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If anyone supposes that he knows anything,
he has not yet known as he ought to know;
but if anyone loves God, he is known by Him.

1 Corinthians 8:2-3
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Abstract

The performance of electrical machines are tangibly limited by thermal lim-
itations. The difference in torque and power between what the machine can
maintain continuously and for shorter bursts is often significant and regularly
requires a machine to be over-sized to meet specification requirements. For
some applications this is not a substantial problem, but for others the power
and torque density of the machine is the most important parameter. Traction
machines for electrical vehicles (EVs) is an example of an application where the
latter may be true.

There are several electrical machine topologies that are suitable for EV traction.
Permanent magnet synchronous machines (PMSMs) have dominated the EV
market for a few years with no sign of backing down, but induction machines and
electrically magnetized synchronous machines (EMSMs) are also represented in
a few models. The EMSM is an example of a machine topology where the
thermal restrictions are apparent and if the heat generation in an EMSM can
be handled effectively, it has serious potential for high power density operation.

This thesis presents two similar concepts for parallel direct air cooling, using
rectangular windings with either indented sides or hollow windings, and at-
tempts to answer the question whether direct cooling can make EMSMs to
match or outperform PMSMs for EV traction. The direct cooling concepts are
studied analytically in an empirical-lumped parameter model, which is tested
experimentally for validation. The outcome of the model suggests that current
densities of at least 16 A/mm? are achievable continuously (through an area
where copper, cooling ducts and insulation are included).

An electrically magnetized rotor is designed, utilizing the proposed direct cool-
ing concepts, fitting in a stator originally designed for an interior PMSM rotor.
Through simulations the performance of the EMSM and the PMSM are com-
pared, resulting in comparable performances but with slightly lower efficiency
for the EMSM due to the extra cooling.
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It is concluded that the direct cooling concepts proposed are promising and
worth further studies. A few examples of future work needed are more exper-
iments for more dimensions and operations points are needed in the future, as
well as the design of a whole system including a pump for the coolant air, and
rotor current supply (with slip rings or a rotating transformer).
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Chapter 1

Introduction

1.1 Background

1.1.1 Electrical machine topologies in the EV market

On a website tracking plug-in car sales all over the world [1], the 20 most sold
battery electric vehicle (BEV) and plug-in hybrid electric vehicle (PHEV) mod-
els in the world during 2017 has been put together. The sales numbers are
presented in table 1.1 together with the topology of the electrical machine for
each model.

From the data, it is clear that permanent magnets (PMs) are used in almost
all of the most popular models. Even among the manufacturers using other
topologies, a move towards permanent magnet machines is seen. Tesla Model
3 have PM machines, in contrast to Tesla’s previous models. Renault have
been using electrically excited, or electrically magnetized (not to be confused
with EM: electrical machine) (EE) machines for years, but some versions of the
Renault Zoe from 2016 and on use PM machines.

From 2007 to 2012 a majority of all electric vehicles (EVs) used induction ma-
chines (IMs) [18]. Before that DC machines where the most common topology.
But today, PM machines are simply dominating the EV market.



Table 1.1: Top 20 EV sales in the world in 2017 and machine topologies

1 Introduction

Manuf. Model Sales Share | Topology
1 BAIC EC-Series 78079 6.4 % | PM[2]
2 Tesla Model S 54715 45 % IM [3]
3 Toyota Prius Prime / PHV 50830 42 % | PM [3]
4 Nissan Leaf I+11 47195  39% | PM [4]
5 Tesla Model X 46 535 3.8 % IM [3]
6 ZhiDou D2 12342 35% | PM [5)
7  Renault Zoe 31932 26 % | EE°[6]
8 BMW i3 31410 26% | PM [3]
9 BYD Song PHEV 30920 25% | PM7)
10 Chevrolet  Bolt® 27982 23% | PM [g]
11 Chery eQ 27 444 2.2 % PM [9]
12 Chevrolet  Volt 26291  2.1% | PM [10]
13 JAC iEVTS/E 25745 21% | PM [11]
14  Mitsubishi Outlander PHEV 25571 21 % | PM [12]
15 BYD e5 23632  1.9% | PM [13]
16  Geely Emgrand EV 23 324 1.9 % | PM [14]
17 BYD Qin PHEV 20 791 1.7 % | PM [15]
18 BMW 330e 19815 1.6% | PM [16]
19 Roewe eRX5 PHEV 19 510 1.6 % PM [7]
20 Hyundai Ioniq Electric 17 241 1.4 % | PM [17]
214+  Rest 552 799 45.2 % -
- Total 1224 103 100 % -

“Sports model uses PM

*Includes Opel Ampera-e
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1.1.2 Permanent magnets

Neodymium and Dysprosium are rare earth metals and key elements in the type
of permanent magnets used in today’s PM electric machines. Rare earth metals
are, despite the name, not particularly rare in the earth’s crust. They appear
in several minerals around the world, although not in pure form but mixed with
several or all of the 17 metals classified as rare earth metals. The hardest part
about rare earth metals is thus not finding them, but separating them from each
other. That process is costly and produces lots of salt water and waste that can
be both toxic [19] and radioactive [20].

In the mid 1980’s 75 % of the rare earth metals produced in the world was
produced outside China [21]. Since then all but a few mines outside China was
eventually depleted or closed partly due to increased regulations for the waste in
the western world leading to profitability problems [22]. Meanwhile, rare earth
mines and production sites in China increased and in 2010 97 % of all rare earth
metals were produced in China, a majority of which comes from the area around
the city of Baotou, Inner Mongolia. Reports of enormous lakes of waste sludge
[19] and contaminated ground water making farming impossible in a large area
around Baotou [23], have been frequent in the last decade [24].

Markets like EVs and wind turbines, that use permanent magnets, are thus
heavily dependent on a single limited part of the world. The problems with
a dependency like that became evident when China limited rare earth metal
exports in 2009 and 2010 [20], leading to a world wide shortage and a tenfold
price increase of rare earth metals in 2011 [25]. Luckily, the price spike only
lasted for a few months. The World Trade Organisation deemed China’s export
limits illegal, making such a price spike improbable in the future, and the price
went back to normal levels after the spike [26].

The rare earth metal crisis in 2011 lead to an increase in rare earth metal
production outside China, and today the rest of the world produces about 15 %
of the worlds rare earth metals, compared to 3 % in 2010 [21].

However, there are more aspects with rare earth metal production to keep a
watching eye on. In 2010, about half of Chinas rare earth metals came from
illegal production, and China has since then put in efforts to close down the
illegal sites. The price of rare earth metals have started to increase during 2017,
much because of the closed down illegal sites in China [27]. More shortages are
predicted in the future [28], and with the decreasing production in China, and
its demands still growing, China could be a net importer of rare earth metals
within a few years [26], which could hit the EV market if the technology does
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not change the growing dependency on rare earth permanent magnets [29].

1.1.3 Application challenges

Most people today have experience from driving combustion engined cars, and
know that the temperature of the engine very rarely is something that limits
the cars performance or usage. The nature of a combustion engine allows a
well dimensioned cooling systems with jackets close to both the source of the
heat and to the parts sensitive to high temperatures. The coolant is cooling the
cylinder, cylinder head and the oil which in turn keeps the pistons cool enough to
not cease the cylinder. Compared to an electrical machine, a combustion engine
has a lower efficiency and generates more excess heat, but most of it in gases
which are taken out through the exhaust system and replaced by new cooler
air between the combustions. A combustion engine can often run on maximum
power for hours, days or even weeks before breaking down.

An electrical machine can normally not do that. The maximum power limited
by the power supply can in most machines be used continuously only for seconds
rather than minutes. In most electrical machines, the cooling is situated at the
exterior of the machine, while the heat sources and the parts sensitive to high
temperatures are both deep inside its interior. For the machine to not overheat
in the long run, the heat has to travel to the exterior of the machine and be
taken away from there at the same rate it is generated. For most machines this
means that the continuous power is significantly lower than the maximum power
output.

To be able to maintain a higher continuous power, efficiency can be improved to
minimize the heat generation, but only to some degree. Another way to reach
higher continuous power is improving the cooling, but with exterior cooling,
that has a limited effect too. Often this results in the machine being over-sized,
with a higher maximum power than required, to get the thermally balanced
continuous power high enough.

In many cases, this is not a problem, like when the monetary cost for building
a machine with higher efficiency and more effective cooling is a bigger draw-
back than the extra volume and weight a larger machine occupies. But some
cases require a higher power density, and thus a solution that enables a higher
continuous power without over-sizing the machine.

An extreme example of an EV application like this is a truck driving in the Alps.
The weight of the vehicle is heavy. The slope can be steep up hills, lasting not
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just for a minute or two, but considerably longer. The roads go through small
villages with narrow turns and crossings, calling for an agile vehicles with few
shafts. This means a powerful traction system has to be put one one single shaft,
and it raises the question: Is there a way to, just like the combustion engine,
put efficient and effective cooling closer both to the source of the heat and the
parts sensitive to high temperatures, and with that enable higher continuous
power?

1.2 Objectives

The objectives of this thesis is to analytically study a concept of direct cooled
windings in an electrical machine. The concept consists of rectangular windings
that are either hollow or have indents along the sides, allowing a coolant to be
pushed through the axial length of the machine. This is studied theoretically in
empirical models and compared to experimental results for verification.

To test the performance, an electrically excited rotor with direct cooled windings
is designed. The rotor fits in the stator of an existing interior permanent magnet
synchronous machine (IPMSM), and the performances of the machine with the
two different rotors are compared using electromagnetic 2D simulations.

1.3 Contributions
The main contributions of this thesis are as follows.

e A wide comparison of alternative electric traction machines without per-
manent magnetization.

e A detailed modeling and optimization of an electrically excited traction
machine with direct air-cooled rotor windings.

1.4 Outlines

This thesis is divided into six chapters. The first three chapters make out an
inquiring part that gives the prerequisites and delimitations for the work in
chapters 4 and 5 before the work is summed up and concluded in chapter 6.
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The first chapter gives an initial nature of the problem - A PM-less machine
capable of high load during long time periods. The motivation for research-
ing PM-less topologies for EV traction is given as well as an example of an
application where high load during long time periods is required.

The second chapter contains a literature study for PM-less topologies with
potential for EV traction. The electrically magnetized synchronous machine
(EMSM) is found to have interesting potential, if the thermal problems can be
manages.

The third chapter presents the principle of direct cooling, a few examples of
applications in literature along with the direct cooled concept that will be in-
vestigated in the rest of the thesis, in an attempt to solve the thermal problems
of the EMSM.

The fourth chapter describes a heat transfer model that will study the potential
of the direct cooling concept. The theory of the model and its possibilities and
inadequacies are explained, before the presentation of an experimental valida-
tion and the results of the model lead to some tools and experiences that are
integrated in the fifth chapter.

The fifth chapter designs an EMSM rotor for an existing IPMSM. The IPMSM
is used for reference of the performance of the EMSM-rotor that will utilize
the concept oresentet in chapter three and explored in chapter four. The per-
formance comparison to the reference machine is used to draw some conclusions
on the work, and not least present some ideas on how the concept could be
developed in the future.

1.5 Publications

In parallel with the work of this thesis, the following has been published:

e Avo Reinap, Mats Alakiila, Sebastian Hall and Samuel Estenlund, ”Per-
formance estimation of hybrid excited machine with alternating pole con-
figuration,” 2014 International Conference on Electrical Machines (ICEM),
Berlin (Germany), 2014.

e Samuel Estenlund, Mats Alakiila and Avo Reinap, ”PM-less machine to-
pologies for EV traction: A literature review,” 2016 International Con-
ference on Electrical Systems for Aircraft, Railway, Ship Propulsion and
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Road Vehicles & International Transportation FElectrification Conference
(ESARS-ITEC), Toulouse (France), 2016.

e Samuel Estenlund, ”Model of air cooled windings for traction machine”,
XXIIIrd International Conference on Electrical Machines (ICEM), Alex-
androupoli (Greece), 2018.






Chapter 2

Literature study of different
topologies

This chapter is broadly an extract from a literature study conducted by the
author and published as a conference paper [30]. It covers some of the most
common and conventional machine topologies, presenting their advantages, dis-
advantages, areas in need of development and their potential for the electrical
vehicle market.

2.1 Background of the literature study

There are many ways to build an electric machine without permanent magnets.
The generated torque with optional saliency can be described with equation 2.1
applying to many conventional electrical machine topologies.

T= Wiy + (Lmy— Luy)ixiy (2.1)
~—~— ~
Excitation Reluctance

Equation 2.1 shows that there are two components contributing to the torque.
The first depends on the rotor excitation that gives the flux ¥,, which is partly
what makes PM machines so advantageous. The second comes from the reluct-
ance, which depends of the saliency of the rotor.

