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Abstract

One fifth of the global carbon dioxide (CO;) emissions can be attributed to the transportation sector.
Consequently, the growing desire to participate in the energy transition begs for the exploration of
alternative modes of transportation. This endeavor is particularly challenging in the field of aviation and
aircraft propulsion, where the injection of electrification and electric motors (EMs) pose many hardships
such as the need for high autonomy, light weight, high power density and reliability. This work will mainly
focus on the latter.

Unlike the low voltage machines used in road mobility, the motors necessary to propel an airplane
demand substantially higher voltages due to their power requirements. Despite the availability of di-
electric materials and insulation techniques, an improper design of the insulation system may make it
susceptible to electrical stress, possibly reaching its breakdown voltage, generating partial discharges
(PDs) and degrading the insulating material overtime. This will eventually lead to the electrical failure
of the machine.

This danger is further increased by the recent rise in popularity of new wide-band gap power electronic
devices. These devices offer many advantages: reduced size and weight, the ability to operate in higher
temperatures, and the improved efficiency due to the reduction in power losses, caused by their steep
switching speed in the order of 10 — 100 ns. However, the steep voltage transients (dv/dt) they produce
create harmful side-effects to the machine. Firstly, the feeder cable connecting the voltage inverter
to the machine terminals suffers Reflected Wave Phenomenon (RWP), where the voltage pulses are
reflected at both ends of the line generating intereferences, which in turn generate overvoltages that
can rise to up to twice the original voltage pulse. Secondly, the inherent leakage capacitance between
the cable turns and the core of the stator slots produce an uneven voltage distribution along the wiring
turns. These effects could increase the voltage stress in the insulator and momentarily reach the
breakdown voltage in certain points of the geometry, producing Partial Discharges (PDs) that degrade
the insulation over time.

To avoid this degradation, the aim of this thesis is to study these harmful effects in depth, back-up the
literature review with accurate simulations and experimentation and realize the worst case scenario
considering the geometry of a given motor that is currently under design. Once the phenomena is
understood, some mitigation techniques are proposed to lower the chance of any discharge occurring.
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Introduction

In the last decades the world has seen an impressive increase in international transport through com-
mercial flights. Consequently, the usage of jet fuel has made aviation one of the most carbon intensive
activities in the transportation sector, greatly contributing to climate change. This calls for a step for-
ward beyond the need for fossil fuels, and into more sustainable modes of transportation. This ambition
has raised the interest in electric aviation, which introduces a new challenge in the field of electrical
machines.

Many factors go into the design of the propulsion motors of an electrified aircraft. Besides the power
rating; power density and weight, efficiency, reliability and safety are of upmost importance [1]. As
newer projects arise, with bigger and more powerful airplanes, these requirements are ever increasing.
In order to realize them, these designs often utilize higher voltages to improve efficiency and reduce
power losses [2]. Some ongoing projects, such as the Bauhaus Luftfahrt Ce-Liner [3] and the NASA
N3-X [4], work in ranges around 1 — 10 kV [1, 4]; substantially higher than those used in an electric car
[5]. Consequentially, the high power density and efficiency requirements of a motor used in aviation,
in addition to the need for a variable speed drive, make the usage of wide-band gap devices (WBGs)
almost imperative; their relative light weight, temperature resistance and high switching frequency, that
results in low switching losses and high efficiency, heavily outperform any other alternative [6, 7, 8].

This introduction quickly establishes the topic of PWM fed electric machines for aircraft propulsion, the
general layout of the stator slots and insulation systems, and the concerns regarding their reliability
and security. Two harmful side effects arise from the use of WBG devices [6, 7, 8, 9]: the Reflected
Wave Phenomenon (RWP), which causes overvoltages at the motor terminals [6, 9, 10], is considered
in Chapter 3; and the non-uniform voltage distribution along the machine coil turns [9, 10] is explored
in Chapter 4.

The main objective of this work is gathering enough understanding of these harmful effects through
literature, simulation and experimentation, and ultimately finding if these phenomena can be optimized
or mitigated via any particular design choice or technique.



Background

This chapter focuses on the investigation done prior to the main focus of the thesis, which are explored
in Chapters 3 and 4. Here, the goal is to explain the general configuration of the stator slots, the possible
imperfections in the insulation, and the consequent damages to the system that may arise when it is
exposed to the voltage stress caused by the RWP and the non-uniform voltage distribution. There
is also a short introduction to Paschen’s Law, which might increase the stresses further in machines
working in conditions of low pressures, as experienced by a plane engine.

2.1. Slot Design Overview

The rotors of synchronous machines are typically subjected to relatively low electrical stresses. Evenin
large generators, the rotor voltage does not exceed 600 V [11]. Due to this, the harmful effects studied
in this work do not take place in the rotor, which mainly suffers a mechanical stress through vibrations
and centrifugal forces [11] and falls outside the scope of this thesis.

The focus of this section is the general configuration of the slots inside the stator. For this description itis
fundamental to understand the two different wiring configurations. IEC standard defines two categories
of machines based on winding insulation systems [6, 12, 13, 14]:

» Type I: machines with a DC bus voltage < 700 V are considered to be low-voltage machines [12,
14]. These machines often utilize random-wound windings; constituted by round, insulated con-
ductors continuously wound through the slots. Each turn in a slot could, potentially, be randomly
placed next to any other turn, regardless of their voltage difference [11].

» Type II: machines with DC voltages > 700 V are medium to high voltage machines. These use a
more sophisticated system of form-wound windings and insulation. In this case, the turns of the
copper conductor are placed in an organized manner, usually on top of each other. This ensures
that voltage difference will be minimized between neighboring turns [11].

Considering the voltages present in the motor, the use of a form-wound stator is advisable, as it is also
recommended in [11] for voltages above > 1 V.

The slot of a form-wound stator is generally a rectangular (or similarly shaped) chamber, carved along
the whole length of the inside of the stator. The top of the chamber is open to allow the encasing of the
wiring and insulation systems, and is later closed off using a non-conductive and non-magnetic wedge
to prevent the loosen of its contents, which might lead to abrasion of the materials. The stator core is
usually made of iron or magnetic steel to concentrate the magnetic field, and is connected to ground
[11, 15], thus the inside walls of the stator are also known as groundwalls.
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The copper conductor, usually with a flattened rectangular shape and bent into a diamond-like coil [14]
(see Figure 2.1a), with each subsequent turn next to or on top of one another. Of course, a single slot
does not contain the whole coil, but only half of it. Therefore, there is an area outside of the slot where
the coil emerges to enter another slot: this is know as the overhang area [15], which is observable in
the motor in Figure 2.1b, built by Schulz Electric [16]. Prior to the insertion inside the slots, the coils are
insulated and preformed into the desired shape. In order to prevent losses to the Skin Effect (discussed
in Subsection 4.1.3), the copper conductor if often divided into several smaller conductors -or strands-
separated by a thin insulating resin called strand insulation.

Inci('lent wave |
input

To next Coil —» \
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Stress Grading 4—'

— Overhang ¢———
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(b) Motor stator build by Schulz Group [16]. The overhang
(a) Schematic of a form-wound coil [17]. area clearly visible.

Figure 2.1: Depiction of a form-wound stator coil (left) and a real-life demonstration (right).

The insulation system consists of three main components [6]. First, the strand insulation is an enamel
or resin that coats all the copper strands within a single wire. Due to the low voltage difference between
them, this coating can be particularly thin without implying any risk. Secondly, the turn insulation is a
coating covering the whole cable itself, which galvanically separates each coil turn from each other,
preventing a short-circuit between them that could overheat the system and cause damage to the
machine [11], [18]. The strand insulation and the turn insulation are sometimes combined using the
same material, although in such cases an extra enamel sleeve is applied to improve it. Lastly, the
groundwall insulation prevents shorts between the medium voltage wiring and the grounded slot walls
of the stator. This is typically the thickest element, and is made of derivatives of mica (mica tape or
a mixture of mica flakes in epoxy resin) which is a great dielectric material and resistant to corona
discharges [11, 18]. The whole slot configuration with its components is depicted in Figure 2.2.

«—— Stator core
Copper

Turn insulation

Strand insulation

S IS D= < IS

'1&

Groundwall insulation

%,

Figure 2.2: General slot configuration of a form-wound stator [6].
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2.2. Partial Discharges

According to IEEE Dictionary (IEEE Standard 100-1996 [19]), the term Partial Discharge (PD) refers
to a category of electric discharges that do not completely bridge the gap between two conductors,
involving instead only a portion of the dielectric material insulating them [20]. This section explains the
reason for their appearance in the slot insulation and the problems they entail.

2.2.1. Air Pockets in Insulation

The state-the-art materials used in electric machine insulation systems have proven time and time again
to be exceptionally effective. Enamels and resins such as epoxy resin are popular for strand and turn
insulation for their great mechanical and thermal properties, while mica flake tapes are typically used
in higher voltage machine, and specially in groundwall insulation due to their high dielectric strength,
thermal endurance and resistance to corona discharges [15, 18]. Even high voltage stator windings,
with a design electric stress of up to 3 kV/mm RMS during operation, are sufficiently insulated using
mica tape. In fact, those stresses are about 100 times lower than the capabilities of modern mica-based
insulation agents [11], partly justifying their undisputed dominance over other systems.

However, during the process of manufacture, the insulation system is prone to develop defects such
as micro-cavities or small air bubbles, usually due to faulty adhesion between the tapes or simply
imperfection in the material [6, 11]. Since the breakdown voltage of air is many times lower than that
of the typical solid insulators (~ 9 kV/mm at 100kPa) [11], partial discharges are bound to take place
inside these air bubbles (see Subsection 2.2.2), causing sparks that can damage the insulator and
grow the air pocket in size overtime. This will eventually lead to a total failure of the insulation system
[6, 11, 18]. Moreover, according to Paschen’s Law the breakdown voltage of air can decrease further
depending on the atmospheric pressure (see Subsection 2.2.3) [21, 22, 23].

Many techniques have been developed to minimize or prevent air pockets from forming: slot pressing
is done to squeeze the air out of the cavities [18]; Vacuum Pressure Impregnation (VPI) is often used
as an effort to fill the pockets with epoxy resin; and a semiconductive, low-resistance silicon carbide
coating is sometimes applied to the slot walls in order to dilute the electric stress on the groundwall
insulation [11]. Nonetheless, none of these techniques have proven to eliminate the appearance of
PDs, and therefore this thesis studies alternatives to reduce the electric stress applied to the system.

2.2.2. Partial Discharges in Air Pockets

Under standard conditions of pressure and temperature, and relatively low electric fields, gases such
as air are reasonably good insulators. On the contrary, when exposed to higher electric fields some
molecules can gain sufficient kinetic energy to ionize upon impact with other particles. Thought pro-
cesses beyond the scope of this work (explained in High Voltage Engineering Fundamentals [23]), this
cascades into a macroscopic ionization of air in a small region inside the cavity, causing a spark known
as partial discharge. In simple terms, PDs are bound to occur whenever the electric field in the region
exceeds the breakdown electric field £ > Ey cardown- AS previously discussed, the breakdown field
of most gases is significantly lower than that of the insulator (~ 3 kV/mm at 100 kPa in H, gas, and
> 300 kV/mm for usual insulating materials [11]).

