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ABSTRACT

The trend towards electrification has led to an increased use of wide-bandgap semi-
conductors in electric drives. These semiconductors allow the development of high power
density and high efficiency drives, but also present challenges related to Electromagnetic
Interference (EMI) due to their higher voltage derivatives. These derivatives lead to voltage
overshoots at the machine terminals, which can potentially damage the insulation of the
machine. Therefore, the aim of this PhD is to develop a complete design methodology
that makes it possible to optimise the electrical machine also from the Electromagnetic
Compatibility (EMC) point of view.

The research begins with a comprehensive literature review on high-frequency modelling
of electrical machines and the impact of design parameters on their high-frequency behaviour.
This review also covers an overview of the current tools used for these models.

A novel high-frequency model of the electrical machine based on FEM simulations is
presented. This model, validated on various industrial machines, extends beyond most
existing models in the literature, covering a frequency range of 100 Hz to 50 MHz. The
validation process incorporates data from 28 samples from one machine to account for
manufacturing tolerances.

In addition, the high-frequency machine model is integrated in a whole drive model.
This model, validated with experimental measurements, enables EMI analysis considering
all drive components, including the inverter, cable, and EMC filter. Unlike models in
the existing literature that use motor behavioural models derived from experimental
measurements, the proposed model uses impedance data from FEM simulations. This
approach allows for the prediction of common-mode currents right from the design stage.

The thesis concludes with an analysis of how design variables influence the impedance of
the electrical machine and, consequently, the drive’s common-mode currents. It introduces
a new design methodology for electrical machines that incorporates the EMC perspective.
Two industrial machines exceeding the EMI regulation limits serve as case studies. The
thesis proposes a design improvement that successfully reduces their common-mode current.
This last point highlights the significant contribution of this research to the field of electrical

machine design and EMC optimisation.
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LABURPENA

Elektrifikaziorako joerak banda zabaleko erdieroaleen erabilera handitzea bultzatu du.
Erdieroale hauek potentzia-dentsitate eta errendimendu altuko eragingailuak garatzeko
aukera ematen duten arren, sortzen diren tentsio-deribatu handiek Interferentzia Elek-
tromagnetikoekin (EMI) lotutako erronkak aurkezten dituzte. Deribatu horiek sorturiko
gaintentsioak direla eta, makinaren isolamendua kaltetu daiteke. Beraz, doktorego-tesi ho-
nen helburua makina elektrikoa Bateragarritasun Elektromagnetikoaren (EMC) ikuspegitik
optimizatzea ahalbidetuko duen diseinu-metodologia oso bat garatzea da.

Lehenik eta behin, makina elektrikoen maiztasun altuko modelizazioari eta makinaren
diseinu-parametroek maiztasun altuko portaeran duten eraginari buruzko berrikuspen
bibliografiko sakona egiten da. Bertan modelo horietarako gaur egun erabiltzen diren
baliabideak deskribatzen dira.

Ondoren, literaturan dauden modelo gehienetatik haratago doan maiztasun altuko
inpedantzia modelo berri bat aurkezten da, elementu finituen simulazioetan oinarritua.
Modelo hau makina industrial desberdinak erabilita balidatu da 100 Hz-tik 50 MHz-ra
bitarteko maiztasun-tartean. Fabrikazio tolerantziak kontuan hartzeko, makina baten 28
lagin desberdin aztertu dira.

Gainera, makinaren maiztasun altuko eredua eragingailu elektriko oso baten modeloan
integratzen da. Modelo hau neurketa esperimentalen bidez balioztatzen da, eta eragingai-
luaren osagai guztiak kontuan hartuta EMI analisiak egiteko aukera ematen du, inbertsorea,
kablea eta EMC iragazkia barne. Literaturan dauden ereduek ez bezala, zeinek neurketa
esperimentaletatik eratorritako motorraren ereduak erabiltzen dituzten, proposatutako ere-
duak elementu finituekin simulatutako inpedantziak erabiltzen ditu. Honek diseinu-fasean
modu komuneko korronteak aurreikusteko aukera ematen du.

Azkenik, diseinu aldagaiek makina elektrikoaren inpedantzian eta, ondorioz, eragingai-
luaren modu komuneko korronteetan duten eragina aztertzen da. Makina elektrikoak EMC
ikuspuntutik diseinatzeko metodologia bat garatzen da. Hau aztertzeko EMI araudiaren
mugak gainditzen dituzten bi makina industrial erabiltzen dira eta modu komuneko ko-
rrontea murrizten duen diseinu hobekuntza bat proposatzen da. Azken atal honek makina
elektrikoen diseinuan eta bateragarritasun elektromagnetikoaren optimizazioan egindako

ekarpenaren garrantzia azpimarratzen du.
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RESUMEN

La tendencia hacia la electrificacién ha llevado a un mayor uso de semiconductores de
banda ancha en los accionamientos eléctricos. Estos semiconductores permiten desarrollar
accionamientos de alta densidad de potencia y alto rendimiento. Sin embargo, también
plantean retos relacionados con las interferencias electromagnéticas (EMI) debido a sus
elevadas derivadas de tension. Estas derivadas provocan sobretensiones en los terminales de
la maquina, que pueden dafnar el aislamiento de la misma. Por lo tanto, el objetivo de esta
tesis es desarrollar una metodologia de diseno completa que permita optimizar la maquina
eléctrica también desde el punto de vista de la Compatibilidad Electromagnética (EMC).

La investigacién comienza con una exhaustiva revisién bibliogréafica sobre el modelado
de alta frecuencia de las maquinas eléctricas y el impacto de los parametros de disefio en
su comportamiento a alta frecuencia. Esta revisién también cubre una vision general de las
herramientas actuales utilizadas para estos modelos.

Se presenta un novedoso modelo de alta frecuencia de la maquina eléctrica basado en
simulaciones de elementos finitos. Este modelo, validado con varias maquinas industriales,
va mas alld de la mayoria de los modelos existentes en la literatura, cubriendo un rango de
frecuencias de 100 Hz a 50 MHz. El proceso de validacién incorpora datos de 28 muestras
de una maquina para tener en cuenta las tolerancias de fabricacién.

Ademads, el modelo de alta frecuencia de la méquina se integra en un modelo del
accionamiento completo. Este modelo, validado con mediciones experimentales, permite
realizar analisis de EMI teniendo en cuenta todos los componentes del accionamiento,
incluidos el inversor, el cable y el filtro EMC. A diferencia de los modelos existentes en
la literatura que utilizan modelos del motor derivados de mediciones experimentales, el
modelo propuesto utiliza datos de impedancia de simulaciones de elementos finitos. Este
enfoque permite predecir las corrientes de modo comun desde la fase de disefio.

La tesis concluye con un analisis de como las variables de diseno influyen en la impe-
dancia de la maquina eléctrica y, en consecuencia, en las corrientes de modo comun del
accionamiento. Después, introduce una metodologia de diseno de méquinas eléctricas que
incorpora la perspectiva de EMC. Dos méaquinas industriales que superan los limites de
la normativa de EMI sirven como casos de estudio. La tesis propone mejoras de disenio
que reducen con éxito la corriente de modo comtn. Este ltimo punto subraya la impor-
tante contribucién de esta investigaciéon al campo del disefio de maquinas eléctricas y la

optimizacion de la compatibilidad electromagnética.
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Chapter 1

INTRODUCTION

This first chapter provides a brief introduction to the thesis framework, the analysis of
electromagnetic compatibility in electrical machines. An introduction to this phenomenon
and its main issues can be found in the following pages. In addition, the objectives of the
thesis are listed in these pages. The outline of the document is also presented with a short
description of each chapter. Finally, the papers published during the PhD are shown at the
end of the chapter.
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11 RESEARCH CONTEXT

The United Nations has defined the Sustainable Development Goals as a universal
call to action to end poverty, protect the planet, and ensure prosperity by 2030. These
goals encompass various aspects of human well-being, including clean energy, sustainable
consumption, and climate action [4].

In line with these objectives, the European Commission has set ambitious targets for
improving energy efficiency in all sectors, including transportation, industry, and residential.
One of the key strategies is to increase the use of energy-efficient technologies and practices,
which can significantly reduce energy consumption and greenhouse gas emissions [5].

In the context of sustainable energy, the development and deployment of efficient
electrical drives is crucial. These drives, which are used in a wide range of industrial
machinery applications, can contribute significantly to energy savings as they account
for more than 40% of global electricity consumption [6]. Recent studies have shown that
Wide-Band-Gap (WBG) devices, such as those made of Silicon Carbide (SiC), can enhance
the performance of these drives by improving power density, dynamic response, and energy
efficiency [7].Their high working frequency and low switching losses enable more compact
inverter and motor designs with higher efficiency.

However, the use of WBG devices at higher frequencies can lead to Electromagnetic
Interference (EMI) problems due to their higher voltage derivatives. These can also affect the
robustness of electrical machines and other electronic devices, leading to potential failures.
Converters supply electrical machines with frequency and amplitude modulated voltages,
which can generate large voltage derivatives. As frequency increases, these derivatives also
increase, resulting in higher overvoltages at the motor terminals, which might cause the
deterioration of the winding insulation and even cause protection failures in the event of
short circuit or contact defects [8,9].

Furthermore, modulated voltages generate Common Mode Voltage (CMV) that can
cause damage to drive components and affect other elements connected to the same network.
For example, the voltage induced in the shaft can cause bearing currents, leading to their
deterioration [10].

In summary, achieving the Sustainable Development Goals and the energy efficiency
targets of the European Commission requires a comprehensive approach that considers not
only the development of energy-efficient technologies but also the associated challenges.

Several solutions have been proposed to reduce the effects of undesired CMV in the shaft
and bearings. These include the use of insulated or ceramic bearings; applying different
conductive greases; and adding Faraday shielding, brushes, or shaft grounding rings [11,12].
However, these solutions address only the effects of CMV on bearings.

To reduce EMI throughout the electrical machine, shielded cables, along with grounding,
are recommended to provide a low-impedance path for the CMV. Various inverters and
modulation techniques have been proposed to reduce the generation of CMV from the
source [11,13,14]. However, the most commonly used solution to prevent EMI from entering
the grid is to add a filter to the drive [15].

Most solutions involve adding components to the drive, which increases its cost, volume,
and weight, as well as the complexity of the system. Furthermore, add-ons are typically
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included only after Electromagnetic Compatibility (EMC) tests have failed, and corrective
actions are required to comply with regulations and bring the product to market.

Therefore, an EMI strategy-based design should be implemented early in the design
stage to reduce the cost of the product, improve reliability, and achieve the optimal solution.
Thus, understanding and predicting EMI noise using high-frequency models during the
design stage is crucial to effectively managing this noise at the device level.

For all of the above, the EMC in electrical machines has drawn the interest of Mondragon
Unibertsitatea, which has been doing research on electrical machines for several years and
working on an empirical high-frequency electric drive model. The present PhD is a step
forward, focused on the design and optimisation of electrical machines from the EMC
perspective. To do so, it is necessary to develop a high-frequency model of the machine by
other means, such as Finite Element Method (FEM) simulations. The issue is that the
empirical models developed so far require measuring the impedance of the machine in order
to be modelled by means of lumped parameter models. Obviously, this approach is not
feasible at the design stage, since a manufactured machine is not available.
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1.2 HIGH-FREQUENCY PHENOMENA IN ELECTRIC
DRIVES

A typical electric drive consists of three main elements: the energy source (batteries
or the grid), the converter that applies the desired voltage and frequency to the electric
machine with different modulation techniques, and the electrical machine. This structure
is shown in Figure 1.1.

The diagram illustrates various types of Electromagnetic Interferences (EMI) in the
system. Green waves represent radiated EMI that originates from the inverter switching
circuits [16]. The red line represents the Differential Mode (DM) EMI, which traverses
one phase and returns across other phases to the grid. Lastly, the blue line indicates
Common-Mode (CM) EMI, which flows through the common ground, interconnecting
all elements with the disturbance [13]. Notably, the modulated voltage pulses generate a
common-mode voltage in the motor’s input connection, leading to several issues such as
leakage currents, shaft voltage, and bearing currents, as discussed in the preceding section.
In addition, depending on the characteristics of the cables, overvoltages can occur on the
motor terminals, which might affect the life cycle of the insulation systems.

Grid Converter Electrical Machine

Figure 1.1: Radiated and conducted EMIs in an electric drive.

There are two main types of EMI, depending on the propagating medium: conducted
and radiated. This PhD is focused on conducted EMI in both the common and differential
modes. These EMI flow through the wires from the source of interference (the inverter) to
a susceptible receiver, which could be the motor or any electrical device connected to the
system or the power grid. The other type of EMI is the radiated one, which propagates
through the environment if there is a cable acting as an antenna [16].
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1.3 EMC STANDARDS FOR ELECTRIC DRIVES

EMC standards are established to ensure that systems can operate effectively within their
electromagnetic environment without causing unacceptable electromagnetic disturbance to
any element within that environment.

Although different standards are established depending on the application of the
equipment or even the geographical location, the main regulation for measuring the
emission characteristics of industrial equipment is the European standard EN 55011 [17].
Specific limits for lifts and walking steps are also defined in EN 12015 [18]. In these
regulations, limits are set for voltage emissions, both in the Alternating Current (AC)
main supply connection and in the machine connections, as these disturbances are usually
amplified by the power cables used in the drives.

There are two main limits, the average emission limit and the quasi-peak limit. These
limits are usually given in dBpV and there are different limits depending on the frequency,
which ranges from 150 kHz to 30 MHz. For higher frequencies up to 1 GHz, the radiated
emissions are analysed, but these are outside the scope of this work.

In order to pass the EMC test of the AC power port, a filter is usually included, as
emissions around 1-4 MHz are typically above the limit. Therefore, to reduce the cost of the
product and increase its reliability, an EMI strategy-based design should be added early in
the product development cycle to reduce costs and achieve the best solution. Consequently,
understanding and predicting EMI noise using High-Frequency (HF) models during the
design phase is essential to manage EMI problems at the device level. This is the main
objective of this thesis.
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1.4 HYPOTHESES AND OBJECTIVES

The main objective of the thesis is to establish the design rules that make it possible to
improve the high-frequency behaviour and robustness of electrical machines, and indeed

the high frequency performance of the overall electrical drive.

1.4.1 Hypotheses

For accomplishing the main objective, some hypotheses must be defined, analysed, and
solved. Next, the main hypotheses are summarised:

H1.

H2.

H3.

H4.

By adjusting the high-frequency behaviour of the electrical machine, the performance
of the whole electric drive should be improved.

By modifying the motor impedance, the lifetime of the bearings and the winding
insulation would be increased, preventing unexpected and premature failures.

Knowledge of the high-frequency behaviour of electrical machines and the use of
appropriate tools and methodologies for analysis and design could make possible the
optimisation of the electric drive for each particular application.

Prototyping the electric drive with an optimised electrical machine would allow to
evaluate the effectiveness and usefulness of the developed design methodology and
tools, as well as the improvements obtained with respect to a conventional electrical
machine.

1.4.2 Objectives

The main objectives associated with the previous hypotheses are the following.

O1.

02.

03.

04.

Reduce the EMI of the whole electric drive, without adding a filter by reducing the
common mode current in the grid connection point.

Increase the reliability and robustness of the drive by reducing the common-mode
current and overvoltages in the motor terminals.

Define a design methodology that also improves the high-frequency behaviour of
electric machines.

Demonstrate the validity of the design tools and methodology in a practical case
study by manufacturing and evaluating a prototype.

Next, some actions are defined to achieve the objectives described above:

Al.
A2.

A3.

A4.

Definition of experimental procedures to conduct high-frequency measurements.
Development of high-frequency analysis tools.

Identification of design parameters that influence the high-frequency behaviour of the
electrical machine.

Development of a new electrical machine design with improved EMC behaviour and
increased reliability.



1.5 Publications
1.5 PUBLICATIONS

The following contributions have been made during the PhD.

1.5.1 Journal Articles

PUBLICATION 1: Reference [1]

“Analysis of Permanent Magnet Motors in High Frequency—A Review”
Y. Moreno, G. Almandoz, A. Egea, B. Arribas and A. Urdangarin

Applied Sciences, vol. 11, no. 14, p. 6334, Jul. 2021, doi: 10.3390/app11146334.

Abstract: Electric drives consume a great amount of the world’s energy, and it will
keep increasing due to the electromobility trend. Thus, the efficiency of electric drives
must be improved to reach the desired sustainability goal. The Silicon Carbide devices

contribute to this objective due to their high working frequency and lower switching losses.

However, working at higher frequencies may bring serious Electromagnetic Compatibility
(EMC) problems, as well as insulation stress and higher bearing currents. Hence, it is
important to have an electrical machine electrical equivalent circuit model to predict the
electromagnetic interference levels. This review summarizes the current state of the art
in electrical machine modeling and analysis in high frequency. The main analysis tools
as Finite Element Methods, analytical and measurement-based tools are compared in
their application to high-frequency electrical machine analysis. Then, different machine
high-frequency models are reported, detailing their individual features. Additionally, the

influence of the machine design parameters on EMC behavior is outlined for future analysis.

All in all, Finite Element analysis is the most accurate tool for high-frequency analysis,
provided that the mesh size is thinner than the skin depth. It is also concluded that the
winding placement is an essential parameter to define the high-frequency behavior of the
machine.

PUBLICATION 2: Reference [2]

“High-Frequency Modelling of Electrical Machines for EMC Analysis”
Y. Moreno, A. Egea, G. Almandoz, G. Ugalde, A. Urdangarin and R. Moreno

Electronics, vol. 13, no. 4, p. 787, Feb. 2024, doi: 10.3390/electronics13040787.

Abstract: The trend towards electrification in mobility has led to the increased use of
silicon carbide (SiC) semiconductors. These semiconductors are more efficient but also
present challenges related to electromagnetic interference (EMI) due to their higher voltage
derivatives. This paper introduces a new high-frequency impedance model for electrical
machines. The proposed model distinguishes itself from existing approaches by being entirely
derived from Finite Element Method (FEM) simulations, which include capacitances in the
magnetic simulation. This approach achieves a balance between computational efficiency

and high accuracy across the entire frequency spectrum, ranging from 100 Hz to 50 MHz.

The model provides valuable insights during the design phase and was rigorously validated
using data from 28 samples of an industrial machine.

7
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1.5.2 Conference Proceedings

PROCEEDINGS 1: Reference [3]

“High-Frequency Modelling of Windings” Y. Moreno, A. Egea, G. Almandoz, G. Ugalde,
A. Urdangarin, and R. Moreno

in 2022 International Conference on Electrical Machines (ICEM), Sep. 2022, pp.
1232-1238, doi:10.1109/ICEM51905.2022.9910696.

Abstract: Electrical drives consume a great amount of the world’s energy, and this will
keep increasing due to the electromobility trend. Hence, the efficiency of electrical drives
must be improved to reach sustainability. Silicon Carbide devices have a high working
frequency and lower switching loss, increasing the device efficiency. Nevertheless, higher
operation frequencies may bring major Electromagnetic Compatibility issues, in addition
to insulation stress and higher bearing currents. This paper presents the simulation process
to obtain a high-frequency model of an electrical machine. Then, some small and controlled
coils are modelled to construct the high-frequency model step by step, analysing the slight
differences between conductor diameters and materials that would be difficult to see in a
machine. These models are validated with experimental impedance measurements. This
represents the first step in modelling an electrical machine equivalent circuit to predict the
electromagnetic interference levels from the design stage.


https://www.doi.org/10.1109/ICEM51905.2022.9910696

1.6 Outline of the Document

1.6 OUTLINE OF THE DOCUMENT

CHAPTER 1
The first chapter provides a rough view of the thesis. Motivation, hypotheses, and objectives
are presented and the framework of the thesis is presented. The outline of the document is
given, and finally, the published papers are presented.

CHAPTER 2
In the second chapter, a thorough analysis of the state-of-the-art is conducted. First, the
high-frequency phenomena are explained. Then, the different analysis tools and models used
to analyse the machines at high frequency are described. Finally, the influence of different
design parameters on the high-frequency behaviour of electrical machines is presented.

CHAPTER 3
The overall process for obtaining a high-frequency impedance model with Finite Element
simulations is presented. The model is validated using measurements from 28 industrial
machines, taking into account manufacturing tolerances. The complete model of individual
conductors is described and compared to a simpler alternative based on bulk coils. The
validation process starts with a single coil and culminates in the complete machine.

CHAPTER 4
The machine is integrated into the complete electric drive system. Initially, the modelling
technique for each component is introduced. Then, the entire drive system is validated
by examining the common-mode voltage and currents. The impact of the machine on the
common-mode current in the grid is then assessed. Lastly, the EMC filter is integrated
into the system.