For the first component of the torque generation, the stator current in the
quadrature axis is vital (in this thesis called iy, see appendix A). The quadrature
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axis stator voltage, usy, of a permanent magnet synchronous machine (PMSM),
that is used to control this current, is described as follows.

. di .
Usy = Rgly + Lsyd—z + wr (V) + Lgxix) (2.2)

In Equation 2.2, the main reason for an electric machine’s speed range is indic-
ated. As the speed increases, the rotor flux, ¥, induces a voltage counter to the
voltage output from the converter. Eventually this voltage, known as the back
emf, becomes higher than the converter voltage, and the control of the stator
current is not possible. Conventional field weakening is employed by feeding the
stator with a negative direct axis current, . Equations 2.1 and 2.2 applies to
a number of conventional machine topologies, but the principle of the voltage
supply limitation and the need of reducing the magnetic flux linking stator and
rotor at higher speeds apply for all machines.

With this in mind, the most relevant PM-less topologies are explained briefly.
An example of each topology, including the IPMSM, is shown in Figure 2.1.

2.2 Synchronous reluctance machine

The synchronous reluctance machine (synRM) has no rotor excitation to create
any flux, ¥, or torque on its own. Instead, all the torque comes from the sali-
ency, the second torque component described in Equation 2.1. Usually, air gap
channels are used in the rotor to create paths for the flux along the direct axis,
maximizing the difference between the direct and quadrature axis inductances,
resulting in a greater reluctance torque.

The simple and robust structure of the synchronous reluctance machine (synRM)
is one of its main advantages. This is because the rotor consists of only one uni-
form part which also makes the synRM simple and cheap to manufacture. It
requires only a simple vector controller and a standard 3-phase power converter
[31]. The efficiency is good [32] and the field weakening range is wide [33].

However, the torque density and power density are significantly lower than that
of an IPMSM [34]. The constant power speed range is not wide. A challenge in
the design of the air gap channels is to combine the optimization of the reluctance
with enough mechanical strength to endure the forces of a high rotational speeds,
especially for larger machines [32].

To improve the performance, the rotor to stator air gap need to be reduced.



2.2 Synchronous reluctance machine

(c) SRM (d) DSSRM

ol e

S G

(e) EMSM (F) IM

Figure 2.1: The machine topologies studied in this chapter.
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Since the torque of a synRM is built on reluctance differences that are sensitive
to magnetic saturation, synRM have generic issues with overloading capability.
These things can be improved with material choices and materials, but that
potentially takes away some of the advantage of a simple and cheap construction.

[32] from 1998 claims that the synRM is a strong competitor for potential drives
for EVs, thanks to its cost, weight and efficiency. [33] in 2015 also holds synRM
as one of the most promising PM-less topologies for hybrid electric vehicles
(HEVs), much thanks to its low cost and relatively good performance in other
aspects.

2.3 Switched reluctance machine machine

The switched reluctance machine machine (SRM), like the synRM, also gets its
torque from saliency, but in this case double saliency, from both the rotor and
the stator. The machine typically has from two to five phases (¢), n¢ poles and
n(¢+1) stator teeth. This means that if one pole is aligned with a stator tooth,
a total of n poles are aligned that way, while the other poles are more or less
miss-aligned. Unlike the synRM that has a synchronously rotating stator field,
the switched reluctance machine machines (SRMs) field is created in pulses from
the stator teeth being a certain angle ahead of a rotor pole, making the field
pulses move opposite the rotational direction. This topology has been known
for a long time, but as switch devices are becoming more cheap and efficient, it
has gained in popularity lately [35].

Like the synRM, the SRM also has the advantage of a simple and uniform rotor,
lacking the assembling of extra rotor parts like windings or permanent magnets
[36]. Further, the SRM also lacks the narrow air gap channels that the synRM
implements to increase the saliency. This makes the SRM extremely robust,
allowing very high speeds from a mechanical perspective [33]. It can operate
in high temperatures and harsh environments [37] and is simple and cheap to
manufacture [38]. The fault tolerance is high [35] and maintenance cost is low
[39]. The constant power range is wide [39], even extremely wide with some
designs [40]. The simplicity of the machine makes it easy to recycle [38].

Due to rotor iron losses [36] and copper losses due to the magnetizing current
that is drawn from the stator, the efficiency of a SRM seldom exceeds 90 % [33]
[39] [38]. The torque and power densities are relatively low [33] [35] [38] [37], so
more volume and weight has to be allocated for the machine in high torque or
power vehicles. Several articles [33] [38] [41] [36] also mention the demand for
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non standard power electronics as a drawback of the SRM. This is because of the
discretized motion of the machine, which also results in a substantial amount of
torque ripple, noise and vibrations [33] [39] [38] [41] [36].

The efficiency, however, can be increased to 92 % [34] but with a current density
of 33 A/mm?, or 96 % [38] with a good design and choice of core materials. The
efficiency is generally higher at high speeds. The torque density is comparable
to IM [39] and can be improved (to 45-61 NM/) in liquid cooled machines. [42]
says that the torque and power density (per volume) can match the IPMSM in
the 2009 Toyota Prius, but with weight and current density increased by 15-25
% compared to the Prius. By using high silicon steel and smaller air gaps (0.1
mm) the SRM is said to outperform IPMSMs in efficiency, torque density, size
and operation area [41].

In EV application [40] states in 2002 that the SRM is superior to IMs and
brushless DC machines. According to [36], in 2007, SRMs have a significant
potential for use in vehicle propulsion systems. But in 2015 the SRM was not
considered for the FreedomCar 2020 targets made by the US Department of
Energy, due to the low torque density of most designs [33].

2.3.1 Double stator switched reluctance machine

The double stator switched reluctance machine (DSSRM), works like the SRM,
but with two stators, one outside the rotor and one inside the rotor. The rotor
consists of a reluctance piece construction running in the gap between the two
stators, the rotor pieces being pulled around by the pulses from both sides.

Because of its many advantages, much research is being made on different SRM
designs, in order to overcome the problems. Facing one of the problems of
the SRM, the amount of forces acting radially on the rotor, the double stator
switched reluctance machine (DSSRM) was invented [43]. The double stator
design can considerably increase the energy conversion efficiency, meaning more
forces will act tangentially instead of radially on the rotor [44] [45]. This results
in less vibrations and noise [39]. The deformation is 7 times smaller [46] and the
torque ripple up to 19 times smaller [47] than in conventional SRMs. Another
advantage is that the flux path becomes shorter [35] which results in lower
inductance and reactive power requirements from the inverter [34]. The torque
density is higher [39] as well as the power density [43] [37].

On the downside, the structure is more complex than the conventional SRM
[34]. This affects the cost which is estimated to be 20-30 % higher, the end



14 2 Literature study of different topologies

windings which are longer and structural integrity as the rotor is built by many
small pieces. Although having lower torque ripple than the SRM, the torque
pulsation is still considered as a disadvantage, but it is still has potential to be
reduced with more optimization of the design [37].

2.4 Electrically magnetized synchronous machine

The electrically magnetized synchronous machine (EMSM), or electrically ex-
cited synchronous machine gets its rotor flux, ¥, from a DC current running in
rotor windings exciting the rotor. The rotor windings are either fed conductively
via slip rings or electromagnetically with a rotating transformer.

The most obvious advantage of the EMSM is the ability to control the rotor ex-
citation, ¥,. Compared to a PMSM, this allows boosting the starting torque [48]
and extending the speed range without utilizing field weakening operation with
stator current components [18]. It also enables lowering the iron and excitation
losses at partial load. Together, these abilities enables a large operation area
with an extended field weakening area [49], wider than the IM [50]. Compared
to the PMSM, the EMSM has low idle losses, no danger of demagnetization and
no risk of high voltage when compensating for back emf. As a synchronous ma-
chine, the control is simple and robust [18] with good ability to control reactive
power and back emf [51]. The structure is simple and reliable [48]. Since the
EMSM has no PM, it has a potential of saving costs [51] [50]. This potential is
broadened by the machines high power factor over the whole speed range, which
allows a reduced inverter current size and potentially lower drive system cost.

One of the biggest disadvantages of the EMSM is a direct consequence of the
biggest advantage. The excitation windings in the rotor that gives the machines
its controllability also cause losses that lower the efficiency [48] [34] [18] and
generate heat. The rotor copper losses is roughly as big as the stator copper
losses [51], giving it a lower efficiency at all speeds compared to PMSM, if
no rotor excitation current control is applied [50]. The heat generated in an
inner rotor has has to travel a farther distance to the exterior, which makes the
machine harder to cool. The thermal constraints are likely to force a compromise
in torque density [52]. The EMSM has /1/2 the torque density of a PMSM
if the total copper losses are equal [53]. Peak torque is lower than IPMSM
[50]. The windings also require an extra DC converter and a rotary transformer
[34] or slip-rings [52] that in turn require extra space and possibly also extra
maintenance [51].
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However [48] states that slip-rings do not require maintenance, since the same
type are used in synchronous generators, where more experience is possessed.
[18] says that slip-rings ”are virtually maintenance free”. If a rotary transformer
and a diode rectifier is used, a high frequency reduces the size of the transformer
[34]. The rotor excitation can also be fed in series with the stator, which takes
away the need of an extra DC converter, but reduces the controllability [54].

When it comes to efficiency, the higher copper losses can be limited to when
the machines runs in full load operation [49]. Using the optimal rotor excitation
current control, mixed with stator field weakening, above 89 % effiency can be
achieved in virtually all operation points above kneepoint, with a top efficiency
of > 94 % for the machine [55]. While the top efficiency is not as high as in a
PMSM, the high efficiency operation area could be bigger and better situated
for some uses, and compared to other topologies, like the IM, the efficiency is
overall higher in the EMSM [48].

In 2014, Renault was the only manufacturer with an EMSM in the EV/HEV
market [34]. Since in 2015 Renault Zoe was the number 2 most sold EV in
Europe [1] and number 7 in the world so EMSM is still represented in a fair
amount of the total EV market. [55] means that EMSMs are of great interest
for EV, most thanks to the lack of PM and the adjustable flux. [18] concluded in
2011 that the EMSM performs better than IM, which was market predominant
at the time, and that the future price trend of permanent magnets will decide
whether there is a market breakthrough for EMSM.

2.5 Induction machine

The induction machine (IM) has rotor windings, like the EMSM, but they are
not externally fed. Instead the exciting current is induced by the stator field.
The excitation can rotate within the rotor, moving from one rotor winding to
another, creating a slip between the stator field frequency and the rotational
frequency. The rotor windings are typically made of a squirrel cage forged or
assembled of copper or aluminum, within the rotor core.

The IM has a simple and robust structure [34]. The rotor needs no supply [33],
as the EMSM does, which helps to make it reliable, proof of hostile environments
and relatively maintenance free [18] [56]. Materials and manufacturing are cheap
[39] [57]. The machine is mature and standardized [36], since it is widely used in
several markets, not only in EV applications [58]. It can reach peak torque and
high speed performance similar to IPMSM [33] with the same current density
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and lower cost [34]. The high speed operation area is wide [56] [57], and the
efficiency is better in the high speed region [39].

The design adjustments required to enable high speeds forces trade-offs [57].
Among those, the peak torque may not meet the requirements with current
and temperature limits [33], and the efficiency is decreased [18]. Overall the
efficiency is low compared to PMSM [58], because of the copper losses in the
magnetizing current in the cage in the rotor [34]. The rotor copper losses are,
like in the EMSM, as big as the stator copper losses [51], where they are also
difficult to cool [39]. Other than efficiency, the power density [57] and torque
density [39] are lower and weight is higher compared to a PMSM with the
same current density [34]. The controllability is not as good as in synchronous
machines [57], especially at high speeds there is room for improvements of the
current control [56] where the machine can otherwise stall at full current [58].
The power factor and inverter usage is low, due to the high current and voltage
ratings requirements [34].

Some of the balancing when designing for better efficiency can be explained by
trying to make the copper and iron losses as equal as possible. The copper losses
are highest at base speed, so the iron losses should be higher than the copper
losses at low and high speeds. The key to achieving high speeds is minimizing
leakage reactance. [36]

In EV and HEV applications, the IM is already widely used and accepted as
one of the most promising candidates [56]. Among the several manufacturers
using IMs today the manufacturer of the top selling EV model in 2015[1], Tesla,
is found.

2.6 Summary of topology literature study

There are several good candidates for PM-less machines for electrical vehicles,
and no clear winner among them. All topologies presented here have some
nice advantages to highlight, but also disadvantages that make the special re-
quirements for each application crucial for where the choice falls. Some of the
topologies are mature and widely used, some are barely more than concepts in
its cradle. They are all promising in their own ways, but they are also all in
need of more research and development.