To further understand the cause of these PDs, consider the cross-section of an insulated stator slot as
shown in Figure 2.3. Considering the galvanic isolation between the conductors and stator and their
voltage difference, there is a capacitive relation between the two. As such, an electric equivalent circuit
can be drawn in Figure 2.4, where the total voltage difference can be separated into voltage drops for
across both capacitors C,;,- and C;,,, representing the cavity and the groundwall insulator respectively.

Hence, the voltage drop across the capacitor corresponding to the air bubble C,;,. can be easily found
through circuit theory and is described by Eq. 2.1.
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Figure 2.3: Cross-section of a form-wound stator slot with an air cavity in the groundwall insulation. Based on a drawing by
Greg C. Stone [11].
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Figure 2.4: Equivalent circuit of the slot cross-section, showcasing the stresses in the air bubble and the insulator.
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By considering, for instance, that the air pocket size is 5% of the total insulation system, the capaci-
tances C;,s and C,;, can be calculated to a first approximation as a parallel plate capacitor:

EoA

Cair = 0.05 d (22)
e A
Cins = 0.95d (2-3)

Assuming the insulation is based on a mica tape with relative permittivity around ¢, = 6, the voltage
drop through the air bubble is calculated with Eq. 2.1:

Vair ~ 0.24 V;fotal < %T'eak (24)

Unfortunately, at such sizes it is not accurate to calculate the breakdown voltage linearly. Instead, the
correct value can be found using the Paschen’s curve, which is far more adequate at such distances.
An example is showcased in Subsection 2.2.3.

%'f‘eak = / Ebreak (I'E 7é Eb'r‘eak x (25)
pocket
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2.2.3. Paschen's Law

It has been experimentally established since 1889 by Friedrich Paschen that the electric breakdown
voltage of a gas is strongly influenced by its pressure and humidity [11, 23, 24, 25]. This dependence is
not linear and can pose a serious concern for the design of an electrical machine used in aviation. Due
to the great heights in which they operate, the pressure descent can modify the breakdown voltage
according to Paschen’s Law [24]:

Bpd

In(pd)+k (2.6)

W)reak =

Where £k is:

A
k=ln <M> 2.7)

Where p is the gas pressure and d is the distance between electrodes in an air filled capacitor. The
parameters A, B and ~ are constants dependent on the characteristics of the gas. In this context,
the breakdown voltage depends on the pressure of the gas that fills the air pocket, and the size of
said pocket. Figure 2.5 displays the relation between breakdown voltage and the product of pressure
and distance pd, known as Paschen’s curve. It is interesting to notice that the graph presents a clear
minimum at a value close to 800 Pa m

1,000,000 3
1 —Air
] -Nitrogen
—SF6
100,000 :
S I
o
& 10,000 1
E §
c
S 4
[e] B
g
S 1,000 3
@ ]
0.001 0.01 0.1 1 10 100 1000

Pressure-distance product (atm-mm)

Figure 2.5: Paschen curves for some gases. [26]

At the typical altitudes of commercial air travel (assume around 10000 m), the air pressure is close to
0.2 atm. In this example let’'s consider an insulation thickness of d = 1 mm, very common among cable
manufacturers. By computing the same case assumed in Subsection 2.2.2, with an air bubble of 5%
the thickness of the insulation, the breakdown voltage can be inferred from the graph in Figure 2.2.3 to
be around Vj,...x = 350 V. Therefore, by virtue of Eq. 2.4, the maximum voltage across the insulation
in these conditions would be:
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V’r‘ea
Viotal < 8.2 4’“ = 14583V (2.8)

While this law goes beyond the scope of this project, it is encouraged to investigate further into the
theory behind it and find appropriate parameters for air to use in Eq. 2.6, as it is vital for the design of
a durable stator slot insulation. Note that the calculations from Eq. 2.2, Eq. 2.3 and Eq. 2.8 are made
with many assumptions based on the typical thickness of plastic insulation of cable manufacturers.



Reflected Wave Phenomenon (RWP)

This chapter focuses in the investigation of the Reflected Wave Phenomenon RWP. Section 3.1 is a
deep exploration of the literature covering this issue, with the goal of understanding and mitigating its
harmful effects. Secondly, Section 3.2 is an explanation of the methodology used in this project to test
the veracity of previous articles and adapt it to the current system. Lastly, the results are presented and
contrasted with previous studies in Section 3.3to draw conclusion on the best practice for mitigation.

3.1. Literature Review

During the mid 20th century, one of the first few documented occurrences of RWP was observed in a
section of the Southern Region of British Railways cable network. The installation between Croydon
and Three Bridges operated successfully from 1932 to 1944, when an incidence rise of 33 kV cable
failures prompted S.B.Warder to publish a study [27]. In his research he concluded that these failures
were cause by harmonics generated in the rectifier equipment. For some time, it was generally believed
that this effect would only take place in fairly long cables (> 30 m) [28], and therefore smaller projects
would remain safe from the harmful effects.

Later down the line, as semiconductor technology progressed, it became apparent that smaller ma-
chines were not immune to the overvoltages produced by the inverters. In the late 1980s some authors
like Peter G. McLaren [29] and Erik Persson [30] started relating this effect to the faster rise times of
the semiconductor devices used in electric motor drives. Nowadays, the steep fronts of PWM voltage
surges (dV/dt) are widely known to be partly responsible for the premature failure of low and medium-
high voltage machines [6, 7, 8, 10, 28, 31].

The objective of this literature review is to gain a deep insight in the current understanding of the RWP,
and explore the state-of-the-art technology and technique for the mitigation of this effect or its harmful
consequences. This phenomenon can be approached from two perspectives: the time domain and the
frequency domain. For the sake of simplicity, this work focuses in the time domain study of the RWP.
For a better comprehension of the frequency domain study, this author suggests these resources: [32,
33, 34, 35].

3.1.1. Transmission Line Theory
As aresult of the distributed leakage capacitances and inductances, and the high frequency of the PWM

pulses, the feeder cable between the inverter and the motor terminals behaves as a transmission line
[8, 31, 36, 37]. As such, the RWP should be understood using Transmission Line Theory. A simple
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A}
/
A}
/

Figure 3.1: Pl-section model of a lossless transmission line, Electric Power Principles, Chapter 3, [38].

example of a transmission line model is seen in Figure 3.1, showcasing the intrinsic capacitance and
inductance of a lossless cable as a lumped parameter 'Pl-section’ model.

Therefore, the transmission line behaviour of the feeder cable is described by the Telegrapher Equa-
tions (Egs. 3.1 & 3.2). Ultimately, all parameters and formulas that describe this phenomenon are
derived from solving these differential equations. The following derivation is based on the 3rd chapter
of Electric Power Principles, by James L. Kirtley [38].

ov 01
- Lu (3.1)
o1 ov
- Y (3.2)

These equations describe the voltage and current distributions along the transmission line length =
when subjected to a change in voltage or current in the time domain. L and C are the inductance
(H/m) and capacitance (F'/m) per unit length of the cable. By applying a cross-differentiation to both
equations, the result is as follows:

0%v 0%
a2 =~ Yoo (3.3)
0% o%v
ox2 _Caxat (3.4)

By substituting the original Telegrapher Equation 3.2 into Eq. 3.3, a voltage wave equation is obtained
3.5. Note that a similar process can be applied to Eq. 3.4 for a current wave equation, omitted to avoid
redundancy.

0%v 0%v

By definition, the propagation speed u of the wave is defined as « = 1/v/ LC. Moreover, by virtue of
wave equation it is known that their general solutions have the following form:

v(z,t) = vy (z —ut) + v_(z + ut) (3.6)

i(x,t) =ip(x —ut) +i_(x + ut) (3.7)

Where the terms v, and v_ are particular solutions of the differential equation. In this particular con-
text, v, is a wave or pulse travelling ‘forward’ (from the inverter to the motor terminals), while v_ is a
’backward’ travelling pulse (from motor terminals to inverter).
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Characteristic Impedance

The characteristic impedance of the line is defined through a short derivation starting from differentiating
Eq. 3.7, and then substituting the original Telegrapher Equation 3.1, yielding:

i i
v i
Then by integrating with respect to «x it results in:
v+ = :I:uLii (310)

From Ohm’s Law it is known that the voltage and current are related through the impedance. In addition,
the previous definition of propagation speed in the line is useful to define its characteristic impedance
Z as follows:

L L
L=—=1/==7 K
u Nire c 0 (3.11)

With such definition and the relation established in Eq. 3.10, the general solutions of the Telegrapher
Equations describe the transmission line excitation as:

v(x,t) = vy(x — ut) + v_(z + ut) (3.12)

i(x,t) = Zio(m_(x —ut) —v_(x + ut)) (3.13)

Reflection Coefficient

At the end of the feeder cable the transmission encounters a separate impedance correspondent to the
motor, the load impedance Z;. At this point Ohm’s Law may be applied again to find the ratio between
voltage and current:

Ca S (3.14)
R

Considering the previous expression of the line current in Eq. 3.13, the following substitution can be
made:

vy t+vo 2L

= — 3.15
vy —v-  Zy ( )

Finally, by reorganizing the terms it is trivial to find the relationship between the incoming forward wave
vy and the backward wave v_:

Zr — Zo

e (3.16)

v

Hence defining the Reflection Coefficient 'y, (Eq. 3.17). This parameter describes a reflection at the
motor terminals, when the incoming v, experiences a mismatch in impedance of its medium of travel.
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Upon reflection, the backwards travelling pulse v_ is emitted from the terminals, resulting in wave
interference with the forwards pulse v, giving the final value of v(z,t) = vy (xp,t) + v_(zL,1).

Zr — Zo

I'py=——
YT Zu+ 2

(3.17)

In light of the aforementioned coefficient, it is interesting to consider the various particular cases that
can arise from the different possible mismatches in this system:

+ Load impedance equal to characteristicimpedance (7. = Z;). There is no reflection since I" = 0.

* Openline (Z; — o). The reflection is of the same sign as the incoming pulse, and has the same
magnitude since I' = 1.

» Shorted line (Z;, = 0). The reflection has the same magnitude but opposite sign given " = —1

Note that in the case on an 'Open line’, the resulting terminal voltage will be approximately double that
of the DC bus voltage according to v(z,,t) = 2 vy (a1, t). Itis also relevant to mention that this analysis
is done assuming an ideal lossless transmission line.

3.1.2. Bewley Diagram

As mentioned before, the voltage reflections occur at regions with an impedance mismatch. Therefore,
there will be none throughout the whole span of the feeder cable given its relatively constant parameters
along its length. There are two impedance mismatches, however, at both ends of the line: at the inverter
and at the motor terminals.

In general, the inductive nature of electric machines makes the load impedance much greater than
the characteristic impedance of the cable, usually 10 to 100 times higher [36], resulting in a reflection
coefficient close to one I';, ~ 0.9 in smaller machines [39]. In this scenario, the magnitude of the
reflected backwards pulse will be close to that of the incoming forwards pulse, creating the overvoltage
and almost doubling the DC bus voltage. As a rule of thumb, the reflection coefficient and, thus, the
overvoltage magnitude decrease with power rating according to [8, 28].

On the other hand, at the inverter side the DC bus capacitance will behave as a short circuit where
Zs = 0[39]. In this case, following Eq. 3.17 the reflection coefficient at the source will be negative
I'y = —1. This results in an almost perfect reflection with and opposite sign, sending an inverted
forward pulse back to the motor. As a consequence the wave interference at the inverter is destructive,
leaving the source voltage at the constant DC voltage V.. In order to properly follow the subsequent
interferences between the forward and backward pulses, the literature suggests the use of a Bewley
lattice diagram (see Figure 3.2).