CHAPTER 5
In order to change the CM impedance of the electrical machine, different design variables
can be modified. In this chapter, an analysis is carried out to set some design specifications
to decrease the CM currents of the electrical drive. Then, those design specifications are
introduced into the general design methodology of an electrical machine. Finally, a case
study with two industrial machines exceeding the EMI regulation limits is presented. The
proposed design improvement successfully reduces their common-mode current.

CHAPTER 6
The conclusions of the work done during the PhD are described, identifying future research
challenges and opportunities.






Chapter 2

STATE OF THE ART

When working at high frequency, there are different phenomena that must be taken into
account because they affect the behaviour of the electrical machine. In this chapter, these
phenomena are explained first. Then, the current state of the art of the high-frequency
analysis tools for electrical machines is described. Later, different techniques for modelling
electrical machines at high frequencies are depicted based on the literature. Finally, the
influence of different design parameters on the high-frequency behaviour of electric motors
is presented. Part of the work presented in this chapter was published as a review article

in [1].

11
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21 HIGH FREQUENCY PHENOMENA

In low-frequency operation, parameters such as resistance and inductance exhibit
minimal dependency on frequency, making them essentially constant. However, at higher
frequencies, new phenomena emerge that cause variations in these parameters. Consequently,
as the frequency increases, the resistance increases as well, while the inductance decreases.

2.1.1 High-Frequency Phenomena in Conductors

As the frequency increases, the skin effect becomes prominent as one of the primary
phenomena. This effect arises because of the induced eddy currents within the current-
carrying conductor that are generated by the self-generated high-frequency magnetic field.
These eddy currents, in turn, create a non-uniform distribution of current density within
the conductor, pushing electrons towards the outer regions. Consequently, the effective cross
section available for current flow is reduced, as the current tends to flow predominantly
within a thin layer known as the skin depth (illustrated in Figure 2.1).

The skin depth can be determined using the well-known analytical expression:

2
_ 2.1
"=\ oo (2.1)

Here, § represents the skin depth, w denotes the current pulsation, p signifies the
medium’s permeability, and o stands for the conductivity of the material. Notably, according
to Equation (2.1), it is evident that the skin depth decreases as the frequency increases,
indicating that higher frequencies result in thinner skin depths.

Current Density in A/m?
0 930 x 10° 1.86 x 10° 2.60 x 10° 3.54 x 10° 5.02 x 10°

(a) (b) ()

Figure 2.1: Skin effect in a conductor of 2 mm of diameter. (a) 1 kHz. (b) 100 kHz. (¢) 1 MHz.

The current distribution on the surface causes higher resistance and lower inductance
because of the way the magnetic flux is spread within the conductor. The skin effect is
specific to each conductor and is not influenced by neighbouring conductors, allowing for
the analysis considering a single conductor [19,20]. To mitigate this effect, a conductor
diameter smaller than the skin depth can be used, considering its dependence on frequency
and geometry.

The interaction between the conductors that form a coil is known as the proximity
effect, which has a greater impact compared to the skin effect [21]. Although similar in
nature to the skin effect, the proximity effect involves the induction of eddy currents in a
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conductor due to the high-frequency magnetic field generated by neighbouring conductors.

Consequently, this phenomenon hinges on the relative positioning of the conductors and
can be mitigated by employing windings with twisted strands or Litz wires. However,
while effective, these solutions introduce manufacturing complexities and can result in an
uneven current distribution between the strands [22]. The influence of proximity effect on
the distribution of the current density within an electrical machine coil is illustrated in
Figure 2.2. When these effects combine, the effective cross-sectional area of a wire further
diminishes, leading to a subsequent increase in resistance [23,24].

Current Density in A/m?
0 387x10° 774x10° 1.2x10° 1.5x10° 1.9x10° 23x10° 2.6x10°

() (b)

Figure 2.2: Proximity effect on conductors of an electric motor coil. (a) 1 kHz (b) 10 kHz.

2.1.2 High-Frequency Phenomena in Magnetic Cores

Regarding the magnetic core of electric machines, there are high-frequency phenomena
in this domain that can greatly impact the motor’s performance. Typically, the magnetic
cores of the stator and rotor are constructed by laminated electrical steel sheets to minimise
the eddy currents caused by alternating magnetic fields. In this way, magnetic losses can be
significantly reduced. However, at higher frequencies, the effect of eddy currents is notably
increased, even with the insulation of the lamination, as the skin depth becomes smaller
than the thickness of the sheet.

Induced eddy currents produce a shielding effect within the electrical sheets, which
forces the magnetic flux out of the ferromagnetic core. This results in a reduction in
the relative permeability of the magnetic material and consequently in the inductance
value [21,23,25]. The frequency threshold for this change is based on the thickness of the
individual steel sheets and their resistivity [23,24,26].

In [24], a two-dimensional model is developed to replicate a bulk ferromagnetic core,
while a three-dimensional model is used to depict a laminated ferromagnetic core. In the
scenario of the laminated core, the inductance reduction is less pronounced compared to
the bulk core due to the incomplete expulsion of magnetic flux from the laminations. In
contrast, resistance experiences a more significant increase in the laminated core due to the
larger surface area for eddy current circulation and the increased proximity effect between
the laminated sheets, which amplifies the eddy currents within the core. It is important
to mention that the simulations do not consider the non-linear magnetic saturation of
the ferromagnetic core or the displacement current term, which is deemed insignificant,
especially below 1 GHz [24].

13
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2.1.2.1 Complex Permeability

As mentioned previously, eddy currents arise in the core as a result of the conductivity
of the ferromagnetic material. The primary approach for simulating these currents and
their impacts is through the frequency-dependent effective complex relative permeability
[23,27,28]. This is obtained by simplifying Maxwell’s equations within the laminated sheet
to a one-dimensional scenario. Although a detailed explanation will be provided for clarity,
a comprehensive discussion can be found in [28-30].

H(t -
i(t)
. -

“—
2w

Figure 2.3: Single laminated sheet

Considering a single rectangular laminated sheet as in Figure 2.3, assuming that the
current is in the y direction, the magnetic field is the following;:

O’H.(x,t)  OH.(x,t)

2.2
Ox? ot (2:2)
Solving Equation (2.2) results in two waves in the opposite direction:

H,(x,t) = C1e/*™7% 4 Cheltx (2.3)

Given that the propagation constant is specified as: v = 12i5j = /jwpuo, where o and p
represent the local conductivity and permeability, respectively. Under the assumption of
symmetrical boundary conditions on both sides of the sheet, the magnetic field within the

sheet can be expressed as:

Hy

H—_»y (ejwt—fy(x—&-w) + ejwt—'y(x—w)) (2.4)
e—TW

H,(x,t) =

The magnetic flux density can be determined by the following expression:

1 W H, Jwt
(B,) = / uHAxJ)Aydxz#

AC’I”OSS —W

tanh(yw) (2.5)
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where Across denotes the cross-section area of the sheet. Subsequently, the effective per-
meability perr in the z-direction of the laminated sheet can be computed as:

st = T it 1) = (1) 26)

where HS*' is the external field and pg is the permeability of the vacuum. Local
permeability can be estimated using an optimisation algorithm [30].

Finally, in the next equation 2.7, y/ is the real part of the complex relative permeability,
representing the energy stored in the core, while the imaginary part (u”) represents the
losses of the core.

inh
M/(f) = Mlocal% (csz)r:h
inh
M”(f) = Mlocal% (ng:h

w/§)+sin(w/d)
w/8)+cos(w/é) )
w/§)—sin(w/4d)

W/(S)Jrcos(w/é))

(2.7)

== ==

The phasor relationship between the H field and the two components of B can be seen
in Figure 2.4. As mentioned above, the real part represents the inductive energy stored in
the magnetic material, whereas the imaginary part represents the losses. The resulting B
phasor forms an angle with H () that is called the loss angle of the material.

—Fj = Hmax

Figure 2.4: Phasor relationship between B and H for a complex permeability material [29].

2.1.3 Parasitic Capacitances

At low frequencies, parasitic capacitances usually have minimal impact because of their
high impedance. However, as the operating frequency increases, the impedance of these
capacitances decreases, establishing new circulating paths for currents inside the motor.
This alteration can significantly influence the impedances in differential and common mode,
together with the currents in differential and common mode in the motor [23,31-33].

The primary parasitic capacitances present in an electric motor are illustrated in
Figure 2.5a. These include C,,, (winding-to-rotor capacitance), Cj (bearing capacitance),
Cys (winding-to-stator capacitance), Cs, (stator-to-rotor capacitance), Cy (winding-to-
housing capacitance) and Cs, (winding-to-shaft capacitance).

Within the winding, various capacitances emerge. Among them, C;; represents the
interturn capacitance, while C,, denotes the capacitance between phases, which may be
ignored if the winding comprises a single-layer configuration [23]. The comprehensive
paths for common-mode (CM) currents are identified in [32]. Accurate calculation of
interturn capacitances requires examining some factors such as conductor geometry, type
and properties of materials, positioning within the slot, and insulation thickness [34, 35].

15
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Figure 2.5: Parasitic capacitances. (a) Motor view. (b) Winding turns.
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22 ANALYSIS TOOLS

Lumped Parameter Models (LPM) are commonly used to represent the behaviour of
electrical machines at high frequencies. There are two primary approaches to define the
values of these parameters. The first approach involves determining the LPM parameters
of the motor through experimental measurements, which is widely used in the literature
[26,31,36-58]. This method is practical and enables accurate EMC simulation of motor
drives. However, it requires the disposal of a real motor for the measurements, making it
unsuitable for the preliminary design phase prior to prototyping.

In the second approach, a corresponding circuit model known as LPM is constructed
to determine each circuit constant using the motor design parameters through analytical
methods [34,59-72], Finite Element Method (FEM) [21,23-25, 27,28, 31, 35,61, 73-86],
or a combination of both, known as hybrid methods [32, 87, 88]. Through FEM-based
electromagnetic field analysis, the inductance, resistance, and capacitance of each winding
turn can be determined, which are difficult to measure experimentally [24]. This section
delves into the primary tools used for calculating the parameters of the equivalent circuit.

2.2.1 Finite Element Methods

FEM is based on the fundamental laws of electromagnetism that are Maxwell’s equations.

In (2.8), based on Gauss’s law, it relates the volumetric density of an electric charge (p) with
the electrical flux density (D). Faraday’s law (2.9) relates the electrical field strength (E)
to the time-varying magnetic flux density (é) Then the Gauss law for electromagnetism
states that the flux across any closed surface is always zero, whatever the field and the
surface are(2.10). Finally, in Maxwell-Ampere’s law (2.11) it relates the magnetic field
strength (H) with the current density (J) and the electrical flux density (D) [89,90]. The
time varying of the flux density is the displacement current term that is neglected below
1GHz. In the analysis proposed in this thesis, this term will be neglected because the

frequency range of interest is below 30 MHz.

V.-D= (2.8)
. 9B
E=_22 2.
V x o (2.9)
V-B=0 (2.10)
_ . 9D
VxH=J+7- (2.11)

To solve those equations in FEM magnetic application, the magnetic vector potential
(A) is used, solving Equation (2.12), where vy is the reluctivity of vacuum, v, and o are
the reluctivity and conductivity of the medium and and V is the electric scalar potential.
In this solution, only (E), (B) and (H) are computed, since the (D) field is not used in
magnetic applications. Moreover, solving Equation (2.12) decouples the equations of the
electric and magnetic fields. This decoupling depends on the materials, the frequency, and
the dimension of the study domain, being suitable for frequencies below 10 GHz.

V x (vo [v,] V % ff) + [o] (%;1 + VV) =0 (2.12)
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2.2.1.1 Analysis of eddy Currents and Iron Losses

Iron losses in electrical machines are well known to be frequency dependent, with both
hysteresis and eddy currents increasing as the frequency increases. Accurate modelling
of these losses often requires the consideration of the non-linear permeability of the
magnetic core [21,77]. In [21], non-linear permeability is incorporated by assigning different
permeability values to various regions based on the flux density vector, with mesh element
sizes set below the wavelength of the Pulse Width modulation (PWM) excitation frequency.
This approach effectively accounts for the non-linearity of the magnetic material’s BH
curve. Conversely, a linear approximation of the BH curve is proposed in [23], giving precise
results.

Although explicit methodologies for calculating hysteresis and excess losses may not
always be delineated in high-frequency motor models found in the literature, [91] introduces
an improved core loss model for transformers and machines, validated up to 1.6 kHz under
high-frequency and non-sinusoidal supply conditions.

In terms of model geometry, 2-D models often overlook two critical effects: lamination
of the magnetic core and end effects. Consequently, 2-D models tend to overestimate the
shield effect in sheets, leading to underestimated iron loss, reduced coil inductance, and
increased resistance [24,83]. Addressing this limitation, [78] incorporates the lamination
effect in 2-D models through an equivalent conductivity approach. Initially, 3-D laminated
and bulk core simulations are conducted, adjusting the conductivity of the bulk core to
match the eddy losses of the laminated core. The impact of lamination on the magnetic
flux distribution can be observed in Figure 2.6a. Furthermore, Figure 2.6b demonstrates
the end effect, where the end-winding leakage flux induces a local elevation in the flux
density at the edge of the tooth-shoe region, resulting in additional core losses [22].

(a)

Figure 2.6: Illustration of iron sheet effects. (a)Lamination effect [92]; (b) End effect [22].

Moreover, since the stator serves as a CM current path at high frequencies, its impedance
must be carefully determined. In [92], the impedance of electrical sheets is computed for
high-frequency transformers, encompassing both the parallel and perpendicular axes to the
winding.
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2.2.1.2  Analysis of Coil Conductors

In low frequency FEM analysis, it may be sufficient to represent winding coils as bulk
coils, as important performance measures such as joule losses or torque capacity generally do
not depend on the frequency of the power supply. However, as frequencies increase, detailed
modelling of the winding and finer mesh becomes imperative due to nonuniform current
distribution stemming from skin and proximity effects. To achieve accurate results, the
mesh size must be smaller than the skin depth at the given frequency [79]. Hence, solving
such intricate problems may substantially escalate the computational burden, making it
necessary to address simplification strategies to strike a balance between computational
load and result accuracy. Several approaches aimed at achieving this balance are explored
in the literature.

In [88,93], four distinct FEM models for axial high-speed Permanent Magnet Synchronous
Machines (PMSM) are evaluated, including bulk coils and individual conductors with fine
mesh in the 2D and 3D domains. The complete 3-D model, which incorporates the end
windings, is the most accurate to calculate AC losses in coils, as it accounts for end, skin,
and proximity effects. In contrast, bulk-coil models typically overlook these effects. In
particular, even with fine mesh, 2-D models often underestimate AC copper losses [83].

To mitigate computational demands while maintaining accuracy, three methodologies
are proposed:

o In [88], a bulk coil 3-D model with coarse mesh is advocated for calculating magnetic
flux density. Analytical formulations are then applied to estimate AC copper eddy
current losses, disregarding skin and proximity losses. This method finds relevance
in coreless permanent magnet machines, where most AC copper loss is due to the
interaction of the magnetic flux with the conductors [88].

o [93] suggests a 2-D model with detailed conductors and fine mesh, supplemented by
coefficients derived from flux density variation along the machine’s active length in a
coarse mesh 3-D model to adjust for losses along end windings.

o [87] proposes calculating flux density for various layers of the conductors, followed by
an analytical calculation of the AC loss for the radial flux machines. In cases where
skin depth is less than the conductor radius, flux density is computed at different
points within each conductor [87].

Table 2.1 provides an overview of different approaches for analysing the electromagnetic
behaviour of electrical machines by simulation. Most models incorporate the rotor, while
end winding inclusion is primarily limited to 3-D models. Meshes, where specified, typically
exhibit a size smaller than the skin depth at the analysed frequency to accurately capture
skin and proximity effects.

In some instances, the ferromagnetic core properties are simply mentioned without
further elaboration. However, the majority of cases include iron losses and even the
lamination effect, typically employing 3-D models or equivalent 2-D models. Modelling
approaches vary, with some models incorporating complex permeability and nonlinear BH
curves, while others choose to use a constant permeability.
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Table 2.1: FEM Electromagnetic simulation comparison.

Case Frequency Geometry Mesh Rotor End Skin  Proximity Iron
Range Model Winding Effect Effect Core
[32] 30-5 M 3-D.1 slot. X x [94] (Bulk turn) Reore & Leore * [70]
[35] 2 100-100 M 2-D.1/8 Model. X X X -
(78] 20-4 M 2-D.1/4 Model. X (Bulk turn) Equivalent o
[21,95] 10 k 2-D.1/2 Model < X X X Nonlinear BH
(23] 100-1 M 2-D slot X X X Complex p. Linear BH
(77] 0-100 k 2/3-D X x X X nonlinear BH and losses
[61] 10-10 M 2-D.1 slot X X X X
[73] 1k-10 M 2-D.1 slot X X Constant p, No lamination
[24] 10 k20 M 3-D.3 slot <6 X X X Constant p. One sheet
(28] 0-10 M 2-D.1 slot <é X X Coreless
[84] 0-200 k 2-D.1 slot <4 X X X
(87] 0-800 2-D Full < X X
(88] 500-3 k 3-D.3 coils Some < § X X Coreless
(93] 0-333 2-D. Half Fine X X
[22] 0-1.4 k 3-D.1 Phase Fine X X nonlinear BH and losses
[83] 0-600 2-D.1 pole X X X
[27,96] 10k-1M 2-D.1 slot <4 x X Complex . One sheet
[86,97] 1k-30M 2-D < X X Effective permeability
(98] 20 k-4 M 2-D/3-D <4 X X X X 3-D

! Analytical equations are used. 2 Rotor position is taken into account for R and L calculations.

All the cases reported in the table work on the high-frequency behaviour of electric
machines, but the ones on the lower section of the table focus primarily on extracting AC
copper losses for high-speed PMSM, not in the general behaviour of the machine.

2.2.1.3 Parasitic Capacitances

At high frequencies, the presence of parasitic capacitances among different components of
the machine leads to additional current paths, impacting the motor’s behavior significantly.
Thorough analysis of these capacitive couplings is essential, requiring the use of electrostatic
FEM simulations [21,31,99].

Various techniques are available to determine the capacitances between the conductors,
as detailed in [100]. In electrical machinery, these conductors may refer to the winding
conductors, as well as the stator and rotor cores, which also function as coupling paths.
The following are the most commonly used approaches [82]:

e Minimum Energy Method: The procedure involves conducting N(N + 1)/2 simula-
tions, where N represents the number of regions to be evaluated. Subsequently, the
stored energy will be determined based on the electric field value. An efficient approach
to determining the self-capacitance coefficients Cjy; is to perform N simulations, where
all conductors except the one whose capacitance itself is computed are assigned a
boundary condition V; = 0 for j # i. The equation (2.13) is then solved, with W;
representing the stored energy and V; denoting the applied voltage. To evaluate the
mutual capacitance between two regions C;j, the boundary conditions V; # V; # 0
are specified, while the remaining regions are set to zero.

Wi Cii = Cyi — QWi' —0.5(CuV? + CjV7)
ViQ ? 71 V;VJ

Cii = 2 (2.13)
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e Gauss law method: It consists of performing N simulations in which the conductors are
defined with a boundary condition V; = 0 for k£ # j. Then, after solving the electric
field distribution in each simulation, the expression (2.14) is applied, where Q;; is
the charge of each conductor due to the voltage excitation. (N + 1)/2 simulations
are enough, so the number of simulations required is significantly reduced. Hence,
this method can be considered more suitable than the minimum energy method
for electrical motors, which normally use coils comprising a rather high number of

Qij
Vi

conductors.

Cyj =2 (2.14)

Concerning the model’s geometry, the capacitances of the active section of the machine
can be computed using 2-D FEM electrostatic simulations, while the capacitances of
the end-windings require 3-D FEM simulations [32,94]. It is important to note that the
capacitive interaction between the active part of the stator winding and the stator core
is notably larger than other capacitive interactions, making it the primary path for the
CM current. Therefore, in certain scenarios, 2-D FEM simulations are sufficient to analyse
this primary CM current path [23]. Nevertheless, the end winding accounts for up to 40%
of the total capacitance between the winding and the rotor, affecting the phase-to-phase
capacitance, and thus, it is crucial to include it for the precise assessment of the bearing
currents [35,101]. However, as mentioned before, it can be neglected for the calculation of
capacitance between windings and the stator core.

Furthermore, the capacitances between turns and between turns and the stator contribute
to forming a symmetric matrix N x N, where N represents the number of turns, as
illustrated in Eq. (2.15). Here, Cj; denotes the capacitance between the ith and jth turns,
and Cj; represents the capacitance between the ith turn and the core [27,61,64,73,75,78].
Additionally, in references [21,24], the concept of phase-to-phase capacitance is introduced
for windings with multiple layers.

