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Abstract

Since the first generation of the Toyota Prius was introduced in December
1997, the number of Hybrid Electric Vehicles (HEVs) and pure Electric Vehicles
(EVs) available in the market has increased substantially. Nowadays, sixteen
years later, almost every car manufacturer has one or several HEV models
within their range, and the most daring even have a pure electric configuration.
Besides, the higher number of alternatives available is also reflected in the sales
numbers, and the market share corresponding to HEVs and EVs is steadily
increasing particularly in Europe, the United States and Japan.

EVs and HEVs were first developed at the end of the nineteenth century,
and although the basic concept has not changed, bringing a new HEV or EV
model up to the market has associated high development costs. The growing
competition existent puts high demands on the electric system as well as the rest
of the vehicle. As a consequence, substantial design effort is devoted to optimize
both at system and component level, with respect to different parameters such
as fuel efficiency, power density, cost and reliability. As bidirectional energy
converters between electric and mechanical energy, electrical machines play
an essential role inside electric or hybrid drivelines. All the power coming
either to or from the electric energy source must be converted in the electrical
machine. It is then obvious that the performance of the electrical machine
has a high impact on the overall traction system, and therefore a thorough
machine design is crucial for a successful electric driveline. However, the design
of an electric traction machine for an EV or an HEV has to be addressed
in a different way than a conventional machine for industrial purposes. The
load profile of an electric traction motor is highly dynamic, depending on the
driver’s requirements and the external driving conditions, making it hard to
define nominal operation conditions. Moreover, the requirements placed on the
electrical machine in terms of size, weight, power density, efficiency and cost
are usually strict. All this makes the design of such a machine a challenge, and
new methodologies are needed in order to accomplish it.

This thesis describes in detail the design process of an electric traction
machine for a particular HEV application, an Electric Rear Wheel Drive (E-
RWD) unit. The evolution of the design is presented, analyzing the effect
of the different driving forces at the different stages. Although it may seem



obvious, the most important prerequisite for a successful design is a sufficient
and consistent set of specifications. However, the specifications needed for
an electric traction machine design differ from those traditionally used for
industrial machines. Throughout the thesis it is seen that a modest change
on the specifications can lead to a significantly different solution. For this
reason, a minimum set of initial specifications is proposed, together with the
new machine design methodology based on the description of the load profile
in the form of driving cycles.

The manufacturing of a prototype and the experimental validation of the
design are also covered in this work. General considerations about different
prototyping aspects such as the selection of materials, cutting of the laminations
and winding configuration are discussed. Besides, experimental measurements
are also presented in order to validate the design results. Two different test
methods are used: conventional steady state test, loading the machine at
different operation points, and dynamic braking. In addition, the traction
machine is integrated in the E-RWD unit, and tested onboard the vehicle.

From the experience gained both from the design and the experimental
testing phases, it appears that the performance of the machine is usually
limited by its thermal capabilities. Improving the cooling conditions allows to
operate the machine at higher power levels, which has a direct influence on the
outcome of the design process. A way to enhance the cooling capabilities for
conventional radial flux machines is investigated. Moreover, a machine design
with a completely novel cooling concept based on direct cooling of laminated
stator windings is presented, and its thermal characteristics are extensively
analyzed.
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Chapter 1

Introduction

1.1 Background

The road vehicle market in general, and the passenger car market in particular
is experiencing a noticeable rise in the number of Electric Vehicles (EVs) and
Hybrid Electric Vehicles (HEVs) commercially available. In the same way, the
sales of electric driven vehicles increase, and even though they still represent
a small fraction of the total vehicle sales, the numbers are continuously growing.

According to the Electric Drive Transportation Association (EDTA), 487480
electric powered transport vehicles (both EVs, and HEVs of different kinds)
were sold in the US during 2012, which represents 3.38% of the total sales,
compared to 284064 units (2.23%) in 2011, 274555 units (2.37%) in 2010 and
290292 units (2.78%) in 2009 [1]. In Europe (EU-27), the figures are smaller,
and the International Council on Clean Transportation (ICCT) reports a market
penetration of 0.77% in 2011, 0.61% in 2010 and 0.05% in 2009 for EVs and
HEVs together [2]. Particularly interesting is the case of Norway at the time
of finishing this work, with almost 12% of the passenger car sales in November
2013 being pure EVs and 8.9% HEVs [3].

But, what are the reasons behind this phenomenon? Why are there more
and more electric and hybrid models available, from virtually all main car
manufacturers? Looking at the evolution of the market over the last years, EVs
and HEVs do not appear as a very interesting market niche when compared for
example to small high-efficiency diesel cars in Europe, which currently dominate
the passenger car market with over 55% of the market share on average (as
high as 75% in Belgium and 78% in Luxemburg in year 2012). In addition,
electric driven vehicles require higher development costs. Although electric
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2 1. Introduction

passenger cars are nothing new, the first models coming from the end of the
nineteenth century, each and every electric component and/or system onboard
the vehicle must comply with the current automotive standards, which implies
a substantial effort to either bring up a new design or adapt an existing concept
to the automotive regulations. Nonetheless, there are a number of reasons that
make EVs and HEVs very attractive and promote their further development,
highlighting them as a promising solution for future transportation.

Perhaps, the strongest argument in favor of electric powered vehicles is that
they do not obtain the energy directly from fossil fuels. It is now a well known
fact that fossil fuels are a limited resource; and even though there are still
undiscovered deposits, and new technologies could facilitate the exploitation
of non-conventional fossil fuels, the most optimistic predictions foresee a time
horizon of a couple of hundred years at the most [4-7].

With this in mind, it is clear that a transition towards alternative renewable
energy sources is needed. In fact, this transition has already started, and in
the particular case of road transportation, the different kinds of Electric and
Hybrid Electric Vehicles are a clear step in that direction.

As of today, fuel consumption figures for HEVs, except plug-in HEVs, are
comparable to those of the new high-efficient diesel (and even some gasoline)
vehicles, being generally superior in city driving when a significant fraction of
the energy can be recovered through regenerative braking. However, in highway
driving, the advantages of the hybrid driveline are not so noticeable, and it
is hard to motivate the extra cost of the electric components. Nevertheless,
HEVs are a necessary step towards pure EVs, serving as a real-life test bench
for the new technical solutions, helping on the makeover of the industry and
research centers towards electric propulsion, and being a perfect showcase to
bring the technology closer to the general public.

Another argument supporting electric powered vehicles is their reduced
impact on the atmosphere and the air quality. Nowadays there is a general
concern about global warming and the greenhouse effect, and there is no doubt
about the role played by the emissions coming from the different means of
transportation in these phenomena [8, 9]. In EVSs, since no combustion takes
place, there are virtually no harmful emissions coming from the vehicle itself,
which is a plus especially in highly densely populated areas. Of course, in the
case of HEVs there are still emissions since part of the energy comes from the
combustion engine, but the emission level is reduced proportionally to the fuel
consumption. Whether electric vehicles have an impact on the atmosphere or
not depends of course on the origin of the electric energy stored in the battery.
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It is not within the scope of this thesis to get into this discussion, however,
with pure EVs there is at least the possibility to use electricity from renewable
sources, minimizing their environmental impact in that respect.

In addition, vehicles equipped with an electric drive can become safer and
much more fun to drive. The dynamics of the electric system are substantially
faster than those of the conventional combustion engine driveline. This implies
a faster response to the driver’s commands, but also to the different safety
systems under potentially dangerous situations.

A key challenge in hybrid and electric propulsion research is battery
technology, since batteries are pointed out as the main hindrance for the
successful introduction of EVs and HEVs in the general market. The main
issues connected to batteries in EVs and HEVs are related to the effective
driving range of the vehicle for a certain battery size and weight, as well as
increased vehicle cost. New battery technologies with improved energy and
power densities appear regularly, and figures as high as 400 Wh/kg [10] and
4500 W/kg [11] are reported for energy and power density optimized cells
respectively. Yet, current batteries are still barely sufficient to provide a driving
range of a couple of hundred kilometers in the best case, within reasonable limits
of size and weight. However, the role of the electrical machine in the electric
drivetrain should not be overlooked. All the energy used by the electrical
propulsion system is transformed from electric to mechanical energy -or vice
versa- in the electrical machine. Thereby, improving the efficiency of the
electrical machine has a direct impact on either the fuel consumption (in case
of a HEV), the size of the battery, or both.

Electrical machines are well known devices, which have been around for
almost 200 years now. The first direct current (DC) machines were developed
around 1830, and approximately 50 years later, Galileo Ferraris and Nikola Tesla
presented their alternating current (AC) machines independently. It just took
a couple of decades until the concept was developed to a point similar to today’s.

For most of this time, electrical machines have been designed to work under
fairly constant loads, mostly in stationary industrial applications. The design
process in this case is relatively easy. The machine should be able to run
indefinitely at a predefined nominal operation point, while being able to get
overloaded transiently, usually with a known duty cycle as well. However, when
it comes to traction applications, the scenario is completely different. The
operation regime of the electrical machine varies quite a lot from a pure EV,
in which all the traction power needed must be supplied by the electric drive,
to a HEV, in which the electric drive usually delivers high power during short
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periods of time, in order to help the combustion engine when needed or to
take care of the regeneration of the braking energy. In both cases, it is hard
to define a nominal operation point, since the load is continuously varying
according to the driver’s requirements, and the driving circumstances. For this
reason, an off-the-shelf machine optimized to work in an industrial application,
is usually not a very good solution for an electric powertrain.

Designing electric traction machines is a challenge. The demands placed on
the machine in terms of size, weight, torque and power density and cost are
tight. Some of these demands conflict with each other, forcing the designer to
find the best compromise for each particular application. In order to evaluate
the suitability of a certain machine design for a particular application, or
to compare between different designs, the complete vehicle and the driving
conditions (most commonly in the form of a driving cycle) need to be considered.
The driving cycle defines the inputs to the vehicle model, the desired speed
profile, the inclination of the road and any other relevant driving condition not
dependent on the vehicle. In turn, the vehicle model derives the load applied to
the electrical machine based on the driving cycle inputs and the configuration
of the powertrain. It is worth noticing that even the vehicle control strategy
influences the final design, particularly in HEVs where the tractive power
demands are split between the combustion engine and the electric propulsion
system.

1.2 Scope of this work

This thesis addresses the design of the traction machine for one specific HEV
application, an Electrical Rear Wheel Drive (E-RWD) unit, as described
in Chapter 2. First, a machine design is proposed based on a handful of
specifications provided by the vehicle manufacturer, where natural cooling and
high packing density are prioritized. This solution is tested both off and on
board, and from the test results, a partial redesign of the machine is proposed,
taking into account the driving cycles and the configuration of the complete
vehicle. This time, peak power and torque capabilities stand out among the
technical requirements, and alternative cooling concepts other than natural
cooling become vital to achieve the design goal. Besides, some time is devoted
to more practical matters such as prototyping, testing, and implementing a
suitable control scheme for the unit to work onboard the vehicle. A section in
the thesis covers the most relevant aspects of the prototyping and testing phases.

At last, an innovative machine concept with exceptional cooling capabilities
is presented. This new concept allows to consider different cooling scenarios
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when the machine operates within the nominal power range and during overload,
which results in a smaller, lighter and likely less expensive machine.

1.3 Thesis outline

The document is structured in five chapters (plus 3 appendixes) which reflect
the evolution over time of the research work. The first chapter starts with
a general introduction to pure Electric and Hybrid Electric Vehicles and the
role played by electrical machines in such vehicles. The scope of the work and
the outline of the thesis are also included as part of this chapter. Following
the introduction, Chapter 2 introduces the E-RWD concept, and expounds on
the design, prototyping and experimental validation of an Interior Permanent
Magnet Synchronous Machine (IPMSM) that fulfills the design specification set.

After testing the electrical machine standalone and integrated in the E-
RWD unit (both in a test bench and onboard the vehicle) some of the design
specifications are updated. Chapter 3 deals with the redesign process of
the electrical machine resulting from Chapter 2 in order to meet the new
requirements.

Chapter 4 proposes a completely different machine concept for the same
application. Based on the experience gained, a novel topology with enhanced
cooling capabilities is introduced. The ability of easily adjusting the cooling
power depending on the thermal context and the desired machine operation
appears as a real asset for the E-RWD application.

The last chapter summarizes the most relevant conclusions that can be
drawn from the previous discussions, and suggests several research lines that
may be interesting for future work on the topic.

The appendixes at the end of the thesis collect relevant information and
documents which, although they are not indispensable for the comprehension
of the presented analysis, may be valuable for the more interested reader.
1.4 Scientific contributions
The main contributions of this thesis are:

e A deeply detailed description of a HEV traction machine design process,

as it evolves steered by the changes in the technical specifications stated
by the final user, i.e. the car manufacturer.
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e The development of an alternative design methodology based on driving
cycle data and a model of the complete vehicle, which proves to be more
appropriate for traction applications.

e The compilation of the experience gained into a sort of handbook for the
design of electrical machines for traction applications, where the author
compiles the most important design specifications that the designer should
be provided with, and describes the main steps towards a successful
traction machine design.

e A contribution to the development of a design tool for radial flux
electrical machines originated at the Industrial Electrical Engineering
and Automation (IEA) division, at Lund University.

e An extension of the aforementioned design tool to create lumped-parameter
thermal models automatically from the machine geometry and material
data. This models are later used in different projects, integrated in more
complex models to evaluate the time evolution of the temperatures of
the different hybrid driveline components over a driving cycle.

e Thermal and electromagnetic analysis of a novel machine topology with
exceptional cooling capabilities, allowing for direct cooling of the winding
turns. A topology that can boost its cooling capacity significantly and
in a very short time seems perfect for a traction application, in which
the load profile is highly dynamic. An alternative design of such motor
for the E-RWD application is also presented, according to the guidelines
previously laid.