In Subsection 3.1.1 the propagation speed w of the transmission line was defined. The propagation
time t, is subsequently defined as the time the pulse takes to travel from one end of the line to the
other, and given the finite propagation speed u and cable length [, it is non-zero. In the diagram, the
voltages V;; and V; refer to the same pulse V™, at the load side and source side respectively.

tp =

L (3.18)
u

First, the inverter sends a pulse with a certain voltage step 0 — V;. and a certain rise time ¢,.. During
the first propagation period 0 — ¢, nothing happens at the motor side, as the pulse has still not reached
the line termination. Once the wave hits the terminal at ¢, (point 1 in Figure 3.2), the first backward
reflection V;~ occurs, interfering with the initial pulse and increasing the voltage to (1 + I'.)Vy. in a
time-frame of ¢,.. After that, the reflected ;™ travels back to the inverter and gets reflected again after
another period t,, — 2t, creating the second forward pulse V,". Notice that at the inverter V,; + V.5 = 0,
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Figure 3.2: Bewley lattice diagram (up) and the corresponding source and load voltages (down). Based on Phd thesis from
Wenzhi Zhou, University of Bristol [8].

since I'y = —1, thus the voltage remains constant at V;;.. This second forward pulse travel back to the
motor 2¢, — 3t,, and hits it at point 2, two propagation times later than point 1. The negative sign of Vy
causes the resulting overvoltage wave to go down to (1+1'sI'2)V,. [31, 32]. This process repeats again
after two propagation periods 3¢, — 5t,, completing the whole resonance period [8] of the overvoltage
wave, with an oscillation frequency of:

1
frwp - E

(3.19)

3.1.3. Rise Time and Critical Length

As previously stated, in the late 1980s author such as Peter G. McLaren [29] and Erik Persson [30]
established a connection between the overvoltage caused by the RWP, the rise time of the switching
devices in the motor drives, and the length of the feeder cable connecting the inverter to the motor. In
essence, the relationship involves the rise time ¢, of the inverter switches and the pulse propagation
time t, of the cable, from Eq. 3.18. For a fixed length [, thus fixed propagation time ¢,, slower rise
times ¢, result in smaller overvoltages, since the pulse does not have time to grow to its maximum
value before the next reflection dampens it. On the other hand, faster ¢, allow the pulse to reach its
maximum. The same analysis is also valid by fixing t,., longer cables are prone to higher overvoltages
while shorter ones allow the dampening by following reflections.

The maximum value of the overvoltage spike is limited by the Transmission Line Theory at (T'z, + 1)Vj,.
Therefore, considering a fixed rise time t.., the critical length . is defined as the minimum cable length
that permits the maximum voltage growth [6, 32, 39, 40].
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Annette von Jouanne [36] proposed a quick analysis where the negative reflection V" (see Figure 3.2)
hits the motor terminals after 3 travels through the transmission line, at 3¢,, so the rise time must be
faster than that to achieve the maximum peak value. The suggested formula, cited by some other
authors [32, 36, 37, 40], defines the peak voltage for faster and slower values:

Vae + Ve if t,, < 3t
Vpeak = { " ’ (3.20)

3l Vg H
# +Vde if t, > Stp

Notice that the threshold in between maximum overvoltage and lower values is fixed by comparison
between ¢, and t,. The critical length is hence defined by:

lc:uiT: tr

3 3VvL

However, it is fundamental to remember that during the first propagation time 0 — ¢,, the motor terminal
is still not involved in the phenomenon, since the pulse is yet to reach it. After ¢, the first reflection only
takes two more propagation times to go to the inverter, change its sign and come back to the motor.
Consequently, other authors like Robert W. Maier [41] suggest Eq. 3.22 instead:

(3.21)

Ve + T1Vie  ift, <2t
prk={ o ! (3.22)

20 Vy I’ H
# +Vde if t, > 2tp

Where the critical length would be that which makes the rise time equal these two propagation times
[6, 41]:

ut, ty
I, = 5 = 5/iE (3.23)
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Figure 3.3: Dependence of overvoltage peak value over cable length, for various inverter rise times. Based on a study by
Jeremy C. G. Wheeler [6, 42].

While the latter analysis is more aligned with the terminal voltage explored in the Bewley lattice diagram,
both formulas claim that for shorter cable lengths the peak voltage shows a linear decrease with length.
Therefore, the optimal situation would present either an infinitely short feeder cable, or alternatively an
infinitely long rise time. However, some authors conducted a study of this threshold through simulation
and/or experimentation [6, 8, 32, 42] which disprove the formulas presented by von Jouanne and Maier
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in Figure 3.3. In these studies, the peak overvoltage shows a much faster linear descent on decreasing
cable lengths, followed by several spikes of lower magnitude.

Considering the lack of consensus between these articles, this section focuses on recreating the study
by building a model in MATLAB Simulink and analysing the results with the aid of the Bewley lattice
diagram.

3.2. Model & Methodology

In order to test the hypothesis established by the literature in Eq. 3.20 and 3.22, a Simulink model is
built following the simple schematic presented in [10]. The model consists of a step voltage source with
controllable rise time t,., a distributed parameter transmission line with per unit impedance, resistance
and leakage capacitance, and a simplified load representing the motor (see Figure 3.4). For the sake
of simplicity and comprehension of this phenomenon, the motor impedance Z;, is considered purely
resistive. Although this consideration is far from reality, it will have a small effect in the rise time-cable
length analysis in light of Eq. 3.17.

| ! b

- Pulse Motor
Voltage Simplified
> Signal

Terminal Voltage

Source Voltage

h 4 y
( 1 ) Source v 2 Terminal

)

Figure 3.4: Simscape Simulink model of the 1-phase feeder cable and motor.

After source and load are connected through the transmission line, the circuit is closed and grounded
as an electric reference to measure voltages. Both components are the end points of the cable have
their voltage waveform measured and plotted into a scope, as well as sent through output blocks to a
MATLAB script for post processing. The parameters of each component, shown in Table 3.4, are rough
estimates based on literature [6, 28, 36, 37, 40] and are meant to amplify the effect of RWP as much
as possible to discern any nuances of the circuit response.

The formula proposed by von Jouanne [36] in Eq. 3.20 was admittedly representing a peak line-to-line
voltage in a 3-phase machine. As a precautionary measure, a more complex 3-phase model is also



3.2. Model & Methodology 15

Magnitude Value Units
Cable Resistance 1 mf)/m
Cable Inductance 1 pH/m
Cable Capacitance 500 pF/m
Cable 7, ~ 44.72 Q
Motor Impedance 7|, 3000 Q
Reflection Coefficient ~ 0.97 -
Source Voltage step V., 200 A%

Table 3.1: Electrical parameters of the 1-phase model from Figure 3.4

built to ensure the results will not differ when considering a real-life motor (Figure 3.5). Considering the
switching pattern of a 3-phase H-Bridge converter [43, 44] the instantaneous L-L voltage at the moment
of a single switch transition can either be 0 or V.. As such, the simulation includes 3 transmission
lines with 3 loads fed by 3 pulse source blocks, which pattern consists of 2 phases at constant voltage
Vi, = V4. and V., = 0, while one of them switches V,, = 0 — V.. This time, the motor is Y-connected
with a floating neutral point. The expected result is roughly the same as the single phased model, but
the possibility of interactions between phases through the neutral point is not discarded, which could
explain the discrepancies in the literature.

Trooina 12 [:]

Line-to-fine 23

Line-to-line 13
Scope LL

%

Motor 1

1 )LL12

LL12

»{ JLL23

Motor 2 LLzs

Line V23 L&] LG us

LL13
—@ @

Line V12 t‘ﬂi Ljne V13 @

I @ - 9

Figure 3.5: Simscape Simulink model of the 3-phase feeder cable and motor.

A short MATLAB script is used to define all parameters described in Table 3.1. Upon execution, the
script saves all variables into a shared Workspace with Simulink, which in turn has all variables mapped
to the appropriate components. Afterwards, it calls the execution of the Simulink file which runs the
simulation, shows the resulting voltages on a scope and also saves them in the same Workspace. This
will show the oscillating overvoltage produced in the motor terminal.

Furthermore, the MATLAB code runs a loop that progressively changes the input cable length [ of the
distributed transmission lines, while holding the rise time ¢, constant. This process is repeated for
several t,. to check the dependence of peak voltage values on the cable length and rise time. This will
corroborate or disprove the literature results in Eq. 3.20, 3.22 and Figure 3.3.
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3.3. Results

In the first instance, the 1-phase model shown in Figure 3.4 is run at a voltage step of ;. = 200 V,
with a cable length of 4 m and a rise time of 100 ns. Through simple calculation based on Table 3.1, the
propagation time of the transmission line is found in Eq. 3.24:

t, = % = [V LC = 89.44 ns (3.24)

Figure 3.6 illustrates the source and terminal voltages at both end of the line. This ¢, = 89.44 ns can
be seen as a delay between the source voltage step and the initial increase in terminal voltage

200 /_\ /—\ /_\ /—\
150 [~ =
100 |-
50 -
1 1 | 1 | 1 1
02 0.4 06 08 1 12 14 16 18

Time [s] <10°

350 [~

Source Voltage
Terminal Voltage

Voltage [V]

Figure 3.6: Source and terminal voltages measured using the 1-phase transmission line model in Figure 3.4.

First, the loop over the cable lengths is ran on both the 1-phase and the 3-phase transmission line
models. The results are then compared to discard or confirm any possible differences between the
two arrangements that could explain the discrepancy in literature. Figure 3.7 shows the peak terminal
voltages measured for a range of cable lengths, using three different rise times of 75 ns, 100 ns and
150 ns on the 1-phase model. A regression is also run to more accurately examine the linear tendency
of the peak voltage at lengths below the critical length. A similar process is done using the 3-phase
model in Figure 3.8 for a 100 ns rise time.

Comparing both models, the 3-phase system presents a relevant amount of noise, likely caused by in-
teractions between phases through the neutral point. However, the linear regression is and the critical
length exceptionally similar to the previous case (at ¢, = 100 ns) and the general behaviour is compa-
rable. For these reasons, and for more simplicity, from now on only the 1-phase model is studied.

3.3.1. Critical Length and Cable Length Dependence

At this stage it can be noticed already that the regression equations do not resemble Eq. 3.20 nor Eq.
3.22. Instead, they show a bigger slope and a different y-intercept, reaching a minimum peak voltage
at a finite length instead of a zero length claimed by literature. Moreover, the critical length can be
found, according to von Jouanne [36, 37], following Eq. 3.21. As an example let us examine the 100ns
case:

Lt 100 x 109
" 3VIC = 3V10°6 x 500 x 1012

m=149m (3.25)
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Figure 3.7: Peak voltage over different cable lengths using the 1-phase model, with various rise times. The equation of the
linear region is shown.
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Figure 3.8: Peak voltage over different cable lengths using the 3-phase model, at a rise time of 100ns. The equation of the
linear region is shown.

This can be discarded by checking Figure 3.7, which shows the real value for critical length to be
compliant with Eq. 3.23:

Lot 100 x 10~
© 2/IC = 2V10°6 x 500 x 1012

m=2.24m (3.26)

This discrepancy is explained by the fact that during the first ¢, the motor terminals have not yet received
the voltage transient. By observing the Bewley diagram, the point drawn is that the reflections actually
take 2¢, to make the round trip instead of 3t,, disproving Eq. 3.21.