If the thermal problems of the EMSM are addressed, the potential for the to-
pology is great. Direct cooling is a potential solution to thermal problems in
electrical machines. In the next chapter the principle of direct cooling and a
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concept thereof is explained, which sets the prerequisites for the rest of the thesis
where the possibilities of improving the EMSM’s performance by addressing the
thermal problems are studied.






Chapter 3

Direct cooling

In this chapter, the principle of direct cooling, some existing implementations
of direct cooling in literature and the concept that is further studied in the
remaining part of the thesis is explained and presented.

3.1 Principle of direct cooling

Conventional cooling of electrical machines is located at the exterior of the
machine. The simplest form is just letting natural or forced convection of air at
the outer surface of the stator (assuming an outer stator, inner rotor machine). It
is also quite typical to force air, water or another coolant fluid through channels
running axially through the outer part of the stator. The magnetic circuit needs
to be short as well as having as much core material as possible to maximize
the flux and minimize the core losses for optimal performance. Sacrificing any
volume deep inside the machine for a cooling system is often not worth it.

As mentioned in the introduction (Chapter 1.1.3), combustion engines are easier
to cool effectively, resulting in overheating not being a problem in normal com-
bustion engines cars, much because the cooling can be located close to both
where the heat is generated and the thermally sensitive parts.

In an electrical machine, the parts generating the heat is partly the core it-
self, but more so the windings in which current create the magnetic field. The
parts sensitive to high temperatures are in part the possible permanent magnets,
which will suffer permanent loss of strength if operating at high temperatures
typically ranging from 80 °C to more than 200 °C depending on the intrinsic

19
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Figure 3.1: lllustration of direct cooling with Litz wires wrapped around a steel tube for cooling.

coercivity [59] [60]. Another part sensitive to temperatures are the copper wind-
ings, for which the lifetime of the insulation varnish will be shortened and in
worst case come to an abrupt end at high temperatures, typically around 180-
200 °C depending on the insulation type [61] [62].

This means the copper windings are both heat generating and heat sensitive. In
addition, in an electrically excited machine, the excitation windings are situated
near the center of the machine, while the cooling is conventionally dissipated
to the exterior of the machine. If the heat could instead be dissipated directly
from the rotor windings, the performance could be substantially less impeded.

3.2 Direct cooling in literature

Many concepts of direct cooling have been suggested and studied. One example
is placing tubes for a liquid coolant among the windings. [63] did so in a SRM
designed for vehicle propulsion and managed to improve the torque density and
increase the current density in the stator slots to 9 A/mm? continuously. The
outcome is a result of balancing the torque density and the efficiency of the
machine. In a double stator, single rotor, axial flux PM machine [64] steel tubes
for water cooling are placed among the thin copper Litz wires in the stator slots
(Figure 3.1) to increase the torque density and prolong the winding insulation
lifetime by lowering the temperature, at 8.8 A/mm?. In a later study [65] 14
A /mm? was reached with a maximum winding temperature of 155 °C, compared
to 4 A/mm? in the original machine with conventional cooling.

Another alternative to conventional exterior cooling is using radial cooling ducts
for air or other coolants through the core (Figure 3.2). This was studied [66] with
air in a PMSM wind turbine generator and found that in addition to designing
the dimensions of the ducts for efficient cooling, a complex correlation with the
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Figure 3.2: Cross section of simplified principle of direct cooling with radial ducts, inspired by [66].

4

Figure 3.3: lllustration of section of SRM stator with a triangular cooling "prism” between the
windings.

core saturation had to be taken into account. In another PMSM wind turbine
generator [67] demineralized water was used in rectangular copper windings
extracted over steel tubes to keep the winding temperatures below 90 °C and
the permanent magnets below 60 °C with a current density of 7 A /mm?.

In another study [68] an axial triangular space between the windings of a SRM
(Figure 3.3) is cooled to a 50 % lower temperature and even though 25 % of
the slot volume is used for the coolant channel, the current density is increased
with 30 % and hence the overall torque and power density is increased.

3.3 Laminated windings

Another direct cooling concept is developed at the author’s department at Lund
University, the so called laminated windings [69][70][71]. The idea is that thin
layers of copper or aluminum make up the windings and that air is blown in the
space between the layers, illustrated in Figure 3.4.

The laminated windings can be manufactured and implemented in several ways,
often implying rolling or folding them to fit the slots and winding configuration.
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Figure 3.4: lllustration of cross section of laminated windings in a rectangular slot

Figure 3.5: Example of rolled laminated winding for a machine with a short active length.

A couple of examples are shown in Figures 3.5-3.6.

The experience from the work on laminated windings is that they show a great
theoretical potential, enabling current densities up to 30 A/mm?. Experiments
show that the basics of the concept works, but the theoretical potential has
been difficult to convert to reality. In practice the distance between the layers
have proven to be far from equal. Ideally, the layers and spaces between the
layers should be very thin. But the thinner the conductor, the harder it is to
keep them perfectly flat, or following a certain arc, and the thinner the space
between the layers, the more relative difference from small imperfections. If
the space between two layers are thinner than the others, significantly less air
may pass in that space, leading to a dangerous hotspot that can damage the
insulation of the windings. Also leakage proved to be a problem. Difficulties to
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Figure 3.6: Example of folded laminated windings for a machine with long active length.

seal the inlet perfectly and to not let any air slip into the slot opening or air
gap of the machine increased with narrower spaces between the windings.

During the work with the laminated windings this has led to increasing dimen-
sions with thicker conductors and larger spaces between them, even though it is
less optimal in the theoretical case, because the thicker laminated windings are
sturdier so that in turn the cooling capabilities are more predictable.

Figure 3.7: Example of rolled laminated winding with uneven spaces for air flow.



24 3 Direct cooling

Figure 3.8: Example of folded laminated winding with relatively even spaces for air flow.

Figure 3.9: Left: Cross section of two rectangular winding with concave indents along the sides.
Right: Cross section of two rectangular hollow windings with inner circular coolant
channels.

3.4 Renewed ideas on parallel air-flow direct cooled
windings

To build on the potential of laminated windings and address the problems, a
couple of other concepts have become interesting to study further. Since the
distance between laminated windings is difficult to ensure in practice, the shape
of the windings themselves needs to assure the cooling channels are kept intact.
Two basic ideas are illustrated in Figure 3.9.

Both ideas result in circular or elliptic coolant channels running along the wind-
ings, that will stay intact once the windings are squeezed into the slots. That
means they both can be thermally modeled the same way, as solid copper blocks
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Figure 3.10: Photo of a 6x6 mm rectangular hollow winding with 2 mm radius inner air channel.

with a number circular or elliptic channels running through - if the interface
between the individual conductors and the insulation thickness is neglected and
if the two outermost half ellipses are assumed to be equivalent to one whole
ellipse; and that the area around every channel can be modeled as one smaller
block of copper with one single circular or elliptic channel through it - if no
heat exchange at the boundary is assumed, so that all the heat generated in
the windings will dissipate into the coolant. The thermal models will thus be
similar to the photo seen in Figure 3.10.

A number of different coolants can be considered as coolants, but this thesis
studies the case with air only. This is mostly a practical choice, since air is
easily available for experimental validation. The fact that liquid coolants like
water or oil are better for cooling applications will generally mean that if the
proposed concepts works with air, they may perform even better with water or
oil for further studies.

One of the drawbacks in the properties of air when used for cooling is that the
heat capacity per volume is very low, in comparison to oil and water that have
higher specific heat and orders of magnitude higher density. This means air will
increase quickly in temperature. Since it is important to not let the insulation
overheat, the air will quickly reach the temperatures where the lifetime of the
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Figure 3.11: Photo of coiled rectangular hollow winding with drilled holes creating parallel cooling
channels.

insulation will suffer [62]. In several of the examples of direct cooling mentioned
above (section 3.2), a tube with liquid coolant could run several turns throughout
the machine and still be able to keep the windings cool by the outlet. For air,
the cooling channels need to be shorter.

For that reason, the cooling channels will run in parallel through the active
(axial) length of the machine, in the work of this thesis. For the indented
windings, the channels will open up at the end turns of the machine, creating
inlets and outlets for the air. For the hollow windings however, holes have to
be drilled in the end windings. An example of this is shown in Figures 3.11 and
3.12.

Only the active (axial) length of the machine is modeled. In a practical applica-
tion of the proposed windings in a machine, the winding end turns will have an
effect on natural convection, heat generation, inlet of the air flow, among other
things. Those effects are neglected in this model. A compressor or fan will in-
crease the air temperature with the pressure rise, so the placement of it, as well
as its efficiency, will matter to the system. The air can either be circulated and
cooled between outlet and inlet, or be brought from the surrounding through a
filter. But in this thesis, neither of these questions will be covered.

This concludes the prerequisites and delimitations of the direct cooled winding
concept for which the air cooling model is presented in the next chapter.
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Figure 3.12: Close-up photo of end windings of coiled hollow rectangular winding with drilled holes
for parallel air inlets/outlets.






Chapter 4

Model and analysis of
air-cooled windings

This chapter presents the model developed for the proposed direct cooled wind-
ings, starting with the necessary heat transfer theory to describe the possibilities
and inadequacies embedded in the empirical correlations that are used in the
model. The empirical model is combined with a lumped parameter model and
the accuracy of the combined model is briefly compared to experimental results.

The final part of the chapter presents and discusses the results from the model
and the conclusions from the air cooling model that are integrated in the sub-
sequent machine design of the next chapter.

The majority of the content of this chapter is published as a conference paper
[72].

4.1 Modeling of heat transfer

For an electrical engineer, Ohm’s law is one of the foundations of the universe
and analogies for Ohm’s law are identified in basically every field of physics.
Heat transfer is no exception. A very fundamental relation for heat transfer
through a given area can be written as equation 4.1 where /A is the heat flux
in W/m? between two points (or the current in the Ohm’s law analogy), AT
is the difference in temperature in K between the same points (or the voltage
in the analogy), while k will take different forms depending on the path of the
heat, given in W/m2K (and the equivalent of the inverse of the resistance).
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Q_
Z_k.AT (4.1)

If the heat travels through is thermal conduction, k can be expressed as equation
4.2 where \ is the heat conductivity given in W/mK and L is the length of the
heat flux path (comparable to the resistance’s relation to the resistivity).

k= (4.2)

A
L
If the path of the heat is radiation, the expression takes the form of equation
4.3 where ¢ is the emissivity coefficient and Stefan-Boltzmann’s constant o =
5.6703 - 1078 W/m2K4. Tiodqy and Ty, are the temperatures of the radiating

body and the surrounding ambient temperatures (between which temperatures
AT is also defined).

k= 80’(T€0dy + Tﬁmb)(TbOdy + Tamb) (43)

Finally, if the heat takes the path of convection, k = h where h is the heat
transfer coefficient in W/m?K. In this case, the fundamental relation (eq 4.1)
is known as Newton’s law of cooling. If the convection happens through forced
convection in a pipe, the heat transfer coefficient is as in equation 4.4 where D
is the diameter of the pipe, A is the heat conductivity of the fluid and Nu is the
Nusselt number, which is a dimensionless number that represents how easy the
heat will spread from the wall to the fluid. The heat spread into the fluid (in
heat transfer and fluid dynamics air and other gases counts as a fluid, as opposed
to solids) depends on both the fluids convective and conductive heat transfer,
since the heat is both conducted throughout the fluid as well as spread as the
fluid mixes in eddies and vortices. The way the fluid behaves is unpredictable,
and empirical models have proved to compose better estimations of the behavior
than physics models.

~ Nui

=D

(4.4)

The fluid temperature distribution along the radius of the pipe, Tt, will vary
along the length of the pipe, as the flow develops. The exact distribution is
hard to determine, but that is not necessary since the bulk temperature of the
fluid, T}, the average of the temperature distribution along the radius, is what
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Figure 4.1: The temperature profile along the radius of a pipe and the definition of the solid tem-
perature T, wall temperature of the solid T\, fluid temperature T¢, bulk temperature
of the fluid 7, and AT in the solid/fluid interface of a pipe.

T T
Ty

Figure 4.2: Temperature distributions along the length of the pipe. Left: Example of T}, constant.
Center: Example of Q (or AT) constant. Right: Example of realistic case.

L

defines AT together with the temperature of the solid at the interface, as seen
in Figure 4.1.

To solve a heat transfer problem, a choice between two options has to be made.
That is if either the wall temperature of the solid (7y), or the heat flux from
the wall to the fluid (Q), is going to be assumed to be constant. Neither is true
in reality (as shown in Figure 4.2), but one of them has to be assumed to be a
better estimation.