1.5 Publications

Part of the work presented in this thesis is also reported in the publications
listed below:

e Avo Reinap, Dan Hagstedt, Francisco Marquez-Fernandez and Yury
Loayza. Development of a radial flux machine design environment. X VIIT
International Conference on Electrical Machines ICEM2008, Vilamoura
(Portugal), 2008.

e Francisco Marquez-Fernandez, Avo Reinap and Mats Alakiila. Design,
optimization and construction of an electric motor for an Electric Rear
Wheel Drive unit application for a hybrid passenger car. XIX Inter-
national Conference on Electrical Machines ICEM2010, Roma (Italy),
2010.
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e Francisco Marquez-Ferndndez, Avo Reinap, Zhe Huang and Mats Alakiila.
Dynamic evaluation of the overloading potential of a convection cooled
Permanent Magnet Synchronous Motor. 2011 IEEFE International Elec-
trical Machines and Drives Conference IEMDC2011, Niagara Falls (US),
2011.

e Francisco Marquez-Fernandez, Zhe Huang, and Mats Alakiila. Redesign
of an Electrical Rear Wheel Drive (E-RWD) for a Hybrid Vehicle in a
given drive cycle. XX International Conference on Electrical Machines
ICEM2012, Marseille (France), 2012.

e Zhe Huang, Francisco Marquez-Ferndndez, Mats Alakiila, and Jinliang
Yuan. Characterization and application of forced cooling channels for
traction motors in HEVs. XX International Conference on FElectrical
Machines ICEM2012, Marseille (France), 2012.

Although related to the topic, the following publication is not included in
this thesis.

e Dan Hagstedt, Francisco Marquez-Fernandez and Mats Alakiila. A com-
parison between PMSM, EMSM and SMSM in a BAS application. X VIII
International Conference on Electrical Machines ICEM2008, Vilamoura
(Portugal), 2008.






Chapter 2

E-RWD unit traction
machine design

2.1 Background and description

The concept of hybrid traction applied to passenger cars is nothing really new.
The first documented realization, coming from 1898, was built by Ferdinand
Porsche in Germany. The Lohner-Porsche petrol-electric “Mixte” is a series
hybrid, in which a petrol engine operated at constant speed drives a dynamo in
order to charge a bank of accumulators. The electrical machines are installed
inside the hubs of the front weels, avoiding the use of drive shafts, transmission,
gears, clutch, belts or chains, etc. Inspired by the Lohner-Porsche, several other
hybrid vehicles were manufactured up to the 1920’s, when combustion engine
vehicles took over the passenger transport market driven by the low prices of
petrol and the price reduction resulting from the mass production methods
developed by Henry Ford. Some of these hybrid solutions actually contributed
to develop the concept further, such as the Henri-Pieper Auto-mixte (Liege,
Belgium 1906). In this case, a 24 h.p. combustion engine is used to drive an
electrical machine via a magnetic disc clutch. The electrical machine is coupled
to the rear wheels through a chain transmission. While the Lohner-Porsche is
configured as a series hybrid, the Henri-Pieper features a parallel topology in
which the electrical machine is used as a generator when the combustion engine
is low loaded or when braking in order to charge the batteries; or alternatively
as a motor in order to provide extra boost when the torque demands were high
[12-14]. This is the same functional description as of a general parallel hybrid
of today.
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Although some other models were manufactured with limited success,
particularly during the Arab oil embargo in the 1960s and 1970s, it is not
until the introduction of the first Toyota Prius in 1997 that hybrid vehicles
start playing a role in the passenger car market. The Prius is then the first
modern hybrid car, i.e. the first mass produced hybrid car according to modern
automotive industry standards.

The first Prius model, as well as all the subsequent hybrids manufactured
by Toyota Motor Corporation, features a complex hybrid topology, in which
the combustion engine is combined with two electrical machines (one mainly
working as a motor and one as a generator, although they can both operate
in both modes eventually). A planetary gear set is used to split the power
conveniently between the combustion engine and the electrical machines. [15]

A bit later than Toyota, another Japanese car manufacturer, Honda,
presented a number of hybrid models as well. Honda however opted for a
simpler powertrain solution, and all their hybrid alternatives feature a parallel
configuration. This reduction in complexity implied also a reduction in price,
and the Honda Insight, being the cheapest hybrid in the market at the time,
was the first hybrid model to reach the top selling car in Japan in May 2009.
Later the same year, the very strong launch of the third generation Prius
reached the first position in total sales for the year of 2009 in Japan. [16, 17]

Other car manufacturers have also placed their bid in the hybrid market.
A number of brands, in an attempt to reduce the fuel consumption of their
thirstiest models, have developed hybrid systems for SUVs as the Ford Escape,
Toyota Highlander and Lexus 400h/450h in 2005, Saturn Green Line in 2006,
Volkswagen Touareg and BMW X6 ActiveHybrid in 2009 [18-22]. Furthermore,
the hybrid distinctive is used to increase even further the exclusiveness of the
top luxury brands, and nowadays even Ferrari, Porsche, Jaguar or Mercedes-
Benz among others offer a hybrid version of their top-end models. [23]

The Electric Rear Wheel Drive (E-RWD) unit is a simple approach for elec-
trification of passenger cars, which can be seen as a parallel hybrid configuration.
The main idea consists in keeping the conventional transmission based on the
Internal Combustion Engine (ICE) in the front wheels and installing an E-RWD
unit to drive the rear wheels instead of the dummy axle of the vehicle. When
compared to the current hybrid solutions in the market, the E-RWD approach
reduces the integration complexity and number of components, maximizing the
commonality with non-hybrid versions of the same vehicle. For these reasons,
the E-RWD unit appears as a highly cost effective solution, suitable to be offered
as an add-on system to an existing passenger car, with minor modifications in
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its original configuration. Despite all these arguments in favor, it was not until
the first quarter of 2012 that it first appeared in the market, when the PSA
Peugeot-Citroén group launched the Peugeot 3008 Hybrid4, equipped with
an electric rear wheel drive unit although without torque vectoring capability
[24]. In September 2012, Volvo introduced in Sweden the V60 Plug-In hybrid,
also featuring an E-RWD unit. The V60 Plug-In was very much welcomed,
and by the end of the year Volvo announced that all the 1000 units initially
planned for the European market in 2013 were already sold out. While the
Peugeot 3008 Hybrid4 is the first mass production diesel-electric hybrid, the
V60 Plug-In is the first diesel-electric plug-in hybrid.

The E-RWD unit can be implemented in many different ways; the most
significant ones for a passenger car application are represented in Figure 2.1
below. Torque vectoring, i.e. the ability to split the torque between the right
and left wheel in a controlled way, is a desired characteristic of the E-RWD
system. The need for gears will depend on the machine design. Clutches are
needed in case the electrical machines have to be mechanically disconnected
from the wheels.

Figure 2.1: System layout for E-RWD unit.

Alternative A in Figure 2.1 consists in a single traction machine, plus a
reduction gear and a differential device in order to split the torque between
the left and the right wheels, while alternatives B, C and D are two-machine
approaches. In B the electrical machines are directly connected to the wheels
(they could be in-wheel machines); C and D include a gearbox. The E-RWD
unit should be installed with minor modifications in the vehicle, therefore
in-wheel machines are not considered. Due to the limited space available,
alternative A is preferred and the use of a clutch is also discarded. However,
in order to provide torque vectoring the conventional differential device in
Figure 2.2a is replaced by two planetary gears -one at each side of the traction
machine- with a cross shaft and an auxiliary electric motor as shown in Figure
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2.2b.

(a) Single machine and differen- (b) Single machine with planetary gears
tial

Figure 2.2: Single electric traction machine approach.

A system like the one presented results in a very compact unit, hence it
can be installed in an existing passenger car with only minor modifications,
providing the well known advantages of electric hybridization (reduction of fuel
consumption and emissions) and enhancing the performance of the vehicle due
to the extra power and the torque vectoring capability.

2.2 Technical specifications

2.2.1 Packing constrains

As mentioned earlier, the E-RWD unit is conceived as an add-on to an existing
passenger car, and therefore it should be possible to install it without major
modifications of the vehicle. As a consequence, the physical size of the E-RWD
unit is one of the most restrictive design requirements, and the resulting size
of the traction machine is dependent on both the total size of the unit and the
degree of integration achieved. The E-RWD unit should be installed into a
Saab 93, slightly smaller in size than the initially considered Volvo V70, which,
together with the integration of the planetary gears and the rest of components,
implies a reduction of the volume available for the electric traction machine
from a 250 mm diameter, 200 mm length cylinder at the beginning of the
project to a final 214 mm diameter, 160 mm length cylinder as available volume
for the electrical machine including end windings but not shields, bearings,
mechanical supports, etc. Figure 2.3 shows an integration study performed by
former Haldex Traction.
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Figure 2.3: Unit packing in the vehicle subframe. The blue block represents
the volume available for the E-RWD unit.

2.2.2 Cooling conditions

The E-RWD unit is intended to be air cooled, thus avoiding the need of an
external cooling circuit, therefore natural convection is assumed for the design.
Nevertheless, taking full advantage of the prototyping possibilities available,
two other cooling alternatives are also considered: epoxy encapsulation of the
end windings and oil spray cooling of the end windings. However, only the
natural convection cooled machine is analyzed in this work. Nonetheless, the
experience gained during the experimental tests performed on the other two
alternatives opens new research lines for future projects.

2.2.3 Supply and load conditions

Since there is no clutch, the electrical machine and the wheels are always
connected through the planetary gears. Hence, the electrical machine maximum
speed is proportional to the vehicle maximum speed, and the scale factor equals
the gear ratio of the planetary gears, in this case 9.6. Assuming a maximum
vehicle speed of 150 km/h, and a wheel radius of approximately 250 mm the
machine should be able to operate at least up to 15000 rpm.

Due to the characteristics of the battery pack available and the absence of
a DC/DC converter, the DC-Link voltage for the drive is set to 300 V.

Although in the beginning of the design phase the objective was to maximize
the torque and power output in nominal operation, as the project progresses and
the E-RWD unit concept matures, the peak torque stands out as an important
requirement for this application. A new peak torque requirement derived
from the vehicle dynamics analysis performed by former Haldex Traction is
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introduced aiming for 100 Nm. Equipped with the E-RWD unit, the vehicle
performs as a Parallel Hybrid Electric Vehicle, with the ICE providing most
of the stationary power and the electric traction machine taking care of the
transients, filling in when boost power is needed or feeding the braking energy
back to the battery. Therefore, the electrical machine is loaded with high
dynamics, hence defining a continuous power or torque level is a difficult task.
Nevertheless, the continuous current loading for natural convection cooling
of the unit, defined as the current loading that can be sustained indefinitely
without overheating the machine, is initially assumed to 6.5 A/mm? (peak
current density value in the winding conductors) based on previous design
experiences. This assumption is later confirmed both by means of a detailed
thermal model of the machine as well as experimental measurements.

Finally, the efficiency of the unit should be maximized in order to achieve
the maximum reduction of fuel consumption and emissions, while keeping the
overall cost of the unit as low as possible.

2.2.4 Summary of technical specifications

Table 2.1 collects all the technical specifications provided. Although it is shown
in the following chapters that this is not the optimal set of specifications, these
are actually the only requirements placed on the machine design at this stage.

Table 2.1: Summary of technical specifications.

Lyt  Total available length (mm) 160.0
dso Outer stator diameter (mm) 214.0
Nmae ~ Maximum mechanical speed (rpm) 15000
Ude DC link voltage (V) 300
Jnom  Nominal current loading (peak value) in the 6.5

conductors (A/mm?)
Tmaz Peak torque (not continuously) (Nm) 100

Cooling principle: Natural convection on the outer surface

2.3 Machine type selection

An electrical machine can be defined as a device that transforms electrical
energy into mechanical energy or vice versa. Such an open definition encloses
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a large variety of devices differing not only in their physical shape and size,
but also on their capabilities, the nature of the produced movement and their
operation principle.

Linear machines are not suitable for the E-RWD application as it has
been presented in Figure 2.2, and therefore will not be considered in the
following discussion. Among rotary machines, two large groups are usually
distinguished depending upon the supplied currents: DC (Direct Current)
and AC (Alternating Current) machines. Being older and simpler in both its
working principle and control, the DC machine is generally speaking larger,
heavier and less efficient than the AC one. AC machines can be classified
according to the relationship between the rotational speed of the rotor and the
frequency of the induced magnetic field in synchronous or asynchronous (also
called induction) machines. In the synchronous AC machine, the rotor spins
with the same frequency as the alternating magnetic field (or a sub-multiple of
it depending on the number of pole pairs) while in the asynchronous one the
mechanical and the electrical frequencies differ, and actually it is this difference
that induces a magnetic field in the rotor which is responsible for the movement.

Moreover, the synchronous AC machines can be further classified according
to the physical principle originating the magnetic forces responsible for the
mechanical movement. In this way, Permanent Magnetized Synchronous
Machines (PMSM) have permanent magnets in the rotor and the movement is
a consequence of the interaction between the magnetic field originated from
the rotor magnets and the magnetic field originated from the stator coils;
Electrically Magnetized Synchronous Machines (EMSM) present a wound rotor
so the rotor magnetization originates from an electromagnet, and Reluctance
Machines do not have a magnetic field source in the rotor and use the saliency
in the rotor (difference in magnetic reluctance) to create the movement, in the
same way as a ferromagnetic needle will align with an external magnetic field.

Each of the machine types mentioned exhibit certain characteristics that
makes it suitable for one or another application. In order to select the best
candidate for the EWRD application a Machine Selection Matrix is proposed,
comparing Permanent Magnet Synchronous Machine (PMSM), Switched Reluc-
tance Machine (SRM), Synchronous Reluctance Machine (SynRM), Induction
Machine (IM), Electrically Magnetized Synchronous Machine (EMSM) and
Direct Current Machine (DCM) [25]. The most relevant characteristics of an
electrical machine are listed in the matrix rows. Each of these characteristics
is assigned a weight according to their relevance for the application. The
weight assigned to the different characteristics is decided by the industrial
project partners. Besides, each machine type considered is assigned a column
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in the matrix, and it is graded between 0 (poor) and 5 (excellent) for each of
the characteristics listed. The final score for each machine type is obtained
multiplying its grade for each characteristic times the corresponding weight
and then adding for all the characteristics listed. The resultant matrix is shown
in Figure 2.4.

According to the selection matrix, the PMSM appears as the best candidate
for the application. However, in order to broaden the scope of the project it is
decided to investigate the capabilities of the SynRM due to its appealing
characteristics, especially its robust construction, easy and cost effective
manufacturing and the lack of permanent magnet material in the rotor, which
yields to a reduction of the machine cost and no need for field weakening over
base speed. Therefore, a complete PMSM plus a SynRM rotor suitable to be
tested in the PMSM stator will be designed, manufactured and tested.

