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ABSTRACT

Greenhouse gas (GHG) levels are at their highest in 2 million years, and emissions are
continuing to grow. The major source of GHG emissions is the combustion of gasoline
for transportation. Today, the transport industry is the biggest GHG emssttor in the UK,
accounting for 28% of total emissions. Out of which, road transport accounts for 87%.

Therefore, governments are making strides in increasing the use of electric vehicles (EVS).

In this context, EVs are the future strides. The tralslato a sustainable electrified
powertrain requiresreelectric traction system to offer better economy, extended range, fast
charging, and autonomous driving. These capabilities are enabled using wide bandgap (WBG)
devices in the electrified traction $gm, which are capable of operating at a higher switching

frequency and fast switching speed.

However, a high voltage system with a higher switching frequency and fast switching speed
cause enormous problems such as excessing voltage stress within wangimgy premature
failure, highfrequency (HF) commomode and bearing current causing electromagnetic
interference (EMI). The voltage stress across the insulation of the winding may cause
premature failure resulting in unexpected downtime. As a res@t\WIBG based traction
systems would suffer substantial economic and safety consequences. Therefore, a study is
required to enhance the scientific understanding of the HF voltage excitation on the machine

insulation and to suggest mitigation measures.

An HF model of the stator winding of the traction motor is proposed for the prediction of the
voltage stress. The distinctive feature of the model lies in its explicit representation of the
mutual coupling between the turns of the single or double layer winditige-domain. The
comprehensive modelling approach proclaims that the voltage distribution is a result of the
antiresonance phenomenon which can be characterised by tHaheeth voltage oscillations
at the motor terminals, besides the proclaimedagelioscillations at the neutral point. It is the
latter, whichengenders peak voltage stress and prevails under simultaneous excitation of the
phase. The existing voltage mitigation measures are ineffectual in mitigating the newly found
voltage stress. Thefore, this analysis proposes a mitigatieasure, whicks experimentally

validated on the automotive grade 60kW motor employed in Toyota Prius hybrid vehicle.
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Chapter 1: Introduction

1.1 Motivation

Climate change is already having a visible impact on the planet. We are already facing
devastating consequences around the world like changing rainfall patterns gasiegets and
rising average global temperature. These changes are causirayfiged Amazon, historic
drought and wildfire in the west USA, unprecedented flooding, and storms in the southwest
USA, and shrinking coastline of many pacific islands, suciMaklives, Tuvalu, and the
Marshall Islands to the name just a few are in danger of disappearing over the coming decades,
sweltering urban centres of Indiads nationa
world. In a recent report, the Intergomarental Panel on climate change (IPCC) reveals that
the average global temperature is increasing by 1.35GalBe to global warming [1]. However,
unless we take steps to curb global warming the increase in temperature is likely to &xceed 2
C [1]. By theend of this century, the temperature rise could re4€h gossibly more [1].
According to IPCC, the average global temperature has increased moré thainte the
1850s [2]. 201582020 were the hottest year recorded ever [1]. Due to increasing temnpgerat
the ice sheets in the Arctic region are melting fast. The thick ice sheets are now 65% thinner
than in 1975 [1]. When the ice sheets and glacier melts, freshwater flows iseath&hich
increases its level. Since 1880, the mean sea level hassedieyn 2124 cm [3]. Nearly 39%
of the population living within 100km of the seacoast are at the risk of flooding due to

increasing sea levels [4].

Climate change is also warming the United Kingdom (UK). As of the summer of 2018, heat
waves are 30 timesare likely to happen every other year due to climate change [1]. In 50
years, by 2070, the winter will be-14.5° C warmer and up to 30% wetter, and the summer
will be 17 6° C warmer and up to 60% dryer [1]. Since 1998, the UK has seen six out of ten
wettest years on record [4]. Winter storms like 2015, are at least 40% more likely to happen

because of climate change [4].

The science is very clear: we are heading towards climate disaster unless we achieve net

zero emission until midentury. The time isow for decisive action. The world is now united
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under an international treaty on climate change such as Paris AgreZin@ifit and the UN
Framework Convention on Climate Change to lay action plans for curbing climate change.

The main cause of climate aige is greenhouse gases (GHGs) which are emitted by burning
fossil fuels such as oil, gas, and coal. Today, in the UK, the transport sector is emitting 28% of
GHG emissions [6], the largest GHG emitter. Out of which, road transport accounts for 87%
[6]. Already the world is making strides in increasing the market share of Zero Emission
Vehicle (ZEV) and many billions of pounds of private investments are pledged across the globe
in the research and development of electric vehicles (EVs), batteries, arstruicttae for
charging stations. A ZEV is an EV that runs completely,-@€e in Tankto-Wheelmode,
whichrequires a renewable energy powered charging network.

UK government is committed to phasing out the sales of all gadmdised cars and vans by
2030and all the new cars and vans will be fully zeroission at the tailpipe from 2035 [7].
By 2027, all the government car and van fleets to be 100% emiss®[v]. In 2021, the USA
re-joined Paris Agreement and set an ambitious target to reduce ne¢i@Gidsions by 562%
in 2030 and commits to achieving fetro emission no later than 2050 [8]. To support this
ambitious target, the USA has set a goal for half of all new-tighy cars sold in 2030 to be
ZEVs [8]. India is also committed to reducing #mission to net zero by 2070 with a 45%
reduction in emissions by 2030 [9]he Indian government has set aside $96.8 million for a
programme called FAME (Faster Adoption and Manufacturing of Hybrid and Electric Vehicles
in India) [9], as well as other pply and demandide incentives to encourage people to convert
to EVs. 18 of the 28 states in India have either drafted or already announced their own
ambitious EV goals.

The aviation sector is also a major emitter of GHGs. The International Air Transport
Authority (IATA) has launched an aircraft technology roadmap to 2050 in which all
stakeholders of the aviation industry are committed to reducing net carbon aviation emissions
by 50% by the year 2050 relative to 2005 [10]. The USA is committpdotucing3 billion
gallons of sustainable aviation fuel by 2030 [8]. Electric propulsion does not emit GHGs, this
makes them crucial technology in achieving the environmental goal by 2050. Under the 2050
goal, electric air taxi service will be introduced for urbaobility by 2025, small hybrid
electric aircraft for commercial and business purposes will be introduced by 2030, and battery

powered aircraft on shehaul flights will be introduced by 2050 [10].
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In this context, EVs and; Aklectric and hybrieelectrc aircraft are the future strides. The
translation to a clean, efficient and sustainable electrified powertrain requires high power
electric traction system to offer enhanced performance, controllability and capabilities such as
better economy, extendednge, fast charging, and autonomous driving. These features are
possible by the adoption of widendgap (WBG) based devices which are capable of operating
at a higher switching frequency and fast switching speed. Currently, Tesla has unveiled a
powertrainusing 650V, 100A SiC MOSFET employed in its Model S vehicle [11]. Also,
Siemens has developed a 104 kVA SiC based inverter for electric and-bldmtidc aircraft
which fits in a box of 1.583.7 5.55 in and weighs only 1.98 pounds [12]. In addition Sit
based power converters developed by Siemens for rail vehicles and electric busses incur 50%
fewer losses with twice the powereight ratio [13]. A high switching frequency can reduce
the filter component which increases the power density of thedmnastistem and a faster
switching speed reduces the switching losses which makes the traction system efficient. With
the adoption of WBG based devices, higher DC link voltage is being considered for the traction
system which results in lower current. A lawrrent system has the advantage of copper
saving, high power density, fewer copper losses, and efficient cooling.

However, a high voltage system with a higher switching frequency and fast switching speed
cause enormous problems such as voltage overshtwod &raction motor terminals [119],
excessing voltage stress within winding causing premature failur@1[Rthigh frequency
(HF) common mode (CM) ground current [22] and bearing current2f23causing
electromagnetic interference (EMI) [26]. Thetagle stress across the insulation of the winding
may cause premature failure resulting in unexpected downtime. As a result, WBG based
traction systems in all applications, including saf&tyical transportation systems, would
suffer substantial economamd safety consequences. Therefore, a study is required to enhance
the scientific understanding of the impact of WBG based devices on the machine insulation

and to suggest mitigation measures.
1.2 Scope and Aim

Almost all electric traction system requires sia@ne power electronics components on board.
A typical electric traction system installed in an EV is illustratdeigure 1.1, which comprises
a traction battery pack feeding the traction motor which drivesthé ve | e 6s wheel ,

inverter which converts battery DC power to feed AC motor, DC fast charging system and
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auxiliary power converter which supplies power to ancillary loads. The main power electronic

components responsible for the vehicle propulssofiustrated inFigure 1.2 and includes a

traction battery pack connected to voltage source inverter (VSI) which feeds the traction motor

through the power cable. The system as a whole is often called an etknteic Each

component of the drive has a key role in propulsion, as described below:

T

Traction battery packOnboard, is the prime source of energy which drives the
traction motor. Commonly, its nominal voltage ranges from 350 to 400V [27] with
battery caacity varying between 10kWh and 100kWh, depending upon the vehicle's
power and mileage. Recently, significant efforts are made to increase the voltage level
to 800V [27] to leverage its benefits of lower losses, higher efficiency, copper saving
and lighte vehicle.

Voltage Source Inverter (VSI} acts as a power conversion device also known as a
traction inverter which converts the DC power stored in the traction battery to AC
power, which is required for the AC traction motor. The output of the V3ireet
phase pulse width modulated (PWM) rectangular voltage pulse. The VSI manages the
flow of power required for controlling the torque and speed of the motor by adjusting
the fundamental frequency and the frequency of the voltage pulse. During braking,
the kinetic energy of the wheel is transferred back to the battery pack by reversing the
power flow using VSI. This form of braking is called regenerative braking [28]. It is
more effective than conventional braking as the energy dissipated in the forat of he
resulting from the friction between the brake pads and the wheel is captured back in
the form of electrical energy. This extends the range of the EV. However, the
efficiency of capturing the energy varies between 16 to 70% [28].

Power CableThe power able is used to transfer power from the VSI to the traction
motor. Generally, shielded three phase cable is used to reduce the EM emission and
interference.

Traction motor It is directly connected to the wheels through differentials to provide
the requied torque and speed. Its power rating ranges from 10kW to 100kW
depending upon the vehicle power and mileage. The third generation of the Toyota

Prius vehicle uses a 60kW permanent magnet synchronous machine (PMSM) [29].
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Figure 1.1: Drivetrain of an electric vehicle [11].
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Figure 1.2: Schematic representation of the traction motor fed by a traction invertr through a power
cable.

On the demand of government regulations and consumer preferences, there has been a
continuous pursuit for the EV with higberformance parameters including, low emission, long
driving range, high speed, lightweight, fast chargiagd high efficiency. Electrification
inevitably requires the processing of power in MW in aviation applications and several
hundreds of kW in EV applications. Consequently, extremely high efficiency as high as 99%
with a power density higher than 20kW/kg required for the onboard power electronics
converters [30]. Such an ambitious target is difficult to achieve with Si based semiconductor
devices. This is possible with the synergy between the WBG based devices and EVs. The WBG
based semiconductor devicdave lower oistate resistance and fast switching speed as
compared to their Si counterpart {338]. Thereby, the conduction loss and the switching loss
are less in the WBG based devices. The WBG based devices can operate at higher switching

frequenciesind under higher ambient temperatures334 Thus, they are best suited for leng
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range EVs with low inductance motors. Higher switching frequency translates to reduced filter
size, resulting in increased power density of the VSI. Further, lower losgksolefficient

power conversion, which translates to reduced power consumption, extended driving range and
increased passenger compartment in the vehicle. lllustratively, when the Si based IGBT and
diodes in the 2010 Toyota Prius vehicle is replaced Gytfaised MOSFETs and JBS diodes,

the fuel economy is increased by 5%, with 80% reduction in power conversion unit [36].

However, adopting these features of the WBG based devices brings new challenges. Fast
switching under a high switching frequency resuitsigh dV/dt which excites the parasitic
capacitance of the DC bus, cable and the motor and generates additional EMI [26]. In addition,
the high dV/dt of the voltage excitation causes unenviable voltage stress across the winding
insulation [1419]. UnderHF voltage excitation, the current leaks through these parasitic
capacitances and flows through the local ground which is termed CM current [22]. The HF CM
current therein interferes with the nearby electronic or electrical appliances and causes
malfunctian. Indeed, these issues can be addressed by reducing the switching speed of the
devices. However, switching at a lower speed will result in underutilization of the benefits of
the WBG devices which are crucial to offsetting its high cost. Moreover, sagtehia lower
speed will increase the switching losses, thus requiring an enhanced cooling mechanism which
will downsize the power density of the converter. These measures will adversely affect the
performance parameters of the drivetrain such as an s&ciegower consumption, reduced
driving range, increased weight, and the reduction in the passenger compartment. Inevitably,
following the government regulations and the customer demands, the benefits of the WBG
devices cannot be ignored. Thereby, a cahensive study is required to overcome the
challenges involved in the proliferation of the WBG devices in the drivetrain.

1.2.1Scope of the Thesis

The proliferation of the WBG devices poses several challenges mainly the excessive voltage
stress across the wimdj insulation. The output of the traction inverter is a train of the steep
fronted voltage pulse. Several studies in the literaturelPl4show that the steep fronted
voltage transients emerging from traction inverter result in excessive voltage stthes at
terminals of the traction motor with namiform voltage distribution within its winding.
Further, the peak voltage stress occurs across the first few turns of the winding from the line

end. Consequently, the voltage stress may lead to prematuraimsdidilure. Also, the peak
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voltage stress increases as the voltage slew rate increases, which further aggravates insulation

deterioration.

The scope of the thesis spreads to the investigation of voltage stress within the winding under
fast slew rate PWMoltage excitation and the development of the mitigation techniques for
suppressing the excessive voltage stress leading to a prolonged lifetime of the motor. Based on
the analysis, the thesis will draw the recommendations and suggestions for safdécagg@ro

use of the WBG based inverters in electric drives.
1.2.2 Aim of the Thesis

Recent WBG based semiconductor devices are pivotal in the electrification of the
transportation sector. Although their supremacy has the potential to achieve ambitious targets,
seeral challenges impede their proliferation. Accordingly, the aim of the thesis spreads to the
identification and analysis of these barriers, developing the necessary tools and methodology
to resolve the challenges and exploring and demonstrating thessluti particular, the scope

of the thesis spreads to the following:

1 High Frequency ModellingThe behaviour of the electric drive must be thoroughly
understood to comprehend the influence of the HF voltage excitation. Previously,
many studies [3@3] haw used the HF model to represent the behaviour. The HF
model includes the representation of the parasitic impedance of the electric drive such
that it behaves similar to the drive over a wide range of frequencies. However, it
involves several challengesn iparticular, the representation of the frequency
dependent mutual coupling in time domain analysis. Henceforth, the following work
aims to develop an HF model of the cable connected traction motor which represents
its behaviour over a wide range of frequees with explicit representation of the
frequency dependent mutual couplings.

1 Characterising Voltage Distributianlt is necessary to identify the location of
excessive voltage stress under PWM voltage excitation. This can be accomplished by
characterisig the voltage distribution within the cable connected motor. One of the
ways is to excite the cable connected motor with a PWM voltage pulse and record the
voltage stress at a different location within the motor. However, in general, only the
terminal end of the motor are accessible. Therefore, this work aims to characterise

the voltage distribution using the developed HF model. Further, characterising the
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voltage distribution will aid in identifying the location of excessive voltage stress
within the winding.

1 Voltage Stress Mitigation Techniqueor prolonged use of the motor under PWM
voltage excitation, the insulation under excessive voltage stress must be relaxed.
Therefore, this research work aims to devise a method to suppress the voltage stress.

1 Re®mmendations for the Safe Use of Motor with WBG based InvBesed on the
observations and the results, this research work aims to outline the guidelines and

recommendations for the safe use of the motor with the WBG based inverter.
1.3 Disposition of Thess
The thesis is organised into seven chapters, whose content is summarised as follows:
1 Chapter 1: Introduction

In this chapter, the problem statement addressed in this thesis is introduced. The chapter
includes the pursuit of achieving zezmission in théransportation sector which is impractical
without the proliferation of WBG based devices. However, using WBG devices in onboard
power electronics devices involves several challenges including voltage stress across the motor
insulation. Excessive voltaggress may cause premature failure of the insulation resulting in
unexpected downtime and revenue loss. Therefore, the thesis aims to address the voltage stress
across the insulation. Later, the scope of the thesis is defined which expands to the@xplorati
of the methods to characterise, assess, and mitigate the voltage stress. Further, the aim of the
thesis is defined which spreads to the modelling HF behaviour of the cable and the motor
winding, characterisation and prediction of the voltage stressinwithe winding,
understanding of the mechanism governing the voltage stress, mitigation methods of the
voltage stress, and the recommendations and suggestions for safe use of the WBG based
inverter with the electric motors. Next, the disposition of theithand the contribution made
during the study are mentioned. In the end, the key findings of this research disseminated in

the form of publications are listed.
1 Chapter2: Literature Review

This chapter includes a comprehensive review of the literatuighwgtudies the methods of
modelling HF behaviour of the cable connected stator winding of the motor. The chapter

assesses the merits and demerits of the methods and propounds the best method in terms of
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representation, parametrization, and implementatubmch is used in this research. Later, the
chapter reviews the previous studies which establish the voltage distribution within the
winding, identifies the location of peak voltage stress and describes the mechanism of voltage
distribution within the windig. Next, the chapter reviews the mitigation methods for
suppressing the voltage stress, especially the voltage stress at the machine terminals. The
chapter reviews both, the active and passive mitigation techniques and list their merits and
demerits. Inhe end, the chapter summarises the recommendations made in the IEC standards

for the safe use of WBG based VSI in the electric drive.
1 Chapter 3: Modelling High Frequency Behaviour of Shielded Cable

In this chapter, HF modelling of the shielded cable is peMmensively discussed. In
particular, the chapter describes the medtinductor transmission line (MCTL) model for
realising the wave propagation and reflection phenomenon within the cable. Due to the
complex solution of the transmission line equationilevimcorporating frequency dependent
mutual coupling, the chapter describes the model as a continuum of lumped parameter circuits.
The chapter describes a method for parameterization, which is based on the finite element (FE)
modelling of the cable crossection. Further, the chapter proposes a method to represent the
frequency dependent mutual coupling in the time domain solution. In the previous models,
either the mutual impedance was ignored or added together with the self impedance while
modelling theHF behaviour. However, the proposed model explicitly represents the mutual
impedance between the conductors. Next, the chapter elucidates the validation of the developed
model using CM and differential mode (DM) impedance. The chapter also compares the
experimentally measured voltage at the terminals against the prediction using the developed

model. The conformity between the two elucidates the validity of the model.
1 Chapter 4: Modelling High Frequency Behaviour of Stator Winding

This chapter illustrates ¢hHF modelling of the stator winding of the electrical machinery,
in particular the traction motor. First, the chapter describes the similarities and the differences
between the cable and the stator winding model. Later, the chapter explains the motielling
the stator winding using the model developed for the cable. Further, the validation of the model
using CM and DM impedance is explained. Using the HF model, the chapter explains the
significance of representing the mutual coupling between the turres, tteg chapter proposed

a method to simplify the representation of the frequency dependent mutual impedance between
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the turns without loss of accuracy. In the end, the chapter validates the model by comparing
the experimentally measured voltage stresh tiié prediction.

1 Chapter5: VoltageDistribution within Stator Winding

This chapter characterises the voltage stress distribution under PWM voltage excitation. For
instance, the chapter demonstrates the voltage stress at the winding terminals alomg with t
stress within the winding under PWM voltage excitation. Firstly, the chapter demonstrates the
voltage stress at the terminals and the influence of the cable length and its material properties.
Further, the chapter proposes a method to predict the p#ake stress without excitation.

The proposed method uses the CM impedance of the cable and the machine winding for
prediction. Later, the chapter illustrates the voltage distribution within the winding which can
be characterised by two oscillatory respes Out of the two, one oscillates at HF and causes
voltage stress at the winding terminals, whereas the other oscillates at low frequency (LF)
causing voltage stress at the neutral point. While the HF voltage oscillations have been covered
extensively, he LF voltage stress has not been discussed in the past. The LF voltage oscillation
is a key contribution to this work. These voltage oscillations can be characterised using the
antiresonance phenomenon. In the following study, it has been found tregessttess can

be understood as the superposition of transverse electromagnetic (TEM) voltage waves
travelling in different phases. Later, the chapter demonstrates that the peak voltage stress
depends on the constructive or destructive interference betiednavelling waves which
depends on the dwell time between the excitation at different phases. Finally, the chapter
illustrates the voltage stress under the different operating conditions of the VSI, especially the

modulation index and the switching dugency.
1 Chapter 6: Voltage Stress Mitigation Technique

In this chapter, methods for suppressing the voltage stress are illustrated. The chapter
explains the efficacy of the conventional passive filters, in particular, the sinewave and the
dV/dt filter, in suppressing the voltage stress. The results illustrate that, although both the filter
suppress voltage stress at the terminal end, the sinewave filter aggravates the neutral point
voltage stress whereas, the dV/dt filter is partially effective. Therewptow pass passive
retrofit RC filter is proposed to suppress the neutral point voltage stress. Later, the chapter

illustrates the impact of the filter parameters on voltage stress suppression.
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Chapter 7: Conclusion and Future Work

The major contribution®f this thesis, i.e., characterising voltage stress within the stator

winding, voltage stress at the neutral point, and the passive RC filter which enables the

unprecedented proliferation of the WBG devices in the electrification of the transportation

sedor are summarised in this chapter besides the new research areas identified for the future

research work.

1.4 Contribution

The major contribution of this research work is outlined as follows:

T

An explicit representation of the frequency dependent mutual cguilithe time
domain HF model is proposed. The proposed method represents the mutual coupling
lucidly without convolution, Fourier transform or modal transformation.

A method based on impedance measurement is devised to predict the voltage stress
at the wnding terminals. The primacy of the method is that the voltage stress can be
predicted at the design stage without voltage excitation. Later, the peak voltage stress
is characterised under the different operating conditions of the VSI.

A new mode of voltge oscillation causing peak voltage stress at the neutral point is
identified. The analysis exhibits that the voltage distribution within the winding is a
consequence of the superposition of TEM voltage wave in three phases. The
combined effect can also #erpreted as the discontinuity encountered by the CM
voltage at the neutral point.

An experimentally validated analytical approach has been proclaimed to characterise
the voltage distribution and the location of peak voltage stress is identified thighin
winding, which accounts for the transient elicited due to previous switching events.

A passive RC filter is proposed which is connected between the neutral point of the
winding and the core of the machine to mitigate the peak voltage stress at the neut
point. As no magnetic component is involved, the proposed filter is ecdstv
compact solution for mitigating the voltage stress which oscillates at much lower

frequency than those at the machine terminals.
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Chapter 2: Literature Review

2.1 General

As mentioned in the previous chapter, there has been a continuous pursuit for the
development of a sumhable transportation system, with the electrification of transportation
vehicles taking centre stage. Meanwhile, a great effort is led by the government regulations for
the proliferation of the wide band gap (WBG) based semiconductor devices in thedonboa
power conversion system for increasing its efficiency, and power density at a reduced cost.
There are several opportunities for using WBG based power conversion system in electrified
vehicles. For example, the-Based diode can be replaced in the @T®ased inverter by SiC
based Schottky diode, the losses reduce by 10.7% [41]. These inverters are prominent in the
power conversion system and are referred to as hybrid inverters. In [42], the SiC based inverter
has 13.1% higher efficiency as comparedt$oSi counterpart. As the operating junction
temperature of the WBG based devices is higher, a SiC based inverter is developed in [43],
which can operate at 14D with forced air cooling which simplifies the cooling system. In
[44], the use of the WBG d&e has increased the fuel economy of the vehicle from 3.94 to

3.36L/100km with a 14.7% reduction in fuel consumption.

However, there are challenges in using the WBG based devices in the power conversion
system. In the electric traction system, the WB&Sdul devices are used in the pulse width
modulated (PWM) inverter, which enables the inverter to operate at a higher switching
frequency and higher switching speed. However, the voltage pulse with short rise or fall time
propagating through the cable, pally reflects back at the cable and machine interface,
causing voltage oscillations which reduces the service life of the machine insulatib][16
Moreover, the high slew rate (dV/dt) of the voltage pulse excites the capacitive coupling of the
cable, which results in the flow of cable discharge current. In addition, the high slew rate
(dv/dt) common mode (CM) voltage pulse at the machine terminals excites the capacitive
coupling between the winding and the core of the machine separated by the ingeistiling
in the flow of ground return current [22]. This ground return current is responsibleefor
conducted and radiated electromagnetic (EM) emission [26]. The CM voltage is also
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responsible for the induction of voltage across the electrostajticgietween the stator and
the rotor, also referred to as shaft voltage, which leads to bearing current responsible for

increased bearing failure.

The cause of these issues and the currentstdles art in addressing them are discussed in
length in he following sections. Firstly, the insulation system used in the machine winding is
discussed. Later, the stress encountered by the insulation during service is reviewed.
Furthermore, the detrimental effect of the PWM voltage excitation on the insudgtitam is
discussed, especially the voltage stress across the insulation within the winding. Later, the high
frequency (HF) modelling of the machine is studied which will help in characterising the
voltage stress within the winding, so that voltage staessss the insulation system can be
predicted before commissioning it in service. In the end, the voltage stress mitigation methods

are studied to prolong the lifetime of the insulation system.
2.2 Insulation System

The basic insulation system comprises 3 ponents: strand and turns insulation, greund
wall insulation, and phase insulation. Different components of the insulation system are

illustrated inFigure2.1.

- Wedge

Groundwall Insulation

Phase Insulation

Turn Insulation

Figure 2.1: Cross-section of a random wound machine stator slot representing the insulation system [45].

Generally, in low voltage (<800V) motors, the windings are random wound with round
conductors insulated with polyamidtaide (PAl) insulation or a combination of polyester with
PAI insulation, having a thermal class of 480~ 228C. The turn conductor is divided into
multiple strands to limit the skin effect. As a result, the small strands must be insulated from
one another, ohey will act as a single conductor. When ttwrturn voltage stress is deemed
high, the strand insulations may comprise two layers of Dfagtass filament wrapped in the
opposite direction to ensure that the copper conductors are separated fromeadh stime
applications, where a high fill factor is required, Drdcgiass filament is replaced by enamel

or KaptorP. The magnet wire or enamelled wire coating in form of enamel or polymer film
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may also contain materials resistive to discharge, inqodati alumina, to reduce the chances

of partial discharge (PD) [45]. Such corona resistant material has been in practice as turn
insulation since the inception of adjustable speed drives (ASDs). The corona resistive
insulation enhances the voltage enduearadlowing higher turto-turn voltage stress with
reduced grounavall insulation [46]. With the fast switching time (20ns) of the voltage source
inverter (VSI) employed in various applications, UltraSHieflus enamelled wire [47],
specifically designedor the high voltage spikes present in the ¥&lI drives, or equivalent

may be used. The combination of polyester basecoat and PAI topcoat enhances the resistance
to PD, improves abrasion resistance to repeated scrape and increases its mechanibal strengt
[47].

The purpose of the grouswdall insulation is to separate the copper conductors from the core.
Generally, the insulation comprises Riapped layers of polyester sheets. These sheets are
bonded together with polyester or epoxy resins. For protethie polyester sheets against
oxidation, hydrolysis, and mechanical damage even at high temperatures, an aramid paper
overlay on both sides [48]. The aramid paper is used due to its exceptional resistance to
chemicals and solvents and no change in theifspelielectric resistance and the dielectric

strength for up to 20C.

