while the voltage
V3 represent an imaginary excitation between the stator and rotor core, used to
simplify the equations, but as there is no current flowing I3 will be considered as
ZETO.
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Figure 5.1: Six plate complete model

In order to find the 7 model equation that describes the model, first, a 3-port
model is proposed [14]. Through the relation between the three-port model and the
full capacitance model, the 7 model will be found. In this scenario, the relations
between voltages and currents are expressed in:

I = jwC Vi — jwCh2Va — jwCiisVs
I, = _ijMﬂVl + jWC2V2 — jwa23V3 (51)
I3 = —jwChz1 Vi — jwCisaVo + jwCsVs

Where C, C5 and Cj5 are the self capacitances of the ports while the others represent
the mutual capacitances between each other.

To solve the system, analytical equations based on Kirchoff’s law are computed.
To understand the procedure to find C', we can set V5 and V3 equal to zero having
from the three-port model:

Vi,

Ch

(5.2)

=V3=0

To extract the equation of V; from 5.1 the same voltages can be shorted finding
Cli
Cy=Cia+ Coyy (53)

where Cy; derive from a combination of the capacitances represented in 5.1 through
simplifying the circuit as shown in 5.2:
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Figure 5.2: Simplification circuit steps



Analytical model of the CPT and selection of the matching network

Car = Ci3+Ciy
Cp1 = Coz + Oy
Co=Ci5+Cis
Ca1 = Cas + Cyg
Ce1 = C35 + Cs6 + Cys + Cys

Ce1 (Ca1 + Co1) (Cpy + Can)
Cm
Ca1Ch (Caa + Ca1) + Ce1Cygi (Car + Ciy)
Cm
Cr1 =Ce1 (Car + Cp1 + Coy + Cap)

+ (Caa +Ch1) - (Cea + Cay)

Co1 =

_|_

As the current I3 is equal to zero, the system 5.1 can be expressed as:

3

2
I, = jw (Ol i Cgm) Vi — jw (CM12 + CM%SMm) Vs
2
[2 — _jw (CM12 + CM%SM%) V'l +jw (Cg N C’g;s) ‘/2

and then solved for: ,
— C]VIIS
Cleq - Cl - 93
c
Coeq = Cy — =42

3
Cumi13C
CMeq — CM12 + M%3M23

(5.4)

(5.5)

(5.6)

(5.7)

The equations 5.7 are then converted in the m model 5.3 that let us to analysed

it analytically as the four plate model presented in [13]:

Oleqw - C'1eq - C’Meq
CQeqw = C12eq - CMeq

Where the coupling coefficient will be:

CM eq

\/ C’1 eqm CQeqﬂ
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Analytical model of the CPT and selection of the matching network

Figure 5.3: 7w model of the six plate model

5.2 Matching network model

For study and investigation purposes, two matching topologies have been imple-
mented and studied, an LL and an LCL compensation network, shown in figure
5.4. The results related to the two chosen topologies are presented in chapter 6

L, L,
I
s1
Vin @ C c, —_— I:] Riou
Cx.’
(@)
LI Lz Lj L4
— Y Y Y . Y Y Y\ Y Y Y Y
o
Vm@ —— ¢ c —— [] Rioaa
C
| |
I

®)

Figure 5.4: (a): LL compensation network, (b): LCL compensation network
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Chapter 6

Simulation Results

This section aims to show the behaviour of the losses and the capacitive coupling
related to the variation of selected parameters of the capacitive plates. The
variation of the geometric dimensions of the strips affect the losses in the machine
and the feasibility of the matching network associated with it. At this stage, two
compensation topology have been selected and discussed. Different Pareto front
are presented. In chapter 8 the optimization procedure to find the Pareto fronts is
exhaustively explained.

To maintain the focus on the CWPT, a net air gap of 0.8 mm between the
plates is chosen. The involved parameters in the analysis are the thickness of the
plates and the thickness of the insulation layer. Consequently, the rotor radius
accommodates to maintain the net air gap. The choice of maintaining a net air
gap is forced by maintaining a good amount of Torque transmitted in the machine.

Other parameters like the distance between plates on the same side is not
considered because, as the cross coupling between them is very low, the effect is
negligible. A parameter that is will be involved in later analysis is the width of the
strips.

6.1 Losses in the machine

The first analysis are conducted varying the insulation thickness and the plate
thickness in a range between 0.05 mm to 0.3 mm. The width of the strips is fixed
to the width of the stator tooth, for the capacitive strips laying on the stator, and
the width of rotor pole, for the one on the rotor side. This range has been chosen in
order to avoid to analyze points that do not have any practical sense. 80 different
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design configurations have been evaluated. Three simulations are involved in this
analysis: a 3d model used to extract the capacitance matrix of the model, a 2d
simulation needed to evaluate the losses from the 75 Hz current of the stator and a
1 MHz simulation to evaluate the losses in the plates.

6.1.1 75 Hz losses

Figure 6.1 shows the losses trend on the stator and rotor plates due to the 75 Hz
magnetic field: as the plate thickness increase the losses increases consequently,
almost linearly. An increase in the overall volume of the strips increase the volume
where the eddy currents can flow, according to 4.4.

A slight variation of the insulation thickness is also noticeable: as the insulation
thickness increase the losses in the strips reduces consequently. A bigger insulation
thickness bring the plates away from the stator windings and consequently are less
affected by the varying magnetic field. This is also the reason why the losses in the
rotor strips are always smaller compared to the losses in the stator strips. the flux
leakage is generated by the interaction between the stator field and the rotor DC
field. As the rotor plates are rotating synchronously with the stator field, this will
translate in less losses in those plates.

Average losses 76 Hz (W)

Plate thickness {mm) 0.1

Insulation thickness {mm)

Figure 6.1: Losses coming from 75 Hz magnetic field
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6.1.2 Matching network losses

As mentioned in [17], [15], the majority of the losses in a system that include a
CWPT system come from the matching network and especially from the inductors.
As mentioned before, an LL and LCL compensation have been evaluated and later
compared. Figure 6.2 shows that the insulation thickness is the main parameter
that affects the losses in the plates while the plate thickness has a negligible effect.
It’s evident from figure 6.2 that for an insulation thickness smaller than 0.2 mm
the losses becomes too high. This trend can be simply explained referring to the
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Figure 6.2: Losses coming from LCL compensation network

previously explained six capacitance model in chapter 5.

The reduction of the insulation layer increase the capacitance value between the
main plates and the core. This needs to be compensated by the matching network,
as larger value of the inductors is required. The plate thickness doesn’t affect the
losses in the matching network. This is consistent because the capacitive plates
of the components doesn’t depends on the volume of the plates but just on the
surface of them.
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6.1.3 2 MHz Losses

The overall losses deriving from the current flowing in the strips are shown in 6.3.
As previously expected, the losses are small especially for insulation values bigger
than 0.2 mm. This is related to the small value of current that flows inside the
strips, ~2-5 Ampere.

12 —e

10 —

Average losses LOL compensation {W)
o
I

P> 025
0.2
oL 0.15
ot EO . 0.1
) 015 0.2 0.25 Plate thickness {mum
Insulation thickness (mm)

Figure 6.3: Losses coming from 2 MHz current

6.2 WEFSM for loss comparison

In order to perform some considerations on the results obtained a comparison with
a conventional WFSM machine is performed.

The comparison evaluate the differential efficiency between the two machines
and the torque, normalized with respect to the standard machine.

To evaluate the efficiency of the machine, it is compared with a motor presenting
the same geometry with a minimum air gap of 0.8 mm set. As shown in chapter 2,
the principal components of a WFSM are equal to our system, so we don’t need to
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make a comparison of them.

The missing component in the presented design is the component that makes the
connection between the static part and the rotational component. Many solutions
have been suggested as explained in chapter 2: In the comparison machine a
common set of carbon brushes is used, taking the values and performance from the
Mersen company [27].

Slip rings can be modeled as resistance of the brushes and a voltage potential
drop of the carbon surface and the metal surface. This characteristic comes from
the properties of the two materials and, based on a standard, this voltage drop can
be evaluated on a scale from extremely low to high.

Electrographic brushes are choosen, with a medium contact drop and low medium
friction coefficient, which means low electrical loss. This kind of brush is normally
used in synchronous and asynchronous machine applications.

The final loss is the sum of the Ohmic loss coming from the resistance and the
voltage drop:
Poss = RIQ + V;lropl (61)

as the current flowing in the DC field winding will be equal to 2.3 A

Ohmic loss = 13uW = negligible
Voltage drop loss = 5.3W (6.2)

Ploss ~ 5.3W

6.3 Pareto fronts

After the evaluation of more than 80 different configurations, two Pareto front for
both the configuration LL and LCL are presented, with respectively color scale
showing the effect of the insulation thickness and the plate thickness in the different
design 6.4.

on the z axis the torque is normalized respect to the comparison machine Torque
with a net air gap of 0.8 mm. on the y axis is shown the differential efficiency
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between the two configurations, calculated through the equation 6.3.

Pout
Pyyt+Compared loss

Differential efficiency =

6.3
Compared loss = Total loss — Losses comparison machine (6:3)

From 6.4, 6.5, as the insulation thickness increase the efficiency increase but the
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Figure 6.5: Pareto front LL compensation

torque drops drastically. An increasing in the insulation thickness determine a
bigger region where the magnetic flux density B is not flowing into a magnetic
material. The plate thickness, indeed, is not directly influencing the efficiency or
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the Torque, but a small plate thickness, increase the overall performance.
Comparing the Pareto front coming from the two configuration is evident how
the LL configuration is a better choice in terms of efficiency compared to the more
complex LCL configuration.
A closer look to three evaluation points on the Pareto front shown in 6.6 is
presented in figure 6.7 and 6.8 The matching network is predominant in the total
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Figure 6.6: Pareto front showing the three evaluated points

sum of losses in both configurations. The losses due to the 2 MHz field are negligible
while the losses coming from the 75 Hz field are still consistent.
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Insulation thickness: 0.2968 mm Insulation thickness: 0.1915 mm Insulation thickness: 0.0770 mm
Plate thickness: 0.0795 mm Plate thickness: 0.0999 mm Plate thickness: 0.0717 mm
o012 0.7 1.5

I 1.CL compensation network
[ Losses plates 75Hz (W)
[ Core loss 75Hz (W)

[ Losses plates 2 MHz (W)
[ Core loss 2 MHz (W)

21
Differential efficiency: 0.96 1) Differential efficiency: 0.87 ) Differential efficiency: 0.54
Torque: 0.78 Torque: 0.86 Torque: 0.97

Figure 6.7: Pie chart of three evaluated point with an LCL compensation network

Insulation thickness: 0.2968 mm Insulation thickness: 0.1466 mm Insulation thickness: 0.0697 mm
Plate thickness: 0.0795 mm Plate thickness: 0.0592 mm Plate thickness: 0.0522 mm
0211
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Figure 6.8: Pie chart of three evaluated point with an LL compensation network
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Chapter 7

Experimental Results

In this chapter, the manufacturing of an experimental prototype is described in
detail. Consequently, results from power tests are presented to support the analysis.
The challenges encountered during the prototype development have also been

discussed in detail.