Regarding cable lengths longer than [., Eqs. 3.20 and 3.22 hold true when describing the maximum
voltage value, according to what has been studied in Section 3.1.1 through Transmission Line Theory.
For shorter cables, nonetheless, both formulas fail to predict the points of minimum overvoltage, as
well as the several smaller patters registered at smaller lengths.

In order to explain this discrepancy, a more in-depth analysis of the peak-voltage dependence on length
is done. In particular, in Figure 3.9 it is noticed that the first minimum (closest to [..) is found exactly at
half the critical length. This point, hereby defined as optimal length [,,;, is found using:
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To fully understand this situation, the 1-phase model is run with particular parameters (¢, = 250 ns
and [ = 3 m) to obtain a relatively small overvoltage. This is shown in Figure 3.10 where relevant
timestamps are marked as 1, 2, 3and a, b, ¢. Points 1, 2, and 3 are actually the same as the ones in
the Bewley diagram in Figure 3.2. The timestamps in the graph are as follows:

250 T T T T T T T T T

200 -

150 [~

Source Voltage

100 |- Terminal Voltage b

50

0.6 0.7 0.8 0.9 1
<10

Figure 3.10: Source and terminal voltages measured using the 1-phase model at 250 ns and 3 m.
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+ 1) The first ¢, has passed and the source pulse V;. reaches the terminal. Simultaneously, the
first reflection V™ interferes with V., raising the voltage.

*+ 2) After 2t, since point 1, the first reflection V,~ traveled to the inverter and back to the motor
with an opposite sign as V,". With such relatively long ¢,, at this instant both V;~ and V," are
increasing and decreasing at similar rates, cancelling each other’s growth. Note that a second
terminal reflection occurs V.

— a) At this point, a full ¢, has passed since point 7, meaning that V;~ growth has stopped,
hence V," dominates and the voltage decreases.

- 3) After another 2t, after point 2, V;- makes another round trip inverting its sign to positive as V',
completing a full cycle of the RWP.

— b), c) lllustrate the repeating process that occurs in a.

Therefore, with relatively long rise times and short cable lengths, the reflections have time to travel
back an forth, cancelling each other. In particular, if points a) and 3) were to happen at the same
time, the growth halt of a positive pulse is matched with the reach of the next positive pulse, while the
same happens for negative pulses. Hence, the optimal length [,,,; = ¢, /2u causes a constant state of
destructive interference, effectively nullifying the RWP.

This analysis can also be applied to different rise times when the feeder cable length is fixed. Ultimately,
the recommendation drawn from this chapter is to design a feeding system for the motor that complies
with Eq. 3.27, effectively reducing the overvoltage from RWP to zero.

3.4. Alternative Mitigation Techniques

This section briefly introduces two more possibilities suggested in literature. Although these techniques
fall outside the scope of this thesis, it is encouraged to explore the references and consider them in case
of any design constraint that would impede the application of the optimal length previously mentioned.

3.4.1. Voltage Switching Polarity
Voltage Switching Polarity is studied by D’Amato et al. in their article on the Impact of PWM Voltage

Waveforms in High-Speed Drives [6]. The main idea is to use unipolar switching as opposed to the
more intuitive bipolar switching.

Bipolar PWM Unipolar PWM

; NV WA V4" A N s

Ve Vo, e \,/ =~
o s I, = 1f,
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A ' v,
0 > h 0] «——re> !
vy D;T D,T, (1-DT,
> 5 o
(1-Dy)T -

Same V, for the same v,

Figure 3.11: Basic explanation of the functioning of bipolar and unipolar pulse switching. Image taken from Electronic Power
Conversion course ET4119 / SET3095, from TU Delft. [45]
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Although this will in no way lessen the effects of RWP, unipolar switching generates pulses going from
0 to V4., thus having a voltage transient half as big as the one generated with bipolar switching (from
—Vdc to Vg, [46]. According to the study conducted by D’Amato, this choice significantly reduces the
probability of PDs within the insulation, showing a higher voltage threshold. Figure 3.12 encapsulates
the difference in lifetimes with these two techniques.

4
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Figure 3.12: Study on the lifetime of insulation subjected to unipolar and bipolar switching.

On the contrary, it is relevant to consider their application in an AC machine. Bipolar switching is
much simpler and robust to control a 3-phase motor drive. Unipolar switching produces positive (or
negative) pulses and introduces the concern of a much more convoluted control [46]. The need for
such complicated technique is not explored in this work, thus more investigation from the reader is
encouraged to decide the viability of unipolar voltage switching.

3.4.2. RLC Filters

Besides the appropriate design of inverter rise times, Robert W. Maier and Mark-M Bakran propose the
use of RLC filters to reduce the overvoltage caused by reflection in the feeder cable [41]. Two possible
options are presented, an RLC du/dt filter at the inverter side, before the transmission line (see Figure
3.13a); and an RC filter at the terminal side, after the transmission line (Figure 3.13b). Their article also
shows a comparison between their performance.

L R I
2o
- C
(a) du/dt filter (b) RC filter

Figure 3.13: Two filter options for the transmission line, proposed by Robert W. Maier. [41]

All in all, the use of a filter in the application of aviation is, nonetheless, discouraged in this thesis.
This is due to the extra weight that the filters will introduce to the system [42], which should instead be
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minimized. Only if other mitigation techniques are not viable or fail to significantly reduce overvoltages,
this option should be considered.

For the sake of completeness, however, a short paragraph is dedicated to the possible benefits of this
method. The model displayed in Figure 3.4 is slightly modified to include the filters as (Figures B.1 &
B.2) at the corresponding ends of the transmission line as shown in Figure 3.14. The RLC dv/dt filter
is included at the inverter side, whereas the RC filter is at the motor terminal side.

Conn1 -Conn2 Conn1 1 Conn2

- [ Pul
Voltoge  Inverter dvidt fiter RLC Terminal RC filter Motor
9 Simplified
= Signal

!

—
‘M}—.

Terminal Voltage

Source Voltage
Source Terminal

Figure 3.14: Transmission Line model with corresponding voltage filters.

Both filters are tested independently, and their outputs are shown in Figures 3.15 and 3.16. At this
stage, the literature for the usage of voltage filters has not been reviewed in depth. Due to this, the
parameters of the lumped elements of the filters are directly based on the filters proposed by Annette
von Jouanne in [37], and listed in Table B.1. When compared to the original overvoltage result shown
in Figure 3.6, the effect of the usage of these filters is negligible.
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Figure 3.15: RWP voltage response when using only the RLC filter at the inverter side.
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Figure 3.16: RWP voltage response when using only the RC filter at the terminal side.

Itis relevant to note that von Jouanne reported much more optimistic results, likely due to a more proper
filter design, well adjusted to the system characteristics. In order to realized similar results, the reader
is encouraged to investigate more about voltage filter design.

3.5. Conclusion

Athorough literature review analyzed the theory presented by previous authors. First, the Transmission
Line Theory was deeply studied in Subsection 3.1.1 in the context of this project. The basis of this theory
was used to develop an appropriate model that could simulate the effects of the RWP, with the goal of
achieving a basic understanding of the phenomenon and realizing a formula to mitigate its undesirable
consequences.

During this literature review a critical discrepancy was found in the peak voltage resulting from the
RWP (subsection 3.1.3). A necessary verification was carried out using Simulink to confirm or deny
the validity of these formulas. To do that, a model was designed to exacerbate the effect, by adjusting
its parameters to a hypothetical machine based on previous experiments and articles by authors such
as [6, 10, 28, 40]. A series of rigorous simulations were done to expose the real response of the system
given different rise times and cable lengths, yielding results that align with expectations from previous
works like [6, 8, 32, 42].

A combination of these results and a deep understanding of the Transmission Line Theory analysis
were used to develop a relationship between ¢,. and [. This relationship is backed up by simulation and
aligns with the explanation given by D’Amato et al. [6]. It also disproves the formulas given [36, 37, 40,
41]. A careful investigation of the references of these papers revealed that their formulas were drawn
from a common reference [36], which assumes a linear descent of the overvoltage value with rise time.
This assumption has been, however, proved wrong.



Non-uniform Voltage Distribution

This chapter covers the overall behavior of the voltage waves inside the motor windings, and the mod-
elling of the non-uniform voltage distribution that results. To do so, there is a short literature review
in Section 4.1 that explores the theory behind the system and different modelling techniques to accu-
rately represent it, as well as an experimental comparison of these techniques. Then, the methodology
chosen for this thesis is portrayed and explained in Section 4.2, and the various results and casuistics
found are presented in Section 4.3

4.1. Literature Review

Through a similar process of voltage wave propagation [47], many authors in the past have noticed
another undesirable process occurs inside the stator. When applying a fast voltage transient dv/dt to
the stator windings, by means of a reasonably fast PWM inverter system, the voltage is not equally
distributed through the coil turns. Instead, the first couple of turns are subjected to a much bigger
voltage drop, concentrating the voltage stress around that area of the slot [9, 48, 49, 50, 51, 52].

As opposed to the circuit simplicity of the RWP models studied in Chapter 3, the models that study
the stator windings present many more variables and complications. The relative distance between
each turn, and between them and the grounded stator, give rise to many parasitic effects such as
capacitances and resistances [48]. Figure 4.1 shows the interactions that appear in such construction,
including:

« Stray capacitive coupling to ground;

+ Stray capacitive coupling between turns;

* Resistive interactions to ground;

+ Resistive interaction between turns;

« Series resistance along the coil;

+ Self and mutual inductances between turns.

Most authors, however, consider the turn and groundwall insulation to be ideal in these studies, thus
ignoring the turn-to-ground resistance and turn-to-turn resistance [9, 53, 54]. In such a construction,
the appropriate coil schematic is shown in Figure 4.2 with a simplified two turn design.

This setup if often applied to windings with a higher number of turns, making a complex network of RLC
parameters (see Subsection 4.1.2). With such a model in mind, many authors noticed a decrease in
the voltage uniformity along the turns as the rise time of the excitation voltage pulses decreases [49,
50, 51]. The higher frequency associated with these faster voltage transients dv/dt exacerbates the

23
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Figure 4.1: Coil schematic and circuit parameters from R.G. Rhudy et al. [48]

parasitic capacitances, and it is suggested that this capacitive coupling with ground C, is responsible
for the nonuniform voltage distribution [54], due to voltage leaks towards the core.

Some studies have focused on experimentation to clearly observe this phenomena [9], [48], [50], [51].
The experimental setups often consist of voltage measurements at different points along the coil, by
connecting terminals in between the turns and measuring with respect to ground. Then the voltage
drop in each turn is computed by appropriate subtractions, as registered in Figure 4.3 [50]. The results
show a clear voltage spike in the first turn, followed by a maximum in the second turn, third turn, etc.
with different magnitudes and a clear time separation, explained by the finite propagation speed of the
spike through the heavily inductive and capacitive wire. The increased resistance at higher frequencies
(due to skin effect, see Subsection 4.1.3) quickly dampens the oscillations until the voltage distribution
evens out. Thus, the higher risk of PDs is at the first instants following the voltage transient.
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(a) Coil to ground voltage distribution. (b) Coil to coil voltage distribution.

Figure 4.3: Experimental voltage distribution from Krings et al. article [50]. The figure b) includes experimental data (solid line)
and simulated data (dashed line) from their study.
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Figure 4.2: Simplified schematic of the equivalent circuit of a 2 turn coil.