Complexity of electronics
Complexity of software
Cooling capabilities
Temperature restistance
Maintenance

Technical risk

Total score 301 278 282

i
= = & = = 3|3
B . = X £ = 8 = ]
roperty: o @ o =
Cost (incl electronics) 2 4 4 4 3 4 5
Weight 5 4 4 4 3 3 5
Size 5 4 4 4 3 4 4
Inertia 4 5 4 4 3 4 3
Acoustic noise level 4 2 4 4 4 4 5
Electric noise level 5 3 4 4 3 4 3
Response time 5 5 4 5 5 5 3
Control accuracy 5 4 4 4 4 5 3
Torque 5 4 3 4 4 4 3
Efficiency 5 4 4 4 2 4 4
Power 5 3 3 3 2 4 4
Speed range 4 5 5 5 3 5 4
Fail safety 3 5 5 5 5 5 4
Drag torque 4 4 4 4 4 4 3
4 4 4 4 5 3 3
4 3 3 3 5 3 3
5 4 4 3 3 3 4
3 4 4 4 4 4 4
4 4 4 4 2 3 2
5 4 4 5 5 4 2
2

86 251 281

Figure 2.4: Machine Selection Matrix.
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2.4 PMSM Electromagnetic design and
optimization

2.4.1 Geometry description

The first design alternative for the electric traction machine is a radial flux
electrical machine, in which both the rotor and stator ferromagnetic cores are
made of laminated electrical steel. The lamination plane is perpendicular to
the machine axial direction, and since most of the magnetic flux moves along
the lamination plane, the problem can be tackled with the 2D design tools
described in Appendix B and [26].

A first literature review in order to find a PMSM geometry featuring high
torque and power density, together with a wide constant power region (since the
maximum required speed is relatively high) leads to interior permanent magnet
machines (IPMSM). Moreover, v-shape IPMSM, with a high contribution of the
reluctance torque to the final torque production, seems to be a good candidate
[25, 27-32]. The geometry proposed by the Toshiba corporation in [32], with
improved efficiency in the field weakening region is taken as starting point for
the design, and will be further modified to fulfill the technical requirements.

The parametrized rotor geometry is shown in Figure 2.5. Gray color
represents laminated steel while light red corresponds to permanent magnet
material. The different geometric parameters shown in the figure are also listed
in Table 2.2. Those under Input parameters can be set by the machine designer,
while those under Calculated parameters come as a result of the geometric
calculations based on the input parameters.

Table 2.2: Rotor geometric parameters.

Input parameters:

N,  Number of poles (—).

rr  Inner rotor radius (m).

rro  Outer rotor radius (m).

K; Portion of the pole pitch occupied by magnets (—).
K> Placement and size of the circular flux barrier (—).
K3 Placement and size of the magnets (—).

K, Size of the triangular flux barrier (—).

dy  Distance from the magnet flux barrier to the outer rotor surface (m).
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ds  Definition of the magnets placement box (m).
d,  Half width of the iron bridge between two contiguous flux barriers
(m).

hm  Permanent magnet thickness (m).

Calculated parameters:

T Placement of the circular flux barrier r; =7; + Ko(r, —7;) (m).
9 Placement of the magnet flux barrier 1o =7, —ds (m).

rs  Placement of the magnet flux barrier r3 =7, —d; (m).

rr Radius of the circular flux barrier  ryp = Ko (ro —17;) /2 (m).

e Angular pitch of the magnets a=Ki;n/N, (rad).

d;  Placement of the magnets (calculated iteratively to fit a magnet with
the desired width inside a predefined box)  (m).

dy  Size of the triangular flux barrier dy = Kyds (m).

d3 d1
d4 d’
/
7 2%
/// I g 3
r
v I : L d,
7 A AT
// K3(rri B rra) \\ L
a I = L—’l d2
Mo d, /2(d, |+ d»)

Figure 2.5: Parametrized geometry of a v-shape IPMSM rotor.

Correspondingly, the parametrized stator geometry is shown in Figure 2.6
and its geometric parameters listed in Table 2.3.
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Table 2.3: Stator geometric parameters.

rs;  Inner stator radius (m).

rso  Outer stator radius (m).

K, Stator yoke depth factor K, =a/b (—).

K, Stator slotting factor Ks=a/d (-).

K, Slot opening factor. Kz =8/~ (—).

K, Tooth tip aspect ratio factor Ky =c/d (-).

(a) Stator geometry parameters. (b) Tooth-tip details.

Figure 2.6: Parametrized geometry of the stator.

2.4.2 Design roadmap

The design process is started despite the lack of a comprehensive and definitive
set of specifications (as it is discussed already, this is one of the main challenges
for a traction machine designer within the automotive industry). As a direct
consequence, the design activities are affected by the updates of the technical
and physical requirements by the different actors in the project.

The next figure presents the time evolution of the design process, as it
changes with the specifications updates. It aims to help the reader understand
the different design steps presented in the rest of this chapter, serving as a sort
of guide or roadmap towards the final design.
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Figure 2.7: Time evolution of the design process.

Each machine geometry considered is analyzed both thermally and electro-
magnetically in order to obtain its torque and flux characteristics. These maps
are subsequently processed to foresee the machine operation as described in
Appendix B and [26].

Looking at Figure 2.7, first a batch of simulations is conducted on the
geometry M1 in order to investigate several basic parameters of the machine,
such as the number of poles and the ratio between the rotor and the stator
diameter. From this first simulations the number of poles is set to 8 (4 pole
pairs). A higher number of poles would imply a higher electrical frequency,
which requires higher switching frequency of the power electronic modules in
order to control the current. An 8-pole machine is proposed as a trade off
between the torque output of the machine and the maximum allowed electrical
frequency, which is easily calculated from (2.1), and for a maximum machine
speed of 15000 rpm yields 1 kH z.

n Np
120

Although a larger rotor diameter would in principle lead to a higher output
torque, it is also true that if the outer machine diameter is constrained, a larger
rotor diameter implies a thinner stator, and therefore less room for the stator
windings. From the first simulations conducted, the ratio between the rotor
and the stator outer diameter is set to 0.65 in order to maximize the output

fa = (2.1)
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torque, which is in accordance with [33]. It is worth remembering that the
physical dimensions of the machine are updated along the design period, and
therefore the results obtained for a certain size need to be verified for the new
requirements, and some of these design parameters may need to be updated.

2.4.3 Torque quality analysis

A passenger car is a large and heavy mechanical system, which is not very likely
affected by the torque ripple of the electrical machine in normal operation.
In fact, the quality of the torque supplied by the ICE is, generally speaking,
worse than that of an electric drive unit. However, at low speeds and high
torque operation, the ripple on the output torque of the traction machine can
be noticeable, influencing the comfort feeling of the passengers. Moreover,
a high torque ripple will affect the lifespan of the gears and the rest of the
mechanical transmission components. For these reasons, it is desired to reduce
the torque ripple levels, keeping in mind that the average output torque should
not be decreased. Starting from the size constrains of M1, several simulations
are conducted, evaluating the influence of several geometric parameters in the
torque quality, while the rest of parameters are kept unchanged for the sake
of comparison. The investigated parameters are K, -slot opening factor- and
K, -tooth tip aspect ratio- in the stator and K -size of the triangular flux
barrier- in the rotor (please refer to Figures 2.5 and 2.6).

The effect of the rotor and stator geometries in the output torque is compiled
in Tables 2.4 and 2.5 respectively. The geometric parameters are dimensionless.
All torque values are in Nm.

Table 2.4: Influence of the rotor geometry on the torque ripple.

K, T, + AT  +AT (Q0A)
0.00 78 +£17.9 +1.5
0.25 78 +£18.2 +1.5
0.50 76 £21.9 +2.6
0.66 74 +£25.9 +3.0
0.75 74 £27.4 +1.9

From Table 2.4 it is clear that the triangular flux barrier in the rotor does
not contribute to the torque production, moreover, the larger the barrier is,
the higher the torque ripple becomes. Therefore it is decided to remove this
flux barrier from the rotor, i.e., set Ky to 0.
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Table 2.5: Influence of the stator geometry on the torque ripple.

Koo Ky T, + AT  +AT (Q0A)
0.15; 0.30 76 +£24.8 +4.1
0.15; 0.40 76 +£24.8 +4.1
0.15; 0.50 76 +£24.8 +4.1
0.15; 0.60 76 +£24.8 +4.1
0.30; 0.30 76 £28.2 +12.3
0.30; 0.40 76 +£28.2 +12.3
0.30; 0.50 76 +£28.2 +12.3
0.30; 0.60 76 +£28.2 +12.3
0.45; 0.30 76 £31.0 +22.0
0.45; 0.40 76 +£31.0 +22.0
0.45; 0.50 76 £31.0 +22.0
0.45; 0.60 76 £31.0 +22.0
0.60; 0.30 74 +£31.5 +27.9
0.60; 0.40 74 £31.5 +27.9
0.60; 0.50 74 431.5 +27.9
0.60; 0.60 74 £31.5 +27.9

From Table 2.5 it can be deduced that the torque ripple decreases as the
slot opening factor decreases, while the tooth tip aspect ratio has no significant
influence on it. The slot opening is limited by the manufacturing process, and
it has to be sufficient to allow for insertion of the windings of the machine.
Based on the manufacturing experience from BEVI AB [34], a slot opening of
2mm is acceptable. The tooth tip aspect ratio is set to 0.5.

Figure 2.8 shows the most significant results from the Finite Element (FE)
simulation for the final combination: K,, = 0.15, K4 = 0.50 and K4 = 0. The
torque-speed diagram together with a preliminary efficiency map is presented
in the top left; the input power (blue), output power (black), copper losses
(green) and iron losses (red) vs. speed are in the top right plot; the torque
ripple at no load is shown in the bottom left and the torque ripple at nominal
load is shown in the bottom left graph. Please refer to Appendix B and [26]
for further details on the machine characteristics calculation process.
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It is worth mentioning that the conclusions from this torque quality assess-
ment are also valid for the subsequent geometries analyzed, despite the size
reduction experienced.
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Figure 2.8: FE simulation results for the torque ripple optimized machine.

2.4.4 Geometry optimization in continuous operation

At this point in the design, the mechanical design of the E-RWD unit, housing
and mechanical transmission, is nearly completed and as a consequence the
physical volume available for the traction machine is updated (marked with
a red interaction arrow in Figure 2.7 between machine geometries M1 and
M2). After this change, the outer dimensions of the machine M2 are 214 mm
diameter and 160 mm length including end windings, as stated in section 2.2
which are the final size specifications. Since the new specifications imply a
reduction of the machine available volume, it comes necessary to modify the
previous geometry design (based on the size constrains for M1) in order to
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fulfill the torque and power requirements. The geometry optimization is carried
out in two stages, the first one focusing on the continuous output torque of
the machine and the second one aiming to improve the peak torque performance.

First, both rotor and stator geometries are optimized in order to maximize
the continuous output torque, i.e., the torque that can be delivered indefinitely
without overheating the machine. The continuous current loading of the
machine is determined by iterative FE thermal simulations, so that the hot-
spot temperature does not exceed the maximum temperature specification of
150 °C. However, due to the 2D nature of the FE model used, convection is only
considered over the outer area corresponding to the machine’s active length, and
therefore the continuous current loading resulting from the simulations assuming
typical values of the convection coefficient is underestimated (3.82 A/mm?
for he, = 15 W/(m?K)). Despite this, the comparison between the different
geometries is still possible, and the conclusions obtained here are valid for
higher current loading as well.

Both the stator and rotor geometries are analyzed at this stage. Regarding
the stator, the parameters of interest are the slotting factor Ky and the back
yoke depth factor K, both defined in Table 2.3. The rotor geometry is
somewhat different from the one in Figure 2.5. The triangular flux barrier is
suppressed in order to reduce the output torque ripple as motivated before, and
the circular flux barrier is also eliminated to allow for a larger diameter shaft.
Since the available volume for the electrical machine is significantly smaller
than initially considered, larger magnets are needed in order to meet the peak
torque requirements. The flux barriers beside the magnets are reshaped to
give room to the larger magnets. For the rotor geometry, the parameters of
interest are K7 defining the ratio of the angular span covered by magnets and
K3 characterizing the radial proportion occupied by magnets. For the sake of
clarity, all parameters involved at this stage are listed below.

Stator parameters (see Figure 2.6a):

rsi  Inner stator radius (m).

rso  Outer stator radius (m).

y  Stator yoke depth factor K, =a/b (—).
K, Stator slotting factor Ks=a«a/d (—).
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Rotor parameters (see Figure 2.9b):

r;  Inner rotor radius (m).

rro  Outer rotor radius (m).

K; Portion of the pole pitch occupied by magnets (—).

K3 Placement and size of the magnets (—).

dy  Distance from the magnet flux barrier to the outer rotor surface (m).
d,  Half width of the iron bridge between two contiguous flux barriers (m).
a Angular pitch of the magnets a=Ky7/N, (rad).

hm  Permanent magnet thickness (m).

(a) Stator geometry param- (b) Rotor geometry param-
eters. eters.

Figure 2.9: Geometric parameters evaluated in the machine optimization.

Stator geometry optimization in continuous operation

In order to analyze the influence of the stator parameters in the performance
of the machine, several simulations are conducted for different values of K,
and K, for different rotor sizes (r, denotes the airgap radius and 74, the outer
stator radius), while the rest of the geometry remains unchanged. The rotor
geometry in this study is characterized by K7 = 0.65 and K3 = 0.625. Torque
and power values in continuous operation resulting from these simulations are

presented in Table 2.6 (T,, (Nm)/P, (kW)).

From Table 2.6 it is clear that the highest torque (26 Nm) is obtained for
an air-gap to outer diameter ratio of 0.68, K; = 0.6 and K, = 0.3 (shadowed
in red). However, when both the maximum power and the field weakening
capabilities are taken into account, the alternative with r, / r5, = 0.65, K = 0.7
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and K, = 0.3 (shadowed in green) is a better combination at this stage, since
it is capable of delivering higher constant power up to the maximum speed.
Figure 2.10 shows the power vs. speed curves obtained from FE simulations.