7.1 Construction of the prototype

The prototype is designed Mitsubishi super line SF XR motor. The stator dimen-
sions are mentioned in table 7.1. The stator of the machine was used in its original
form. However, the rotor is fabricated using CNC machine.

Stator Value Unit
Inner radius 50 mm
Outer radius 80 mm

Length 85.5 mm

Material HF-10 laminated

36 slots 25 windings /slot

Frequency 75 Hz

Table 7.1: Fundamental data of the motor Mitsubishi super line SF XR

Figure 7.1 and table 7.2 show different material layers that are present in the
model and their relative nominal dimensions. As the final geometry of the rotor
is yet to be defined, an additional layer of metal (d) is glued on a plastic rotor to
simulate its capacitance effect.
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a A3

Figure 7.1: Material prototype layers

Reference  Component  Thickness Unit

a Kapton tape 0.2060 mm
b Stator plates 0.127 mm
¢ Rotor plates 0.127 mm
d Rotor sleeve 0.127 mm
1 Air gap 0.8 mm
2 Stator radius 50 mm
3

Rotor radius 48.311 mm

Table 7.2: Geometric layers thickness

Initial prototype model of the rotor was built through a 3D printer Ultimaker
S8 7.2. However, the print result was not not precise in terms of the diameter in
comparison with the airgap of the machine of 0.8 mm.
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Figure 7.2: 3D printed rotor

The rotor is modeled with multiple disks packed together made of High Density
Polyethylene, HDPE, plastic cut through a Shopbot CNC machine. As the machine’s
resolution is +0.006 mm, the result is acceptable, and shown in 7.3.

Figure 7.3: Shopbot CNC machine rotor

Also, the capacitive plates present on the rotor and stator sides have been cut
through the CNC machine 7.4:
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Figure 7.4: Capacitive power transfer strips cut through Shopbot CNC machine

The layers of Kapton tape, rotor metallic sleeve and coupler plates have been
fixed on the rotor, and shown in figure 7.5.

The same procedure has been employed for the stator core and shown in 7.6.

Litz wire of adequate length has been soldered with all 6 plates of the coupler
structure to measure the capacitance matrix, as shown in 7.7:

Figure 7.7: Prototype components: stator, rotor and final assembly
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Figure 7.6: Stator strips positioning procedure

7.2 Calculation of the permittivity of the Kapton
tape

At first, the electrical permittivity €, of the Kapton tape has been experimentally
tested.

To evaluate this, a simple capacitor made of two plates with the desired layers
of Kapton tape between the plates is made 7.8:
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661.918pF
1.23608 0
661. 900pF
@ 46.7733kQ U s

Figure 7.8: Permittivity test setup

The thickness of the plates is confirmed with a caliber. Table 7.3 describes the
geometric dimensions. Using the fundamental capacitance equation, we can find

Component Dimensions Unit
Kapton tape thickness 0.2060 mm
Plates thickness 0.127 mm
Area plates 70 x 88.5 mm?

Table 7.3: Geometry dimension permittivity test

the value of €, that comes very close to the evaluated one at 1MHz.

Component Dimensions Unit

Evaluated C' 661.9 pF
Datasheet 1 kHz ¢, 3.50 F/m

Evaluated &, 3.42 F/m

Table 7.4: Results permittivity test
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7.3 Capacitance matrix calculation

A primary test to evaluate the capacitance values coming from the prototype is
performed and the results compared with the simulated case study.

For this first test, a Hioki IM3536 LCR Meter impedance analyzer is used for
this evaluation. As the instrument is extremely sensitive, the probes needs to be
as distant as possible from each other to avoid as much as possible any mutual
inductance effect.

~
===_ A

Figure 7.9: Capacitance matrix calculation setup

The first step was the tuning the LCR meter performing a short circuit and open
circuit connection between the instrument’s probe at the operational frequency and,
after that, proceeding with the calculation of the capacitances. The instrument has
just two probes and, as six plates are present as presented in 3, 15 capacitances are
there, which means solving 15 different equations shortcircuiting different plates
together. With a total of six plates, the number of combinations are 31. At first, a
system of 15 equations chosen from the 30 previously evaluated has been solved, but
the results were not acceptable. Few small parassitic capacitances where generating
noise inside of the equation’s system ending into unrealistic solutions.

Taking in consideration the capacitance matrix coming from the simulation 7.5,
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the capacitance are classified into 4 groups:
e U5 Oy (O Cyg=~1—1.5nF
o (13 (o = 150pF
e Cig Oy (O Cuu=I10fF

e U5 Cyp Cs6 Cuss Css~ 10pF

Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Plate 6

Plate 1 \\ 2.03E-13 1.19E-10 1.44E-13 1.60E-09 9.39E-12
Plate 2 2.03E-13 \\ 1.43E-13 1.60E-10 1.60E-09 8.39E-12
Plate 3 1.19E-10 1.43E-13 \\ 1.71E-13 2.71E-12 1.37E-09
Plate 4 1.44E-13 1.23E-10 1.71E-13 \\ 2.61E-12 1.39E-09
Plate 5 1.60E-09 1.60E-09 2.71E-12 2.61E-12 \\ 5.78E-12
Plate 6 9.39E-12 8.39E-12 1.37E-09 1.39E-09 5.78E-12 \\

Table 7.5: Capacitance matrix from simulation

During the measurement procedure, it has been noticed that the length of Litz
wire for the measurement purpose on the plates has a substantial effect on the
measured values of the capacitance. Hence, the length of the wires is reduced to
minimize the effect of wire during the capacitance measurement procedure. This
consequence is due to the inductance generated by the cable itself: as the length of
the cable increase, this affects the LCR meter to evaluate a capacitive reactance
smaller which means evaluating a bigger capacitance. As proof of this consideration,
In table 7.6 few results extracted from the LCR meter are compared. While the
second measurement has been taken by reducing the length of the cable by 10
cm. The length of the cables should be as small as possible. However, for the
measurement purpose tan adequate length is required and cannot be avoided.

Connection 1 and connection 2 Longer cables Short cables Unit

Pi93 and Piysg shorted 3.85 3.71 pF
P134 and P256 shorted 3.23 3.01 pF
P136 and P245 shorted 2.31 2.28 pF

Table 7.6: Comparison equation values with different cable connection length
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Comparing the two it shows that the capacitance is reduced by reducing the
length of the cables. As has already been discussed, 15 equations are required to
calculate the individual coupling capacitances. Careful consideration is taken to
choose the combinations among the 30 measured combinations.

As a first approach,the full system of equations has been used to find all the
capacitances presented in 7.3, However, the six plate capacitance model is no more
valid because the stray capacitances of the systems have been introduced that make
the system differ from the original 6 plate capacitance.

As a second approach all the parassitic capacitances with a small value have
been neglected:

Cia = Cog = O3y = Oy = C15 = Oy = Csp = Cy5 = Cs5 = OF (7.1)

Those capacitance comes from the minor cross-coupling between the plates and,
based on the simulation, as those are extremely small and negligible.

After removing the cross-coupling capacitances the total values of the combi-
nations have been reduced to 6. Hence, only 6 system of equations is required to
evaluate the capacitance which has higher values.

Cia +Ci3+ Cuu+ Ci5 + Cie
Ciz3 + Ca3 + O34 + U35 + C36
Cra+ Coy + C34 + Cys + Csg
C15 + Cos + O35 + Cys + Cse
Cra + Coz + Coy + Co6 + Ci5 + C35 + Cys + Cse
Ci3 + Cra + Ci6 + Coz + Cog + Cop + C35 + Cys + Cse

This system of equations is simplified by removing the cross-coupling capacitances.
and shown as below.

Ci3+ Cis (7.3)
Ci3+ Cse (7.4)
Cos + Cys (7.5)
Cis + Cas (7.6)
Cis + Cos (7.7)
Ci3+ Coy (7.8)

(7.9)
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The solutions of the equations 7.2 are obtained through the LCR meter, that
permits to evaluate the specific capacitance values solving the system 7.10:

Ciz Cis Co Cy Cs Cue nk
(1 1 0 0 0 0 1[C3] [1.68 ]
1 0 0 0 1 0 [|Cis 1.02
0 0 1 0 0 1 [|Co| _ | 091 (7.10)
0 1 0 1 0 0 [|Co 3.00
0 1 1 0 0 0 [|Cs6 1.71
| 1 0 1 0 0 0 | [Cuel 10.264 |

Capacitance Value Unit

013 0.117 nkF
015 1.563 nkF
024 0.147 nkF
025 1.437 nkF
036 0.903 nkF
Cls 0.763 nF

Table 7.7: Final capacitance matrix values

A capacitance matrix 7.5 extracted from a 3D simulation is used as a comparison
with the experimental values: the main parameters in this simulation are a nominal
plate thickness of 0.127 mm, an insulation thickness of 0.22 mm and a net airgap
between the CPT plates of 0.65 mm evaluated on the machine.

A frequency sweep is carried out by varying the frequency from 1kHz to 3MHz
for estimating the capacitance variation for one specific combination of capacitances
7.10:
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Capacitance sweep

F)

Capacitance (n

1.5 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4

Frequency (MHz)

Figure 7.10: Frequency sweep of one capacitance equation

In 7.8 are shown the results at 1kHz frequency:

Capacitance Experimental values Simulation values Unit

024 147 156 pF
Cis 1.563 1.480 nkF
Cos 1.437 1.480 nkF
Cs 0.903 1.260 nk

Table 7.8: Comparison between experimental values and simulation values

The capacitance values are in the expected range, the plates facing the rotor are
bigger than the capacitances facing the stator as expected, but those are generally
smaller compared to the simulation values. This can come for multiple factors:

o Misalignment of the stator plates with the stator core which eventually makes
the lower surface area under the influence of the stator core plate for capaci-

tance.
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o LCR meter error: as explained in the manual the the accuracy error of the
measurememt of the capacitances from LCR meter can vary from a 3% for
frequency around 1 kHz up to 6% at 2MHz.

o the different length of the cable connection, as shown previously

o A slight change in the insulation thickness generates a big difference in the
capacitances facing the core, as shown in table 7.9.

Insulation Thickness C'5 = Cos (35 = Cs4s Unit

0.18011 1.97 1.70 nkF
0.18879 1.85 1.59 nk
0.19152 1.82 1.55 nF
0.19772 1.76 1.51 nF
0.20117 1.71 1.46 nkF
0.20766 1.65 1.40 nkF
0.21144 1.60 1.37 nk'
0.21421 1.59 1.35 nF
0.21908 1.54 1.31 nkF
0.22485 1.52 1.29 nkF
0.22863 1.47 1.25 nk

Table 7.9: Sweep of capacitance C5 = Csy; and Cs5 = Cyg varying the insulation
thickness

As can be seen, varying the insulation thickness between 0.18 mm to 0.23 mm,
the values have a A variation of 500 pF.