, ~Cy .
[Cl=1 - Ci+XNoCy - (2.15)
—Cj; :

In [82], the importance of the mesh arrangement among the conductors is emphasised,
suggesting the definition of a minimum of two mesh layers between the conductors to
ensure precise results. The authors point out that the calculated matrix reveals that the
most significant connections usually occur between adjacent turns and those in front of the
stator core. They propose simplifying the matrix by disregarding insignificant values of
remote conductors, a strategy also mentioned in [73].

Table 2.2 presents a summary of the models analysed, detailing their objectives and
considered capacitive couplings. Notably, the winding-to-stator capacitance is commonly
included in all cases, except for one that focuses on the impact of the end winding on bearing
currents. In this instance, the winding-to-rotor coupling takes precedence. Nevertheless,
certain publications choose to adopt a more straightforward method of considering winding-
to-ground capacitance instead of winding-to-stator capacitance, simplifying the models.

It is noteworthy that, in most cases, turn-to-turn capacitances are accounted for,
particularly in the analysis of transient voltages. Interestingly, when it comes to the
common and differential mode impedances of electrical machines, the influence of the rotor
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Table 2.2: FEM Electrostatic comparison.

Experimental Rotor End Winding Winding Bearing Stator Turn
Case L Geometry o R
Validation Model Winding Stator Rotor Capacitor Rotor Turn
(32] Bearing Current 3-D.1slot. x X X
[94] CM 2-D/3-D.1/4 Model. X X
(35] CM & DM 2-D.1/8 Model. X X x
[78] oM 2-D.1/4 Model. x x (bulk)
(21,95 Over-voltage 2-D.1/2 Model x 1 x
[23] CM & DM 2-D slot x 2 X X X
(77] Over-voltage 2/3-D x X ! X
[61] Over-voltage 2-D.1 slot x B X
[73] CM 2-D.1 slot 2 ! x
[24] CM & DM 3-D.3 slot x x
[28] oM 2.D.1 slot x
(84] RL 2-D.1 slot X B X
[76] Capacitance 2-D 1-slot
[82] 2-D 1-slot X X
[101]  Bearing Currents 3-D Full x X X X x
(27,96  CM & DM 2D 1 slot
[97] CM & DM 2D 1 slot

L Winding to ground. 2 Analytical equations are used.

may not be significant as only a few models consider it. Therefore, for the CM impedance
calculation, the end windings are neglected. However, in all cases where bearing currents
and overvoltages are examined, the rotor is taken into account.

2.2.2 Analytical Tools

When it comes to analytical methods, certain assumptions and simplifications are often
necessary to compute the resistance, inductance, and capacitance values using manageable
formulas. Although these simplifications may result in less precision compared to FEM
simulations, analytical calculations typically require significantly lower computational
resources. This section provides a summary of various analytical approaches found in the
literature.

2.2.2.1 Analysis of the Magnetic Core

On the one hand, as the frequency increases, eddy current losses escalate within the
ferromagnetic core. In the study presented in [62], it is assumed that the eddy currents
are confined to the skin depth, which leads to a uniform current density throughout it.
Consequently, with parameters such as stator length, resistivity, and slot perimeter, the
resistance attributed to iron loss due to eddy currents is derived for integration into the
circuit model.

On the other hand, [59] considers that the resistance associated with core losses at low
frequencies is proportional to the power of the induction machine. In addition, empirically
estimated damping resistance is introduced in parallel with winding inductance to account
for high-frequency iron loss coupled with winding skin and proximity effects. This resistance
is essential because of its impact on the differential mode impedance at the primary
resonance frequency.
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References to hysteresis or excess loss are scarce, except for the model proposed in [68],
which adopts Bertotti’s estimation method for iron losses. However, the resultant common-
mode and differential-mode currents lack of experimental validation.

Furthermore, in [69,70], the authors investigate the common-mode impedance of the
stator. They propose that when a common-mode current flows through the stator, it induces
a circumferential flux within the stator yoke. These currents and fluxes propagate along
the iron surface at the skin depth. In their research, they considered the magnetic flux in
each lamination to be the sum of the flux generated by the current within that lamination
and the current flowing in the adjacent lamination. Assuming equal currents traverse each
of the N laminations, the core impedance can be expressed as depicted in (2.16), where 71
and ro denote the inner and outer diameters of the stator yoke, respectively.

T2
In = 2.16
3mod nrl ( )

2.2.2.2  Analysis of Coil Conductors

At high frequencies, windings experience skin and proximity effects, as detailed in
Section 2.1.1. The skin effect can be quantified using Equation (2.17), where L represents
the winding length, r denotes the radius of the conductor and § signifies the skin depth
defined in Equation (2.1).

pL pL

Rskin = =
F Acpp w2 —m(r—0)2

(2.17)

For instance, in [62], the analysis of a single coil in an electrical machine is in agreement
with the experimental measurements. However, when examining a group of coils, the
resistance increases significantly as a result of the unaccounted proximity effect in the
model, thereby compromising its accuracy.

Estimating the proximity effect analytically poses a challenge. The most prevalent
method in the literature, proposed by [102], originates from transformer analysis. Another
approach suggested by [71] leverages exact analytical equations for round conductor
windings to compute AC resistance, resulting in more precise results. Nonetheless, these
methods rely on 1-D flux density models, not considering the effect of leakage flux crossing
the slot opening.

In contrast, [72] introduces a 2-D analytical model to forecast proximity losses in the
stator slots of PMSMs, accounting for the effects of the slot openings. The model solves
the Laplacian equation in the rectangular coordinate system of machine slots, applying
appropriate boundary conditions for the magnetic field intensity. However, it operates
under certain assumptions:

o Proximity losses at the bundle level are disregarded when transposing conductors.
e The slots are rectangular in shape.

e The conductors are evenly distributed within the slot.
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The model validation with FEM results for single- and double-layer windings demon-
strates accurate predictions up to 1.5 kHz.

In [60], Bessel functions are used to calculate the AC resistance of a shielded mul-
ticonductor, yielding satisfactory outcomes at low frequencies but exhibiting increased
discrepancies, up to 12%, compared to FEM results at high frequencies. The performance
of this method is further scrutinised in [61] for machine windings, revealing a similar error
level compared to the FEM results.

Moreover, the approach proposed in [59] utilises the IEEE standard Induction Machine
(IM) circuit [103], with parameters sourced from manufacturer datasheets. Additional
adjustments are introduced to accommodate high-frequency effects, including the inclusion
of inductance for the first turns of the winding, which impacts the high-frequency antireson-
ance point. Furthermore, a stator turn-to-turn damping resistance is defined to address
wire skin and proximity effects. However, a perfect match in differential-mode impedance
is not achieved because the stator leakage inductance skin effect is not taken into account.

Upon summarising the notable cases derived from analytic methods in Table 2.3, it
becomes evident that their accuracy lags behind FEM methods, with a narrower frequency
range. Among these, only the method detailed in [72] provides a direct estimation of
the losses due to the proximity effect in electric machines, while the damping resistance
integrated in [59] addresses the skin and proximity effects in the winding along with the
iron losses at high frequency in the machine.

Table 2.3: Analytic simulation comparison.

Case Frequency Iron Proximity Capacitive Validation
Range Core Effect Coupling to Ground
[62] 0-80 k Eddy Currents Parallel plates Single coil
[59] 0-1 M Damping resistance Damping resistance Bulk winding DM CM (Not adjusted resonances)
[68] 0-200 k Bertotti FEM Lumped C network
[72] 0-15k Laplacian Equation Joule Losses in PMSM (Error < 10%)
[60] 0-10 M (Shielded cable) Bessel function R & X with FEM (Error ~ 12%)

2.2.2.3 Parasitic Capacitances

When the working frequency increases, the impedance of the parasitic capacitances
decreases, leading to new current flow paths inside the motor which affect its DM and CM
impedances. The analytical calculation of capacitances is spread out in the literature.

o Stator-Winding-to-Rotor Capacitance: In [34,63], each slot is modelled as a plate
capacitor, comprising the air gap and opening height of the slot with air permittivity,
and the insulation of the wedge slot and upper slot with relative permittivity of the
insulation material. This method, while efficient, introduces an approximate error of
around 15% due to geometric simplifications.

Alternatively, [33] employs the method of image charges to compute winding-to-rotor
capacitance. This technique replaces elements within the geometry with imaginary
electric charges, replicating boundary conditions. Line charges represent the slot
portion, while ring charges represent the end-winding portion. Despite yielding small
deviations from the FEM results, this method facilitates the prediction of the bearing
voltage.
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Furthermore, accounting for the end-winding contribution to winding-to-rotor capacit-
ance is essential. As described in [23], the end windings typically exhibit a rectangular
structure. Hence, capacitance estimation utilises the cylindrical capacitor equation
(2.18), incorporating relative permittivity (&, ), vacuum permittivity (), end-winding
length (ley) and rotor diameter (d,) along with air gap distance (dg;-). Validation
against FEM results reveals slight discrepancies, but overall alignment.

dr + Qdair
d;

2mere0lew

er,ew = In (

. ) (2.18)

Rotor-to-Stator Capacitance: The stator and the rotor are viewed as cylindrical
capacitors. To adjust for the impact of the slot openings, a coeflicient is introduced,
similar to the one utilised for decreasing the airgap flux density in magneto-static
computations, known as Carter’s coefficient. The computed results exhibit a deviation
of 15% from the actual measurements, but the author argues that the estimates are
conservative, given that the method overestimates the bearing currents [63].

Bearing Capacitance: If a bearing rotates at a speed that allows the formation
of an electrically insulating lubricating film, it functions like a capacitor, provided
that the applied voltage is below the electrical breakdown threshold. Calculating
this capacitance considers factors such as the minimum thickness of the lubrication
film and the Hertzian contact area [63]. Experimental verification of the model is
performed through voltage measurements on the bearings.

Turn-to-turn Capacitance: In [64], an analytical model is presented to predict the
capacitance between turns of a winding. The model does not account for capacitance
between nonadjacent turns, assuming that the electric flux lines are directed only
towards the nearest conductor. The capacitance between turns is a combination of
air gap and coating capacitances. Although the accuracy of the analytical results in
comparison to the FEM results is debatable because of the relative error, the results
tend to converge to a similar order of magnitude. Additionally, in [67], the capacitance
between turns in windings made of rectangular conductors is computed assuming that
they act as parallel plate capacitors, but the analytical values do not align with the
FEM results. Furthermore, [66] highlights the necessity of using different analytical
methods depending on the actual winding configuration to avoid deviations of up to
400%. One method is suitable for widely spaced round wires in single-layer windings,
while the other is applicable when the wire spacing is small compared to the diameter,
assuming the conductors are in contact. Thus, understanding the specifics of electrical
machine design is crucial before selecting a calculation approach [104].

Winding-to-Stator Capacitance: In [34], the winding turns are considered a
single winding region, and the capacitance between the stator winding and the stator
core is regarded as a plate capacitance. This simplification has been found to be
inadequate based on the observed outcomes. Conversely, Ramos et al. assumed that
the ferromagnetic core surface acts as a perfect equipotential, causing the electric
field lines to be perpendicular to the core’s surface [64]. Consequently, the electric
field lines from the turn to the core cover only half the distance compared to those
between turns. The capacitance between a turn and the stator is approximated to
be twice that between turns according to [64,105]. Nevertheless, according to FEM
findings, the capacitance between a turn and the stator should be 2.4-3 times higher
than the capacitance between turns.
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In table 2.4, various publications are contrasted in terms of how they calculate capacit-
ance in electric machines, specifying the methodology or primary geometric simplification
used and the degree of error compared to actual measurements. The table shows that
precision is generally limited across the studies, although it could suffice for certain ap-
proximations, as discussed in those works. Understanding the geometry of the machine is
crucial when selecting a calculation approach.

Table 2.4: Analytic Capacitance comparison.

Case Winding Winding Stator Turn
Stator Rotor Rotor Turn
[63] Plate capacitors (~15%) Cylindrical caps (~15%)
[34] Plate capacitors (~80%) Plate capacitors (~30%) Cylindrical caps (~20%)
[33] Image charges (4-10%)
[23] Cylindrical capacitors (~30%)
[64] 2C (~50%) Conductors(~32%)
[66] For single layer (~15%)
[67] Plate capacitors(~16%)

2.2.3 Measurement Based Tools

One common method for modelling an electric motor for high-frequency analysis involves
measuring both the DM and the CM impedance and deriving the circuit parameters from
these measurements. Although this method is widely used, it is not practical for the design
phase as it requires a prototype. Typically, two different connection configurations are used
to obtain impedance values in the frequency domain [26,31,36,37,39-41,44-47,49-51, 53—
55,57,58]. The CM impedance measurement setup is illustrated in Figure 2.7a, while the
DM impedance measurement setup is depicted in Figure 2.7b.

Figure 2.7: Impedance measurement connection layout. (a) CM; (b) DM.

Moreover, according to [31,45,46,49], it has been mentioned that although Interior
Permanent Magnet Synchronous Machines (IPMSM) have often been considered equivalent
to Induction Machines (IM) for EMI simulations, the impedance characteristics differ
because the DM impedance changes with the position of the rotor, influenced by the
variation of reluctance, as illustrated in Figure 2.8.

In [46], a novel approach is presented, which involves measuring the impedance of two
phases in series and determining the equivalent inductances for various positions of the
rotor. Additionally, [36] and [41] require supplementary measurements to finalise the model
parameters. Conversely, [52] examines the ground current of an induction machine and
assesses the CM impedance, illustrated in Figure 2.7a, along with the impedance between
the three-phase terminals and the motor neutral using a floating ground terminal.
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Figure 2.8: Variation in differential mode impedance due to to the effect of rotor position [31].

The method for computing the LPM parameters is dependent on the specific model
used. Although most models feature predetermined LRC segments [26,36,37,39,41,43,44,
51-55,57,58], some models incorporate LRC segments equal in number to the resonance
points on the impedance curve [31,49, 50].

Many authors assign a physical interpretation to the RLC parameters, while others
associate these values with specific points or regions on the impedance curve [26,31,41,
46]. Some researchers also employ data fitting techniques, allowing for the possibility of
negative resistance values [39,40,106]. In a study by Hoffmann et al. [47], certain initial
model parameters are analytically derived from the impedance curve, while the remaining
parameters are optimised using a minimisation algorithm that enforces constraints on their
positivity and realness.

After the primary classification of the methods is completed, additional pertinent inform-
ation regarding the methods is discussed. In Figure 2.9, the DM impedance measurement
and an equivalent circuit are illustrated. Typically, only resonances within the EMI analysis
frequency range (150 kHz—30 MHz) are taken into account, and to prevent computational
challenges, it is advisable for each chosen pair of peaking and dipping frequencies to be
sufficiently distant from each other. For ease of characterisation, it is assumed that the
inductance in every stage of the circuit in Figure 2.9a is significantly smaller than that of
the subsequent stage to its right. The authors in [50] emphasise that this assumption is
imposed solely on the behavioural model and does not impact the machine’s performance.
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Figure 2.9: Measurement-based modeling of an IM. (a) Typical single-phase equivalence for DM
impedance; (b) DM impedance.

DM parameters are established based on the peaks and troughs identified in Figure 2.9b,
without any specific physical significance. By applying a similar methodology to the CM
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impedance, a three-phase equivalent circuit is constructed, incorporating the motor into
the electric drive model and verifying it up to a frequency of 10 MHz.

Moreover, as described in [31,46,49], the model is segmented into two subcircuits. One
pertains to the low-frequency domain, in which the RL values acquired through FEM are
affected by the rotor position, while the other corresponds to the high-frequency domain,
where the values are solely dependent on frequency and not on the rotor position. Validation
of this model through measurements demonstrates a high level of accuracy below 3 MHz.

In the scenario discussed by [36], five tests are performed to derive the parameters
taking into account the rotor, resulting in the extraction of rotor-to-stator capacitance.
However, a significant limitation of this approach is that the rotor must be electrically
isolated from the frame to measure the rotor-to-stator capacitance. The validity of this
method and the proposed model is confirmed through validation for both EMI and shaft
voltage analysis. On the other hand, [47] approaches the issue using a Lumped equivalent
circuit from a different perspective. The process involves identifying a series of complex
CM and DM impedances from 11 similar-type electrical machines. Initial parameters are
estimated based on approximations from the measured data, and the remaining parameters
are determined through a minimisation algorithm, resulting in a model that aligns with
the measured results up to 30 MHz.

In [44], it is mentioned that the iron loss resistance plays a crucial role in damping
the initial resonance in DM. This resistance is determined by extracting the value of R,
from the impedance at this specific resonance point. Subsequently, the model is expanded
to demonstrate that more accurate outcomes are achieved when R, is characterised
as a resistance that varies with frequency, representing the skin effect observed in the
ferromagnetic core.

Moreover, in [26] Rahimi et al. introduced a combined approach to determine the
model parameters by integrating CM and DM measurements with FEM simulations. The
model accounts for eddy current loss, inter-turn effects of the winding, and the impact of
leakage inductance on the initial winding turns. At lower frequencies, the DM impedance is
influenced by the stator magnetisation inductance and resistance related to core losses. Due
to the presence of more unknown parameters than equations derivable from DM impedance
characteristics, a 3-D FEM analysis is used to evaluate the core losses.

Lastly, in [107], a PMSM model from [55] is incorporated into the complete drive system,
along with models for the inverter and power cable. Each component - inverter, power
cable, and PMSM - is validated separately before the overall model is validated. The results
show a high level of accuracy compared to the measured spectrum. However, additional
validation is necessary in the 10 to 30 MHz range to account for electromagnetic noise
generated by the voltage probes and current transducers.
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2.3 MODELLING

In the preceding section, three distinct analytical tools were delineated for the analysis
of high-frequency electrical machines. Through this analysis, certain electrical properties
(inductance, resistance, capacitance) are derived, which are then incorporated into various
models. This section categorises the principal models according to their structure, techniques
for extracting parameters, and key features.

In terms of their complexity or magnitude, the models can be grouped into two
classifications: Distributed Parameter Models (DPM) and Lumped Parameter Models
(LPM). DPMs are known for their higher level of accuracy, although they may not be
easily interfaced with other system components due to their requirement for intensive
computational resources [21,23,61,73,75,77,78,95].

In contrast, LPM are more convenient since they can be incorporated into a compre-
hensive electrical drive model, and their parameters can be derived from basic impedance
measurements [24,26,32,35,37,41,44-47,49,50,53,54, 57,59, 108]. Some researchers have
created highly precise DPM models and simplified them into LPM using matrix reduction
techniques [21] or by grouping the RL parameters [23]. An overview of the various models
is presented in Table 2.5.

Table 2.5: Comparison of high-frequency models for electrical machines.

Model Frequency Model Parameter Inter-Turn Bearing Rotor Integration Simulation Iron
Range Type Extraction Effects Model Model in Drive Domain Loss

[54] 1k-13 M Measured X X X Freq & Time  Implicit
[41] 10 k-10 M Measured x x X Freq & Time  Implicit
[44] 10 k-10 M Measured X Freq & Time R Parallel
[47] 10 k-10 M Measured X Frequency Tmplicit
[53] 100 k-500 M Measured Frequency Tmplicit
[36] 10 k-10 M Measured x X x Freq & Time  Implicit
[37] 100-100 M Measured X Freq & Time R
[45] 150 k-10 M LPM Measured X x ! X Freq & Time R
[55] 100-30 M Fixed Measured X X X Freq & Time R
[26] 100-10 M Segments ~ Measured 2 x Frequency ~ R—L—RC
[39] 100 k-100 M Measured Freq & Time  Implicit
[57] 10 k-1 M Measured X Freq & Time  Implicit
[58] 100-10 M Measured X Freq & Time R Parallel
[108] 100-10 M 3 segments  Measured X X X Freq & Time  Implicit
[59] 10-10 M Analytic x x X Freq & Time R Parallel
32] 30-5M FEM 3 x x Time RL
[35] 100-100 M FEM X X X X Freq & Time  Implicit
[50] 1k-10 M f(F) Measured X Freq & Time  Implicit
[46] 10 k-3 M Segments ~ Measured 2 x ! Freq & Time  Implicit
[78] 204 M FEM 3 X Frequency Implicit
[95] 10 k FEM x Time Implicit
[23] 100-1 M FEM 3 X Frequency R Parallel
[77] 0-100 k DPM FEM X Time Implicit
[61] 10-10 M FEM X Freq & Time  Implicit
[73] 1k-10 M FEM x Freq & Time  Implicit
[24] 10 k20 M FEM X Frequency Tmplicit
[27] 10k-1M FEM X Frequency Tmplicit
[97] 1k-30 M FEM X Frequency Implicit
[98] 20 k-4 M FEM x x x Freq & Time  Implicit

I The rotor position is also considered. 2 FEM is used for some parameters. ® Analytical equations
are used for some parameters.
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In terms of the simulation domain, certain models operate within the frequency domain
to acquire characteristics such as CM and DM impedance in different frequencies. Conversely,
for simulating overvoltages and currents, the time domain is essential. In this context, the
frequency dependence of the parameters is typically addressed through lumped-parameter
circuits, as adjusting the value for every frequency may not be feasible. Two primary
approaches are outlined in this regard.