Table 2.6: T, (Nm) / P, (kW) for continuous operation for different stator
geometry combinations with K; = 0.65 and Ks = 0.625.

K;, =05 K;=06 K;=0.7

K,=0.3 | 22/144 22/15.4 22/15.9
rg/Tso = 0.60

K,=04| 20/13.1 20/14.0 20/15.1

K, =03 | 24/14.0 24/15.2 | 24/16.3
ry/Tso = 0.65 | 7 / / /

K,=04 | 22/127  22/13.2 20/14.7

K,=03 | 24/13.7 | 26/14.5 24/15.5
ry/Tso = 0.68 | 7 / / /

K,=0.4| 22/12.1 22/13.3 22/13.9
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Figure 2.10: Power vs. speed curves for stator optimized geometries in
continuous operation.

Rotor geometry optimization in continuous operation

In parallel with the stator optimization, several rotor geometries are simulated
in order to evaluate the influence of the magnets’ size and position in the
output torque. Different values of the geometric parameters K; and K3 are
considered, while the rest of the geometry remains unchanged. The air-gap to
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outer diameter ratio is kept constant at 0.65 and the slotting factor K, = 0.5.
Besides, two different values of the stator back-yoke depth factor are considered,
K, = 0.25 and K, = 0.30, since larger magnets could lead to saturation in
the stator yoke. The torque and the power values in continuous operation
resulting from these simulations are presented in Table 2.7 (T'n(Nm)/Pn(kW)).

From Table 2.7, the best results in terms of torque and power for continuous
operation appear for K, = 0.25, K1 = 0.75 and K3 = 0.06 (shadowed in red).
This makes sense when compared to the results of the previous designs. The
magnet size is increased with respect to the previous proposals, and naturally,
the larger the magnets, the higher the output torque. However, the constant
power operation region is clearly affected when K, increases from 0.65 to
0.75, and therefore the alternative with K, = 0.25, K; = 0.65 and K3 = 0.60
(shadowed in green) is preferred. Figure 2.11 shows the power vs. speed
characteristic for both alternatives.

Table 2.7: T, (Nm) / P, (kW) for continuous operation for different rotor
geometry combinations with K, = 0.50 and rg/rs=0.65.

K3 = 0.600 Kj; = 0.625 K3 = 0.650

K; =0.60 | 24/149 22/14.5 22/14.2
K, =025 | K, = 0.65 24/15.2 24/14.9
K;=0.75 | 28/14.6 26/15.1 26/14.6
K;=0.60| 24/13.9 22/13.9 22/13.5
K,=030 | K, =0.65 | 24/13.9 24/14.0 24/14.1
K; =0.75| 28/13.9 26/13.3 26,/13.7

Analyzing the results presented above for both stator and rotor geometry
optimizations, it is worth noticing that the best results in continuous operation
are obtained for those geometries with the largest slot area. Larger slot area
means more current in the windings assuming a constant current density
loading, which in turns implies a higher output torque as long as the machine
is not saturated. Consequently, it is the natural cooling capability and the core
ability to carry magnetic flux what defines the stator geometry. Regarding
the rotor, it can be seen that the larger the magnets, the larger the output
torque obtained from the machine. However, there is a limitation in the magnet
size besides the obvious physical room available: large magnets create a high
magnetic flux linkage in the windings, which leads to higher field weakening
current needs. Since the continuous current loading is fixed, the machine may
not be able to keep a constant power over base speed, or even worse, it may
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not meet the maximum speed specification.
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Figure 2.11: Power vs. speed curves for rotor optimized geometries in
continuous operation.

2.4.5 Distributed vs. concentrated windings

When analyzing the volume of the machine presented in the previous section,
it appears that nearly half of the total length corresponds to the end windings.
Hence, shortening the end windings implies an increase of the active length of
the machine, which could lead to an increased output torque.

A change in the stator configuration in order to use concentrated instead
of distributed windings is now proposed as a way to shorten the length of the
end windings. Concentrated non-overlapping windings are extensively used in
small electrical machines due to their short end windings and simple structure,
suitable for high volume automated mass production. When compared to single
layer, 1 slot per pole and phase windings, a reduction of the end winding length
up to 2 times can be achieved for single layer concentrated windings, while
for double layer concentrated windings it can increase up to 4 times. Besides,
concentrated windings can be manufactured with higher slot fill factor than
distributed windings, increasing the copper cross sectional area inside the slot
hence reducing the current density and the resistive losses for a given stator
current [35-37].

On the other hand, when it comes to larger machines where efficiency
and smooth output torque play an important role, a distributed winding is
preferred. Concentrated winding machines traditionally suffer from a low
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fundamental winding factor, which leads to a higher current need for the
same output torque and therefore increased copper losses, i.e. lower efficiency.
Besides, the quality of the output torque is usually worse than for distributed
winding machines, with a higher cogging torque and torque ripple. However,
several studies suggest that with the appropriate choice of number of slots
and poles both problems can be significantly mitigated. Winding factors over
0.9 are attainable for machines with more than 8 poles, both with single and
double layer concentrated windings, and values as high as 10 times cogging
torque reduction are reported [36-38]. When compared to distributed windings,
concentrated windings create a magnetomotive force distribution along the
airgap with a much higher harmonic content. Although only the fundamental
component of the MMF distribution is involved in torque production, all
other harmonics contribute to increase the phase inductance by increasing its
harmonic leakage component. As a consequence, the field-weakening range of
the machine can be substantially extended. [35]

In order to evaluate the potential of concentrated windings for the E-RWD
application, a Plexiglas model of the stator laminations made by BEVI AB is
used to estimate the difference in end windings length between the concentrated
and distributed winding alternatives. From this model, it is concluded that a
reduction of 20 mm at most can be expected, and therefore, the active length
of the machine with concentrated windings is set to 100 mm instead of 80 mm.
A FE model of the concentrated winding alternative with ¢ = 0.5 where ¢ is
the number of slots per pole and phase, is used to investigate the performance
of such a machine for the different geometric parameters (see Figure 2.12).
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(a) Example of a Plexiglas model (b) FE model of concen-

trated winding machine

Figure 2.12: Investigation of the concentrated winding potential.

Several simulations are conducted for different stator geometries, while the
rotor remains the same, corresponding to the best result from the previous
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section (K7 = 0.75 and K3 = 0.65). In this new simulation batch, several rotor
to outer diameter ratios are analyzed, for a combination of slotting factor (K)
and stator yoke depth factor (K,). As in previous sections, torque and power
values in continuous operation resulting from these simulations are presented
in Table 2.8 (Tn (Nm)/Pn (kW)).

Table 2.8: T, (Nm) / P, (kW) for continuous operation for different stator
geometry combinations with concentrated windings

K, =050 K;,=0.60 K;=0.65

K, = 0.25 30/16.4 34/19.2 34/20.2
rg/rs6=0.60

K, = 0.30 26/15.5 30/18.7 32/19.6

K, = 0.25 28/15.9 34/18.3 34/20.0
re/rso=0.65 | Y / / /

K, =0.30 | 26/14.9 30/16.5 32/18.3

K, = 0.25 26/14.4 30/16.6 32/17.7
reg/rso=0.70 Y / / /

K, =0.30 | 26/12.5 30/14.5 30/18.1

Comparing these results with those obtained in Table 2.7, only minor
differences are noticed in the torque delivered by two equivalent machines. For
example, comparing both designs with r,/rs, = 0.65, a stator characterized
by K, = 0.5 and K, = 0.3; and a rotor characterized by K; = 0.75 and
K3 = 0.65 it can be seen that both machines produce 26 Nm. Based on the
simulations made for the distributed winding alternative with different slotting
factor values it is concluded that, for this machine size and assuming an end
winding reduction of 20 mm as measured from the Plexiglas model, there is
no significant advantage in using concentrated windings. A number of slots
per pole and phase (q) equals to 3/8 could give a better winding factor, and
therefore higher output torque, although the difference in active length with
the distributed winding alternative may not be sufficient to create a noticeable
effect.

Nevertheless, all previous research work on concentrated windings for
traction applications agree, based both on numerical and experimental results,
that the high harmonic content on the airgap MMF distribution causes increased
magnetic losses both in the stator laminations and most important, in the
rotor magnets. Reducing the losses in the permanent magnets is not an easy
task. Magnet segmentation, or using bonded instead of sintered magnets are
some of the measurements proposed in the literature to that aim, though it
is very seldom to find explicit mathematical models to quantify the effect of
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the different actions (e.g. what size the magnets should be or what particular
geometry is preferred based on the magnetic environment) [27, 28, 36, 37, 39].
In view of the above, the distributed windings stator alternative is preferred
for the E-RWD unit traction machine.

2.4.6 Winding configuration

In all the simulation results presented so far it is assumed that every electrical
machine considered has the same winding layout, plus that the DC link voltage
is constant, in order to have a fair comparison between the different alternatives.
Moreover, the windings are modeled as a single current conductor in which
a certain current density is applied, taking into account the slot fill factor as well.

In reality, however, this is not the case and the winding consists of a bundle
of thin copper wires parallel connected, that are wound around the stator teeth
a certain number of turns. There is a limitation on the number of wires that
fit inside a slot, usually related to the manufacturing process. This limitation
is usually expressed in terms of the slot fill factor. When looking carefully
inside the stator slot, three different elements can be found, namely: the slot
insulation liner that stays between the stator lamination and the copper wires
in order to avoid the formation of electric arc and protects the wires from
erosion; the copper wires with their insulation varnish as well as some air in
between the copper threads. The ratio between the total copper area and
the slot cross-sectional area is called slot fill factor Ky. BEVI, with a wide
experience in electric motor manufacturing, advises a maximum slot fill factor
of 0.45 to 0.50 for hand wound machines with distributed windings. It is worth
noticing that this figure can be remarkably increased with special manufacturing
techniques and values as high as 0.84 are reported in the literature for example
for the Toyota Prius THS II motor [40].

The total current inside a slot is the product of the number of parallel
wires by the number of winding turns and by the current in a single wire. The
larger the total slot current, the larger the magneto motive force induced by
the winding current, and hence the larger output torque produced. In order to
limit the current delivered by the power electronic converter, a high number of
winding turns is desired, since the cost of the power switches is proportional to
their current capability.

On the other hand, the voltage induced in the stator coils due to the variable
magnetic flux linkage created when the rotor magnets spin also increases
proportionally to the number of turns. In other words, increasing the number
of turns in the winding leads to lower current demand on the power converter
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for the same total slot, but lower base speed (and consequently lower maximum
speed).

In order to select the most suitable winding setup, the DC link voltage
has to be taken into account. From the project technical specifications, the
DC link voltage is limited by the battery to 300V, since there is no DC-DC
converter included. Besides, the maximum machine current is also limited by
the capabilities of the inverter, since the semiconductor devices of the drive
should be dimensioned for the peak motor current.

Another relevant aspect of the winding is the shape and size of the copper
threads used. Depending upon the slot geometry, either squared or rounded
copper wires can be used in order to increase the slot fill factor. Besides, at high
frequencies, the electrons tend to move to the surface of the conductor, reducing
the effective cross sectional area and therefore increasing the copper losses.
This phenomenon, known as skin effect, is reduced by using small diameter
wires. On the other hand, since every thread is covered by an insulation varnish
layer, the slot fill factor will be reduced when small diameter wires are used,
since a larger number of those is needed to carry the same amount of current
assuming a constant current density.

Based on the previous considerations, a winding consisting on 16 turns, 17
parallel wires of 0.8 mm diameter with class H insulation (180 °C maximum
temperature) is proposed. With this configuration, the nominal machine current
is 39.3 A(RMS), for a current density loading of 6.5 A/mm?. The resulting
slot fill factor is Ky = 0.454.

With a DC link voltage of 300V and series connected windings, the
maximum reachable machine voltage in the rotor frame (x,y) calculated
according to (2.2) equals 212.13 V. Then, the voltage drop per turn in rotor
coordinates would be 13.26 V. Since the FE model assumes a single turn
winding, this is the figure that should be used in the post processing routine in
order to determine the base speed.

Us,maz = cOs (%) % Upc (2.2)

2.4.7 Geometry optimization for overloading

Subsequent to the presentation and discussion of the simulation results for
continuous operation, the focus is shifted to the overloading capabilities of the



2.4 PMSM Electromagnetic design and optimization 33

machine. A vehicle equipped with the E-RWD unit works as a parallel hybrid,
with the ICE delivering most of the average power needed, and the electric unit
taking care of the transient loads, filling in when needed or feeding the excess
of energy back to the battery when braking or going downhill. Besides, to take
full advantage of the torque vectoring capability, the electric traction machine
is required to deliver very high torque for a short period of time in order to
contribute to vehicle stability when the driving conditions are unfavorable.
For all these reasons, the electric traction machine loading profile is highly
dynamic, and the peak torque value that the machine is able to deliver becomes
very important. Hence, yet another update of the technical specifications is
introduced (indicated with a blue interaction arrow in Figure 2.7 between
machine geometries M2 and M3): it is strongly recommended that the peak
output torque reaches at least 100 Nm.

Starting from the results obtained in 2.4.4, this second stage of the geometry
optimization focuses on maximizing the peak torque capability of the electric
traction machine, without compromising the performance at high speed. As
for the previous optimization, both stator and rotor geometries are analyzed.

Stator geometry optimization for overloading

In order to boost the output torque up to the specified value of 100 Nm, the
stator windings need to be loaded with a higher current than the continuous
current rating obtained from the simulations. At such high current levels,
magnetic saturation starts to occur in the stator laminations, preventing the
torque to increase as desired. Two geometry modifications are investigated in
order to avoid saturation in the stator: increasing the back yoke depth and
increasing the teeth width. Both actions imply a reduction of the copper area
in favor of the iron, broadening the path for the magnetic flux. However, due
to the reduced slot area, higher current densities are required in order to keep
the same total current loading, which affects the thermal performance of the
machine negatively.

Designs with different values of K and K, are simulated, while the rest of
the geometry remains unchanged. The rotor geometry in this study is the one
obtained in Section 2.4.4 optimized for continuous operation, characterized by
K; = 0.65 and K3 = 0.60.