In conclusion, considering all the sources of errors that needs to be consider in the
test, the simulation is a valuable way to estimate the capacitances present in the
system. The significant difference between the simulation and the experimental
values comes from the imperfection of the prototype and the impossibility to
accurately estimate the thickness of the insulation layer with common instruments.

7.4 Power transfer test

In this section is evaluated the amount of power transferred through the plates
with an associated LL compensation network. A specific capacitance matrix has
been evaluated at the test frequency, evaluated the ESR, and tuned the matching
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network’s inductors are performed. The test frequency is modified and increased
to 2 MHz owing to the limitations of the power amplifier. At 1IMHz, as shown in
7.11 and below the power amplifier provides a distorted output voltage waveform
due to excessive load mismatch. This can potentially damage the power amplifier.

Tektronix
|
At: 2,012 ps. t 400.0 s

. AV:0000V V: 3040 V. P i N i eard el

ul
ble
Me (1]

a
C leas 1
4 CycleRMS
200.4 V

Meas 2 [2]
CycleRMS

574.4 mA

Meas 3 3]
CycleRMS

2184V

14 Jul 2022
14:51:40

Figure 7.11: Oscilloscope screenshot showing the distorted voltage waveforms

Hence, the frequency of operation of the power amplifier is selected at 2 MHz along
with the RF tuner. The tuner provides necessary LC compensation to the input
impedance and hence modified the impedance seen by the power amplifier in such

a way that improves its voltage waveform. Eventually, the power amplifier can be
used at higher power.

Preliminary tests have been performed following the safety standard using a
special E field analyzer.

In 7.12 the implemented electric model is presented.

Two inductors L; and Ly are tuned on the primary and secondary side to obtain a
resonant circuit condition as explained in 3 and the capacitance matrix is extracted
from the model, as explained in the previous section. In 7.12 all the components
have a relative resistor associated that represents their Ohmic resistance. Those
resistance values are measured through the LCR meter.

Considering the purpose of the CPT, a 25 () resistor is chosen to mimic the

resistance generated by the DC rotor windings, directly dependent on the field
circuit.
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RCMW
L, RL, RLJ L,
I
CMeq
Vi” @ Rcleqé :: Cleq CZ@q I % RCch [] RLoad
CMeq
I
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Figure 7.12: Circuit setup

7.4.1 Experimental setup

In 7.13 the full setup is presented:

Figure 7.13: Setup for wireless power transfer test

1. Inductors L; and Lo;
2. Load resistance Rj,qq 25 €2;

3. Motor Mitsubishi SF XR and CWPT inside it (not visible from the picture);
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4. T&C Power Conversion AG 1021 Amplifier: high-frequency amplifier employed
to supply the 2MHz current to the circuit;

5. Narda EHP-200A /AC: high-frequency analyzer employed during early stages
of analysis to verify that the experimental setup is far from the safe zone for
humans;

6. MFJ 993B IntelliTuner™: includes high efficiency switching L-network from
1.8 MHz to 30 MHz to tune the circuit;

7. Oscilloscope’s Tektronix MDO34-3-BW-100-MDO;

8. TR1300/1 2-Port 1.3 GHz Analyzer: a Vector Network Analyzer used to
estimate precisely the ESR of the inductors;

9. Tektronix THDP0200 high voltage differential probes;

The capacitance is significantly affected while changing the operational frequency
of the circuit. As the significant parasitic inductance comes into play due to longer
cables. As the main goal of this test is to transfer the power through the proposed
coupling structure. The capacitance matrix evaluated at 2 MHz operation frequency
is selected to be compared with the simulation-based capacitance. In table 7.10
are shown the values of the capacitances at 2 MHz frequency. and consequently,

Capacitance Values Unit

013 132 pF
024 172 pF
036 1.418 nkF
C46 1.376 nF
015 668 nkF
Cas 725 nF

Table 7.10: Main capacitance values

the equivalent capacitances of the m model shown in 7.12 are:

7.4.2 Tuning procedure of the matching network’s induc-
tors

An estimation of the needed inductors can be done using simple circuit analysis.
The procedure is based on a first first tuning of the load side and consequently, the
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Capacitance Values Unit

Cleg 437 pF
Cheq 838  pF
Clhteq 1526 pF

Table 7.11: 7 model capacitance values

tuning of the primary side with the secondary been tuned.
The value of the inductor Lo and L is:

I 1
w2Cheq 7.11
? 2C2€q ( )
w - ; (7.12)
1 .
2(Cleq CMeq + CA/IE‘?(CQSQ_CMeq))

CZeq

To tune the power transfer circuit, the inductors at the primary and secondary
sides of the power transfer need to be varied such that the total reactance in the
system is negligible. For this purpose, the inductor at the secondary side is first
tuned by varying the inductance while shorting the primary side capacitive plates.
The variation of the secondary inductor is monitored through LCR meter.

The secondary side circuit will be termed as tuned when LCR meter shows
negligible capacitive or inductive reactance. For the primary side tuning of the
shorted cable at the primary side, plates are removed and the primary inductor is
connected to the sending plates. The LCR meter is connected to the input side
of the Power Transfer circuit. The primary side is tuned by varying the primary
inductor such that the LCR meter shows negligible capacitive or inductive reactance.
The tuning has been performed fixing all the cables on the table properly and
having in position all the probes needed for the power test as those can affect the
general inductance of the system. In table 7.12 are presented the values compared
to the ones evaluated through simulation.

Experimental Simulation Unit
Inductance  Inductance

L 14.50 12.48 uH
Ly 7.85 6.92 uH

Table 7.12: Comparison between simulated and measured inductance values
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7.4.3 Input resistance verification

After the tuning of the inductors is performed, the effective resistance of seen by the
power amplifier at the input side of the circuit is measured by the LCR meter. The
presence of a CWPT and a matching network, as explained in 3, change the value
of the reflected load resistance on the input side because it acts like a transformer.
By connecting the LCR meter to the primary side, the resonance point and the
resistance seen by the power amplifier can be checked. As it’s evident from 7.15
the resonance peak is at 2 MHz, and the evaluated resistance is 10.4 €2 7.14, close
to the simulated value of 11.2 €.

20
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-20 +

-30
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Figure 7.14: Resistance sweep value respect to frequency

7.4.4 Test results

The power test is performed by increasing the power till the nominal value. Table
7.13 contains principal values to estimate the efficiency of the power transfer and
the voltages of interest in the system. Two oscilloscopes have been used to have
track of multiple voltages together and evaluate them on the same experimental
setup. Figure 7.16 shows the power flow from the input to the output side in the
form of voltage and current at 66W of power transfer. It is noticeable that at
higher power rating the sin wave of the input voltage starts to be distorted. Beyond
this power transfer, the system was not able to transfer power anymore. As the
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Figure 7.15: Reactance sweep respect to frequency

Iz' V; Iload Pz Pout n ‘/12 ‘/56 ‘/13

1.112 131 0.816 12.86 10.00 0.78 190  12.24 94.32
1.55 18.24 1.147 2498 19.76 0.79 266.3 16.22 131.8
1.906 22.18 1.406 37.78 29.69 0.78 3279 19.45 161.7
2194 255 1.621 50.06 39.47 0.79 376.7 2245 1859
2.464 28.87 1.832 63.14 50.41 0.80 429  23.75 209.9
2.752 3255 2.065 7876 64.05 0.81 480.8 26.71 247.5

Table 7.13: Evaluated points capacitive power transfer test

Kapton tape is responsible to glue the rotor plates and hold them to the rotor
sleeve. One of the edges of the rotor plate came off and physically touch the stator
plates, as shown in 7.17. In figure 7.18 the value of the efficiency is compared to
the simulated value.

The simulated value of efficiency is practically constant because as in a resonant
condition the circuit is purely resistive so, as the input power increase the power
output increase consequently.

The experimental efficiency shows a slight increment over the time due to a resis-
tive effect that remains constant and does not depends on the power transmitted.

The significant difference is probably related to a wrong estimation in the
resistance of the capacitive plates evaluated through the LCR Meter. As the LCR

66



Experimental Results

+
fe
g
g

Vs
Vis

Load current

__ = 1.
. >§
el ;;![sli‘idl
11 108

>
>
. >
EL
H
PN

Input phase angle

% = < Input current
G ™ Input voltage
EL T Vi

E— o — s Pfizoetal  Trigger [ Acouiton
500 Vi S0 ETH R T T g s

w™o ~o ™o Y SR:230 GBIy kAcqs e
SMizy My | S Lt sl

Figure 7.16: Oscilloscpe screenshot showing the distorted voltage at 65 W

meter evaluates the reactance, in a nonresonant circuit the predominant value
that is estimated is the imaginary component of the reactance coming from the
capacitive or inductive components and consequently, a significant error over the
resistance component is present.

A precise way to estimate the resistance of inductors and capacitors is later
explained and implemented to evaluate the ESR of the inductors.

In figure 7.19 are shown the cross-coupling voltage between sending side plates
and the voltage across the plates directly interested in the power transfer. As can
be noticed, the trend over time is essentially linear.

Measurement of the voltage between the rotor and stator core is essential. As
ideally there should be no voltage between the rotor and stator core otherwise in
practical machine there is a potential hazard of rotor bearing currents would could
potentially degrades the bearings. Experiment, 7.20, shows that the inclusion of
the proposed design model does not induce significant voltage difference between
the rotor and stator core. Moreover the rotor and stator core acts like shielding
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Figure 7.17: Rotor strips damage
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Figure 7.18: Efficiency comparison between simulation and experiment

plates to contain the electric field and minimize the exposure of Electric field in
the environment and hence, can be beneficial for safety purposes.