Apart from the abowenentioned insulation, impregnating varnish or resins are often used to
increase the electrical insulating strength, mechanical strength and resistance to ¢me ambi
conditions such as moisture ingress, dust, and atmospheric pressure changes, while improving
thermal dissipation. Moreover, in the electric traction, the machines are completely
impregnated with the epoxy or the silicon materials with an improved #heonductivity as
compared to the conventional resins. For achieving PD resistant insulation system, the small
air gaps in the impregnations must be avoided, as the breakdown voltage of the air is much
lower than the solid insulation. Therefore, vacuurd pressure impregnation (VPI) [49] is
generally applied resulting in improved penetration of resins in the small gaps along with the
complete encapsulation of the insulation system. However, the VPI method-itiisieming
and complicated as compared ther impregnation methods, such as the dipping and trickling

process [50].

Mainly, the insulation system comprises polymer chains of organic compounds, which

contain long chains of hydrocarbons. By way of example, the polyester used in the turn and
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groundwall insulation comprises a chain of hydrocarbon connected to formtimtang
chains and the length of the chain is referred to as the degree of polymerization.

The phase insulation is often used between the turns of two coils of different phases.
Geneally, the phase insulation separates the two coils of different phases in the overhang
region. However, in the double layer winding, it is also placed between the turns of different
phases embedded in the same slot. lllustratiVegure2.1 shows the crossection of a stator
slot of double layer winding, wherein; turns of two phases are embedded in the same slot and
is separated by the phase insulation. If the two coils are the end coils of their respectise phas
the phase insulation must withstand the phtagghase voltage. The most common phase
insul ation is O6épapers6é made up of aramide.
chemical attacks and has excellent mechanical strength wite #2€rméclass. Based on the
voltage class, the paper is available in different range of thickness from 0.1mm to 0.5mm thick.
Another material, which is commonly used as the phase insulation, is BamrdMD®,
which has better mechanical strength as comparedaper [45]. In the harsh nuclear
environment, or in chemically harsh application sealed random wound machine is used
wherein, the end windings are insulated with the D&ttape to retain the varnish and then

the stator is global vacuum pressure imprégpha
2.3 Stress on Insulation System

The basic stresses occurring on the insulation system are primarily classified as Thermal,

Electrical, Ambient and Mechanical, often acronym as TEAM.
2.3.1Thermal Stress

Both, the ambient temperature and the losses in the neaatanse thermal stress on the
machine insulation. Upon prolonged exposure to the high temperature, the chemical properties,
and hence, the electrical properties changes. kbE3lit is illustrated that a longer polymer
chain of insulation exhibits stnger mechanical properties. Similarly, crdis&king of
polymers reduces the DC conductivity of the insulation at the expense of material ductility
[53]. Therefore, higher crodmking polymers are used in the higbltage application. Over
the service fe, the polymer chains break, leading to weaker insulatior55.1 Indeed,

operation under high temperature accelerates the breakdown of polymer chains resulting in a
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steady decline in their mechanical and electrical properties. The general mechahsmar t
degradation can be explained in three steps [55]:

1 Initiation: When the polymer is exposed to excessive heat, it undergoes oxidative
degradation, initiated when the polymer chain forms radicalsejher by hydrogen
abstraction or by homolytic ssi®n of the carbowarbon bond.

1 Propagation: The propagation of thermal degradation is a result of a number of
reactions. Firstly, the free radical AReacts with oxygen to form a peroxy radical
(ROQR), which abstracts a hydrogen atom from another petyohain and forms
hydroperoxide (ROOH). Further, the hydroperoxide splits into two new free radicals
(ROA + (fOH), which abstract liable hydrogen from another polymer. As each
initiating radical produces two free radicals, the process accelerates agpendi
how fast the free radical undergoes termination or extracts hydrogen from other
polymer chains.

1 Termination: The termination of polymeric reaction undergoes two different
processes, either by recombination of polymer chains or by disproportioroneacti
The degradation of the polymer depends on the termination. Recombination reaction
results in an increase in molecular weight and crosslinking density, whereas,
disproportion reaction, on the other hand, results in a decrease in molecular weight
leadingto softening of the polymer and reduction of mechanical properties.

Weakened mechanical properties of the insulation results in delamination and hence crack

will develop on the surface which compromises its safe use.
2.3.2Electrical Stress

The motor insulatio is subjected to high electrical stress when fed through a PWM inverter
rather than excited using a sinusoidal voltage sourc&81.6The output of a PWM inverter is
a rectangular voltage pulse with varying width and frequency and, a fast rising engpefdtje,
which distributes nonuniformly across the machine winding when impinges at its terminals
[16-18] [19][40]. The studies [19][40] depict that 80% of the voltage stress occurs across the
turns of the first coil from the terminal end with peak &gk stress across the turn insulation
of the last turn of the first coil. Furthermore, the voltage stress across the-gvalliivdsulation
close to the terminals may reach 2 times the DC link voltage or may exceed under double

transitions [56]. Additiondy, the voltage stress across the growall insulation close to the
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neutral point may reach 4 times the DC link voltage [26]. The stress aggravates with the short
rise time and high switching frequency. The voltage stress at the terminals occursuiob res
reflected wave at the interface of the cable and the machine due to the impedance mismatch
and depends on the inverter output, cable impedance, cable length, and rise 1#58g [57
Similarly, the voltage stress at the neutral point occurs due sufigposition of voltage wave
travelling through the phase windings and depends on theeaotance frequency of the cable
connected winding, inverter output, and dwell time between the excitation of the phases
[20][21].

High voltage stress may redudeetlifetime of the insulation system if they exceed its
repetitive voltage strength. If the voltage stress exceeds a critical limit, localised intermittent
discharge of the charges occurs within the insulation, which degrades its electrical properties.
Thelocalised discharge is called PD and the critical limit is called partial discharge inception
voltage (PDIV). The frequency spectrum of the PWM voltage with short rise time spreads over
a wide range, thereby, exciting the parasitic capacitive couplingebatthe winding and the
core which engenders bearing current and HF ground return current [22]. Pitting, fluting and
frosting are some of the damages caused by bearing current which leads to premature failure
of the bearing, thereupon, the machine fa®8-25]. This HF bearing current causes
interference with the nearby electronic equipmentg2B

2.3.3Ambient Stress

Inevitably, under service life, the machine may operate in a hostile environment leading to
ingress of surrounding contamination, which mayeésate insulation degradation. For
example, in [6162] moisture ingress is the prime cause of insulation degradation As the
dielectric constant of the water is 40 times higher than insulation [63], the moisture ingress
may increase the dissipation factamd the capacitance of the insulation system. In [63],

moisture ingress results in a 5% increase in capacitance.

End windings of the open loop air cooled machines are exposed to the ambient condition.
Thus, conductive particles in the air, salt, dust a@hly reactive chemicals may cause
contamination. In several instances, the contamination gives rise to electrical treeing leading
to current flow between the phases and pleggound of the end winding region [63].
Electrical treeing is a common electicprebreakdown phenomena that occurs in solid

insulation as a result of partial discharge and advances through stressed dielectric insulation in
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the shape of tree branches. The contamination carbonises the tracks leading to a reduction in
path resistance&Subsequently, the growth of the electrical treeing leads to PD [64] and finally
a short circuit. It is easy to detect using an offline DC resistance test [65] as it lowers the

insulation resistance between the phases, and phase and ground.
2.3.4Mechanical Stress

Mechanical stress on the insulation system may occur due to electrodynamic reaction force,
abrasion due to different thermal expansion coefficients of the elements of the insulation, and
vibration due to external movement. Poor impregnation is ondneofcauses leading to
delamination and the creation of air pockets. Indeed, air pockets in the insulation may lead to
PD activity which aggravates the degradation.

In the early stage of the PWM inverter fed machine, more focus was on the thermal stress
arisng due to the copper loss, especially in the-tmeed motor, where external cooling ducts
and vents were required. Moreover, research on the shape of the rotor bars in induction
machines was also pivotal in lieu of the winding insulation since the bpe shfluences the
torquespeed characteristics of the machine. Mechanical stress on the winding due to torque

pulsation was also comprehensively studied.

However, with the proliferation of the PWM based inverter in the electrical drive, especially
the WBGbased inverter, there has been a continuous pursuit for exploring the impact of the
electrical stress on the machine insulation rather than the mechanical stress, as it greatly affects
the lifetime of the machine. There are many incidences of prematlune faf the electrical
machine under PWM voltage excitation. The cause of the premature failure is still understudy
by many scholars. Inevitably, during failure, the machine will be out of service leading to
unexpected downtime, which results in econoiogses. In [66], the economic losses in
different studies due to the downtime are studied, which illustrates that the automotive sector
is affected most. Therefore, a comprehensive study is required to study the cause of premature
failure and develop a pdective method, which immediately identifies the incipient failure and
proposes necessary actions that can be scheduled to avoid downtime. As a result, it is apparent
that a great emphasis is needed primarily on two aspects; (a) examining electricthatress
the insulation must withstand during its service life and (b) an investigation of the degradation

mechanism of the insulation due to the electrical stress. Such investigations have sparked an
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intense research effort over the years with the goalratianal motor insulation design by
evaluating the voltage distribution within the machine's stator winding using its HF model.

Considering the degradation mechanism of the insulation, an experiment on the epoxy
insulation illustrates that a higher switaifrequency and short rise time of the PWM voltage
pulse reduces the lifetime of the insulation [67]. A similar studyd8Bon the lifetime of the
insulation illustrates that the insulation lifetime is greatly influenced by the rise time as
compared tats magnitude. Repetitive PWM voltage pulse significantly influences the partial
discharge mechanism, space charge and surface charge accumulation, thereby, ageing the
insulation [7071]. In [7274], the correlation between the partial discharge and ¢keeime
and switching frequency of the PWM voltage pulse is established which characterises the
lifetime with the short rise time and the high switching frequency of the PWM voltage. As a
result, developing an HF model of the machine winding for charsictgrithe voltage
distribution within the winding is critical, as it aids in identifying the location of excessive
voltage stress that causes partial discharge, bearing curre2g],2zihd EMI [26].

In the following section, a comprehensive overview of ke modelling of the machine
winding adopted in past research is presented. Generally, the HF modelling of the cable is
derived from the machine modelling; hence it is ignored in the following section and discussed
comprehensively in chapter 3. Later, giesv of the location of the peak voltage stress and its

mitigation measures under PWM voltage pulse excitation is presented.
2.4 Effect of High Frequency Voltage Excitation on Machine Winding

For analysing the voltage distribution with the machine windingshemsatic of VSI fed
drive is depicted irFigure 2.2. Unless otherwise specified, voltages measured at inverter
terminals ¥in) are measured with respect to the DC link's midpoint, whereas voltages measured
at motorends are measured with respect to the machine's core. At the machine end, the voltage
is measured at both the machine terminal and thecetarected neutral point. The voltage
measured at the machine terminal is often referred as machine terminal (d{laghereas,
the voltage measured at the stannected neutral point is referred as neutral point voltage
(Wn). Similarly, the voltage measured at the floating ended cable is referred as cable voltage
(Vo). The three phase current leaking through #pacitive coupling between the winding and

the core, returns through the protective earth wire which is referred as ground return current
(Ig).
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Figure 2.2: Schematic of VSI fed dive representing the path of bearing currents, ground return current
and the cable discharge current

In a balanced and symmetrical thgegase sinusoidally excited electric drive, the neutral
voltage is zero. However, this is not the case under PWM vadtegation wherein the DC
voltage is converted into three phase voltages. Albeit the balanced and symmetrical
fundamental frequency component of the output voltage, the instantaneous sum of the output
voltages is noizero. This nofzero voltage appearsrass the neutral and the core of the
machine, which is well known as common mode (CM) voltage or neutral point voltage (

The magnitude of the voltage is proportional to the DC bus voltage and its frequencies are a
function of the switching frequency @modulation index of the inverter. The CM voltage has
several deleterious effects namely, voltage stress at the neutral point of the winding, HF ground
return current [22] causing EMI [26], and HF bearing currentd2Bresponsible for the

bearing damagé hese effects are discussed comprehensively in the following section.
2.4.1Voltage Stress within Machine Winding

While propagating through the cable, the PWM output voltage at the inverter terminals with
a short rise time behaves as a transverse electron@a@hEM) wave. The wave partially
reflects as it reaches the cable and machine interface. As a result, the voltage at the interface is
a damped voltage oscillatiomhose amplitudés determined by the surge impedance of the
cable and machine. If the rigene of the voltage wave is less than twice the propagation time
through the cable, the voltage reflection will lead to a voltage doubling effect, wherein, the
peak voltage stress may reach twice the DC link voltagel§lf&0]. The overvoltage may
surpasswice the DC link voltage if the dwell time between the two switching events either in

the same phase or in the different phases is less than the time constant of the &8l e fxy
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peak phas¢o-ground voltage at the machine terminals determines &x@mum voltage stress
across the groundall insulation.

Amongst several studies investigating the effect of voltage stress on insulation degradation,
Kaufhold [75] investigated deeply the relationship between the voltage magnitude, PD
inception probabity and the breakdown time. In fact, he observed that the inception of PD
depends on the peak voltage stress above the inception voltage. However, views on the PD
inception in relation to the voltage polarity are mixed. Kaufhold illustrates that the bipolar
rectangular voltage pulse could be more stressing than the unipolar rectangular pulse of the
same amplitude, whereas, Lebey-[/d suggest a contrary trend and Yin {89 illustrates

that the voltage polarity has a marginal effect on PD inception.
2.4.2High Frequency Ground Return Current

When the CM voltage generated by the inverter impinges machine terminals, its high dV/dt
excites the parasitic capacitive coupling of the winding with the core. Due to high dV/dt, the
CM current leaks through the capacitiseupling and returns to the inverter source ground
through the cable shielding or the potential earth conductor connecting the core and the
enclosure of the inverter. The flow of CM current through the potential earth conductor will
cause a potential drazross it due to its nerero HF impedance. Consequently, the potential
of the core rises with respect to the source ground. If the impedance of the intended return path
is high, some of the CM currents may flow through the unintended path presenfigidhe
causing EMI with the nearby electronic equipment. If these PWM inverter fed machines are
installed in the drivetrain of the traction applications such as electric vehicles, electric ships,
and moreelectric aircraft, the vicinity of the sensitive ggment in the mobile environment
necessitates tight control of EMI [26]. EMI is an unwanted electrical signal that interferes with
surrounding equipment, degrades its performance, and can cause malfuncticopenation

in some cases.

If the impedancefahe return path is high enough, the core voltage may exceed 100V [26].
Moreover, if the driven equipment is grounded, a part of the CM current will flow through the
shaft to the driven equipment and then back to the source ground. If the driven lo&ad is n
grounded, the CM current may flow via the load machine bearing which may damage before

the machine bearing.
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2.4.3Bearing Currents

Before the introduction of the PWM inverter fed machines, bearing current is the major
challenge in the large electrical machiii@is phenomenon has been known since the 1920s
[81] which is more pronounced in the large machines with magnetic asymmetries. The
magnetic asymmetry, as shownhigure 2.3 (a), engenders a yoke variable magnétiz
which induces a voltage across the shafts, called shaft voltage. The shaft voltage is large enough
to break down the oil film in the bearing [82] and induces a circulating shaft current which is
inductive in nature, as illustrated ligure2.3 (b). Due to the automated process of machine
manufacturing methods and the anisotropic properties of the materials, perfect symmetrical
flux is difficult to achieve. The shaft voltage may also be induced by the etattaharging
of the shaft [83]. The induced shaft voltage due to electrostatic charges induces a bearing

current of capacitive nature.

Radial flux encircling the shaft
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Figure 2.3: Classical inductive bearing current, (a) unsymmetrical flux in the four pole machine due to
reluctance fault [82], (b) bearing current due to flux encircling the shaft.

Interestingly, with the emergence of PWM inverter fed machines, failgd¢althe bearing
current has rapidly increased. By way of example, the lifetime of the motor fed through the
PWM inverter falls by 7 times as compared to the sinusoidal excitation [84]. The HF CM
voltage induces CM current, part of which flows throughaaring of the motor or the driven
equipment. The CM current flowing through the bearing also generates a CM voltage across
the bearing by transformer action. The bearing currents can be further classified into the

following types:

71 Circulating current In large machines, the capacitive current escaping the winding
through the capacitive coupling between the winding and yoke induces an HF
circulating flux around the stator yoke as showrkigure 2.4. This HF circuating

flux induces the shaft voltage. If it exceeds the breakdown voltage of the thin oil film
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in the bearing, a compensating current flow through the shaft, bearing and the stator
frame to balance the flux. These HF circulating bearing currents mayrappsg on
the low frequency bearing current induced due to magnetic asymmetry.

1 Shaft earthing currentAny current leaking from the winding through the capacitive
coupling must return to its source, which is a PWM inverter. Due to the impedance
of the retun path, the voltage of the core of the machine rises with respect to the
source ground. If the machine shaft is earthed via the driven equipment, the core
voltage appears across the bearing. If the voltage exceeds the breakdown voltage of
the thin oil filmin the bearing, a current flows through the bearing, the shaft, the
driven equipment and back to the inverter, as illustratédgure2.4.

1 Capacitive discharge currentf the shaft of the machine is not grouddea the
driven equipment and the core of the machine is grounded for protection a current is
induced by the bearing voltage, which is called electrostatic discharge machining
(EDM) current.

To discern the cause of the detrimental effect of the HF vodagation on the machine
winding, especially the excessive voltage stress across the insulation and -heifolon
voltage distribution, ground return current causing EMI and bearing current, it is, therefore,
important to predict the behaviour of thtater winding under VSI excitation for an optimised
solution without costly design iterations. For this purpose, a modelling approach representing

the highfrequency (HF) behaviour of the machine winding is prevalent in the literature.

Three Phase Inverter
2.5mlong Shielded Cable

VDC/ e " P NI = — — Cable discharge current
2_1 JE}L R A UL PP ) _ | == CM Ground return current
Voc,! * A& A T - N Circulating current
72 VE ,' ,' : S I (| == Shaft earthing current
AC | ¢ A T LAV T AT AMATT

A I

| :+

Figure 2.4: Schematic of VSI fed drive representing the path of bearing currents, ground return current
and the cable discharge current.
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2.5High Frequency Model of Cable and Stator Winding

The simplestpproach to predicting the voltage distribution within the winding due to an
incoming PWM voltage surge is to consider the winding as a simple transmission line, the well
known transmission line equation is then valid to calculate the voltage and cureamnt a
location within the winding. However, the distributed nature of the impedance of the winding
is frequency dependent. By way of example, due to the skin and proximity effect, the resistance
and the inductance of the conductor embedded in the slfegreency dependent. Similarly,
the dielectric loss of the insulation varies with frequency. Additionally, the conductors
embedded in the slot are mutually coupled. Representing the mutual coupling and the
frequency dependent parameters of the maching @astnansmission line equation requires
complex mathematical operations such as Fourier transform, inverse Fourier transform, modal

transformation and convolution which is cumbersome.

Modelling of HF behaviour of the machine winding, in particular, charethg the voltage
distribution within the winding, and predicting the HF ground return current, involves accurate
representation of wave propagation and reflection phenomenon within the winding. This can
be realised by representing the winding conductmiag a transmission line model. HF
behaviour of the winding can also be represented ashpse lumped parameter model-[87
89] also called as a behavidoased model, wherein, the parameters of the model are derived
from the terminal impedance measuent. However, in such models, voltage stress across
individual turns and coils is inaccessible. Moreover, the physical measurement of the terminal
impedance is required, which mandates the physical availability of the machine winding and
hence excludingueh analysis in the design stages.

In the transmission line model, appropriate length of a winding, e.g., each turn or a coil is
represented as a unit cell, thereby, the turn or the coil voltages are accessible, and the model is
solved either in the timeadnain or in the frequency domain to predict voltage distribution
within the winding. Also, the transmission line model can be used in the design stage, without
the physical availability of the machine. Therefore, the majority of the work reviewed in the
following sections focuses on representing the winding as a continuum of lumped parameter
circuits, allowing the voltage distribution to be predicted without solving complex transmission
line equations. A comprehensive discussion of the solution to thenissisn line equation is

mentioned in chapter 3.
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Since the early 19 century, the theoretical investigation on the surge phenomenon
engendered from the fast transients such as lightning or switching surges was concentrated on
the overhead lines and theatsformer winding, owing to their severe vulnerability. A
comparison of the work on voltage distribution within the machine coils with that done on the
transformer coils has met only partial success because the work on the transformer coils is able
to predict the coil voltage and not the turn voltage. In the HF model developed by Rudenburg
[90] on the transformer coils when applied to machine coils, the coil voltage is predictive
without the turn voltage. However, the accuracy of the results is doulsfiiljsaimplicitly
assumed that there are a large number of turns within the coils to enable the problem to assume
distributed nature of the parameter, instead the form wound machines have few turns per coil
(Nc).

In a similar approach [91], a ladder ciitcis used to represent the coil as a unit cell. As a
result, voltage distribution within the coil cannot be predicted. If the analysis is adapted to
represent the voltage stress within the turn by representing the turn as a unit cell, the turn
voltage carbe predicted. This would not, however, leads to accurate results, as the ladder
circuit does not account for the mutual coupling between the turns. The ladder network
designed in [91], was superseded by [92] with mutual inductance between the adjacent
corductors embedded in the same slots. However, no account of mutual coupling between the

nontadjacent conductors is made, and so this method is not valid for theumultoil.

A concise study of a single conductor embedded in an iron slot performedilby dtel
Vevarka [93], suggests that at HF, the iron core act as a flux barrier. Later, the analysis shows
that set of differential equations can be used to represent the voltage distribution ilessloss
winding. The analysis assumes the coil as aaglitand high inteturn capacitance results in
the uniform distribution of voltage within the coil. The results illustrate that the first coil from
the line end is most stressed with less severe stress across the remaining coils. Therefore, it was
advisedo the manufacturer to increase the turn and ground wall insulation in the line end coil.
The experimentally measured voltage illustrated in the analysis conforms with the prediction,
however, no mention was made of the variation of the voltage stréstheitise time of the

voltage wave.

Parrot [94] was the first to illustrate that the voltage wave with a short rise time (<600ns)

results in noruniform distribution of voltage within the first coil with the peak irti@m
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voltage stress across the lash of the first coil. The experimental validation of his theory led
him to conclude that the voltage stress within the winding is a result of the superposition of
travelling waves. This conclusion has never been included in any comprehensive analysis.
Another work [95] supports the finding of Parrot that the short rise time leads-taniform

voltage distribution and confirmed by the investigation performed in [68].

The voltage distribution within the winding occurs because of wave propagation and
reflection at the ends of the coil which is evident in [97]. It is also demonstrated that the number
of turns within the coil has little effect on the intarn voltage. Different from [94], the results
show that the voltage stress across the first coil ohase winding is independent of the
excitation of the other two phases. The experimental evidence herein discussed in chapter 5,
however, does not align with this conclusion and demonstrates that the excitation on the other

two phases affects the voltageess across the first coil.

Cornick and Adjaye [98] are the first to use a cascadedptwbnetwork to predict the
voltage distribution. Each coll is represented as agam network with an assumption that the
voltage distributes uniformly within the ikoAny attempt at a detailed comparison of the
prediction with the experimental measurement fails since the mutual coupling is not accounted
for. Additionally, only the first 4 coils are represented as apgax network with the remaining
20 coils as lurped parameters. Herein, however, it is demonstrated that representation of full

winding in the HF model is necessary for accurate prediction (see chapter 4).

The simplest approach to predict the voltage stress is by assuming the coil as an elemental
section of the model with a series inductance and shunt capacitances. This approach is followed
in the aforementioned analysis, but the work has the inherent disadvantage of being unable to
predict voltage distribution within the coil. They assumed that thag®ktress within the coll
is uniformly distributed. The work done in 1964 by Clowes [99] infers that a simpler model
with assumptions displays general features of the phenomenon whilst lacking detailed

comparison with the experimental results.

Consequenyl, in [100-102], each turn is modelled as a unit cell and a continuum of cells is
used to represent the winding. The influence of the rotor is ignored since the rotor iron core
acts as a flux barrier, and the airgap reluctance is larger. Following thenicdés of Parrot
[94], the analysis assumes that the flux is confined within the slot, like the iron core act as a

flux barrier. Additionally, the mutual coupling between the turns of the coil embedded in the
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same slot is considered. On the account oktlagsumptions, they proclaim that the peak-turn
to-core voltage stress occurs at the first turn and the lastadunn insulation between the last

two turns of the line end coil is most stressed. In [101], the-intarvoltage distribution in the

line end coil is noruniform with up to 40% of the incoming surge appearing across the
insulation between the last two turns of the coil. In addition, [100] illustrates that the number
of coils required for the accurate prediction of voltage increases witea$#tg number of

turns per coil(Nc). However, the accuracy of the results is doubtful because it is implicitly
assumed that the accurate prediction can be made without representing the full winding in the
HF model. lllustratively, [104102] only represds the line end coil as a cell and the remaining

coil is represented as a lumped parameter. In [100], the capacitance is calculated by ignoring
the fringing effect, and the inductance is calculated using the duality principle with an
assumption that the leeity of propagation of wave within the winding is constant. However,

the inclusion of losses in the model invalidates this assumption.

Like [100], [103] has computed the parameters and proclaimed a similar voltage distribution.
Different from [100], howeer, [103] analyses the model in the frequency domain using modal
analysis, whereas, [100] analyses in the time domain using convolution. The HF model can be
analysed either in frequency or in the time domain, based on its advantages and disadvantages.
In the frequency domain analysis, the incoming surge is divided into its spectral component
using Fourier transform and fed to the corresponding model representing the winding over that
frequency. Later, the response of each circuit is added together usirguplrposition
principle and the inverse Fourier transform is used to get the voltage distribution in the time
domain. However, this approach requires a large number of HF models, each representing the
winding at a unique frequency, as the spectral compioof the voltage surge with short rise
time spreads over the wide frequency range. Alternatively, in the time domain analysis as
illustrated in [100], convolution is used which is a complex mathematical tool for incorporating
the frequency dependencytbke parameters. The time domain analysis has an advantage over
its counterpart, as the physical signals are measured in the time domain, which implies that a
complex sequence of Fourier transforms, and inverse Fourier transform is not required. In the
proposed work, herein, the frequency dependent parameters are incorporated into the model,
without complex mathematical operations, in particular, the Fourier transform, Inverse Fourier
transform, Modal analysis and Convolution, using a ladder circuit anéntucontrolled

voltage source.
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A theory of induced eddy current in the iron core under HF excitation is expounded in [104],
wherein, it is assumed that the flux penetrates the iron core up to penetratiordeigo(
following the conclusions of the garesearch [9Q03] illustrating the concentration of
incoming surge across the first coil, the winding is assumed as a continuum of an infinite
number of cells, wherein each cell represents a turn. The accuracy of the model, however, is
uncertain as thigon core is approximated as an infinite aimensional slab which is true for
the conductor but inapplicable for the laminations. A similar assumption can be encountered
in [104], wherein, the core is assumed as a solid iron block with exponentiallyircedax
along with the penetration depth which can be expressed usingdinosesional differential
equation. As a result, even under LF excitation, the flux will penetrate the iron core, which is

inaccurate.