In [23], a total of four parallel RL branches are used to simulate skin and proximity effects
on resistance and inductance values, each branch corresponding to a specific frequency
range. The resistance of the initial branch, which represents the low-frequency range, is
directly derived from the FEM values, while the resistances of the subsequent branches
are determined using a frequency-dependent formula. The reduction in inductance with
frequency is characterised by two empirical factors sourced from [109]. A similar approach
is adopted in [31,46,49] to address variations in resistance and inductance with frequency.
They utilise Foster’s network and adjust the values through data fitting procedures. The
accuracy of the models is confirmed through validation, which yields precise results.

While all models are grounded in LCR circuits, they relate to distinct components of
the device and encompass different high-frequency phenomena.

e Inter-turn effects: In order to create a precise model at high frequencies, it is
essential to account for the interactions between conductors. Most FEM-based models
incorporate these interactions in their analysis, while measurement-based approaches
implicitly take them into consideration.

e Bearing: Only a few models incorporate bearings due to the significance of their
capacitance in simulating bearing currents. In other models, the bearings are ignored
or computed using analytical methods [63] or empirical approaches [35,74]. Bearing
capacitance can be ignored in cases involving plastic bearings or when the machine
is stationary, as noted by [23,34]. In [59], the model includes the rotor, shaft, and
bearings, which makes it highly valuable to examine the performance of the motor
at various frequencies. Additionally, this model is well suited to investigate bearing
currents and CM shaft voltage in both the time and frequency domains.

¢ Rotor: As Cy, and Cy, are a thousand times smaller than C,,s, the impact of the rotor
on the impedance of the DM at high frequencies is negligible. However, when examining
CM current paths for bearing currents, considering stator-to-rotor capacitance becomes
crucial, requiring consideration of rotor modelling [23,59]. Including the rotor leads to
a 16.4% decrease in the maximum overvoltage related to the turn-to-ground voltage,
making it essential for insulation design [77]. Furthermore, in [45], improvements are
made to a traditional dq Interior Permanent Motor model by incorporating ground
capacitance, iron loss resistance, and ground resistance. This modification ensures
that the values of RL remain constant irrespective of the rotor’s position, similar to
the machine models employed for control purposes.

e Iron Loss: As detailed in Section 2.1.2, eddy currents play a crucial role at high
frequencies. Various models incorporate a loss resistance connected in parallel with the
winding impedance, while others do not explicitly mention any particular parameter
in the electrical circuit to address the losses, which are inherently included in the
circuit characteristics. In [26], the introduction of an R in parallel with L and a RC is
suggested to consider the impact of eddy currents in iron within the mid-frequency
spectrum.



2.3 Modelling

For example, [78] introduces a distributed parameter turn-by-turn model. The RLC
parameters are obtained from 2-D FEM simulations and analytical formulas, considering
both the turn-to-turn capacitance and the ferromagnetic core capacitance. A notable
feature of this technique is that the circuit is formulated in a matrix form, enabling rapid
computation of the CM impedance, which is accurate up to 4 MHz. A similar strategy
is applied in [110,111] to simulate resonances and frequency responses in transformer
windings, using inductance and capacitance matrices.

The proposal of [53] stands out for introducing a high-frequency model between 100 kHz
and 500 MHz for PMSM used in electric vehicles. This model can effectively represent the
emitted EMI frequency spectrum, even with delta-connected stators. However, its precision
in determining impedance values at resonant frequencies is limited.
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24 INFLUENCE OF DESIGN PARAMETERS ON EMC

After examining the electromagnetic interference characteristics of the machine through
various models presented in the preceding section, it is essential to assess the impact
of various factors using these models. Several elements can influence EMC performance,
including the design parameters, materials used in manufacturing, and manufacturing
processes and tolerances. When delving into the specifics of the design parameters and
tolerances, FEM analysis is typically the primary choice.

2.4.1 Power Rating

While [44] acknowledges that construction materials and tolerances can unpredictably
affect the model parameters, it asserts that the winding-to-stator capacitance increases
with the power rating because thicker wires are employed in higher power machines, thereby
increasing the turn-to-stator area. The document also notes that stray inductance decreases
as the power rating escalates. However, the power rating is not a manipulable variable for
optimising the EMC performance of the machine, as it is predetermined by the application
and is a key requirement.

2.4.2 Grounding Points

In [112], it is observed that the configuration of the grounding points and their placement
in the machine frame can influence the paths taken by high-frequency currents in the
CM current flow. These HF currents typically travel to grounding points via the surface
of metallic components, but the distribution of current flow may vary according to the
impedance of the paths.

2.4.3 Winding Configuration

It has been observed that the impedance of a series connected winding machine is
four times greater than that of a machine connected in parallel, due to the fact that
the winding inductance changes proportionally to N2. Moreover, the initial resonance
frequency of a parallel machine connection is approximately twice the resonance frequency
of a series-connected winding machine [58, 59, 96].

Moreover, the literature also examines the star and delta winding configurations. In
[54], it is demonstrated that the CM impedance in both configurations is predominantly
capacitive, with the resonance frequency being 6 times higher in the delta-connected
machine. The impedance levels below and above the resonance points are equivalent since
the CM paths within these frequency ranges are the same for both configurations. Although
the shapes of the DM impedances for both winding connections are similar, the magnitude
of the impedance in the star configuration surpasses that of the delta configuration across
the entire frequency spectrum. The authors attribute this difference to the structure of the
DM path. In the delta configuration, the DM path consists of approximately two windings
in parallel, while in the star configuration, this path comprises one winding in series with
two windings connected in parallel. In [58], the machine connections are also scrutinised
and a model applicable to series, parallel, star, and delta connections is proposed.
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In [59], the study of a 5 hp induction motor highlights that a delta connection winding
exhibits twice the effective capacitance from the stator winding to the ground compared to
a star connection.

In [38] circumferential (CW) and toroidal winding (TW) topologies are analysed in
terms of winding configuration. CW represents the conventional concentrated winding in

electrical machinery, whereas TW forms a toroid shape, which reduces the end windings.

The research concludes that although TW may offer advantages in thermal management
and higher power density, it results in an increase in winding-to-ground capacitance, leading
to an increase in CM current by approximately 20 dB.

2.4.4 Conductor Diameter, Placement and Impregnation

Reducing the diameter of the conductor at high frequencies primarily results in a
decrease in effective resistance and an increase in inductance values [96]. The impact on
interturn capacitances is also notable, although this effect might be somewhat exaggerated
due to the greater air space between conductors resulting from maintaining their position
and reducing the diameter.

Additionally, the positioning of the conductors within the slot plays a crucial role in
simulating the CM current and voltage. This is because the skin and proximity effects
significantly influence the voltage distribution across the windings and the insulation stress
in the conductors [61,113]. When the winding conductors are farther away from the rotor,
the capacitance between the winding and the rotor decreases, resulting in lower bearing
currents [14, 74].

In [83,113], it is observed that the optimal orientation of the conductors in relation to
the leakage flux lines results in the lowest copper losses. Specifically, aligning the strands
in parallel with the flux lines minimises losses (Figure 2.10a), while arranging them closely
together leads to slightly higher losses (Figure 2.10b), and aligning them perpendicular to
the flux lines (Figure 2.10c) results in significantly higher losses. Additionally, the voltage
level plays a role in copper loss, as lower voltages lead to increased AC losses because of
the larger cross-sectional area of the conductor needed to carry higher currents for the
same power.

Figure 2.10: Conductor Arrangements [83]. (a) Strands aligned with flux lines. (b) Strands arranged
in compact bundles. (c) Strands aligned in perpendicular to flux lines.

Furthermore, reduced capacitance has been observed to be achieved when the conductors
are positioned closer to the centre of the slot rather than near the edge of the tooth [36,76].
In addition, research indicates that a minimal amount of impregnation reduces stray
capacitance, although this can affect thermal and mechanical characteristics. Therefore, a
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balance must be achieved [76]. Both combinations of conductor positioning and impregnation

quantity are illustrated in Figure 2.11.
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| |
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Figure 2.11: Winding position and impregnation.

In [82], they performed an analysis to examine how insulation affects the overall
capacitance matrix of a slot. The capacitance coupling is directly related to the quantity
of dielectric material present in the slot.

An increase in the thickness of the slot wall insulation could result in a slight increase
in the CM impedance of the machine and cause the resonance point to change to a lower
frequency, while the DM impedance remains almost unchanged [96].

In a more practical context, [65] presents an optimisation technique aimed at enhancing
the EMC performance of DC machines by adjusting factors such as the thickness and
material of the winding insulation, as well as the position of the conductors. The results
were highly comparable. Although we strive for similar objectives in EMC optimisation
of electrical motors, it is crucial to conduct a comprehensive assessment that takes into
account all relevant influencing factors.

2.4.5 Additional Actions

Following the initial machine design, additional measures can be implemented to reduce
EMI in electrical machines after manufacture. For example, as proposed in [74], the addition
of extra grounded electrodes in the slot wedge can help decrease the capacitance between
the winding and rotor, thereby reducing noncirculating bearing currents.

In addition, in [114] diminishing the magnitude of the magnetic flux leakage is proposed
through a two-layer shielding approach for the machine, with the aim of decreasing the
induced voltage in the neighbouring electrical circuit. However, implementing shielding for
the entire machine could be overly costly and unwieldy, leading Vostrov (2020) to propose
shielding specifically for the end windings to mitigate the winding-to-rotor capacitance and
the bearing currents. The end winding, which constitutes less than 1% of the winding-to-
stator capacitance, accounts for up to 40% of the total winding-to-rotor capacitance and
significantly affects the phase-to-phase capacitance [35,101]. Various shielding techniques
are suggested, resulting in various reductions in C,,,., with notable improvements in bearing
health and longevity. Although solid shielding could achieve the most substantial reduction,
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it also escalates iron losses; hence, the Faraday cage shielding might present a more
favourable alternative.

Furthermore, there exist external elements outside the machine that may influence the
EMI performance, including the inverter modulation pattern and frequency, as well as the
DC bus voltage. However, these factors are beyond the scope of this study [11-13,36].

While the operational point of the machine or its torque angle can impact the level of DM
EMI, using this as a method to improve EMI is not feasible, as it would limit the operating
range of the machine [49]. Similarly, the size of the air gap also influences the stator-to-rotor
capacitance, affecting both EMI characteristics and machine performance [36].

In [115], a novel systematic approach is introduced to assess the impact of tolerances on
PMSM performance, with the aim of checking potential noncompliant dimensional factors
and material properties. This method is based on the outcomes of the open-circuit and
short-circuit tests outlined in IEEE Std 1812. The study employs Design of Experiments
(DOE) to scrutinise the effects of each parameter under consideration. The output variables

examined include short circuit current, torque ripple, open circuit voltage, and core losses.

This methodology could prove beneficial for evaluating the influence of tolerances and
design parameters on high-frequency performance.

In summary, Table 2.6 presents a summary of the various design parameters that affect
the high-frequency performance of the machine.

Table 2.6: Design parameter influence review.

Parameter Impact Optimum

Parallel Circuits First resonance frequency

_1
rSeries — 9 JrParalle
frSeri 5 frParallel

First resonance frequency in CM Impedance (A higher than Y)
(Y higher than A)

Y-A Connection
DM Impedance Amplitude

Cwr & insulation stress

Bearing & CM Currents Furthest from rotor

Conductor placement

Shaft Voltage
Copper Losses

Middle of the slot

Strands aligned with flux lines

Conductor diameter

Winding-to-ground capacitance

Resistance & Inductance

Smallest

Slot wall insulation

Winding-to-ground capacitance

The thickest **

Winding Topology

Winding-to-ground capacitance

Circumferential winding

Impregnation level of conductors

Stray Capacitance

Low (affects thermal)

Slot Shape

Chr, Shaft voltage

Electrodes in slot wedge

Cwr & insulation stress
Bearing & CM Currents
Shaft Voltage

High diameter
Nearest from rotor

>1 electrodes together

Airgap size

Crs

Minimum

Shielding

Induced voltage

Depends on frequency

End-winding shielding

Cur

Faraday’s cage *

* Tt is necessary to find a balance between the complexity of the shielding structure and the desired
reduction in Cyr.
*Raising the insulation levels could result in decreased dissipation of heat.
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25 SUMMARY OF THE CHAPTER
2.5.1 High-Frequency Phenomena

In the winding, the skin and proximity effects increase with frequency, affecting both
the resistance and the inductance values of the coils. To model those effects correctly,
a detailed geometry of the stator slot must be considered. The skin effect depends on
the diameter and frequency of the wire, so it can be eliminated using conductors smaller
than the skin depth in parallel strands. However, an excessive number of strands becomes
ineffective at a certain stage due to the proximity effect, which also poses challenges in the
manufacturing process. Litz wires are used to reduce skin and proximity effects, with an
especial transposition to reduce the proximity effect, but above a frequency, the proximity
effect is not softened.

With respect to capacitance couplings, the properties of dielectric insulation materials
must be precisely known. Otherwise, the computation of the capacitances might differ
from the real values. It is remarkable that when an electrical machine is manufactured,
some conductors may vary their position from the theoretical one, making the capacitance
calculation differ from the measures also.

Moreover, the end-winding should also be considered to gain accuracy, including the
skin and proximity effects in that region. Concerning the capacitive coupling, even if the
end winding represents less than 1% of the winding-to-stator capacitance, it is up to 40%
of the total winding-to-rotor capacitance, so it must be taken into consideration especially
for modelling bearing currents, where the path through the rotor gains importance.

With respect to the magnetic core, eddy currents are significant in high frequency. Not
only because of the iron losses they create but also because of the shielding effect they
produce. Due to this shielding effect, the magnetic flux is pushed out from the magnetic
core, decreasing the effective ferromagnetic material area and leading to a decrease in
the value of the winding inductance. The lamination of the stator prevents the flux from
being totally pushed out of the core, leading to a higher winding inductance compared to
a bulk stator. Lamination also prevents eddy currents from being generated in the stator,
but once the skin depth is lower than the thickness of the sheet, more eddy currents are
produced in the laminated stator, as there is a proximity effect between sheets, increasing
the resistance of the coil compared to a bulk stator.

2.5.2 Analysis Tools

Regarding the FEM analysis, the detailed geometry of an electrical machine can be
accurately modelled, obtaining precise resistance and inductance values, taking into account
the skin and proximity effects, as well as eddy current losses in the stator and capacitive
couplings. The geometry mesh is essential to obtain accurate results in FEM. When working
in high frequency, the skin depth of the materials must be finely meshed, both in the
conductors to consider skin and proximity effects and in the core, as the eddy currents
flow along the skin depth of the iron sheets. Thus, the mesh size must be thinner than
the skin depth. However, this meshing requirement leads to higher time consumption and
computational load. Thus, a trade-off must be found between the complexity of the model
and the resulting accuracy. For the active length of the machine, 2-D simulations are
usually used, even if the resistivity of the sheets must be calibrated to take into account
the lamination effects, sometimes using 3-D models. Once a 3-D FEM simulation is done,
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some authors propose different coefficients to take into account this end winding, by using
just 2-D FEM for successive simulations. With respect to the capacitance calculation in
electrostatic FEM, the same applied to magnetic calculation is applied, needing 3-D models
for the end winding, at least for the winding-to-rotor capacitance calculation, where it
has a big impact. In this case, a 2 mesh layer must be defined between the conductors
for turn-to-turn capacitance accuracy. The Gauss-law method is recommended for the
calculation of the capacitance matrix, as it requires fewer simulations.

In the case of analytical tools, they commonly require less computation time, as some
assumptions and simplifications are considered for each specific case. The skin effect can
be easily calculated analytically, reducing the effective cross-section area of the conductors.
Nonetheless, the computation of the proximity effect is not so simple due to the non-uniform
distribution of the magnetic field in the slot. Bessel functions have been used to calculate
the AC resistance of the winding, leading to 12% errors at 50 MHz. An analytical method is
found to calculate the Joule losses taking into account the proximity losses, but a uniform
conductor distribution is assumed in a rectangular slot, so it may not be applicable to
all cases, and it is only tested until 1.5 kHz, so it may need further development for use
in EMC analysis of electric machines. With respect to the capacitance values, geometric
simplifications are done to simplify the calculations to plate capacitors in the case of the
winding-to-rotor capacitance or cylindrical ones for the stator-to-rotor capacitance, and
even if they converge to the same order of magnitude, they are not accurate enough. In
the literature a novel approach for the determination of the winding-to-rotor capacitance
is proposed using the method of image charges, validating the results with FEM. In the
turn-to-turn capacitance, some methods can reach acceptable results, but the method must
be chosen depending on the specific disposition of the winding, otherwise large errors can
appear.

Concerning measurement-based simulation models, a fairly good accuracy can be reached
by adjusting the model behaviour in the whole frequency range. However, it is important
to note that this approach is not suitable for the motor design stage, as the prototype must
already be built to perform the experimental impedance measurements and then obtain
the parameter values by curve fitting. For example, this approach should be suitable for
analysing the behaviour of the overall electric drive in simulation, considering the high-
frequency models of the motor, the inverter, and the EMC filter, but not for predicting the
behaviour of the electrical machine during the design process. Inside the measured-based
simulation models, there are two different ways of obtaining the electrical circuit model, by
looking for the physical meaning of each parameter and relating it to the impedance curve,
or just by parameter fitting procedures, obtaining even negative values. This model can
obtain excellent accuracy in the entire frequency range.

All in all, FEM tools are recommended for a detailed high-frequency analysis of electrical
machines during the design stage. They take into account all high-frequency phenomena
and obtain very accurate results provided that the geometry, the properties of materials,
and the mesh are properly defined.

2.5.3 Modelling

The high-frequency models of electrical machines can be classified on the basis of their
topology, parameter extraction methods, and their main characteristics as well as their
working domain. Distributed Parameter Models tend to be more accurate, but they are
difficult to integrate into the whole electric drive due to the intensive computation required.
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Lumped parameter models are more commonly used as they are more practical. The LPM
values are usually calculated from measurements, but there are some DPMs obtained from
the FEM values that are converted to LPM with matrix reduction techniques.

With respect to the simulation domain, some models are working in the frequency
domain, for example, to obtain the CM and DM impedance versus frequency. However,
to simulate overvoltages and currents, the time domain is needed. In this domain, the
frequency dependency of the parameters is usually considered using RL parallel branches or
Foster networks, as varying the value for each frequency may not be practical. If frequency-
dependent values are obtained from FEM, the equivalent RL branches can be obtained
using data-fitting methods.

Finally, depending on the objective of the simulation, the developed model may highlight
or neglect some parts of the machine. On the basis, all models are RLC circuits, with
different number of segments and different physical meanings, but in origin, all refer
to winding self and mutual inductances, resistance, and parasitic coupling capacitances.
The interturn effects in the winding are essential to obtain accurate results, whereas the
bearing capacitance is just included when the bearing currents are analysed. The iron losses
produced by eddy currents in the stator are sometimes included as a resistor in parallel
with the winding, whereas other times the losses are just implicit in the circuit values.

Concerning the rotor, its influence may only be significant when analysing bearing
currents, shaft voltages, or terminal overvoltage. The rotor position is also important in
the low-frequency range for salient-pole permanent magnet machines, as the inductance
changes with the rotor position. Therefore, if a full frequency range (0 Hz-30 MHz) model
is required, the rotor should be considered.

Finally, it should be mentioned that, generally, the models presented in the literature
have not been demonstrated to be accurate in the overall range of frequencies covered by
the EMC standards (from 150 kHz to 30 MHz). All proposals found in the literature show
rather good accuracy up to 10 MHz, but not in the range of 10 MHz and 30 MHz. It would
be convenient to extend the precision range to 30 MHz. Furthermore, as technological
developments increase the working frequency of devices, it is foreseeable that standards
will increase emission limits. Therefore, it is recommended to extend the measuring range
also beyond 30 MHz.

2.5.4 Influence of Design Parameters

Different factors may affect the EMC behaviour of electrical machines, such as design
variables, properties of materials, and tolerances associated with manufacturing processes.
To go into detail about the design parameters and tolerances, normally FEM analysis is
used as the main option.