68



Experimental Results

300 500

Experimental Expcrim(\lt;\l
Simulation Simulation
250 & 100 g
- o - o
300 P
Z i /./e'/
3 o
= 200 /
100 //
0¢ s - - - - - . 0 s s s - - - ’
0 10 20 30 40 50 60 7 0 10 20 30 40 50 60 70
Output Power (W) Output Power (W)

Figure 7.19: Voltages between plates 12 and 34: comparison between simulation
and experiment
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Figure 7.20: Voltage between plates 56: comparison between simulation and
experiment

7.4.5 Electric field analyzer considerations

Few measurements have been taken with the Narda E field Analyzer putting the
instrument in front of the motor as shown in 7.21.
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Figure 7.21: Narda location in the setup

For malfunctioning instrument problems and lack of time only a few points have
been taken. In 7.23 is evident a linear increase in the magnetic field after a certain
amount of power transmitted. This behavior is due to some fringing effect inside
the motor itself. As soon as the power transmitted increases, the external field
shown in 7.22 depends only on the external plates 5 and 6. As it’s noticeable from

Figure 7.22: 3D plot of the E-field with a 65 W of power output

7.20 the voltage across those two plates it’s linear with the power so, as the E field
is directly proportional to the voltage, it is also linear with the increasing power.
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Figure 7.23: E field over the power

In 7.24 is shown the value of the E field around when the output power is &~ 40
W. The red line represents the human safety limit specified by IEEE C95.1-2005
standard [28]. All the test has been performed while remaining in a safety region,

far from the tested prototype.
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Figure 7.24: Narda screenshot at 40 W power trasmitted

7.4.6 FEvaluation of the inductor ESR

The estimation of the resistance of inductor and capacitor can be difficult in common
configuration: As the reactance component is in general very high compared to the
resistive one, this one is in general affected by huge error. To avoid this problem, a
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Vector Network Analyzer VNA shown in 7.13 can be used to estimate it precisely
using the parallel resonance method described in [29].

VNA

Figure 7.25: ISR inductor estimation setup

The procedure is based on few steps: first is evaluated the inductance of the
specific inductor and consequently the needed capacitor to compensate its reactance
value and put the circuit in resonant conditions. At this point, the VNA is used to
detect the exact resonance frequency and to evaluate the total quality factor Q7 of
the circuit. In 7.25 is shown the setup that will be used.

A capacitor with known quality factor Q¢ is used to extract the quality factor
only of the interested inductor. ), is evaluated through the formula 7.13:

QcQr

Qr=——"7"--— 7.13
YT Qo - Qr (7.13)
in table 7.14 are resumed the principal values:
Inductance Resonant Qr Qc QL Resistance
(uH) capacitance (pF) (Q)
Ly 8.85 716.27 152.37 1256.50 173.39 0.64
Lo 14.7 431.22 614.37 2087.08 870.66 0.21

Table 7.14: Main values and results from ISR estimation

The inductor L, has a very small quality factor that means having an extremely
lossy component directly affecting the efficiency of the capacitive power transfer.
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Chapter 8
Optimization

After a few considerations, analysis and a first prototype, the research of an
optimized design is needed. This chapter proposes an algorithm based on a
Bayesian strategy to find the optimum design given few parameters. A preliminary
description of the loop case is described. Few considerations to reduce the overall
time consumption are made. The analysis is performed through a code that
connects MATLAB and ANSYS MAXWELL.

8.1 Loop case description

The optimization loop is composed by multiple FEA simulations and different
MATLAB codes combined together. The codes define define the connection between
the optimization algorithm and the ANSYS simulations, presented in appendix A,
and the evaluation of the losses coming from an LCL compensation network, written
by another team member and presented in appendix C. For the first iteration,
only two parameters will be considered, the insulation thickness and the plate
thickness. The principle of the optimization loop is based on the minimization of
a combination of multiple objective functions. The optimization functions that
are considered are the differential efficiency, the normalized Torque introduced in
Chapter 6 and the torque ripple, evaluated as:
Torquema, — Torque

Toimte = 8.1

The three functions need to be normalized first and then combined together into
a weighted sum. The obtained single objective function is minimized through a
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global optimization algorithm to find the optimum design. At an early stage, there
are not much information on how the objective function will behave, as much data
comes into the analysis, a random research algorithm is used to see if the function
converges or not.

To evaluate the mentioned objective functions, multiple Ansys simulations need
to be integrated together. In figure 8.1 is shown the complete optimization loop
and the related code is shown in appendix A: The first simulation that should run

New set of parameters ﬁ
Capacitan(;e Function evaluation time model
matrix
/ Ay

S
ot
e i S
RS SN

Estimated function evaluation time

¢ LCL current

thorough plates ’ = 75Hz 2 o
* losses evaluation \ .
Bayesian
— > Optimization
: 1MHz

Figure 8.1: Optimization loop scheme

is the 3D model electrostatic simulation needed to extract the capacitance matrix
of the model. After that, the matrix is provided to a Matlab code that evaluates,
for specific output power, the current flowing in the circuit and the losses of the
matching network. After that, two more simulations are needed. A first simulation
evaluates the losses coming from the machine field winding at 75 Hz frequency and
another one where the 2 Mhz current evaluated from the Matlab code is provided
to the plates.

The implementation of those three simulations together represent an enormous
cost of time and resources, so few consideration have been made in order to speed
up the evaluation and reduce the time consumption. The principal loss of time and
instability of the optimization loop comes from the 3d simulation that takes more
than 30 minutes. Even after a significant simplification of the model from a full
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representative model to an essential polygonal one, as shown in figure 8.2, the time
needed for one full loop was still too high. The solution was to create different
look-up tables, described in the next section.

Figure 8.2: Comparison between the complex model and new optimized polygon
model

8.2 Matrix lookup tables

A good way to save the evaluation time of the 3D simulation is to create specific
look-up tables for a discrete set of parameters, generate the interpolated curves and
use them in the optimization algorithm, drastically reducing the evaluation time.
To achieve this goal, 50 different sets of parameters have been evaluated in the
range of interest. The capacitance matrix of those points has been extracted, and
for each of them, a specific fitting curve has been evaluated. To generate the desired
curve, the curve fitting toolbox is used. A simple code with few specifications
regarding the type of interpolation and the robustness of the fitting is shown:

ft = fittype( 'loess' );
opts = fitoptions( 'Method', 'LowessFit' );

! 1

opts.Normalize = 'on';

opts.Robust = 'Bisquare';
5 surffit= fit ([NUM(:,1) NOM(:,2)] ,NUM(:,j),ft, 'Normalize', 'on'...
)i

After that, using another set of points the quality of the interpolation is verified,
as shown in figure 8.3:

AW o -
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Figure 8.3: Normalized training points (blue) and predicted points (orange)

At the end of the analysis, a set of fitted curves is ready to be directly used and
inserted into the optimization loop, Avoiding the use of the 3D simulation.

8.3 Bayesian optimization algorithm

Instead of randomly sampling different points in the interested parameters space,
a Bayesian Optimization algorithm is implemented. This code makes use of the
Bayes theorem to find the solution of a general global optimization problem [30].
The basic principle is based on an initial random sampling around a defined point,
and from that, using a probabilistic model analyzing other points to find the
minimum of the objective function. The number of iterations needed is strongly
dependent on the number of parameters evaluated. Figure 8.4 shows the different
time consumption for different iterations. As can be noticed, they are variable
and depend on the complexity of the geometry: as the geometry changes every
iteration, the mesh of the components changes accordingly, increasing or decreasing
the overall complexity of the model.
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Figure 8.4: Fitting curve showing the different evaluation times for all the
evaluated points

As in this first iteration only two parameters have been analyzed, 60 iterations
are enough to evaluate an optimum point, as shown in figure 8.5. After those
iterations, there is no more significant improvement in the reduction of the objective
function. Figure 8.6 shows at the end the shape of the objective function curve: as
can be noticed, in this case, an optimum global point has been founded, but it’s
not always true.

A closed look at the evaluated points over a Pareto front, like the one present
in chapter 6, for a specific set of weights lets the reader understand the iteration
process of this algorithm: at first, it analyzes different points in the space, and
when it is close to the solution it analyses more points in that region. Figure 8.7
shows the different evaluated points for two different sets of weights.
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Chapter 9

Conclusion

This last chapter concludes the thesis dissertation, summarizing the achieved results
and the future works related to the project.

9.1 Achieved results

The objective of this project was to investigate, simulate and prototype a new
configuration of capacitive wireless power transfer system for a wound field syn-
chronous machine. Many challenges raised up related to find a way to simulate
a completely new system taking in consideration all the side effects of inserting
electrically excited metal plates in the air gap of a motor. A first set of simulations
was run in order to verify the feasibility of the system, regarding the voltages across
the plates and the transmitted power. Later, a first prototype to test the capacitive
wireless power transfer has been developed: the results regarding the capacitance
matrix and the expected amount of energy transferred has been confirmed through
the simulation results.

Furthermore, a preliminary implementation of an optimization loop has been
studied for the second prototype generation. A complete algorithm able to connect
MATLAB and ANSYS, performing multiple simulations at the same time and
finding the global optimum solution through a Bayesian optimization loop has been
written and run.
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9.2 Future works

The improvements that can be performed in the future are related to achieve a
better efficiency of the CPT system and to see the full machine working:

o Insert in the optimization loop more variables that are involved in the geo-
moetry of the plates (width, length, number of strips);

o Test different solutions to hold in position the plates istead of using Kapton

tape;

o Test the full machine, including the integration of an inverter and a rectifier.
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Objective function
evaluation

This function represents one iteration of the loop case study. Through this, the
ANSYS simulations are called, the data analyzed and evaluated in the objective

function that needs to be minimized.

1 function value = evalObjectiveFunctions_BayesianNEW (vars)

2 %first check the number of time step that have been used in the...
simulation

3 data (1)=vars.x1

| data (2)=vars.x2

5 %set the location of the files and scripts

6 project__path="C:\ Users\ssavio\Desktop\Optimization 3.0";

7 %parfor function permits to evaluate two different functions at...
the same

s %time. This permits to run in parallel two different simulation...

on ANSYS
9 parfor ii = 1:2
10 if ii =1
1 Run_ Maxwell 75Hz(data , project_path);
12 else
13 %a small pause between the two functions is necessary

in order to
14 %avoid overlapping with the ANSYS connection
15 pause ((ii —1)%10);
16 Run_ Maxwell__capacitance_matrix (data ,project_path);
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10

41

end
end
time_step_ 75=102;
number_ design_ 75=1;

Y%import into the workspace the evaluated losses at 75 Hz and

the Torque

[Ohmic_Loss_rotor_strip75] =Losses_import_for_ optimization(...

time_step_ 75, number_design 75,"75...
HzOhmic_ Loss_rotor_strip.csv",0);

[Ohmic_Loss_stator_strip75]=Losses_import_for_optimization(...

time_step_ 75, number_design_75,"75...
HzOhmic_Loss_stator_strip.csv",0);

[Rotor_ losses_core75]|=Losses_import_ for_ optimization(...
time_ step_ 75, number_design_ 75,"75HzRotor_losses_Core.csv...
' ,0) ;

[Stator_losses_core75]=Losses_import_for_optimization(...
time_ step_ 75, number_design_75,"75HzStator_losses_ Core.csv...
",0);

[Torque]=Losses_import_for_optimization (time_step_ 75,
number__design_75,"75HzTorque.csv",0) ;

%calculate the mean value of the losses at 75 Hz, starting from...

a specific time step

%(in order to avoid the initial transient)

start__time_step=68;
Mean__loss75=6xmean ( Ohmic_ Loss_rotor_strip75 (...
start__time_step:end],2))+...