In the work of this thesis, the assumption of the wall temperature being constant
is made. To determine the heat transfer coefficient, the Nusselt number has to be
obtained. The empirical models for the Nusselt number are different depending
on the situation. Things like the dimensions of the pipe, the properties of the
fluid and the rate of turbulence will affect which model that gives the best
estimation.

The important parameters of the pipe’s dimensions are the length, the hydraulic
diameter and the ratio between them. The hydraulic diameter Dy, equation 4.5,
is the same as the inner diameter of the pipe if its cross section is circular. If
the pipe has another shape, Dy, is an equivalent diameter that will result in the
same hydraulic behavior as a circular pipe with the same diameter. Cyp is the
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circumference (wetted perimeter) of the cross section through which the fluid
flows.

Dy = — (4.5)

Some of the properties of the fluid are represented in the Prandtl number, which
is given by the relation between the thermal diffusion rate and the fluids dynamic
viscosity, u, obtained by equation 4.6.

Pr = % (4.6)

The rate of turbulence is determined through the Reynolds number, equation
4.7. The Reynolds number is in itself dimensionless and depends on the fluid’s
mean speed through the cross section area (un, given in m/s), the diameter of
the pipe (Dy) and the fluid’s kinematic viscosity (v).

wD
Re = —mh (4.7)

14

The Reynolds number is crucial when determining the Darcy friction factor, f.
The friction factor is a proportional factor to the pressure drop of the fluid along
the length of the pipe due to the resistance of the fluid’s friction against the pipe
walls. The friction factor is also an important part of the Nusselt number, which
is evident in the following sections.

4.1.1 Empirical model

An empirical-numerical model is built to approximate the heat transfered from
the copper windings to the air channels for a given air speed.

Laminar flow

For Reynolds numbers lower than 2300, the flow can assumed to be laminar,
meaning that the fluid is moving only axially, and that radial or tangential
directions of the flow can be neglected [73]. The fluid near the center of the pipe
flows faster, while the local flow rate of the fluid closest to the walls of the pipe
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Figure 4.3: Velocity profile for the entrance region and fully developed laminar flow.

approaches zero. Laminar flow is typical for lower flow rates and pipes with
small diameters.

The geometry of the pipe will decide the dimensionless constant C'. Circular
pipes results in a value of 64, while ellipses will results in a higher value. With
C, the Darcy friction factor, f, is then obtained through equation 4.8.

C

= Re

(4.8)

In laminar flow, the Nusselt number will adopt a constant value of 3.656 for
long pipes. But at the entrance into the pipe, the flow will need a distance to
develop fully. During this length, the entrance length, the Nusselt number will
be higher. For pipes with a length less than roughly 100 times the diameter, the
entrance length can not be neglected. In these cases, the local Nusselt number
along the pipe can be obtained with Hausen’s formula, equation 4.9 [74].

0.0668RePrs
1 + 0.04(RePr2n)2/3

Nu = 3.656 + (4.9)

The entrance length is defined be the length it take from the entrance until the
velocity profile has stabilized. At the entrance the flow has the same speed in
the center of the pipe as near the walls. The flow close to the walls is slowed
down more and more along the entrance length. The entrance region and fully
developed laminar flow is illustrated in Figure 4.3, where the two rightmost
profiles are identical, meaning the flow is fully developed from there on.
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Transitional flow

When the Reynolds number is in the region between 2300 and 4000, the flow
in a pipe is transitional, meaning it is neither fully laminar, nor fully turbulent.
The flow in the center of the pipe is be turbulent, while the flow close to the
surface is laminar.

The friction factor for transitional flow is difficult to determine and very little
theory is established for the region [73], much because transitional flow is hard
to predict, since the mix of laminar and turbulent flow in the pipe can change
back and forth over time [75] and be triggered by minor disturbances in the
pipe or its surrounding [76]. In this thesis, to not overestimate the friction
factor in transitional flow, the friction factor is interpolated linearly from the
friction factor of laminar flow at Re = 2300, using eq 4.8, to the friction factor
of turbulent flow at Re = 4000, using eq 4.12. This results in equation 4.10.

f =Re-8.00883 - 10~% + 0.0094057 (4.10)

The choice to interpolate the friction factor in the transitional region was based
on the collection of experimental data for turbulent flow through pipes in [77].
The Nusselt number for the transitional region was calculated with Gnielinski’s
correlation (eq 4.11).

Turbulent flow

From Reynolds numbers of 4000 and above, the flow can be considered turbulent
and thus more predictable than the randomly mixed transitional flow. For
the Nusselt number in turbulent flow, Gnielinski has established a well-known
correlation, equation 4.11.

Pr(Re — 1000)
1412.7/f/8(Pr?/3 — 1)

Even though Gnielinski’s correlation neglects the entrance region it has proven
to provide the most accurate estimation of the Nusselt number for smooth pipes
over a wide region of Reynolds numbers [76]. The entrance region would locally
result in a higher Nusselt number, which in turn would increase the heat transfer
coefficient and thus the cooling abilities. Using Gnielinski’s correlation this
way results in a conservative model, that does not overestimate the cooling

Nuzg (4.11)
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capabilities of the system. Gnielinksi’s correlation for turbulent flow should be
used with Petukhov’s correlation for the friction factor, equation 4.12.

1

r= (0.791n (Re) — 1.64)2

(4.12)

Freshly drawn copper has an absolute roughness of ¢, = 0.0015 mm [78] which
in the range of 2 < D < 10 mm will result in a relative roughness of 0.00015 <
€:/D < 0.00075. In the mentioned range of diameters and the expected range of
air speeds (20 < u, < 110 m/s), the Reynolds number is not expected to exceed
20 000. Within that range, the difference between perfectly smooth pipes and
drawn copper is negligible, as seen in a Moody Chart [79], which means that
the Petukhov correlation will make a good estimation of the friction factor.

Implementation in model

The model is implemented by dividing the pipe into shorter sections, as illus-
trated in Figure 4.4, calculating the Reynolds, friction and Nusselt numbers as
described above, as well as the heat transfer coefficient for each section separ-
ately (eq 4.13). For each section also the pressure drop (eq 4.19), heat absorbed
by the air (eq 4.15) and the temperature rise of the air is calculated (eq 4.16).
Depending on the pressure and the bulk temperature of the air, the density (eq
4.17), speed (eq 4.18), heat conductivity and viscosity is updated. The heat
conductivity and viscosity is interpolated from table data. From here on, the
surface temperature of the solid will be called T, (for copper) instead of Ty,.

h= Nlllilair (4.13)

ap pairlflffi (4.14)

Q = Aawh(T. — Tp) (4.15)
M = Um ApipePair

i, = ¢ (4.16)

MCp air
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Figure 4.4: Sketch of the sectioned pipe and how some of the quantities develop.

Figure 4.5: Lumped parameter model

P
= — 4.17
Pair = 587.05 v (4.17)
P; Ti
Uloeal = Uinlot inlet 4 b,local (418)

Plocal Tb,inlet

4.1.2 Lumped parameter model

In addition to the empirical model, a lumped parameter model is used. The
thermal network used is shown in Figure 4.5. The network can be represented
by a matrix, from which the copper temperatures (7¢1...T¢,) in each node can be
derived. In the lumped parameter model, the temperature dependent resistance
for each section is calculated, which results in a non-uniform heat generation
along the conductor (pres,1 # Pres,2 When T¢y # Teo).
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4.1.3 Combined empirical-lumped parameter model

The problem is solved by iterating between the empirical heat transfer model
and the lumped parameter model. The inputs for the model is the current
(which gives pres), the inlet air speed w1, the inlet air temperature Ty, the
initial constant copper temperature, and the necessary dimensions. For the
first empirical iteration, the copper temperature is constant along the length of
the pipe and the air pressure is set as a linear pressure gradient based on the
inlet air speed. The result of the empirical iteration is the air bulk temperatures
(Th1.) and heat transfer coefficients for each section (h_,). This is fed into the
lumped parameter model, which results in an update of the copper temperature
distribution.

For the second iteration of the empirical model, 7. is no longer constant along
the entire pipe, but each section is solved with a constant 7, of its own, equal
to the corresponding copper temperature from the lumped parameter network.
This is also the first time an approximation of the pressure in each section is
known, which will play a part in updating the air properties.

This way, the system iterates back and forth between the empirical model and
the lumped parameter model until it converges. Convergence of the copper
temperature distribution is achieved after 17 iterations, if run with a number
of sections resulting in a length of around 10 mm for each section. A sketch of
the flow chart and the evolution of the temperature distributions is presented
in Figure 4.6.

Purpose and conditions for the model

The purpose of the model is to find the necessary inlet air speed to keep the
hottest part of the copper below a certain temperature. The point in keeping the
hottest part of the copper cool enough is simply to not deteriorate the insulation
of the windings. The point in finding the necessary inlet air speed is to derive
the power needed to achieve the cooling. That power is later added as a loss in
the machine, when calculating the efficiency of the machine.

The search for the lowest necessary inlet air speed is done by a golden section
search algorithm. The search is performed between 0 and 110 m/s. The upper
limit is set to approximately 110 m/s, because at higher speeds (M32 > 0.1)
the correlations between density, speed and pressure becomes more difficult to
model in an accurate way, making convergence more difficult to achieve. One
effect at this limit is that the air speed will not increase (at all, or very little)
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Figure 4.6: Flow chart of the combined empirical-lumped parameter model process.
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Temperature sensor 2 Temperature sensor 1 Inlet,

Temperature sensor 4 Temperature sensor 3 Outlet

Temperature sensor 5

Figure 4.7: Photo of copper conductor used for the experiment.

with increased pressure. The cooling capability however will still increase as the
pump power increases, because of the change in other air properties (such as
density, thermal conductivity, specific heat), but not as much as at lower speeds.

4.2 Experimental validation

Experiments were performed on a drawn rectangular copper rod, shown in Fig-
ures 4.7 and 4.8. The dimensions of the rod are as follows; Length L,,q = 870
mm, side (height and width) s = 6 mm, inner channel radius rq = 2 mm, and
three 180° bends with radius r, = 18 mm. The distance between the current
connection terminals is I = 848 mm, which is the value that was used for the cal-
culations involved in the experiment, post-processing and the empirical-lumped
parameter model.

During the experiment, the copper temperature was measured on five spots,
along with the pressure before the inlet. The experiment was performed in
collaboration with the work of a master thesis [80].

The model described in the previous section assumes no heat exchange with
the surrounding. In the experiment, however, some heat will escape to the
surrounding air via natural convection and radiation, as well as to the terminals
and cables for the current supply via conduction. The natural convection and
radiation to the surrounding air was approximated to h = 15 W/m?K, based on
experiments in the aforementioned study [80].

With no data of the temperatures and dimensions of the current supply terminals
and cables, the heat flux between those and the copper rod is impossible to
determine with exact accuracy, but with the help of a small lumped parameter
model with five nodes (one for each temperature sensor), an average heat flux
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Figure 4.8: Photo of outlet cross section of copper conductor used for experiment.

from the inlet terminal could be estimated to Qi, = 0.4 W and the flux to the
outlet terminal to Qout = 0.75 W. These values (along with h = 15 W/m?K
to the surrounding air), were added to the lumped parameter model for the
empirical-lumped parameter model.

Determining the air speed

The air speed was derived from the measured inlet pressure and equation 4.19:

2
P = p%m (f% + Zkb> (4.19)

The centerline radius of the bend was measured to 18 mm while the internal
diameter of the pipe is 4 mm. The bend loss coefficient kj, was determined to
be 0.3 for each bend (and the number of bends were three) from table data [81].

If the pressure drop can be assumed to be linear along the pipe, the speed can
be derived using the drop from the measured pressure at the inlet to the outlet
pressure, which is the same as normal atmospheric pressure, and the whole
length of the pipe, with the air density calculated for the inlet temperature
Tairjin = 20°C and inlet pressure. This assumption however, would result in
a too high inlet air speed, since the pressure drop is not in fact linear along
the pipe. Since the temperature and the pressure varies along the pipe, the air
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properties, density, speed and friction factor will vary too, which will in turn
affect the pressure drop along the pipe. Lacking measurements of temperatures
and pressures along the pipe, or other quantities necessary to derive the inlet air
speed, the pressure distribution along the pipe was retrieved from the empirical-
lumped parameter model. From there, it was found that the local pressure drop
per mm along the pipe near the inlet was approximately 80 % of the average
pressure drop per mm over the whole pipe (varying with +3% from 80 % for
the different cases in the experiment).