There are many attempts in literature to replicate these results via simulation, with several different
techniques and approaches. However, two main categories are recognized during the literature review:

* Multi-conductor Transmission Line Theory (MTL)
» Lumped/Distributed Parameter Equivalent Circuit

4.1.1. Multi-conductor Transmission Line Theory (MLT)

The multi-conductor transmission line theory is a generalization of the transmission line theory explored
in Chapter 3. In this particular case the line consists of a bundle of separate conductors which represent
each turn of the stator winding, divided in sections and appropriately connected at the ends.

N~
Ny Wy S

source

] —

Figure 4.4: Representation of one coil with 2 turns, with 6 distinct sections.

In 1984, P.G. McLaren and H. Oraee [29] published a paper with a very clear explanation of this formal-
ism. Considering the geometry and placement of a typical coil used in AC machines stators, seen in
Figure 2.1a, two clear regions can be decided: the slot area and the overhang area. The wire presents
different characteristics when wounded through each of these two regions, hence the separation show-
cased in Figure 4.4, divided by dotted lines. Areas 2 and 5 are inside the slot surrounded by the core;
while 1, 3, 4 and 6 are in the overhang. This schematic can be unwrapped for a more comprehensive
depiction of all the conductors present in this transmission line (two in Figure 4.5).
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Figure 4.5: Schematic of the coil sections with an unwrapped coil.

As opposed to the single pair of equations used in Subsection 3.1.1, the presence of multiple sections
within the problem means each one has their own voltage and current values, organized in column
vectors. This implies the need for matrix calculus to solve a finite sized set of Telegrapher Equations
[29, 47]. In the frequency domain, the Telegrapher Equations can be written as:

d — _
V=12 4.1)
d — _
I=-[YV 4.2)

Where V and I are variable column vectors, [Z] is the impedance matrix and [Y] is the admittance
matrix, both per-unit length. These are defined as [29]:
[Z] = [R] + jw[L] (4.3)
Y] = [G] + jwl[C] (4.4)

Where [R] and [G] are resistance and conductance matrices per-unit length. By cleverly differentiating
these Telegrapher Equations, similarly to Eq. 3.5, they can be expressed as wave equations such as:

> — —
d? —
EI = [Y][Z]V (4.6)

In order to solve these equations it is mandatory to either measure or simulate all the elements in
the parameter matrices [Z] and [Y], including resistances, capacitances and inductances. Then the
solutions can be found by defining the proper boundary conditions, such as equating the voltages at
the section interfaces, and accounting for the input voltage pulse.

Vi(z =d) = Va(z =0) (4.7)
Vl (l’ = 0) = V;terminal (48)
It is relevant to notice that this system of differential equations is heavily coupled and the solution

process is far from trivial. Several steps in between need to be taken, like adequate variable substitution
to uncouple the system [29].
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4.1.2. Equivalent Circuit

This approach is more popular in literature, and consists on designing an equivalent circuit that can
accurately model the interactions taking place inside the stator wiring. This model can then be simulated
through several dedicated softwares such as MATLAB Simulink, PLECS or LTSpice. Many different
circuits have been proposed with different levels of complexity, but most have the characteristic of
dividing the colil in sections, each one representing one full turn of the coil [9, 48, 53, 54]. The turns
are usually defined as a single inductor L;, often in series with a resistor R;, which interact with each
other through a mutual inductance M;; and a mutual capacitance C;;, where i and j represent each
turn/conductor [9, 54]. Also, the turns are always capacitively connected to ground through a C;,. Some
models can be observed in Figures 4.6, 4.7.
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Figure 4.6: Simple coil model with RLC elements in parallel, and connections to ground. [53]
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Figure 4.7: Coil model with a series-parallel disposition of series R-L with parallel C. This model also accounts for resistive
losses of turn and groundwall insulators, in parallel to the capacitances associated. [9]

These models are simplified versions of the full picture, and offer practicality in exchange for accuracy.
They account for just a first-neighbor interaction (closest conductor/turn to the one under observance)
yet a more rigorous approach considers also the influence of all neighbors over every other [51, 54].
These other models include a mesh of connections between every single turn, which connect them
through mutual inductances and capacitances regardless of their position within the slot. Some models
may even divide each turn into smaller sections (similarly to the previous method) to account for any
changes in the parameters, or to obtain finer results. The appropriate modelling of these circuits require
the calculation of all the elements in the capacitance and inductance matrices, and the appropriate
knowledge of the solving software to implement. Larger models with a high number of turns can become
computationally expensive.

However, theory suggests a shielding effect between conductors due to their layout, which would sig-
nificantly reduce the mutual capacitance between second and subsequent neighbors. This is later
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confirmed in this thesis via simulation in COMSOL Multiphysics (see Subsection 4.2.3). Moreover, in
addition to the reduced mutual impedance between far neighbors, the HF behavior of the circuit weak-
ens the inductive influence in comparison to the strong capacitive and resistive reactions [54]. This
might, to certain extent, mitigate the inaccuracies of the simplified models.

4.1.3. Parameter Calculation

Capacitance Matrix

Some studies proposed a straightforward calculation of capacitances by using a parallel-plate approx-
imation, given the rectangular shape of conductors used in medium voltage, form-wound slots [9, 47].
These approximations often consider a shielding effect, making the capacitive coupling of 2nd or sub-
sequent neighbors negligible. A comprehensive model is shown in Figure 4.8, where all the flat faces
of the conductors have a capacitance with either ground or the closest neighboring conductor.

L L L1 L

Figure 4.8: Capacitances acting within a 4 conductor rectangular slot, based on assumption made in [47].

In this scenario each one of the C values would have to be calculated by the parallel-plate capacitance
formula:

€A

C:d

(4.9)
Where ¢ is the permittivity of the dielectric medium between the conductors, A is the area of the smaller
surface in the coupling and d is the distance between the conductors. This assumptions are, however,
very bold considering the small surface area of the wires in comparison with the distance between them
[11]. This formulation also fails to accurately consider the space around the corners of a rectangular
wire, therefore incorrectly calculating the ground capacitances in such area of the slot.

Instead, the values of capacitance needed for the implementation of the models are often obtained
computationally through FEM softwares, and then stored in matrix form: the capacitance matrix. In
a system with many separate conductors, every single one of them interacts capacitively with all the
others, as well as with the ground [55]. The capacitance matrix relates the voltage of said conductors
with the electric charge that their produce at their surface [56, 57], following Eq.4.10.

Qi =CiVi+ Y Ci;(Vi = V;) (4.10)
J#i

Considering the voltage V; is essentially the voltage difference between the conductor and infinity,
where the voltage is 0, C;g is defined as the partial capacitance between conductor i and the ground
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Figure 4.9: Schematic of 4 isolated conductors and the capacitances between them.

[61], whereas C;; are the capacitances between conductors i and j. In a system with only 4 conduc-
tors, as illustrated in Figure 4.9, the equation to calculate the charge of the first conductor would be
expressed as follows [56]:

Q1 = C1oV1 + Cr2(Vi = V) 4+ C13(Vi = V3) + Cra(Vi — Vi) (4.11)

Which can be rearranged in terms of the four voltages V1, V5, V3, V,, thus obtaining the following ex-
pression:

Q1= (Cio+ Cr2+ C13+ C14)Vi — C12Va — C13Vs — C14Vy (4.12)

From which the first row of the capacitance matrix, which defines the surface charge of conductor 1, is
extracted. Following a similar approach for other rows, the Maxwell capacitance matrix is constructed
as:

Cio+Ci2+C13+Cyy —Ch2 —C13 —Ca
0= —Co Co1 + Cop + Ca3 + Cg —Chas3 —Cy 7
—Cs —Cs Cs1 + C32 + C30 + Cg —Cs4
—Cy —Clyo —Cys Cy1 + Cyo + Cyz3 + Cyo
(4.13)

Where each element outside of the diagonal represents the capacitance between conductors i and j,
while the diagonal elements represent the self-capacitance under the influence of all other conductors.
In order to obtain these values through finite element analysis (FEM), the Maxwell capacitance matrix
is often rewritten through this formalism [10], where the first row is written for clarity as:

Q1= M1Vi +A2Vo + AizVas + AudVy (4.14)

By comparing to Eq. 4.12, the method for extracting the capacitance becomes obvious. To obtain the
mutual capacitances C;;, one conductor must be excited at a non-zero voltage V; = 1V, while all others
must remain at zero V; = 0 [10, 47]. Then by checking the surface charge of conductor j, created by
the proximity to conductor i, their mutual capacitance is found. In this scenario, Eq. 4.14 becomes:

Qj:)\ijXlV-i—Z)\ijO:)\ij:—Cij (415)
i
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On the other hand, since the self-capacitance \;; is the addition of the ground capacitance plus the
mutuals, it can be found by exciting every single conductor at 1 V, while keeping the core grounded.
Then the surface charge in a certain conductor i becomes [58]:

Qi=Xii+ > Aij=(Cio+ Y Cij) = > Cij = Cig (4.16)
A i i

This can be easily achieved through simulation using the Electrostatics (es) module in COMSOL Mul-
tiphysics, where the electric potential can be independently defined for each element. Alternatively,
another method can be used by computing the electrostatic energy stored in the system using a similar
electric configuration [47, 59]:

1
Wi=5> CiuV} (4.17)
i#j

Before carrying out all these calculations, some details need to be accounted for depending on the
model proposed. For instance, in complicated models where the coil is divided in sections (such as
McLaren’s version of MTL [29]), the overhang area is assumed to have no capacitance to ground [10].

Inductance Matrix

Similarly to the capacitances, the inductances can also be stored in matrix form of similar shape. Using
COMSOL Multiphysics, several coils can be defined using the magnetic fields mf module. With it an
independent current can be forced through each one, generating a magnetic field that interacts with
the rest. The total inductance of a coil is defined as:

Li=Li+ Y M, (4.18)
J#i

Following a similar process as before, the self-inductance L;; can be found by forcing a current of 1 A
through one coil, while keeping the rest at zero. Correspondingly, to calculate the mutual inductance
M;; between 4 and j it is necessary to flow 1A through conductor j, while keeping the rest a zero,
including 7. COMSOL Multiphysics includes a function in the post-processing phase of magnetic field
mf that can calculate these inductances by selecting conductor i.

However, the models required to calculate these parameters can prove to be quite complex and com-
putationally heavy, possibly raising convergence error in the software. Another method proposed by
many authors skips this step and claims that the whole calculation can be done with the computation of
the capacitance matrix alone [47, 60, 61]. Considering the propagation speed through the wire, defined
as:

1 1
/7 (4.19)

The inductance and capacitance matrices are related through:

[L] x [C] = e p [1] (4.20)

Where [I] is the identity matrix. The permeability of dielectric used in insulation are typically the same
as free space, 19. Due to this, and since the inductance depends on the permeability of the surrounding
medium [47], it is possible to calculate the matrix [L] by computing the capacitance matrix in free space
as a middle step, substituting the insulation with air. In this situation, the inductance matrix is:
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[L] x [Co] = €opo[I] (4.21)

This method significantly reduced the computation time necessary to obtain all parameters of the sys-
tem. However, it propagates any errors introduced by assumptions or approximations taken when
calculating the capacitance matrix. Morever, considering the propagation speed is not constant over
the course of the coil, the validity of this formula is not fully understood in this thesis, and more investiga-
tion is encouraged. In this work, the inductances will be manually calculated through FEM in COMSOL,
assuming the inconveniences that it raises.