36xmean( Ohmic_Loss_stator_strip75 ([start_time_step:...
end],2) )+mean( Rotor__losses__core75 ([start__time_step:end],2))...

+mean ( Stator__losses__core75 ([start__time_step:end],2)...

)

%evaluate the losses coming from the matching network

matrix_ table=import_matrix_table. NEW
[Plate_current ,P_losses,v_pl2 rms minimum_Q, ...
v_p32_rms_minimum_ Q...

,v_p42 rms_minimum_ Q, Efficiency_system ,Cfl,Cf2  Lfl ,Lf2,...

L1,L2,Q_var,esrL1 ...

sesrL2 [ esrLfl jesrLf2 [ esrCfl ,esrCf2 ,cl_eqpi,c2_eqpi,...
cm_eq, Source_v,Load_r,Losses_rectifier_output]=...
LCL_losses_rect (matrix_table,1);
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13 %Losses high frequency current LCL compensation
44 data (3)=Plate__current;

16 %evaluating the losses coming from the high frequency current
a7 Run_ Maxwell 1MHz(data , project__path);

18 time_ step_ 1MHz=76;

149 number_ design_ 1MHz=1;

51 %importing high frequency losses

52 [Ohmic_ Loss_rotor_stripIMHz] =. ..
Losses__import_for_optimization (timeistepilMHz ,
number__design_ 1MHz,"1 MHzOhmic_ Loss_ rotor_strip.csv",0) ;

53 [Ohmic_ Loss_stator_striplMHz]=. ..
Losses__import_for_optimization (time_ step 1MHz,
number_design_ IMHz,"1 MHzOhmic_ Loss_ stator_strip.csv",0);

54 [Rotor_losses_corelMHz]=Losses__import_for_optimization(. ..

time_step_ 1MHz, number_design 1MHz,"1 ...

MHzRotor_losses_ Core.csv',0);

[Stator_losses_corelMHz|=Losses_import_for_optimization(...
time_step_ 1MHz, number_ design 1MHz,"1...

MHzStator__losses_ Core.csv",0) ;

<
I

56 start__time_ step=20;

ss %calculate the mean value of the losses, starting from a
specific time step

59 Mean_ loss1MHz=6+mean ( Ohmic_ Loss_rotor_stripIMHz ([ ...
start__time_step:end])) ...

60 +36+mean ( Ohmic_ Loss_stator_stripIMHz ([ ...
start_time_step:end])) ...

61 +mean (Rotor__losses__corelMHz ([start__time_step:end. ..

62 +mean (Stator__losses__corelMHz ([start__time_step:end. ..

1))

61 %Total losses sum and evaluation of the mean torque

65 Total loss=P losses+Mean loss75+Mean lossIMHz+. ..
Losses_rectifier_output;

66 Mean_ torque=mean ( Torque) ;

67

68 %Comparison Machine values

69 P_out=70; %V

70 %to evaluate the loss function we remove the losses coming from...
a machine

71 %with 0.8mm airgap without any plates inside, but considering
the losses
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90

91

2

94

95

96

98

99

100

%coming from the brushes
loss__brushes=4;
machine_core_losses=17;
losses_ machine_comparison=machine_core_losses+loss_brushes;
Torque__compare=11;
loss__eval=Total_ loss—losses__machine_comparison;

%differential power loss normalized by output power
differential eff=P_out./(P_outt+loss_ eval);
Torque_normalized=Mean__torque/Torque_ compare;
Ripple=(max(Torque )—min( Torque) ) /Mean_ torque

Y%weigths of the evaluated functions
wl=0.5
w2=0.5
w3=0.2

%objective function to be minimized

value = —(wlxdifferential_eff 4+ w2«Torque_normalized)+0.2x. ..

Ripple);

%% Save all results into an external .csv file (name .csv file
before every optimization here)
output_matrix = [Mean_loss75 Mean_lossIMHz Mean_ torque
Ripple differential_eff P_losses Losses_rectifier_output]

try

writematrix (output_matrix, 'save file.csv ', '"WriteMode',". ..

append ")
catch EMI1
disp (EM1)
end
end
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Import losses function and

interface code between
MATLAB and ANSYS

This function sends instructions to the ANSYS simulations and saves the analyzed
data into .csv files. The code has been written with the fundamental help and
knowledge of Muhammad Abdelraziq.

i function [] = Run_Maxwell(data, project_path)
iMaxwell = actxserver ('Ansoft.ElectronicsDesktop');

N}

1 %this first section create the connection between MATLAB and
ANSYS looking

5 %for a specific project into a specific folder

6 try

7 oDesktop = iMaxwell.GetAppDesktop () ;

8 oDesktop.RestoreWindow ;

9 oProject = oDesktop.SetActiveProject ("75Hz 3");

10 oDesign = oProject.SetActiveDesign ("75...
HzDesign_nominal complete_losses_update_winding") ;

12 %the optimetric setup is cleaned and ready to accept new
parameters to

13 Yanalize

14 oModule = oDesign.GetModule('Optimetrics');
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15 try

16 invoke (oModule, 'DeleteSetups', {'ParametricSetupl...
"1

17 catch

18 warning ( ' There was no Optimetrics settings set up!'...

);

19 end

21 %here the specific variable for the iteration are imported and
saved into
22 %the workspace

23 invoke (oModule, 'InsertSetup', 'OptiParametric', {'...
NAME: ParametricSetupl ', 'IsEnabled:=", .

24 true , {'NAME: ProdOptiSetupDataV2', 'SaveFields:=",
true, 'CopyMesh:=", false , 'SolveWithCopiedMeshOnly:=" .

25 true}, {'NAME: StartingPoint "'}, 'Sim. Setups:=', {'...

Setupl '}, {'NAME: Sweeps', {'NAME: SweepDefinition', 'Variable...

!

)

26 "insulator tickness', 'Data:=", strcat(num2str(data...

|
(1,1)),'um'), 'OffsetFl:="', false, 'Synchronize:="', 0}, {'...
NAME: SweepDefinition', 'Variable:=", .
27 "plates tickness', 'Data:="', strcat(num2str(data(1,2)...
),'um"), 'OffsetFl:="', false, 'Synchronize:=", 0}}});
28 invoke (oProject , 'Save ')
29

30 %the code asks ANSYS to read the optimetrics and to solve the
setup

31 invoke (oModule, 'SolveSetup', 'ParametricSetupl');

32 oModule = oDesign.GetModule ('ReportSetup');

w

32 %at the end of the analysis, few excel files are created with

all the
35 %desired datas saved on them
36 invoke (oModule, 'UpdateReports ', {'75HzTorque'})
37 invoke (oModule, ' UpdateReports ', {'75HzStator_strip'})
38 invoke (oModule, ' UpdateReports ', {'75HzRotor_strip'})
39 invoke (oModule, 'UpdateReports ', {'75...
HzStator_ losses_ Core'})
40 invoke (oModule, ' UpdateReports', {'75HzRotor_ losses Core. ..

'H
41
42 invoke (oModule, 'ExportToFile', '75HzTorque',
43 strcat (project__path,'/75HzTorque.csv'));
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15 invoke (oModule, 'ExportToFile', '75HzStator strip',

46 strcat (project_path,'/75HzOhmic Loss stator strip.csv...

"))
18 invoke (oModule, 'ExportToFile', '75HzRotor_strip',

49 strcat (project__path ,'/75HzOhmic_Loss rotor_strip.csv'...

52 invoke (oModule, 'ExportToFile', '"75HzRotor losses Core. ..
53 strcat (project_path,'/75HzRotor losses Core.csv'));
55 invoke (oModule, 'ExportToFile', '75...

HzStator_ losses  Core ',

56 strcat (project__path ,'/75HzStator_losses_Core.csv'));

58 invoke (oDesign, 'DeleteFullVariation', 'All', true);
59 disp ('Deleted previous variation!")

61 catch EM

62 diSp (EN[)

63 delete (iMaxwell) ;
64 end

65

66 end

This function is used to extract the data from the files generated by the simulations,
check the data unit and save them into usable variables.

1 function [Losses_table]=losses_converter_no_plates_pareto (...
time_step, number_design,file_name ,figure_number)

3 trigger =0;
. [NUM, TXT,RAW] = xlsread (file_name);

¢ for i=2:length (NUM)

7 %time column

8 if contains(TXT(1,1), "[ms]")
9 NUM(i,1) = NUM(i,1)=*le—3;
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end

elseif contains (TXT(1,1), "[us]");
NUM(i,1) = NUM(i,1)=le—6;

elseif contains (TXT(1,1), "[ns]");
NUM(i,1) = NUM(i,1)*le—9;

elseif contains (TXT(1,1), "[ps]");
NUM(i,1) = NUM(i,1)=*le—12;

end

%Watt column

if contains (TXT(1,2) ,"[mW]")
NUM(i,2) = NUM(i,2)*le—3;

elseif contains (TXT(1,2) ,"[uW]")
NUM(i,2) = NUM(i,2)x*le—6;

elseif contains (TXT(1,2) ,"[nW]")
NUM(i,2) = NUM(i,2)*le—9;

elseif contains (TXT(1,2) ,"[pW]")
NUM(i,2) = NUM(i,2)xle—12;

end

Losses_ table=NUM,;
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Appendix C

LCL matching network
losses evaluation code

This code is used to evaluated the losses coming from the LCL matching network
and the current flowing in the capacitive strips given a specific capacitance matrix.
The code has been written in collaboration with the team member Syed Muhammad
Hassan Gillani.

1 function [Plate_current ,P_losses,v_pl2 rms_minimum_Q, ...
v_p32_rms_minimum_Q. ..

2 ,v_p42_ rms_minimum_ Q, Efficiency_ system ,Cfl,Cf2 | Lfl ,Lf2 L1,...
L2,Q_ var,esrL1 ...

3 ,esrL2 jesrLfl esrLf2 jesrCfl ,esrCf2  cl_eqpi,c2_eqpi,cm_eq,...
Source_v ,Load_r, Losses_rectifier_output] = LCL_losses_rect(c...

' J)

9% Summary of Function

wt

%This function receives two input
7 %The first input is a 6x6 matrix which represents the

capacitance

[0

Y%matrix.The second input is the model number that we get
against every
%capacitance matrix.

1C

%The first output is the peak current through L1 Compensation
Element that

11 %essentially is in series with the Plate. Hence, it is a peak

current for
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12 %the plate. The

compensation

13 %elements.