8-dP 1
= |22 . (4.20)
p f5+3-03

The air speed is thus derived with the correlation in equation 4.20 where dP is
the pressure drop from inlet to outlet, L = 848 mm, D = 4 mm, and p and f
are calculated from the inlet air pressure and speed with the same correlations
as in the empirical model, via an iterative process. An initial f is chosen with
an arbitrary number (a.k.a. qualified guesswork) for calculating a first iteration
of upy, leading to a Reynolds number and friction factor that determine a better
estimation for dP and a new iteration of uy,, and so on. After 5 iterations, the
third decimal of the air speed is stable.

Results and analysis

Seven combinations of current and air flow are tested. The measured temper-
atures from these cases are presented in Figure 4.9 along with the modeled
temperatures from the model. Two levels of voltage was applied while varying
the air flow, resulting in two different current densities (approximately 11.2 and
13.8 A/mm? with variations due to temperature depending resistance). In the
presented results, the cases are sorted by air speed.

Firstly, for the three centermost temperatures from the experiments, the tem-
peratures coincide well with the temperatures predicted by the model. For those
three points along the pipe, the model on average predicts a temperature 7 K
higher than the measured temperatures. It is a good sign that the model is on
the conservative side, not overestimating the cooling capability of the system,
leading to overoptimistic results.

A few more things are important to note about the results. The predictions of
the endpoint temperatures are way off, which shows that the estimation of the
heat flux to and from the current connection terminals is not accurate enough.
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Figure 4.9: Comparison of experimental results and model results.
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The temperatures at the inlet and outlet should therefore be ignored when
assessing the model’s accuracy to predict the temperature in a pipe with no
heat exchange with the surrounding.

The three centermost measured temperatures have a slightly flatter gradient
than the models prediction. The effect of the heat flux to the connection ter-
minals is negligible in these points. It is more probable that the reason for the
flatter gradient is the way the pipe is bent. In Figures 4.7 and 4.8, it is clear
that the points for temperature sensors 2 and 4 are very close physically. There
is no direct contact between the conductors at these points, but the convection
and radiation between them will bring the temperatures of these points closer
together than if the rod was straight, which the model assumes it is.

Conclusions on experimental validation

There are many uncertainties in the experimental data, such as the derivation of
the air speed, the way the rod was bent, the convection to the surrounding and
the heat conduction to the current connection terminals. Also, more combina-
tions of current densities and air speeds would be desirable as well as data from
conductors and channels with other dimensions, for the models accuracy to be
assessed on a wider range. Unfortunately, there was no possibility to perform
more experiments or retrieve more data at the time of the writing of this thesis.

Also worth mentioning is the fact that several parts of the experimental data had
to be processed through the empirical model, mostly when determining f for the
pressure drop, and the pressure drop distribution to derive the inlet air speed.
Validating a model with the model itself is not the best practice in general, but
in this particular case, the only way to get any experimental validation at all.

Lastly though, the model seems to predict the copper temperature surprisingly
well. The uncertainties in the empirical correlations suggest a larger error mar-
gin, and for the purpose of the model it is, awaiting further experiments in the
future, considered to be accurate enough. The point of the model is to estimate
the power cost to keep the copper in the windings from overheating for a given
current density, to in turn estimate the efficiency of an electrical machine util-
izing the windings. And as already stated, the experiments show no reason to
doubt that the model fulfills that purpose.
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Y .

Figure 4.10: Sketch of the cross section of a conductor for the model, with a slightly elliptic air
channel and insulation (white frame).

4.3 Model results

The empirical-lumped parameter model is used together with the golden section
search algorithm to find the necessary air speed to keep the copper below 150
°C for various cases. Copper conductors with a square shaped cross section area
are modeled, as shown in Figure 4.10, with a insulation thickness of 0.1 mm on
all sides [61]. The side (s) of the conductors are varied from 2 to 6 mm, while
the length L is kept constant at 224 mm. The current density are varied from
4 to 18 A/mm?, defined as equation 4.21, thus ignoring the cross section area
of the circular hole for the coolant air no matter what value r takes. The air
channel radii r,, is varied so that the fill factor k¢ varies as equation 4.22. The
model is run with two cases for the air channels, one with circular channels, and
one elliptic case where one radius is four times longer than the perpendicular
radius.

J=1/s* (4.21)
52 - 7'["/“2

This means that for a conductor with a given side s, the current is always the
same, independent of the air channel radius. If the channel is larger, the amount
of copper is decreased, and the resistance increased. If the channel is very small
the resistance is lower, but on the other hand more pump power is required to
push enough air through the channel to keep the copper cool enough. Where
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is the right balance between the amount of copper and the size of the cooling
channel? The model answers that and the results are presented in Figure 4.11.

Figure 4.11 shows the total power in an air cooled conductor, meaning the sum
of the resistive losses and the pump power required to keep the copper below
150 °C. Along the z axis, the width (and equal height) of the conductor is varied.
Along the y axis the air channel radius is varied, deciding the fill factor, which is
the amount of copper divided by the conductors total cross section area. Each
row represent a given current density J. FEach column represent either a circular
air channel (r, = 7p) or an elliptic channel (2r, = r,/2). The total power is
presented in W/mm? @ L = 224 mm, meaning the losses of the conductors of
various dimensions are averaged per cross section mm?, but summed along the
whole active length, to make the results comparable. White areas show that
the air speed is too high for the model to converge with accuracy. It does not
necessarily mean that the required level of cooling is impossible to reach, but
that it will cost more pump power to achieve. Finally, in the left column, two
stars are shown. One near the center of each plot, marking the dimension chosen
for the machine design in the coming chapter. And one star at the right edge of
the plots, marking the dimensions for the conductor used in the experiments in
the previous section.

Figure 4.12 shows the same layout as Figure 4.11, but with the inlet air speed
in m/s presented. Figure 4.13 presents the inlet pressure in bar (where 1 bar
is the outlet pressure). Figure 4.14 present the resistive losses divided by the
pump power, thus showing the relation between the powers summed in the total
power. Within each figure, the same color scale is used, so every shade represent
the same range of values.

4.3.1 Analysis of the results

In Figure 4.11, a number of trends can be seen. For higher current densities,
more power is lost to resistive losses and pump effect for the cooling system.
Higher fill factor generally means less power lost. And for high current dens-
ities only the smallest windings can keep the insulation cool enough without
exceeding the air speed limit.

In Figure 4.12, it turns out that the required air speed increases fast as the
current density increases. For higher current densities, larger conductors and
narrower air channels require higher speeds. For the narrower channels, this is
because a higher speed is required to maintain more or less the same mass flow
that the wider pipes let through. For larger conductors, the reason is mostly
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to keep the copper below 150 °C for various current densities, conductor dimensions
and fill factors, for 224 mm long conductors.
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Figure 4.12: The air speeds that will keep the copper below 150 °C for various current densities,
conductor dimensions and fill factors, for 224 mm long conductors.



48 4 Model and analysis of air-cooled windings

J =4 A/mm?2, rr,=1 J =4 A/mm?2, rr,=4
WETR— 90 B
g %// 80 \\V
fos, o ;
S e \'Q’%
§ 70 i 70 \61,
= 60 60
[N
50 50
2 3 4 5 6 2 3 4 5 6
= 2 = = 2 =
J =10 A/mm ,ra/rb_1 J =10 A/mm ,ra/rb_4

90
80
70
60
50

Fill factor [%)]

Fill factor [%)]

@ ©
o O

Fill factor [%]
3

60
50
J=18 Amm? r /r, =1 J=18 Amm?2,r /r_ =4
ab ab
90
9
£ 80 *
8 .
§ 70 i
= 60 [~ /
50
2 3 4 5 6 2 3 4 5 6
Conductor width [mm] Conductor width [mm]

Figure 4.13: Inlet pressure necessary to produce the air speed needed to keep the copper below
150 °C for various current densities, conductor dimensions and fill factors, for 224
mm long conductors.



4.3 Model results 49

J=4A/mm2,ra/rb=1 J=4 A/mm ,r/r =4

Fill factor [%]

= 2 = = 2 =
J=10 A/m ,ra/rb_1 J =10 A/mm ,ra/rb_4

Fill factor [%)]

Fill factor [%)]

J =16 A/mm?2, rfr, =1 J=16 Amm?2,r o

90

[oo]
o

Fill factor [%)]
[ 23N |
o o

[
o
N

3 4 5

[e2)

J =18 A/mm?2, rfr, =1 J=18 Amm?,r o

@ ©
o O

Fill factor [%)]
3

2]
o

o
o

2 3 4 5 6
Conductor width [mm] Conductor W|dth [mm]

Figure 4.14: Resistive losses per pump power when copper is kept below 150 °C for various current
densities, conductor dimensions and fill factors, for 224 mm long conductors.



50 4 Model and analysis of air-cooled windings

that wider air channels have less surface area per volume flow, meaning the heat
transfer in the surface is lower per mass flow, decreasing the heat dissipated into
the air.

In Figure 4.13 it is quite expectedly seen that wider channels in larger conductors
require lower inlet pressure. Comparing the pressure and air speed figures, it is
noticed that for pressure, the circles have their center towards the lower right of
the graphs, while the air speed has the circles’ centers to the lower left. Since the
pump power is the product of the pressure drop and the volume flow, it might
be expected that the pump power should have the circles gathered around the
lower part of the graphs. But the cross section areas have a high impact on the
volume flow, which lifts the lowest pump powers to the higher fill factors.

The relations between the resistive losses and the pump powers shown in Figure
4.14 indicates no extreme relation, but make clear that the pump power is always
higher than the resistive losses, but never more than twice.

Comparing the circular and elliptic channels, it turns out they are very similar
in total power, but still there is a big difference in the ability to reach high
current densities. The source of this difference is clear when comparing the
pressure and air speed results for the channel shapes. The elliptic channels
require a higher inlet pressure, because of the extra friction due to the extra
surface area. But the extra surface area also increase the heat transfer in the
surface, meaning less air needs to be pushed through. This expected difference
in required air speeds can be seen in the results. And since the air speed is the
most limiting parameter in the cooling model, this works to the advantage of
the elliptic channel. Remember, however that this limitation is in the model and
not in a real case. An improved model for higher speeds, or real life experiments
are needed to explore this difference further, before a final decision can be made.

Which dimension that is most efficient depends on the operation point. For
low current densities, high fill factor is good, since the need for cooling is low,
making the extra conductor area more important than keeping the friction down
for the air pressure. As the current density is increased, the area for lowest total
power moves to lower fill factors. An optimal winding would more or less move
from a large one with a very thin air channel, diagonally over the graph to a
smaller conductor a higher portion used for the air channel, to be able to reach
high current densities. For a certain application with a known distribution of
operation points, a sound choice can be made. For a general application as the
work of this thesis, with the purpose to compare the general performance of
an electrically magnetized rotor with an interior permanent magnet rotor, some
kind of golden mean has to be found.
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The choice for the rotor performance study falls on a 4x4 mm conductor with
78 % fill factor, or in other words, a circular 1.05 mm radius air channel. The
motivations follow.

In order to not forget the experiences from the laminated windings (chapter 3.3),
the thinnest windings with the narrowest channels are avoided, to not be too
optimistic about which paths the air low will choose in a real application. For
a low operation point, a large conductor with a narrow winding is desirable, but
to enable high load, those are the worst choice. 4 mm, 78 % fill factor simply
is basically halfway through and seems to be a good compromise. The fill
factor is high enough to keep the total power down, but low enough to enable
at least 16 A/mm? (before the model’s convergence and accuracy problems
commence). The elliptic channels are avoided because of the lack of testing and
the uncertainty about the manufacturability they possess at this moment.

This concludes the air cooling modeling chapter, providing the tools and exper-
ience necessary into the design of the rotor for the performance comparison.






Chapter 5

Rotor design

This chapter covers the design of a rotor for an existing stator, with the purpose
of comparing its performance with the original IPM rotor of the same machine,
to evaluate the potential in the direct cooling concept.

The chapter starts with a presentation of the reference machine and its specifica-
tions, continues with some analysis to identify some important parameters prior
to the rotor design itself. The rotor design integrates the cooling model featuring
the previous chapter. The chapter ends with the aforementioned performance
comparison to the IPM reference machine.

5.1 The reference machine

An TPMSM for a parallel hybrid drive in heavy vehicles is developed at the
author’s department at Lund University [82] [83]. This machine is tested and
known well in both theory and practice. The specifications of the machine are
presented in Table 5.1 and a section of the machine is shown in Figure 5.1.