The HF model of the random wound machinéritly explored in [106], which presents a
simplified model with the first five turns as a transmission line cell representing the turn
resistance, inductance and capacitive coupling, and the remaining turns are represented using
lumped impedance. The meldassumes that the incoming voltage surge distributes non
linearly with peak voltage stress occurring across the first few turns. Similar work is also
reported in [37]. The work illustrates that, if only the ttwrturn capacitive coupling is
representedthe incoming voltage will distribute uniformly. The tuigrcore capacitance is
responsible for the neaniform distribution of voltage. Differently, however, in [40], it is
illustrated that the turto-turn capacitance is more influential in the ngmform voltage
distribution. A 49turn coil is depicted in [107], with only the first two turns and the last three
turns are represented as transmission line cells with the remaining turns lumped together as an
impedance. Different from [106] [40], the woj&7] illustrates that the nemuniform voltage
distribution is influenced by the ratio between the {iarturn and turrio-core capacitance.

The different inferences may be the result of different methods of parameter calculation. In
[106], the parametersf the coil are calculated at low frequency and is assumed distributed
uniformly among the turns. In [40], the parameters are calculated using the solution of the
electrostatic and magnetic field by the finite element method (FEM). In [107], the pasameter
are measured experimentally at low frequency for a 5 turn coil wound on E type core and
assumed the same for the 49 turns coil. None of them calculates the parameter of each turn

accurately. For an accurate representation of a winding, each turn musprbsented
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explicitly, wherein each turn must be represented using the capacitive coupling between the
turn and core, and turn and turn, the frequency dependent resistance and inductance, mutual
resistive and magnetic coupling between the turns and theate representation of the core

is required. The capacitive elements may be calculated using the energy stored in the
electrostatic field whereas, the resistive and inductive elements may be calculated using losses

and energy stored in a magnetic field.

In [106], a discrete Fourier transform is used to dissociate the incoming voltage surge into
its spectral content and a transference matrix is used to calculate the voltage distribution under
each frequency of excitation. Later inverse Fourier transforusesl to predict the voltage
distribution. One of the key advantages of the transference matrix is, that it can account for the
frequency dependent mutual coupling between the turns. However, the parameters are

calculated using the method followed in [1L0dherein the proximity effect is ignored.

Yifan [40] has performed a detailed analysis of the finite difference method in the frequency
domain to predict the voltage distribution using the HF model. The model is developed for the
form wound machine whicHlustrates that the adjacent conductor shields most of the flux,
thereby, mutual magnetic coupling exists only in adjacent coils. Akin to the previous work, the
iron core is assumed a flux barrier. However, the voltage distribution is studied for single
voltage pulse excitation in isolation which leads to the inference that the pedk-taore
voltage stress occurs at the terminal end and the turn insulation between the last two turns of

the first coil is most stressed.

A 3-D model of half thick laminatésheet of the iron core with the insulation is expounded
in [108], for calculating the induced eddy current in the core. AdditionallyDar®del of the
end winding region is developed to calculate the end winding parameters. The effect on the
turn parameters by the induced eddy current in the core is elucidated by comparing the
parameters calculated using the 3D model and 2D model. In the 2D model, the core is assumed
conductive without any lamination. Predictably, the inductance calculated at HF hesi2D t
model will decline rapidly, as the induced eddy current confines the flux within the slot region.
Furthermore, the confined flux within the slot regions links with the conductors, resulting in
an induced eddy current that increases the resistaneeeufion the 2D model overestimates
the resistance and underestimates the inductance of the turn. While the reasonable comparison

between the measured and predicted common mode (CM) and differential mode (DM)
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impedance is illustrated, no attempt was madmtdyse the voltage stress within the winding.
Although the analysis estimates the induced eddy current using 3D model of the core, no
account was taken of the hysteresis loss and the frequency dependency of conductivity and the
permeability of the coreso this method does not represent the winding accurately.
Additionally, the inevitable mutual inductance between the turns embedded within the same
slot is ignored which is necessary for representing the HF behaviour of the winding.

The recent publicatiofil09] calculated the resistive and inductive parameters of the turns
using a 2D slot model, wherein, the iron core is assumed as a flux barrier. The losses in the
core occurring due to induced eddy current under HF of excitation are represented using a
regstance. However, the results would be of limited value since the frequency independent
parameters calculated at 20MHz are used and the parametrisation of the resistor representing
the eddy current is not discussed. The HF model discussed in [37] iseslgueis [110],
wherein the parameters of the model are calculated using the electrostatic and magnetic field
solution. However, in both the analysis, the core loss and the frequency dependent mutual

magnetic and resistive coupling are ignored.

In [111], the frequency dependent dielectric loss is accounted for. It introduces a method
wherein; the frequency dependent dielectric loss is represented usargnseters and is
incorporated in the time domain circuit simulation using a controlled voltage soumse. T
method has met with only partial success as the resistive and the inductive parameters used in

the model are frequency independent and lamination of the iron core is ignored.

Recently, in [39] FEM is used to calculate the parameter. Different fromsoptitepacitive
coupling is calculated by solving the electrostatic field and is included in the magnetic field
solver to calculate the resistive and the inductive parameters. However, the accuracy is
guestionable due to a lack of clarity in the iron cosaalling. The experimental validations
are performed on the manually wound coil which depicts the differences between the

measurement and prediction in the peak voltage stress and voltage oscillations.

The frequency dependent parameters in the time darimaint are best represented in [112],
wherein, the Foster and Cauer network is used for the representation. A similar approach is
followed in [38], which uses a ladder circuit to represent the frequency dependency. The Foster
and Cauer network and the thd circuits approximate the frequency response of the

impedance using frequency independent parameters. However, the mutual coupling between

33



Chapter 2Literature Review

the turns is considered inappropriately. In [112], the mutual coupling is ignored whereas, in
[38], the mutual copling is added together with the self parameter by implicitly assuming that
the capacitive current during the transients is negligible. On the other hand, the model in [39]
represented the frequency dependence of the inductive and resistive couplingelogiamb

the capacitive coupling in the tirf&rmonic finite element (FE) simulations. Such an approach
requires excessively large computation time and resources. A brief summary of the modelling

work reviewed above is summarised in Table 2.1.

In the previos work, no account was made to represent the frequency dependent mutual
resistive and inductive coupling between the turns in the time domain analysis. It is clear that
none of the investigations reviewed above has developed a model for the machine winding
which can predict the voltage distribution under PWM voltage excitation which may help in
identifying the location of excessive voltage stress within the winding. Additionally, the
previous analyses are erroneous since the induced eddy current in toeraeither ignored
or approximated to make the models tractable. Therefore, no modification of these analyses

will result in an accurate coil model.

The HF model proposed in [38] concerning the role of the iron core as a flux barrier by
assuming zeraonductivity of the iron core, and core loss representation using a resistor is of
great importance in the following analysis. The HF modelling of the machine winding is
thoroughly discussed in chapter 4, wherein, the frequency dependent mutual coupling is

accounted for explicitly and the core is represented as mentioned in [38].
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Table 2.1: A comparative analysis of the modelling methods.

Location of
Mutual voltage stress
Model Method Elemgntal CO“'?‘ Parameter_ Coupling Turn - Remark
Section Modelling | Representation .
Representation| to- | Interturn
core
Voltage within
the coil is
2-Port Frequency First Last turn uniformly
98] Network Coil Flux barrier dependent lgnored turn .Of the. distributed.
first coll ot ot
Only * coil is
modelled.
Transmission First 2 colil is
i line equation modelled.
2 is solved : Frequency . First Last turn Inductances
‘g | [101] . . Turn Flux barrier Considered of the .
c using discrete dependent turn first coil calculated using
i Fourier the principle of
(S transform duality.
% Modal
9, analysis and Frequenc First Last turn Only one phase
o' | [103] discrete Turn Flux barrier d y Considered of the 'y oné p
S . dependent turn : : is excited.
0 Fourier first coll
g Transform
- Transference eEIeut)r(ates
matrix and thr:a solid iron|  Frequenc First First turn Only 2% coil is
[104] discrete Turn g y Considered of the y
. core. Core dependent turn , : modelled.
Fourier o first coil
Laminations
transform :
are ignored
Finite Erequenc First First turn | Only the mutual
[40] difference Turn Flux barrier q y Considered of the coupling
dependent turn , .
method first coll between the
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adjacent turn is

considered.
Proximity effect
is ignored.
Parameters are
measured
o experimentally
[107] Siﬁ'&?;t'iton Coil Flux barrier I;Lecan%r;cn); Considered -- on a motorette
P sample with 5
turns wound on
E type core.
Only the first 2
coils are
Scatter matrix Erequenc First Last turn modelled
[100] | solved using Turn Flux barrier indeqende)rllt Ignored turmn of the Inductance is
2 convolution P first coil | calculated usinc
= principle of
Z duality
= Modal . Last turn St
@ | [102] | analysis and Turn Flux barrier Frequency Considered First of the Only 1" cail is
S . dependent turn : : modelled.
8 convolution first coil
- . Firstturn | Only the first
()
£ | [106] _Clrcm_t Turn Flux barrier _Frequency Ignored First of the five turns are
= simulation independent turn : :
first coil modelled.
o Flux . First tun | Only modelled
Circuit penetrates Frequency . First
[112] : . Turn L Considered of the the phase
simulation the solid iron dependent turn : : o
first coil winding.
core. Core
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37

Laminations
are ignored.
Hysteresis loss
Flux Frequency in the core is
penetration independent ignored. Only
Circuit is calculated parameters the frequency
[108] | gimulation Turn using 3D calculated at Ignored N dependence of
model of the| 25MHz are the dielectric
core used. loss is
considered.
Proximity effect
is ignored. Turn
Circuit , Frequency resistance and
[109] . . Turn Flux barrier , Ignored -- inductance are
Simulation independent )
calculated usinc
analytical
assumptions.
Core loss is
. ignored.
[110] .CirCUiF Turn Flux barrier _Frequency Ignored First Flcr)?ttft]:m voltage stress i
Simulation independent turn first coil measured unde
single voltage
pulse excitation.
Solid iron core
is used for
[111] .C'rCU'F Turn Flux barrier _Frequency Considered -- modelling.
Simulation independent Parameters are
calculated at
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Parameters are

calculated
analytically.
. Voltage stress i
L . First turn
Circuit , Frequency First measured unde
[37] . . Turn Flux barrier , Ignored of the )
Simulation independent turn , : single voltage
first coil o
pulse excitation.
First turn Voltage stress i
Circuit : Frequency | Considered with First measured unde
[38] . . Turn Flux barrier of the .
Simulation dependent | self parameters| turn first coil single voltage
pulse excitation.
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2.6 Voltage Stress Mitigation Technique

In section 2.4, the detrimental influence of the HF inverter output voltage with a short rise or
fall time is discussed in detail. The HF voltage wave with a short rise time leads to overvoltage
at the erminals and nozero CM voltage, which induces CM ground return current. In
addition, the short rise or fall time contributes to the bearing curresggpand EMI [26]. If
a long cable is used between the inverter and the motor, or a large machiee vgithsa
significant capacitive coupling between the winding and its core, or the rise or fall time is
shortened, or the DC link voltage is raised, the situation will deteriorate. Large voltage
overshoot ensues at the motor terminals, and the HF cablgirahaurrent leading to EMI,
increases if the cable length exceeds the critical cable length. Furthermore, the fast rise and fall
times, as well as the increased DC link voltage, will result in an excessive CM voltage
amplitude and HF ground returns cuntreThis phenomenon leads to insulation deterioration
and subsequently the premature failure of the machinel§L6The voltage stress at the
terminals occurs due to a mismatch between the surge impedance of the cable and the machine.
Generally, the volige stress in the large machine is less severe as the surge impedance of the
large machine is low and comparable to cable sure impedance. However, in a field scenario,
where the parallel cable is used to feed power, the voltage stress is severe, asgdnalel

cable lowers its surge impedance.

The HF voltage pulse impinging machine terminals and PWM ripple current lead to the
generation of acoustic noise in the machine. The acoustic noise is generated mainly due to
resultant PWM force/torque ripple anlde magnetic core through magnetostriction, motor
bearing or motor ventilation. In addition, the HF voltage oscillation at the terminals is a
potential EM noise source. Besides this, CM voltage between phase and ground and the

switching of semiconductor diges is a potential source of EM noise.

The stateof-art solution to the problems, mainly the excessive voltage stress and the EMI
can be resolved by limiting the rate of change of voltage at the rising and the falling edge and

by alleviating the CM voltge, which is explored in the following categories:
2.6.1Passive Filtering Technique

A passive filter is installed in between the inverter and motor terminals to reduce the voltage

stress, especially at the machine terminals and the neutral point. Dependiagy dadign, the
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passive filters can be installed at the inverter end or the machine terminals. The filters installed
at the machine terminal are designed to terminate the cable ends at their surge impedance,
thereupon named termination filters, whereas fitters installed at the inverter output

terminals are termed inverter output filters.
2.6.1.1Passive Termination Filter

As stated in the previous discussion, the overvoltage at the terminals of the motor is due to
voltage wave propagation and reflection plraeaon. The voltage reflection occurs due to a
mismatch of impedance at the cable and machine interface. Generally, for small motors (< 25
hp), the characteristic impedance is 10 to 100 times larger than the cable. However, the surge
impedance of the largaachine (> 50 hp), is comparable to the cable impedance. lllustratively,

the magnitude of voltage stress at the machine termivialwiith its surge impedancey( ),

DC link voltage ¥oc), and cable surge impedance () is expressed as [87],

V _é Zom - ZoC 6
t—é-‘é; +—Zom 7, ‘guc 2.1)

The surge impedance often referred as characteristics impedance is the ratio of the amplitude
of the TEM voltage and clent waves propagating within a medium, herein the cable and the
machine, in the absence of reflection. The influence of the surge impedance in the voltage stress
at the machine terminals can be expressed using (2.1) and is discussed comprehensively in
sedion 5.3 As a result, the voltage reflection, and hence, the voltage overshoot is more
pronounced in a small machine. Howbeit, if the surge impedance of the motor and cable are
equal, the voltage stress at ttegminals is restricted to the DC link voltage. With the
termination filter, the cables are terminated with the passive element whose impedance is equal
to the surge impedance of the cable. Based on their order, the filters are classified into the

following section:
i Parallel Resistor Termination:

As the name suggests, in the parallel resistor termination filter, three phase star connected
parallel resistor is connected at the cable machine interface as shbigan®@2.5. The shunt

resistor ) is selected as the surge impedance of the cable as illustrated in (2.2) [113]:
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_ L -
o

where,Lc andC; are the peunit length inductance and capacitance of the cable. However, the
power loss inthe resistor is significant, therefore, this method is rarely used. By way of
example, for a 440V system with a 100 ft long cable, a\&ttut resistor is used which incur
1.1kW loss [113].
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Figure 2.5: Schematic of VSted drive with Parallel resistors connected at the machine terminals

1 First Order Capacitor Resistor Termination:

In this method, the cable is terminated using a first order filter consisting of star connected
threephase capacitorSf) with resistors R) connected in series. The filter is connected in
parallel at the cable and machine interface as illustratedjure2.6 (a). The filter is designed
to match the surge impgance of the cable. Hence, the equivalent impedance of the filter is
expressed as [113],

o 2,
a 1 O L
Z,= R B § #_c -~
eq f (; fo 8 CC ZL0C (2.3)
The resistor is designed for an overdamped system as [87],

4L

R > s (2.4)

C

Equation (2.2.4) can be solved tachieve the filter parameters for optimum voltage stress
at the machine terminals. In [113] a second order termination filter is proposed with an
additional inductance connected in parallel with the resistor as illustrafteglire2.6 (b). The

losses in the resistor are decreased with the inclusion of the inductor, but the voltage stress is
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marginally reduced. The parameters of the second order filter can be deduced using (2.5) as
[113],

R 2, 2
- ARwL 0 BwL 1 OL
S R M ST I
R L, C;
sN
) (2.5b)
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Figure 2.6:Schematic of VSHed drive with filters connected at the machine terminal, (a) Firsbrder
termination filter, (b) Second order termination filter.

2.6.1.2Inverter Output Filter

The primary role of the inverter output filter is to limit the dV/dt of the inverter output voltage
below a detrimental critical value, preventing overvoltage at thénimaterminals, ground
return current and bearing current. Although, the passive termination filter is effective in
suppressing the voltage stress, in several applications such as submersible pumps, however,
the machine terminals are inaccessible. Moreasiace the inverter output filter is connected

to the inverter terminals, it can be integrated into the same enclosure as an inverter, which leads
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to a compact, less bulky and cedtective solution. Therefore, the inverter output filter is a
more promigg solution which is classified into the following types:

i Reactor Filter

The output reactor is the simplest and dowst method of conditioning the voltage stress
[114]. It comprises a three phase inductor connected in series between the inverteteand cab
as illustrated irFigure2.7. It reduces the dV/dt at the inverter terminals which in turn reduces
the dV/dt at the motor terminals. However, it should be installed with care as, if the reactor is
wrongly seleatd, it can extend the duration of the peak voltage. In general, the output reactor
is designed with %% impedance at the operating frequency and the overvoltage suppression

depends on its impedance. The inductance of the filter can be deduced usiag [214]),

L, = 0.03—Yoe (2.6)
2\/§WS| oh

where,¥s is the fundamental frequendy, is the rated phase current avist is the DC link
voltage. Although the impedance of the reactor can be increased to achieve effective voltage
suppression, a highenpedance causes a rapid increase in cost, weight, and size. Additionally,
the higher impedance at the fundamental frequency results in increased voltage drop across the
reactor, thereby, the fundamental component of voltage will reduce at the motoateriin
large voltage drop, especially during overload, may results in torque inadequacy due to
insufficient voltage at the motor terminals. These reactors can be used to compensate for the
cable charging current and can be used in the large drives,devith cable lengths up to

several hundred meters.
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Figure 2.7: Schematic of VSHed drive with reactor filter connected at the inverter terminals.

The major drawback of theaetor is core saturation. Core saturation leads to a reduction in

inductance, which increases voltage overshoot [114]. As a result, consideration should be given
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to ensure that the reactor's magnetic core is not saturated. The reactor should be designed to

withstand the peak transient current, resulting in increased size, weight, and expense.
1 Sinewave Filter (LC Filter)

The sinewave filters [11619] are installed at the inverter output terminals to suppress the
switching harmonics in the voltage which gernts the HF voltage pulse into sinusoidal
excitation. In this filter, three phase inductby) (s connected in series with the inverter and
the star connected capacit@)(is connected in shut between the inductor and the cable, as
illustrated inFigure2.8. The resistork) is used to dampen the oscillations at the resonance
frequency of the filter and is typically recommended for applications with requirements on
torque ripple, speed, and audible noise. Whitéah, since the capacitor acts as a low impedance
element at high frequency, the resistance of the resistor is kept equal to the characteristics
impedance of the cable to absorb the reflected energy. On the other hand, the resistor is a
passive elementyhich incurs power loss. The transfer functiét) of the filter is expressed
as [119],

_ I+ juR G
1- M/szCf H R, C @7
where, the attenuatio\) offered by the filter at HF is [89],
1
A=20log ﬁ‘ (2.8)

Generally, for effecting supession of the HF voltage without affecting the fundamental
voltage, the cubff frequency §¥¢) of the filter should be an order less than the switching
frequency fsw) and higher than the fundamental frequerigy The resistancer) of the filter
can be deduced for an overdamped system using (2.9) as [119],

Ri? | — (2.9)

A 3-dB attenuation at the filter cuaiff frequency, (2.72.9) can be solved for the parameters
of the filter. In [117], the star point of the filter is connected to thepoidt of the DC bus.
Referencing the star point of the filter to the mid poiffiérs an additional reduction in the
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dVv/dt of the voltage pulse. The filter losses, however, surge by 127% [117]. Few other
developments are reported in [1189] illustrating an additional reduction in the dV/dt of the
voltage at the machine terminals[119], an LC trap filter is connected in a cascade between
the inverter and the filter which is tuned to the inverter switching frequency as illustrated in
Figure2.9. It acts as an open circuit for the switchiingquency component of the voltage,
which eliminates the requirement of a lower-offtfrequency of the sinusoidal filter. However,
with the additional LC trap filter, a relatively large inductor is required for the sinusoidal filter.
lllustratively, theinductance of the sinewave filter designed for a 25 hp drive was 0.135mH
which increases to 0.27mH when used with the LC trap filter [119]. In [118], the magnetizing
inductance and the winding leakage inductance are used for developing the filter. Differen
from the conventional filter, the damping resistor is connected in series with the inductor. This
type of filter design yields improved performance with lower filter parameters. In Chapter 6,

the design process and its results are thoroughly examined.
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Figure 2.8: Schematic of VSHed drive with sinewave filter connected at the inverter terminals.
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Figure 2.9: Schematic of VSHed drive with a combination of sinewave and LC trap filter connected at
the inverter terminals.

1 Voltage Limiting Filter (dV/dt Filter)

The dV/dt filter [120122] comprises a three phase series connected inductor followed by a
threephase star connected capacitor connected in shunt as shéiguia2.10, whose cut
off frequency is higher than the switching frequency. The dV/dt filter reduces the peak voltage
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and increases the peak rise time by limiting dvédt of the voltage pulse at the machine's
terminals. However, different from the sinewave filter, the machine terminal voltage remains
the rectangular pulse with increased rise time. Reduced dV/dt at the machine terminals leads
to reduced voltage stressth uniform voltage distribution within the winding [$86] [106-

38]. Compared to the sinewave filter, the inductor and the capacitor used in the dV/dt filter is
lower, thus they are compact, cheaper, and less bulky. Due to its small size parameters, the
filter does not impede the dynamic performance of the filter.
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Figure 2.10: Schematic of VSHed drive with dV/dt filter connected at the inverter terminals.

The combination of thenductor () and the capacitoX) forms a second order low pass
filter, and the resisto) is used to dampen the voltage oscillations. The series parameters of
the filter are designed by limiting the voltage drap @cross it to 1.5% of the DC krvoltage
(Voc) as [120],

Vv, = _00.015/,¢
a 0)
o} ' (prst) @

wherei is the phase current arigis the fundamental frequency. According to the NEMA

(2.10)

standard MG9part 31 [123], the recommended dV/dt limit for safe use at the motor terminals
is 4kV/us. Thus, the inductance and the capacitance of the filter should be selected such that
the time period of one resonant cycle is equal to at least 4 times the rise time at the motor

terminals which is expressed as [123],

Vv
LG 242 A0 2.11)
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Thecamping resistor decides the damping factc
the damping factor, the lesser will be the resistance, and the better will be the damping. Thence,
theRr can be reckoned using (2.12) as [120],

_ 1L
R “x\c, (2.12)

Using (2.102.12), the parameters of the filter can be determined. The dV/dt filter reduces
the voltage stress at the motor terminals, however, the CM voltage remains unaddressed. As a
result, the shaft voltage that induces bearing currahganerates EMI is not reduced.

M Common Mode Filter

The sinewave filter reduces the voltage overshoot at the terminals by converting the inverter's
pulse voltage output to sinusoidal excitation, whereas the dV/dt filter does so by extending the
voltage puse's rising time. However, both the filters are ineffectual in reducing the CM voltage.
Consequently, the high magnitude of the bearing current and the ground return current induced
by the CM voltage interfere with the ground fault protection system liegtad the field and
contribute to EMI, damage to the bearing such as pitting, and fluting and leads to subsequent

failure. Therefore, the CM voltage must be suppressed to avoid premature failure.

The CM voltage can be suppressed by using a CM transfdit2ds126]. The CM
transformer is a four winding transformer wound on the same core to ensure tight coupling
between them and is illustratedrigure2.11[124]. The three primary windings are connected
in seriesbetween the inverter and the cable, and the fourth secondary winding is connected to
a damping resistor. The three primary windings are wound in the same direction, whereas the
secondary winding is wound in the opposite direction. As the coupling potéribe three
phase windings is the same, no flux is induced in the core due to the DM current. Therefore,
different from the reactors, no core saturation occurs due to DM current. However, the CM
current flowing through the phase windings induces flux e tore. Hence, the CM
transformer acts as a damping resistor only for the CM current. On the other hand, since the
secondary winding is wound in opposite direction, the secondary current prevents the change
in flux in the core and suppresses the CM curréhe short circuit of the secondary winding

with a damping resistor dissipates the power due to the flow of the CM current.
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Figure 2.11: Schematic of VSHed drive with CM filt er connected at the inverter terminals.

The damping resistor of the CM filter is deduced using (2.13) as [124],

_ 3CVy f

SW

Ry 0z (2.13)

rms

where,C is the CM capacitance of the machine winding, which can be measured using its CM
impedancefswis switching frequencyms is the maximum permissible RMS current through
the ground return path, antbc is the DC link voltage. The inductandg)(of each primary

winding and the maximum flux linkagé ey is the secondary winding is expressed ad]12

L, =4R:C (2.14a)
F max =3CR Ve (2.14b)

In another approach [125], the secondary winding is excited by the pseuttal potential
which is created using three phase RC network as illustratédune2.12 (a). The voltage on
the secondary winding is impressed with respect to the source ground. Since the RC network
is linked to the phase terminals, it has a high resistance and a low capacitance to limit the DM
current though it. However, small capacitance results in small pseadtral potential which
reduces the effectiveness of suppression of the CM current through the secondary winding. The
solution to this problem is pr opnecedwindingh [ 126
housed in a three phase iron core is used, as depictégure 2.12 (b). In addition, the
secondary winding is wound in the same direction as the primary winding and the voltage at
the secondary wwding is impressed with respect to the spmint of the DC bus. As a
consequence, the secondary winding is no longer reliant on the grounding system. A
decoupling capacitor is however connected in series with the three phase inductor to prevent
core satumtion in the event of a low frequency saturation current flow. However, these

modifications result in an additional suppression of the CM voltage and ground return current
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at the expense of the high leakage inductance of the filter. lllustratively, ity fpR% 0.75

kW induction motor drive, a CM transformer with 4mH leakage inductance is used, whereas,
in [126], a CM transformer with 2mH leakage inductance is employed in a 5hp drive. Large
filter inductance leads to large, costly, and bulky filters, ettmmes the cost and size of the
filter are comparable to the overall drive, especially in large power drives. Furthermore, the
filters are prone to core saturation due to transient peak current which induces flux in the core
beyond its rated limit. Nevertfess, these methods provide a low impedance path to the low
frequency CM voltage, particularly, the third harmonic voltage component which, is added to
extend the linear limit of the PWM and thus the DC bus utilization, resulting in the inclusion

of low frequency leakage current with significant amplitude in the power line.
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Figure 2.12: Schematic of VSHed drive with CM filter connected at the inverter terminals; (a) CM filter
connected with RC network, (b) CM filter connected with 3phase transformer.

The implications of the different methods of inverter output filters in the voltage stress and

EMI suppression are summarisedliable2.2.

Notably, the CM transformer does not suppress the voltage stress at the machine terminals
since it does not affect the dV/dt of the voltage pulse. Therefore, several combinations of CM
filters with the dV/dt filters ad sinewave filters are proposed in the literature {128]. In

[128], a CM filter in combination with the sinewave filter is used to suppress the voltage stress
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at the machine terminals along with the CM voltage as illustratéeyure 2.13. The results
illustrate that the sinusoidal filter converts the pulse voltage excitation into sinusoidal voltage
excitation with a 50% reduction in ground return current, however, it does not contribute to
reducing its RMS cuent. When the CM filter is added to the drive along with the sinewave
filter, the peak ground return current reduces by a factor of 20 with a 50% reduction in shaft
voltage. Moreover, with the addition of a feedback path between the neutral of the sinewav
filter and the miepoint of the DC bus, through an RC circuit, the ground return current and the
shaft voltage is extensively suppressed. The feedback path provides a low impedance path to
the CM voltage and current, so no CM voltage appears at the taotonals. In yet another

study [129], with the combination of the sinewave filter and the CM filter, the peak CM voltage

is reduced by 78% and the RMS voltage is reduced by 82% with respect to the voltage with
only the sinewave filter. Furthermore, thealt voltage at the machine terminal is reduced by

half in both cases. Another study [130] found that, with a 15hp drive, incorporating 740ft cable
length, 5Hz output frequency, and 4kHz switching frequency, the combination of CM filter
with the dV/dt filte reduces the peak ground return current by 23.5%, and a reduction of 25%
is recorded in the RMS current. Nevertheless, these benefits come at the expense of increased

passive components including large magnetic components.
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Figure 2.13 Schematic of VSHed drive with combination of sinewave and CM filter connected at the
inverter terminals.
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Table 2.2: A comparative analysis betwen different types of inverter output filters.