14%
15 %

16 %
17%

18 %
19 %
20 %

21%
22%

23 %
24 %

25%

26 %

27%
28 %

The primary
a) Conversion
equivalent

second output is the total losses in the

steps of the function is tabulated as below:
of 6x6 capacitance matrix into 2 port

capacitance matrix.

b) Evaluating

power condit
and resonance
¢) Evaluating
d) Evaluating

the Range of LCL Compensation based on the
ion

the ESR of every compensation set
the Input Impedence of all the circuits based

on the unique

compensation
e) Evaluating
stages of

sets
the voltages and currents of all the impedence

the circuits by going from source to load.

f) Evaluating
components
g) Evaluating

losses

h) Evaluating
along

with the tota

i) Selection

the voltage and curretns of all teh circuit

the Pin and Pout along with the compensation

the Reactive Power of the compensation elements...

1 reactive power
of the compensation based on teh minimum

reactive power for

20 % a specific model

30

31 %% Evaluation of 2 Port Equivalent Capacitance Model from given...

six plate Capacitance Matrix

32 %The document for evaluating this paper is

33 % https://ieeexplore.ieee.org/document /7839952
31 %The equation number is (3)

35 %Calculating the paramentes for Cl1

10 ccl=c
11 cdl=c

42

(3,5)+c (3
(1,3)+c(1
30 ¢bl=c(2,3)+c(2,
(1,5)4c(1
(2,5)+c (2

+c(4,5)+c(4,6);

13 % The equation is evaluted from this document
a1 % https://ieeexplore.ieee.org/document /7839952

45%

The equation

16 ct=celx* ...

is taken from Table 2 Last Equation
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a7 (cal4cbl4ccl+edl) ...
a8 +((cal4+cbl) *(ccltedl));
19 ¢01=(((celx(cal+ccl)) ...

50 x(cbldcdl))/ct) ...

51 +(((cal*cblx(ccl+edl)) .
52 +(cclxcdl*(cal+cbl)))/
53 ce2=c(1,5)+c (1, 6)+C( ,5)4c

( )
(
51 ca2=c (3, 5)+c
5 =c (4
=c (1
=c (1

(2,6);

58 c02—(((ce2* o

59 (ca24cc2))*(cb24cd2)) ...

60 Jct)+(((ca2xcb2x ...

61 (cc2+cd2) )+

62 (ce2xcd2x(ca2+cb2)))/ct);

63 % The equation is evaluted from this document

62 % https://ieeexplore.ieee.org/document /7839952

65 % The equation is taken from Table 2 Middle Column
66 %Calculating parameters for C2

67 %Calculating Paramenters for C3

+c(2,3)+c(2,4);

72 % The equation is evaluted from this document

75 % https://ieeexplore.ieee.org/document /7839952

76 % The equation is taken from Table 2 Last equation
77 c03=(((ce3x(cad+cc3))x*

75 (cb34cd3))/ct)+(((cad3xch3x ...

79 (cec3+c¢d3))+(cc3*xcd3*(ca3+ch3)))/ct);

so cl=c(1,2)4+c01;

s1 ¢2=c(3,4)+c02;

s2 ¢3=c(5,6)+c03;

%%Calculating CM12 CM13 CM23
cml12=((cel*((c(2,4)*ccl)—(c(1,4)*cdl)))/ct)+(((c(4,5)4+c(4,6))x

s}
&

®
=

85 ‘(.c’al*cdl—cbl*ccl))/C‘c)—i—((((C(l ,3)xc(2,4)) ...
86 —(c(1,4)%c(2,3)))*(ccldcdl4cel))/ct);

ss cm3l=((ce3*((c(2,6)*cc3)—(c(2,5) ...
xcd3)))/ct)+(((c(2,4)4+c(2,3))*...
90 (ca3xcd3—cb3xcc3))/ct)+((((...

92
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91 c(1,5)*c(2,6))—(c(1,6)*c(2,5)))*(cc34+cd3+ced))/ct);
92 cm13=cm3l ;
cm23=((ce2x((c(4,6)*cc2)—...

9:

w

04 (c(3,6)xcd2)))/ct)+(((c(1,6)+c(2,6))*...
95 (ca2xcd2—cb2xcc2))/ct)+. ..
96 ((((c(3,5)xc(4,6))—(c(3,6)*c(4,5)))x(cc24cd2+ce2))/ct);

97
98 %Calculating the Equivalent 2 Port Model Capacitances of Six
Plate Coupler

99 cleq=cl —(((cml13)72)/c3);

100 c2eq=c2 —(((cm23)72)/c3);

101 cmeg=cm12+((cm13*cm23) /c3);

102

103 %For Resonance Purpose the Input and Output Capacitance is
evaluated to

%equate with the external compensations.

105 %This equation is taken from the document

106 %https://ieeexplore.icee.org/abstract /document /7390090

107 %The equation id taken from equation number 10

104

=

10s % The primary and secondary side input capacitance

19 Cin_Pri=cleq—cmeq+cmeq. * ((c2eq—cmeq) . /c2eq ) ;

1o Cin__Sec=c2eq—cmeqtcmeq. *((cleq—cmeq) . /cleq) ;

111 %

112 %The equivalent pi Model of the capacitor plates

113 %This equation is taken from the document

112 %https://ieeexplore.ieee.org/abstract /document /7390090

115 %The equation id taken from figure 4 part b

116 cleq_pi=cleq—cmeq;

117 c2eq__pi=c2eq—cmeq;

11s %Evaluating Coupling Coefficient

119 %https://ieeexplore.ieee.org/abstract /document /7390090

120 %The equation id taken from equation number 9

121 ke=cmeq/(sqrt(cleq*c2eq));

122 %% The Next Section is for evaluation of Inductances and
Capcitance of LCL

123 %Compensation Topology

124

125 %For this we are required to define system output power rating....
system

126 %Operating frequency, and required voltage gain of the
compensation and

127 %coupler stage.

128 10=1e6; %Frequency of
operation
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129

130

131

132

13

w

134

136

138

139

140

141

142

143

144

145

146

147

148

149

158

159

w0=2xpi*f0; %Radial
frequency

pout_dec=70.66 ; %0utput Power
DC side.

r_dc=13.66; 9DC Load
Resistance

Losses_rectifier=1.41;
efficiency_rectifier=pout_dc/(Losses_rectifier+pout_dc);
pout=pout_dc/efficiency_ rectifier; %0utput Power
at the AC side load
%The input impedence is the AC resitance to the input of the
the full bridge rectifier
rl=r_dc*(8/((pi~2)*efficiency_rectifier));
%Calculated from the formula Rin=8«Rl/pi~2 current
driven full bridge rectifier

% rl=(pi~2«r_dc)/(8xefficiency__rectifier); %Load
resistance and the AC side

vs_rms=300%(2xsqrt (2)/pi); %Full Bridge
Lossless Inverter RMS output

vr_rms=(sqrt (poutxrl)); %Full Bridge

Rectifier Lossless RMS input
ir_rms=vr_rms/rl;

%Sweeping the value of Cfl_LC
sweep_ factor=1/100;

Cfl LCL_initial=100e—12; %Initial value
of the Cfl for range of different Cfl

Cfl_LCL_ final=10e—9; Y%Maximum alue
of Cfl for range of different Cfl

Cfl_LCL=(Cf1_LCL_initial:sweep_ factor ... %Variation of
Cfl capacitance
xCfl_LCL_initial: Cfl1_LCL_ final);

%Evaluation of Cf2 based on the power condition
%The equation is taken from the document
%https://ieeexplore.ieee.org/document /7839952
%The equation number of teh document is 13
Cf2_LCL=((pout*(1—kc"2)xcleq*c2eq)./ ...

(2% pi*xfOxcmeqxCfl LCL%vs_rms*vr_rms) ) ;

%Evaluation of Lfl Lf2 L1 and L2 based on the resonance
condition

%The equation is taken from the document

%https://ieeexplore.ieee.org /document /7839952
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160

161

162

163

16¢

(=]
3

166

167

168

169

%The equation number of the document is 15

Lfl_LCL=1./((2*xpi%f0) " 2%(Cf1_LCL));

Lf2 LCL=1./((2*pi*f0) " 2x(Cf2_LCL));

L1 LCL=1./(((2*pixf0)~2)*Cfl_LCL) ...
+(1/(((2xpixf0)~2)*Cin_Pri));

5 L2_LCL=1. /(((2*pixf0)~2)xCf2_LCL) ...

+(1/(((2xpi*f0)~2)xCin_Sec));

9% Evaluating the ESR of Capacitance and Inductance
%evaluation of capacitance ESR

%Coefficients of the ESR capacitance based on the curve fit if

the
170 % available capacitors and their ESR
171 a=34.81;
172 b=—0.001765 ;
173 ¢=4.085;
172 d=4.807e —6;
175 ESR_Cfl_LCL=1e—3x(axexp (bx(Cfl_LCL/1le—12)) ... %The evaluation. ..
of Cfl ESR based on the equation of Curve fit
176 +cxexp (d*(Cfl_LCL/1e—12)));
177 ESR_Cf2_LCL=1le —3%(axexp (b*(Cf2_LCL/1e—12)) ...

179

180

-
o}
&

187

188

189

190

191

192

193

+cxexp (dx(Cf2_LCL/1e—12)) ) ;
%Evaluation of Inductors ESR

Q=500; %Assuming the Quality factor of the air...

core inducotr
% The relation of ESR and inductance

ESR_L1_LCL=(w0xL1_LCL) . /Q; %For L1 compensation
ESR_I2 LCL=(w0xL2_LCL)./Q; %For L2 Compensation
ESR_Lfl LCL=(w0+Lfl LCL)./Q; %For Lfl Compensation

5 ESR_Lf2 LCL=(w0xLf2_LCL) . /Q; %For Lf2 Compensation

9% The input Impedence of the circuit is evaluated by series
and parallel

% combinatoins of the impendences of teh circuit elements
%Evaluating the Input Impedence
stage8=rl+1j*w0xLf2 LCL+ESR_Lf2 LCL; %Series combination. ..

of load resistance and Lf2 compensation along with its ESR
stage7=1./((1./((1./(1j*w0xCf2_LCL)) ... %The parallel
combination of teh stage 8 impendence along with the Cf2
compensation and its ESR
+(ESR_Cf2 LCL)))+(1./(stage8)));
stageb=stage7+1j*w0+xL2_LCILH+ESR_12 LCL; %The series
combination of the stage 7 impendence along with the L2
compensation and its ESR
stageb=1./((1./stage6) ... %The parallel
combination of the stage 5 imoedence along with the c2eq_ pi
equivalent capacitance model
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194 +(1./(1./(1j*w0xc2eq_pi))));

195 staged=stageb+(1./(1j*wl*xcmeq)) ; %The series
combination of stage 5 impedence along with the cmeq ...
equivalent capacitance model

06 stage3=1./((1./staged) ... %The parallel
combination of stage 4 along with the cleq

197 +(1./(1./(1j*wOxcleq_pi))));

108 stage2=stage3d+1j*w0xL1l_LCIH+ESR_L1 LCL; %The series

combination of stage 3 impedence along with teh L1
compensation and its ESR

19 stagel=l./((1./stage2)+... %The parallel
combination of stage 2 along with the Cfl compensation and
its ESR