Resistance: Skin Effect and Proximity Effect

Beyond the simplicity of DC resistance, conductors in high-frequency tend to behave differently. It has
been widely observed that current tends to flow closer to the surface of the conductor as frequency
increases, giving rise to what is known as ’skin effect’ [9, 62, 63]. This phenomena generates a smaller
area for current to flow, resulting in a higher overall resistance as understood from its usual definition
of in terms of the material resistivity (Eq. 4.22).

R=p 1 (4.22)
Where p [Qm] is the material electric resistivity, I [m?] is the length of the wire and A[m?] is the area
of the cross section through which the current flows. The skin effect arises because of the magnetic
flux produced by the AC current flowing through a conductor, which in turn generates eddy currents I,
inside of itself. This eddy currents follow the same direction as the AC current close to the surface, but
opposite closer to the center [62], adding and subtracting accordingly as shown in Figure 4.10.

- -

Figure 4.10: Schematic of the eddy currents I,, produce in a wire by the magnetic field H.

As a first approximation it can be assumed that the current flows in a cylindrical shell around the edge
of the wire [63], thus the resistance would be:

pl
mr2 —mw(r — §)>2

Rac = (4.23)

Where ¢ is the ’skin depth’. This parameter is defined as the depth at which the current density of the
conductor has attenuated below 1/e, or approximately 0.37 [64, 65]. The current density of the wire
typically falls exponentially when approaching the center, following Eq. 4.24.

Jo=Jye (4.24)
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Where z is the distance from the edge of the conductor, and the skin depth § is:

5= |2 (4.25)
WHO oy

Where pu.. is the relative permeability of the material (1 for copper [62]). This description is valid for
infinitely wide flat conductors, and lack accuracy for widths similar (or smaller) than the skin depth,
as well as for sufficiently small round conductors. Moreover, the time varying magnetic field induced
not only affects the same wire, but also all other wires in close proximity to it. This is known as the
‘proximity’ effect’ [66].

Given two parallel wires that carry current in the same direction, the magnetic field induced by the AC
current creates eddy currents in each other, pushing the current density to those parts of the conductor
that are the farthest apart [62]. This effect superposes with the skin effect, resulting in non-uniform
current distributions around the wire cross sections, as can be seen in Figure 4.11.
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Figure 4.11: Visualization of current density through 3 conductors at a close distance of 1 mm, with an AC current at 100 kHz.
The superposition of the skin & proximity effects can be appreciated. Simulated through COMSOL.

Due to the complexity of this problem, the dependence on the conductor geometry and placement within
the slots, the analytical calculation of the resistance becomes non-viable. Instead, the computation can
be done through simulation in COMSOL Multiphysics, where the same current is forced through all the
conductors at the corresponding frequency. This software can accordingly calculate the current density
around the cross section in a 2-D simulation.

It can be noted that the three conductors in Figure 4.11 are not solid. That is because in order to
minimize the resistance introduced by the skin effect, often the conductors are separated in smaller
insulated strands, or ’stranded’ [11]. This is cleverly done to reduce the inside cross section through
which the current density cannot flow, and is specially relevant in medium to high voltage machines.
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4.1.4. Method Comparison

Under a rigorous study, it is clear that both methods (MLT and Equivalent Circuit) require essentially
the same input parameters to compute results: resistance/conductance in each section, and the corre-
sponding inductance and capacitance matrices. Therefore the parameters calculation does not play a
role in the method decision.

It has also been shown experimentally in a comparative analysis by B. Oyegoke [63] that both methods
discussed offer fairly similar capabilities and results, making them both perfectly suitable for this thesis
once proper modelling is accomplished. For these reasons, the choice of methodology comes down
to preference and/or practicality.

Whereas the MLT method offers an very clear and concise mathematical expression, as well as a very
fast computing time, the complexity of solving so many coupled second order differential equations
makes this problem non-trivial. On the other hand, albeit computationally expensive under certain
rigor, the design of an accurate Equivalent Circuit is more practical due to the availability of softwares
that can solve these problem, such as Simulink, PLECS or LTSpice. For these reason an Equivalent
Circuit in Simulink is chosen in this thesis over the MLT matrix calculations.

4.2. Methodology

The main goal of this chapter is to accurately replicate the results observed in literature [10, 48, 54]
regarding the uneven voltage distribution along the turns in the stator windings. This will be done
computationally via simulation in MATLAB Simulink, as well as experimentally in order to verify the
model by comparing results. Considering the previous discussion, the chosen method for the simulated
study is an equivalent circuit model that will be based in the experimental setup.

4.2.1. Experimental Setup

Despite the fact that the object of this thesis is a medium-high voltage machine, the voltage distribution
can be studied in a smaller machine using the resources available in the faculty. TU Delft provided
a small laminated stator core with 12 salient poles around the inside perimeter, creating 12 slot-like
regions between them. The dimensions of the core can be seen in Table 4.1.

Outside Diameter Dyy: | 138 mm
Inside Diameter D;, 123 mm
Perpendicular Depth d 49 mm
Pole Height H 20 mm

Pole Width W | 10.5 mm

Table 4.1: Dimensions of the stator core use in experiments.

Several different wires are also provided, such as a section of flat copper wire suitable for form-wound
coils. However, the reduced size of the motor makes very narrow slots, and given the lack of proper
equipment the wires must be winded by hand, which has proven to be extremely difficult. As a result,
a very irregular and lackluster coil caused the discard of this wire. Instead, the RS-PRO 357-744 wire
is used [67]. This circular copper wire with enamel insulation has a diameter of 0.5 mm, making it
outstandingly ductile and easy to wind around the poles. Nonetheless, its enamel coating is extremely
fragile and prone to scratches that could compromise the connection reliability. In addition, the diameter
of the cable is too small to accurately represent the interactions of a form-wound coil. To solve these
issues, some assumptions need to be taken for an alternative approach.
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It is hypothesised that the parasitic capacitance to ground may be mainly responsible for the non-
uniform voltage distribution across the turns, since in high-frequency operation a relevant part of the
input voltage might be leaking to ground through them. The test setup is designed with this idea in
mind, where the conductors must be close to the core to replicate the non-uniformity. In order to imitate
a simple 3 turn form-wound coil, such thin cable is winded many times into a 'mini-coil’ around a pole,
where each one represents a turn of the form-wound stator concept. This is done assuming that the
voltage drop through a single turn of the thin wire is negligible. To maximize the coherence, a mini-coil
is formed with 20 turns of the thin wire, one on top of the other in a line, keeping all of them at the
same distance to the core. Due to lack of space in the slot, these 3 mini-coils are winded around 3
different poles, assuming the mutual capacitance between them to be small compared to the series
capacitance of each one of them. In order to protect the insulation from scratches with the steel core,
some adhesive tape is used. In addition, the laminated core is wrapped in electric tape to more easily
connect it to ground during the experiment. The whole construction is shown in Figure 4.12. The
mini-coils, henceforth known as just coils, are numbered as 1, 2 and 3.

Figure 4.12: Picture of the stator core used in the experiment, with the corresponding 3 coils winded.

Coils 1, 2 and 3 are connected in series to one another creating the whole wiring. The beginning of coil
1 and the end of coil 3 are connected to a power source that supplies a square pulse voltage waveform
with a rise time of 25 ns, while the sections of the cable in between each coil is converted into a terminal
where probes can be connected (points 1 and 2). The core and the end of the wiring are both grounded,
and probes are distributed like follows:

( ’ Coil 1 ’ Coil 2 ’ Coil 3

Probe 2 Probe 3
Oscilloscope

5
D <« « ‘ — Ground

Figure 4.13: Schematic of the experimental setup and corresponding connections.
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» Probe 1: connected to both ends of the wiring, in order to measure the terminal voltage.
* Probe 2: connected to terminal 1 (between coils 1 and 2), and to ground.
» Probe 3: connected to terminal 2 (between coils 2 and 3), and to ground.

The probes take the measurements to an oscilloscope, from which data can be extracted for post-
processing. The whole experimental setup is shown in Figure 4.13.

4.2.2. Simulation Setup

The model build in MATLAB Simulink offers a pretty simplistic representation of the experimental setup,
based on the most common RLC equivalent circuit of an inductor [68], with resistance, inductance and
a series capacitance (see Figure 4.14). It also includes the corresponding capacitive interactions to
the grounded core at both ends of the circuit, similar to a Pl-section line. This is hereby defined as coil
model.
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Figure 4.14: Simple schematic of an inductor/coil model with capacitance to ground.

Three of these elements are connected in series to one another, while also interacting via mutual
inductance. Both ends of the circuit are connected to ground and to a pulse voltage source block
respectively, where the latter emits a single square pulse, with a voltage transient dv/dt of 10 V and a
rise time of 25 ns, similar to that one sent by the real source in the experimental setup. The voltage is
then measured using sensors and sent to a scope for visualization. The full setup is shown in Figure
4.15, and is hereby defined as circuit model.
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Figure 4.15: Full Simulink model of the three coils wounded in the stator poles.
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It is worth noting that all element used in this model use lumped parameters as opposed to distributed.
This choice, although sub-optimal for accuracy, has been taken due to the computation expense of
distributed parameters in this software in order to avoid any divergence complications. As mentioned
in Subsection 4.1.2, the passive elements in the circuit needs their appropriate values, which cannot
be calculated analytically. Instead, they depend on the materials and geometry of the system. The cor-
responding values R, L, and C can, once again, be obtained both via simulation and through real-life
measurements. Both methods were used in this thesis to account for their advantages and disadvan-
tages.

4.2.3. Parameter Determination through Simulation: COMSOL Multiphysics

The RLC parameters of the wire are mostly dependent on the materials of the conductor, insulation and
stator core, as well as on their geometry and placement. COMSOL Multiphysics has the capability to
accurately replicate them through 2D and/or 3D renders, its built-in material properties and its physics
simulations solvers for electrostatics and electromagnetism. While it offers the advantage of practicality
and versatility and expandability, it can be difficult to properly replicate the real case, considering the
irregularities born during the hand-made setup.

Three separate models are drawn to calculate separately the inductance matrix [L] of the three cails,
the capacitance matrix [C] and the series resistance R of each coil.

Capacitance Computation

Before the first set of capacitances is calculated, a quick comparison is run between the parallel-plate
analytic approximation and the FEM simulation. Using a convenient rectangular slot with 6 rectangular
conductor placed inside, both methods (discussed in Subsection 4.1.3), are used as shown in Appendix
A as well as the results from approximation (Matrix A.1) and FEM simulation (Matrix A.2). While the
shielding assumption is fairly precise, and the parallel-plate formalism generally works for close, flat
surfaces, it does not provide the desired accuracy for the areas around curved conductors or corners,
necessary for the computation of ground capacitance. Hence all efforts are dedicated to COMSOL
simulation.

Due to the separation between the wired poles no capacitive interaction is considered between the coils.
Therefore, the simulation only represents a single pole wired with its respective coil. A 2-D model is
adequate to compute values of capacitance per-unit length (see Figure 4.16), considering the stator
and cable dimensions displayed in Table 4.1. The distance between two consecutive turns is estimated
to be around half the diameter of the cable, thus 0.25 mm considering the enamel thickness, while the
distance to the core is measured at around 0.55 mm.

To calculate the capacitance to ground, the process previously explained is put into practice, where the
capacitance between two elements is the relationship between their voltage and the surface charge
created. In this case, the whole coil is considered a single conductor and fixed at 1 V, while the stator
core is grounded. By virtue of Eq. 4.10, the capacitance per-unit length is found by computing the
surface charge of the stator core.