Concerning the winding connection, the first resonance frequency of the CM impedance
is higher for a delta connection, whereas the DM amplitude is higher for a star connection.
The presence of parallel circuits doubles the first resonance frequency.

In relation to the conductor placement in the slot, their optimum position is farthest
from the rotor, just in the middle of the slot. In this way, the winding-to-rotor capacitance
is reduced, decreasing the insulation stress, the CM current, and the shaft voltage. The
capacitances also depend on the amount of impregnation. The lower the impregnation
quantity, the lower the capacitance. Moreover, the alignment of the conductors of each turn
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with respect to the flux lines also affects the copper losses. In this way, if the conductors
are aligned in the direction of the flux lines, usually horizontally in the slot of the machine,
the copper losses will be lower.

Additionally, electrodes can be inserted into the slot wedge to reduce the bearing
currents and shaft voltages, and shields can be added to the end windings or to the whole
machine to reduce the winding-to-rotor capacitance, but these solutions might increase the
cost and weight of the machine.

The analysis found in the literature is mainly focused on reducing bearing currents and
insulation stress, so a broader approach may be needed to make an EMC strategy-based
design for electrical machines.
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Chapter 3

FEM MODELLING

This chapter presents a precise and efficient method to model the high-frequency imped-
ance of electric machines. The model is validated using measurements from 28 industrial
machines, taking into account manufacturing tolerances. The proposed methodology is de-
scribed, detailing the required simulation steps. The complete model of individual conductors
is described and compared to a simpler alternative based on bulk coils. The validation
process starts with a single coil, extends to two coils, a full phase, and culminates with the
complete machine. This research contributes to advancing our understanding of electric
machine behaviour in high-frequency scenarios, with practical implications for design and
performance optimisation. Part of the study described in this chapter was published in [2].
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31 METHODOLOGY

This chapter presents the proposed methodology for modelling electrical machines
at high frequency. This method is fully developed with Finite Element Method (FEM)
simulations.

At the beginning of this PhD, another method was used that combined FEM simulations
with an equivalent circuit as presented in [3]. Different coils were analysed, changing
the conductor diameter and core material, which obtained good agreement with the
measured impedances. However, parasitic capacitances change the current distribution of
the conductors at high frequencies because of the leakage currents through them. This
change in distribution will then also affect the inductance and resistance values at high
frequency. Consequently, when windings with a higher number of layers and more conductors
were modelled, the impedance at high frequency became less accurate.

Therefore, a new methodology has been developed in which capacitive couplings are
first calculated by electrostatic simulation. Then, these capacitances are included in
a magnetodynamic FEM simulation to calculate the common- and differential-mode
impedances, achieving complete and accurate results. Altair Flux™ is used for FEM
simulations. The process is depicted in Figure 3.1.
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Figure 3.1: Simulation Methodology

The work presented in this chapter for the development of a high-frequency model for
electrical machines is based on an industrial three-phase PMSM with concentrated winding.
The main parameters of the machine are detailed in Table 3.1.

Table 3.1: Parameters of the analysed Machine.

Stator Slots Poles Coils per Turns per Conductor Core
Phase Coil Diameter Material

36 15 12 50 1.6 mm MS800-65A
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32 ELECTROSTATIC SIMULATION

The electrostatic simulation involves the calculation of the capacitances between the
conductors and between the conductors and the stator core. The process of obtaining the
capacitance matrices is defined in Figure 3.2. In this section, the details of each step are
described.

Geometry Potential Definition
Drawing insulation Define line region on
is essential now conductor perimeter
\L — Impose 0 V
Boundary Conditions
Floating Potential ¢
Simulation
\l] for i=1:N
Meshing Assign 1V to
ith Conductor

Fine meshing near
the conductors

V

Simulation Type

A4
Run Simulation
\Z

Extract C;; values

Electrostatic
Application v
l no
i=N?
Material Definition
Conductor region
defined by o yes

Dielectric region

defined by e Capacitance

Matrices obtained

Figure 3.2: Process for electrostatic simulations.

3.2.1 Geometry & Meshing

Only a single slot in the machine is considered, and all conductors within the slot must be
specified along with their insulating and impregnation materials. Ultimately, the conductors
within one slot will not be capacitively connected to those in another slot because the stator
core is positioned between them. In Figure 3.3, the concept of electrostatic simulations is
depicted with two conductors. The key is to define the conductive and dielectric regions
with their characteristics and with the corresponding distance between the elements.

The following elements must be defined based on Figure 3.3:

¢ Domain: Defining the boundaries of the simulation involves enclosing the simulated
elements within an infinite box. This box serves as the boundary condition and is
typically designated as either air or vacuum.

e Perfect conductors: Conductive components, such as conductors, the core of a
coil or the stator of a machine, are considered perfect conductors because they are
presumed to have equipotential surfaces.
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Domain

Perfect Conductors

Dielectric Region

Figure 3.3: Capacitance Modelling.

¢ Dielectric region: Elements that are neither conductive nor air must be defined as
dielectric so that permmitivity can be defined. They are usually insulation resin and
conductor insulation.

e Line region: The surface of the conductive elements must be imposed with a 0 or
1 V potential to obtain the capacitance matrix. This is because the surface of the
conductor is considered equipotential, i.e., the entire surface of the conductor is at the
same voltage. Thus, a line must be defined in their perimeter to impose this potential.

Regarding the meshing, although it is not as critical as in the calculation of the skin
effect, it is advisable to perform a fine meshing near the conductors in order to calculate
the electric field accurately. In this way, the calculation of the stored charge and the
corresponding capacitance will be more accurate.

3.2.2 Simulation & Boundary Conditions

As mentioned above, an electrostatic simulation is needed to obtain the capacitance of a
system. These simulations are usually used to analyse high-voltage devices, spark gaps, and
insulators, but the most widely used results are capacitances between conductive elements.
The computation concerns the electric fields (l_j and E) whereas the magnetic fields (é
and H ) are not considered. Thus, the equations of the electric fields and of the magnetic
fields are decoupled.

With respect to the boundary conditions, the first is to set the domain as shown in
Figure 3.3. This is done by setting an infinite box with a floating potential. This last
condition is important because imposing a potential may change the electric field in the
domain.

3.2.3 Material Definition

The electric relative permittivity or dielectric constant (€) is a physical parameter
of materials that describes how much they are affected by an electric field. Permittivity
is determined by the tendency of a material to polarise upon application of an electric
field and thereby partially cancel out the material’s internal field. In fact, the higher the
permittivity, the better the insulator. In Table 3.2, some common insulators used in electric
machines are shown with their values of dielectric constants.
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Table 3.2: Typical materials used for electric insulation in electrical machines.

Material Use Typical € value
Enamel Conductor Impregnation 5
Nomex 410 Slot liner 2.9
Poliester Resin Inter-turn impregnation 4.5
Polyamide/Imide Conductor impregnation 4.7

PVC Connection Cables 3

3.2.4 Potential Definition & Simulation Procedure

Finally, after the meshing and the definition of all regions, the simulations must be
performed. To do so, the process defined in the diagram of Figure 3.2 is followed. The
Gauss-Law method will be used for time & resource saving.

Thus, when defining the conductor voltages, a voltage of 0 V is imposed on all of them.

Then, in each of the N simulations, a conductor will be set to 1 V, and the electric field
distribution will be solved. Finally, with Equation (2.14) the desired capacitances are
obtained and included in the matrix. After N simulations, a full NxN matrix is obtained
with the capacitances between the conductors.

The diagonal elements refer to the self-capacitances, which are typically not practically
meaningful for the given circuit. The relevant capacitances are the off-diagonal elements,
indicating the capacitance between the conductors i and j and vice versa because of the
symmetry of the matrices. Subsequently, the stator voltage is set to 1 V and the capacitances
of the conductors to the stator are determined. As detailed in [3], a matrix of capacitances
with dimensions n x n is generated from the simulation, where n represents the number of
conductors per slot. Additionally, another matrix with dimensions n x 1 is derived from
the simulation, which contains the capacitances from the conductor to the stator. These
capacitance values are essential for magnetodynamic simulation.

A full conductor-based model would require a huge computational effort, as each
conductor of the machine must be defined individually. To avoid that, a simplified model
is also developed that uses bulk coils instead of individual conductors. A bulk coil refers
to a group of x conductors that function as a unified entity. This simple representation
simplifies the simulation process by decreasing both the complexity and the computational
load. The variation between the descriptions of the two models is illustrated in Figure 3.4.

Figure 3.4: Electrostatic models: (a) Full; (b) Simplified.
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Taking into account the definition depicted in Figure 3.4a, where 50 conductors per coil
are specified, a capacitance matrix of dimensions 100 x 100 is calculated, along with 100
capacitive connections to the stator for the complete model definition. As illustrated in
Figure 3.4b, the simplified model retains the same geometric configuration, but the con-
ductors on each side of the slot are combined and assigned identical voltages. Consequently,
the simulation incorporates three components: two coil sides and the stator core. Although
individual conductors are still represented to preserve geometric intricacies, only three
nodes and the corresponding capacitances are established: the capacitance between the
coil side and the stator (Cys), the coil capacitance (Cy,), and the coupling between the
coil sides within the same slot (Cy,,). Subsequently, after the capacitive connections have
been extracted in either of the defined models, a magnetodynamic simulation is carried
out to determine the CM and DM impedances.



3.3 Magneto-dynamic Simulation

33 MAGNETO-DYNAMIC SIMULATION

When current flows through a conductor material, it generates a magnetic field around
it. To analyse these phenomena, a magnetic application is used in FEM. In this section,
the steps for magnetodynamic simulations are described in detail, remarking the most
important aspects to obtain correct results. A general diagram is shown in Figure 3.5. The
details of each step are described in this section.
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Figure 3.5: Process for magneto-dynamic simulation.

3.3.1 Geometry & Meshing

First and foremost, it is necessary to establish the geometry of the element. As discussed
in Section 2.1, the characteristics of conductors become crucial at high frequencies due
to the emergence of skin and proximity effects in conductive components, which impact
resistance and inductance values. Consequently, it is essential to depict each winding
conductor separately, although in electrical machine simulations the entire slot is typically
treated as a unified conductor. The software Altair Fluz is used for the FEM modelling of
the electric machine. There are three methods to represent a solid conductor, as illustrated
in Figure 3.6.

The easiest way is shown in Figure 3.6a, which consists of drawing a circle with the
conductor diameter, and declare it as a solid conductor. This is appropriate for low
frequencies, where the skin depth is not very significant. It is also cost-effective in terms of
meshing and computational time.
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(a) (b) (c)

Figure 3.6: Conductor Modelling. (a) Solid conductor. (b) Solid conductor with adaptive meshing.
(¢) Surface Impedance.

Going a step further, in Figure 3.6b, another circle is drawn inside the previous conductor,
with a variable diameter related to the skin depth (§) of the material D;;, = Dcopg — 0,
where ¢ is defined in Equation (2.1). In this way, the mesh is automatically adjusted to
the working frequency of the device. The main drawback of the method is that it requires
drawing more lines, with the consequent increase in meshing nodes and the resolution time.
If the skin depth is too low, it may also cause meshing errors.

As described in Figure 3.6¢, another option is to define the conductor just by the exterior
surface. This option is only available for 3-D models, as their computation time is much
longer and implementing a variable mesh may be unfeasible. With this definition, since the
interior of the conductor is not meshed, the solving time is reduced significantly, but it
is valid only for very high frequencies. Thus, it is not valid for the full frequency range
electrical machine model.

In Figure 3.7 the difference between the solid conductor and the adaptive mesh solid
conductor can be seen by comparing the resistance and inductance values. It can be seen
that resistance and inductance are underestimated with fixed mesh. For this example, a
simple conductor of 1.6 mm diameter has been simulated, as is the one used in the analysed

machine.
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Figure 3.7: Modelling consequences in the electrical parameters of a conductor of 1.55 mm of
diameter (a) Resistance; (b) Inductance.
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For a 500-point simulation, the first case took 1 minute, while the adaptive case took
3 minutes. This time is considerably increased for the simulation of a coil or the entire
winding of a machine, but it is necessary to model the high-frequency phenomena properly.

Once the geometry and mesh of a single conductor have been defined, it is necessary
to define the geometry of the coils of the machine. Two ways of simulating the coil of a
concentrated winding electric machine are shown in Figure 3.8.

(a) (b)
Figure 3.8: Magnetodynamic models: (a) Full; (b) Simplified.

In the detailed model depicted in Figure 3.8a, each individual conductor is meticulously
represented and the mesh is tailored to the perimeter of these conductors, adjusting
according to the frequency. However, attempting to simulate the entire machine would
involve modelling approximately 100 conductors per slot in a machine housing 36 slots.
Even with the application of symmetries and periodicities, this approach would impose an
overwhelming computational burden due to the numerous capacitive couplings and the
need for a fine mesh around individual conductors.

To address the challenges of simulation time and computational resources, a simplified
method is proposed, as depicted in Figure 3.8b. In this approach, the coil is modelled as a
bulk coil drawing the slot perimeter, specifying key parameters such as the turn number
and the diameter of the conductor. Representing the coil without individual conductors
focussing solely on the slot perimeter, similar to low-frequency models, eliminates the
need for intricate conductor meshing, resulting in reduced geometric complexity and
computational burden.

The simulation software can still capture the skin and proximity effects using homogen-
isation techniques. In fact, the positioning of the wire turns in the coil regions is given by the
juxtaposition of a fixed unit cell. In these regions, the software performs a precomputation
on a unit cell to estimate the impact of skin and proximity effects on the current density
distribution. The results yielded by this pre-computation are then translated into equivalent
material properties that are assigned to the coil region.

3.3.2 Simulation Type & Boundary Conditions

When solving a magnetic simulation, there are typically three applications available:

« Magneto-static: It is used to study the phenomena created by a magneto-static field.
The magnetic field is related to the presence of DC currents or permanent magnets.

The state variables are time independent and the computation concerns only the B
and H fields, as they are decoupled from D and FE.
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o Transient Magnetic: It is used to study variable time magnetic fields. This magnetic
field can be caused by variable currents and/or permanent magnets. In this case, eddy
currents and skin and proximity effects can be considered. A circuit coupling must
be added to the conductive elements and a kinematic coupling must be assigned to
regions in movement, such as the rotor of a rotating machine.

The state variables are time dependent, and the computation concerns only the B, H
and F fields.

¢ Steady State AC Magnetic: This application allows the study of devices in the
sinusoidal steady state for a given frequency. Consider that all physical quantities
are sinusoidally time-varying for a given frequency. Magnets are not modelled in
this case, as the magnetic field is connected with the presence of the time-varying
sinusoidal electric currents. This application also considers the eddy currents and skin
and proximity effects.

The state variables are sinusoidal time dependent and the computation concerns only
the fields B, H and E as in the previous case.

Taking those three applications into account, it is decided that the most suitable one is
the Steady State AC magnetic because it enables a frequency sweep to be conducted and
allows for the acquisition of the necessary frequency-dependent parameters, in contrast to
the other two alternatives.

Regarding the boundary conditions, a built-in boundary condition is set, called an
infinite box. It is an air circle around the studied device, and its perimeter imposes the
tangent magnetic field condition. Setting the box at a distance far enough from the device
is crucial for the correct calculation of the flux lines.

3.3.3 Material Characterisation

For the magneto-dynamic simulations, there are two main characteristics of materials
that must be defined, permeability and resistivity. Practically, three materials are defined:
the copper conductors, the electrical sheet core, and the insulation, which can be defined
as air or even as not drawn, as the electric field is not considered.

For copper conductors, the definition is simple. Its permeability is equal to 1 and its
resistivity is defined as 1.72 x 10782 x m.

Defining the material properties for ferromagnetic electrical sheets adds complexity
to the modelling process. Typically, in FEM simulations of electrical machines, the core
material is characterised by either a constant permeability or, for greater accuracy, the
non-linear BH curve. Various methods can then be used to analyse iron core losses [116].

In machines, ferromagnetic cores are laminated to reduce eddy current losses at opera-
tional frequencies. However, at higher frequencies, where the skin depth is less than the
width of the lamination, the eddy currents intensify on the core surface. This amplifies
losses and induces a shielding effect that limits the penetration of magnetic flux, thereby
reducing the inductance value. Although modelling this phenomenon in detail may require
a 3D FEM approach with individual sheet representation [92], such an approach entails
significant computational demands.
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As discussed in Section 2.1.2.1, a practical method for assessing eddy currents in
laminated magnetic cores, without modelling each sheet individually, involves determining
the frequency-dependent effective complex relative permeability, accounting for both eddy
current and hysteresis losses.

Figure 3.9 illustrates the impedance of a single coil in a electrical machine. While
BH curve simulations tend to overestimate impedance near resonance because shielding
effects and core eddy current losses are neglected, employing complex permeability yields
impedance matching with measurements, with the resonance point suitably damped.
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Figure 3.9: Influence of core modelling on the impedance of a coil.

In the electrical machine under study, the ferromagnetic core is made of M800-65A,
which by definition has a width of 0.65mm and 8 W/kg losses at 1.5 T/ 50 Hz. It also has
an approximate relative permeability of 1900 at 1.5 T/ 50 Hz. However, since a maximum
of 0.5 A is introduced when measuring the impedance, very little field is produced around
the sheet, decreasing the local permeability value.

Local permeability (11j0cq;) can be measured or estimated using an optimisation algorithm
[30]. As samples of M800-65A sheet metal are available, the impedance of the toroid shown
in Figure 3.10 was measured. This toroid is made of layers of M800-65A and is wounded.

Figure 3.10: Laminated toroidal core made of electric sheets of grade M800-65A.

The resistance and inductance of the toroidal coil are measured, enabling the derivation
of the complex permeability illustrated in Figure 3.11, consistent with the proposed complex
permeability model (2.7).

At low frequencies, 1 remains at zero, indicating absence of losses in the component,
but increases with frequency. Initially, 4/ equals the local permeability, with a low value
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around 105, suggesting that the core operates at a low magnetisation working point during
measurement. As the shielding effect manifests itself, both permeability values decrease.
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Figure 3.11: Complex permeability. Experimental vs. Simulation results.

3.3.4 Circuit Coupling & Simulation Procedure

Once the geometry is established, it is imperative to establish the connections within
the circuit. The common-mode equivalent circuit per phase of an electrical machine is
depicted in Figure 3.12, showing both detailed and simplified representations.

C(m—l)—m

Coil m-1

Cim-1)g

Figure 3.12: Per-phase CM equivalent circuit of an electrical machine: (a) Full (conductor-based);
(b) Simplified (coil-based).
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Figure 3.12a presents the full model circuit layout, where n denotes the number of
conductors within one phase. Each conductor is interconnected with all others within
the same slot via capacitances. Additionally, a capacitance exists between each conductor
within the slot and the stator.

In contrast, the simplified representation in Figure 3.12b features m coils, significantly
reducing the number of capacitive couplings. Here, capacitive connections exist only between
the coils within the same slot (Cj2), between the coil conductors (C7), and between the
coils and the stator (C14), which streamlines the circuit configuration.
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34 COMPARATIVE ANALYSIS OF FULL AND
SIMPLIFIED MODELS

This section conducts a comparative analysis between the previously discussed full and
simplified models, using the impedance of a coil as a reference point. The experimental
measurements obtained using an Omicron Bodel00 Impedance Analyser are juxtaposed
with the simulation results, as illustrated in Figure 3.13.

(c)
Figure 3.13: Experimental measurements of one coil: (a) DM; (b) CM; (¢) Analysed coil.
Both models are in alignment with measurements throughout the frequency spectrum,

although with varying degrees of precision, as illustrated in Figure 3.14. In particular, the
simplified model demonstrates greater attenuation at the resonance point.
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Figure 3.14: One coil model. Experimental vs. Simulation results: (a) DM; (b) CM.

Furthermore, the detailed model reveals additional resonances within the 10-30 MHz
range, which are absent in the simplified model. This disparity arises from the simplified
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model’s exclusion of capacitances between conductors, incorporating them instead as coil-
to-coil capacitances. Consequently, the complex capacitive couplings responsible for these
resonances are not captured in the simplified model. The primary resonance at 10 MHz in
the common mode correlates with the initial turns of the coils.

The simplified model offers significant advantages in terms of its simplicity, reduced
parameter count, and shorter simulation time, thus facilitating future optimisation processes,

as demonstrated by Table 3.3.

Table 3.3: Comparison of Full and Simplified Coil Models.