200 (1./((1./(1j*wOxCfl_LCL))+(ESR_Cfl_LCL))));

200 %this will be the input impedence for the source voltage

202 stageO=stagel +(1j*w0xLfl_LCL) ... %The series

combination of stage 1 along with the Lfl and its ESR

203 +ESR_Lfl_LCL;

200 % 7AC side Input Impedence of the System

205 % mag z=abs(stage0);

200 % ang z=angle (stage0) ;

207 %Evaluation of the Source Current

20s is=vs_rms./stage0; Y%voltage divided by the input
impedence

209 % is_rms_abs=abs(is);

210 % is_rms_ang=angle (is);

211 %Evaluation of necessary voltage and current across the stages
impedences

212 %Stage 1 Impedence is in series with the stage 0 impedence
hence current

213 %will remain the constant and hence voltage will be evaluated

214 v__stagel=is. xstagel;

215 %The stage 2 voltage will have the same voltage as stage 1
because both

216 %oare in parallel

217 V__stage2=v_ stagel;

21s %The current in stage 2 is according to ohms law

210 1__stage2=v__stage2./stage2;

220 %The voltage across stage 3 is the current in stage 2(same for
stage 3) and stage 3 impedence

221 V__stage3d=i_ stage2.xstaged;

220 %The voltage across stage 4 and stage 3 is same because they
are in

223 %oparallel

204 v__staged=v_stage3d;
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229

230

231

232

%The current through stage 4 impedence

226 1__staged=v_staged./staged;

%The voltage across stage 5 impedence

v__staged=i__staged.xstagebd;

%The voltage across stage 6 is same as stage 5 because it is
constant

v_ stageb=v_ staged;

%The current through the stage 6 impedence

i_stageb6=v_stage6./stageb;

%The voltage across the stage 7 impedence

1 v_stage7=i_stageb.xstageT;

235 %The voltage across the stage 8 impedence

239

240

241

242

244

245

246

247

248

249

250

253

254

255

v_ stage8=v_ stageT7;

7 %The current through stage 8 current
s 1_stage8=v_stage8./stage8;

%The voltage across load resistance

v_rl=i_stage8x*rl;

%The current through the load resistance which is same as of
stage 8

i_rl=i_stage8;

9% Evaluation of Voltage and Current of the Compensation

Elements

v_Ifl=is. *((1j*w0«Lfl LCL)+ESR_ILfl LCL); %. . .
Voltage across the Lfl Inductor along with the ESR

i _branch ESRLfl=is; %. ..
Current through Lfl

v_ESR_Lfl_LCIL=i_branch_ESRLf1.+ESR_Lfl_LCL; %. . .
Voltage Across the ESR of Lfl

i_ ESR_Lfl=is;

i_1fl_rms=abs(i_branch_ESRLf1); JRMS ...
Current Lf1

v_1fl_rms=abs(v_1f1); JRMS ...

voltage across the Lfl inductor

i _branch Cfl ESRCfl=v_stagel./(((1./(1j*w0«Cfl_LCL)) ... %...
Current through the Cfl and ESR of Cfl
+(ESR_Cf1_LCL) ) ) ;

v_ESR_Cfl_LCIL=i_branch_ Cfl__ESRCf1.xESR_Cfl_LCL; %Ct1
ESR Voltage

% v_ESR_Cfl LCL_ rms=abs(v_ESR_Cfl LCL); YRMS ...

Cfl ESR Voltage
v_cfl=v_stagel—v_ESR_Cfl_LCL; %Cf1
Cap Voltage

v_cfl_rms=abs(v_cfl); % RMS ...

Cfl Cap Voltage
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256 i_cfl=i_branch_ Cfl_ESRCf1;
Cap current
257 i ESR_Cfl=i_cfl;
ESR Current
258 % i ESR_Cfl_rms=abs(i_ESR_Cfl);
Cfl ESR current
250 ic__cfl_rms=abs(i_cfl);
Cfl Current
260 i 11=i_stage?2;
Inductor Current
261 i ESR_L1=i_11;
262 v. ESR L1 LCIL=i ESR_ L1.xESR L1 LCL;
263 i_11_rms=abs(i_11);
L1 Inductor Current
261 v_11=i_11.%((1j*w0xL1_LCL)4ESR_L1_LCL);
Voltage across the L1 inductor and ESR of L1
265 v_11_rms=abs (v_11);
value of the Voltage across L1 and ESR of L1
266 1 1f2=i_rl;
of the Lf2 current
267 i ESR_Lf2=i_ 12 ;
268 v_ESR_Lf2 LCL=i_ESR_Lf2.«xESR Lf2 LCL;

Voltage across the Lf2 inductor and ESR of Lf{2

260 i 1f2_ rms=abs(i_1f2);
value of the Lf2 current
270 v_1f2=i__1f2. % ((1j*wO0xLf2_LCL)4ESR_Lf2 LCL);

Voltage across the Lf2 Inductor and ESR of Lf{2

v_1f2 rms=abs(v_1{2);

N
~
iy

voltage across the Lf2 Inductor and ESR of Lf2

i_branch_ Cf2_ ESRCf2=v_stage7./ ...
(((1./(1j*w0*Cf2_LCL))+(ESR_Cf2 LCL)));
Current through the Cf2 and ESR of Cf2
72 v_ESR_Cf2_LCL=i_branch_Cf2_ESRCf2.xESR_Cf2_ LCL;

N
-
N

o
N
o

N

Voltage across the Cf2 inductor and ESR of Cf2

275 % v_ESR_Cf2_LCL_rms=abs (v_ESR_Cf2_LCL) ;
276 v__cf2=v__stage7—v_ESR,_Cf2 LCL;
Voltage across Cf2 only
277 v__cf2__rms=abs (v_cf2);
value of the Cf2 voltage
ors i_ef2=v_ecf2. /(1. /(1j*w0xCf2_LCL));
Current through Cf2
270 ic_ cf2 rms=abs(i_cf2);
value of Cf2 current
2s0 i_12=i_stageb6;

3

Current through the L2 compensation inductor
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281

282

283

284

285

286

287

288

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

i ESR_I12=i_12; %. . .
Current through L2 ESR

i 12 rms=abs(i_12); Y%rms
value of L2 current

v_12=i_12.%(1j*w0xL2_LCL) ; %. ..
Voltage across L2 inductor

v_ESR 12 LCI=i_12.«ESR_L2 LCL; %. . .
Voltage across ESR of L2

v_12_rms=abs(v_12); JRMS ...

voltage across the L2 inductor
i ESR Cf2=i cf1; %. ..
Current through ESR of Cf2

% i ESR_Cf2 rms=abs (i ESR_Cf2); JRMS ...
current through the Cf2 ESR

v_cleq_pi=v_cfl—v_11; %. ..
Voltage across the cleq pi capacitance model

v_cleq_ pi_rms=abs(v_cleq_ pi); JRMS ...
Voltage across the cleq pi capacitance model

v_pl2=v_cleq_pi; %. . .

Voltage across Plate 1 and 2

v_pl2 rms=v_cleq pi_ rms; JRMS ...
Voltage across Plate 1 and 2

i_cmeq=i_stage4; %. . .
Current through the cmeq capacitance

i_cmeql=i_ cmeq; %Same
as above

v_cmeql=i_cmeql.*(1./(1j*w0*2xcmeq)) ; %. . .
Voltage across the cmeq capacitance

v_cmeql_rms=abs (v_cmeql); JRMS ...
voltage across cmeq capacitance

v__cmeqg=v__cmeql ; %Same
as above

v_cmeq_rms=v_ cmeql_rms; JRMS ...

voltage across the cmeq equivalent capacitance model
%voltages across plates

v_p42 rms=v_cmeql rms; JRMS ...
voltage across plate 4 and 2

v_p32=v_cleq_pi—v_cmeq; % ...
voltage across plate 3 and 2

v_p32_rms=abs (v_p32); YRMS ...

voltage across plate 3 and 2

%% Power in various elements and output and input
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305 %To analytically evaluate the power at the source side
side

306 Pout=abs (v_rl).xabs(i_rl) ...
Power ant the Output side

307 .xcos (angle(v_rl)—angle(i_rl));

s0s Pin=abs (vs_rms).*xabs(is) ...
Power at the input side

309 .xcos (angle (vs_rms)—angle (is));

310 %Power loss in various compensation ESR

311 Ploss_ ESR_ Cfl=abs (v_ESR_Cfl_LCL) .xabs(i_ ESR_Cf1) . ...

Ploss

312 abs(cos(angle(v_ESR_Cfl_LCL)—angle (i_ ESR_Cfl1)));

313 Ploss_ ESR_ Cf2=abs (v_ESR_Cf2 LCL).xabs(i_ESR_Cf2).x ...
Ploss

314 abs(cos(angle(v_ESR Cf2 LCL)—angle(i_ ESR_Cf2)));

315 Ploss_ ESR_ Lfl=abs (v_ESR_Lfl_LCL) .*xabs(i_ESR_Lf1).x% ...
Ploss

316 abs(cos(angle(v_ESR_Lfl LCL)—angle(i_ESR_Lf1)));

317 Ploss_ ESR_ Lf2=abs (v_ESR,_Lf2 LCL).xabs(i_ESR_Lf2).x% ...
Ploss

318 abs(cos(angle(v_ESR ILf2 LCL)—angle (i ESR Lf2)));

310 Ploss_ ESR_ Ll=abs(v_ESR L1 LCL).xabs(i_ESR_TL1).x*...
Ploss

320 abs(cos(angle(v_ESR_L1 LCL)—angle(i_ESR L1)));

321 Ploss. ESR_L2=abs(v_ESR 12 LCL).xabs (i ESR L2).x*...
Ploss

322 abs(cos(angle(v_ESR_IL2 LCL)—angle (i_ESR_12)));

323 %0Getting the Total Power losses

and load...

%Active. ..

%Active. ..

%Cf1

%C12

%Lf1

%Lt2

%L1

%L2

32¢ P_loss_total=Ploss_ ESR_ Cfl+Ploss. ESR_Lf2+Ploss. ESR L1+. ..

Ploss. ESR_L2+. ..