Conversely, whereas this operation is also valid for the series capacitance, the sheer amount of con-
ductors in this case would imply repeating this process n x n times, making it unpractical. Instead, the
electrostatic energy stored in the system is a much faster solution. Since the capacitance under study
concerns the full coil, it is possible to apply a voltage to it as a whole by distributing the potential in each
conductor according to their corresponding turn, like so:

V; = j Viotal (4.26)
n
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Figure 4.16: COMSOL 2-D model representing the cross section of a single pole of the stator, surrounded by the 20 turns that
compose the coil.

Through COMSOL the electrostatic energy stored in the system W can be computed, and following Eq.
4.17 the total capacitance can be found. However, this value contains all the capacitive interactions in
the system, including the ground. It is also necessary to separate series and ground capacitances in
compliance with the inductor model in Figure 4.14. To do so, the condition of grounded stator has to be
disabled. In this situation the solver can interpret the core to simply be part of the surrounding medium.

Inductance Computation

The theory behind the inductance calculation is trivial. The spatial distribution of the coils requires the
consideration of all self and mutual inductances, coupling all three. A current of 1 A is forced through
the first coil, while the rest have no current flow. In this situation, the magnetic flux felt by all conductors
is solely produced by the first, thus allowing the measurement of self-inductance of the first coil and the
mutual inductance with the other two. This process is repeated for each case using a Stationary Coil
Geometry Analysis.
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Figure 4.17: COMSOL 3-D model of the stator with homogenized multi-turn coils.
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Although conceptually easy this is done via 3-D simulation, which is very computationally expensive
and may arise convergence errors. To simplify the model, and since the magnetic flux is generated
by the whole coils, they are modelled as a single block around the pole by using the 'Homogenized
multi-turn’ option with 20 turns. Moreover, since the permeability of the steel core is much higher than
that of air, the space between the cable and the core is ignored in order to prevent improper mesh
elements within it.

Resistance Computation

As previously mentioned, the geometry and distribution of the coil and the stator is too complex for
analytical calculation of the skin and proximity effects. Instead, the per-unit length resistance can be
calculated in COMSOL with a Frequency Domain Study, using the Magnetic Field (mf) module. All
conductors are given a current of 1 A in the same direction, which should generate enough magnetic
flux at high frequencies to generate these phenomena. Then, the simulation is run and the results are
post-processed using the built-in function for 'Coil resistance (AC)’, which in a 2-D model returns the
resistance per meter of a particular conductor. The summation of all the resistances of each turn, times
the length of each one results in the total resistance of the coil at a certain frequency.

20

R=Wd > RM™ (4.27)

4.2.4. Parameter Determination through Measurement

Firstly, the ground capacitance can be easily obtained by short-circuiting the wiring to dissipate any
charge imbalance, and then connecting a capacitance meter to the wire and to the core. This will
return the total ground capacitance of the full wiring, including the 3 coils. To approximate each coil’s
ground capacitance, it can simply be divided by 3 assuming all coils have an almost identical geometry.

On the contrary, the measurement of all other parameters cannot be done directly given the complexity
of the system inside the stator. Instead, only the impedance and the phase angle of the full coil can be
acquired using an Impedance Analyzer in the laboratory. Then, adjusting the inductor model explained
in Figure 4.14 the coil impedance can be calculated by equating the equations to the results. The total
impedance of the inductor is as follows:

-1
7= ((R 4 jwl) + ij’) (4.28)
Through some calculus the impedance can be expressed as a standard Cartesian complex number:

WL(1 —w?LC) — wCR?

R
7 =
(1 —w?LC)? + (WCR) ! (1= w?L0O) + wOR)

(4.29)

Using the impedance analyzer, the frequency response of each coil is acquired, returning a wide spec-
trum of impedance and phase angle in terms of frequency. This is observed in a logarithmic scale in
Figure 4.19 in order to localize the first peak, corresponding to the first resonance frequency of the coil.
However, these spectrums are too wide and the high frequency values are too far scattered. Therefore
a finer measurement is done in a smaller range close to the previously found resonance frequency.
Since a complex number can be expressed in polar form like:

Z =1Z| (cosf + jsinf) (4.30)

With this, the measurements can be compared to Eq. 4.29 as follows:
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R

Re(Z) = (1= 2L0) + (WCR) = |Z]|cosb (4.31)
2 B 2

Im(z) = CEAZWLO) ZwCRE (4.32)

(1—w?LC)? + (wCR)

Nonetheless, this yields an indefinite system of equation with 3 variables R, L and C; but only 2 equa-
tions, Egs. 4.31 and 4.32. A different approach is needed to solve these parameters, and for that
reason the finer measurement has been taken. As a rough approximation, the variables in this smaller
spectrum are considered constant in the vicinity of the point under study. Therefore, more points can
be taken from the spectrum at different frequencies w;, ws and ws of which the impedance modulus
|Z11], |Z2|, |Z5| and the phase angles 6,, 62, 05 are all known. In such scenario, 3 equations can be
constructed using this information, for instance the real part of the impedance can be converted to:

R
(L~ WILOZ 1 (nCR) _ 1 21Icosth (4.33)
l = |Z3| cos 6 (4.34)
(1 —w2LC)? + (wCR) 77 ? '
i = |Z3| cos O3 (4.35)

(1—w2LC)2 + (wsCR)

4.3. Results

The object of this section is to acquire the voltage distribution among the coils using the aforemen-
tioned methods, and compare them to draw conclusions for the viability of the model presented. After
introducing each result, they are all compared in Subsection 4.3.4.

4.3.1. Experimental Results

Four probes are used during the experiment. The first three are connected as suggested in the diagram
from Figure 4.13, measuring the voltage at the motor terminals V;c,mina (Probe 1), at point 1 to ground
Vi_4(last two coils, probe 2) and point 3 to ground V;_, (last turn, probe 3), while the fourth probe keeps
track of the voltage directly supplied by the source, thus using all four channels in the oscilloscope.
These four measurements are displayed in Figure 4.18. The results present a close resemblance to
experimental data found by R.G. Rhudy et al. [48], as well to L. Guballa et al. [54] and A. Krings et al.
[50]; suggesting a relatively decent accuracy of the assumptions taken to build the experimental setup,
and a reasonable scalability of the effects to bigger machines than the used in this thesis.

To obtain the voltage drop in each of the coils, some post-processing subtractions are required. For
instance, to get the voltage drop in the first coil, the voltage on the last two coils has to be subtracted
from the terminal voltage:

Veoit1 = Vierminal — Vl—g (436)
Veoit2z = Vrlfg - Vv279 (437)
%01’13 = ‘/2—9 (438)

With these calculations Figure 4.21a is drawn to highlight the non-uniformity of the voltage distribu-
tion. A voltage overshoot is visible in all the coils, though it is significantly bigger in the first coil. This
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Figure 4.18: Voltage measured with respect to ground in all 3 points described in Figure 4.13, compared to the source voltage.

spike seems to travel along the wiring while losing magnitude, given the small delay seen between
its appearance in each coil. After approximately 400 nanoseconds, all of them stabilize into a uniform
distribution of the same magnitude, implying the system has a fairly small time constant. This confirms
that only the first few nanoseconds after the voltage transient dv/dt are of concern with respects to this
effect. Moreover, the results also show another interesting phenomenon: the terminal voltage oscilla-
tions corresponding to the Reflected Wave Phenomenon studied in Chapter 3. This is due to the fact
that during the manual wiring of the stator core, no attention was put into the length of the extra cable
that would connect to the source. In future work, it is recommended to account for both effects during
the experimental setup design, in order to more properly tune the influence of each one separately.

4.3.2. Simulation Results: Impedance Analyzer Measurement

The first measurement taken is the capacitance to ground as described in Subsection 4.2.4 by the usage
of an LCR meter. To ensure a reliable value, the measurement is taken 4 times independently, and
the average value is calculated. This returns a capacitance to ground for all the wiring, the appropriate
number for each coil is obtained by simply dividing by 3, assuming all coils are identical.

The rest of the measurements come from the analysis of the spectrums presented in Figures 4.19
and 4.20. These are the full spectrums, used to localize the resonance frequency, after which a finer
measurement is taken. The results of this whole analysis (refer to Subsection 4.2.4) is displayed in
Table 4.2. Note that this measurements are taken for single coils instead of for all of them combined.

Coil 1 Coil 2 Coil 3

Resistance 289.1Q | 269.9Q | 297.3Q
Inductance 85 uH | 8.6 uH | 8.7 puH
Series Capacitance | 3.8pF | 3.7pF | 3.8 pF
Ground Capacitance | 29.2 pF | 29.2 pF | 29.2 pF

Table 4.2: Experimentally measured values of RLC per coil. Following the model described in Subsection 4.2.4.
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Figure 4.19: Initial impedance spectrum of a single coil, ranging from 20 kHz to over 100 MHz.
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Figure 4.20: Initial phase spectrum of a single coil, ranging from 20 kHz to over 100 MHz.

Some extra measurements were taken at lower frequencies to directly obtain inductance values. This
process is done connecting two coils in series and anti-series, repeating the process for every pair of
coils possible. By doing this, the mutual inductances can be extracted by considering the inductance
of the full bundle of coils 7 and j to be:

L=L;+Lj—2M (4.39)

The values for M;; are not extrapolable to higher frequencies. However, they are useful to notice that,
in this geometry, the mutual inductance is two orders of magnitude smaller than the self-inductance.
This proportionality is assumed to be relatively conserved and not measured at high frequency. Once
these values are introduced into the Simulink model from Figure 4.15, the final voltage distribution per
coil is displayed in Figure 4.21b.

4.3.3. Simulation Results: COMSOL

By using the techniques previously discussed in Section 4.2.3, and considering the geometry of the
experimental construction, the corresponding RLC parameters of the system are displayed in Table 4.3.
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Note that all 3 coils are considered identical, therefore the table shows the parameters corresponding
to a single coil.

Magnitude Value
Resistance 666.67 €2
Series Capacitance 1.07 pF

Ground Capacitance 30.04 pF
Self-Inductance 75.07 uH
Mutual-Inductance Mo —2.33 uH
Mutual-Inductance M3 —2.33 uH
Mutual-Inductance M;3 | —703.53 nH

Table 4.3: Simulated values of RLC parameters per coil using COMSOL Multiphysics.

It is already noticeable that the resistance and inductance values calculated through COMSOL are
considerably different than the ones found by measurement with impedance analyzer. It is confirmed
by comparison in Figure 4.21c that the calculation through COMSOL is not satisfactory, likely due to
the use of the incorrect procedure to compute the inductance, done in a stationary study. This ignores
the frequency dependence of such parameter, which is expected to decrease at higher frequencies.

4.3.4. Result Comparison

In this subsection there is a comparative analysis of the results obtained through the different method-
ologies. As a baseline, the experimental results are considered correct and reliable as inferred in
Subsection 4.3.1 from their similarity to literature.

Atfirst sight, it is obvious that the parameters got via COMSOL simulation (Figure 4.21c) are not yielding
a satisfactory result. Instead, although the oscillatory behaviour is expected, the dampening of the
oscillations is much slower than expected, being roughly two times slower. This is likely due to the
unexpectedly high value of inductance computed in COMSOL, which is around 10 times bigger than the
values measured with the impedance analyzer, resulting a higher time constant. Despite the flexibility
of the software, it was not possible to calculate inductance through a Frequency Domain study, as
COMSOL can only do it through the Coil Geometry Analysis study step, which is stationary in nature.
Alternatively, some other methods could be explored to approximate the frequency response. For
example, a boundary condition could constraint the coil current to the edge of the conductor, simulating
the skin depth corresponding to such frequency.