Table 2.9 presents the torque and power values in continuous operation
resulting from these simulations, while Table 2.10 shows the torque delivered
by the machine when loaded with the rated continuous current multiplied by a
factor of 1, 2, 4 and 6.
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Table 2.9: T, (Nm) / P, (kW) for continuous operation for different stator
geometry combinations. The rotor features K; = 0.65 and Ks = 0.60.

K, =0.55 K,=0.70
K,=03| 28/114 28/15.5
K,=04| 24/9.6 24/12.6

Table 2.10: T, (Nm) at 1x, 2x, 4x and 6x the nominal current rating for
different stator geometry combinations. The rotor features K; = 0.65 and K3 =
0.60.

K, = 0.55 K, = 0.70
K,=0.3|28 56 8 98 24 54 76 88
K,=04 |24 48 83 108 24 46 72 86

As the current loading of the machine increases, the magnetic flux across
the stator lamination also increases, leading to magnetic saturation of the iron
if the current is high enough. The saturation effects can be seen in the torque
figures shown in Table 2.10. For example, for K, = 0.55 and K, = 0.3, when
the machine current loading is doubled, the output torque is also doubled from
28 to 56 Nm, though, when the current is increased by 4 and 6 times, the
torque reaches 84 Nm and 98 Nm respectively, i.e, 3 and 3.5 times the torque
obtained at rated continuous loading.

From Table 2.9 it is clear that the higher torque and power at nominal load
appears for the largest slot area as it is discussed in the previous section, since
it allows for a higher continuous current loading of the machine. However, the
overloading capabilities of such a machine are not optimal and saturation effects
appear for fairly low current values. As suggested before, the highest torque is
obtained for the geometry with thickest back yoke and teeth (K, = 0.4,
K, = 0.55), which exhibits the lowest saturation effects. However, the
combination K, = 0.3, K, = 0.55 gives 98 Nm at 6 times the rated current
(thus presumably able to deliver the required 100 Nm) while having larger slot
area, and therefore better nominal characteristics.

Figure 2.13 shows the torque multiplication factor when the machine is
loaded with 2 (dark green), 4 (light green) and 6 (yellow) times the continuous
current rating for the stator geometries considered.
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Figure 2.13: Torque multiplication factor for 2 (dark green), 4 (light green)
and 6 (yellow) times the continuous current rating.

Rotor geometry optimization for overloading

The rotor geometry is also modified in order to improve the overloading
performance of the machine. Two adjustments are considered at this stage
in order to fulfill the maximum torque requirement: decreasing the distance
between two contiguous magnets (marked as d, in Figure 2.9b) aiming to
increase the reluctance torque contribution, and increasing the magnet size
by modifying the angular span covered by magnets (« as a function of Kj in
Figure 2.9b). The rest of the machine geometry remains unchanged in the
simulations, corresponding to that obtained in section 2.4.4.

Table 2.11 presents the torque and power values in continuous operation
resulting from the simulations, while Table 2.12 shows the torque delivered by
the machine (Nm) when loaded with the rated continuous current multiplied
by 1, 2, 4 and 6 times. From Tables 2.11 and 2.12 it can be seen that the
initial predictions are right, and the output torque increases both with larger
magnets (higher K;) and with less distance between magnets (smaller d,.).
However, as mentioned in the previous section, large magnets compromise the
field weakening capabilities of the machine at nominal current loading. Besides,
high permanent magnet flux linkage reduces the overloading capabilities of the
machine at higher speeds [41, 42].
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Table 2.11: T, (Nm) / P, (kW) for continuous operation for different rotor
geometry combinations with K, = 0.3 and K, = 0.7.

d, =0.7mm d, =1.3 mm

K; =0.75 30/15.4 28/15.5
K; = 0.82 32/14.9 30/15.0
K; = 0.90 32/15.3 32/15.3

Table 2.12: T, (Nm) at 1x, 2x, 4x and 6x the nominal current rating for
different rotor geometry combinations with K, = 0.3 and K, = 0.70.

d, = 0.7 mm d, = 1.3 mm
K;=0.75 |30 56 80 92 28 54 76 88
K;=0.82]32 58 84 96 30 56 80 94
K; =0.90 | 32 58 86 100 32 58 84 96

Figure 2.14 shows the torque multiplication factor when the machine is
loaded with 2 (dark green), 4 (light green) and 6 (yellow) times the continuous
current rating for the different rotor geometries considered.

Torque multiplication factor

Figure 2.14: Torque multiplication factor for 2 (dark green), 4 (light green)
and 6 (yellow) times the continuous current rating.
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The optimization of both stator and rotor geometries focusing on the
overloading capabilities of the machine is run in parallel, taking the geometry
resultant from section 2.4.4 as starting point. Consequently, the only thing left
is to merge the conclusions from the previous simulations into a new design and
analyze it. Last, a fine tuning of the rotor magnets’ size and position is carried
out, aiming to reduce the magnets’ size as much as possible. The parameters
that characterize the final machine design are presented in Table 2.13.

Table 2.13: Final geometry characterization.

Param. Value Description

D., 214.0  (
Dy 1397 (
Dy 1385 (
Dy 300 (
g 0.6 (
Ly 80.0  (
Lt 1600 (
Ny 8
(
(
(
(
(
(
(
(

mm) Stator outer diameter
mm) Stator inner diameter
Rotor outer diameter

)
)
mm) Rotor inner diameter
mm) Airgap length

)

mm) Active machine length

K, 0.30
K, 0.55
N, 24

dy 2.0

Stator yoke depth factor
Stator slotting factor

Number of slots

K; 0.87
Ks 0.57
d, 0.9
di 1.3

Ratio of the angular span covered by magnets
-) Radial rotor proportion occupied by magnets
mm) Half of the distance between adjacent magnets

mm) Distance between the outer air pocket edge
and the rotor end

Comparing the final design presented above with the results of the last
optimization stage for overloading capabilities, there are a few differences that
are worth noticing. The rotor magnet’s size is slightly reduced (K is decreased
from 0.90 to 0.87 and K3 is increased from 0.55 to 0.57). Furthermore, the
parameter corresponding to half of the distance between adjacent magnets
d, is increased from 0.7mm to 0.9mm. It is shown in the previous section
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that smaller values of d,. lead to higher output torque, since the reluctance
torque contribution is improved. However, the small iron bridges between the
magnets are crucial for keeping the structural integrity of the rotor, particularly
when the machine operates at high speed. A mechanical FE analysis of the
rotor is performed, showing that d,, = 0.7 mm is not enough to guarantee the
structural strength of the rotor when exposed to the maximum speed (assuming
a safety factor of 50%), and an updated value of 0.9 mm is suggested. The final
drawings of the resulting rotor and stator geometries are found in Appendix A.

Although all the geometries simulated so far feature rectangular stator slots,
several other alternatives are possible. Figure 2.15 shows the different slot
shapes implemented in the Matlab design program. Based on BEVI’s expertise,
alternative 2 is preferred for a number of reasons, among which are the absence
of sharp corners that make the thermal contact between the winding insulation
paper and the stator laminations difficult, and the potential to reach higher
fill factor with round copper conductors. The slot cross sectional area is kept
constant.

1 2 3 T4

Figure 2.15: Different slot shapes implemented in the design program.

Figure 2.16 presents the most significant results obtained from the Finite
Element simulation of the proposed geometry, namely the torque map (top
left), the flux linkage map (top right), the efficiency map (bottom left) and
the power characteristics (bottom right) where the input power (blue), the
output power (black), the winding copper losses (green) and the stator core
iron losses (red) are plotted. In order to compute the efficiency, the simulation
model takes into account just copper losses in the windings and iron losses in
the stator core of the machine. The iron losses in the rotor core and permanent
magnets as well as mechanical friction and windage losses are neglected at this
stage. Please refer to Appendix B and [26] for further details on the machine
characteristics calculation process.
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When looking at the power characteristics of the optimized machine, it is
clear that the machine is not able to keep a constant power over base speed
for the nominal current rating (compare the power characteristics in Figure
2.16 to that one on Figures 2.10b and 2.11b) . Why is it then selected as the
best alternative, if the high speed performance is one of the most important
design specifications? The reason is that at the time the optimization was
performed, the voltage drop per turn (used in the post processing program)
was miscalculated in the software, and the results showed a wider constant
power region. The results presented in Figure 2.16 correspond to the optimized
geometry, after the correction of this error. However, the manufacturing of the
prototype started before the error was discovered, and therefore the prototype is
built according to the geometry described in Table 2.13 although its simulated
high speed performance is not optimal.
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Figure 2.16: FE simulation results for the final geometry selected.
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The prototype machine is manufactured with a double aim: validate the
machine design software tool and demonstrate the functionality of the whole
E-RWD unit both in a test setup and onboard the vehicle. However, during
the testing of the prototype, the experimentally obtained torque vs. speed
characteristic does not fully match the one presented in Figure 2.16, therefore
some improvements are introduced in the simulation model.

The manufacturing of the prototype, as well as the comparison between
experimental and simulated results for the improved model and a description
of the model upgrading are detailed in section 2.5.

2.5 PMSM Prototyping and experimental
testing

A prototype of the final machine design resulting from the optimization process
is manufactured with two main aims: to test the functionality of the complete E-
RWD unit and to validate the design tool developed. For the software validation,
the machine is mounted in a separate test bench in order to characterize its
performance and evaluate the efficiency of the stand-alone machine.

The rotor and stator laminations are cut by a CO5 laser at LCD LaserCut
AG (Densbiiren, Switzerland) instead of punched, due to the limited number
of units produced. Surahammars Bruk SURA M250-35A (0.35mm thick with
maximum loss of 2.50 W/kg at 1.5T and 50 Hz) electrical steel is used [43]. A
comparative study is performed at Surahammars Bruk in which the magnetic
properties of the laser cut steel are compared to those of the conventional
sheared steel. For this study, 12 normal Epstein strips (305 x 30mm) are
sheared in the longitudinal (rolling) direction and 12 in the transverse direction
from the steel coil both before and after the coil section used for the machine
laminations. LCD also provided 12 + 12 Epstein strips cut with the same COq
laser used for the machine laminations. Testing of the Epstein samples was
performed at Cogent Surahammars Bruk using a PMS 3000 instrument and
according to EN 60404-2.

The results from the study are presented in Table 2.14. Shears 1 refers
to the first steel sheet cut for the prototype manufacturing and Shears 2 to
the last. From Table 2.14 it can be seen that the difference between these
samples is very small, and hardly significant in view of the uncertainty of the
test method. This indicates that there is almost no variation of the magnetic
properties along the length of the coil. On the other hand, the laser cut samples
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have higher losses at both 50 Hz and 400 Hz than the sheared ones. This is
not uncommon for laser cutting and it is believed to be a result of thermally
induced stresses during the laser cutting process. It is difficult to say how
normally stamped machine laminations would have compared with the laser
cut ones for the prototypes. Stamping could produce somewhat higher losses
than the squaring shears, which are normally in a very good condition, but
perhaps not as much as the laser cut samples in this case. Furthermore, there is
also an effect of the distance between the cut edges, which is smaller (implying
larger effect on the loss level) for the laminations compared to the Epstein
strips. A guesstimate is that good quality stamped machine laminations would
give a few percent lower iron losses compared to the laser cut laminations used
in the prototypes.

Table 2.14: Loss comparison between shear and laser cut.

Cutting Method
Shears 1 Laser Shears 2

Loss at 1.0T/50Hz  (W/kg) | 0.96 1.20 0.95
Loss at 1.5T/50Hz  (W/kg) |  2.22 2.60 2.24
Loss at 1.0T/400Hz (W/kg) 17.20 9.27 17.32
Loss at 1.5T/400Hz (W /kg) 42.44 43.97 42.60
Jas00 at 50Hz (T) 1.53 1.53 1.53
J10000 at 50Hz (T) 1.75 1.75 1.75

The magnets used in the rotor are graded N35SH from Sura Magnets [44].
This magnetic material can operate at temperatures up to 150 °C, and it is
characterized by a remanent flux (B,) equal to 1.22T, the coercivity (bH.) is
900 kA/m, the intrinsic coercivity (iH.) is 1590 kA/m, and the energy product
(BH paz) is 280 k.J/m3.

As mentioned in 2.4.6, the machine is wound with 0.8 mm diameter copper
wire, insulation class H, manufactured by Dahréntrad, Sweden. A double layer
distributed winding is used in order to shorten the length of the end windings.

An 8-pole variable reluctance Singlsyn resolver (by Tamagawa, Japan) is
installed in the machine. The maximum rated error for the resolver is +30’
mechanical angle (i.e. +2 electrical degrees for an 8-pole machine). [45]
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Figure 2.17: Torque measurement setup with a load cell.

Initially a torque measurement setup with a load cell is tried out. Figure
2.17 shows this setup, in which the electric machine is attached to the test bench
with two large bearings, allowing movement in the circumferential direction.
Although the system is simple both to operate and calibrate, it does not meet
the expected accuracy despite the high accuracy of the load cell. The reason
is that friction in the bearings increases substantially when the machine case
temperature rises, due to the difference in the thermal expansion coefficients of
aluminum and steel. In order to evaluate the torque deviation, a new setup is
created, using two load cells as shown in Figure 2.18. The length of the input
lever arm is 0.7030 m and the length of the output lever arm is 0.2192m.

T LOAD CELL IN

SUPPORT
BEARINGS

LOAD CELL OUT WEIGHT

Figure 2.18: Torque friction measurement setup with two load cells.

Table 2.15 collects the friction torque measured with a cold machine. From
the results, it can be seen that the error is between 0.6 and 2.1 Nm. The
average of the error is 1.17 Nm, i.e. 1.2% of the maximum torque specification
of 100 Nm. Besides, there is no special relationship between the error and the
input torque. With a cold machine, a good calibration of the load cell and
accurate measurement of the lever arm, the torque offset (measured value when
zero input torque is applied) is fairly stable, and the output torque value can
be trusted if the 1 — 2% friction torque is accounted for and compensated.
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Table 2.15: Friction torque in the support bearings (cold machine).

Weight in  Weight out Torque in Torque out Torque dif.