Performance
Criteria

Sinewave Filter

dVv/dt Filter

CM Filter

Insulation stress

Converts the HF rectangular voltage pulse in
sinusoidal excitation. Completely alleviate th
voltage stress. Complies with tHeG 6003417
and NEMAMGL1 requirements for drives with

cable length up to 500m.

Reduces the dV/dt at the machir
terminal, thus, reduces the volta

stress at the machine terminal.
Complies with IEC 600347 for

cable length up to 150m.

Ineffectual in
suppessing voltage
stress at the motor
terminals.

“‘Bearing current

Reduces bearing current caused by the
circulating current. Does not suppress the
bearing current induced due to CM voltage

Reduces bearing current caused
the circulating current. Partial
suppression of the bearing curre
induced due to CM voltage,

especially in large motors.

Effectual in the reductior
of bearing current due t
CM voltage. Not
effective in low speed
range.

EMC
performance

Eliminates voltage oscillations at the machirn
terminal. Does not change the emission clas

Eliminates voltage oscillations &
the machine terminal. Does not
change the emission class.

Reduces HF emission u
to 1MHz. Does not
change the emission

class.

Acoustic Noise

Eliminates acoustic noise caused b
magnetostriction, as the voltage at the motg
terminal is sinusoid.

Does not eliminate switching noig
as switching frequency compone

IS present in voltage.

Does not eliminate
switching noise as
switching frequency
component is present ir
voltage.

Size (with respect
to overall drive
size)

100%
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Voltage Drop
(with respect to 4-10% 0.5% 0%
DC bus voltage)

With Compliance to EMC standards

For Screened cable:
150m with frame size A.

For screened cable: 300m - d cable: 150 B, C, 300m with frame
: or screened cable: m; :
Maximum For unscreened cable: 150m. sizeD, E, F
Cable Length

For unscreened cable:
300m

Without Compliance to EMC standards

Up to 150m For screened cable5@m -
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2.6.2Active Filtering Technique

It is well known that the CM voltage induced due to the operation of the PWM inverter,
depends on the speed of the drive. Underdpeed range, the lower modulation index results
in higher RMS of the CM voltage. Indedte traditional filters, mainly the sinewave and the
dV/dt filter, are ineffectual in suppressing the CM voltage since they are designed to operate at
50-60Hz and to suppress the voltage stress at the machine terminals. Moreover, due to the
magnetic satuteon at the low speed, the performance of the CM filters deteriorates as
compared to the analytical analysis. Therefore, a method is required which can alleviate the
CM voltage over a wide speed range, especially for the drives with frequent start and stop

operations.

Considering the requirements of CM voltage suppression, especially at low speed,
Ogasawarat.al [131] propose an active commanise canceller (ACC) as illustrated in
Figure 2.14. It consists of a CMransformer whose secondary winding is impressed by a
compensating voltage, whose amplitude is the same but with opposite polarity as the CM
voltage produced by the inverter. As a result, the CM voltage is eliminated. The CM voltage is
impressed on the sendary winding using a couple of transistors connected in apgukh
emitter follower arrangement. The emitter follower circuit excites the secondary winding by
the pseuddCM voltage generated by the star connected capacitors. The other terminal of the
secondary winding is connected to the fpuint of the DC link which impedes the flow of DC
current. The combination of the emitter follower circuit along with the star connected
capacitors and the CM transformer is referred to as ACC. The emitted follimawgt and the
capacitors act as a voltagentrolled voltage source, as it excited the secondary winding with
the CM voltage of reverse polarity. Moreover, the voltage gain of this combined circuit is unity,
alongside the high input impedance and lowpatutmpedance. Because the four windings are
tightly coupled, the secondary winding induces a CM voltage on the primary winding with
opposite polarity, offsetting the inverter's CM voltage. The results illustrate a notable
suppression of the CM voltage,adtivoltage and the ground return current even at low speed.
However, the ACC is ineffective in suppressing the voltage stress at the machine terminals.
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Figure 2.14: Schematic ofVSl-fed drive with active commonnoise canceller circuit connected at the
inverter terminals.
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Figure 2.15: Schematic of VSHed drive with sinewave filter connected at the inverteterminals and an
active motor impedance regulator is connected at the motor terminals.

In yet another study [132], an active motor impedance regulator (IR) is used in series with
the machine, which regulates the machine impedance by the active citbulievilexible gain
adjustment. Notably, the IR is installed at the motor terminals as illustraféglire2.15. For
suppressing the voltage at the motor terminals, a conventional sinewave circuit is used. The |
circuit consists of three parts; star connected capacitor used for sensing the CM voltage at the
machine terminals, eamp based amplifier circuit and a CM transformer. The CM voltage
sensed using the capacitor circuit is amplified and inverted usingntipéfier circuit. The
amplified and inverted output is impressed on the primary winding using the secondary
winding of the CM transformer. The performance of the IR circuit is heavily reliant on its
feedback control. The feedback control architectureiressthe immediate alteration of the
output signal if any changes are observed in the sensed CM voltage. Needless to say, the output
voltage rating of the epmp must be as high as the CM voltage, as this will aid in assuring the
CM transformer's unity tur ratio, resulting in a compact and laest transformer.
Additionally, the slew rate, bandwidth and the ability to drive capacitive load must be

optimised to ensure faster response time, larger gain and stronger driving capability. The
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experimental resigtillustrate that the proposed combination of the sinewave filter and the IR
circuit attenuates the pead-peak CM voltage by 88% at the rated frequency and 68% at the
low frequency range (20Hz). Comparatively, if only the sinewave filter is used, taiqbo-

peak CM voltage is reduced by 47% at the rated frequency and 30% at the low frequency range.
Certainly, the combination of the traditional filters with the CM filter mitigates the voltage
stress at the machine terminals alongside the CM voltagéafddn reduction in the ground

return current, conducted and radiated EMI, and bearing current and shaft voltage.
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Figure 2.16: Schematic of VSHed drive with active commonnoise canceller (ACC) realised using isolated
power supplies and connected at the inverter terminals.

In the aforementioned solutions, the active amplifier circuitgioy or puskpull amplifier)
is excited by the CM voltage. Thus, for safe operation, thageltating of the amplifier circuit
must be higher than the DC link voltage. In general, tharop or the transistors with high
voltage rating, high slew rate and bandwidth in the range of MHz are less common.
Nevertheless, this problem can be solved djysting the turns ratio of the CM transformer
[133] as illustrated ifrigure2.16, wherein, the voltage rating of the active amplifier circuit can
be reduced by factarusing a CM transformer of turns ratidl. However, simultaneous use
of two voltage systems is not recommended. Furthermore, the active filtering technique does

not suppress the voltage stress at the machine terminals in solitary.

These aforementioned solutions are effective in attenuating tlagedtress at the machine
terminal, along with the reduction in HF ground return current and the bearing current.
However, the efficacy of the filters depends on the slew rate of the voltage pulse. Also, the
passive magnetic elements of the filter redrits effectiveness at light load conditions.
During, the light load condition, the phase currents are peaky which results in the magnetic
saturation of the core. Furthermore, the size of the expensive filter components restricts the
realisation of high pwer density converters. Although, the filters alleviates the voltage stress

at the machine terminals, its impact on the voltage stress within the winding is unknown,
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particularly under the high slew rate voltage pulse excitation. Therefore, the voltage
distribution within the winding is established in the following investigation, and its influence

under various passive filters is investigated.
2.7 Summary

Overall, the existing modelling methods represent the HF behaviour of the machine winding
and have develople an understanding of voltage distribution under HF PWM voltage

excitation. However, the modelling methods have shortcomings in representing the following:

1 Frequency dependent parameteFhe majority of the modelling methods, especially
in the time domain have computed the parameters analytically, wherein, the
resistance is computed analytically without considering the proximity effect. Some of
the methods have calculated the capacitance without accounting for the fringing
effect, thereupon calculatingghnductance using the principle of duality with an
implicit assumption that the speed of electromagnetic wave within the winding is
constant. Only a few methods have calculated the parameters by computing the
energy stored in an electrostatic and magtieticd using FEM. One of the advantages
of this method is its potential to calculate the frequency dependency of the parameters.
Therefore, the following study follows this method [38] to calculate the frequency
dependent parameter.

1 Explicit representatiorof the frequency dependent mutual couplingsthe best of
the authorsd knowl edge, no methods have
mutual coupling between the turns explicitly. All methods in toloenain, except
[38] have ignored the frequency depentrepresentation of the mutual couplings. In
[38], the mutual couplings parameters are added to self parameters with an implicit
assumption that the capacitive current during excitation is negligible. Therefore, the
following study will aim to develop anethod for explicit representation of the
frequency dependent mutual coupling in the time domain.

1 Voltage stress characterisation under PWM voltage excitationpast studies,
voltage stress is characterised under single voltage pulse excitation tarysoli
However, in the service field, the machines are excited using a PWM inverter,
wherein, all the three phases are excited simultaneously. As a result, the authors have

gone to considerable length to formulate a method for representing the frequency
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dependent parameters explicitly which will characterise the voltage distribution
within the winding under PWM voltage excitation

Voltage stress suppression at the neutral pdiiie modelling method proposed in

this study finds excessive voltages stressiatieutral point in addition to the well
known voltage stress at the machine terminals. No studies so far, have bespoke the
voltage stress at the neutral point, as the studies have characterised the voltage
distribution under a single voltage pulse in &mn. Consequently, the voltage
mitigation measure is focused on the voltage stress at the machine terminals.
Therefore, the following study will formulate a mitigation measure for the voltage

stress at the neutral point.
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Chapter 3: Modelling High Frequency Behaviaur of

Shielded Cable

3.1 General

The cables are an essential part of the-fé8ldrive system and it plays a vital role in
transmitting power from the VSI to the machine. Before the advent of semiconductor devices,
cables were used to feed at line frequencyweler, at the line frequency excitation, the
control and operations of the drive were limited to the applications where the speed of the drive
is constant. The semiconductor devices based VSI overcome the shortcomings by utilizing their
indiscernible grawnetric and volumetric power densities. These characteristics encourage
adopting a fast slew rate and high switching frequency for better controllability, which makes
the VSI fed drives more prominent in the applications such as industrial processes and
auomation, electrification of transport, renewable energy generations, and household

appliances.

Although the VSifed drives have advantages such as smooth-sttartoperation, fast
acceleration or dacceleration, speed reversal, increased power factbbetter efficiency,
there are inimical effects due to the fast slew rate of the voltage pulses of the VSI. When the
fast slew rate voltage pulse travel through the cable, HF voltage oscillations occur at the
machine terminal which causes voltage overshoaddition, the HF CM voltage engendered
from the VSI produces HF CM current to earth, primarily determined by the capacitance
between the winding and the core of the machine. In the cable with the protective earth (PE)
wire, the CM current flows throingt which causes EMI with the nearby electronic equipment,
interference with the ground fault protection system in industrial facilities and induces HF
bearing current especially in the high power motors leading to its bearing failure. Also, the CM
current flowing through the phase wires leaks due to capacitive coupling between the phase

wires and the PE wire.
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These harmful effects occur primarily at HF due to the parasitic impedance of the cable and
the machine. Under line frequency excitation, theseceffare minimal, as the parasitic
impedance is less dominant at low frequency. Therefore, the analysis of these harmful effects
requires a suitable model of the cable, which is representative and of good fidelity over a wide
range of frequencies. This gitar explains the modelling of the HF behaviour of the cable and
its validation, which will be used in the following chapters to study the effect of HF voltage

excitation in the VSfed drives.
3.2 Multi -Conductor Transmission Line Model

The voltage pulses etted by the VSI and propagating through the cable correspond to
electromagnetic waves propagating through parallel conductors with uniform ecircular
cylindrical crosssections along the length. Therefore, the cables are uniform lines, which acts
as a wavauiding structure. Generally, the conductors are enveloped by chxyiladrical
dielectric insulation whose permeabilitgc) and permittivity () are constant and are
independent of the position in space, as illustratdeigare3.1. Hence, the cables are said to
constitute conductors in a homogeneous medium. The vefocitf, propagation of the waves
on the conductor is equal to that of the medium, in which they are immersed and is expressed
as [134],

1

Jo = m (3.1)

Therefore, the cables with 3 phase conductors and one protective earth wire can be
corsidered as a uniform, homogeneous, MCTL. The voltage pulse impinging the line terminals
induces an electromagnetic field around the conductor, which has a TEM structure. The
fundamental assumption of the TEM structure is that the electric field int&¥sjty, z, t) and
the magnetic field intensit®(x, y, z, t) in the space surrounding the conductor lie in a plane
(x, y) transverse to line axig-axis), as illustrated ikigure3.2. The important conseqoee of

the TEM field structure, which relates it to the voltage exciting the cable is,

1 The voltage between the conductors and the current flowing through it can be

uniquely defined, although the fields are varying with time.
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1  The sum of the current througie conductors at any cressction is zero. This infers
that the reference conductors, herein is protective earth wire, is the return for the

remaining three conductors.

However, in practice, the net current through the esestion may not be zero. Thezsence
of nearby conductors or metallic structures or distant sources such as radar transmitters or the
television and radio transmitters may induce extra currents, also known as EMI. Therefore,

shielded cable is used to reduce this effect.

A
X

Conductor | ;@
(0)
Insulation

eH | O 1

Ny

Figure 3.1: Multi -conductor transmission line embedded in homogeneous medium.
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Figure 3.2: Transverse electromagnetic field structure in a multiconductor transmission line
representing (a) electric field intensity, (b) magnetic field intensity.

If the voltage pulse impinging cable terminals induces electric field inte@gyy, t) and

the magnetic field intensit{® (x, y, t) in the space surrounding the conductor in a transverse
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plane & y) perpendicular to the axis of its propagatigh ( t hen wusing Maxwel
[134],

B} H
DSE =" (3.2a)

b3 H sE #E (3.2b)

The del () operator can be resolved in two componentshasin the transverse plane and
(") in thez-direction [134], where,

_g H =
p =% gE-F
TE— " (3.3a)
-
P, =k 3.3b
<+ (330)

where, &, &y, and§; are the unit vectors in the direction of their respected axes. Using (3.2
3.3),

—

. - - H
(Dt + Q B, T >, Kb ﬁ?LZ (3.4a)
K

v

—

M
BE Hel"lmE (3.4b)

w

(Dt+g _’th:_DSJ_'_’

On solving (3.4),

- 3 E - “tl-
& r /?7—p (3.5a)
= 3 p‘_}?l = - Ell
e 3.5b
& " E, " (3.5b)
b, E 6 (3.5¢)
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b, 3 HG (3.5d)

From (3.5a3.5b), the electric and the magnetic field are orthogonal. Also, -83581)
illustrates that the electric and magnetic fields in a space around the condustgrssatiic
distribution in the transverse plane. Alternatively stated, the electric and magnetic fields in the
transverse plane are identical to that of DC excitation, even though they axdeperaent.

This implies that the transmission line parameteush as peunit length capacitance,
inductance and conductance can be determined in the transverse plane using independent

excitation, which simplifies their determination.
3.2.1TransmissionLine Parameters

The transverse electric field induces transversewdiah current through the lossy medium
due to its conductivityg). This effect can be represented by a section of conductor of length
() using a conductance)( For a uniform homogeneous conductor, this effect is distributed
uniformly along its lengthTherefore, if the section of the conductor of lendih) has total
conductance G, then the pamit length conductanceg)(is expressed as [134],

—Iimg
9= oDz (3.6)

wherein, the transverse curreftd(z,?) is expressed as [134],
l,(z,)=9 @V(2) (3.7)

Similarly, the charged conductors separated by the lossy insulated medium forms capacitance
through which the displacement currebtc(z,!) flows. This effect is uniformly distributed
along the line. If the section of cductor of length £¥) has total capacitance C, then the-per
unit length capacitance)(is expressed as [134],

c=Im E
= im S (3.8)

wherein, the displacement currefit{z,!) is expressed as [134],

pHv(z Y

l.(z,t)=cC (3.9)
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Intuitively, the current flowing through the phase conductor and returning from the PE wire
produces magnetic field intensit{f3d in the transverse plane. Due to the conductor
permeability €), the magnetic field intensity causes field densif (vhich induces magnetic
flux (Yy) in the transverse plane. This magnetic flux will have an associated inductance which

is uniformly distributed along the length. If a section of the line of leng¥) lfas total

inductance L, then, the per unit lengtiductancel is expressed as [134],

| =1lim L
=lim — (3.10

The perunit length inductancel)(is the ratio of transverse magnetic flux jp@it length
penetrating the loop between the conductors and the cuiyéoiring through it as134],

= (3.13)
| (z,1) '

This will produce a voltage dropi(z,?)) across the conductor, which is expressed as [134],
z,t
Vi(z9=1 —wixt ) (3.12

For a homogeneous medium surrounding the uniform transmission lines, thesetpesa

are related as [134],

lc=m¢ (3.13)

gl=s71 (3.1D)
S

%:E (3.1%)

The aforementioned discussion is valid for the perfect conductor, wherein, the conductivity
of the conduadirs is assumed infinity. Practically, the conductors have finite conductivity, so
called imperfect conductors. The current flowing through the imperfect conductors induces a
nonzero electric field P along with the propagation, thereby, violating the fundamental
assumption of the TEM field structure. The net electric field is the sum of the electric field in
the transverse direction and thdirection. However, so long as the transmissioediact as a

guided wave structure, these losses must be small. This is referred to asTa&diasiucture.
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If the section of conductor of lengtlDd) has total resistance R, then the-peit length

resistancer( is expressed as [134],

r=Iim B
=im 5, (3.19

3.2.2Transmission Line Equation

Thus lumped parameter circuit of the electrically small sectighrépresenting the pemit
resistancer{, inductancel§, conductanceg) and capacitance) for an conductor cable is
represented ifrigure3.3 (a), and the total cable length is represented as a continuum of these
as illustrated irFigure3.3 (b). The protective earth conductor is assumed reference conduct
carryingreturncurrentofoonduct or cabl 66 .anTdh @ sc udrerneontte df |boy
protective earth conductor at instartce sectionz is represented ds (z, §, whereas, the
current in thei™ conductor is represented &s(z, 9. Similarly, the i"" conductor voltage
measured with respect to the protective earth conductor in se@tanstant is represented
asVi (z, 9.

Using Kirchhoffés | aw gives [134],

V(z+ &) Mz} = 2( D) Ig(ﬁﬁ (3.1%)

@+ @Y Hz) M zk &ﬁw—imﬁ@ (3.1)

Dividing both sides byr and applying limit2zY 0 yields the transmission line equation
[134],

W(zt_ @t | Wz 1)

(3.16a)

= gV(z9) e—— (3.160)

W(zt) _ M(z 9
Wz [
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Figure 3.3: (a) lumped parameter circuit representing a section of a cable, (b) Continuum of lumped
parameter circuit used for cable model

The TEM field structure can be analysed in two important domains, thelobmain and the
frequeng-domain. The equations in (3)16epresent the TEM field structure in the time
domain. The frequenegomain differential equation can be derived by replacing the time
derivative withj¥ as [134],

d\A - e

%: Hz,w) § wE (3.17a)

dF(z, w) = . =

— = 9Hzm ewE i (3.17)
where, 'O4d 'OG& 0 —& 'O and wdd wOEIO —&  wOAA

Thus, the first order coupled partial differential equation in tine-domain is represented as
an ordinary differential equation in the frequemmmain, thereby, the solution becomes

simpler.
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3.2.3Time-Domain vs FrequencyDomain Solution

So far, the peunit parameters of the transmission line are assumed constant throtighout
length of the conductor. However, these parameters vary with the frequency of excitation. For
perfect conductors, whereinz= 0, the current will reside on the surface of the conductor. For
imperfect conductors, at low frequency, the current is umifprdistributed over the
conductor's crossection. But at HF, due to induced eddy currents, the current is pushed

towards its surface within the order of a skin depgjhwhich is represented as [134],

1
d=—,—pf ~ (3.19

Thus, with theincrease in the excitation frequendy, the perunit resistancer(¥)) will

increase at the rate of'Q Similarly, when the current is uniformly distributed over the

conductor crossection at low frequency, some of the magnetic flux lie internahéo

conductor, which entails internal inductankg With increasing frequency, the current moves

towards the surface of the conductor, thereby the internal inductance decreases at the rate of
"Q Thus, the internal inductance is frequency dependiettotal pewnit length inductance

of the conductorl(¥)) is the sum of the inductance due to internal flux and the constant external

flux. As a result of it, the peaunit inductance is frequency dependent.

The effective conductivity of the medium swrraling the conductors is primarily due to the
bond charges in the dielectric. Therefore, the conductitjtis frequency dependent, thereby,
the perunit conductanceg(y)) is frequency dependent. Similarly, the relative permittivity of
the dielectric {)) varies with frequency, although mildly. Therefore, the-ymgt length
capacitanced(r)) depends on the frequency. Thus, with the feeqy dependent parameters,
(3.17 transforms as [134],

wz r(W)Ez Wy b WE, )
Hw) Kz

Hew) - gz 5 ol e )
HF(z 0
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wheredfu 11 Q) 16 is the petunit length impedance arol Q QO w

is the petunit length @mittance. The solution to (3.1% frequencydomain presents no
difficulty, as the equation is solvable at each frequdncgalculating the peunit parameters

at that frequency and incorporating them as a constant for that frequency of excitation.
However, in the tim@&omain, solvig the timedomain equation (3.)6involves inverse
Fourier transform and convolution. Firstiye frequency dependent parameter is transformed

into the timedomain using the inverse Fourier Transform as [85],

z(1) =$ﬁE{W) é" du (3.20n)
1 %y w
y(t)=5, fiw)e" du (3.200)

Later, the timedomain inverse Raier transform is used in (B9 with the convolution¥)

to get the timedomain transmission line equation with the frequency dependent parameters as,

Wzt _ .
o= () 2
t (3.21a)

= fr(0)i(z1 Ja

Ul (z,1) _
E22= () V(2
t (3.21b)

= f]y(t)v(z,t -§d

Thus, in comparison to the frequerdgmain, where, thegr-unit parameters can be easily
incorporated in the transmission line equation, the -tlo@ain solution presents three
computational challenges, (1) obtain the tidmmain inverse Fourier transform of the
frequency dependent parameters, (2) perform dmyalution, and (3) solve the firsirder

coupled partial differential equation.

Despite the computation complexity, the thoh@main solution is advantageous in
determining the response to the physical signals. Generally, the physical signals areni the ti

domain, which can be used to get the voltage and current along the transmission line without
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the transformation to the frequendgmain. However, in the frequenrdpmain, the physical

signal must be decomposed into its spectral component using Feenes, and then the
voltagecurrent relationship is solved for each frequency. Later, thedwongain solution is
obtained using an inverse Fourier transform. This approach is expedient for considering the
frequencydependent parameters and the mutual lbogin the HF model. However, such an
approach is inappropriate for the application of fast varying signals and studies of system
behaviour, consisting of other components, such as inverter, possible filter, cable, etc. Albeit
the simple form of transmigs line equation in the frequencpmain, the inclusion of the
mutual parameters between the conductors increases the computation complexity. One of the
possible solutions to it is modal transformation [86], which diagonalise the impedance matrix
and exteminate the mutual coupling terms. Consequently, the frequency dependence of the
mutual inductive coupling engenders frequency dependent modal transformation matrix, which

increases further complexity.

In practice, electromagnetic fields are distributedbdlghout space. If the TEM field
structureds | argest dimension is | ess than
EM effects can be lumped into the circuit elements as in lumped circuit theory and represent
the conductors as lumped equivdleircuits. These equivalent circuits can be further solved
by circuit theory, thereby avoiding the solution to the transmission line equations. The
transmission line equations, which views the cable as distributed parameter structure, can be
extended tolumped circuit analysis technique to solve the electrically large structures.
Therefore, in the following sections, the cable is represented as a series connected lumped
parameter equivalent circuit, which represents the distributed nature of the pssafeataer,
the lumped parameter circuit is used to calculate the voltage response at the cable end when it

is excited with the high slew rate voltage pulse.
3.2.4Equivalent Circuit Representation

The major advantage of the lumped circuit is that the voltadesarrent distribution within
a transmission line can be analysed without solving the transmission line equation. The
approximation of lumped circuit representation for a TEM field structure is applied to a circuit
whose largest dimension is electricalpaller than the shortest wavelengthi{) of the TEM
field around the conductor. The shortest wavelength in the field induced due to the voltage

pulse excitation is expressed as [39],
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J
/min :f— (323

where,J is the velocity of th& EM wave within the cable, arfglaxis the maximum frequency
component in the spectrum of the voltage excitation. The spectral amplitude [135] of the
voltage pulse illustrated iRigure3.4 (a), with slew ratet(), amplitudeVpc, and duty ratid

is shown inFigure3.4 (b). As illustrated, the spectral amplitude remains constant until the first

corner frequency Q- '0» Which depends on the switching frequenty) (of the voltage
pulse. Later, the spectral amplitude reduces gradually at the rate of 20dB/decade until the
second corner frequenc « o - Thereafter, the spectrum rolls off at theeraf 40dB/decade.

The second corner frequency depends on the slew rate, thereby, the voltage pulse with a fast
slew rate has significant spectral content until higher frequency. Although according to the
Fourier series, the spectral content spreads itefrequency, it is impossible to include all

of them in the analysis. As a rule of thumb, it is assumed that to reasonably reconstruct the
voltage pulse with the same slew rate, pulse width and magnitude, the spectral components up
to three times theegond corner frequency is sufficiedBh. Hence, the maximum frequency

of the spectrum is expressed as [41],

_ 3
fwe = (3.23
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Ch A
X(t) A
DV 0 dB/decade
oe | -20 dB/decade
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| | | | \-40 dB/decade
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(a) (b)
Figure 3.4: (a) A periodic pulse train representing the output of the PWM inverter, (b) Spectral spread of
the pulse train.