5.2 Rotor geometries

For the design of the electrically excited rotor, some choices are made to simplify
the optimization. Since the windings proposed require rectangular slots, the
dimensions for the rotor geometry are limited to the height of the slot hg, width

53
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Figure 5.1: Section of the original IPM machine

Table 5.1: Reference machine specifications

Machine type IPMSM
Continuous power 80-110 kW
Peak power 150-180 kW
Peak torque 250 Nm
Top speed 15000 rpm
Active length 224 mm
Outer active stator radius 100 mm
Air-gap radius 60 mm
Air-gap width 1 mm
DC voltage range 600-650 Vaqc
Max. cont. stator current 180 Arwms
Coolant medium Gearbox oil

Poles 6

Stator slots 36
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Figure 5.2: Dimensions in the rotor geometry, where light gray represents the iron core and dark
gray represents the slot. The figure shows 1/12 of the the machine.

Figure 5.3: Geometry 1, with 0° slot angle.

Figure 5.4: Geometry 2, with a slot angle resulting in the tangent of the slot/tooth interface
intersecting the center, marked with the dashed line.

Figure 5.5: Geometry 3, with a slot angle resulting in constant tooth width, marked with the
arrows of equal length.
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of the slot wg, the depth of the slot from the air-gap ds, the angle of the slot s,
and the angle of the wedge-gap oy, illustrated in Figure 5.2.

The slot angle determines the three main geometries studied in the rotor design.
The first geometry is defined by as = 0, shown in Figure 5.3. The second
geometry has a slot angle that results in the tangent of the slot/tooth interface
to intersect the center of the machine, shown in Figure 5.4. The third geometry
is defined by the slot angle that results in a constant tooth width, shown in
Figure 5.5.

5.3 Loss studies

Before performing the rotor design, some studies on the losses of the machine
are made.

5.3.1 Space harmonics losses in rotor windings

The rotor winding uses direct current to magnetize the rotor. When the ro-
tor rotates in the stator, the flux will fluctuate as the stator and rotor teeth
alignment varies. These flux variations, along with flux leakage through the
windings, are called space harmonics and will induce an alternating current in
the rotor windings.

If the space harmonics result in more than negligible extra losses in the rotor
windings, the air cooling model must include the AC resistance in the rotor
windings, and not only the DC resistance. To examine whether this is neces-
sary, and how the winding dimensions affect the space harmonics, a series of
simulations are carried out.

Simulation setup for space harmonics

ANSYS 18.2 Electronics [84] is used to carry out 2D simulations to study the
questions raised above. In the simulations, a section (1/6) of the machine is
modeled, with the indented rectangular windings. The inputs of the simulation
series is presented in 5.2. Only the losses in the rotor windings are studied in
this section. In appendix A, a clarification of the definitions of currents used in
this thesis is presented.
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Table 5.2: Simulation inputs for space harmonics loss studies.
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No of Parameter Min Max Step  Unit
cases size
3  Rotor geometry 1 3 1 -
1 ws .13 mm
12 hs 13 mm
5 Speed 3000 : 15000 3000 rpm
1 I ;500 A
1 I ;500 A
3 I 0 : 600 300 A
134 Rotor angle 0 : 60 ~0.45 °
2 Rotor winding conductors 2x4  :  3x6 -

Two sizes of conductors are studied in the windings. One case where 2 by 4
conductors with the size 3x6 mm are stacked per slot, and one case where 3
by 6 conductors with the size 2x4 mm are stacked per slot. Interestingly, the
numbers 2&4 and 3&6 appear in both cases, so to be clear the numbers from
here on will always be referring to the number of conductors, and not their
dimensions in millimeters. The 2 by 4 case thus has the largest conductors. The
conductor cross section area is roughly 2.25 times larger than that of the 3 by
6 case.

The simulations are made on all three geometries respectively, with slot dimen-
sions kept constant. In figures 5.6, examples of the three geometries are shown
with 2 by 4 conductors as well as 3 by 6 conductors. Note that the stator in the
simulations in this study (section 5.3.1) is not exactly the same but similar to
that of the reference machine. This does not however impact the relevance of
the analysis and conclusions of the study for the rest of the work.

5.3.2 Results from space harmonics loss simulations

The mean losses in the rotor windings for a 60 degree sweep for various speeds
and winding configurations is put together and shown in Figures 5.7 to 5.9.

First, it is clear in all cases that there is a strong frequency dependency in the
rotor winding losses.

Comparing the conductor sizes, the smaller conductors have larger low frequency
losses, and larger high frequency losses in all cases.

Comparing the geometries, geometry 1 and 2 are quite similar, while geometry
3 have significantly lower losses.
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(a) Geometry 1, 2 by 4 con- (b) Geometry 1, 3 by 6 con-
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(e) Geometry 3, 2 by 4 con- (f) Geometry 3, 3 by 6 con-
ductors ductors

Figure 5.6: a-b) Geometry 1, constant slot width. c-d) Geometry 2, tooth angle origins in center.
e-f) Geometry 3, constant tooth width.
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Figure 5.7: Rotor winding losses for Geometry 1.
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Figure 5.8: Rotor winding losses for Geometry 2.

Geometri 3, 2*4 ledare

Geometri 3, 3*6 ledare

——-Ir=0A
Ir =300 A
Ir = 600 A

—— —Ir=0A
Ir=300 A
= |r =600 A

4000 6000 8000 10000 12000 14000
Speed (rpm)

(a) 2 by 4

8000 10000 12000 14000
Speed (rpm)

4000 6000

(b) 3 by 6

Figure 5.9: Rotor winding losses for Geometry 3.
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Comparing the excitation currents I, the situation is more complex. As ex-
pected, it seems like the losses are smaller for lower excitation currents at low
frequencies. At higher frequencies though, the result varies between the geo-
metries. To address this, the flux variations are studied further below.

Flux linkage variations

As expected, figure 5.10 show that lower rotor currents result in lower rotor
winding flux linkage. But the absolute magnitude of the flux is probably not as
important to the space harmonics as the flux variations. Therefore, the min-max
variations are compared in Figure 5.11.

The variations look similar for all speeds, so only 3000 rpm is shown. For
geometry 1, the extent of the flux variations decreases as the excitations current
increases, probably due to magnetic saturation. That however is not the case
with geometries 2 and 3.

Analysis of space harmonics losses

The large impact of the frequency dependency of the losses makes clear that the
AC resistance component can not be neglected when the air cooling model and
electromagnetic simulations are integrated.

The size of the conductors has some effect on the magnitude of the losses, but a
small one. As the conductor cross section area is reduced to 44 %, from 2 by 4 to
3 by 6 conductors, the losses decrease by less than 10 % in high frequencies and
increase at low frequencies. This is likely contributed by a small inconsistency
in current density, since the ration between copper and air channel area has a
small difference in the simulations when the number of conductors is changed.
This could affect the choice of rotor dimensions in the rotor design.

The geometries make a big difference on the space harmonics losses and makes it
clear that this has to be kept in mind as the geometry of the rotor is determined.
Further studies are needed on which other dimensions in the rotor design that
affect the magnitude of the space harmonics. The rotor design can, in other
words, not be set only with respect to the electromagnetic performance. A large
contributor to the fact that geometry 3 seems best with respect to the rotor
winding losses is the angle of the slots. The angle increase the distance and
amount of iron between the rotor windings and the air gap, and results in the
wedges covering more of the windings, making the flux less turbulent as the
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Figure 5.10: Rotor winding flux linkage [Wb] over a 60 degree rotor rotation. Dashed: I, = 0 A,
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Figure 5.11: Min-max flux variations at 3000 rpm

rotor turns past the stator teeth. In other words, the poles in geometry 3 has
more magnetic integrity, as the rotors were design in these simulations. This
indicates the wedge gap can play a big role in the rotor design.

The most surprising result is that a larger excitation current does not always
lead to higher losses. The look into the flux variations show that the min-max
flux variations does indeed decrease as the iron becomes more saturated - but
only for geometry 1, which is the only geometry where larger current always
lead to bigger losses. By elimination, the cause for this phenomenon is blamed
on the flux leakage through the slots. The simulations are run with a quite high
stator current, so even at low excitation currents, the rotor flux originating from
the stator current is high, resulting in high space harmonics losses even when
the excitation current is low. The effect of the decreasing losses with increased
rotor current is thus not so much an increased flux (As can be seen in figure
5.10, only a marginal increase), but an increase of the magnetic integrity of the
rotor poles. As the excitation current is increased, less flux leaks through the
windings to induce harmonic currents.

The conclusion from this study is that the AC harmonics has a strong effect on
the rotor winding losses, but also that several elements in the rotor design have
a big impact on the outcome.

5.3.3 Loss dependency on cooling channel dimensions

The air cooling model relies somewhat on the balance between the impact of the
size of the cooling channel on the resistance and the pump power. If the channels
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takes up a larger proportion of the slot area, the resistance will increase, leading
to more losses. This will require more heat to be dissipated by the coolant
air, but on the other hand, the coolant requires less pump power to be pushed
through the larger channels.

However, the insight about the substantial effect the space harmonics has on the
rotor winding losses, this problem becomes different, depending on what effect
the size of the cooling channels has on the space harmonics losses. To bring
clearness in that question a series of simulations are conducted.

Simulation setup and results for rotor winding loss dependency on
cooling channel dimensions

The simulations are run in ANSYS 18.2 Electronics, on a model with the stator
of the reference machine and the same rotor geometries as in the space harmonics
study. The slot dimensions are 14x14 mm with 2 by 4 conductors in each
slot. Each of the geometries are run with a speed of 3000 rpm and 12000 rpm
respectively. The currents are set to Iy = 500 A, I, = 500 A and I, = 600 A for
all cases. Every case is run twice - Once with plain rectangular windings, and
once with indented windings for cooling channels.

The cooling channel indents used up ~ 26% of the cross section area of the
conductors without indents, leading to an increase of the DC resistance with
~ 35%. The simulations however showed that the losses in the rotor windings
only increased with 0.5-5 %. This shows that the AC losses in the rotor windings
are not directly dependent on the resistance.

A likely scenario is that when 26 % of the conductor cross section area is occupied
with cooling channels, the conductor resistance increase by 35 %, and thus the
DC losses in the increase by the same amount. The AC losses however is mainly
originated from high currents induced at the fringe of the conductors and is
not directly dependent in the conductor cross section area, and does thus not
increase when the cooling channels are introduced.

An example of this would be a rectangular conductor where DC losses makes
up 14 W and AC losses makes up 86 W (making a total of 100 W). 26 % of
the conductor is taken away to give room for cooling channels, which makes the
DC losses increase by 35 % to 19 W, but the AC losses maintain their 84 W of
losses. This results in the losses increasing from 100 to 105 W, which is just 5
% even though the conductors DC resistance is increased by a larger amount.
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Figure 5.12: Summary of loss dependencies on speed

5.3.4 Loss dependency on speed

Simulations are conducted on various speeds in order to find out how the dif-
ferent types of losses provided from the ANSYS simulation results. The results
are summarized in Figure 5.12.

The results show that ANSYS models the stator winding losses (shown as Stran-
dedLoss) as independent of speed. The hysteresis losses are proportional to the
speed. The Eddy current losses and (almost negligible) excess losses can be
interpolated as second degree polynomials. The rotor winding losses (SolidLoss
in ANSYS) have already been found to have a near linear speed dependency in
section 5.3.1.

This means that the rotor design simulations only has to be run at two different
speed for the losses of the other speeds to be derived, assuming the eddy and
excess losses are both zero at 0 rpm.
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Table 5.3: Simulation inputs.

No of Parameter Min Max Step  Unit
cases : size
3 Rotor geometry 1 3 1 -
2 ws 8 14 mm
2 hg 8 : 14 mm
2 Speed 3000 : 12000 rpm
5 Ix -200 : 600 200 A
4 I, 0 : 600 200 A
4 I 0 : 900 300 A
301 Rotor angle 0 : 1208 ~04 °

5.4 Rotor design optimization

The aim with the rotor design is to make one efficiency map of the machine
for every simulated rotor geometry. The efficiency maps are based on an Most
torque per loss algorithm (MTPL), resulting in a lookup table for each speed and
torque. The efficiency maps are then compared to motivate the next iteration
of simulations.

5.4.1 Simulation setup

The inputs of the first parameter sweep simulation of the rotor design are shown
in Table 5.3.