(Kg) (Kg) (Nm) (Nm) (Nm)
2 6.095 13.8 13.1 0.7
5 15.465 34.5 33.3 1.2
7 21.885 48.3 47.1 1.2
10 31.785 69.0 68.3 0.6
12 38.025 82.8 81.8 1.0
15 47.455 103.4 102.0 1.4
17 53.565 117.2 115.2 2.1

If the same experiment is repeated with a warm machine the results differ
significantly (outer case temperature around 80 °C). Table 2.16 shows the
results obtained in such case.

Table 2.16: Friction torque in the support bearings (warm machine).

Weight in Weight out Torque in Torque out Torque dif.

(K9) (K9) (N'm) (Nm) (N'm)
2 1.55 13.8 3.3 10.5
5 9.65 34.5 20.8 15.7
7 15.70 48.3 33.8 14.5

From Table 2.16 it is clear that the load cell setup is completely unreliable
when the machine temperature increases over the ambient temperature. As a
consequence, a new torque measurement system is needed.

The torque is measured using a HBM T32FNA transducer rated for 500 Nm
together with the amplifier HBM MD18N. The expected accuracy from the
torque transducer is +0.2% at the nominal value and from the amplifier an
error of £0.15% could be expected [46]. In order to measure the DC power
input to the power electronic module, as well as the AC power out to the
machine, a power analyzer LEM Norma 5000 (now commercialized by Fluke)
[47], equipped with four high performance current transducers LEM IT 150-S
is used in the test bench [48].
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The machine is tested against a speed controlled hydraulic break system.
Figure 2.19 shows the experimental torque, flux linkage and efficiency maps
obtained from the experimental measurements.
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Figure 2.19: Experimental test results.

Comparing the FE simulation and the experimental results, a reasonable
correspondence is observed between the simulated and the measured torque
maps. However, the simulated flux map is not as accurate as expected. Looking
at both Figures 2.16 and 2.19 it is clear that the simulated machine needs a
higher field weakening current for a full demagnetization. One of the goals
of the project is to validate the design tool against a real design. Therefore,
it is interesting to explore the differences between the simulated and the
experimental characteristics and try to find a motivation. A close comparison
between the 2D FE simulation model and the manufactured machine reveals
two possible aspects of the model that are susceptible of improvement in order
to increase the accuracy of the results:
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a. For mounting purposes, the hole in which the magnets are embedded is
slightly bigger than the magnets themselves. That results in an airgap of
0.16 mm all around the magnet

b. The magnetic properties of the materials considered in the simulations
do not exactly match those in the prototype

Concerning material properties, several differences can be found. The
electric steel originally considered in the simulations was M235-35A (0.35mm
thick with maximum loss of 2.35W/kg at 1.5T and 50 H z), which is replaced
by M250-35A (0.35 mum thick with maximum loss of 2.50 W/kg at 1.5T and
50 Hz) in the prototype due to the easier availability of the later. The B-H
curve for these two electrical steel grades is just slightly different, and it is not
likely to be the source of the observed differences. Nonetheless, the simulation
model is updated to take into account the new steel grade.

Besides, a standard NdFeB magnet material is used in the design stage
simulations before the magnet supplier was known. The model is updated
with the magnetic characteristics of the actual magnet material in the machine
(grade N35SH, Sura Magnets). Since temperature has a significant influence in
the magnetic properties, a temperature of 80 °C is considered in the simulation
model, based on the temperatures registered during the testing period.

Finally, an upgraded model considering all these modifications is simulated.
The simulation results are shown in Figures 2.20 to 2.22, in which the experi-
mental maps are superimposed for the sake of comparison [49].

From Figures 2.20 to 2.22 it is easily seen that the correspondence between
the simulated and the experimental maps has improved significantly with the
modifications introduced in the model. Nevertheless, small differences still exist
between the numerical and the experimental results, which can be explained
by the simplifications and assumptions made during the modeling process (i.e.
2D modeling, assumption of homogeneous and isotropic materials, modeling
of the windings, etc.) and obey to a compromise between computation time
and accuracy of the results. Comparing the measured efficiency map and the
simulated one, the largest discrepancies are found at high speeds. Measuring
efficiency is always difficult since the results are heavily dependent on the
accuracy of the torque measurement. Several circumstances such as a slight
misalignment of the torque transducer, mechanical vibrations of the set up
or temperature drift of the electronic amplifier can cause disturbances on the
measurement. As mentioned in section 2.4, the simulation model takes into
account just copper losses in the windings and iron losses in the stator core of
the machine. The iron losses in the rotor core and permanent magnets as well
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as mechanical friction and windage losses are neglected at this stage, and they
are also more significant at higher speeds.
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Figure 2.20: Experimental vs. simulated torque map
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Figure 2.21: Experimental vs. simulated flux linkage map
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Figure 2.22: Experimental vs. simulated efficiency map

2.6 Dynamic Testing characterization

By a fortunate coincidence, a completely different method for characterizing
electrical machines starts to be investigated within the research group just
after the conclusion of the tests presented in the previous section. Timing is
then perfect for a synergetic re-testing of the machine. Running the Dynamic
Testing method on the E-RWD machine serves as a confirmation of the results
obtained in the conventional test bench, and at the same time, proves the
validity of this new approach by contrasting the result from both tests.

The Dynamic Testing method consists on accelerating the test machine back
and forth, applying different current set-points. Assuming that the machine
currents, voltages, and speed can be measured accurately (and with a sampling
frequency high enough) and provided that the moment of inertia of the rotary
part is known, the torque, flux linkage (and with some extra measurements,
the efficiency maps) can be determined.

In a PMSM, if the currents remain constant for a certain interval of time,
the torque over that time is also constant according to (2.3).
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T =Upisy + (Lew — Lay) s sy (2.3)

Mechanically, the machine is not connected to any external load. Therefore,
neglecting friction both with air and in the bearings and also the inherent
losses in the machine, if a constant electromagnetic torque is applied the
speed increases linearly, i.e. the time derivative of the speed is constant, and
proportional to the applied torque, with the moment of inertia of the rotating
mass as the proportion ratio (see (2.4)).

dwmech

dt

Since the machine is not connected to anything, the effective moment of
inertia I,, is just the moment of inertia of the rotor and the shaft. Usually,
for electrical machines in the range of 10 - 100 kW the value of I, is low,
and therefore the speed will increase very rapidly for the torque levels under
study. A fairly simple solution is to connect an extra flywheel to the shaft,
increasing the moment of inertia of the rotating mass substantially. In this
way, the rotor acceleration is reduced for a given torque, so it takes longer time
to reach the maximum speed (limited by the DC voltage of the inverter). This
implies also that for a given sampling frequency, there will be more samples
available for the computation of the machine characteristics for that particular
current set-point, which in general results in a higher accuracy.

T=1,

(2.4)

However, it is worth noticing that the accuracy of the calculated torque
relies on the accuracy of the speed measurements from the resolver and the
estimation of the inertia of the rotating mass. It is then crucial to estimate the
inertia of the rotating mass (rotor, shaft and added flywheel) as accurate as
possible.

A drawing with the dimensions of the rotor, shaft and external flywheel as
well as their corresponding moments of inertia are presented in Figure 2.23 and
Table 2.17 respectively.

Table 2.17: Moment of inertia of the different rotating masses.

Moment of inertia

Rotor block 0.02651600
Rotor shaft 0.00016217
External flywheel 0.02770000

Total inertia 0.05380400
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Figure 2.23: Physical dimensions of the rotating masses for the inertia
calculations.

The flux linkage characteristics are computed from the stator voltages in
the rotor frame (Us, and Us, in (2.5)).Since the currents are kept constant over
the acceleration time, and assuming constant stator resistance and inductances,
the only time dependent component of the stator voltage is the induced back
emf (the last term in (2.5)). Since the rotational speed w is known, it is possible
to calculate the stator flux linkage. [50]

. Oisy
Usyz = Rsigq + Ly W - w\psy
‘ dis,
Usy = RS Zsy+LsyW +w\:[jsx (25)

In order to obtain the torque and flux linkage characteristics of the E-RWD
machine, it is accelerated several times from 0 to 2500 rpm in order to keep a
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certain voltage margin at all times. Each time a different current set-point is
applied. The values of the x-axis current (is,) vary from 0 to 70 A in steps of
5 A while the values of the y-axis current (is,) vary from 5 to 70 A in steps of
5 A. Note that only motor operation (and not generator) is studied.

Figure 2.24 shows the torque and flux linkage maps resulting from the
Dynamic Testing together with those previously obtained.

Isy (4

-80 -10 60 -50 -40 -30 -20 -10 0

Isy (A)

Figure 2.24: Dynamic Testing (blue) vs. traditional test bench results (red).

When comparing the Dynamic Testing results with the ones obtained in
a traditional test bench they appear to be smoother. The reasons for this
can be a higher accuracy of the new method, since every current set-point
is calculated as the average of many samples, together with a much smaller
temperature deviation from one set-point to another, since the Dynamic Testing
sequence executes in just a few minutes, not enough to affect the rotor magnet
temperature significantly.

Nevertheless, the correspondence between the results from both tests is
reasonably high. The machine appears to be stronger in the Dynamic Testing



2.7 Full unit and vehicle testing 51

results (less current is needed for the same output torque) which could actually
be due to the lower magnet temperature during the tests. [51]

Calculating efficiency from the Dynamic Testing results available is some-
what more complicated, since all measurements are made just between 0 and
a limited speed just below base speed (2500 7pm in this case). While copper
losses are mostly dependent on the current loading and the winding resistance,
iron losses depend on the magnetic field frequency, and therefore in order
to include them in the measurements the speed limit needs to be increased.
This introduces added complexity to the whole test, since for high speeds the
PMSM must be operated in field weakening. For this reason, the efficiency map
obtained from the Dynamic Testing measurements is not presented, waiting
for further development of the method.

From the comparison of the results shown in Figure 2.24, it can be concluded
that the initial objectives of confirming the results previously obtained in the test
bench plus proving the validity of the Dynamic Testing method implementation
are both fulfilled.

2.7 Full unit and vehicle testing

Once confirmed that the performance of the standalone electrical machine
corresponds to what the simulations predict, it is time to assess the full E-RWD
unit. First the unit is evaluated at the Haldex - BorgWarner facilities in
Landskrona (Sweden). The unit is coupled to a test rig in which the left and
right axles can be loaded independently. There is a torque sensor in both shafts
in order to evaluate the torque vectoring capabilities of the unit. Figure 2.25
shows the full unit in the test rig.

Figure 2.25: Full E-RWD unit test.
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During these tests, the torque vectoring function is demonstrated and the
capabilities of the system are assessed, both in terms of the maximum available
torque per axle and the dynamic response of the E-RWD unit.

4

Figure 2.26: First test vehicle Saab 93.

Subsequently, the unit is installed on a Saab 93 which is slightly modified
to accommodate the system (see Figure 2.26). The vehicle equipped with the
E-RWD unit is first tuned up at Haldex - BorgWarner facilities in Landskrona
(Sweden). The E-RWD unit controller needs to be integrated with the main
control system in the vehicle and the parameters of the current controllers for
the traction and torque vectoring motor are also adjusted at this time. After
this initial preparation, the vehicle is shipped to the winter test facilities in
Arjeplog, in northern Sweden, where professional test drivers and experts from
several car manufacturers have the opportunity to try out the concept, and
give valuable feedback that motivates the redesign proposed in Chapter 3 and
the development of a new prototype.

2.8 PMSM Thermal modeling

The thermal model plays an essential role in the process of designing an
electrical machine since the power rating of a machine, both for continuous and
intermittent operation, is most commonly limited by its thermal capabilities.
Besides, some components of the machine such as winding insulation and
permanent magnet materials are very sensitive to temperature, and can be
irreversibly damaged when operated over the rated temperature. Consequently,
it is advisable to be able to either measure or estimate the sensitive temperatures
when operating the machine.
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2.8.1 Model development

Due to time constrains during the design stage, only the stationary FE
analysis already included in the design software is considered for the thermal
dimensioning of the electrical machine. This analysis assumes that all the heat
generated inside the machine is dissipated through the outer surface of the
machine case by convection cooling, assuming a convection coefficient at the
outer case surface of h., = 15 W/(m?K). However, due to the 2D nature of the
FE model used, only the outer convective area corresponding to the machine’s
active length is taken into account, and therefore the resulting current loading
is underestimated (around 3.8 A/mm? for most of the machines simulated)
according to previous design experiences. As stated in section 2.4.4, a current
loading of 6.5 A/mm? is regarded as suitable for this machine size during the
design process. The thermal model presented in this section is used, together
with the experimental measurements registered, to verify this assumption and
to evaluate the overloading capabilities of the machine.

The developed model is a lumped-parameter model, in which those parts of
the machine which are likely to have similar temperatures are grouped together
in a single node, and nodes are interconnected through thermal resistances
representing the heat conduction, convection, and/or radiation between the
different parts of the machine geometry. Thermal capacitances are coupled
to each node in order to include the transient behavior of the corresponding
components.

In the lumped-parameter model, the different thermal elements are com-
puted based on the analytical equations governing the different heat transfer
mechanisms. However, these equations can be difficult to solve for complex
geometries, and some simplified conditions must be assumed for the calcu-
lations [52]. Additionally, the heat transfer at some particular places in the
machine becomes difficult to compute analytically, either due to the difficult
characterization of the geometry involved or to the presence of several heat
transfer mechanisms at the same time. Examples of this are the interface
between the stator lamination stack and the outer case, the convection and
radiation heat transfer at the end windings, the convection at the rotor ends or
the radiation heat transfer inside the machine. In this cases, the computation
of the corresponding thermal elements in the model relies upon experience from
previous designs and experiments in form of empirical correlations. To be able
to compute the thermal elements, some simplifications of the machine geometry
are assumed. The initial geometry is presented in Figure 2.27a together with
the simplified one in Figure 2.27b. The final model, consisting on 9 nodes in
total, is shown in Figure 2.28.
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N4

(a) Original machine geometry. (b) Modified machine geometry.

Figure 2.27: Original and modified rotor geometry for the thermal model.

As seen in Figure 2.27b, the nodes (marked with a star) are located in the
midpoints of the outer aluminum case, the stator yoke, the stator teeth, the
stator winding, the rotor magnets and the rotor shaft in the cross section of
the machine. Additionally, there are nodes placed in the end windings and in
the bearings, and an extra node representing the ambient air temperature.
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Figure 2.28: Thermal network for the electric traction machine.