Electrostatic Electrostatic = MagnetodynamicTotal Time for
FEM Simulation FEM Circuit 100 Points
Simulations Duration Components
Full Model 51 82 min 2700 114 h
Simplified Model 3 5 min 4 3.8 h

In calculating the capacitance matrix for a 50-turn coil using the full definition model,
51 electrostatic simulations were performed, resulting in increased nodes in the magneto-
dynamic circuit. In contrast, the simple definition model reduced the simulation time by

66%.

The main aim of this study is to develop a comprehensive machine model. Initially,
it is acceptable to compromise accuracy and simulation speed by opting for a simplified
model, as achieving a detailed definition of the entire machine may not be feasible within a
reasonable time frame. Moreover, as the model expands to cover the entire machine, the
impact of conductor-to-conductor capacitance in the higher frequency range will decrease,
leading to better agreement between simulation and measurements, as shown in later

results.
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3.5 PROPOSED HIGH-FREQUENCY MACHINE
MODEL

This section presents the step-by-step formulation and validation of the proposed model
for two coils of the machine, then one phase, and finally the entire electrical machine.

3.5.1 Two Coils

The subsequent validation stage involved measuring the impedance of two coils, as
depicted in Figure 3.15, and then contrasting it with the simulation results derived from
the simplified definition model, as illustrated in Figure 3.16.

Figure 3.15: Experimental measurements of two coils: (a) DM; (b) CM.
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Figure 3.16: Two coils. Experimental vs. Simulation results: (a) DM; (b) CM.

The simulation findings aligned with the measurements up to 10 MHz. Beyond this
frequency range, inter-conductor capacitive couplings emerged, similar to the single-coil
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scenario, albeit with fewer resonances and reduced amplitudes compared to the previous
case. However, the general concordance is acceptable.

A resonance is observed around 300 kHz in both the measurements and the simulation
for the common-mode impedance, slightly less damped in the simulation. Once again,
the initial turns of the coils and their interconnection were key factors influencing the
common-mode impedance at approximately 10 MHz.

3.5.2 The Overall Phase

After confirming the validation of two consecutive coils with consistent results up to 10
MHz, the full phase was simulated and compared with the experimental data, as illustrated
in Figure 3.17.

(a)
Figure 3.17: Overall phase: (a) DM; (b) CM.

On the one hand, Figure 3.18 demonstrates that the simulation results closely matched
the experimental data.
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Figure 3.18: Overall phase. Experimental vs. Simulation results: (a) DM; (b) CM.
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However, the common-mode impedance produced a more precise result for the resonance
frequency compared to the two-coil model. The presence of capacitive couplings between

the coils in different slots may cause discrepancies in the resonance frequency in differential
mode.

3.5.3 Full Electrical Machine

Upon validation of the simplified coil model, the full electrical machine model is
simulated. Following the methodology outlined in Chapter 3.1, and integrating the three-

phase electrical circuit depicted in Figure 3.19, the impedance of the electrical machine is
calculated.
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Figure 3.19: Simplified (coil-based) equivalent circuit of an electrical machine.

As discussed earlier, the calculation of the capacitances between the coils and slots
is based on a single slot with two bulk coils, considering only the capacitances between
consecutive coils. Consequently, the orange capacitances in the circuit, representing phase-

to-phase couplings, are active only when the coils of different phases are adjacent in the
same slot.

To validate the full machine model, impedance measurements of 28 electrical machines,
including the rotor, were performed on a factory production line, as shown in Figure 3.20.

All machines under examination belonged to the same model, with 28 units assessed to
account for manufacturing tolerances’ effects on measured impedance. Impedance data, as
illustrated in Figures 3.21 and 3.22, indicate a narrow tolerance range, suggesting consistent
impedance characteristics in all machines, regardless of the variability of the manufacturing.
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()

(a)

Figure 3.20: Experimental measurements of the machine: (a) DM; (b) CM; (c) Experimental setup.

In the common mode impedance analysis (Figure 3.21), close agreement is observed
between the results and the experimental data throughout the frequency spectrum. In
previous impedance measurements, an inductive effect was observed around 10 MHz that
depends on not only the measured device but also the measuring connections. Thus, an
approximate measurement was performed with different impedance meter calibrations,
revealing that the measuring connections introduced an inductance of approximately 3.75
uH to the measured impedance. Consequently, a series inductance of this value was added
to the circuit of Figure 3.19.
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Figure 3.21: Simplified CM model of the machine with rotor. Experimental vs. simulation result.

In differential mode, two-phase connection configurations uv — w and uw — v were
evaluated on the 28 machines, resulting in a tolerance area from the 56 measurements, as
shown in Figure 3.22.

Similarly, in the differential mode impedance analysis (see Figure 3.22), the impedance
values computed using FEM closely correspond to the experimental data. However, dis-
parities in impedance values, particularly at a resonance frequency of 200 kHz, may arise
from simplifications in representing the complex permeability of core behaviour at high
frequencies.
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Figure 3.22: Machine DM simplified model with rotor. Experimental vs. simulation result.

Furthermore, the adopted model, designed for efficient simulation, incorporates capacit-
ive couplings from coil to coil, but not from conductor to conductor, resulting in reduced
agreement in minor resonances (10-50 MHz). However, the overall accuracy within this

frequency range meets the primary objective of predicting EMI noise using high-frequency
machine models.

3.5.4 Rotor Influence

Rotors are known to affect the impedance of electrical machines. Figure 3.23 shows that
the presence of the rotor dampens the resonance point in the common-mode impedance
and slightly displaces the resonant frequency.
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Figure 3.23: Rotor influence on CM impedance. Experimental vs. Simulation results.
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The rotor also dampens the main resonance in the differential mode impedance, as
shown in Figure 3.24. Additionally, the impedance until the resonant point is considerably
lower without the rotor, because of the lack of magnets and the rotor core.
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Figure 3.24: Rotor influence in DM. Simulation results.

Moreover, rotor position also influences the impedance at a low frequency due to the
direct and quadrature axes, but this effect does not occur in the EMC range of 150 kHz to
30 MHz, so it was disregarded by our model.
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Chapter 4

FULL DRIVE INTEGRATION

This chapter discusses the incorporation of the electric motor model into the simulation
of the complete electric drive system. Initially, the modelling technique is introduced,
outlining the various components and conducting an initial validation in the frequency
domain before moving on to describe the time domain modelling. Subsequently, the entire
drive system is validated by examining the common-mode voltage and currents. The impact
of the machine on the common-mode current in the grid is then assessed. Lastly, the EMC
filter is integrated into the system.
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4.1 EXPERIMENTAL LAYOUT

Once the machine impedance is validated in the whole frequency range, it is time to
evaluate its effect in the whole electric drive. It consists of the PMSM, the cable, the
converter that generates the CMV, and the filter that prevents the CM current from going
to the grid. The experimental layout is shown in Figure 4.1a, and the full drive schematic
with the measurement points is shown in Figure 4.1b. The system to be measured is on a
wooden pallet to avoid parasitic couplings as far as possible.

(a)

Converter Uem-inverter Uem-motor
Filter [@ [@
X S N Cable
AV, C-

Grid

POP

I% 111 %ﬁ“ﬁ} ST~

cm-grid Tem-motor

(b)

Figure 4.1: Analysed electrical drive. (a) Experimental Layout; (b) Schematic.

To validate the whole drive, some measurements are conducted to compare them with
the simulations. The CM voltage is measured on the converter output and the motor input
to consider the effect of the cable. The current is also measured in the motor and in the
input of the grid.

The voltage probes used for the measurement are PMK BumbleBee with a bandwidth
of 400 MHz. Current is measured with a TEKBOX TBCP2-750 RF current monitoring
probe whose frequency measurement range is 1 kHz to 1 GHz and the transient limiter
TBFL1 with a range of 9 kHz to 600 MHz. These signals are read and saved with a RIGOL
oscilloscope model MS0O5204 of 200 MHz 4 channels and 8GS/s.

Before comparing the simulations with the measurements, their accuracy must be
carefully verified. In fact, when measuring high-frequency signals in the range of 150 kHz
to 30 MHz, other devices can interfere with this measurement, and the probes themselves
and the oscilloscope have a noise background.



4.1 Experimental Layout

To analyse this, the oscilloscope and the voltage and current probes are placed in the
measurement position, but the drive is switched off. Then, voltage and current are measured
and their spectra are obtained, as shown in Figure 4.2. This noise will be compared with
all the next measurements to establish the limitations of each of them.
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Figure 4.2: Background noise in measurement: (a) Voltage probe; (b) Current probe.

As explained in Section 2.3, there are two domains for modelling electrical drives for EMI
analysis, the frequency domain and the time domain. Although working in the frequency
domain is more intuitive once the CM impedance of the motor is obtained with FEM
simulations or measurements, it is complex to model the whole drive in this domain. Indeed,
even if the connection cable can be modelled using its impedance spectrum, the PWM
voltage of the converter must be generated in the time domain to observe changes in the
grid current or overvoltages at motor terminals when modifying the motor impedance.
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42 FREQUENCY DOMAIN MODEL

In order to validate the machine model in the frequency domain, Ohm’s Law is used. To
obtain the spectrum of the common-mode current, the spectrum of the voltage measured
at the motor terminals is divided by the CM impedance of the machine. Then, this
calculated current is compared with the experimental measurement. The diagram is shown
in Figure 4.3.

Measured U,.,, — U,,, Spectrum — %m _,-
cm

!

Simulated or Measured ~Z,.,

Figure 4.3: Validation process of the frequency-domain model of the electrical machines.

The common mode voltage spectrum measured in the motor is shown in Figure 4.4.

Probe Noise
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[ [ [ R
10* 10° 109 107
Frequency [Hz|

Figure 4.4: Motor Input common-mode voltage. Experimental measurement.

Given that the noise from the voltage probe becomes equivalent to the voltage value
starting from 10 MHz, the validity of the voltage measurement is compromised beyond
this frequency. Consequently, the resulting current will be subject to comparison only up
to the 10 MHz threshold.

Then, applying Ohm’s law by diving the voltage spectrum by the impedance of the
machine, the current spectrum is obtained, as can be seen in Figure 4.5. When the voltage
is divided by the impedance obtained with the FEM simulation, the current spectrum
shown in red is obtained. The yellow and black currents are obtained by dividing the
voltage by the maximum and minimum measured impedances, respectively.

On the one hand, it can be seen that the currents obtained with the FEM impedance
and the ones obtained using the measured impedances agree with each other.

On the other hand, even if at some points there is a small discrepancy between the
calculated and measured currents, there is overall agreement in the analysed frequency range
with respect to resonance points and current value. Consequently, the current spectrum of
the machine model is validated in the frequency domain.
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Figure 4.5: Frequency domain common-mode current. Experimental vs. Simulation results.
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4.3 TIME DOMAIN MODEL

Upon validation of the electric motor model in the frequency domain, attention is now
turned to the development of the time domain model for the entire electric drive. This
section is dedicated to the characterization of the electric drive components, with the aim
of incorporating all common-mode current paths present in the drive.

Subsequently, these components are integrated into a Matlab Simulink® model. The
model is then subjected to time-domain simulation to derive the common-mode voltage
frequency spectrum. As mentioned above, the drive system under consideration is depicted
in Figure 4.1.

4.3.1 Converter

In the analysed drive, the grid feeds a converter. Initially, a three-phase diode rectifier
feeds an uncontrolled DC bus containing a capacitor. Subsequently, a three-phase converter
of IGBTs generates a PWM modulated voltage according to the voltage, frequency, and
current indications requested by the drive control. These indications are those generated
by the torque and speed required for the motor.

This converter is the root cause of conducted EMI, as it is the generator of the CM
voltage coupled to its voltage pulses. However, the scope of this thesis is focused on the
electrical machine, so a behavioural model of the converter is developed, including the
common-mode current paths measured with the impedances shown in Figure 4.6 and the
PWM voltage generation explained below. In addition, the bus capacitance is modelled as
an RLC series branch to account for its high-frequency behaviour.
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Figure 4.6: Converter CM current path characterisation.

The measured CM impedances shown in Figure 4.7, are simulated with RLC branches,
and match the measured impedances in the desired frequency range. These parasitic current
paths should be enough to characterise the CM currents of the entire electric drive for
conducting EMI analysis.
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Figure 4.7: CM impedance of the converter. Experimental vs. Simulation results. (a) Zr1_4; (b)
ZpCt-g; (€) Zu—g.

The converter behavioural model produces modulated voltages through basic PWM
generation by comparing a sinusoidal wave of the desired frequency with a triangular
wave at a switching frequency of 8 kHz. The resulting rectangular pulse is modified to a
trapezoidal one using an integrator, in order to introduce rise and fall times in the switching
pulses, as it is crucial for the common-mode voltage spectrum. The diagram explaining
this procedure is shown in Figure 4.8.

Sinusoidal
f = 27Hz
R/
Rise & Fall To IGBT
Square Pulse times with PWM Voltage
Integrator
b —_— —
Triangle

swntchmg‘ = 8kHz
/\/\/\/\/\
Figure 4.8: Converter modulation diagram.

It must be remarked that the parasitic components of each IGBT are not modelled for

the behavioural model, only the impedances mentioned above and the switching procedure.

4.3.2 Connection Cable

The modelling of the cable is another key in the drive, as it could considerably affect
the common mode voltage spectrum at the motor terminals and so on the common mode
currents in the motor. The well-known PI model of an electric line is used to model the
cable, as shown in Figure 4.9. In this case, 20 PI sections per phase have been used to
make it more distributed, as in [107].

Figure 4.9: High-frequency PI model for the cable
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The cable used is the same as that used in the actual drive application, so it will be
characterised using its differential mode and phase-to-ground impedances (Figure 4.10),
paying more attention to the latter, as the interest is focused on CM currents.
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Figure 4.10: Impedance of the cable. Experimental vs. Simulation results: (a) Phase to ground; (b)
Differential-mode.

4.3.3 Time-Domain Model of the Electrical Machine

In the previous chapter, a FEM simulation process was described to obtain the machine’s
DM and CM impedances accurately. However, these impedances are frequency dependent
and must be modified to integrate them into the time-domain model of the overall electric
drive. For this purpose, the lumped parameter circuit shown in Figure 4.11 is used as in [107].
The impedance obtained from the FEM model is used to define the circuit parameters so
that the circuit impedance fits the impedance obtained by FEM.

| |

L
R ¢
Phase t o C Neutral
Re. La
Ry A Ry
R,
Cog1 —— —— Cp
Ground

Figure 4.11: Machine Time-Domain Equivalent Circuit.

The main impedance of the phase winding consists of R., and Ly, while R;, Ly and C}
refer to the high-frequency effects on the winding. Then R, accounts for the core losses.
Finally, Rg1, Cg1, Ry2, and Cyo represent the parasitic couplings from the winding to the
ground.

These circuit parameters must be defined to match the CM and DM impedances
obtained from the FEM simulation explained in chapter 3. This can be done manually or
using optimisation algorithms. In this case, the parameters were adjusted using a global
optimisation function consisting of a genetic algorithm. It must be remarked that priority
is given to the CM impedance, as the CM currents are the main objective of this work.



4.3 Time Domain Model

When adjusting the time domain model with the FEM impedance simulation, the
impedance error is defined as an objective to minimise. The per unit error for each
frequency point is calculated as shown in equation 4.1, where Zpgy(f;) is the FEM
impedance value for the frequency i** and Zpoqel(fi) is the impedance value of the model

to adjust.

log(|Z )|) — log(|Z ;
A(fz) _ Og(‘ FEl\/i(fz)g Og(" model(fz)‘) (4'1)
og(|ZrEm(fi)])
Then, the root mean square error for each defined frequency range is obtained in equation
4.2. The number of points for the rms value is defined as N and refers to the points of the

frequency range.

> oA(fi)?

= (4.2)

erToTrms =

Six different error objectives are defined in order to catch all resonances. The error
resulting from the optimisation of the genetic algorithm in each frequency range is shown in
Table 4.1. The low frequency impedance is adjusted to consider the nominal conditions of
the drive, which, in fact, will define the nominal current of the drive. Then, the intermediate
frequency range is analysed for the resonances in CM and DM mode, and the high frequency
range is used for the last part of the impedance after the resonance.

Table 4.1: Error of the time domain model of the motor respect to the FEM impedance.

Mode < 20 kHz 20 kHz - 300 kHz > 300 kHz

DM 2.77 % 3.88 % 1.09 %
CM 0.22 % 0.91 % 0.96 %

It is interesting to see how the different parameters converge during the algorithm
to minimise the resulting error in the impedance, as shown in Figure 4.12. It can be
appreciated that Cy; takes importance at the high frequency range, whereas Cyo it is
crucial in the lower frequency range. Respect to R, it can be seen that it defines the
damping in the resonance point in DM impedance, as is also converges to a value.
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Figure 4.12: Circuit parameter convergence: (a) Cy1 (300kHz<f<30MHz); (b) Cy2 (f<20kHz); (c)
R, (20kHz<f<300kHz).

Using the circuit parameters obtained from the genetic algorithm, the resulting imped-
ances are shown in Figure 4.13, showing no error in the CM impedance and a small error

in the resonance point of DM impedance as expected.
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Figure 4.13: Impedance of the motor. Experimental vs. Simulation results. (a) CM; (b) DM.

Upon defining the model for each system component through their respective impedance
spectra, it is imperative to validate the drive using the empirically measured voltage and
current spectra.

4.3.4 Validation

4.3.4.1 Validation of the Motor Model

Initially, the measured CM voltage in the motor input will be introduced to the motor
model to compare the measured CM current with the simulated one. In Figure 4.14, the
layout of the simulation can be seen.
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Figure 4.14: Motor time domain model validation.

As expected, the accuracy of the machines’s time domain model is the same as in the
frequency domain, as it can be seen in the current spectrum in Figure 4.15. Therefore, the

accuracy of the time domain model of the machine is assured, for further analysis of the
full drive.



4.3 Time Domain Model

; 60 i\IWV\IWVWWM ‘ o Probe Noise N
3 L TP R Measurement B
% 40
g 20 |
=
3 0
§ L -
10° 106 107
Frequency [Hz|
(a)
,<_:| ‘ L ——
= 0 nan
% Y vy uf fm

T 10 [ N e R b '

- ; L
= \ L
g =20 Measured M ‘ |" il "1“1':"".
= Model wf
_ || === Mode
O 30 T | [
10° 108

Frequency [Hz]
(b)

Figure 4.15: Electrical motor model. Experimental vs. Simulation results. (a) Input CM Voltage;
(b) CM Current.

4.3.4.2 Validation of the Full Drive Model

Upon the independent examination of the machine, the whole drive system undergoes
a process of validation. This involves measuring the CM voltage at both the converter
output and the motor input, which serves to verify the amplification attributed to the
cable. In addition, the CM current is quantified at three distinct points: the motor input,
the converter output, and the grid input. These measurements are depicted in Figure 4.16.
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Figure 4.16: Full drive time domain model validation.

The grid supplies a three-phase 400 V system with protection or ground conductor.
Then this voltage is rectified by an uncontrolled diode rectifier that generates a 560 V DC
bus. Then, using modulation techniques as explained in Section 4.3.1, the machine is set
to its nominal speed without load.
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In Figure 4.17, the comparison between the simulated and measured common-mode
voltage is illustrated. Recall that from 10 to 30 MHz, the voltages cannot be compared
because of the background noise. Only currents can be compared within this range.
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Figure 4.17: Commom mode voltage at converter output. Experimental vs. Simulation results.

It can be seen that the model agrees accurately, except for some minimal resonances
in the range of 800 kHz—1 MHz and around 2 MHz. As expected, the voltage from 10 to
30 MHz is lower than the measured one, due to the probe noise mentioned in the above
sections.

In Figure 4.18, the CM voltage at the motor terminals is depicted. The overall tendency
agrees with the measurement, even if the resonances at 1.5 and 3 MHz are slightly displaced.
It should also be noted that the voltage level is higher than in the converter output because
of the cable amplification of the voltage.
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Figure 4.18: Motor input CM voltage. Experimental vs. Simulation results.

Then, in Figure 4.19 the CM current of the motor is presented. Overall, the simulation
agrees with the measurement except for resonances from 1 to 5 MHz that were already
displaced in the CM voltage on the motor input. Apparently, this may be due to the cable
model because the motor model was previously accurately validated in Figure 4.15.
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Figure 4.19: Motor input CM current. Experimental vs. Simulation results.

Finally, the current in the grid input is validated in Figure 4.20. As before, the overall
spectrum agrees with the measurement, despite the small resonances previously missing
in the motor input voltage, which are also missing in the final grid current. However, the
resonance at 20 MHz caused by the converter parasitics is present in the model, even if
a bit overestimated. It should be noted that the converter model considers the parasitic

impedances shown in Figure 4.6, but the inside parasitics of each IGBT are not modelled,
as it is not within the scope of the present work.
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Figure 4.20: Grid input CM current. Experimental vs. Simulation results.