Thus, the voltage pulse with a steep slew rate has a wide spectral spread. With the recent
semiconductor technology,dhypical slew rate of the IGBT based drives is 200ns, whereas,

the SiC based drives can switch within 20ns [136]. Consequently, with the SiC based drives,
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the voltage overshoot and the EMI will be high. To keep the cable model representative of the
HF exatation arising due to the fast slew rate, the modelling process assumes the maximum
slew rate of the voltage pulse, that is, 20ns. The largest dimension of the TEM field structure,
herein, a section of the cablBl), must be smaller than the shortest alaagth such that at

least 20 sections of the cable can be accommodated within the wavel@@gtwiich is

expressed as,

_/ min _‘} /ir
20 2 3

(3.24)

The relative permittivity of the conductor insulation of the cable considered in thisistud
2.8. Therefore, using (3.23for a voltage pulse of slew rate 20ns, the length of cable

represented by each lumped circuit is,

3
o =1 2% aig7m (325

Je m0® 3

Thus, for a voltage pulse of slew rate 20ns, the lumped parameter circuit should represent

the maximum cable length of 0.1877m. Generally, the cable lelgpih larger than the length

of the smaller sectior)Y). Therefore, the lumped circuit is iteratively repeated to represent the
whole length of the cable. The lumped circuit is also knasva cell since it represents a section

of the wire. The lumped equivalent circuit can be represented in two ways, the {nped
structure or the lumped structure as shown Figure3.5. These structures represardection

of the cable and are named after the structure they represent. In the-Ringpedit, the shunt
parameters are divided into two equal parts, which are represented on either side of the series
parameter. In the lumpéed structure, the seriesameters are equally divided into two and
represented on either side of the shunt parameters. The series parameters include the frequency
dependent resistance and inductance of the conductor and the mutual coupling between them,
whereas, the shunt parametincludes capacitive coupling between the conductors in concern,
i.e., the partial capacitance. Both the structure represent the behaviour of the TEM field
structure unless the length of the structure represented by each unit cell is greater than the

shortest wavelength of the excitation. In this study, the lunfpiestructure is adopted.
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Figure 3.5: Lumped parameter circuit representing a setion of cable called cell; (a) lumpeePi circuit, (b)
lumped-T circuit

Each section represeridslength of the cable and is repeatédd a Yy times to represent

the full length of the cable. The lumped circuit represent series impedance, itididsance

and resistance of the conductor, and the shunt impedance such as capacitive coupling between
the conductors and the dielectric loss. As emphasised previously, these parameters are
frequency dependent. One of the ways to encompass the freqepeeydncy is to have a set

of lumped parameter circuits each representing the cable for a single frequency excitation.
Thus, to calculate the voltage at the cable ends as a response to the voltage pulse, the lumped
parameter circuit is assumed linear timeariant system, thereby, the response is the sum of

the response of the cable due to the spectral content of the voltagégulse3.6 summarises

the process to calculate the response to the voltage excitation, in whiobitdge pulse is
decomposed into its spectral component and is fed to their respective circuits representing the
cable behaviour at that frequency. Later, the response of the circuit is used to transform in time
domain using an inverse Fourier transformowdver, this method is cumbersome, as to
reasonably reconstruct the response to the voltage excitation, a large set of the circuit is required

each representing the cable behaviour over a specific frequency. As a result, to find the
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response over a voltagacitation of fast slew rate, the lumped parameter circuit is discretely
defined over a wide range of frequency, which requires a large set of lumped parameter circuits.
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Figure 3.6: Schematic of the method to obtain the tim&lomain response of a lumped parameter
transmission line circuit.

In another approach, the frequency response of the parameters is approximated as a linear
combination of the frequency independent parametdrs.KEy advantage of this method is
that it incorporates the frequency dependency of the parameter into a single circuit. As a result,
the frequency dependent behaviour of the cable parameters is represented by a single circuit.

This technique is used inighstudy and is thoroughly detailed in the following section.
3.3 Computation of Model Parameters

As emphasised in section 3.2, the fundamental principle of the TEM field structure is; the
electric and magnetic field surrounding the conductors resides irlahe pansverse to the
direction of propagation. In addition, the fields are orthogonal and satisfy static distribution in
the transverse plane. In essence, the electric and magnetic fields are identical in structure to

those for the DC excitation, althdughey vary in time. This has two major implications:

1 The voltages and currents that are ordinarily defined for excitation, can be specified
uniquely in the 2D transverse plane, although the fields vary in time.

1 The transmission line parameters such asupér length resistance, inductance
capacitance and inductance can be deduced using separate excitation which simplifies

their determination.
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Therefore, by computing, the energy stored in the static electric field arising from the
potential difference bet@en the conductors, the capacitance between the conductors separated
by the dielectrics can be determined. Similarly, by computing the energy stored in the magnetic
field surrounding the conductors arising due to the current flowing through it undeewliffer

frequencies of excitation, the frequency dependent resistance and inductance can be deduced.

<9, N
<«Tria >

Figure 3.7: Schematic diagram of the crossection of 4wire shielded cable

Table 3.1: Parameters of shielded cable

Parameter Value
Conductors 4
Conductor Diameteraj 1.784 mm
No. of Strands/Conductor 40
Strand Sizel) 30 AWG

Thickness of core insulatiog)( 0.9 mm
Permittivity of core insulation 2.8 F/m
Thickness of aluminum sheatti) ( 0.02 mm
Diameter of braid stranak) 0.14 mm
Inner diameter of jacket insulatiof) ( 9 mm
Thickness of jacket insulatiog)( 1.5 mm
Permittivity of jacket insulation 4 F/m

Herein, ANSYS Maxwell [137] is used for computing the electric and magnetic fields
surrounding the conductor. ANS?Viaxwell is an electromagnetic field solver, which
computes the electromagnetic field distribution using the FE3|| Firstly, a 2D geometry

of the cablecrosssection along with the material properties is defined which is illustrated in
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Figure 3.7. The detailed specification of the geometry and material properties of the cable
crosssection is defined iffable3.1. The cable used in this analysis is shielded and braided 4
wire, 2.5m long cable. The shielding and braids are used for electromagnetic shielding and
providing strength to the cable. The conductor's strands arendistdually insulated, in

contrast to the litz wire.

Later, the electrostatic field solver and the eddy current solver is used to calculating the
capacitance, and the resistance and inductance of each conductor respectively. The solver
discretises the gatetry into FE mesh simply called mesh and computes the field at the nodes.
Thus, mesh plays an important role in the field solution. Its resolution should be higher in the
region where the field gradient is high. Due to the eddy current and proximitysetie¢iF
excitation, the current is pushed towards the surface of the conductor. Consequently, at the
surface, the field gradient is high, thereby, it is recommended to restrict the edge length of the
mesh to onghird of the skin depth at the highestquency of interest. The parameters of the
cable are calculated up to 60MHz. So the edge length is restricted son2.BY way of
example Figure 3.8 (a) illustrates the magnetic field distribution of th&® 2yeomety of the
cable crossection and-igure 3.8 (b) shows the corresponding meshing. Notably, the edge
length of the mesh close to the surface of the conductor and at the interface of the cable
dielectric and the alumium foil is small as the field changes more rapidly. The mesh in other
regions is kept course, as the field gradient is low. In addition, to resolve the curved surfaces
into a fine mesh, surface approximation mesh operation [137] is used, wherein, theimax
spacing between the edge and true curved geometry is restrictedttordrog the skin depth.

Also, the maximum surface normal deviation is set tetbird of the skin depth.

@ o

Figure 3.8: Conductor crosssection representing (a) the magnetic field distribution, (b) Meshing used to
calculate the frequency dependent parameters.
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While solving the geometry using FEM, defining boundary conditions plays a vital role. The
boundary conditios control the electric or magnetic field behaviour at the planes of symmetry,
periodicity or the edges of the problem region. While calculating the capacitance using an
electrostatic solver, the protective earth conductor and the conductive shield isessum
reference conductor, and each phase conductor is excited sequentially by 1V. The edge of the
problem region is opted as balloon boundary type, which allows the electric field to vary such
that the voltage fringe at the edge. During the calculation eofékistance and inductance,
eddycurrent solver is used in which the vector potential at the edge of the problem is set to
zero. It is generally used for magnetically isolated structures. Theceoignt solver solves
the time varying electromagnetic lflearising due to sequential excitation of each conductor
by a current source of 1A at each frequency of interest, which is comprehensively discussed in

section3.3.2
3.3.1Capacitance Calculation

The capacitance beeen the conductors is determined by solving the static electric field
surrounding the conductors using ANSYBaxwell. Due to the bond charges, the losses in
the surrounding dielectric medium are frequency dependent. In addition, the relative
permittivity of the dielectric medium decreases with the frequency, although mildly. The
capacitance is a measure of energy stové)l in the electrostatic field which arises due to

potential differences as [137],

vvezlcv2
2

(3.26

whereCisthe capacitanceandi s t he potential difference bet
electrostatic field solver determines the energy by solving the static electric field for a given
charge distribution. The solver determines the electric scalar potEmtialwithin the defined

geometry of the cable for a given charge distributidi,{)) using the FEM as [137],

1) (}; e B y)) = (3.29)

After calculating the electric scalar potential, the solver computes the electriddientl ()

and the electricflux® @J) using Faradayés | aw and Gauss |
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E(xy)= - 8(xY) (3.26)

D(x.y)=6 &&(x ) (3.280)

The solver computes the electric field and the flux by sequentially exciting each conductor
by 1V with respect to the remainimgpnductor. Further, using (3.28he energy stored between

two conductors andj is expressed as [137],
1 ~ =
W=D 8d (3.29
W

where,D;j is the electric flux when the conductiois excited by 1V and thE; is the electric

field when the conductgris excited. Using (3.26) and (3)29he partial capacitance€i)

between the conductor is deduced. During the analysis, the PE wire is assumed as a reference
conductor. For the cable withphase conductors alomgth a PE wire, the solver provides the
capacitance asr# n matrix which gives the relationship between the charge and the voltage

as [137],
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where, Qi andV; is the charge and voltage of conduétaith PE wire as aeferenceCiois the

partial capacitance between the conduktand the PE wire, an@j is the partial capacitance
between th&" andj™" conductor. The diagonal element of the matrix is calledcsgificitance

which is the sum of the partial capacitas from one conductor to all the conductors, whereas,
the offdiagonal element is the mutual capacitance between the two conductors. Each diagonal

element represents the charges induced on one conductor when 1V is applied to that conductor
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and OV is appkd to the remaining. The effiagonal elements represent the charges induced
on another conductor when 1V is applied to that conductor. For instance,-firase cable,

if 1V is applied to conductor 1 with respect to the remaining conductors, therptietaace
matrix is,

€5 4
(S u
a C, Co Cis |
Cico u
N €i1 31 N +C
Q o¢ . e Bt oy
U & ne uw ¢
ng G? €, a Cz C23 L\Oé a éczl' (3.3)
7 e i=0 u s < 7 '
€ He i2 Pe 4 €
e 3 u
@'Csl C, at u
e i=0 u
€ i3 u

where, the first element is the sum of partial capacitance per unit length between conductor 1
and the remaining conductors. The second element represents the charge induced on conductor
2, when 1V isapplied to conductor 1 and 0V is applied to conductor 2. Thus, the partial
capacitance matrix can be deduced from thecsgifcitance matrix as [137],

el

éa. Cy -G, _CLS
é,C10 C, G {32:1 3

u .

é s G Gy gg €y 8_.1 Cp €3 (3.32
gC,; G, Gy Hg 3

é-GC;, T, A6

e i=1

where,cjj is the elements of the saldpacitance and mutuehpadtance matrix deduced in

(3.30. Using the 2D cable model illustrated iRigure3.7, the partial capacitances of the 1m
long cable is,

&43.89 37.72 20.285

_é pF

C=g37.72 2561 37.36 A (3.33
£0.28 37.36 43.93]
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3.3.2Inductance and Resistance Calculation

The fequency dependent resistance and inductance of the cable is determined using the eddy
current field solver of ANSY® Maxwell. The solver determines the time varying magnetic
field induced in the transverse plane by the tiragying current through the cdactor. The
solver computes the eddy current by solving for magnetic vector poteBtahd the electric
scalar potentiaf(x,y) using (3.34as [137],

93%7( PA) (s juwl | Aw ) (3.34)
I, =fs 4 W)eé - Aw )d)‘ (3.3%)
W

where 1 is the absolutenagnetic permeabilitys is the angular frequency of current excitation,
s is the conductivity of the conductaejs the absolute permittivityVis the conductor cross
section, andr is the total current flowing through the conductbhe conductor cuent in

(3.3%) can be resolved into the following components,

1  The current from the external sourtg [137],
ls = f‘p 15| (3.39
w

1 The induced eddy currente) induced due to timgarying magnetic field in the

transverse plane [137],
l.= fjwsAd (3.36
w

1 The displacement currerit) induced due to time varying electric field [137],
l,= fjwd j- Av - )@ (3.37
W

Notably, thej¥ term in the eddy current and displacement current expression indicate that

they are a function of frequency and increases with increasing frequency. Using the magnetic
vector potential @ deduced from (3.34the magnetic field density® and magetic field

intensity (© is determined as [137],
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D3A B (3.38)
B=nmH (3.3%)

The solver sequentially injects 1A current to one conductor with the remaining unexcited,
and calculates the resistance dhd inductance of the conductor. It breaks the impedance
matrix calculation into two parts. First, it solves for the inductance matrix and then for the
resistance matrix. Later, it combines the inductance and resistance matrix to calculate the
impedance ratrix. To compute the inductance of the current loop, the solver calculates the

average energy stored in the thveaying field as [137],
w,, == B @)av (3.39
4V

whereVis the conductor volume. If the current injected into the conducOr iSQL £ 1i ©

—, the average energy stored in the field is also expressed as [137],

L éz" 2
W,, =— Nlo cos(m gd v (3.40
4 20,
Using (3.393.40, the inductance of the conductor is [137],
AN
L= I—ZAV (3.41)
0

Similarly, the mutual indctance between two conductorsndj can be deduced using the

flux linkage between the two conductors because of the excitation of one of them as [137],

i

IO

L (3.42

where, Yj is the flux linking thej" conductor due to exeition of thei'™ conductor. For
calculating the resistance, the solver calculates the ohmidpssthie conductor using (3.39)
as [137],

p=_ i{J @ av (3.4%)
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I 2
P=—R (3.4%)

2
where,®is the current density within the conductor, dads the peak current through the
conductor. Similarly, the mutual resistance between the two ctorducan be deduced using
(3.49 as [137],

R, == i &)av (3.440)

)Ry (3.44)

where,J: andJ, are the current density of conductor 1 and 2 respectivelyloaaddlo2 are
the peak current through the conductor. The mutual resistance between the conductors can be
interpreted physically as the copper loss arising t interaction between the electric field

produced by the current excitation of one condud®j (ith the current density of the another

conductor (P).

As the cable is comprised of 4 conductors, the impedance matriX & mdaktrix. Notably,
the eddy current and the displacement current are frequency dependent, thereby, the current
distribution across the conductor cressction varies with frequency. Consequently, the
impedance matrix is different at a different frequency. For characterizing the variation, the
impedance matrix is calculated at 11 different frequencies, 50Hz, 1kkEz1A00kHz,
1MHz, 10MHz, 20MHz, 30MHz, 40MHz, 50MHz, and 60MHz. lllustratively, the -self
inductance and the resistance of the unit length of phase A conductor deduced by the solver is
illustrated inFigure3.9.
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Figure 3.9: Frequency dependent sefmpedance of phase A conductor computed using FEM.

The cable with the imperfect conductors has finite conductivity. Thus, at low frequencies,
instead of current residing on the surface, it is distributed uniformly across thesectiss.
As a result, the magnetic flux also lies within the conductors. At higher frequency, the internal
flux induces eddy current which pushes the current towardsotighictor surface leading to a
decrease in effective crasection. Therefore, the resistance increases with the increasing
frequency. As the current is pushed towards the surface of the conductor, the internal flux
reduces. Therefore, the inductance ldigp the reverse trend. In addition, the external magnetic
field in proximity to the current also changes the current distribution which changes the
resistance and inductance of the conductor. As evinced, the resistance remains constant until
1kHz and inceases exponentially thereafter. Similarly, the inductance at low frequency is the
sum of the inductance due to internal and external flux. However, above 1kHz, the internal
inductance decreases which are reflected as @ffolh the inductanceThis varation is
represented using highequency circuit in MATLAE and is validated experimentally my

measuring the impedance using a vector network analyzer (BODE 100).
3.4 Representation of Frequency Dependent Parameters

The frequency dependency of the pararsetalculated in the previous section must be taken
into account for effective cable modelling. These variations can be realised using a Ladder
circuit [139]. The Ladder circuit is a combination of frequency independent passive elements
which approximatehe variation in cable parameters due to frequency. For realising this, the

series impedance combination of resistance and inductance is used, also known as the RL
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Ladder circuit. Similarly, for realising the frequency dependent shunt parameters, the

combnation of resistance and capacitance is used which is called-aadci8r circuit.

(L(¥) & R(¥))

(@) (b)
Figure 3.10: (a) Crosssection of a phase conductodivided into the annular region; (b) Ladder circuit
representing the impedance of each annular region.

The physical significance of the Rladder circuit can be explained for the cable model.
Conceptually, the cable conductors can be approximated as iaiteirghunt connected
concentric annular regions as showrfigure3.10 (a). Each region has its resistance due to
the finite conductivity of the conductors and can be represented using a resistor. The inductance
of each region depends on the flux linked by the current through that region. For instance, the
current flowing through the innermost region will be linked by the flux produced by all the
regions and the flux external to the conductor, whereas the cuoemnid through the region
close to the surface will only be linked by the flux in that region and the flux external to the
conductor. Therefore, the impedance of the innermost region, marked as 1, is represented by
R andL%in the Ladder circuit represting the impedance of the conductoFigure3.10 (b),
and the currerit flowing through it is the same as the current flowing throBgrandL%. As
the currenty is linked to the flux in region 2, the currghtough the inductoc® representing
the inductance due to the flux in region 2, is the sum andi>. As a result, each branch of
series connected resistor and inductor represent the impedance of the annular region. Thus, the
order of the Ladder ciugt is the same as the regions within the conductor. The current through
all the regions is linked to the external flux. Also, the flux in the region adjacent to the surface
is linked to the currents in all of the regions. Therefore, in the circuit repaten, the
inductance due to these flux linkages is represented using an ind%dtmough which the

entire current flows.

The parameters of the Ladder circuit are calculated using Vector Fitting (VF) [140]. VF is a
state equation approximation methowhich is applied in the frequendpmain and

approximates the state equation of the system by locating its dominant poles and residues over
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an observed domain. In complex frequedoynain, the complex frequency response of the
system{(s)) is expresseds a sum of the residues)(over firstorder polesyt,) as [140],

. r
f(s)©° n 4d 3¢
(s) a, (3.49

where,d ande are optional. In the timdomain this corresponds to an impulse response that
is, a superposition of damped sinusoids as [140],

N
h(t)=§ re™ (3.49
n=0

For calculating the parameters of the -Bhdder circuit, which represents the series

impedance4(¥)) of the conductor, the frequency response is expressed as [140],

2(w)= Rk +i & ) @47

where,R(¥) andL(¥) are the frequency dependent resistance and inductance of thetoon

In Laplace domain, (3.474s expressed as,
Z(s)=R +sl (3.48
Using VF, for amm” order Ladder circuit, the impedance is approximated as [140],

oo
Z(s)° n +  s¢
(s) 218_ 0 (3.49

|

K9

Thus, using (3.49 the sum of the inductancé®) of the region close to the conductor

surface and the inductee due to external flux ssH. The remaining term can be represented
as an admittancer(s)) which can be further approximated as a rational function using VF as
[140],

m

Doy
Y(9)° a S'nF% +se «€ (3.50
n=1

Y29
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Figure 3.11: Proposed procedure for the development of the Ladder circuit using vector fitting.

The constant termd) in (3.50 represents the conductanceR%) of the Ladder circuit.
Henceforth, using3.49-3.50 and repeatig the aforementioned process, the other parameters
of the Ladder circuit can be calculated which is summarisedjure3.11. By way of example,
the frequency dependent setipedance of the phase A conductor ghlted in section 3.3 is
used to synthesize & &rder Ladder circuit using the processigure3.11 and is illustrated
in Figure3.12 (a). The Ladder circuit representxeal of the model. The parameters of the
Ladder circuit is shown iifable3.2. Under HF voltage excitation, the current density moves
towards the conductor's surface owing to induced eddy current, resulting easedr
impedance of the innermost area. Similar behaviour can be seen in the Ladder circuit, wherein,
theL representing the inductance of the innermost region is maximum. As a result, the Ladder
circuit represents the frequency dependency of the impedagcto the induced eddy currents.

The frequency response of the Ladder circuit is illustrat&igare3.12 (b), demonstrating its

conformity with the FE calculated impedance.
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Figure 3.12 Time-domain circuit representing frequency dependent series impedance of phase A
conductor, (a) RL-Ladder circuit, (b) Frequency response of the RELadder circuit.

Table 3.2: Parameters of RL-Ladder circuit representing the impedance of phase A conductor
[ 1 2 3 4 5 6
Ri(mg 1.82 3.00 5.30 14.80 41.69 102.19
L3(nH) 95.78 15.85 2.69 1.02 0.42 21.93

Similar to the RELadder, for representing the frequency dependent dielectric losses and the
permittivity of the insulation, C&adder is used, wherein, the principle of diyak followed.
The resistance is replaced by the conductance and the inductance is replaced by capacitance.
By way of exampleFigure3.13 (a) depicts a ® order Ladder circuit, an&igure 3.13 (b)
represents its frequency dependence admittance. The parameters of the CG Ladder are
calculated following the process illustratedrigure3.11 and the principle of duality. Similar
to theRL-Ladder circuit, the admittance and hence, the capacitance of branch 1 is the lowest
which makes the current flow through the last branch. Thus, the RL and CG Ladder circuit

closely follows the redistribution of the current and, as a result, the fregdependency of
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the parameters. The variation in capacitance and conductance of the dielectric medium

illustrated inFigure3.13 is mild. Compared to the inductance, where it decreases by 60% at

HF, the decrease itapacitance is merely 6.82%. In addition, the resistance representing the

dielectric loss is large as compared to the series resistance of the conductor. Although, this

variation can be represented using the CG Ladder, but with a substantial increase in

computation time and resources. Therefore, for a simplified model without losing accuracy,

this variation is neglected, and the dielectric is represented as a lossless medium with constant

capacitance.
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Figure 3.13: Time-domain circuit representing frequency dependent shunt impedance, (a) CGadder
circuit, (b) Frequency response of the C@.adder circuit.

Notably, though the RL and CG Ladder citsurealise the frequency dependency of the

cable parameters, their parameters themselves are frequency independent. Thus, the Ladder

circuit can be used in the tintmain lumped parameter circuits to incorporate the frequency

dependent parameter.
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3.5Repre=ntation of Mutual Resistive and Inductive Coupling

The frequency dependent impedance matrices extracted from the AN@xSwvell in
section 3.3.2 represents the series impedance of the cable conductor. The diagonal elements
represent the setkesistance ah the seHinductance, whereas the affagonal element
represents the mutual coupling between the two conductors. Due to the skin and proximity
effect, the resistance and inductance are-lm@ar functions of frequency. To accurately
reproduce the voltagresponse of the cable, the frequency dependence of the parameters must
readily be incorporated. As emphasised in the previous section, the freglepandent
impedance can be easily incorporated in the-tiomain lumped parameter circuit using an
RL-Ladder circuit. The selimpedance is represented simply by connecting thd.&lder
circuit in lieu of the frequency dependent resistance and inductance, as illustretgdren
3.14. However, the representation of the frequengyethdent mutual coupling is demanding.
In an approach, the inclusion of the mutual coupling is possible by analysing the spectral
content of the excitation individually. The excitation is resolved into its spectral content using
the Fourier series and eaftequency component is analysed individually. Later, inverse
Fourier Transform is used to convert the response from the freqdentgin to the time
domain. Consequently, multiple lumped circuit representing the cable for a specific frequency
is required.As a result, if the slew rate of the excitation pulse is high, then the spectral
component of the excitation will be spread over the wide frequency range, thereby large set of
lumped parameter circuits is required. In another approach, the modal traatgforf86] is
used, which diagonalise the impedance matrix and eliminate the mutual coupling term.
However, the frequency dependence of the mutual inductive coupling engenders a frequency

dependent modal transformation matrix, which increases further eritypl

Without explicitly employing either the modal transformation, convolution, Fourier
transform, or multiple circuits representing cable behaviour at different frequencies, all of
which involve computational complexity, the mutual coupling can be pocated in the
lumped parameter circuit more accurately, yet lucidly, by employing a current controlled
voltage source. Due to mutual coupling between condii@ndk, thei" conductor voltage

can be mathematically expressed as;
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di,
dt
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where, li is thei™ conductor currentRi(¥) and Li(¥) are the frequency dependent self
resistance and selfiductance ofi" conductor, andRk(¥) and Lik(¥) are the frequency
dependent mutuaksistance and mutuadductance between condact andk The first term
(Vi) in (3.51) represents th' voltage acrosg" conductor due to seimpedance. The second
term Vi) in (3.51) represents the conductor voltage due to mutual coupling betivaadk®

conductor. The voltage drop duedelf-impedance can be easily realised using aLRtder

circuit.
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Figure 3.14: HF model of the cable using lumped parameter circuit connected in continuum.

For representing the ltage drop due to mutual impedance a current controlled voltage

source is used. For instance, the voltage drop acro$$ teeductor due to the current ki
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conductor I) is calculated by injecting the currdrthrough a Ladder circuit representiting

mutual coupling between the conductoss k. It should be noted that the time derivative for
inductive voltage has been implicitly represented by the inductive elements of the circuit.
Similarly, the voltage drop due to mutual coupling with the otoeductors is calculated and

then added together to represent the current controlled voltage source. Thusufober of

cable conductors, 1 Ladder circuit is used to represent thargetiance and\-1 Ladder

circuits are used to represent mutualglmg with the remainingN-1 conductors. Herein, the

cable has 4 conductors. So, for representing each conductor, 4 Ladder circuit is required. One
of them is used to represent the selpedance and the remaining three is used to represent the
mutual coupng between the other three conductors. By way of examplegure3.14, the
impedance of a unit cell of the PE wire is illustrated, wherein, one Ladder circuit is used to
represent the seimpedanceRss(¥) andLas4(¥), and a arrent dependent voltage source is
connected in series to represent the mutual coupling between the remaining three conductors.
The dependent voltage source represents the total voltage drop across the Ladder circuit
representing the mutual coupling witietphase conductors when the phase current is injected

into them.
3.6 Experimental Validation

The HF model is intended to investigate the potential problem of the voltage overshoot at the
load terminals. When the fast slew rate PWM voltage pulse propagataghhhe cable, it
engenders HF voltage oscillations at the load end. Therefore, it is necessary to validate the
model over the wide frequency range. These voltage oscillations arise because of the parasitic
impedance of the cable in the CM and DM path.aAesult, comparing the CM and DM
impedance of the cable with the experimental measurement is a common practice to validate
the model. This ensures that the model represents the distributed parasitic impedance of the
cable over the wide frequency rangertRer, the voltage oscillations at the load end can be
validated by exciting the cable using a PWM inverter. These methods are adopted for validation

in the following section.
3.6.1Common-Mode and Differential-Mode Impedance Validation

For the validation of th CM and DM impedance of the cable model, the CM and DM
impedance of the model is compared with the experimental measurement. The impedance is

measured experimentally using an OMICRON Lab manufactured Bode 100 impedance
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analyser over a frequency range &H to 50MHz.Figure3.15, illustrates the experimental

rig used for the impedance measurement, wherein, the 2.5m long shielded cable is connected
to the impedance analyser which is connected to the PC for data acquisition &nd pos
processing. The schematic of impedance measurement is illustrateiguire 3.16. For
comparison, the impedance of the model is predicted in the MATISiBiscape
environment. The prediction is made between 1Hz to 100MHz.

Vector Network
Analyzer
(BODE 100)

2.5m Shielded
Cable

Figure 3.15: Experimental rig used for measuring the CM and CM impedance of the cable.

2.5mlong Shielded Cable r’ 2.5mlong Shielded Cable

ZDM

.

ZCM

(@) (b)

Figure 3.16: Schematic of experimental measurement of commemode and differentiakmode impedance.