The model developed within the project is mostly based on the work by J.
Lindstrém [53] and G. Kylander [54], although some of the thermal elements are
also evaluated using alternative approaches in order to quantify the sensitivity
of the final results to some of the most uncertain parameters. The thermal
resistances corresponding to the outer case, the stator yoke, the upper and lower
section of the rotor yoke, the permanent magnet insulation, the permanent
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magnets and the rotor shaft can be modeled as radial conduction in a section
of a cylinder according to (2.6), where 7, and r; are the outer and inner radius
of the geometry part, L is the length in the axial direction and A is the thermal
conductivity of the material.

In(ry,) — In(r;)

Rin = 2w L)\

(2.6)

The thermal behavior inside the stator slots is not easy to model due
to the random disposition of the winding wires inside the slot, combining
copper wires, insulation coating and air as shown in Figure 2.29. Extensive
research is available on how to model the heat transfer inside the slots and
its thermal interaction with the rest of the machine. Different solutions are
presented, increasing in complexity as more detailed results are required [55-58].

[ Laminated steel
Il Aluminum case

[ Insulation liner

#8 Copper wires,
impregnation
and air

Figure 2.29: Winding configuration inside a stator slot.

In this work the temperature distribution inside the slot is not as important
as the overall temperature distribution in the machine, hence a fairly simple
approach with just one node is adopted. The thermal elements are calculated
assuming a rectangular slot with the same cross sectional area as the original
one according to the model proposed in [53, 54]. The original and the resultant
slot are shown in Figure 2.30. The equivalent slot volume is filled with a
homogeneous material, with no air pockets inside and uniform heat generation.
The conductivity of this material (Ag) can be calculated as a function of
the geometry, the slot fill factor and the thermal conductivity of the winding
impregnation as stated in [54]. The following equations describe the calculation
of the equivalent slot dimensions.

d=d;+da (2.7)
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Figure 2.30: Equivalent rectangular slot for the thermal model [53].

Ag is the slot cross sectional area, xg2 and xgs are the slot widths as
shown in Figure 2.30 and d is an equivalent insulation thickness consisting on
the slot insulation thickness d; and the equivalent air film thickness d4. A
value of d4 = 0.3 mm is suggested in [54] for a 15 kW machine.

The thermal resistance between the winding coils and the stator teeth is
calculated as (2.10), assuming that the temperature in the boundary of the
equivalent rectangular slot is uniform and equal to the average stator teeth
temperature.

RxR RxOR 0
Ry =———2"Y (1 =Y 2.10
= Gl (Ro + Ry ( 720 (Ruo + Ryo)> (2.10)

The per unit-length resistances are defined by

1 R
Ry =3 (Rm + é”o) (2.11)
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1 R
1@2<&y+5w (2.12)

Ry = 2.13
W (2.13)
Ry = b (2.14)
Y g '
and the slot insulation and air pockets contribute with
dy da
Rig=—+— 2.15
hAr  hAa ( )
dy da
o 7A 2.1
Riy bAr + bAa (2.16)

The thermal resistance of the stator teeth is calculated from integration
along a tooth in the radial direction, assuming that the resistances of all the
individual teeth are in parallel. Considering a tooth geometry like the one in
Figure 2.31, the teeth thermal resistance is computed by (2.17).
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Figure 2.31: Geometry of a stator tooth.
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2y,

From the thermal management point of view, the end windings are one
of the most important parts of the machine. When the machine is loaded
with a certain current, copper losses (also called resistive or Joule losses) are
generated within the conductors. The coil sides, inside the slot, have been
analyzed already, and from their study it is concluded that the heat generated
in the coil sides flows out by conduction through the slot insulation to the
stator teeth and core, to be finally dissipated through the outer case. However,
for most designs, the end windings are hanging outside the stator lamination
pack, which eliminates the possibility of radial conduction. Hence, the heat
generated in the end windings is partly transferred into the slots by conduction
-and then follows the radial path out of the machine- and the rest is dissipated
by convection to the internal air enclosed inside the machine and radiation to
other machine parts.

The thermal resistance corresponding to the heat conduction between the
end windings and the coil sides can be calculated as

lav
= - 2.1
Rth 3 1C’u AC’u ( 9)

where [,, represents the average length of half a turn, and can be calculated
as (2.20), Ac, and A¢, are the copper cross sectional area in the slot and the
thermal conductivity of copper respectively. L. is the active length of the
machine, 75, and 7.+ are the radial distance to the top and bottom of the slot
and o is an experimental constant equal to 1.6.

(2.20)

I (nwm)

Np
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From a thermal point of view, all coils are parallel connected, and therefore
the total thermal resistance between the end windings and the coil sides is
obtained dividing the expression in (2.19) by two times the number of slots N,,.

Modeling convective heat transfer at the end windings is usually a difficult
task. Due to the complex nature of the conductor and insulation lining
arrangement in this area, noteworthy differences appear between different
machines, and hence developing a general model is hardly possible. In this
study, the convective flow is modeled assuming that the end windings are
enclosed in a cylinder, and the convection coefficient is obtained from an
empirical correlation. Two correlations have been considered, (2.21) cited in
[54] and (2.22) cited in [59].

het = 6.5+ 5.25u%° (2.21)

hey = 41.4 + 6.22u, (2.22)

where u, denotes the rotor peripheral speed in m/s. The validation of the
thermal model with the experimental measurements will determine which of
these correlations applies better for the test machine.

Since all the empty space inside the machine enclosure is actually filled
with air, convective heat transfer takes place at several other regions inside the
machine. Besides the end windings, the internal air exchanges heat with the
inner side of the machine case and the rotor end rings. In some of the reviewed
literature the air inside the machine is assigned a node in the lumped-parameter
circuit model. Nevertheless, the temperature of the internal air itself is not
relevant, and the model proposed in [53] uses star-to-delta transformation in
order to reduce the order of the model eliminating the internal air node, thus
interconnecting the outer case, the rotor side surfaces and the end windings. As
for the end windings case, it is hard to find a general model that characterizes
the convective heat flow inside the machine. The following empirical correlations
are used in the thermal model developed, according to [53] and [54].

Rica = 15 + 6.75u2-6° (2.23)
By = 16.5u2-6° (2.24)

where h;., represents the convection coefficient at the inner surface of the
outer case, and h,., at the rotor end rings.



60 2. E-RWD unit traction machine design

Heat transfer through the airgap plays a very important role in the thermal
management of the machine. During operation, a fraction of the total losses is
generated in the rotor mostly in form of iron losses (eddy current losses and
hysteresis losses) both in the rotor laminations and in the permanent magnet
material, but also windage losses as the rotor spins. In those machines in which
there is no alternative cooling of the rotor, most of the heat generated in the
rotor either flows through the airgap to the stator or is dissipated by convection
at the rotor end rings.

The heat transfer in the airgap is described by the Taylor-Couette theory by
means of the Taylor number or modified Taylor number [54, 60, 61]. For pure
laminar flows (low Taylor numbers), the air velocity lacks a radial component
and therefore most of the heat transfer in the airgap consists of conduction
and radiation between the rotor and the stator. However, over a certain rotor
speed, the air flow becomes unstable, leading to the formation of Taylor vortex
first and turbulent flow subsequently, promoting convection as the main heat
transfer mechanism. The airgap length, the roughness of the rotor and stator
surfaces, as well as the peripheral speed of the rotor have a large impact on the
heat convection in the airgap. The modified Taylor number can be expressed
as

Tay, = 2" (2.25)

where w, is the mechanical angular speed of the rotor, rs is the airgap radius,
¢ is the airgap length and v4 is the kinematic viscosity of air. If the modified
Taylor number is smaller than 1740, the air flow between the stator and the
rotor is regarded as laminar and the Nusselt number is equal to 2. For higher
Taylor numbers, the flow becomes turbulent and the Nusselt number can be
calculated based on the (modified) Taylor number as

Nu = 0.409 Ta®?*! — 137 Ta=07 (2.26)

The calculation of the convection coefficient based on the Nusselt number,
the airgap dimensions and the heat conductivity of the air (A4), is straight
forward.

o Nu >\A
26

Once that all the convection coefficients have been estimated, the associated
thermal resistance can be calculated according to

h

(2.27)

Ry, = (2.28)

L
Ah
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where A is the area where the heat exchange takes place.

The rotor is also thermally connected to the outer case through the rotor
shaft and the bearings. Conduction in the rotor shaft is fairly simple to model,
however, the thermal behavior of the bearings is much more complicated and
empirical correlations provided by the bearing manufacturer SKF are proposed
in [53]. Equations (2.29) and (2.30) are used for conduction in the shaft and
in the bearings respectively.

Ly,
= 2.2
R T2, Ash (2.29)
Ry = 0.45(0.12 — d})(33 — w, dy) (2.30)

Ly, is the axial distance between bearings, s, and Mgy, are the shaft radius
and conductivity respectively, d; is the average diameter of the bearing and w,
is the mechanical angular speed of the rotor.

Particularly difficult is the evaluation of the thermal resistance of the contact
surface between the stator lamination stack and the outer case of the machine.
[54] states that for machines in which the frame is directly cast on the core
this resistance is negligible. However, for shrink-fitted frames, the temperature
drop between the stator lamination and frame can be significant. The same
reasoning applies for the contact surface between the rotor lamination stack
and the shaft. The most accepted approach is to define an average equivalent
gap between the two surfaces [53, 56, 57, 59]. In this study, an equivalent
air gap of 0.01 mm is considered for both cases. The corresponding thermal
resistance is easily computed using (2.6) and the heat conductivity of air.

If heat conduction to the test bench through the outer case fasteners is
neglected, the heat generated inside the machine is dissipated to the ambient
by convection and radiation at the outer case. There are empirical correlations
available to calculate the heat dissipation for simple geometries [62] that can be
used as first estimates; nevertheless for more complex geometries of the outer
case it is advisable to refer to experimental results in order to improve the
accuracy [56, 57, 63]. Following the guidelines in [63], the average convection
coefficient h,, for the whole outer case surface is estimated in 9 W/(m?K),
which takes also into account the effect of radiation.

The calculated values for each of the thermal elements in the model are
presented in Table 2.18.
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Table 2.18: Calculated thermal elements.

Element K/W Element J/K
R12 0.00947 C1 11803
R15 0.45138 C2 1885
R16 0.36689 C3 1802
R18 0.09552 C4 969
R23 0.02182 C5 1261
R34 0.05173 C6 227
R36 0.49414 C7 4075
R37 3.54210 C8 180
R45 0.02213
R56 4.61860
R67 0.14570
R78 1.34380

Ramb 0.24386

2.8.2 Experimental validation

In order to validate the thermal model presented in the previous section, several
thermal runs are carried out in the test bench. The test machine is equipped
with 22 PT100 temperature sensors distributed within the coil sides (3 units
per phase), the end windings (3 units on each side, spanned 120 degrees), the
outer case (3 units) and the bearings (2 units on each side).

Two thermal situations are presented in this study to verify the accuracy
of the thermal model. For each of them the predicted and the measured
temperature of the outer case, the winding coil sides and the end windings is
compared, and the model is adjusted according to the obtained results.

Natural cooling at standstill

In this experiment, the starting temperature of the machine winding is around
80 °C, and it cools down for over 90 minutes at 22 °C ambient temperature. This
experiment is particularly useful to verify the accuracy of the calculated value
for the convection/radiation coefficient between the outer case and the ambient.
The green curves marked with a circle represent the simulated temperatures
while the black ones with a triangle represent the experimental measurements.
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Figure 2.32: Experimental vs. simulated temperatures. Cooling case.

The maximum deviation, both in °C and percent of the maximum tempera-
ture ©,,4, (assumed 150 °C) is 2.2 °C (1.5% of O,,4.) for the windings, 2.4 °C
(1.6% of O,qz) for the end windings and 0.5 °C (0.3% of ©,,4,) for the outer
case. Based on the comparison between the simulated and the experimental
temperatures, the value of the convection/radiation coefficient in the outer
case heq is updated from 9W/(m?K) to 7W/(m?K), which leads to a change
in Ramb from 0.2439 K/W to 0.3121 K/W. The plots in Figure 2.32 are for
the updated value.

Nominal operation

In the second experiment, the machine is operated close to its nominal operation
point until the hot-spot temperature reaches 120 °C . The machine spins at
2780 rpm (electrical frequency fo; = 185.3 Hz), loaded with 44 Nm @ 47 A.
The green curves marked with a circle represent the simulated temperatures
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while the black ones with a triangle represent the experimental measurements.
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Figure 2.33: Experimental vs. simulated temperatures. Nominal operation.

In this case, using the updated value of the outer convection coefficient
( 7.03W/(m?K)), the maximum deviation, both in °C and percent of the
maximum temperature O,,4, (assumed 150 °C) is 9.8 °C (6.5% of ©,4z)
for the windings, 7.9 °C (5.3% of O,,4.) for the end windings and 7.9 °C
(5.3% of O,4z) for the outer case. It is worth noticing the increased error
in the outer case, which only depends on the outer convection coefficient if
the estimation of the amount of losses generated is correct. The following
figures show the estimated temperature error for three different values of the
convection/radiation coefficient in the simulation model, the value obtained
from the previous experiment 7.03 W/(m?K), a higher value of 15 W/(m?K)
and an intermediate value of 12 W/(m?K).

When looking at the rightmost plots (outer case temperature error) it
can be seen that for h., = 7.03W/(m?K) the simulated temperature error is
diverging from 0 as the time increases. The simulated temperature becomes
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larger than the experimental one and the difference increases with time. On
the contrary, for h., = 15 W/(m?K) the temperature error is also continuously
diverging from 0, although this time the simulated temperature becomes lower
than the experimental one. An intermediate value of h., = 12W/(m?K) yields
to a steady temperature error around 0. Figure 2.37 shows the comparison
between the simulated and the experimental temperature evolution for the
updated value of h., = 12W/(m?*K).
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Figure 2.34: Simulated temperature error. he, = 7.03 W/(m*K).
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Figure 2.35: Simulated temperature error. heq = 15 W/(m?K).
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Figure 2.37: Experimental vs. simulated temperatures. Nominal operation
and he, = 12W/(m?K).