325 Ploss ESR_Cf2+Ploss. ESR_Lf1;

326 %Evaluating the Efficiency of the Systems with varying
compensation values

327 Efficiency=pout./(pout+P_loss_total);

328 Y% Evaluating the Reactive Power of the compensation elements

along
320 % with the total reactive power
330 %YEvaluating The Reactive Power within the compensation
components
331 Q_Lfl=i_branch_ESRLfl.xv_1f1;
332 Q_Lfl_rms=abs (Q_Lfl);
Reactive Power of Lfl
333 Q_Cfl=i__cfl.xv_cfl;
Reactive Power of Cfl
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331 Q__Cfl_rms=abs (Q_Cf1) ; Y%%. . .
Reactive Power of Cfl

335 Q_Ll=i_11.xv_11; . ..
Reactive Power of L1

336 Q_L1_rms=abs (Q_L1); Y. . .
Reactive Power of L1

337 Q_Lf2=1_ 1f2.xv_ 12 . ..
Reactive Power of Lf2

33z Q_Lf2 rms=abs (Q_Lf2); %. . .
Reactive Power of Lf2

330 Q_Cf2=i_cf2.xv_cf2; %. ..
Reactive Power of Cf2

320 Q_Cf2_rms=abs (Q_Cf2) ; T%. . .
Reactive Power of Cf2

s Q I2=1 12.xv_12; %. ..
Reactive Power of L2

312 Q_L2 rms=abs (Q_L2); %. . .
Reactive Power of L2

313 Q__total=Q_Lfl rms+Q_ Cfl_ rms+Q L1 rms... %Total
Reactive Power

344 +Q_Lf2 rms+Q_Cf2_ rms+Q_ L2 rms;

345 %% This section selects the compensation for one unique
equivalent capacitance model which has minimum reactive

power

3a6 % Total Number of Samples we have

327 Total__index=numel (Q_total); %Total
number of elements in arrat of reactive power

315 Poutl=round (Pout,2) ; %. . .
Rounding off the Pout vector

319 index=find (Pout1>=0.98 xpout) ; Y%Making . . .

the index vector with a condition of active power at least
98% of the required output power

350 Pout__max=max(Poutl); %. . .
Getting the available maximum power output for

351 % e e e
unique capacitance model

352 1f Pout__max>=0.98 xpout %. . .
Setting an if condition under which the maxmimum

353 % S
output power available from the sets of

354 % S
compensation are satisfying the minimum

355 % .« ..

required active power
356 ZNumber of Samples that are left with output power condition
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357

358

359

360

361

362

363

364

365

366

367

368

369

Remaining_index=Total index—numel(index);

%The range of the reactive power that satisfies the output
power condition

Q_Low_Range=Q_ total (index (1) :index (end));

% Extracting Minimum Value of Q_total and corresponding index
within the

Y%power condition

% Q_lowest=Q__total (index (1)) ;

[Q min(1,1),Q_min Index(1,1)]=min(Q_Low_Range);

%Evaluating the minimum index of the (Q_ minimum wrt the total
index length

Q_min_total_index=Q_min_Index(1,1)+Remaining_index;

Y%veryfying that both minimum q with different index number have...

same Q_ min

Y%value
Q_total_min(1,1)=Q_total (Q_min_total_index);
%Getting the values of the compensation and plate voltages and

equivalent
%capacitance with respect to the minimum index total value
Cfl_LCL_minimium_Q(1,1)=Cfl_LCL(Q_min_total_index) ;
Cf2_LCL_minimium_Q(1,1)=Cf2_LCL(Q_min_ total_index) ;
Lfl_LCL_minimium_Q(1,1)=Lfl_LCL(Q_min_total index);
Lf2 LCL_minimium_Q(1,1)=Lf2 LCL(Q_min_total index)

)

375 L1 LCL_minimium_ Q(1,1)=L1 LCL(Q_ min_total index);

3s5 ESR,_Lf2 LCL_minimum_ Q

%

386

387

388

389

390

391

392

393

394

395

> ESR_Cfl_LCL_minimum_ Q(

; ESR._Cf2. LCL_ minimum_ Q(
ssa KSR, Lfl LCL_minimum_ Q(
(

1

1

376 L2_LCL_minimium_ Q(1,1)=L2_LCL(Q_min_total index) ;

v_pl2_rms_minimum_Q(1,1)=v_pl2_rms(Q_min_total index);
v_p32_rms_ minimum_Q(1,1)=v_p32 rms(Q_min_total index);
v_p42 rms minimum Q(1,1)=v_p42 rms(Q_min_total index);

%Selecting the ESR of the compensation based on the minimum
reactive power

;1) ( )

,1)=ESR,_Cf2_ LCL(Q_min_ total index) ;

,1)=ESR_Lfl LCL(Q_min_total index);
( )

1)=ESR_Cfl_LCL(Q_min_total index
1
1
1)=ESR_Lf2_ LCL(Q_min_total_index
)
)

)

—_ = = =

ESR_L1_LCL_minimum_Q(
ESR,_12 LCL_minimum_Q(

,1)=ESR_LI1_LCL(Q_min_total_index);
,1)=ESR,_12 LCL(Q_min_total index);
i Cfl_LCL_minimum_Q
i Cf2 LCL_minimum_Q

(1
(1
i_Ifl_LCL_minimum_Q (1
(1
1
1

=ic_cfl_rms(Q_min_total index);
=ic_cf2_rms(Q_min_total index);
i 1f2 LCL_minimum_Q
i 11 LCL_minimum_Q(
i 12 LCL_minimum_ Q(
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306 v__Cfl_LCL_minimum_Q(1,1)=v_cfl_rms(Q_min_total_index);
307 v_Cf2_LCL_minimum_Q(1,1)=v_cf2_rms(Q_min_total_index);
308 v_Ifl LCL_minimum_Q(1,1)=v_1fl rms(Q_min_total index);
300 v_1f2 LCL_minimum_Q(1,1)=v_1f2 rms(Q_min_total index);
100 v_11_LCL_minimum_Q(1,1)=v_11_rms(Q_min_total index);
101 v_12_ LCL_minimum_Q(1,1)=v_12_rms(Q_min_total index);

402

103 Pout_ LCL_minimum_ Q(1,1)=Pout (Q_min_ total index) ;

104 Pin_ LCL_minimum_Q(1,1)=Pin(Q_min_total index);

105 Ploss_total _minimum_Q(1,1)=P_loss_total(Q_min_total index);

106

107 % Rectifier Losses evaluated from the equations are

10s Losses_rectifier_output=Losses_rectifier;

100 Efficiency minimum_Q(1,1)=Efficiency (Q_min_total index);

410 % v_Lfl_LCL_rms_minimum_Q(1,1) ;

11 cleq_pi_sets(1,1)=cleq_pij;

112 ¢2eq_ pi_sets(1,1)=c2eq_pi;

413

114 % Extracting the Optimized Compensation Capacitance Based on
theminimum reactive Power.

115 Cf1_LCL=Cfl_LCL(index (1)) ;

116 Cf2_LCL=Cf2_LCL(index (1)) ;

117 Lfl._LCL=L{fl1 LCL(index(1));

1s Lf2. LCL=(Lf2_LCL(index (1)));

119 L1_LCL=L1_LCL(index (1));

20 L2_LCI=L2_LCL(index (1)) ;

)

)

122 %Verifying the values of compensation with the resonance
condition

123 % wl=1/(2%3.14xsqrt (Cfl_LCLxLfl LCL));

124 sp_q=1;

125 tp_g=1;

27 % For LCL Simulation in Simulink Model

128 %This is not required but just saved whenever we requires these...

as outputs
129 %for simulink simulation
130 Cfl_LCL_1_ 1=Cfl_LCL_minimium_Q(tp_g,sp_q);
31 Cf2_LCL_1 1=Cf2 LCL_minimium_ Q(tp_g,sp_q);
a2 L1_LCL_1_1=L1_LCL_minimium_Q(tp_g,sp_q);
135 L2_LCL_1_1=L2_ LCL_minimium_Q(tp_g,sp_q);
432 Lf2. LCL_ 1 1=Lf2 LCL_minimium_ Q(tp_g,sp_q);
435 Lfl_LCL_1_1=Lfl_ LCL_minimium_Q(tp_g,sp_q);
136 ESR_Cfl_1 1=ESR_Cfl LCL_minimum_ Q(tp_g,sp_q);
137 ESR_Cf2_ 1 1=ESR_Cf2 LCL_minimum Q(tp_g,sp_q);
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438

439

440

443

444

445

446

448

449

469

470

ESR_Lfl_1_1=ESR_Lfl LCL_minimum_Q(tp_g,sp_q);

ESR_Lf2 1 1=ESR ILf2 LCL_minimum_ Q(tp_g,sp_q);

ESR L1 1 1=ESR L1 LCL minimum Q(tp_g,sp_q);

ESR 12 1 1=ESR 12 LCL minimum Q(tp_g,sp_q);

cleq_pi_1 1=cleq_pi_sets(tp_g,sp_q);

c2eq_pi_1_1=c2eq_pi_sets(tp_g,sp_q);

% cmeq 1 l1=cmeq_sets(tp_g,sp_q);

%The required output for the function

P_losses=Ploss_total minimum_Q(1,1); %Total
ESR losses under the condition of minimu reactive power

Plate_current=sqrt (2)*i_I1_LCL_minimum_Q(1,1); %The
peak current in the L1 Inductor of compensation

Efficiency_system=Efficiency minimum_Q; %. ..
Efficiency of the System with the

% which. ..

actually is the plate current
Cf1=Cf1_LCL;
Cf2=Cf2_LCL;
Lf1=Lf1_LCL;
Lf2=Lf2 LCL;

. L1=L1 LCL:
5 L2=12 LCL:

Q_var=Q_total min;
estL1=ESR L1 1 1;
esrL2=ESR 1.2 1 1;
esrLf1=ESR_Lfl 1 1;
esrLf2=ESR_Lf2 1 1;
estCf1=ESR_Cfl 1 1;
estCf2=ESR_Cf2 1 1;
cl_eqpi=cleq_ pi;
c2_eqpi=c2eq_ pi;
cm__eg=cmeq;
Source__v=vs_rms;

i7 Load_r=rl;
168 %If the maximum power available by the sets of compensation for...

a unique
%capacitance model is less than the 98% of the required output
power make the following as an output
else
iteration__number=j;
X=['The compensation design of the given system is not

possible '

1
of ', ...

as the system is capable of delivering maximum power

104




LCL matching network losses evaluation code

479

480

182
483
484
485
486
187
488
489
190
491
192
493
494
195
496
197
498
499
500
501
502
503 end
504 end

num?2str (Pout_max) ,'.The capacitance matrix number is'

num?2str (iteration__number) ,

disp (X)

% Making the plate current and losses

equal to zero

!

E

% for that specific iteration

Plate_current=0;
P_losses=0;

v_pl2 rms_minimum_Q=0;
v_p32_rms_minimum_Q=0;
v_p42_rms_minimum_Q=0;
Efficiency_ system =0;

Cf1=0;
Cf2=0;
Lf1=0;
Lf2=0;
L1=0;
L2=0;

Q_ var=0;
esrL1=0;
esrLL2=0;
esrLfl=0;
esrLf2=0;
esrCf1=0;
esrCf2=0;
cl_eqpi=0;
c2_eqpi=0;
cm_eq=0;
Source_ v=0;
Load_r=0;

Losses_ rectifier =0;

in the compensation

PR
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