Figure3.17 compares the measured and the predicted impedance of the cable. As elucidated,
the CM impedance dhe model conforms with the measurement with a minor deviation above
30MHz. The capacitive coupling between the phase wires and the PE wire is dominaft until 1
antiresonance frequencyqY ), thereafter, it displays multiple resonances. Tfieanti
resonance frequency of the model best fits the measurement. The voltage at the load terminals
oscillates at this frequency, due to its low impedance. Thus, the voltage wave travelling through
the cable endure oscillations for a longer period. $igmificance of the antiesonance

frequency over the voltage oscillations is comprehensively discussed in chapter 5.
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Figure 3.17: Impedancecomparison between experimental measurement and prediction; (a) Commen
mode impedance, (b) Differentialmode impedance.

The measured DM impedance of the cable and the prediction of the model is compared in

Figure 3.17 (b). The cale behaves like a resistive element until 1kHz, thereafter, turns

inductive until 20MHz. Beyond 20MHz, the cable exhibits multiple resonances. The model

best fits the cable with minor deviations. When the cable impedance resembles resistive

characteristicsthe predicted impedance conforms with the measurement. Between 10kHz and

20MHz, in which the inductive characteristics are dominant, the predicted inductance is less
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than the measurement. Although tiérésonance frequencyY ) is close the predicted

impedance is higher than the measurement.

Small differences, however, exist due to a number of uncertainties in the modelling process.
Majorly, the material properties, such as permittivity and permeability, used in the FE analysis
may differ slightly from those in the machine. The uncertainty in the geometrical dimension of
the cable also plays a role. In addition, the adjacent strand of each conductor is assumed shorted
with each other, i.e., the contact resistance between the stranderidigConsequently, the
resistance and the inductance of the conductor may differ slightly. The difference in the
resonance’Q) and antiresonance frequenci{Y ) except the first are majorly affected by the
mutual inductive and capaive coupling between the conductors. In addition, the impedance
of the connection between the impedance analyser and the cable is considerable at HF.

Although, this impedance is offset during calibration before measurement.
3.6.2Time-domain Validation

The tme-domain cable model can be validated by comparing the voltage at the load end with
the experimental measurement when the model is excited by PWM voltage pulse measured
experimentally. The PWM voltage pulse is fed through a SIiC MOSFET baseeptiase
inverter. The SiC MOSFET is a CREE manufactured C2M0040120 with 1200V rated voltage
and 60A rated drain current. During the experiment, as illustrat&eyure 3.18, the three
phase wires of the cable are connectethe threghase inverter output and the PE wire is
connected to the migoint of the DC link. At the load end, three star connectedf 8d6istance
are connected to the phases and the PE wire is floating. The experimental rig used for the
validation is illustrated irFigure 3.19. To ensure minimum parasitic impedance of the load,
that is, the load resistive over a wide range of frequency, a thick film chamssisnted resistor
(BDS2A100330RK) is used. The three phase voltage at the inverter terminal is measured using
two Teledyne Lecroy manufactured 400 MHz bandwidth, 2000V, HVD3220 high voltage
active differential probes and one Teledyne Lecroy manufactured 100 MHz bandwidth, 1400V,
ADP305 high voltage active differential probe. The voltage at the load end is measured using
an ADP305 high voltage active differential probe across phase A termiddhea PE wire.

The measured voltage is captured using a Teledyne Lecroy manufactured 4 channel, 4GHz
bandwidth WavePro404HD higitefinition oscilloscope. The voltages are captured at 10GSa/s
sampling frequency. Later, the MATLABSIimscape based cable mbdeexcited using the
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measured three phase voltage and the predicted load voltage is compared with the experimental

result.
ot Reliasis g
Ver Of | 25mlong Shielded Cable (*EE%E
I = =
CZ::3 J Jt} Jt}l‘sa 3 PE Wire

Oscilloscope 3-Ph SiC based Inverter Resistive Load

Figure 3.19: Experimental rig used for the time-domain validation of the cable model under PWM
voltage pulse excitation.

The comparisondiween the load voltages is illustratedrigure3.20 (a) and the enlarged
view of a switching event is illustrated igure3.20 (b). During the experiment, the DC link
voltage is 200V, the rise tims 60ns, the switching frequency is 40kHz and the modulation
index is 0.1. The results are illustrated in pu, wherein, the base voltage is DC link voltage. As
elucidated, the inverter output voltage is oscillatory and oscillates at 9.87MHz. These are the
effects of the parasitic impedance of the inverter. In response to the oscillatory voltage pulse,
the load end voltage also oscillates at 9.87MHz. Notably, the predicted load end voltage
conforms with the measurement. Both oscillates at 9.87MHz, thougtedk@eak oscillation
is less in prediction. Thus, the cable model represents the behaviour of the cable over a wide
frequency range and can be used to predict the voltage stress at the load end.

In Figure3.20 (b), although phasB is switched fis after phase A, the voltage starts rising
since the phase A switching. The rise in voltage is due to capacitive coupling between the
phases. Generally, the peak voltage stress at the load end depends on the DC link voltage, the

slew rateof the voltage pulse, dwell time between the switching of the phases, cable length and
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its material properties. The physical cause of these factors, especially the phase coupling and
the dwell time between the switching of the phases is comprehensivéigdstn chapter 5.

Furthermore, the consequences and the remedies to the voltage stress is discussed in chapter 6.
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Figure 3.20: Experimental validation of cable model under PWM voltage excitation with 200V DC link
voltage, 40kHz switching frequency, and 60ns rise time; (a) Load end voltage comparison, (b) Load end
voltage over one switching instant.

3.7 Summary

In this chapter, an MCTL model fotuglying the HF behaviour of cable under PWM
excitation is proposed. The proposed model employs lumped parameter circuit to represent the
distributed impedance. These parameters are calculated using FEM and are frequency
dependent. The resistance increas®sthe inductance decreases with increasing frequency as

a result of induced eddy current and proximity effect. Similarly, the dielectric loss is frequency
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depend due to bond charges and the permittivity decreases with increasing frequency.
However, the a&riation in the capacitance and the conductance is minimal. Therefore, the
dielectric is represented as a constant capacitance. For representing the frequency dependent
resistance and inductance, Ladder circuit is used. The Ladder circuit reproducqubadye
response of the impedance with frequency independent parameters. By virtue of it, the
frequency dependent impedance can be realised indommain analysis. The mutual
impedance between the conductors can be realised using convolution, Fourferrnraos

modal transformation. However, these methods requires enormous computation time and
resources. The mutual impedance can be incorporated in the lumped parameter circuit more
accurately, yet lucidly by using current controlled voltage source. Heréimped parameter
transmission line circuit is proposed in which the mutual coupling between the conductors is
considered using a current controlled voltage source which injects a voltage equivalent to the
voltage drop across the mutual impedance. THeréhe mutual coupling between the
conductors can be realised lucidly.

The proposed model is validated by comparing the measured and predicted CM and DM
impedances. The results show that the predicted impedance conforms with the measurement.

Minor differences exist especially beyontldntiresonance frequency of the cab@ ( ) in

CM impedance and the impedance magnitude at the resonance’@aksM impedance.
These differences exist due to the uncertainties in the modptiegss, such as tolerance in

the dimensions and the material properties of the cable.

Furthermore, the voltage stress at the load end is predicted using the proposed mode. The
predicted voltage stress shows conformity with the measured stress. Hepoeptsed model
can be used to study the inimical effects of the fast slew rate voltage pulse travelling through
the cable. The model can be used to study the CM current which causes EMI with the nearby
equipment. In addition, the model can be utilisedttaly the effect of the inverter parasitic
impedance especially the coupling between the phases on the load end voltage stress. The

physical cause of these factors is comprehensively discussed in chapter 5.
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Chapter 4. Modelling High Frequency Behaviour of

Machine Winding

4.1 General

The propagation and reflection of the TEM waves within the electric drive emanating from
the high slew rate PWM voltage pulse can be rendered using the HF models. These models are
effective in understanding innumerable undesirable isswisasu(1) voltage overshoot at the
machine terminal [14.9] leading to the potential reduction of the insulation lifetime, (2) CM
HF ground return current escaping through the capacitive coupling between the winding and
the core of the machine causing cocigd EMI in the electric power system [141]. They also
provide a basis for assessing radiated EMI [26] and bearing current as shaft earthing current
flowing through the shaft to the grounded driven machinery, or as capacitive discharge current,
if the driven machinery is not grounded while the machine core is connected to the ground [23
25] [142-143]. To address these detrimental consequences, an HF model of the overall drive is

necessary.

In the previous chapter, the HF behavioural model of the powes abliscussed, wherein,
the cable is represented as a MCTL model. The modelling of the cable is simple in the way that
the cable conductors are surrounded by homogeneous insulation material. However, in the case
of the machine winding, insulated electtisgeel lamination sheets surround the conductors
embedded in the slot region while part of the winding in the overhang region is exposed to the
ambient condition. In addition, the electrical steel used as a core is ferromagnetic material
having norlinear magnetic properties, i.e., the permeability depends on the magnetic flux

density. The magnetic properties of the ferromagnets are often described using the curve of

magnetic induction®) against external magnetizing for¢®(and the slope is defined as the
permeability. Due to the magnetic saturation, the permeability of the material varies non
linearly. As a consequence, the permeability of the material changes subjecteeraitier
condition of the machine. Additionally, the magnetic induction lags behind the magnetizing

force subjected to HF magnetizatioycle, whichis referred to as magnetic hysteresis. Thus,
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the magnetic behaviour is represented as complex permeabpitgsenting the hysteresis
effect. As a result, a modified modelling approach is required to account for the TEM wave
propagation through a ndromogeneous medium. In this chapter, HF modelling of the
machine winding is discussed, accounting for thelhogarity such as nehomogeneous and
nontlinear medium, imperfect conductors, frequency dependent properties of the medium and

conductor, and the losses in the medium.
4.2 Comparison between Power Cable Model and Machine Winding Model

The MCTL model representie propagation of TEM wave structure through a medium.
Akin to the power cable, machine winding can be represented using the MCTL model over a
broad range of frequencies. The voltage wave exciting the cable induces orthogonal electric
and magnetic fields the transverse plane and constitutes TEM field structure. In other words,
no component of the electric and magnetic field is in the direction of the wave propagation.
The velocity of the wave structure depends on the material properties of the medium
surrounding the conductors, which is expressed as [41],

1

J = m 4.2)
where,u andeare the permeability and permittivity of the medium surrounding the conductor.
The permeability of the medium is often expressed relative to teesfrace as ' * |,
where, o is the permeability of free space amdis the relative permeability of the medium
with respect to the free space. Similarlye permittivity of the medium is expressed relative
to the free space as - - , where,& is the permeability of free space aads the relative
permeability of the medium with respect to the free spatéhe case of the power cable, the
velocity of the TEM wave structure depends on the properties of the insulation surraheding
conductors. Generally, the relative permeability of the insulation is equal to 1, and the relative
permittivity (@) varies between 2.54. As a result, the velocity of the TEM wave within the

power cable is approximately half of the speed of light.

Nevertheless, the TEM wave propagation through the machine winding is like the power
cable, with a notinear medium surrounding the machine winding. The conductors embedded
within the slot are surrounded by the laminated sheets of electrical steel, svhgaa of the

conductors in the overhang region is surrounded by the ambient condition in which the machine
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is exposed. Therefore, the velocity of the TEM wave structure inside the slot is different from
the velocity in the overhang region, which invaliels the basic assumption of unique velocity
in a medium. However, the transmission line equation can be applied if the two sections are

considered independently.

Further, the medium surrounding the cable conductors is isotropic, i.e., its properties are t
same in all the directions. However, the electrical steel surrounding the conductors within the
slot is anisotropic. The electrical steels are classified into two sections based on their
processing: nowriented electrical steel and grain oriented elealtsteel [144146]. The non
oriented electrical steels have linear properties in all directions. The grain oriented has strong
crystallographic properties. This type of electrical steel undergoes a recrystallization process
that enhances grain structusssulting in better magnetic properties in the rolling direction of
the sheets. The magnetic field density increases by 30% in the rolling direction with 5%
reduction in magnetic saturation [146]. Thereby, the grain oriented electrical steel is an
anisotopic material with higher permeability in the rolling direction. The permeability of the
electrical steel in the direction of propagation of the TEM wave induces magnetic field lines
outside the transverse plane, thereby, violating the assumption tmadgmetic and electric
field exists in the transverse plane. In electrical machines, howevenrieoted electrical

steels are commonly used.

In the power cable, the conductors are surrounded by insulating materials. However, in the
machine winding, thelectrical steel surrounding the conductors is conductive. The time
varying flux induced by the timearying conductor current induces an eddy current in the core.
Although the eddy current in the core is restricted by the thin insulated laminated sheets, i
considered at high frequencies when the skin depth is less than half of the laminate thickness.
Consequently, the induced eddy current opposes its cause, resulting in a significant increase of
resistance and decrease of the inductance with increasiqgency and incurs additional
losses known as hysteresis and eddy current losses. The model must be modified to incorporate

this loss.

The electrical steel surrounding the conductors in the slot regions hdimemmmagnetic
properties. The B charateristics of the steel used in the following analysis and thdinear
variation of the permeability are illustrated kigure 4.1. Different from the linear material,

the permeability depends on the magnetiZioge, and hence the operating point of the
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machine. The permeability of the material is commonly defined in three ways as illustrated in
Figure4.1; incremental permeability, apparent permeability, and initiahpability. The slope

of the line tangent to the-B curve at the operating point is called incremental permeability.
The slope of the line from the origin to the operating point is called apparent permeability and
the slope of the line tangent to the-Bcure at the origin is called initial permeability. Except

for initial permeability, the apparent permeability and incremental permeability depend on the
operating point. For linear material, all three permeability values are equal. The ANSYS
Maxwell [137] used for calculating the inductance of the winding uses apparent permeability
to calculate the flux linkage as a function of the independent variable since it changes with the
current as of the material properties changes. Thus, the calculated industdreapparent

inductance which depends on the operating point.

The ANSYS Maxwell [137] follows two step procedure to calculate the apparent

inductance:

1 A nonlinear magnetostatic solution is initiated with the specified turn currents. This
specifies thgpermeability of each mesh element since the degree of saturation varies
throughout the slot geometry.

1 This specified permeability is further used in a linear solution for generating an
inductance matrix. The resulting values are apparent inductance, véries with
the specified turn current operating point as the material properties changes.

Slopeof thelineyielding o ating Point
incremental permeability perating Fomn
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= ,
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Figure 4.1: B-H curve of the electrical steel representing nofinear magnetic properties.
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In the power cable, four conductors arranged symmetrically constitute the medium for TEM
waves. Four continuum of lumped parameter circuit representing a small section of the cable
conductor, magnetically and electrostatically coupled together formscalble model.
However, in the case of the machine winding, continuum of lumped parameter circuits
representing a small section of a winding are magnetically and electrostatically coupled.
Generally, the turn conductors embedded in the same slots arsergpck by lumped
parameter circuits and are magnetically and electrostatically coupled together. Further, if the
two phases of the winding share the same slot, akin to the cable, the continuum of the circuit
representing each phase is mutually coupledolmsequence, modelling machine winding is

more complex with mutual resistive and inductive coupling between the turns, coils and phases.

In consequence, the MCTL model of the stator winding is a special case of the cable model

wherein,

1 The surrounding n@um is norhomogeneous and ndinear. Thus, the TEM wave
propagates at two different velocities, one within the stator slot and the other in the
overhang region.

1 Unlike cable, the surrounding medium is conductive. Therefore, the effect of induced
eddy curent in the core must be accounted.

1 Different from the cable, the lumped parameter circuit representing sections of the
same phases of the winding are mutually coupled. Therefore, the lumped parameter

circuit cannot be repeated without change.

However, here are similarities which can be inherited from the cable model for modelling

the stator winding:

1 The dielectric loss and the permittivity variation with the frequency is marginal. So,
the capacitive coupling between the conductors can be representlg psr
capacitance.

1 The frequency dependent inductance and resistance of turn can be represented using
a Ladder circuit with frequency independent parameters.

1 The mutual resistive and inductive coupling between the conductors can be

represented using cunecontrolled voltage source.
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In the following section, an MCTL model of the stator winding is discussed representing its
behaviour over a broad range of frequencies. The modelling procedure begins by inheriting the
similarities of the cable model and thefiers changes to incorporate the complexity in the

machine winding.
4.3 Multi -Conductor Transmission Line model

Similar to the cable, the MCTL model of the machine winding is a continuum of the lumped
parameter circuit, due to its advantage of solving threenti and voltage distribution using
circuit simulation. The approximation of the lumped parameter circuit representation for a
MCTL model is applicable if the length of the winding represented as a lumped parameter
circuit, also called a cell, is electaity less than the shortest wavelengthif) of the TEM
wave. In other words, the space variation of the electromagnetic field within each cell along
the direction of travel is negligible. Thus, the shortest wavelength depends on the maximum
frequency fmax) cOmponent of the impinging voltage wawehich is expressed using (3-22
3.23 as [41]

(4.2)

where,J is the velocity of the TEM wave in the medium, ang the rise time of the voltage

pulse. In general, due to the perability of the core and the permittivity of the insulation, the
propagation speed of the TEM wave within the winding is about a quarter of the speed in free
space €) [134]. To validate this fact, the propagation delay within the phase winding of the
madiine under study is measured experimentally by exciting one of the phase winding by a
single voltage pulse. The propagation delay is measured as the dwell time between the voltage
pulse at the phase terminal and at the neutral point. The measured devedl 30Ons, and the
approximate length of the phase winding is 28.82m. Thus, the propagation speed within the
winding is 96mys, which is moderately higher than a quarter of the speed of an
electromagnetic wave within free space. As discussed in chapker fBequency spectrum of

fast slew rate voltage pulse spreads over a wide range. Also, its deleterious effect is more
pronounced under a fast slew rate voltage pulse. Therefore, to keep the machine winding model
representative of the HF excitation argsidue to the fast slew rate, the modelling process
assumes the maximum slew rate of the voltage pulse, which is 20ns. Thus, the shortest

wavelength of the wave engendered by a voltage pulse of rise time 20ns is 1.57m. The lumped
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parameter circuit represemg a section of the winding must be less than 1.57m. As a general
principle, for the model to be representative at HF, at least 5 sections should be accommodated
within the shortest wavelength. Therefore, the length of the winding represented by each

lumped parameter circuit is less than 314mm.

Herein, an §ole, 60 kW PMSM [29] adapted to Toyota Prius vehicle is used whose stack
length () is 50.8mm and overhang lengtb) on each side is 113mm. Thus, the length of a
turn, which is twice the sum of statength and overhang length, is less than 314mm. Hence,
each turn of the winding can be represented as lumped parameter circuit and each turn model
is connected in sequence to form a coil model. The machine under study has 11 turns/coil.
Thus, 11 lumpedagrameter circuits are connected in series along with the frequency dependent

mutual coupling between them to form a coil model.

The lumped parameter circuit using Lumgicbr LumpedT circuit as elemental section are
illustrated in sectior8.2.4 In an additional Lumped3 circuit, the shunt impedances are
connected to one side of the series impedance, which has the benefit of realising with fewer
elements. Therefore, the lumped parameter circuit used for the modelling, unlike cable, is a
lumpeda3 circuit with the shuntmpedance connected on one side of the series impedance, as
illustrated inFigure4.2. The series impedance comprising frequency dependent resistance and
inductance represent the turn resistance and inductancesashibe capacitance between the
turns and between the turn and core is represented using a capacitor. Each part of the cable
depicted as a cell in the cable model is neither electrostatically nor magnetically connected,;
nonetheless, the phase conductorthefsame section are mutually coupled. In the machine
winding, however, the turns embedded in the same slot are coupled together. As a result, the
circuits representing the turns in the same slot are connected in series and are mutually coupled.
This make the model more complex. Tikégure 4.2 illustrates the continuum of lumped
circuit representing one turn, to form a coil. The figure depicts the capacitance betwi&en the
turn and the core &, the capacitance between titftandk" turn asCik and the resistance
and inductance of" turn asRi andLi and the mutual sistive and inductive coupling between
thei™ andk™ turn asRk andLi. It is worth noting that, the resistive and inductive parameters
are frequency dependent. The frequency dependent characteristics, like the cable, are
represented using a Ladderctiit.
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Figure 4.2: Continuum of lumpedi @ circuit representing MCTL model of the stator winding.
4.3.1Computation of Model Parameters

The fundamental principle of the TEM wave is, that the electric and magnetic fields are
orthogonal and satisfy static distribution in the transverse plane. This smipig the
transmission line parameters can be deduced more readily using separate excitation. Like the

cable, the parameters are determined using ANFW&xwell [137]. The parameter estimation
is a twostep process:

1 First, a 2D geometry of the stator gesection along with the material properties is
defined, as illustrated iRigure4.3. The detailed specification of the geometry and
material properties of the cable crasstion is defined iMable 4.1. The stator
winding is a thregohase, single layer winding with 8 coils per ph@&¢and 11 turns
per coil(Ny). Therefore, each phase is spread across 16 slots. Each turn comprises 12
parallel conductors that are dertbtay T;, wherej is the turn number as depicted in
Figure4.3. As a result, each slot has 132 conductors. In the random wound winding,
determining the exact location of the turn conductor is difficult. Thereftwe, t
distribution of the turn conductors within the slot is assumed symmetrically arranged
and is the same for all the slots. Each turn has 12 parallel conductors.

1  Further, the capacitive coupling is calculated using an electrostatic field solver and

the resistance and inductance of each conductor are calculated using an eddy current
solver.
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Figure 4.3: Schematic diagram of the crossection of a stator slot of the stator winding.

Table 4.1: Stator dimensions [29] and properties of insulation.

Parameter Value

Dimension of the Stator Slots

Inner stator diameter) 161.9 mm
Outer stator diameteb) 264 mm
Stack length 50.8 mm
Depth(c) 30.9 mm
Slot opening d) 1.88 mm
Parameters of the Stator Winding
Number of slots 48
Series coils/Phadqélc)
Parallel circuits/Phase 0
Turns/Coil(N) 11
Parallel Strands per tufiNp) 12
Wire size €) 20AWG
Resistance/Phase 0. 77
Insulation Parameter of the Stator Winding
Thicknessof turn insulation f) 0.025 mm
Permittivity of turn insulation 3.5 F/m

Permittivity of mainwall insulation 3.5 F/m
Thickness of groungvall insulation §) 0.35 mm
Permittivity of groundwall insulation 3.5 F/m
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The time varying current through the conductor embedded in the slots induces magnetic flux
lines, which penetrate the core. The flux lines produce eddy current due to the core
conductivity, resulting in eddy current loss in theecoTo minimise the loss, the core is
manufactured as stacked thin insulated sheets, which prevents the induction of eddy current.
However, if the thicknesd)(of the sheet is larger than twice the skin degjh gmall eddy
current loops will be induceds a result, the induced eddy current opposes its source, i.e., the
eddy current restricts the penetration of the magnetic flux induced by the conductor current.

The skin depth depends on the core permeabilijy ¢onductivity ) as frequencyf) of

/ 1
a= of s, (4.3)

At HF of excitation, the skin depth is small. Thus, above the frequency where twice the skin

exdtation as [134],

depth is less than the thickness of the insulated sheet, an eddy current is induced. The induced
eddy curreninhibits the magnetic flux from penetrating the core, acting as a flux barrier. In
consequence, the high permeability of the stator core confines the HF components of the
magnetic field within a single toolot region [3738][112][147].

A similar phenonenon can be seen in the rotor core. For a-stysed slot, the leakage flux
into the air gap is quite small, and the induced eddy current in the rotor core or magnets acts as
a flux barrier [3738][112][147].Due to the air gap and the high permeabdityhe rotor core,

the HF flux linkage between the stator and the rotor is the least.

Hence, a single slot model is used without the rotor for the development of the proposed
model. For the experimental validation, the machine without the rotor is kigete 4.4 (a)
depicts the stator of the PMSM [29] used in the study, which is extracted from the overall

machine structure.

While building a suitable model for formound windings using measurement is simple,
creathg a model for randoswound windings is challenging. In the random wound winding,
determining the exact location of the turn conductor is difficult. In [147}ppen electrical
machines are used to determine the location, however, thepeat machinesra often
unavailable. The probability distribution function (PDF) is used in [148] to predict the location

of the conductors, however, it requires experimental measurements which necessitate the
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statordés availability. T ecedurend tberdesjgn stabgel. For ame t h ¢
simplified approach, the conductors are assumed symmetrically arranged as illustrated in
Figure 4.3. In consequence, uncertainty in the estimation of-toHtarn capacitance and
inductance matrices can be observed, however, differences in te-tume capacitance will

be less. As a result, at HF, differences in the CM and DM impedance between the measurement
and prediction will be large, wherein, the effect of ttoriurn capaitance dominates. At LF,

the turnto-core capacitance dominates, hence, the difference is less. Also, the turn inductance
depends on its location. This variation is influential under HF excitation. With the turn
distribution illustrated irFigure 4.3, the inductance of the turn closest to the slot opening is
105nH at 1MHz, while the inductance of the turn in the middle of the slot is 200nH and at the
slot end is 230nH. As a result, the turn distribution is crdoiathe impedance measured at

HF excitation.

8 Series coils

4 $ o
11 Turns per phase Stator Winding

(b)
Figure 4.4: Stator winding [29] of the 60kW PMSM employed in Toyota Prius electric vehicle

4.3.1.1Capacitance Calculation

The capacitance between the turn conductor and between the turn conductors and the core is
determined by solving the static electric field surrounding the conductors using ANSYS
Maxwell [29]. These capacitive couplings vary bedwéehe slot and in the overhang region. In
the slot region, the turns are in proximity to the core. However, in the overhang region, the turn
conductors are separated from the core, as illustratedyime 4.5. Although the capacitive
coupling with the core can be determined by solving the static electric fieldigebmetry,
to ease the parameter calculation, without involving complex computational resources and
time, this capacitive coupling is ignored. The aepve coupling within the slot region is
determined by solving the static electric field using t#izsdngle slot model. Akin to the cable,
the electrostatic field solver is used to calculate the capacitances. The capacitance calculation

is comprehensply discussed in section 3.1.5.
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Figure 4.5: Overhang region of the winding representing the separation between the core and the
winding.

The winding under study is a single lay@nding with 8 coils per phas@c), 11 turns per
coil (\y) and 12 parallel conductors/tu(Np), as illustrated irFigure 4.4 (b). Therefore, 11
groups of conductors with 12 conductors in each group are embedded slot. Each group
of 12 conductors are considered as one side of a turn and is excited simultaneously to calculate
the capacitance. The core is assumed as a reference. For calculating the capacitance matrix, the
solver excites each turn sequentialyld/ with respect to the remaining turns. In the end, the
solver provides the setfapacitance matrix with elementg which represents the self
capacitance per unit length between the conducodj. From the seftapacitance matrix,
the capacitive agpling between the conductors and, conductors and core is calculated using
(3.28) as [137],

éacii -G

(4.4)

=
[N
j el el el e e e el

b
-Cy o a Cis

i=1 i1

The diagonal element® () of the capacitance matrix represents the capacitive coupling
between tha™ turn conductors and the core, whereas thediaffjonal elementsd( )
represent the capacitive coupling betweeri'ftend;j™ turn conductes.

Generally, during the manufacturing process, the core and winding assembly is impregnated
with resins to ensure electrical insulation between the conductors and the structural integrity.