The three rotor geometries are presented in the earlier sections of this chapters.
The slot height and width are tested with two values each to give a direction of
further iterations of slot simulations, as shown in figures 5.13-5.14. The speed is
run at two different speeds, corresponding to half and double base speed, so that
the frequency dependent losses can be interpolated according to the correlations
determined in section 5.3.4. The stator currents are chosen so that they cover
the current range of the original IPMSM, and provide some level of resolution.
Note that the IPMSM operates solely in the second current quadrant when
running as a motor because of the negative reluctance (Lyx < Lyy), while the
EMSM is expected to operate mainly in the first current quadrant because of
the positive reluctance (Lyx > Lmy). The excitation current covers excitation
up until the flux in the core is just starting to saturate. Increasing the excitation
after this point will continue to improve the performance, but to a lower degree.
For the final performance comparison a higher excitation is used, but for this
initial parameter sweep the simulation time is prioritized to cover a wider range
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Figure 5.13: Variations of geometry 1 and 2 with rotor slot dimensions given as ws x hs.
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(c) Geometry 3, 8x14 mm (d) Geometry 3, 14x14 mm

Figure 5.14: Variations of geometry 3 with rotor slot dimensions given as ws x hs, width x height.
This sorting order of rotor design dimensions are used for all figures in the coming
sections where results for several designs are shown.
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Figure 5.15: Example of a cuboid representing the three dimensional matrix with simulation results.

for more parameters.

These 1920 parameter combinations are each run for a rotor rotation of 120.8
degrees. The reason for this angle is that the hysteresis losses in the machine
need 100.8 degrees to develop fully. The remaining 20 degrees of rotation are
enough to deliver a whole period of loss characteristics, which repeats equally
for for each stator phase (two stator slots) the rotor passes. The step size is
kept as long as possible to still give full accuracy in the loss output from the
simulation.

Post-processing cuboids

From the simulations, torque and all loss output from the software is obtained.
The torque is averaged over the whole 120.8° rotation of the rotor, while the
losses are averaged over the last 20°. The torque and different losses (hysteresis,
eddy, stator windings copper losses and rotor windings copper losses) for each
case is saved in a three dimensional matrix. The matrix can be represented as a
cuboid with one current for each dimension of the shape and one value for the
torque and every sort of loss in every node, as in Figure 5.15. Every speed, slot
dimension and rotor geometry has one cuboid of its own.

The cuboid is then interpolated, so the resolution of the torque and loss values is
increased from 5x4x4 to a higher value, like 41x31x31, so that there is one node
for every 20 A in all dimensions, as in Figure 5.16. Cubic spline interpolation
is used for the torque and the different losses.
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Figure 5.16: Example of interpolated cuboid with increased resolution.

Loss determination and interpolation

As stated before there is one of these cuboids for every different rotor geometry
(1, 2, 3), slot dimension (width and height) and speed (3000 and 12000 rpm).
The next step is to make new cubes for more speeds. As also stated before, the
copper losses can be interpolated linearly, while eddy current losses (and excess
losses) can be interpolated with second degree polynomials. Also the torque is
interpolated linearly. All this is done for every node, to create a corresponding
node in every cuboid for a new speed (below, between and above 3000 and 12000

rpm).

To get the necessary pump power to cool the total losses of the rotor windings
(with both AC and DC losses), the air cooling model is used. In addition to
what is presented in chapter 4, the model calculates the expected DC resistance
and DC losses at normal temperature and subtracts the expected DC losses
from the total rotor winding losses. As the air cooling model progresses, the DC
resistance changes with every iteration of the copper temperature, increasing
the DC losses. The AC losses are induced from a voltage, and as the copper
temperature rises, the resistance increase, leading in theory to decreased AC
losses. This AC loss decrease is not modeled, but at least it motivates why they
are not included in the DC losses’ increase with the temperature. The DC and
AC losses determine the heat generation in the copper, and the golden section
algorithm finds the air speed necessary to dissipate that heat (as described in
chapter 4.1.3). The pump power for those conditions are saved in a lookup-table,
to save processing time. The lookup-table gives the necessary pump power for
any desired current and total rotor loss combination (Figure 5.17). Some cases
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Figure 5.17: Representation of the lookup-table for the pump power.

result in the air cooling model not converging, like when an air speed of 120
m/s is not enough to dissipate all the heat. In this case, the model outputs
infinite pump power. The rotor winding losses for every node is run against a
lookup-table for the pump power.

The air cooling model assumes 4x4 mm conductors with 1.05 mm radius air
channels, even though not an whole number of 4x4 mm windings fit in the slot
dimensions simulated. The air cooling model scales the losses from the machine
to losses per mm2@QL = 224 mm, and then scales the pump power back up to the
cross section area of the rotor slots. In a real application, conductor dimensions
fitting the rotor slots would of course have to be chosen.

Iso-torque surfaces and MTPL

The next step is to identify which current combinations in each cuboid that
results in a certain torque. A number of different torque levels are set, and for
each level, an iso-torque surface is derived, in every cuboid. For every current
combination on the surface, the desired torque is put out from the machine. But
not all of these current combinations are available, for different reasons. So for
every node, on the iso-torque surface, unavailable currents have to be cut.

Current combinations where the air cooling does not converge are cut. Currents
that exceed the maximum stator current, set by the converter and/or thermal
constraints in the machine, are cut as well. This maximum stator current is
inherited from the original IPMSM. Optimally, the currents made unavailable
due to voltage limitations and the induced voltage, are cut too. For the initial
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parameter sweep, this is not done. But for the other iterations of simulations
the induced voltage is known for every node in the cuboids, as the length of
the average of the power invariant d, ¢-transformation of the induced voltage,
which is then interpolated for higher current and speed resolution like the other
parameters.

The interpolation of the induced voltage takes a bit of extra care, though. The
magnitude of the induced voltage will be highly dependent on the location of
the current modulus resulting in zero voltage. The position of this modulus will
depend on the rotor magnetization, starting at ix = iy = 0 A when ¢, = 0 A
and then moving to negative z-currents as the magnetization is increased. The
position can be derived from the machine’s voltage equations, if the necessary
parameters are known 5.1 and 5.2.

. dix .
Ugx = RSZX + Lsx% + erSyZy (51)
. diy . .
Usy = Rty + L + wy(Lyiy + Lexix) (5.2)

dt

If they are not, the zero voltage modulus is harder to locate, especially with
the sparse resolution of currents simulated. Two example of this is shown in
figure 5.18, where the induced voltage is derived with cubic interpolation over
the simulated current grid in the left column. The figure shows the iso-torque
lines for 40, 70 and 100 Nm, as well as the iso-induced voltage lines for 425, 600
and 800 V for a few different rotor currents at 10 000 rpm. Since the inverter
voltage supply is limited to 600 V for the reference machine, the voltage available
for the stator windings is 600/v/2 ~ 425 V. In the left column of the figure, a
torque of 40 Nm is available for a few current combinations, where the 40 Nm
iso-torque line is below the 425 V iso-voltage line, for the low rotor current
(I; = 500 A). For the following two rotor currents, the 425 V iso-voltage line
all but disappears completely, to grow back at the highest rotor current shown.
This behavior makes 40 Nm unavailable for rotor currents between 500 and
1500. The problem is that there is no indication that the voltage should be zero
at some point between Iy = 0 and Iy, = —200 A, when there are no simulation
results. The values of the induced voltage between I, = 0 and I, = —200 A will
thus be interpolated between the values of the induced voltage at Iy = 0 and
I, = —200 A. The result is the low voltages disappear.

To solve this, the induced voltage vectors are studied for Iy = 0 and Iy, = —200
A along the z-axis. The assumption that the voltage increase linearly is made,
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Figure 5.18: Induced voltage (dashed) and torque for various rotor currents at 10 000 rpm, for two
interpolation methods. Left: Cubic interpolation over simulated current grid. Right:
Natural neighbor interpolation including approximated zero voltage modulus. The
examples are from different torques and speeds of the final EMSM design.
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Figure 5.19: Examples of three dimensional iso-T planes with losses represented in the shade on
the plane. Brighter color means lower losses. The examples are from different torques
and speeds of the final EMSM design.

so that the length of the induced voltage vectors at the mentioned currents, can
be used to calculate if and in that case where between I, = 0 and I, = —200
A the voltage is zero. When this modulus is identified, the induced voltage
cuboid can be interpolated (using the natural neighbor method), including the
zero voltage modulus, resulting in the right column of figure 5.18, where the 425
V iso-voltage line is similar for all rotor currents, as it moves towards the left.

As the current limitation, voltage limitation and cooling limitation have cut off
their chunks of current combinations, hopefully there is still a bit of the iso-
torque surface left. If so, the point on the surface with the lowest total losses is
identified and the current combination for that point is saved in a lookup table
as the current that gives most torque per losses (MTPL). A few examples of
iso-torque surfaces, with total losses represented in a gray scale on the surface,
are presented in Figure 5.19.
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Figure 5.20: Efficiency maps for the first iteration of slot dimensions for Geometry 1.

Torque-speed characteristics and efficiency maps

As the current combination giving the lowest losses is known for every torque
and speed, for every rotor geometry and slot dimension, efficiency maps can be
put together. The (mechanical) power py, for every point in the efficiency map
is calculated as the product of speed and torque, and the efficiency is calculated
as equation 5.4.1.

Pm

= - 5.3
Pm + DL tot ( )

Ui

The efficiency maps from the first series of simulations are presented in figures
5.20-5.22. The results are discussed in a later section, but a few things are
clear from the results. The larger slot dimensions are better (with regards to
efficiency and torque capability for the limited rotor current) for all geometries.
This motivates the dimensions of the second parameter sweep to be made at
some combinations of 11, 14 and 17 mm for slot widths and heights. For these
simulations, the induced voltage in the stator is recorded, to limit the power and
see the speed range capacity. For both series of simulations, the stator current is
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Figure 5.21: Efficiency maps for the first iteration of slot dimensions for Geometry 2.
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Figure 5.22: Efficiency maps for the first iteration of slot dimensions for Geometry 3.
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Figure 5.23: Efficiency maps for the second iteration of slot dimensions for Geometry 1.

limited to [Ix+1Iy| < 500 A, the converter voltage to 900 V and the rotor current
to converging air cooling, with the help of the aforementioned lookup-table. The
results of the second series of simulations are shown in figures 5.23-5.24.
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Figure 5.24: Efficiency maps for the second iteration of slot dimensions for Geometries 2 and 3.
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Figure 5.25: The machine used for the simulations of the performance comparison, with a close-up

of the rotor windings.

5.5 Performance comparison

One final simulation is run with a slot width of 17 mm and height of 13 mm, with
hollow windings with the same dimensions as the winding dimensions chosen in
chapter 4.3.1, shown in figure 5.25. The simulation inputs are presented in table

5.4.

Table 5.4: Simulation inputs for final EMSM design.

No of Parameter Min Max Step  Unit
cases size
1 Rotor geometry 1 -
1 ws 17 mm
1  hs 13 mm
2 Speed 3000 12000 rpm
6 I« -400 600 200 A
4 I, 0 600 200 A
12 I 0 3300 300 A
301 Rotor angle 0 1208 ~04 °

The resulting efficiency maps are shown in 5.26. As limitations in the post-
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Figure 5.26: Efficiency maps for the chosen air-cooled EMSM and the reference IPMSM for con-
tinuous and peak power. The dashed lines mark 80 kW for continuous power and
180 kW for peak power respectively.

processing of this design, the converter voltage is set to 600 V, while the rotor
current is simulated up to 3300 A per slot and is then limited by the cooling
capability. The stator current is limited at two levels, one for continuous power
with |ix + iy| < 180 A, corresponding to |Ix + Iy| < 104 A, and one for peak
power with |ix 4+ iy| <519 A, corresponding to |Ix + I| < 300 A.

The machine with the air cooled electrically excited rotor reaches the original
requirements of the reference machine with the same voltage supply and con-
tinuous thermal limitations to the stator current, which are repeated here for
pure convenience, table 5.5.

The efficiency is lower than that of the IPMSM, which is expected and in the
author’s eyes, but the difference is smaller than expected. But when it comes to
torque, power and speed capability, the EMSM shows clear signs of being able
to outperform the IPMSM.
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Table 5.5: Requirements for the reference machine

Continuous power 80 kW
Peak power 180 kW
Peak torque 250 Nm
Top speed 15000 rpm
Active length 224 mm
Outer active stator radius 100 mm
DC voltage range 600-650 Vgc
Max. cont. stator current 180 A

Max. peak stator current 519 A

Stator x-current Stator y-current Rotor current
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Figure 5.27: The current combinations derived from the MTPL algorithm for the peak power case
of the EMSM.

5.5.1 Analysis of EMSM operation

An analysis of the currents in the EMSM is made with the help of figure 5.27.
The stator z-current is positive and low (0 < Iy < 50 A) for most of the map,
with a couple of interesting exceptions.