Moreover, the resistance values are also substantially higher. Even though the software seems capable
of calculating the effects of the skin and proximity effects (as shown in Figure A.3 in the Appendix),
these phenomena are highly dependent of the surrounding medium. The usual value of conductivity
for magnetic cores used in these applications are around 2 MS/m. However, this does not account for
composite material such as laminated cores, which limit the conductivity in a certain direction. Moreover,
it is relevant to recall that the stator was wrapped in a conductive tape to easily ground the whole core.
Due to a lack of understanding of these constructions, and a lack of information found in previous
studies, assumptions needed to be taken. In this case, the effective conductivity of the stator core is
reduced by 10 to account for the lamination.

On the other hand, although the results from the analyzer measurement (Figure 4.21b) are much closer
to the experimental data, they are far from perfect as well. Firstly, the magnitude of the overshoots in
voltage predicted is far smaller than those of the real case. Two possible causes for this are:
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» Miscalculation of the capacitances in COMSOL, due to a faulty geometry. A more proper method
for wiring the machine is recommended, such that the distances of each turn to each other and
to the core are better controlled.

» The usage of lumped parameter elements, as opposed to distributed parameters, which is more
realistic. The finite length of the cable is reflected in the initial response of the coils. Since it
takes time for the voltage transient to affect later coils, the total voltage supplied by the source is
concentrated in the first one during the first instants of the propagation, as seen in Figure 4.21a.

12 T T T T T
10 + Coil 1 g
Coil 2 . |
Coil 3 - gz =
8 — — — -Terminal 4
=
g of .
a
@
8 4f - ]
5 AL D
= D e R —
2|k |
o 4
2 I I I I I I
2 0 2 4 6 8
Time [s] <107
(a) Experimental results.
12 12
Coil 1 Coil 1
Coil 2 Coil 2
10t e e Coila | 10 [ S i e | Coil3 -
— — — -Terminal
I — — — -Terminal
8t I I ]
= ' =
o a
5 5
2 O | 2 6
% | g
S | S
L N |
D e R— //QJQ
L l ]
| | | o | ‘
- 2 3 4 -1 0 1 2 3 4 5
Time [s] <107 Time [s] <107
(b) Simulation results using RLC values obtained through (c) Simulation results using RLC values obtained with COMSOL
measurement with Impedance Analyzer. computation.

Figure 4.21: Voltage distribution among the three coils, with the terminal voltage for reference. Comparison of results acquired
through different methods.

Another problem is the time constant, which appears to be too low. This is highlighted by the shorter
time delay in between the peaks of each subsequent coil, as well as the shorter dampening time for
the whole perturbation. Besides the use of lumped elements as previously stated, another hypothesis
might be the cause for the time disagreements: at such high frequencies, the inductor model proposed
in Figure 4.14 might not be accurate enough. Some authors such as A. Barzkar and M. Ghassemi [10]
propose an alternative model, where the inductance branch of the model is substituted by a frequency
dependent ’ladder circuit’ (see Figure A.4). While far more complex, it might be necessary to represent
the behavior at such frequencies.
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Another possibility is the rough assumption of constant RLC values at the vicinity of the resonance point
may be too bold, considering the strong frequency dependence around that point. A more statistically-
based approach could be more suitable.

4.3.5. Possible Mitigation

Although the reliability of the Simulink model has been proven suboptimal, given the results shown in
Subsection 4.3.4, a qualitative sensitivity analysis has been done to test techniques that might mitigate
the voltage distribution non-uniformity. The reader is encouraged to review these techniques with a
more accurate wiring model.

Of course, a slower rise time does have an effect on the peak voltage of the first coil. Given the same
RLC values of the circuit, a slower t,. allows for the voltage pulses to stabilize before they accumulate
in the first coil. It could also indirectly reduce the relevance of the capacitance by eliminating faster
frequency components. However, this variable also has strong implications towards the effects of
RWP, therefore any changes must be done carefully.

Regarding the RLC parameters of the wiring, the resistance mainly controls the dampening of the
oscillations, but it does not have much effect on the value of the peaks. The inductance has a big
impact in the time constant of the circuit, widening the oscillations. However, it does not affect the
peak value to a great extent. The same can be said for the series capacitance. On the other hand, as
hypothesised in Subsection 4.2.1, the ground capacitance seems to have a vital role in the maximum
value of the voltage peaks in each coil. This is shown is Figure 4.22, where the ground capacitance
has been reduced by a factor of 3, to C; = 9.7 pF. For reference, the original value measured in the
laboratory was C, = 29.2 pF in each caoil.
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Figure 4.22: Simulation results based on the measured parameters, analog to Figure 4.21b, but with a ground capacitance
reduced by a factor of 3.



Conclusions & Recommendations

To attain a more sustainable aviation industry, the path of electrification is almost mandatory to avoid the
excessive use of fossil fuels. However, such an endeavor does not come without any challenges nor
technological barriers. Among other concerns, the reliability of electric machines used in an aircraft is
of upmost importance. Besides the obvious safety implications of a motor failure, the industry requires
the economical viability of the technology under investment. In order to grant that, electric machines
need to have a very long useful lifetime.

The goal of this thesis has been to explore some of the phenomena that may cause a shortening of such
lifetime. In particular, the undesired effects branching from the usage of fast switching semiconductor
technology for electric motor drives, which can (and often does) cause strong electric stresses in the
slot insulation. In this project these effects have been studied in depth in Chapters 3 and 4, laying out
a foundation for future work on motor design for aviation.

First, the Reflected Wave Phenomenon RWP was explored in Chapter 3. An extensive literature re-
view was conducted, which explained the appearance of reflections in the feeder cables caused by
impedance mismatches between the cable and the motor, using Transmission Line Theory. However,
a disagreement between different authors was found in a formula that modeled the overvoltage depen-
dence on the switching rise time and the wire length. This motivated a simulation study to replicated
the system, develop a hypothesis and confirm or deny the formulas. Eventually the results showed
both formulas to be incorrect, and a new one was proposed to explain the phenomenon. With it, it is
possible to adjust the design to mitigate the RWP to a great extent.

Afterwards, the non-uniform voltage distribution was studied in Chapter 4. Supported by previous
comparative analyses, the methodology of an equivalent circuit was chosen. However, due to the
great variety of different models proposed in literature, it was decided to confirm results experimentally
as well. Using the laboratory data, it was observed that the model used can replicate the real case
of a motor stator, though not with great accuracy. This chapter is thus considered a step in the right
direction, yet not the final benchmark for real life application. Besides the general lack of experience
with the softwares and methodologies, some hypothesis for the discrepancies in results are suggested
for future work.

5.1. Future Work

All things considered, this project does not put an end to this discussion on electric stress in insulation.
On the contrary, it is a baseline for other students to build upon, hence more research is greatly en-
couraged. This subsection proposes some aspects that require attention to improve the results before
applying them to the motor design.

45
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» Address the assumptions taken in the modelling of the inductor. Instead of this simplified circuit,
a more appropriate model could be found to represent the behavior in such high frequencies.
Among the different models proposed in literature, it is encouraged to test the ’ladder circuit’
displayed in Figure A.4 by Barzkar and Ghassemi in [10] and by Sundeep et al. in [51].

» Consider the option of using distributed parameter elements as opposed to the lumped parame-
ters used in this thesis. Although it may bring a very high computational expense, it could also
solve some time discrepancies in the Chapter 4 results.

» Even though the results seem accurate enough, the methodology used to calculate the RLC
parameters from the impedance analyzer measurements could be improved. In the vicinity of
the resonance frequency there is a very fast change of impedance phase angle, meaning the
assumption that R, L and C are constant in a small enough range might be suboptimal.

+ COMSOL is a very powerful tool that has proven to be extremely accurate if used properly. It is
encouraged to explore a correct way to calculate impedance and resistance under high-frequency
AC currents, possibly computing a boundary condition for the skin depth.

+ ltis relevant to note that both phenomena studied in this project do not take place separately in a
real motor. After all previous concerns have been addressed, the complete model would include
both system, where the resistor used in Chapter 3 is substituted by the whole stator model from
Chapter 4. The integration of this complete model is recommended to obtain accurate results.

* Once the full model is built, the resulting voltage overshoots can be utilized as a guideline to
design the slot configuration. Originally, an idea was to present a 2D model through COMSOL
displaying a heat-map of electrical stress under this voltage distribution.
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Appendix A: Parameter Calculation

[8.31 x 10-10
6.44 x 10710
1.72 x 10716
9.53 x 1022
5.28 x 10727
2.92 x 10732

0

0
0
0

6.44 x 10710
3.92 x 1010
6.44 x 10710
1.72 x 10716
9.50 x 10722
5.27 x 1027

744 638 O
6.38 3.19 6.38

6.38 3.19
0 6.38
0 0
0 0

1.72 x 10716
6.44 x 10710
3.93 x 10710
6.44 x 10710
1.73 x 10716
9.56 x 10722

0 0

0 0
6.38 0
3.19 6.38

6.38 3.19 6.38
0 638 7.44

9.56 x 10~22
1.73 x 10716
6.44 x 10710
3.93 x 10710
6.44 x 1010
1.72 x 10710

51

0
0
0

0

x 10710F

5.26 x 10727
9.49 x 10—22
1.71 x 10716
6.44 x 10-10
3.92 x 10719
6.43 x 1010

2.93 x 10-32)
5.28 x 10727
9.53 x 10722
1.72 x 10716
6.44 x 10710
8.31 x 10710

F

(A1)

(A.2)



52

Surface: Electric potential (V) o
Al

3 & 1
sk i

0.9
al i

0.8
sl ,

0.7
P18 i
1} 1 0.6
ol 4

0.5
el i

0.4
ol i

0.3
gl ]
Ak 4k 0.2
e ] 0.1
w5l y

4]

. . . . . . . , . , . . . . . . . \ _ Jwo

Figure A.1: Electric potential of a generic model, when all conductors are at 1V. This is used to calculate capacitances to
ground.
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Figure A.2: Electric potential of a generic model, when one conductors is at 1V while all others are kept at 0. This is used to
calculate mutual turn-to-turn capacitances.
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Figure A.3: Cross section representation of the current density through the cable at different positions within the coil. Some
eddy currents are visible in the core, although the real stator is laminated to prevent these. Unexpectedly, in this simulation the
current flows mostly at the left part of the copper, closer to the core; likely due to faulty modelling.
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Figure A.4: Frequency-dependent ladder circuit representation of the phase winding proposed by S. Sundeep et al. [51]



Appendix B: Filter Design
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Figure B.1: RLC dv/dt filter model used at the inverter side.

Figure B.2: RC filter model used at the terminal side.
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Figure B.3: Transmission Line model with corresponding voltage filters.
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Figure B.4: RWP voltage response when using only the RLC filter at the inverter side.
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Figure B.5: RWP voltage response when using only the RC filter at the terminal side.

RLC dv/dt filter, inverter side

R
L

190 Q2
0.2 pH
75 pF

RC filter, terminal side

65
75 pF

Table B.1: Parameters used in the filters implemented

. Based on [37].
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