Hence, the dielectric properties of the resins greatly infludreceapacitive coupling between

the turn conductors. As the conductors within the slot region and in the overhang region are
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impregnated with the resins, the capacitive coupling between the turn conductors in both the
regions is the same. Therefore, thentto-turn capacitance per unit length in the overhang

region is considered the same as the slot region. Thus, thtum capacitanced( ) in

overhang region between turand; is deduced as [38],

Iov
Cov- = I Cslog (4-5)

1

stack

where lstackis stack length anldy is the overhang length on each side. Herein, the stack length
is 50.8mm and the average overhang length on each side is 113mm. So, the capacitance
between the turn conductors in the overhang region is 2.22 timesphetaace in the slot

region. Notably, the diagonal elements of the capacitance maitrix)(representing the

capacitance in the overhang region is zero, as it is ignored.

In general, the turns are divided in 4 parts, two embedded within the slots and the remaining
two on either side in the overhang region. Therefore, the topaictance €) of a turn is

expressed as [38],
c=2(c,, *C,) (4.6)

where,Csiot IS the capacitance matrix representing the capacitance between the turns in slot
region andCoy is the capacitance matrix representing the capacitance betwedurnis in
overhang region. Equation (4.6) represents the capacitance coupling of the turns in the machine
winding. It is assumed that the distribution of the conductors in every slot is the same. So, the

capacitance matrix for each coil of the phasesssimed same.
4.3.1.2Inductance and Resistance Calculation

The frequency dependent inductance and resistance are calculated differently from the cable.
In cable, the conductors are surrounded by a homogeneous dielectric medium with zero
conductivity. However, infite machine winding, the conductors embedded within the slots are
surrounded by the thin conductive sheets of insulated electrical steel. Different from the cable,
the core is conductive. Although the core is made of laminated sheets, the HF flux lines
pendrating the core induce an eddy current, which restricts its cause. As a result, when excited
at HF, the core acts as a flux barrier confining the flux lines inside the slot region [37
38][112][147]. Because the skin depth is greater than the sheet ésgkiie laminated sheets
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behave as an insulating material during LF excitation. Therefore, the laminated sheets are more
effective in alleviating eddy current induction at LF than HF excitation. In addition, the
laminated core is a ndmear lossy ferroragnetic material. The ndimear variation of the
permeability of the core depends on the magnetic flux density within it which is accounted for
using the BH curve. As a result, the apparent permeability is used as a representation of the
material propest at the operating point, as described earlier.

The parameters may be computed accurately usinD ge&ometry of the slot, wherein, the
laminated sheets can be defined with-tinear magnetic properties. However, it will increase
the computational resoees and time significantly. One way to avoid complex computation is
to assume zero conductivity of the core [38]. This assumption will not make difference in the
parameters at LF excitation, as the laminated core acts as insulating material. However, this
assumption will largely affect the predicted inductance at HF. In the real scenario, the absence
of a flux line within the core will significantly reduce the inductance. However, when the
conductivity of the core is assumed zero, the inductance predictee HF will be large. In
the same vein, the predicted resistance will be less than the actual resistance. Furthermore, with
zero conductivity, the induced eddy cannot be realised, and so the core losses cannot be

represented.

The aforementioned problenman be dealt with lucidly, yet practically by adding an
additional resistance across the turn impedance in the lumped parameter circuit [38]. This
resistance is a representation of hysteresis and eddy current losses and will impart the same
effect as withthe conductive core. The resistance in parallel will reduce the effective
inductance of the turn at HF with an increase in resistance. The design of the resistance is
discussed comprehensively at a later stage in setiBoh.3

The frequency dependent inductance and resistance of the turn conductors embedded in the
slot are determined the same as the cable. The eddy current field solver of ANBXBell
[137] is used for parameter extraction. The solver sdgligrinjects 1A current to one group
of conductors with the remaining unexcited and calculates the resistance and the inductance of
the group. It breaks the impedance matrix calculation into two parts. First, it solves for the
inductance matrix and theor the resistance matrix. Later, it combines the inductance and
resistance matrix to calculate the impedance matrix. The diagonal elements of the matrix

represents the sealinpedance of the turn conductor, whereas thed@ffjonal elements
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represent the otual coupling between the turn conductors. It is noteworthy that, the resistance
and inductance are frequency dependent. Consequently, the impedance matrix is different at
different frequencies. For characterizing the variation, the impedance matrigukatsd at 7
different frequencies, 50Hz, 100Hz, 1kHz, 10kHz, 100kHz, 1MHz, and 10MHz.

Due to the skin and proximity effect, the current distribution across thesgosen of the
conductor changes with frequency. With the increasing frequency, tyecadént induced
within the conductor shifts the current density towards the surface [134]. As a result, the
resistance of the conductor increases. The inductance of the conductors is composed of the flux
linkage within the conductor and external to tlemductor. At HF, due to redistribution of
current density, the flux linkage internal to the conductors reduces, which reduces the
inductance of the conductor. However, in the real scenario, an additional reduction is imparted
by the induced eddy currenttime core. This additional reduction is accounted for in the lumped

parameter circuit by a resistor connected in parallel with the turn impedance.
4.3.1.3Core loss resistance calculation

In the previous section, while determining the turn parameters, the laonimdtect of the
core is realised by assuming zero conducti vi
hold at HF excitation, where the induced eddy current in the core restricts the penetration of
the flux lines within the core. As a result, thegcted inductance of the turns is higher than
the actual inductance. In addition, the assumption of zero conductivity ignores the eddy current
loss in the core. The laminated cores can be modelled analytically asib48}4vherein the
current and magnie field intensity vector are restricted in an orthogonal axis, thus reducing
the problem to ondimensional analysis.

To account for the difference, a lucid, yet practical way is to add a resistor across the turn
impedance. This resistance is often @hlt®re loss resistanc&d. An empirically defined
curve [149] between the core loss resistance and the stator outer diameter is used to find the
resistance. The outer diameter of the stator used in this analysis is 16.19 cm [29]. Using the
curve, therefoe, the core loss resistanc per phase is 2 k(N).and®i t h 11
series coils perphagdc), t he core | oss r elguredt6dlustcaestipeer t ur
comparison between the impedance of a turn conductor with and withoutsiseance.
lllustratively, a 22.73N resistance is connected across the turn impedance for core loss

representation.

111



Chapter 4Modelling High Frequency Behaviour of Machine Winding

10°k —— Without Re 1
= — WithRs
S
(O]
(&)
% X
% 1024
14
10-4 HEREHE S S R I S B I A S N I 1 B R T
250 T T
—_ * ¥ ¥
T
[y
~ X
P L
Q
o L J
3 200
= L
=)
©
=
150 Lol il Lol ol il L0
10 10° 10° 10* 10° 10° 10’

Freguency (H2)
Figure 4.6: Frequency dependent impedance of turn 1 with and ikhout core loss resistance.

The effect of the resistance is similar to the effect of the induced eddy current at HF
excitation. The induced eddy current makes the core as flux barrier which reduces the
inductance of the conductors. In the same vein, gddm additional resistor reduces the

inductance of the conductor at HF excitation without affecting the impedance in the LF region.
4.3.1.40verhang inductance calculation

The winding inductance in the overhang region is assumed constant and equally distributed
among the turns. This assumption is based on the experimental evidence presented in [147].
Every section of the winding was separated in [147], and the impedance of the end winding
was measured using a customised jig to keep the end winding section inTpla@nalysis
predictably reveals that the inductance in the overhang region is much smaller than that in the
slot region and is close to constant. The inductance is calculated [38] from (4.7) as,

1 & . > a2 .0 y
I‘ovT @(r % ?@Nt (?F_’ Cgé lovc (47)

where k- accounts fothe reduction in inductance due to skin effé€cis the number of pole
pairs,N: is the total number of turns per phaagis geometry coefficientsgd 1 . Ho)is an d
the length of turn in the overhang region. Heréind 0 . 3 Loyt aafculated from (10) is

2. 8¢ H.
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4.3.2Representation of Frequency Dependent Parameters

Representing the frequency dependent parameters is thasahe cable model. The Ladder
circuit is used to realise the frequency dependency of the parameters. The fundamental feature
of the Ladder circuit is its frequency independenaracteristics, whicpermit its usage in
time-domain analysis for represarg frequency dependent parameters. For realising the series
impedance of a turn, the RL Ladder circuit is used. The physical significance of the circuit is
comprehensively discussed in section 3.4. The parameters of the Ladder circuit are evaluated
using VF [140]. VF is a state equation approximation method, which is applied in the
frequencydomain and approximates the state equation of the system by locating its dominant
poles and residues over an observed domain. By way of example, the VF represéntsrhe

impedanced;) as [140],

Door

Zii (S) = R +Sil‘ a S_n d s (48)
n=1 F}]
N

K9

A flowchart explaining the method for evaluating the Ladder circuit parameters is illustrated
in Figure4.7, wherein, the parametrization of mutual impedarzig between and thek!"
turn is depicted. For evaluating the seffpedance parameter 8 turn, the same flowchart
can be followed with = k. For instance, the frequency response of theodler Ladder
parameter calculated using the flowchartlisstrated inFigure4.8. The frequency response of
the Ladder circuit conforms with the parameter evaluated using FEM. Thus, the Ladder circuit

can be employed for representing the frequency dependent behaviour of the turns.
4.3.3Representation of Mutual Resistive and Inductive Couplings

Akin to the cable, the mutual resistive and inductive coupling between the conductors can be
represented using current controlled voltage source. The turn vokade€ to its impedance

and mutual oupling between the" turn and theé" turn is expressed as,

o

a
VR 4 (WS BaaR (M (W g
¢ S
Vi TG Vi
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Figure 4.7: Proposed procedure for the development of the Ladder circuit using wtor fitting [144].
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where,N; is the number of turns per toRi andLi are the sefmpedance of" turn, Rk and

Lik are the mutual couplings between tuirasidk, |i is thei™ turn current andk is thek™ turn
current. In (4.9), the first ternv{) represents the turn voltage due to-gafpedance whees,

the second termV{x) represents the voltage due to mutual coupling. A current controlled
voltage source can be used to represent the turn voltage due to mutual coupling, the same as
the cable. For instance, the voltage drop acrosg'then due tathe current irk turn () is
calculated by injecting the curreathrough a Ladder circuit representing the mutual coupling
between the turn& k. Similarly, the voltage drop due to mutual coupling with the other turns
is calculated and then added@éther to represent the current controlled voltage source. Thus,
for Nt number of turns per coil, 1 Ladder circuit is used to represent thiengeltlance antl-

1 Ladder circuits are used to represent mutual coupling with the rema&iringirns. As a

resut, the N number of the Ladder circuit is required for representing the impedance of 1 turn
in the lumped parameter circuit. Thus, for representing aN%iladder circuit is required. By

way of example, the machine under study has 11 turnglktpand8 coils per phasé\c). So,

8% 112 Ladder circuit is required for the exact representation of the lumped parameter circuit of
one phasekigure4.9illustrates the lumped parameter circuit of one phase winding. Each turn

model isrepresented using the following components:

1 One Ladder circuit representing the satpedance of each turR{ & Li).

1 N-1 Ladder circuit representing the mutual coupling between the turns embedded in
the same slotRk andLi). Each Ladder circuit isxeited by the turn current, and the
total voltage drop is represented as current controlled voltage source.

1 N-1 current controlled current source excitiNgl Ladder circuit representing the
mutual couplings.

1 ammeter measuring current of the turn.

1 1current controlled voltage source representing turn voltage due to mutual coupling.

1 Overhang inductance representing the inductance of the part of the turn in the
overhang region Lgv).

1 Core loss resistoiRt) representing the core losses due to inducey edident in the
core. The resistor is connected across the series combination of the overhang
inductance, the Ladder circuit representing-saffedance and the current controlled

voltage source.
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1 A Capacitor Cio) representing capacitive coupling betwéaa turn and the core.

CapacitorsCi) representing capacitive coupling betweenithandk!" turn.
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Figure 4.9: Lumped parameter model of a phase winding representing the freqncy dependent self
impedance with explicit representation of the mutual coupling between the turns.

The other two phases of the winding are similarly represented and connected in a star to
represent the star connected three phase winding. Certainlymétisod involves great
complexity, computational time, and resources. However, the mutual couplings between the
turns can be defined explicitly in the tirdemain analysis without the use of modal
transformation, Fourier transform, convolution, or multiglenped parameter circuits
representing the winding under a single frequency of excitation. For realising the TEM wave
propagation, whickcharacterises the voltage stress at a different location in the machine
winding, the proposed lumped parameter cirsuroficient. It can also be used to assess the
CM current engendered due to the fast slew rate of voltage pulse causing EMI with the nearby
electronic equipment. In the example considered, being a single layer winding, the mutual
coupling exists in theanductors of the same phase. However, the concept can also be extended
to account for the mutual coupling of a double layer winding where the conductors in a slot

carry currents in two different phases separated by phase insulation.

The mutual coupling cabe represented in a simplified way by using one Ladder circuit per
turn instead ofN-1. For instanceFigure4.10 represents the mutual coupling between tte 1
turn and the remaining 10 turns of th& cbil, wheein, the mutual resistive and inductive

coupling between the turns are comparable to each other. If the mutual coupling between the
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turns are same, say, 'Y E Y Y and0 O E O 0 the

turn voltage can be expressed mathematically as,

3 d, & B n.dl,
V“éﬁ(w)' H, ( Eg%(b’%l et ( )’/I'k/?-a (4.10)

[ VT

Vi

Notably, instead ofN, (4.9) can be realised with only two Ladder circuits, one for
representing selimpedance Ri(¥) & Li(¥)) and the other for representing the mutual
coupling ketween the turnsRm(¥) & Lim(¥)). Thus, if the mutual parameters are assumed
same and equal to the average of the mutual parameters, as illustrated in (4.11), the mutual
coupling can be realised using the 2 Ladder circuit. Hence, the lumped parametecamod

be made simpler and faster using the simplified mutual representation.

Rn(W)=——8& R (4.11a)
N-1:
i,k
1 X
L. (W) =——@& L, (4.11b)
N = 1k:l
i,k
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Figure 4.10: Mutual resistive coupling between turn 1 and the remaining 10 turns embedded in the same
slot.
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Figure 4.11: Lumped parameter model of a phase winding representing the frequency dependentfse
impedance with a simplified representation of the mutual coupling between the turns.

The average mutual coupling between turn 1 and the remaining turns is illustraigadren
4.10. The difference between thaameters and the average is majorly in the inductance at the
LF region where the impedance of the winding is low. At HF the difference is marginal, and
the simplified representation of the mutual coupling can be used without losing accuracy. The
lumped paameter circuit employing simplified mutual representation is illustratdeéigare
4.11. Different from the explicit representation of the mutual coupling, this method uses two

Ladder circuits per turn.
Each turrmodel comprises the following components:

One Ladder circuit representing the setpbedance of each turR{ & Li).
1 Ladder circuit representing the average mutual coupling between the turns
embedded in the same sI&-{andLim). The Ladder circuitd excited by the sum of
the turn current embedded in the same slot, and the voltage drop across it is
represented as current controlled voltage source.
1 1current controlled current source exciting 1 Ladder circuit representing the average
mutual coupling.
1 ammeter measuring the current of the turn.
A current controlled voltage source representing turn voltage due to mutual coupling.
1 A core loss resistoR) representing the core losses due to induced eddy current in

the core. The resistor is connectedoasrthe series combination of the overhang

118



Chapter 4Modelling High Frequency Behaviour of Machine Winding

inductance, the Ladder circuit representing-saffedance and the currecntrolled
voltage source.

1 Overhang inductance representing inductance of the part of the turn in the overhang
region. Lov).
A capacito (Cio) representing capacitive coupling between the turn and the core.

f  CapacitorsCi) representing capacitive coupling betweenithandk!" turn.

To summarise, the HF model of the machine is developed from the machine design
parameters without its ghical availability. Using the design parameters, slot geometry and
the location of the turns within the slot are defined in ANSYSurther, the partial capacitance
matrix, inductance and resistance matrix are calculated in the AR®M3ronment. The
frequency dependent inductance and the resistance matrix are then used to calculate the ladder
circuit parameters, which is summarisedrigure4.12. Later, a MCTL model of the machine
illustrated inFigure4.11is developed in the MATLAB environment. The MATLAB based
implementation of the MCTL of the stator winding is comprehensively discussed in the
appendix. Furthermore, using the linear analysis of the control system toolbox of MATLAB
the model is analysed in the frequency domain to calculate the CM and DM impedance. For
ascertaining the impact of the PWM voltage pulse impinging machine terminals, time domain
analysis is used. The aforementioned modelling process of the machine isrsednn
Figure4.12,

In the following section, the efficacy of the proposed lumped parameter circuit is
comprehensively illustrated. Later, a comparison between the frequency response of the model
with the explict and simplified representation of the mutual coupling is depicted, wherein, a

marginal difference is seen in the HF region.
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Figure 4.12: Flowchart representing the HF modellingof the machine winding.

4.4 Experimental Validation

The main aim of the model is to assess the voltage distribution within the winding under high
slew rate voltage pulse excitation. Because only the terminal ends of the winding are accessible
in the field sceario, monitoring the voltage stress at key locations within the winding is
challenging. It is only possible if a model representing the winding is available and must be
representative over the wide frequency range. Comparing the CM and DM impedance of the
model with the experimentally measured impedance is a widely accepted practice to validate
the model. This ensures that the impedance rendered to the CM and DM current is
representative of the actual scenario. Comparing the voltage stress at the tercharal éhe
star neutral is another way to validate the model in-tlm@ain. Once the model is validated,
the voltage distribution within the winding can be predicted with great confidence. In the

following section, the CM and DM impedance of the modebmmpared with the experimental
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measurement. Later, the voltage stress at the terminal end and at the neutral point is compared
to validate the model in tim@omain. The key characteristics of the voltage stress are discussed

thereafter.

4.4.1Common-Mode and Differential-Mode Impedance Comparison

; Vector Network
s - Analyzer
(BODE 100)

Stator Winding

Figure 4.13: Experimental rig used for measuring the CM and CM impedance of the stator winding

For the model validation in the frequency domahe CM and DM impedance of the model
is compared with the experimental measurement. The impedance is measured experimentally
using an OMICRON Lab manufactured Bode 100 impedance analyser over a frequency range
of 1kHz to 50MHz.Figure 4.13, illustrates the experimental rig used for the impedance
measurement, wherein, the machine winding is connected to the impedance analyser which is
connected to the PC for data acquisition and-postessing. The schematic ofipedance
measurement is illustrated Figure 4.14. For comparison, the impedance of the model is
predicted in the MATLAB/Simscape environment. The prediction is made in the same
frequency range as the measurem8milar to the experimental measurement, the predicted
CM impedance is measured between the shorted three phase terminals and the core of the
machine, whereas, the DM impedance is measured between one of the phase terminals and the
shorted remaining twterminals. These predictions are made using the linear analysis of the

control system toolbox of MATLAB.
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(b)

Figure 4.14: Experimental impedance measurement of the stator winding under study, (a) schematic of
the CM impedance measurement, (b) schematic of the DM impedance measurement.
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Figure 4.15. Comparison between the predicted and measured impedance (a) CM impedance, (b) DM
impedance.
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Figure 4.15 compares the measured and predicted CM and DM impedances of the stator
winding. As is euilent, the predicted impedance with mutual coupling is in close agreement
with the experimental measurement. This confirms that the proposed model is a close
representation of the actual stator winding. The low frequency impedance of the proposed
model bestfits the experimentally measured impedance. However, the drawback of the

proposed model lies in its large computational time and resources.

In the CM impedance, the model exhibits ae8onance frequencyX ) at 227kHz

compared to the meaed antresonance at 287.32kHz. Similarly, in the DM impedance, the

model exhibits resonance frequent® ( ) at 234.4kHz, whereas the measured resonance

frequency is 179.7kHz. Beyond the resonance andestnance frequency small differeace
however, exist due to several uncertainties in the modelling process. First, in a random wound
machine, the exact locations of conductors are unknown, and the assumption has to be made
for the conductor layout in the FE computations. This would indyitatfect the capacitive

and magnetic couplings, as they are position dependent. The effects of core loss and the

overhang inductance are estimated, and they may also introduce a small discrepancy.

Further, it is assumed that the hysteresis loss withiodreeunder HF excitation is marginal,
therefore, it is not represented in the model. The overhang region is represented using an
inductor, which ignores its frequency dependence parameter. In addition, the mutual coupling
between the coils of the same pbas well as the different phases in the overhang region is
ignored. Indeed, the mutual coupling can be calculated usin® an8del of the overhang
region, which further increases the complexity. These mutual coupling, especially the
capacitive couplingan be measured experimentally which requires open neutral winding. In
addition, the material properties, such as permittivity and permeability, used in the FE analysis

may also differ slightly from those in the machine.

In [112], a HF model ignoring the utual coupling between the turns is proposed. To
demonstrate the potential of the mutual coupling considered in the proposed model, the CM
and DM impedance of an MCTL model ignoring the mutual coupling is compared with the
proposed model and is illustratedrFigure4.16. Predictably, the model [112] that ignored the
mutual coupling, has low DM impedance at low frequency. Also, the model exhibits multiple
resonance and angsonance which is not present in the experimental measote

Principally, the impedance offered by the winding without the mutual coupling at resonance
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and antiresonance frequency is low. In essence, the model [112] has high quality factor which
implies it resonates with higher amplitude and narrow bandwiktttixever, in the measured

impedance, the resonance characteristics at resonance anesansince frequency are less

prevailing.
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Figure 4.16: Effect of mutual coupling on the impedance (a) CM impedance, (b) DM impedance.

In [37], only the first five turns are represented as a transmission line cell and the rest are

modelled as lumped parameters. The firsteggonance frequenc¥Y ) in CM impedance
(seeFigure4.17 (a)) and first resonance frequend® ( ) in DM impedance (seleigure4.17
(b)) are predominantly influenced the turn selinductance and the tuit-core capacitance.
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As only the capacitance of the first five turns is considered, the capacitive effect of the winding

is not fully represented, consequently, it shifts towards a higher frequency. Also, thdfturn se
inductance and the resistance are independent of frequency and the parameters are calculated
at 5 MHz frequency. However, due to skin and proximity effects, these parameters are a
function of frequency. Therefore, the DM impedancé&igure4.17 (b) of the model is very

low as compared to the experimentally measured impedance until 2MHz.
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Figure 4.17: Comparison between the methods to include mutual coupling in the model, when only the
first 5 turns are modelled with rest turns are represented by lumped circuit [37], and mutualmpedance
is added to the seimpedance [38]. (a) CM impedance, (b) DM impdance.
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In [38], the frequency dependent parameters of the turn are represented as Ladder circuits.
However, the method assumes that the current through each turn of a coil is the same, which
allows to include the mutual impedance of the turn into theirsglédance. Hence, the CM
impedance irFigure4.17 (a), and DM impedance iRigure4.17 (b) are close representative
of the experimentally measured impedance. Howeverapipsoach cannot be used to model
the phases windings which shares the same slot, mainly in double layer winding.
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Figure 4.18 Comparison of the impedance of the model between explicit and simplified representation of
the mutual coupling, (a) CM impedance, (b) DM impedance.
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In Figure4.18, the CM and DM impedance of the model with an explicit and siredlifi
representation of the mutual coupling is compared. It is noteworthy that, both the models
exhibit similar impedance with marginal differences in the DM impedance. The CM impedance
of both model is the same. Henceforth, the simplified model can beaseprésent the HF

behaviour of the stator winding without losing accuracy.
4.4.2Time-domain Validation

The timedomain lumped parameter model can be validated by comparing the voltage at the
terminal end and at the staeutral point of the threphase windingvith the experimental
measurement under PWM voltage pulse excitation. Under the experimental condition, the
PWM voltage pulse is fed through a SIC MOSFET based 4binase inverter. The SiC
MOSFET is a CREE manufactured C2M0040120 with 1200V rated voitades0A rated
drain current. During the experiment, as illustrateBigure4.19, the three phase wires of the
cable are connected to the thygease inverter output and the PE wire is connected to the mid
pointof the DC link. The shield is connected to the enclosure of the inverter. The enclosure is
further connected to the ground of the power supply. At the machine end, the three phase
terminals of the cable are connected to the three phase terminals of tiegvénd the PE
wire is connected to the core of the machine. The shield of the cable is connected to the machine
enclosure. The experimental rig used for the validation is illustrateédjure4.20. The phase
A voltage at the inverter terminal and at the machine terminal is measured using two Teledyne
Lecroy manufactured 400 MHz bandwidth, 2000V, HVYD3220 high voltage active differential
probes and one Teledyne Lecroy manufactured 100 MHz bandwidth, 1400V, ADIiBR05 h
voltage active differential probe is used to measure the voltage at the neutral point. All the
voltage measured at the inverter terminal is measured with respect to tpeintidf the DC
link and the voltage measured at the machine terminal is neshaith respect to the core.

The measured voltage is captured using a Teledyne Lecroy manufactured 4 channel, 4GHz
bandwidth WavePro404HD higiefinition oscilloscope. The voltages are captured at 10GSa/s
sampling frequency. Later, the MATLABSIimscape basl machine model connected with the
cable model developed in chapter 3, is excited using a high slew rate PWM voltage pulse and
the voltage is measured in the same way as the experiment for comparison. In the
MATLAB ®/Simscape based environment the invartedel used for the excitation is assumed

ideal, i.e., the PWM voltage pulse is assumed to vary linearly at the rising and the falling edge.
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Figure 4.19: Schematic representatiorof the stator winding fed by a SiC MOSFET based inverter
through a 2.5m long shielded cable.
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Figure 4.20: Experimental rig illustrating Toyota manufactured stator sample fed by 3phase MOSFET
based inverter through 2.5 m shielded cable.

Figure4.21illustrates a comparison between the predicted and the measured voltage stress.
Under the experimental condition, the coils of the winding maedessible. The coil voltage
can be measured if the winding is unwound and then rewound with the taps. In consequence,
this method will no longer be indicative of the infield scenario. As a result, only the voltage at
the terminal ends and at the neupalnt is measured. During the experiment, the DC link
voltage is 550V, the rise time is 20ns, the switching frequency is 40kHz and the modulation
index is 0.1. As illustrated iRigure4.21 (a), the voltage stressn be characterised using two
modes of oscillation. The HF voltage oscillations are pronounced at the terminal end, and the
LF oscillations are distinctly visible at the neutral point. The HF voltage oscillations correspond

to the 29anti-resonance freancy (Q ) of the combined cable and the machine winding

whereas, the LF voltage oscillations correspond to framtiresonance frequencit ) of
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the stator winding. Also, the peak voltage stress occurs at the neaitrebpthe winding,

instead of the line end coil.
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Figure 4.21: Coil-to-core voltage under PWM voltage excitation, 500V DC link voltage, 20ngse time and
40kHz switching frequency (a) Measured, (b) Predicted.

Figure4.21 (b) shows the predicted machine terminal voltage and the neutral point voltage
under inverter operation at 0.1 modulation index, 5B¥ link voltage, 20ns rise time and
40kHz switching frequency. Similar to the measurement, the voltage at the machine terminal
oscillates at the "¢ antiresonance frequencyQ) ) of the combined cable and the
machine winding. In addin, the neutral point voltages oscillate at 227kHz, which is the first

antiresonance frequencyY ) of the stator winding in the CM impedance. Further, in

contrast to the literature [9012] [37-39], the peak voltage stress when the modwiandex
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is low occurs across the coil close to the neutral point. Therefore, special attention is required
for light load operation while designing the insulation of the coil close to the neutral point.

Although the measured and the predicted voltagsswscillates at their corresponding-anti
resonance frequency, the oscillation frequencies are different. This is due to differences in the
antiresonance frequency. By way of example, the measured neutral point voltage stress
oscillates at 287.32kHz, wiress, the predicted voltage stress oscillates at 227kHz. This occurs
as a result of differences it anti-resonance frequency as is illustrated=igure 4.15 (a).