This section showed that the full drive model agrees with the overall measurement

spectrum. In the next sections, further analysis will be made with the presented model in
order to reduce the CM current conducted to the grid.

Interestingly, by measuring the CM current at the different points shown in Figure 4.16,
the influence of each drive component can be appreciated. In Figure 4.21, the different
currents are compared. As can be seen, the output currents of the grid and converter
are higher than the one at the motor input. This is due to parasitics in the cable and
converter, which also generate current paths to the ground. For example, from 100 kHz
to 2 MHz it looks like the mayor parasitic current flows from the cable to ground due to
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the gap between the motor and the converter output current. The peak around 20 MHz is
interesting because it is not present in the motor current, but it is present in the converter
output and the grid, so may be derived from the cable parasitic paths.
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Figure 4.21: Measured CM current in different measuring points.



4.4 Analysis of the Influence of the Electric Motor’s Impedance on Grid CM Current

44 ANALYSIS OF THE INFLUENCE OF THE
ELECTRIC MOTOR’S IMPEDANCE ON GRID CM
CURRENT

Before analysing the changes that must be made in the machine to decrease the CM
current, presumably increasing the CM impedance, it is convenient to check if the changes
in the machine impedance affect the grid current in any way. To do so, the impedance of
the machine is increased, as shown in Figure 4.22a, and the CM currents of the motor and
the grid obtained from the simulation are compared in Figures 4.22b and 4.22c.
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Figure 4.22: Influence of the electric motor’s impedance on Grid CM Current. Simulation results.
(a) Impedance change; (b) Motor CM current;(c) Grid CM current.

It can be seen that this small impedance change causes a decrease in the common-mode
current at the motor terminals, as well as at the power supply input. Although the decrease
at the grid input is smaller, this test confirms that the impedance of the machine has
an influence on the system, and it is possible to modify its behaviour by modifying the
machine. For this purpose, an analysis of the design parameters will be carried out in the
next chapter.
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4.5 MODELLING OF THE FILTER

After confirming the full drive’s functionality and the machine’s impact, it is necessary
to verify compliance with the EMC standards specified by EN 12015. Even if the current is
measured with a current RF probe, the regulations are defined by the emissions in dBuV,
because they are usually measured by Line Impedance Stabilisation Networks (LISN).
Therefore, to convert dBuA to dBuV a constant impedance of 50 () is used in all frequency
ranges, as it is the standard impedance for RF measurements. As can be seen in Figure 4.23,
the current exceeds the regulations at the connection point of the grid, which can interfere
with other elements connected to the grid.
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Figure 4.23: Grid current with and without EMC filter. Experimental measurements.

To solve this problem and comply with the regulations, the filter shown in Figure 4.24 is
introduced between the converter and the grid, filtering the current emission to the grid as
shown above. As mentioned before, this adds a new component, weight, volume and cost to
the electric drive, but does not solve the root problem; it just mitigates the consequences.
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Figure 4.24: Electric circuit of the EMC filter



4.5 Modelling of the Filter

The model was calibrated with the impedance measurements of a phase, phase-to-ground

in the input, and phase-to-ground in the output, as was done with the converter previously.

The resulting calibrations are shown in Figure 4.25.
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Figure 4.25: Filter impedance. Experimental vs. Simulation results: (a) Zpi1_y; (b) Zra—g; (c)
Zy_,.

4.5.1 Validation

In Figure 4.26, the CM current for the motor is depicted using the filtered drive model.

Generally, the simulation results are consistent with the actual measurements, with the
exception of resonances occurring between 1.5 to 5 MHz, which were also observed in the
CM voltage at the motor’s input in the unfiltered model.
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Figure 4.26: Common mode currents on the Motor. Experimental vs. Simulation Results.

Then, the current input of the grid is confirmed in Figure 4.27. Similarly to earlier
observations, the complete spectrum is consistent with the measurements, although it lacks
the minor resonances that were absent in the motor input voltage and are not observed in
the final grid current either. It should be noted that the difference between the measurement
and the simulation from 10 to 100 kHz is due to the noise of the probe, as mentioned in
Figure 4.2b.
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Figure 4.27: Grid input CM current with filter. Experimental vs. Simulation Results.

Finally, the current in the input of the grid is illustrated in dBuV to check the standard
limit of EMC emission. The simulation with a filter is compared to the one without it in
Figure 4.28. It can be seen that the current without filter is outside the standard.
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Figure 4.28: Grid input CM current comparison with or without EMC filter. Simulation results.



Chapter 5

MACHINE DESIGN SPECIFICATIONS

In this chapter, the design variables are analysed in order to evaluate their influence in
the CM impedance of the electrical machine. Then, the variables that contribute the most
to CM impedance are optimised and included in the general design methodology of electrical
machines. Finally, a case study is proposed to apply those design specifications.
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51 ANALYSIS OF DESIGN VARIABLES

In order to define design specifications for a EMC behaviour of the electrical machine,
it is necessary to determine which design variables influence the impedance of CM more,
since it is the one that defines the CM current in the machine and the CM current flowing
to the grid, as concluded in the previous chapter.

Design of experiments (DoE) is employed to investigate the influence of various design
variables on the CM Impedance. It is a branch of applied statistics that deals with the
planning, conducting, analysing, and interpreting controlled tests. These tests evaluate
the factors that control the value of a parameter or a group of parameters. The process is
shown in Figure 5.1.

DoE definition
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Figure 5.1: DoE procedure.

Based on the literature review presented in chapter 2, the design variables analysed
and their range are described in Table 5.1.

Table 5.1: Analysed design parameters

Parameter Original Value Minimum value Maximum value
Insulator permittivity 4.7 3.7 5.7

Insulator thickness 0.071 mm 0.06 mm 0.08 mm
Impregnation Permittivity 4.5 3.5 5.5

Liner 0.3 mm 0.1 mm 0.9 mm

Stack length 125 mm 100 mm 150 mm
Conductor Diameter 1.53 mm 1.4 mm 1.7 mm
Lamination Thickness 0.65 mm 0.58 mm 0.72 mm
Lamination permeability 100 90 200

Winding Configuration Series Series vs. parallel compared outside of the DoE

The original value of each design variable is taken as a reference, and then the values
are increased and decreased to check their influence on the CM impedance.

In Figure 5.2, a slot can be seen in the machine, which represents the design variables
analysed.
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Figure 5.2: Analysis of the slot.

In addition, the winding configuration is analysed by comparing the series connection
vs. a parallel one in the concentrated winding. This is done outside the DoE, due to its
complexity.

For the result evaluation, an output must be defined. In this case, two outputs are
defined, the maximum impedance value and the resonance frequency. Regarding the number
of tests to perform, a Resolution IV fractional factorial design is used to efficiently explore
the effects of eight variables on the system. This design allows for the testing of each
variable at its minimum and maximum levels, allowing observation of the main effects of
each variable and their low-order interactions.

The main effects represent the impact of each individual variable on the CM impedance
when all other variables remain constant. Low-order interactions represent the combined
effect of two or more variables on the impedance. By choosing a Resolution IV design, it
is ensured that the main effects are not confounded by two-factor interactions, providing
a clear understanding of the behaviour of the system. This design offers a practical and
efficient approach for gaining maximum insights with a manageable number of tests when
dealing with multiple variables.

In Figure 5.3 the DoE results are shown, where the contribution of each variable analysed
to the CM impedance value can be seen.
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Figure 5.3: Contribution of each parameter to the machines’s CM impedance.

In the diagram, there are positive and negative contributions. Positive means that if
the variable value increases, the impedance will increase as well, whereas negative means
that if the variable increases, the impedance decreases.
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With regard to the values, it can be seen that the variable that most affects the value
of the CM impedance is the thickness of the liner.

It must be remarked that even if the stack length also appears to have a big contri-
bution, it is not straightforward, as the change of length would require changes in the
winding properties (number of turns, diameter of conductors..) and would change the main
requirements of the machine, as the nominal torque and current. This is analysed in the
section below.

5.1.1 Stator length

The comparison of the simulated CM impedance of two different stator lengths is shown
in Figure 5.4. The original machine is 125 mm long, and the shorter machine is 100 mm
long. To maintain the requirement discussed above, the number of turns is increased, and
the diameter of the conductor is decreased to maintain the filling factor.
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Figure 5.4: Influence of stator length in CM impedance. Turn number and conductor diameter
adapted. Simulation results.

As can be seen in the figure above, the impedance increases slightly. However, the effect
of an increase in length is counteracted by the decrease in the diameter of the conductors,
minimising the desired effect.

With respect to conductor diameter and insulation thickness, they are related, as
regulations define the minimum and maximum insulation thicknesses for each wire diameter
and class. Furthermore, increasing the conductor diameter will also increase the conductor
losses, in addition to an early skin effect. Thus, seeing the results, the optimisation will
begin with the liner modification, not the length.

5.1.2 Winding circuit

Beyond the contribution analysis conducted, the series and parallel winding configuration
is depicted in Figure 5.5 with respect to the CM impedance.

The series winding consists of twelve coils per phase, whereas the parallel one consists of
six coils in parallel with the other six per phase. As can be seen, including parallel circuits
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decreases the impedance after resonance, leading to higher CM currents. Thus, the first
design criteria can be established. Parallel circuits should be avoided whenever possible.
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Figure 5.5: Comparison between series and parallel winding configurations. Simulation results.

This analysis has also been carried out experimentally, winding one phase of a small-scale
stator shown in Figure 5.6. It is manufactured with M800-65A electrical steel, with a stator
length of 53 mm. The different parameters of the windings are shown in Table 5.2.

Figure 5.6: Small-scale stator with a phase formed of 2 parallel circuits.

Table 5.2: Parameters of the wounded coils

Circuit Coils Turns per Coil Conductor Diameter
Series 8 50 0.5 mm
Parallel 4//4 100 0.35 mm

The resulting phase impedance is shown in Figure 5.7a. As expected, the parallel winding
has a higher impedance due to the higher number of turns and lower winding diameter.

The impedance from the phase to the stator in the small stator is shown in Figure 5.7b.
Under these circumstances, the impedance associated with the parallel circuit winding
exhibits a lower value than the series one. The same prediction was accurately made by
the model delineated in Figure 5.5 for the entire motor analysed.

This observation, in the first instance, substantiates the hypothesis that a parallel circuit
contributes to a reduction in the machine’s CM impedance. In the second, it validates
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the applicability of the HF impedance model, presented in chapter 3, for the purpose of
analysing design parameters, given its ability to discern modifications.
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Figure 5.7: Comparison of series vs.parallel circuits. Experimental measurement. (a) Phase imped-
ance; (b) Phase-to-stator impedance.

5.1.3 Optimisation of the liner thickness for CM current minimisation

Taking into account the contribution of each analysed design variable, the optimisation
test is carried out to increase the CM impedance with the thickness of the liner. The
maximum liner thickness that can fit the slot while maintaining the original winding and
conductor disposition is 1 mm, so the comparison is the following: 1 layer of 0.3 mm liner
vs. 3 layers of 0.3 mm, making a full liner of 0.9 mm. The resulting impedance is shown in

Figure 5.8.
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Figure 5.8: CM impedance optimization increasing the liner thickness. Simulation results.



5.1 Analysis of Design Variables

It can be seen that the CM impedance increases considerably over the whole frequency
range, just adding 2 more liner papers, or using a thicker one. Furthermore, it is confirmed
that incorporating the machine with additional liner to the electric drive will reduce the
CM current at the motor’s input, as illustrated in Figure 5.9.
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Figure 5.9: Motor CM current optimization increasing the liner thickness. Simulation results.

Then, in Figure 5.10 the current in the grid input is compared with the EMC standard
limit, and a current decrease is observed, even if not enough to comply with the regulations.
However, it can be a starting point for decreasing the filter size.
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Figure 5.10: Grid CM current optimization increasing the liner thickness. Simulation results.
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52 DESIGN METHODOLOGY

The general process for the design methodology of electrical machines is shown in
Figure 5.11, from the specification stage to the manufacturing process. This is based on
the methodology proposed in [117].

SPECIFICATION DESIGN N PERFORMANCE YES MANUFACTURING
STAGE STAGE ANALYSIS PROCESS
NO

FEEDBACK

Figure 5.11: General design methodology of electrical machines [117].

5.2.1 Specification stage

Initially, it is essential to establish the design specifications of the electrical machines.
This involves conducting a thorough analysis of various operational factors, such as speed
and torque prerequisites, operational cycles, and working conditions. It is also important to
consider environmental factors, mechanical limitations related to placement, and available
space for installation. In addition, other design criteria, such as expenses, material selection,
and manufacturing procedures, should also be considered.

As an additional specification to the above-mentioned, the EMC emission limits should
be defined for the specific application. In the analysed case, this is ruled by EN 12015, but
each application may have its own regulations.

5.2.2 Design stage

The design phase is an iterative procedure that includes three primary stages. They are
shown in Figure 5.12, showing in red the specific steps proposed in the PhD.

Design specifications

|

Initial design with
electrotechnical equations
\

Design improvements
based on analytical
and numerical tools
\
Performance analysis with
multiphysical simulations

{

Experimental performance analysis

Figure 5.12: Proposed Design stage process.

Fist, an electromagnetic design of the motor is carried out using standard electrotechnical
equations, focusing solely on average values and not taking into account harmonics or
torque ripple. This preliminary design stage involves choosing the appropriate topology,
determining the machine’s size, and designing the magnetic (poles and slots, magnet
grade...) and the electrical circuits (ampere turns, winding...).

Second, analytical tools are used to improve the pre-design from the stage above. It
can consist of mathematical models or commercial software. These tools speed up machine



5.2 Design Methodology

design, so it is advisable to use them as much as possible when their accuracy is adequate.

Then, the design of the machine is fine-tuned using precise numerical tools based on FEM
software. With the use of these tools, machine performance is scrutinised with precision,
considering nonlinearities, detailed geometrical shapes, and field distributions, avoiding the
simplifications used in analytical tools.

In this step, in order to consider the high-frequency behaviour of the machine, the
HF FEM model of the machine should be included, as presented in chapter 3. Taking
into account the other machine specifications, the CM impedance of the design should be
maximised in order to decrease the resultant CM current.

Finally, the iterative design process culminates in the analysis of machine performance.

This phase consists of multiphysic cosimulations to examine the overall operation of the
drive system.

In this last step of the design process before prototyping, the fully integrated drive model
presented in chapter 4 should be used, to obtain a general view of the EMC behaviour of
the drive. In this way, if the drive CM conducted emission is higher than the allowed by
the standard, the motor impedance can be increased if possible, or otherwise, the filter can
be resized according to the actual need, keeping its size to the strictly minimum.

5.2.3 Performance analysis

If the performance of the machine shown in the simulations is favourable, a prototype is
manufactured and experimentally tested. Habitually, electromagnetic, vibro-acoustic, and
thermal performances are analysed. A key objective of the developed work is to minimise
the use of prototyping. However, the experimental validation of the design is not neglected,
creating a prototype that is validated experimentally. The final step in the performance
analysis phase is the validation of the machine in its actual application.

It must be remarked that even if the integrated drive model is used to analyse the EMC
performance of the drive, verifying this performance in the actual application is advisable,
as external devices or elements may interfere with the drive and increase some emissions
at high frequencies.
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53 CASE STUDY

In this section, a practical case of design methodology is presented. Instead of following
the full design process, this section is focused on the high-frequency behaviour design of
the machine, from the HF machine impedance model to the EMC performance of the drive.
Two machines are obtained from the design specifications and the parameters are shown in
Table 5.3.

Table 5.3: Parameters of the studied Machines.

Machine Q) [rpm] Torque Coils per Turns per Conductor Circuits
[Nm] Phase Coil Diameter
M1 166 400 8 64 2 x 1.5 mm Series
M2 255 400 8 78 2x 1.3 mm Parallel

As mentioned above, using parallel circuits is not recommended, as they have a lower
CM impedance, which will increase the CM currents. However, in this case, it is necessary.
In fact, increasing speed while maintaining torque means higher power, leading to a current
increase in the winding. To cope with a higher current, the section of the wires must
get bigger, limiting the number of turns due to the filing factor, and compromising the
manufacturing process of the coils, as the bigger the wire, the less ductile. Therefore,
parallel circuits are used to reduce the current load on each conductor, thereby preserving
the filling factor and ensuring a manageable diameter for the conductors.

5.3.1 Machine high-frequency Impedance

Once the pre-design of the machine is made to meet the electromagnetic performance
specifications as shown in Table 5.3, the high frequency FEM model should be used to
evaluate the CM impedance of the machines and propose some design changes for the
high-frequency performance improvements. In Figures 5.13 and 5.14 the impedances of
both machines are compared with their measured impedance.
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Figure 5.13: CM impedance of the studied machines. Experimental vs. Simulation results.

In Figure 5.13, the FEM simulation impedances exhibit a precise correlation with
the CM impedance measurements of the two machines under study. Furthermore, the
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discrepancy in the impedance ranging from 60 kHz to 10 MHz between the two machines

is accurately represented by the FEM model.
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Figure 5.14: DM impedance of the studied machines. Experimental vs. Simulation results.

As depicted in Figure 5.14, the FEM simulated impedances manifest a precise correlation

with the DM impedance measurements of the two machines under examination. Even
if the accuracy of the models is lower around 200 kHz, the differences between the two
machines are clearly represented by the model. In this case, the DM impedance of the
parallel machine is lower in the whole spectrum, as expected because of its lower resistance

and inductance.

5.3.2 Common-mode currents

The impedances calculated by FEM are introduced in the time domain model of the
electric motor, and the overall electric drive system is simulated. As a results of these

simulations, the CM currents at the motor terminals are shown in Figure 5.15 and the CM

currents at the grid input are plotted in Figure 5.16.
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Figure 5.15: CM current of the studied machines without EMC filter.
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Simulation results.
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It can be seen that the parallel winding CM current in the motor input is higher from
200 kHz to 3 MHz, as well as in the grid input, even if the difference is lower.
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Figure 5.16: CM current computed by simulation at the connection point of the grid without EMC
filter.

5.3.3 Proposed Design Improvement

As explained in the previous section, increasing the liner would increase the impedance
of the motor and then would decrease the CM current, so this is applied to the analysed
parallel winding machine in Figure 5.17.

1067 \\\\\H‘ \\\\\H‘ \\\\\H‘ \\\\\H‘ \\\\\H‘
10° o
S 104
g
=) 3
= 10
kS
% 102
— 101 Original Series Simulation
- = = Original Parallel Simulation \‘ ’
1
100 || swwnnnn Extra Liner Parallel Simulation M
NN T A | Tl Lol \\\\\?\‘ |
102 103 10* 10° 106 107

Frequency [Hz|

Figure 5.17: CM impedance of the optimised machine. Simulation results.

It can be seen that the resultant impedance is considerably higher than the series
winding machine from 100 Hz to 100 kHz, and a bit higher from 150 kHz to 10 MHz. Thus,

this change is analysed in the complete drive model to verify the CM current behaviour in
Figure 5.18.
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Figure 5.18: CM current of the optimised machine without EMC filter. Simulation results.

A considerable decrease of the CM current is obtained, equaling and even minimising
the series winding machine current from 200 kHz to 10 MHz.

The same effect can be appreciated in Figure 5.19, even if the effect is minimised from
10 to 30 MHz, due to the CM currents flowing through the parasitic coupling of the inverter
and the cable to the grid. However, the current is reduced by 10% at around 2 MHz.
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Figure 5.19: CM current at the grid input without EMC filter. Simulation results.

Overall, these results suggest that increasing the impedance of the machine decreases
the CM current in the machine input, as well as on the grid input of the whole drive,

improving the drive EMC behaviour. However, the decrease is not enough to comply with
the EMC regulations without a filter.

In addition, the simulations of the analysed machines are conducted with the EMC
filter in the drive. The current obtained at the input terminal of the grid is depicted in
Figure 5.20. It is evident that the machine with parallel circuits exhibits two resonances at
1 and 2 MHz, which are higher than those of the other two machines. The first resonance
even reaches the EMI limit. Therefore, the incorporation of additional liner layers mitigates
this resonance by approximately 5 dBu V, thus preventing the exceeding of the limit.
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Figure 5.20: CM current at the grid input with EMC filter. Simulation results.

Furthermore, as can be seen in Figure 5.21, the voltage overshoot in the parallel winding
machine is 14 %, which does not imply a significantly high peak voltage in the machines
studied (a peak voltage of 320 V). However, for higher bus voltage levels, this overshoot
could result in a risky voltage level for winding insulation [118]. As mentioned in [119],
this overshoot could result in partial discharge (PD) activity, which is one of the common
causes of motor winding insulation failure.
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Figure 5.21: Motor terminal phase voltage pulse in the studied machines. Simulation results.
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In fact, PD refers to a phenomenon in which electrical discharges occur within the
insulation of electrical equipment, such as motors, without completely bridging the space
between conductors. These discharges can degrade the insulation material over time,

potentially leading to insulation failure. Thus, reducing discharges will increase insulation
lifetime.