The first interesting area is high torque (> 270 Nm) at low speed (< 6000 rpm).
The area is explored in figure 5.28, left column. Iso-torque lines for 250, 270, 300
and 320 Nm are shown together with a dashed half circle marking the maximum
peak stator current and a line marking I, = 0 A. In the top left diagram, for
I, = 1850 A, the point where the 250 Nm iso-torque line touches the maximum
stator current line marks the MTPL-modulus for 250 Nm, and for this point, Iy
is still positive. At I, = 2190 A, 270 Nm touches the maximum stator current
line at exactly Iy = 0 A. Above this torque level, the MTPL is reached for
negative stator x-currents. This marks an important property of the EMSM
with direct cooled rotor windings. High rotor currents push the iso-torque lines
down to the left, turning the operation over to the second quadrant for high
powers. This overload capability in the rotor windings is also what is enabling
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torques over 100 Nm continuously for the EMSM.

The second interesting area is the field weakening method in the constant power
speed range (> 6000 rpm). It is clear that both the rotor current and stator
z-current is used for field weakening, which is expected, since literature states
this provides the optimal combination of power and efficiency [55]. But it can
still seem counterintuitive, that the most efficient wat to reach operation points
at high speeds involve exciting a strong field with the rotor current, and then
countering it with a negative stator z-current. To provide more insight in the
field weakening method, different torques at 10 000 rpm is studied and presented
in the right column of figure 5.28. Currents resulting in lower than 425 V are
reachable with the available voltage supply (which goes down to 600 V for low
battery state of charge for the original IPMSM). As the rotor current increases,
the iso-voltage line for 425 V is pushed left, requiring more and more negative
stator x current. But the iso-torque lines are also pushed down and left. For
I, = 500 A, 40 Nm is reachable, but the iso-torque lines for 70 and 100 Nm
are in unavailable voltage levels. So for low torque (40 Nm), low rotor current
(below 500 A) are suitable, generating low losses. But to enable higher torques,
more rotor current is needed. This is clear in figure 5.28, as more and more
iso-torque lines are inside of 425 V as the rotor current in increased in the right
column. Every operation point with different torques for a high speed uses the
least necessary rotor current to push the torque line within reachable voltage,
which requires more and more negative stator x current to weaken the field.
This results in the EMSM being more efficient for low powers at high speeds,
which is evident when comparing the efficiency maps of the IPMSM and the
EMSM, in figure 5.26.

A short analysis of the losses is presented in figure 5.29. The stator winding
losses show an almost non-existent speed dependence, partly because ANSYS
models stranded wires as free from space harmonic losses and time harmonics
(such as current ripple from the converter) are not modeled by the author in the
simulations. On the contrary, the core losses are almost only speed dependent.
The rotor windings increase their losses slightly with speed, as the AC losses
rise. The pump power is more independent on speed, which is a sign that the
air model overestimates the DC-losses calculated from the rotor current - If the
DC losses calculated from the rotor current are larger than the input total rotor
winding losses, the rotor winding losses that needs cooling are be assumed to
be equal to the estimated DC losses, leaving no excess AC losses to cool beyond
them, which is why the lines in the pump power plot are as straight as the rotor
current lines in figure 5.27.

Appendix B presents loss and flux density plots of the machine, without further
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Figure 5.29: The losses of the EMSM in the peak power case.

comments or analysis.

5.5.2 Delimitations for performance comparison

When it comes to losses, the rotor iron and PM losses are not modeled in
the IPMSM. The end windings are not modeled neither, for either machine.
That reduces the copper and iron losses compared to a real application, but
to a similar amount for both machines, making the results comparable for its
purpose. Same goes with converter losses. The stator winding resistance voltage
is neglected in the voltage limitation due to induced voltage.

For the EMSM, more simplifying assumptions are made. The rotor current
supply is outside the area studied in this thesis, meaning the converter as well
as the supply in form of slip rings or rotating transformer, are neglected. The
design of the cooling system is also left out, where the efficiency of the pump or
fan is expected to increase the losses further, and the temperature rise due to
the increased pressure is expected to narrow down the temperature difference
between the inlet air temperature and the maximum copper temperature.






Chapter 6

Conclusions

6.1 Conclusions

The main objective of the work of this thesis has been to investigate whether
direct cooling can be used to improve the performance of an electrical machine
and if, in that case, direct cooling can be used to make a PM-less machine that
matches or even outperforms a PMSM. The work of this thesis constitutes an
analytical study and concludes that the goal might very well be within reach.
The designed EMSM outperforms the reference IPMSM in torque, power and
speed capability. The efficiency of the EMSM is lower, but just slightly and
operations points exist where the efficiency of the EMSM is higher than that of
the IPMSM.

The air cooling model is developed to estimate the pump power needed to gen-
erate the necessary heat transfer. It is built to handle several types of direct
cooled windings with circular or elliptic coolant channels, in order to find which
dimensions are more suitable, in general or for a specific application. The pos-
sibilities to verify the model with experiments and computational fluid dynamics
(CFD) simulations have been limited in the work of this thesis. However the
little amount of testing that has been performed, shows comforting results, in-
dicating that the model is at least not completely off in its estimation.

The model is used to determine winding dimensions for the rotor design with
a combination of effective cooling, enabling at least 16 A/mm? slot fill factor
for pure DC currents, and efficient cooling over a wide operation area. The
model also provides a look-up table for the rotor design post-processing, which
is used to merge the necessary pump power into the losses of the machine to
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include them in the efficiency estimations for the rotor design and performance
comparison.

A study is performed of how space harmonics affect the rotor winding losses and
how the conductor size and air channel size affect the losses. It is concluded that
the space harmonics induce a large amount of AC losses, but also that the rotor
design has a big effect on their extent. The insights from this study are not only
important for the work of this thesis, but also for the work ahead, for future
research and applications of the direct cooling concept in what parameters have
different grades of importance for the rotor winding losses.

The rotor design integrates the air cooling model through the lookup table
and provides a perspicuous view over which rotor geometries and designs that
are more suitable. A surprising deduction of this is that the rotor geometry
that seemed worst in the rotor winding loss study performs better overall, in
both torque and speed capacity. This indicates that the rotor design could be
improved with even more work with the parameters identified in the loss study.

Through iterations of simulations, an optimal rotor design is narrowed down,
with respect to the design parameters included in this work. The performance
of the chosen design was compared to that of the reference PMSM, and proved
to be able to beat it as well as meet the specification requirements. This is done
with a maximum continuous rotor slot current density of 14 A/mm? (including
area for insulation and padding) . Before a full comparison like that is interesting
to make however, a thermal analysis of the whole EMSM should be done, as
well as widening the delimitations such as including end winding effects, fan
efficiency, and so on.

All in all, the work carries good signs for future work, as the direct cooling
concept seems to surpass several of the other concepts in literature in current
density, and also to be able to outperform an IPMSM with only slightly lower
losses, fulfilling the objectives set for the work.

6.2 Reflections

Heat transfer and fluid dynamics are difficult fields with great uncertainties
which require practical experiments in a wide range to be able to verify the
models and to extend the model into higher inlet air speeds and pump powers
than what is verified in the work of this thesis.

A few mysteries remain unsolved, meaning that some work is left to do after the
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completion of this thesis. An example is why Geometry 1 has higher losses for
higher rotor currents, as opposed to the other geometries. Somewhat surprising,
Geometry 1 proved to be the best geometry overall, even though it had the most
amount of AC losses in the rotor windings. There was no room in this thesis,
time wise, to analyze the reasons why it still came out on top in the overall
performance. A guess from the author is that it has to do with the use of space
in the rotor, as both geometry 2 and 3 has some amount of space wasted in the
angle between the rectangular winding areas.

This work finishes a first important step when it comes to studying the real po-
tential in the proposed direct cooling concepts. When it comes to determining
which of the concepts, indented or hollow rectangular windings, is best, manu-
facturability as well as cooling performance in experiments has to be weighed
in.

For the full system design, a lot of more aspects have to be studied. The
placement of the fan matters, as a pumping fan will increase the air temperature
before the air even enters the cooling channels. A sucking channel will on the
other hand decrease the air density, worsening the cooling properties of the air.
The air can be circulated in a closed loop, and be cooled by cooling fins or a heat
exchanger somewhere in the loop. Or it could be taken from the surrounding,
which requires filters and gives the placement of the system a huge impact, as
it requires cool and clean air from the surrounding to be available close to the
machine. And then, of course, other coolants should be considered.

The AC losses are assumed to be evenly spread out over the whole rotor slot in
the rotor design work, even though simulations show that they are induced on
the fringe of a few windings close to the air gap. Another assumption would re-
quire more thermal analysis about whether the heat from those exposed windings
spread to the surrounding windings or if the pump power needs to be increased
further, to keep the hotspot cool enough.

Writing a licentiate thesis is difficult and takes a lot of work and one could argue
that time would be more valuable spent on working on the doctoral thesis. But
I am not that one. I am glad I took the time to write this licentiate thesis, since
I have learnt a lot that will help the planning and writing of my next thesis. I
consider this experience invaluable with that goal ahead of me.

6.3 Future work

The following needs further attention as the work proceeds.
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3D CFD simulations can potentially supplement where experiments and
numerical models can not go, and at least that possibility should be ex-
plored as the work progresses.

As mentioned, more experiments are needed, both for individual pipes to
verify the fluid dynamics approximated by the model, for pipes of more
different dimensions, and for both concepts proposed in this thesis.

The effect the rotating rotor has on the air flow needs to be investigated,
whether by simulations, analytically or experiments.

The effect of different design parameters (such as wedge angle and slot
depth) should be further investigated and then applied, if an actual rotor
or whole machine is to be designed and built for prototype.

The options for supplying the rotor windings with current should be con-
sidered, comparing advantages and disadvantages with slip-rings and ro-
tating transformers, as well as converter properties.



Appendix A

Rotating x/y-frame of
reference

In a synchronous machine, the magnetizing field of a magnetized rotor have a
fixed physical angle on the rotor. When the rotor rotates, the field will follow.
This physical direction defines the direct axis, d. An angle 90 electrical degrees
away from the d-axis in turn defines the quadrature axis, q.

The stator current, typically three phase, then has to vary with the same fre-
quency as the rotation of the d/g¢-frame. The alternating current in the stator
windings results in a rotating magnetizing field. In the «/f-frame, which is
fixed on the stator, the stator magnetizing field looks like a rotating vector.

The stator current is defined as components of « and [ in the same direction
as the field. This vectors angle is then compared to the angle of the d/g-frame
in every instance. A corresponding frame for the stator, mimicking the rotor’s
d/g-frame, is defined as the z/yframe. The value of the stator current’s a/-
vector is transferred to the x/y-frame, with an angle always corresponding the
a/f-current’s angle in the d/g-frame.

The result of this is a vector in the x/y-frame showing where the stator’s mag-
netizing field is compared to the rotor’s. A stator current aligned with the
z-axis means the rotor and stator fields are aligned as the rotor rotates. To
generate torque, an angle different from 0 degrees from the x-axis is needed. An
illustration of the vectors is shown in figure A.1

The scaling of the a/f- or x/y-current vector can be done in different ways.
Since the stator current is actually three different currents in one phase each,
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Figure A.1: lllustration of the defined vectors in a 2-pole synchronous machine. All frames have
the origin in the center of the machine. The position of the frames in the illustration
is supposed to clearify which frames are used for the stator and rotor respectively.

and the a/5-representation is only one vector, this scaling method is not trivial.

Preferably this scaling is done through a power invariant transformation. This
means any currents of voltages in the d/g-frame can be treated as DC-equivalents,
and any power-calculation in the d/g-frame will result in the same power as the
total power of all three phases. Power invariant z and y currents are represented
with lower case i.

However, the ANSYS-simulations on electrical machines in this thesis, does
not use power invariant transformation, but merely let the value of the x/y-
vector represent the rms-value of a single phase current. This transformation is
represented with upper case I in this thesis, and the scale compared to power
invariant transformed currents corresponds to i = v/31.

Currents in the x/y-frame are divided into four quadrants. The first two quad-
rants correspond to positive y-values and generally represent operation points
where the machine is running as a motor. Thus, the third and fourth quadrant is
unexplored in the work of this thesis, even though generator operation is also in-
teresting for traction machines for future studies. The first quadrant correspond
to positive x and y values, while the second quadrant corresponds to negative
z-currents. Because of the opposite saliencies of the EMSM and IPMSM, the
main operation is situated in different quadrants. The most simulated current



A Rotating x /y-frame of reference
/\y
6060——m— - ---- Most simulated range
400 ---- 1st quadrant

Maximum peak current

Maximum continuous current

2nd quadkant

Figure A.2

range for the EMSM is shown in figure A.2.
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Appendix B

Loss and flux density

Field plots retrieved from ANSYS at I, =-70 A, I, = 290 A, I, = 3110 A, at
6000 rpm, as the maximum power operation point at nominal speed.
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Figure B.1: Loss density.

B Loss and flux density




B Loss and flux density

Figure B.2: Flux density.
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