Albeit the peak voltage stress at the neutraifge comparable, the oscillations damp quickly
in the measured voltage stress, in the wake of increased damping at thes@mnce

frequency.

The predicted voltage stress and the oscillation frequency are consistent with the measured
one. Thereforethe proposed lumped parameter behavioural model of the stator winding is
representative of the experimental condition. As a result, the model can be used to predict the
voltage distribution within the machine winding.

Generally, the peak voltage stressetas on the DC link voltage, the slew rate of the voltage
pulse, dwell time between the switching of the phases, cable length and its material properties.
The physical cause of these factors, especially the dwell time between the switching of the
phases iscomprehensively studied in chapter 5. Furthermore, the consequences and the

remedies to the voltage stress is discussed in chapter 6.
4.5 Summary

This chapter proposes an MCTL model for studying the HF behaviour of the machine
windings under PWM excitatiod.he proposed model can be used in the design stage without
its physical availability as it is based on the machine geometry and the material properties. For
representing the TEM wave propagation, a continuum of lumpaegircuit is used which
represents a section of the winding whose length is less than the shortest wavelength of the
TEM wave. Thereby, each turn is represented as lungettcuit. The parameters of the
lumped 3 circuit represent the physical paramstef the turns such as capacitive coupling
between the turns, capacitive coupling between the turn and core, resistance and inductance of

the turn, and the mutual resistive and inductive coupling between the turns.
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Notably, the resistive and inductive pareters of the circuit are frequency dependent. These
parameters are incorporated in the tidognain solution without using modal transformation,
convolution, or Fourier transform in a simple and lucid, yet representative way using the
Ladder circuit. TheLadder circuits approximate the frequency responses of the impedance

using frequency independent parameters, allowing-tomeain modelling.

The major contribution of the proposed model lies in the modelling of the mutual resistive
and inductive couplingdiween the turns. The proposed model includes the mutual coupling
between the turns within the slot using a curenitrolled voltage source in the tirdemain.

In the example considered, mutual coupling exists in the conductors of the same phase.
However the concept can also be extended to account for the mutual coupling of a double layer

winding where the conductors in a slot carry currents in two different phases.

The model is validated by comparing the CM and DM impedances of the model against the
measurement. The results illustrate the conformity between the two. Further, the model is
validated in timedomain by comparing the voltage stress at the machine terminal and at the
neutral point. The comparison illustrates that the key characteristicgliotpteand measured
voltage stress are the same. Thus, the proposed model is representative of the actual machine.
In both cases, the voltage stress is characterised by two oscillations; one correspond$ to the 2

antiresonance frequency QY ) of the combined cable and the machine winding

occurring at the machine terminal, whereas the other corresponds t8 amg-fesonance

frequency 1Q ) of the machine winding occurring at the star neutral point. Several key

findingscan be derived using the HF behavioural model of the cable and the machine windings.
The model can be used to establish voltage distribution within the machine winding, which is
difficult to measure as only the terminal ends and the neutral point is iateeksaddition,

the model can be used to study the detrimental effect of the high slew rate PWM voltage pulse,
thereby helping in developing mitigation strategies. In chapter 5, the key locations within the
winding under maximum voltage stress are idiextt and the mitigation measures are proposed

in chapter 6.

There are, however, small differences exist between the measured and the predicted results.
The differences occur as a result of the assumptions made while developing a simple, lucid,
yet represetative model. The location of the turns is assumed distributed uniformly,-as cut
open machine is required to deduce the exact location of the turns. Further, the hysteresis loss
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in the core is represented as a resistive element across the turn modgpraduce the
lamination effect, the conductivity of the core is assumed zero. However, a lossy resistive
element representing the eddy current loss in the core is connected across each turn model.

Later, a lumped inductor is used as a representation of/érbang inductance.

The accuracy of the model can be increased further by replacing the assumptions with
accurate representations. Although determining the exact location of the turns in a random
wound machine is impractical, it is possible in the foraund machine. The hysteresis loss in
the core can be accounted for by assuminglimaar complex permeability of the core which
may be available from the manufacturers. The laminate effects of the core can be realised using
a threedimensional slot modelyhere the core is defined as a stack of insulated electrical steel.
Herein, the conductivity of the core must be defined to reproduce the induced eddy currents.
Additionally, using the thredimensional slot model, the frequency dependent overhang
inductance of winding can be determined. However, extending the analysis to three
dimensional model will increase the computational time and resources. These computational
challenges can be overcome by using the homogenised material property of the winding. These

methods are comprehensively discussed in Chapter 7 and can be followed for future work.
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Excitation

5.1 General

Prediction of the voltage distribution within the stator winding due to puidth modulated
voltage impimging at the machine terminals is prevalent in literature. For this purpose, the state
of-art work employs a HF model to understand the voltage distribution. Majorly, the studies
illustrate that the voltage distributes roniformly within the winding, witlpeak voltage stress
occurring across the terminal end coil. It has been found that the interturn voltage within the
terminal end coil is nonniformly distributed and the magnitude depends on the slew rate of
the voltage pulse impinging the machine terhiC bus voltage, and the cable parameters.
It is believed that the genesis of the aonform voltage distribution lies in the capacitive
coupling between the turns themselves and the core. Henceforth, many literatures focused on
the first five turns othe winding, wherein, the first five turns are represented using a multi

conductor transmission line model and the remaining are represented as a lumped parameter.

However, herein, it was found that a new oscillatory mode exists in voltage measured across
the neutral point and the core of the machine. This oscillatory mode causes overvoltage at the
neutral end rather than the terminal end, as previously stated. The voltage stress, indeed, at the
terminal end exists whose oscillatory frequency is much hitjfaa the neutral point voltage

oscillations.

This chapter provides a thorough examination of the voltage distribution with the winding,
which will aid in determining the possible location of voltage stress and comprehending the
origin of voltage oscillabns at the neutral point. This will help in the development of voltage

stress mitigation strategies to minimise premature failure and unexpected downtime.
5.2 Anti-Resonance Phenomenon

Understanding the voltage stress at the machine terminal requires a ltenspre
understanding of voltage wave propagation through the cable, which connects the VSI to the
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machine. A MATLAB®/Simscape based model of a 2.5m long shielded cable, developed in
Chapter 4 is illustrated iRigure5.1, which is fed through a VSI. The VSI is assumed ideal,
which implies that the output voltage pulse rises fbta Vpc linearly with rise timet,. The

PWM voltage pulses travelling through the cable behaves similar to the TEM waves travelling
through the transmission lines. Due to wave propagation through the cable and reflection at the

machine terminals, the terminal voltage oscillates, whose frequency of oscill&ion (

depends on the propagation delgy dés [116], when the cable loss is neglected,

1 1

far =
4, 4 JLC, (6.1)

wherelLc andC; are the per unit length inductance and the capacitance of the cable respectively,

and the propagation dgl#s the propagation time of the voltage wave through the cable, which

is expressed as [116],

I
t=— (5.2)
p ‘]c
where, ¢ is the length of the cable andis the velocity of the wave propagation through the

cable which depends on calplarameters as [116]

1
J = — (5.3)
LCCC
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(= surge impedance)
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Figure 5.1:An open ended uncharged 2.5m long cable excited through a three phase VSI.
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Figure 5.2: Voltage stress at the open end of the cable under single pulse excitation.
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Figure 5.3: CM Impedance of a 2.5m long shieldd cable.

As an examplekigure5.2 illustrates the voltage oscillations measured at the open load end
shown in Figure 5.1, when a voltage pulse of magnitude 100V and rise time 20ns impinges the
cable input termina. As elucidated, the load end voltage oscillates at 17.85MHz and the
propagation delay measured at the load end is 14ns, which conform to (5.1). Notably, the
amplitude of the CM impedance of the cable, illustrate#igure 5.3, is at a pronounced
minima at the frequency, which corresponds to the frequency of oscillation of the load end

voltage. This frequency is called anéisonance frequenci) ) as the impedance reaches a

minimum value and the phemenon is termed as amésonance phenomenon.
5.3 Voltage Stress at the Stator Terminal

Similar to the open ended cable as illustrated in the previous section, in a cable connected
electrical machine, when a voltage pulse of rise ttrmad magnitud&pc propagates through
it, the voltage at the machine terminal is a damped voltage oscillation. This happens as a result
of the wave propagation phenomena [116]. The peak of the voltage oscillatigrsdepends
on the propagation delatp), rise time (), length of the cabldnie), and the velocity! ) of

wave propagation within the cable which is expressed as [116],
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\A / 2t 3 G 23 G
max =1+ £ S+ for t
Voc t J3t Qp ' (542)
V.

tmax =1 6 for 12
%DC & (5.4b)

wher e, G is the reflecti on mumedahce ofthe macthine whi ¢
(Zom) and the cablezpc) as [116],

2o, " 4,

G =
Zy *+Zy

(5.5)

The surge impedance of a cable or machine is the ratio of the voltage and the current of a
single wave propagating through it. The surge impedance of a baséeBum herein is cable

or machine, is expressed mathematically as [116],

Zy=.|— (5.6)

where,| andc are the per unit length inductance and capacitance of the medium respectively.
Thus, the peak voltage stress at the machinenatmdepends on the medium parameters and

is determined using (58.6). The length of the cable for which the rise time of the voltage
pulse is equal to twice the wave propagation time within the cable is termed as critical cable
length ¢ ). Notably, iflcabie> & , 1.e., 2p > tr only the reflection coefficient influences

the voltage stress, which is independent of the rise time. In this context, if the surge impedance
of the machine is very high i.ey © Hb, the reflection coefficient will be 1, in other terms,

the voltage stress at the machine terminals will be 2pu. However, if the surge impedance of the
machine and the cable are equal, the reflection coefficient will be 0, and no voltage overshoot
will be observed at the machine terminals. In such instances, no reflection occurs at the machine

terminals.
5.3.1Condition for Minimum Terminal Voltage Stress

Until now, the voltage stress at the terminal end caused by the single voltage excitation
travelling through anuncharged lossless cable has been discussed. However, the cable

conductors and the dielectric material separating them incur losses. Due to the losses of the
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cable, the voltage stress at the load end of the cable is less than the calculation usBwy (5.4).
way of exampleFigure5.4 shows the voltage stress measured at the open load end using the
MATLAB ®/Simscape based model as illustrate&igure5.1, when a voltage pulsgith rise

time varying from 20ns to 150ns impinges the cable input terminals. The critical cable length
for each rise time is marked in the figure. Evidently, the cable length required to reach 2pu
overshoot factor (OF) is larger than the critical cabteyth due to losses within the cable. The
critical cable length is short with a short rise time, therefore the OF reaches 2pu even with a
short cable length, as elucidatedrigure5.4. lllustratively, the correspualing critical cable

length for a voltage pulse of rise time 20ns is 1.76m, whereas, for 40ns rise time it is 3.53m.
However, due to cable losses, the OF reaches 2pu for a 2.5m long cable instead of 1.76m and

5m instead of 3.53m.
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Figure 5.4: Variation of OF w.r.t. cable length for an uncharged cable under single pulse voltage
excitation.

Above all, the OF resembles local minima and maxima under different cable lengths. As an
exampe, with 20ns rise time, one local maxima occurs when the cable length is 0.6m and two
local minima occur at 0.4m and 0.8m long cable. Similarly, multiple local minima and maxima
occur at different rise times. For minimum voltage overshoot, the condaiavisich the local
minima occur is important. Since these minima occur numerous times with varying cable
|l engths for a given rise ti me, Itos difficu
depicted with respect to the ratio of cable length &edcritical cable length, as shown in
Figure5.5, a general correlation between these minima and maxima and the rise time can be

discerned. Instinctively, all the maxima and minima align together and manifest a
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comprehensible relation for maximum and minimum OF. As elucidated, the minimum voltage

stress occurs |f,
tr - 4ktp ik—‘] IC‘\’ Ic (o Rt B ( . )

where,lcanie iS the length of cablds andcc are the peunit length inductance and capacitance

of the cable. Genellgl the high voltage stress is avoidable with the long rise time and short
cable length. However, upon following the condition in (5.7), the voltage stress can be reduced
even with a short rise time and long cable length. As an illustration, the OF nitattine

load end is 1.23 if the cable with a propagation delay of 14.16ns is excited by a voltage pulse
of rise time 85ns, whereas the OF decreases to 1.1pu if the rise time of the pulse is reduced to

56.67ns. As a result of the slew rate profiling, tbtage stress can be reduced to a minimum.
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Figure 5.5: Variation of OF w.r.t. ratio of cable length and crltlcal cable Iength for an uncharged cable
under single pulse voltage extation.
Figure5.5 also helps in the selection of cable length for the given overshoot limit and the

rise time of the voltage pulse. By way of example, if the maximum voltage overshoot allowed

is 20%, then

> ¢0.3 (5.8)

r

As a result, if the voltage pulse rise time is 20ns, the maximum permissible propagation delay
is 6ns. Because the propagation delay for the 2.5m long cable understudy is 14.16ns, the cable
length should be less than 1.06meTRC standard 600325:2014 [15] recommends that the
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cable length between the VSI and the machine should be minimum and to avoid the pulse
doubling effect, it should be less than the critical cable length. As stated earlier, with cable
length equal to ctical cable length, the ratio of propagation delay and the rise time is equal to

0.5. In any instance, if the cable length is selected using (5.8), the IEC standard
recommendations are followed. As a result, representing the voltage overshoot factos in ter

of the ratios of propagation delay and rise time, instead of cable length, is more consistent in
determining the ideal cable length for reduced voltage overshoot for a given rise time. This

depiction is one of the major contribution of this study.

There are uncertainties involved in the slew rate profiling using (5.7) and the selection of the
cable length using (5.8). At first, the cable parameters such as resistance, inductance and
capacitance are temperature dependent. However, the variation is rowoarneed in the
mediumvoltage (MV) drives wherein XLPE (Crodsned Polyethylene) and PILC (Paper
Insulated Lead Covered) cables are used [150]. Therefore, in the MV drive, the propagation
delay is temperature dependent and it decreases with the taimpeise [150]. Furthermore,
the rise time of the voltage pulse varies with the load current depending upon the parasitic
capacitance of the VSI. The positive phase current elongates the fall time, whereas, the negative
phase current elongates the risegtifh51]. By way of example, [151] illustrates that the phase
current and the parasitic capacitance can double the rise time of the voltage pulse.
Consequently, the selection of the optimal slew rate and the cable length for minimum voltage
overshoot will \ary with the temperature. Assuming the uncertainty in the parameters due to
the temperature, if the system is designed using5®B) at the ambient temperature, the
temperature rise will further reduce the voltage overshoot.

5.3.2Surge Impedance Calculation

In the previous section, voltage stress at the open load end is discussed, wherein, it is
independent of the surge impedance as the reflection coefficient is unity and largely depends
on the ratio of propagation delay and the rise time. However, whenetteicd! machine is
connected to the cable at the load end, the voltage overshoot is scaled by a factor of the
reflection coefficient. As a result, surge impedance becomes an influential parameter in

determining the voltage stress.

Estimation of the termial voltage stress requires surge impedance and hence the medium

parameters. The medium parameters depend on its physical dimensions and its material
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properties, which are strenuous to calculate. One should have this information with high
accuracy to caldate the surge impedance. There are several other methods to calculate the
surge impedance. In one of the traditional methods [152], the surge impedance of the cable is
measured by exciting it with a single pulse voltage and a purely resistive loacet$ wati

the reflection coefficient at the load end becomes unity. When the reflection coefficient at the
load end is unity, the load impedance is equal to the cable surge impedance. This method is
empirical and laborious as it involves a repeated chantfeeiload resistance. In addition, the
cable must be excited to determine the surge impedance. Besides all, this method is
inapplicable to the machine as its windings are either star or delta connected, making the ends
inaccessible.

A simple, yet accuratenethod of determining the surge impedance is using the CM
impedance. The CM impedance inherently has the information of theeaatiance frequency
and the capacitance per unit length of the medium, which can be used for surge impedance
calculation. Usig (5.25.3) and (5.6), the surge impedange) ©Of the medium is determined
as,
t

Zy=—2"
° Imediunp (59)

wheret, is the propagation delalysediumis the length of the medium ands the per unit length

capacitance. By replacirgin (5.9)using (5.1), the surge impedance of the medium is,

1

0 ~-— 1 =
4farlmediung
where,"Q is the antresonance frequency of the medium. The produgieafmandcin (5.10)

(5.10)

is the total capacitance of the medium, which is the CM capacit@aeg, (neasured at low

frequency.

By way of exampleFigure5.6 (a) shows the schematic of the CM impedance measurement
of the MATLAB®/Simscape based HF shielded cable model developed in chapter 4, wherein,
the three phase wires are shorted together at both ends and the impedance is measured between
the $orted phases and the fourth wire. During measurements, the shield is floating at both
ends. The impedance is measured in the frequency range between 1kHz and 50MHz. The

measured impedance is illustratedrigure5.6 (b). From the CM impedance, the capacitance

140



Chapter 5Voltage Distribution under PWM Voltage Excitation

at 10kHz Ce1okHy is 241.11pF and its first antesonance frequency ) is 17.71MHz.

Thus, the surge impedance of the caBlg) (can be deduced as,

1
Z =
% 4317.71316 241.11 I#

T»«ﬁZ.Sm long Shielded Cable 3%

58.54 (5.11)
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Figure 5.6: CM impedance of a 2.5m long shielded cable under study, (a) schematic of the CM impedance
measurement, (b) the measured CM impedance.

Similarly, Figure5.7 (a) shows the schematic of the CM impedance measurement of the
MATLAB ®/Simscape based HF stator winding model developed in chapter 3, wherein, the
three phase terminals are shorted togethertanahtpedance is measured between the shorted
phase terminal and the core of the machine. The impedance is measured in the frequency range
between 1kHz and 100MHz. The measured CM impedance of the stator winding is illustrated
in Figureb.7 (b). Using the CM impedance, the capacitance at 10&dZok+) is 5.32nF and
its antiresonance frequenc¥fY ) is 226.84kHz. Thus, the surge impedance of the caki (

can be calculated as,

. 1
O 43 226.84310 5.32 30

=206.99 (5.19

Thus, the reflection coefficient at the machine terminal may be calculated from (5.5) as,

206.99- 58.54
G =22 909% g (5.13)
206.99+ 58.54
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Using (5.1) and the first antesonance frequenc¥fY ) of the cable, the propagation delay

of the cable may be deduced as,

tzl 1

H.1nhs (5.14)
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Figure 5.7: CM impedance of the stator winding under study, (a) schematic of the CM impedance
measurement, (b) the measured CM impedance.

Hence, when a voltage pulse of 20ns rise time and 550V DC voltage impinges enachin

terminals, the voltage OF at the machine terminals is determined using (5.4) as,

Vtm% =1 49.56 .5 (5.15)
DC

With 550V DC link voltage, the peak voltage stress at the terminal end may be deduced as,

\/tmax =1.56/,. =873.¢/ (5.16)
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Figure 5.8: Voltage stress at the machine terminal under single voltage pulse excitation.
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In Figure 5.8, the terminal voltage measured in respomsa voltage pulse is illustrated,
wherein, the peak voltage stress complies with the calculation in (5.16). As a result, the peak
voltage stress can be determined using the CM impedance, well within the accuracy. The
salient feature of this method is, ib&s not require any voltage excitation. This approach,

unlike the previously stated empirically driven method, is based on an analytical solution.
5.3.3Voltage Stress within Stator Winding under Single Voltage Pulse Excitation

It is well documented in the litature [1419][37-39][153] that when a single voltage pulse
impinges the machine terminal, the voltage distributesumiiormly, with peak voltage stress
across the first few turns of the winding. In the same vein, as illustratédune 5.9, the
MATLAB ®/Simscape based cable connected machine model is excited with a voltage pulse at
phase A terminal with respect to the other two phases, wherein, the-coile voltages are
shown inFigure5.10. The rise time of the voltage pulse is 20ns and the DC link voltage is
550V. The machine has 8 coils per ph@&g. As shown, the voltages distribute ramiformly
with peak voltage stress at the first coil. The voltage soareddtd, 3vhich is 73.93% higher
than the DC link voltage. The cdib-core voltage of thesicoil exhibits both high frequency
and low frequency modes of oscillation. As compared to HF oscillation in the first coil, other
coils oscillate primarily at low fregncy with a minimum peak voltage stress across the last
coil close to the neutral point. Akin to the cable, the propagation delay is a function of the
length of the winding and the wave velocity travelling within it and is a quarter of the time

period of he wave oscillation.

Three Phase Inverter

Electrical Machine

/2 _ o
. 1 JE{} 2 5mlong Shielded Cable |7
VDC | 7_
7 i Y
| AC |

Figure 5.9: Electrical machine under excitation using a three phase VSI through a 2.5 long cable.

The CM impedances of the cable and the stator windinglastréted inFigure5.11. It is
worth noting that they are of similar characteristics. Both depictestinance behaviour. The

stator winding shows the first am@sonance’Q ) at a relatively low frequency of 227kHz

as compared to the second one at 25MHz, whereas, the cable shows multigsosatnce
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starting from 18.13MHz. Notably, the combined cable and stator winding CM impedance
shows two antresonanceone aligns with thelantiresonance of the stator winding and the

other exists close to the amndisonance of the cable.
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Figure 5.10: Coil-to-core voltage representing voltag distribution within winding under single voltage
pulse excitation.
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Figure 5.11: Measure CM impedance of the cable, stator winding and the cable connected stator winding.

Due tothe high permeability of the core, the qanit length inductance of machine winding
will be lower than that of the cablélence,the wave propagation velocity in the machine
winding will be lower. Combined with a long winding length tifeahti-resonanceccurs in
the winding at a much lower frequenci( ). Thereby, the frequency of voltage
oscillation within the winding is low as compared to that of the cable. Therefore, hereinafter,
the voltage oscillations at the second -aesionance frequencyQ) ) of the combied
cable and stator winding impedance are termed as HF oscillation and the voltage oscillations
at the first antresonance frequenc¥Y ) of the stator winding are termed as LF oscillation.
It should be noted that in the drive system urstiedy, the cable is relatively short. Therefore

the P'antiresonant frequency(y ) of the cablemachine winding essentially coincides
with the P antiresonant frequency® ) of the machine winding. Under voltage pulse

excitation, the cable and the stator winding offer minimum impedance at their respective anti

resonance frequency, thereby, enduring voltage oscillations. Thus, the voltage wave travelling
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through the cable oscillates at tH& anti-resonant frequencys ) of the cablemachine

winding. Upon reaching the machine terminal, these waves encounter higher inductance due
to the high permeability of the core, which restricts their penetration deep into the winding.
However, it offers lower imgdance to the LF componeritsgrebyithe voltage wave oscillates

at LF within it.

5.4Voltage Stress Distribution within Winding

So far, the voltage stress at the machine terminal due to single voltage pulse excitation
travelling through an uncharged cableablewinding is discussed, wherein one of the phases
is excited by a voltage pulse with respect to the other two phases. Consequently, the voltage
stress occurring at the terminal end of the exciting phase is at the maximum and it decreases
within the wnding. However, this occurs when only one phase is switched. When the machine
is in-service, it is fed through a-ghase VSI wherein, all the three phases are excited
simultaneously. To study the influence of the PWM voltage pulses on the voltage dastribut
within the winding, the MCTL model of the stator winding developed in MATE/ABmscape
is fed by an ideal inverter model. Unlike single pulse voltage excitation, the switching
transients emerging from voltage pulses at different phases overlap eachtlatleby, the
voltage stress redistributes. As is illustratBadyure 5.12 shows the coito-core voltage of
phase A under inverter operation at 0.1 modulation index and 40kHz switching frequency. The
rise time @ the voltage pulse is 20ns and the DC link voltage is 550V. One phase winding of
the machine under study consists of 8 series connected coils and each coil has 11 turns. The
voltages are measured between the start of the coil and the core (local grbicidpre
separated by the impregnated resin and the graatidnsulation. As elucidated, the cad-
core voltage is characterised by two oscillatory responses. The LF voltage oscillations are
pronounced in the coils away from the terminal end, whetiead;lF voltage oscillations are
distinctly visible in the % coil from the terminal endsigure5.13illustrates the enlarged view
of the voltage stress at the first and the last coil from the terminal end, whbeewoltage
oscillations at the * coil corresponds to the combined second-e#bnance frequency

Q ) of the cable and stator winding (18.13MHz) and the voltage oscillations at the last
coil correspond to the first antesonancérequency Q ) of the stator winding (227kHz).
This occurs because; the cable and the stator winding endure voltage oscillations at their

respective artiesonance frequency. Oddly, the voltage stress at the last coil is greater than the
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first coil, whereas, during the single pulse voltage excitation, the voltage across the first coil
and the core were maximum. Contrary to the literaturel@f37-39][153], the peak voltage
stress occurs at the last coil, as a result of the superpositioa wbltage pulse impinging the
machine terminals at different phases. Therefore, special attention is required while designing
the insulation of the coil close to the neutral point. The literature studies the voltage distribution
within the winding undea single voltage pulse in solitary. Consequently, they concluded that

the insulation close to the first coil is most stressed.
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Figure 5.12: Coil-to-core voltage representing vokige distribution within winding at 550V DC link

voltage under PWM voltage pulse excitation.
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Figure 5.13: Enlarged view of the Coitto-core voltage for the first and the last coifrom the terminal end
at 550V DC link voltage under PWM voltage pulse excitation
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Figure 5.14: Voltage across the coils at 550V DC link voltagender PWM voltage pulse excitation; (a)
voltage across 8 coils, (b) enlarged view during a switching event.

Further,Figure5.14 (a) shows the voltage stress across each coil of phase A and the enlarged
view of the voltage stressder a switching event is illustratedRigure5.14 (b). The voltage
is measured between the start of the first turn and the end of the last turn of the coil. As evident,
the voltage distributes neimiformly within the winding The peak voltage stress occurs across
the first coil, which may rise to 1.52 times (834.2V) the DC link voltage. The peak voltage
stress across the next coil is half of the former and decreases rapidly for subsequent coils. In
the random wound windind)¢ location of the turns is not delineated. Consequently, it is likely
possible that the first turn and the last turn of the coils are in close vicinity. Under this
circumstance, the full coil voltage will appear across the enamel coating separating the tw
conductors. In the worst case, if it occurs in the first coil, the enamel coating will experience a
peak voltage stress of 1.52pu. In addition, the HF voltage oscillations are restricted only to the

first coil. The remaining coil voltage oscillates at.LFhis is because at HF, the shunt
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admittance of the line end coil offers a low impedance path to the HF current, and the series

inductive impedance restricts its penetration deep into the rest of the coils.

The phasdo-core and phas®-phase voltage iustrated inFigure5.15, which is measured
at the phase terminals. Predictably, the HF voltage oscillations are noticeable in both the traces,
which soars the jump voltage between the phase and the core td 84d.between the phases
to 893.4V. The impregnated varnish and the grewal insulation, which separates the turn
closest to the terminal end from the core, experience this jhx@see voltage stress.
Similarly, the phas¢o-phase voltage is the comeid voltage stress occurring across the
insulation between the first turn of both the phases and the core. Therefore, the PDIV of the
insulation between the first turn and the core must be greater than the peak voltage stress at the

terminal, which in thevorst case is 2 times the DC link voltage.
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Figure 5.15. Phaseto-core and phaseto-phase voltage measured at 0.5 modulation index, 40kHz
switching frequency, 20ns rise time and 58/ DC link voltage, under PWM voltage pulse excitation.
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(@)

(b)

Figure 5.16: Enlarged view of voltage stress during a switching event under PWM voltagpulse
excitation; (a) phaseto-core, (b) phaseto-phase voltage.
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