Hence, reducing or removing the overshoot could help to avoid PD activity and con-
sequently increase the insulation lifetime. Interestingly, the overshoot obtained in the
machine with the 3 liner layers decreases the overshoot by 4 % from the original machine.

Thus, considering higher bus voltages, the inclusion of the extra layer may minimise partial
discharge probability thanks to the reduction of the overvoltage.
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In addition, the time that the voltage takes to stabilise in the bus voltage value is lower
in the machine with the extra liner layers, minimising the ringings. According to [120], the
less ringings occur, the lower the probabilities of partial discharge.

Altogether, including the extra liner layer can, on the one hand, decrease the CM current
in the drive, reducing the conducted EMI, and, on the other hand, increase the lifetime of
the insulation, as the PD probabilities may decrease. This is an interesting starting point
for future research.

5.3.4 Experimental validation

In order to evaluate the impact of an increase in the thickness of the liner in the
electrical machine, the impedance of one coil of the machine is measured. In Figure 5.22,
the measured coil is shown, with 3 liner layers as outlined in the design stage to increase
the CM impedance.

Figure 5.22: Coil with 3 liner layers of 0.3 mm each.

Then, in Figure 5.23, the coil-to-stator impedance is illustrated, comparing the im-
pedance with different liner thicknesses. The original 0.3 mm liner obtains the lowest
impedance, whereas including 3 of this papers, until 0.9 mm thick, increases the impedance
substantially.
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Figure 5.23: Effect of liner thickness in a CM impedance of a coil. Experimental measurement.
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In the absence of a physical prototype of the electrical machine analysed with an increase
in liner thickness, the validation of the design improvement was achieved through a two-step
process. The first step involved the analysis of the coil-to-stator impedance of a single
coil as shown in Figure 5.23. The observed increase in this impedance served to validate
the increase in the common-mode impedance, a critical parameter in the operation of the
machine.

The second step of the validation process was based on the full-drive model experiment-
ally validated in the previous chapters. A key observation was the decrease in the CM
current concurrent with the increase in impedance. This inverse relationship between CM
current and impedance further supported the design improvement of the machine. There-
fore, even without a physical prototype, the combination of these analytical observations
provides a robust validation of the design improvement of the electrical machine.



Chapter 6

CONCLUSIONS AND FUTURE WORK

3 years and a half have already passed since the beginning of this PhD project. This is a
long enough time to draw some sound conclusions. However, there are still many challenges
and opportunities for further development. To finish the document, the main conclusions
and some ideas for further work are listed in this chapter.
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6.1 CONCLUSIONS
6.1.1 On the Fulfilment of the Initial Hypotheses and Objectives

At the beginning of the PhD, some hypotheses and objectives were defined, which have
shaped the workflow of the last few years. In this section, their level of fulfilment and
veracity are discussed.

The establishment of the design rules and the development of design and analysis
tools that make it possible to improve the high-frequency behaviour and robustness of
electrical machines, and indeed the high-frequency performance of the overall electrical
drive, was defined as the main goal of the PhD. The goal is aligned with the structure of
this document. The comparison between the existing high frequency analysis tools and
modelling techniques was provided in Chapter 2, together with some influence of different
design parameters on the HF behaviour of the machine. Chapter 3 focused on the FEM
model developed for the analysis of the high-frequency impedance of electrical machines.
For the full electric drive, Chapter 4 presented an integrated model of the electric drive
that could predict the EMI behaviour of the overall system. The accuracy of both tools
was experimentally validated with different industrial electric motors. With respect to the
design parameters, their influence on the CM impedance was analysed in Chapter 5 to
introduce some high-frequency-focused steps in the machine design methodology. Then a
case study was presented and some design modifications were implemented successfully to
reduce the CM current of an electric drive. Hence, overall, the main goal of the PhD can
be considered accomplished at this stage. The following sections analyse the rest of the
hypotheses and objectives.

6.1.1.1  Veracity of the Hypotheses

H1. By adjusting the high-frequency behaviour of the electrical machine, the performance
of the whole electric drive should be improved.

This first hypothesis can be considered to have been verified by the case study
presented in Chapter 5. The thickness of the motor liner was increased to increase
the common-mode impedance, decreasing the common-mode current in the motor
and at the connection point to the grid. The case study ended with a redesigned
electric motor that was able to meet the demands of the application, reducing its
common-mode current emissions.

H2. By modifying the motor impedance, the lifetime of the bearings and the winding
insulation would be increased, preventing unexpected and premature failures.

Using the proposed design methodology and the variables analysed, the common
mode currents from the motor to the ground can be attenuated. However, additional
research is imperative to determine a reduction in bearing currents. Moreover, the
voltage at the motor input appeared to decrease as a result of the additional liner
in the slot, which consequently lowers the probability of partial discharges, thereby
prolonging the lifetime of the winding. However, further empirical studies are required
in this domain to derive a more definitive conclusion.

H3. Knowledge of the high-frequency behaviour of electrical machines and the use of
appropriate tools and methodologies for analysis and design could make possible the
optimisation of the electric drive for each particular application.



H4.

6.1 Conclusions

This hypothesis was also confirmed by examining the design variables shown in
chapter 5, together with the suggested improved design methodology. The case study
introduced at the end of the chapter further demonstrates that the tools developed
can facilitate the optimisation of the electric drive for various applications.

Prototyping the electric drive with an optimised electrical machine would allow to
evaluate the effectiveness and usefulness of the developed design methodology and
tools, as well as the improvements obtained with respect to a conventional electrical
machine.

Although the study did not address a prototype with an optimised electrical machine,
the developed model showed a clear reduction in common-mode current at the
grid connection point by increasing the machine’s CM impedance. This model was
experimentally validated, so the results are sufficient to state that the EMC behaviour
of the drive is enhanced with the increased liner. Additionally, a prototype of one
coil is modified, increasing the liner layers to experimentally check their influence on
the CM impedance, validating the increase in the CM impedance as predicted in the
FEM model.

Thus, the work that was done during this project serves to prove this hypothesis
in two steps: the impedance increase is experimentally validated, and the current
decreases with the developed model, which was previously validated experimentally.

6.1.1.2  Fulfilment of the Objectives

In the beginning of the PhD, the following objectives were set to achieve the final goal
of the thesis. The work of this thesis fulfilled the defined objectives as follows:

O1.

0O2.

Reduce the EMI of the whole electric drive, without adding a filter by reducing the
common mode current in the grid connection point.

In the case study presented in chapter 5 the CM current delivered to the grid is
reduced from 150 kHz to 3 MHz by adding 2 more liner layers to the machine analysed.
The mayor decrease is produced in the range of 1-3 MHz, with a reduction of 10
dBuV. Thus, the objective is achieved. Furthermore, the emissions of the parallel-
connected machine punctually exceeded the limit even with the EMC filter, and it is
solved by adding the extra layer of liner, even reducing the emissions to those of a
series-connected machine, about 5 dBuV less.

Based on these findings, it appears highly unlikely that the EMC filter can be
eliminated solely by altering the motor design. This presents a significant challenge
for future work in this area, as the change in the motor design can be used to reduce
the filter size, even if not eliminating it.

Increase the reliability and robustness of the drive by reducing the common-mode
current and the overvoltages in the motor terminals.

The research and design methodology proposed during this thesis has successfully
achieved an increase in the reliability and robustness of the drive system. In particular,
the attenuation of the common-mode current has been effectively addressed. However,
even if CM current attenuation positively impacts overall robustness, it does not
directly guarantee a reduction in bearing currents. Further investigation may be
necessary to specifically address bearing current issues, as well as to ensure the
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03.

0O4.

winding lifetime expectation due to the overvoltage reduction at the motor input.
However, the voltage overshoot has been successfully reduced by 4%.

Define a design methodology that also improves the high-frequency behaviour of electric
machines.

Chapter 5 presented a design methodology which includes the high-frequency models
developed during this PhD, both the machine high-frequency impedance model and
the full drive model. Using this methodology, the high-frequency behaviour of the
machines can be analysed precisely and optimised.

Demonstrate the validity of the design tools and methodology in a practical case study
by manufacturing and evaluating a prototype.

The proposed new motor design in the case study presented in chapter 5 has not been
finally manufactured due to lack of resources and time. Thus, the final validation of
the proposed design has been conducted mainly in simulation. However, the developed
models and the proposed design methodology have been completely validated by
means of some conceptual motors and by means of 6 industrial electric motors. So
it can be stated that the validity of the developed models and the proposed design
methodology have been proved.

Moving on to more specific conclusions on some different topics that were analysed in the

document, the following sections highlight the main points that can be extracted from the

work of these years.

6.1.2 Literature Review on the High Frequency Behaviour of Electrical

Machines

6.1.2.1 High-Frequency Phenomena

In coil windings, skin and proximity effects increase with frequency, impacting res-
istance and inductance. These can be mitigated using smaller conductors and Litz
wires, but effectiveness is reduced at high frequencies.

For accurate capacitance calculations, it is crucial to know the properties of dielectric
insulation materials. Variations in conductor positions during manufacturing can also
cause discrepancies between theoretical and actual capacitance values.

The end winding represents less than 1% of the winding-to-stator capacitance. However,
it represents up to 40% of the total winding-to-rotor capacitance. Hence, it might
be taken into account especially for modelling bearing currents, where the path
through the rotor gains importance. Nevertheless, it might be neglected for the
general high-frequency behaviour of the machine, as the common-mode currents are
mainly established by the winding to stator capacitance.

In magnetic cores, the presence of eddy currents is notable at high frequencies for
their contribution to iron losses and the shielding effect they induce. Due to this
shielding effect, the magnetic flux is pushed out from the magnetic core, decreasing
the effective ferromagnetic material area and leading to a decrease in the value of the
winding inductance. The lamination of the stator prevents the flux from being totally
pushed out of the core, leading to a higher winding inductance compared to a bulk
stator. However, once the skin depth is lower than the thickness of the sheet, more
eddy currents are produced due to the proximity effect between the sheets.
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6.1.2.2 Analysis Tools

e In FEM analysis of electrical machines, accurate modeling of detailed geometry is
crucial for precise estimation of the resistance and inductance values, accounting for
skin and proximity effects, and eddy current losses. Meshing is vital for accuracy,
especially at high frequencies, where materials’ skin depth must be finely meshed.
However, detailed meshing increases computational load and a good trade-off between
model complexity and accuracy must be found. Normally 2-D simulations might be
accurate enough to analyse the active circuit of the motor, but occasionally 3-D
simulations must be conducted to evaluate the contribution of the end-windings and
the 3D effects that arise in the laminations. For electrostatic simulations in FEM,
similar principles could be applied, although in this case rather fine mesh is required
between the conductors to estimate precisely the turn-to-turn capacitice coupling.
3-D models are recommended for calculating the winding-to-rotor capacitance, due to
the impact of the end winding.

o Analytical tools often require less computational load by making specific assumptions
and simplifications, such as calculating the skin effect by reducing the conductor
cross-section. However, accurately computing proximity effects is challenging because
of the non-uniform magnetic fields, and methods like Bessel functions used for AC
resistance calculations can lead to significant errors. Simplifications in the calculation
of capacitances, such as the assumption of plate or cylindrical capacitors, often lack
accuracy. In the turn-to-turn capacitance, some methods can reach acceptable results,
but the method must be chosen depending on the specific disposition of the winding,
otherwise large errors can appear.

e Measurement-based simulation models achieve good accuracy across the entire fre-
quency range by adjusting the behaviour of the model. They are suitable for the
modelling of already manufactured motors. These models normally are included in
time domain simulations comprising the overall drive system, considering the high-
frequency models of the motor, inverter, and EMC filter. But obviously, this approach
is not suitable for predicting the behaviour of a novel motor in the preliminary design
stage, as the prototype has not yet been built. There are two methods to obtain the
values of the parameters included in these models: analysing the physical meaning of
each parameter related to the impedance curve or using parameter fitting procedures
that can yield even negative values.

In general terms, FEM tools are used for a detailed high-frequency analysis of electrical
machines during the design stage. They take into account all high-frequency phenomena
and obtain very accurate results provided that the geometry, the properties of materials,
and the mesh are properly defined.

6.1.2.3 Modelling

e Typically, models can work either in frequency or time domain. Frequency domain
models analyse parameters like CM and DM impedances across different frequencies.
However, for simulating overvoltages and currents, time domain models are required.
If frequency-dependent values are obtained from FEM simulations, equivalent RL
branches can be derived using data-fitting methods.
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¢ Depending on the specific objectives of the simulation, the constructed model may

selectively emphasise or disregard certain components of the machine. Fundamentally,
all models are constituted as RLC circuits, characterised by a variable number of
segments and distinct physical meanings, even if, they all refer to winding self- and
mutual inductances, resistance, and parasitic coupling capacitances. The inclusion
of bearing capacitances depends on the analysis of bearing currents. Iron losses are
occasionally integrated as a resistor in parallel to the winding, or alternatively, these
losses may be implicitly represented within the circuit parameters.

Concerning the rotor, its influence may only be significant when analysing bearing
currents or shaft voltages. The rotor position is also important in the low-frequency
range for salient-pole permanent magnet machines, as the inductance changes with the
rotor position. However, the position of the rotor does not change the common-mode
current of the motor, as it is induced at high-frequency.

Generally, the models presented in the literature for electric motors have not been
demonstrated to be accurate in the overall range of frequencies covered by the EMC
standards (from 150 kHz to 30 MHz). All proposals found in the literature show
rather good accuracy up to 10 MHz. It would be convenient to extend the precision
range to 30 MHz. Furthermore, as technological developments in SiC and GaN devices
increase the working frequencies, it is foreseeable that standards will increase the
emission limits.

6.1.2.4 Influence of Design Parameters

o Different factors may affect the EMC behaviour of electrical machines, such as design

variables, properties of materials, and tolerances associated to manufacturing processes.
To go into detail about the design parameters and tolerances, normally FEM analysis
is used as the main option.

The analysis found in the literature is mainly focused on reducing bearing currents
and insulation stress, so a broader approach may be needed to make an EMC strategy-
based design for electrical machines.

6.1.3 High-Frequency Machine FEM Model

e A high-accuracy and low-computational-load simulation approach has been developed

for calculating the high-frequency impedance of electrical machines. A novelty com-
pared with other models is that the impedances, including the capacitances in the
magnetic simulation, are calculated entirely via FEM simulations with a fast and
accurate model.

e While the majority of models described in the literature were validated using the

impedance measurements from only one or two machines, this research used the
impedance from 28 industrial machines of the same model for validation purposes.
Consequently, this approach took into account the effects of manufacturing tolerances
on the impedance values. Additionally, 6 different industrial machines have been
simulated by FEM and the obtained results show a very good agreement with
experimental data. So it can be stated that the accuracy of the proposed model has
been strongly validated.
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o Typically, toroids are used in literature for the calibration of complex permeability
in magnetic materials such as ferrites. However, to our knowledge, no one has so far
studied laminated materials in this way. In this thesis, the modelling of the magnetic
core via the complex permeability was validated with measurements of an M800-65A
laminated toroid.

e The majority of models conventionally function beneath the 10 MHz threshold, and
those surpassing this boundary frequently do not yield accurate results throughout
the entire spectrum. The model developed in this thesis has undergone rigorous
testing and has demonstrated accuracy within a range from 100 Hz to 50 MHz. This
characteristic may prove advantageous in forthcoming scenarios, as technological
advancements elevate the operational frequencies of devices, emission standards may
expand the prescribed frequency ranges too.

e A systematic validation of the model was conducted, including a comparison between
two versions: a full model and a simplified one. The simplified model omits capacitances
between conductors, integrating them into the inter-coil capacitances instead. In
assessing the balance between accuracy and simulation duration, the simplified model
achieves a 66% decrease in simulation time while preserving adequate accuracy.

e The effect of the rotor was evaluated through comparisons of impedances with and
without the rotor, along with the effects of varying rotor positions. Both simulations
and experimental results indicated that the rotor presence damped the primary
resonance in the common-mode impedance. Additionally, the rotor’s presence and
its positioning influenced the differential-mode impedance at frequencies below the
EMI range of (150 kHz-30 MHz). Thus, the presence of the rotor does not affect the
common-mode current in the high-frequency range, as both effects are out of this
frequency range.

6.1.4 Full Drive Integrated Model

e Usually, in the literature, when analysing a full electric drive, the machine models
are lumped parameter networks which parameters are fitted from experimental
measurements. Thus, they are not valid for prediction in the design stage of the
machine.

e In this thesis, a full drive model has been validated experimentally, using the motor
impedance obtained from FEM simulations and fitting it to a lumped-parameter
model with a basic genetic algorithm. The results show a rather good agreement with
experimental data.

e The inverter and cable models used are based on impedance measurements since the
focus of the thesis was the electric motor. However, a sufficient accuracy was obtained
for the full simulation.

e The created full drive model proved beneficial for examining the high-frequency
behaviour of the overall system as the motor’s impedance changes, establishing it as
an essential phase in the electric drive design process. The model reveals that motor
impedance influences the full drive common mode current, though this is restricted to
certain frequencies, specifically in the analysed case from 150 kHz to 3 MHz. Above 3
MHz, the significance shifts to the inverter and cable pathways.

e The filter used for EMC standard compliance is also modelled and validated within
the model, thereby completing the full drive simulation.
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6.1.5 Machine Design Methodology

The presented design methodology is an improvement of the generally used one,
including an EMC point of view.

In the step where design improvements are made based on numerical tools, the
presented high-frequency impedance model fits perfectly, as the typical electromagnetic
simulation model can be completed with the capacitances from the electrostatic
simulation and the modelling of the core in high frequency, to obtain the high-
frequency impedance of the machine.

For these design improvements, an analysis is made on the contributions of each design
variable in the analysed motor, to take a reference of which is the most influential
parameter in the high-frequency behaviour. The circuit configuration and the liner
thickness are by far the most influential parameters, at least in the analysed cases.

In the phase of performance analysis, the incorporation of a full drive model that
predicts the electromagnetic interference of both the motor and the drive represents
a significant advancement. This model facilitates modifications to the design of the
machine or other components prior to prototyping. Furthermore, it enables the precise
sizing of the EMC filter for each distinct application.

The case study demonstrated that the integration of additional liner layers into a
parallel circuit winding machine can equal the impedance and the common-mode
currents with those observed in a series winding configuration, reducing the CM
current in the grid about 10 dBpV at 2 MHz.

The improvement of the design by adding two additional liner layers to the parallel
winding machine prevents the drive from exceeding the grid current EMI standard
limit.
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62 FUTURE WORK

This PhD thesis has focused on the design and optimisation of PMSM from an EMC

point of view. The developed high-frequency impedance model was validated accurately, as
well as the full drive model. Moreover, after every research work, some further developments
can be outlined. The main opportunities for further work could be:

Regarding the high frequency impedance model, the validation of machines with
distributed windings, or with bigger end-winding portion could be interesting to
evaluate its impact on the model accuracy.

Validating the full drive model using a three-phase LISN as established by the EMC
regulations could be beneficial to increase the frequency range of the measurements,
and would be a more accurate way of measuring the whole system electromagnetic
interference.

An interesting aspect that emerged from the analysis is that the voltage overshoot in
the machine input decreased with the 3 liner layers, so a further analysis should be
made to verify this effect on the partial discharges and consequently on the insulation
lifetime.

Respect to the electric drive components, modelling the cable and the inverter
from data-sheet parameters or analytical equations, would make the model more
multidisciplinary, as the cable and inverter could be changed without the need of
measurements. In fact, a more complex cable model that the used PI model, could
increase its accuracy.

Regarding the machine model in the electric drive, it would be interesting to validate
the drive when it has its nominal load, as in this PhD was modelled and validated
with no load. Presumably, the current increase may have an impact on the high
frequency behaviour of the machine and the drive.

Observations from this thesis suggest that eliminating the EMC filter solely by altering
the motor common mode impedance may not be feasible. However, a potential direction
for future research could be to investigate the extent of filter reduction possible with
the 10% decrease in common mode current achieved through modifications in motor
design.

Ultimately, the enhanced machine developed in Chapter 5 can be prototyped to
facilitate an experimental comparison with the traditional machine within the drive
System.

As previously stated, the work presented in chapters 2 and 3 has been published in
peer-reviewed journals. While the work presented in chapter 4 and the analysis in
chapter 5 have not yet been published, efforts are underway to do so.
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