The difference between the values of the convection/radiation coefficient in
both experiments (7 W/(m?K) for the natural cooling at standstill and around
12W/(m?K) for the nominal operation) stresses the difficulty of obtaining a
good estimation of this parameter. Besides, finding a clear motivation to this
difference is not an easy task [64]. It is the author’s opinion that several reasons
can contribute to the drift in the coeflicient value:

e all thermal elements in the model are assumed to be constant, but in fact
there is a temperature dependence to be taken into account. As the heat
exchange surface becomes warmer, air properties change accordingly and
air velocity increases, favoring natural convection.

e the amount of losses considered in the model is computed from the
efficiency measured during the experiments. However this measurements
may not be accurate enough, and the losses were overestimated in the
nominal operation case (losses are zero in the first experiment), requiring
for a higher convection coefficient in order to match the experimentally
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measured outer case temperature.

e during the experiments the machine is mounted in two large ball bearings,
and then fixed to a massive iron bench (see Figure 2.17). This provides an
additional conduction path for the heat, which is not taken into account
in the simulation model

2.9 Synchronous Reluctance Machine study

The Synchronous Reluctance Machine (SynRM) appears as an interesting
machine topology for many reasons. The rotor construction is simple and
rugged, consisting just in a stack of steel laminations with the right layout of
flux barriers. The absence of magnets makes the machine less expensive than
the PMSM alternative, and also reduces the cooling requirements since there
is no risk of degradation of the permanent magnet material. Besides, there are
no windings in the rotor, avoiding the use of slip rings and hence the need for
maintenance. The stator of a SynRM is identical to that of a PMSM or an
induction machine.

In order to evaluate the potential of the SynRM for the E-RWD unit, a
parametrized geometry model of the rotor is created. The rotor geometry
together with the description of the main geometric parameters are shown in
Figure 2.38.

Figure 2.38: Synchronous Reluctance rotor geometry.

The main geometric parameters characterizing the SynRM rotor are:

e K defined as the proportion of the rotor angular width occupied by the
flux barriers to the pole pitch angle. The angle o in Figure 2.38 can be
expressed as:
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™
=Kt (2.31)

p

e d; defined as the distance in millimeters from the outermost face of the
flux barriers and the rotor outer radius. The radius 7., and the length
dgy in Figure 2.38 are then:

Tex = Tro — dl (232)

day = 2 7oy sin(a/2) (2.33)

e K3 defined as the ratio between the radius of the inner side of the smallest
flux barrier and the length d,;,.

e K5 defined as the proportion between the thickness of the flux barriers
and the steel stripes in between them. If d represents the thickness of
the flux barriers as shown in Figure 2.38 then the thickness of the steel
stripe between two consecutive flux barriers is d/K>.

When simulated, all the SynRM geometries exhibit a similar behavior
independently of the combination of parameters considered: over the base
speed the torque decays faster than 1/w, and therefore the output power decays
as well. This effect is clearly seen in Figure 2.39, representing the input power
(blue), output power (black), stator winding copper losses (green) and stator
iron losses (red) vs. speed for one of the geometries simulated.
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Figure 2.39: Synchronous Reluctance machine power characteristics.

Several attempts are made in order to increase the output power of the
SynRM. The most successful one is to extend the flux barriers all the way to the
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border of the rotor, i.e. set d; = 0 mm. In this way the output torque increases
and the torque reduction over the base speed smoothes out. The output power
in the constant region increases about 50%. However, this construction is
physically unfeasible unless the rotor is bandaged and the flux barriers are
filled with a non-magnetic material.

After discarding the bandaged alternative for its added complexity, the
SynRM is analyzed mechanically to confirm that it withstands the centrifugal
forces at maximum speed. A finite element model of the rotor geometry
is simulated, and as a consequence, some changes are introduced in the
arrangement of the flux barriers in order to increase the rotor’s mechanical
strength. A sketch of the final rotor geometry is presented in Figure 2.40.

Figure 2.40: Modified Synchronous Reluctance rotor geometry.

The semicircular flux barriers are divided in two, with a steel bridge in the
middle to hold them in place at high speeds. Besides, the distance to the rotor
outer border (designated by d; in Figure 2.38) is no longer constant, and it
increases as the flux barriers move inwards.

Although this geometry is not comparable to the PMSM alternative pre-
sented in the previous sections in terms of specific torque and power, a SynRM
rotor is manufactured in order to broaden the scope of the project and increase
the competence in this type of machines. The experimental results obtained
from the SynRM tests are not part of this thesis.
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2.10 Summary of the design and prototyping
process

This section compiles a number of thoughts and conclusions over the work
presented in this chapter.

Regarding the design process described, one clear (and also predictable)
conclusion is the importance of a well-defined comprehensive set of specifications
for a successful outcome. However, gathering such specification set has proven
to be a difficult task, particularly for electric traction applications, since there
is little expertise available when compared for example to electrical machines
for industrial applications.

In the design of a new electric traction machine there is an important
trade off to be made between the continuous power rating and the peak power
capability of the machine. A good example of this is the configuration of the
stator geometry, where a large slot cross sectional area leads to better thermal
performance but less margin for magnetic saturation, favoring continuous
power rating over peak power capability. Other significant compromises the
designer needs to make are between peak torque and speed range, mostly
reflected in the rotor design and magnets’ size and layout; and between cost
and efficiency, mostly affecting material qualities and manufacturing techniques.

A detailed FE model of a PMSM is somewhat complex, involving tenths of
parameters between geometric, electromagnetic and mechanical parameters.
A design software with pre-parameterized machine geometries like the one
described in Appendix B appears as a very helpful tool when optimizing an
electrical machine. With it, the most tedious design work is automated and the
designer is left with the creative and intellectual tasks: analyzing the influence
of the different parameters in the machine characteristics and decide the best
way to proceed in order to reach the design goal.

A prototype of the traction machine is manufactured in order to test it
and validate the design software tool. Based on the experimental test results,
the original FE model is upgraded in order to account for aspects such as
the magnet temperature that were initially disregarded. The correspondence
between the FE predicted machine characteristics and the measured ones is
thus improved.

A good learning from the testing experience is that measuring torque
accurately is not an easy task. The load cell set up initially planned did not
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work as expected, and a rotary torque transducer is installed. The accuracy
of such transducer is greatly affected by its alignment with the shaft of the
machine. Hence, significant work should be put into the installation of the
transducer, to achieve as good an alignment as possible.

Measuring energy efficiency is not straightforward either, since the accuracy
of the measurements rely directly on the accuracy of the torque and speed
measurements. The output power of the machine is obtained as the product
of output torque and speed, while in order to compute the input power to
the machine the phase voltages and currents should be measured. Due to the
switching nature of the voltages applied by the inverter, a suitable instrument
is needed. Probably, the most direct and accurate approach is to use a power
analyzer, which measures the voltages and currents and calculates the power
on-line. If such equipment is not available, the current measurements from
the inverter together with the voltage references resulting from the current
controller in order to estimate the power fed to the machine. The voltage
reference values can be compensated for the dead-band time and the voltage
drops in the inverter in order to improve the accuracy of the power estimation.
A third, and somehow rougher approach is to measure the input power to the
dc-link of the inverter, and assume a constant value for the inverter efficiency,
between 97 and 98% for this power range based on the measurements realized.

A thermal model is developed in order to assess the thermal performance of
the machine. The continuous power rating of the machine is defined based on
its thermal capabilities. Moreover, there are some parts in the machine that
are very sensitive to high temperatures, such as the winding insulation and
the rotor permanent magnets. Therefore it is of great importance to have an
accurate thermal characterization of the machine. However, there are certain
aspects of the machine construction that are difficult to model accurately,
and they have to be estimated from empirical correlations and validated with
experimental tests. Examples of this are the heat conduction inside the stator
slots, the convection due to the air enclosed in the electrical machine and the
contact region between the stator core and the outer case.






Chapter 3

Redesign of the E-RWD
unit traction machine
based on driving cycles

3.1 Motivation

In Chapter 2 the design, manufacturing and testing of an electric traction
machine is presented for a particular HEV application: an Electric Rear Wheel
Drive (E-RWD) unit. From the feedback gained during the extensive testing of
the prototype vehicle shown in Figure 2.26, two main conclusions are drawn:

e The system will benefit from a higher peak torque and power values, in
order to enhance the effect of the torque vectoring unit under difficult
(low grip) driving conditions.

e The machine works most of the time either at the maximum possible
torque or at nearly zero torque, hence it is hard to make a good design
based on “nominal ratings”. The design should then be based on a more
realistic load assumption, such as a driving cycle.

In fact, it is observed that the traction machine presented in Chapter 2 can
operate at the maximum power for several minutes before reaching the limit
temperature. This suggests that the evaluated machine may not be completely
optimal for the E-RWD application, and an alternative design with a lower
nominal power rating but potentially higher peak-to-average power ratio could
be a more suitable solution.

73
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The question that arises naturally from the previous reasoning is how to find
the optimal value of the peak-to-average power ratio for the E-RWD application.
To that end, a new design methodology is proposed in the following sections,
in which the machine nominal power and the peak-to-average power ratio are
derived from simulations of the complete vehicle over certain driving cycles,
and most design efforts are devoted to achieving good overloading performance.

3.2 Power level assessment

In order to account for the more realistic load profile, as well as the control
strategy and the powertrain configuration, a Matlab-Simulink model is used.
The model is essentially the same that is described by K. Johansson and M.
Alakiila in [65, 66], and it is described in Appendix C. The top layer of the
model is presented in Figure 3.1.
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Figure 3.1: Simulink model of a Parallel Hybrid Electric Vehicle.

The input to the Simulink model is the driving cycle (speed, altitude
and road slope). A Proportional-Integral (PI) controller models the driver’s
behavior, and generates the requested torque signal, which could be seen as
the pressure on the gas or brake pedals, based on the difference between the
desired speed coming from the driving cycle specification and the actual vehicle
speed. This is in fact the torque (positive or negative) that the driver wants in
the wheels, which may be produced by either the electrical machine, the ICE,
the mechanical brakes or a combination thereof. The actual torque splitting
is decided in the Power Flow Control block, based on the battery state of
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charge (SOC), the vehicle speed and the characteristics of the ICE and the
electrical machine. The control strategy used in the simulations is fairly simple
yet powerful. First, the optimal ICE operation point is selected based on its
efficiency map, and the most suitable gear is selected aiming to operate the
ICE as close to the optimal point as possible. If the battery SOC and the
electrical machine power limit allow for it, the electrical machine delivers the
difference between the requested torque and the torque delivered by the ICE.
However, should the electrical machine be power limited for the actual vehicle
speed or the SOC be out of the operational limits, then either the ICE or the
mechanical brakes must support.

The system is completed with a number of other blocks modeling the ICE
itself, the electrical machine and the battery, plus the Road Model block which
calculates the drag force (air and rolling resistance) and the Mech Dynamics
block, in which all forces are added and the actual vehicle acceleration and
speed is computed based on Newton’s second law.

To find out the best combination of nominal power and peak-to-nominal
power ratio for the electric traction machine, a 1800 kg gasoline electric hybrid
vehicle with a parallel configuration and a total tractive power of 100 kW is
considered. The electric tractive power in the vehicle varies between 0 to 50 kW
and the ICE rated power is the remaining up to the total tractive power of
100 kW. This vehicle simulated over two different driving cycles: the New
European Driving Cycle [67] (which resembles city driving mostly) and the
more aggressive US06 [68]. Simulations are run for electric drives thermally
designed for 10 to 50 kW nominal power, with an over load capacity spanning
from 1 to 4 times.

Figure 3.2a and 3.2b show the fuel consumption (in liters per 10km)
obtained for the different electrical machine alternatives over both driving
cycles. It should be noticed that the optimal design varies depending on
the driving cycle considered, as well as with other aspects such as the driver
behavior or the power flow control strategy. Therefore, it is important to
know as many of these system details as possible to take most advantage of
the simulation model. Looking at the simulation results, a machine rated for
20 kW with a peak-to-nominal power ratio of 3 appears as a good candidate in
both driving cycles.



76

Redesign of the E-RWD unit traction machine

Fuel Consumption [literf10km]

Fuel Consumption [liter/ 10km]

(b) US06

Figure 3.2: Fuel consumption obtained from the Simulink model.
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3.3 Electromagnetic redesign

3.3.1 Stator geometry study

When analyzing the machine presented in Chapter 2 operating at high currents
both in the FE calculations and in the experimental tests, it is observed that
the output torque cannot increase much further than 100 Nm mostly due to
magnetic saturation of the stator laminations. Since all technical specifications
other than the nominal power rating and peak-to-nominal power ratio are kept
the same (see section 2.2), a redesign of the stator geometry is proposed, as an
attempt to improve the overloading capabilities of the initial machine.

An intuitive way to reduce the effect of magnetic saturation in the stator
laminations is to reduce the slot size, allowing more effective area for the
magnetic flux paths. A number of different machine geometries are simulated
to investigate the effects of slot size reduction, both in length and width, on
the overloading capabilities. All simulated machines are identical, except for
two stator characteristics: the slotting factor K, and the yoke depth factor
K, both defined in Table 2.3 and Figure 2.6. The larger K, becomes, the
wider the stator slots, hence the narrower the stator teeth. On the contrary, a
high K, implies a thick stator back yoke, therefore reducing the radial length
of the slots. Figure 3.3 shows the appearance of the four most extreme cases,
corresponding to the corners of the parametric space analyzed, as well as two
intermediate points.
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Figure 3.3: Appearance of the stator geometries simulated.
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The redesign of the machine is supported by the same software tools
described in Appendix B and [26]. For each simulated geometry, i.e. each
(K, Ky) combination, a first set of 2D stationary thermal analysis determines
the nominal current density loading of the windings, for a given maximum
temperature of 130 °C and natural cooling conditions. Subsequently, the
characteristics of the machine are obtained as a function of the stator currents
by a second set of stationary electromagnetic FE analysis. Figure 3.4 shows
the nominal current density and the total slot current assuming a single-turn
winding obtained from the 2D FEA.
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Figure 3.4: Thermal FEA results for the different stator geometries.

From these plots it can be seen that smaller slot areas lead to higher current
density loading in the winding. This is an expected result. Since the conduction
path for the heat generated inside the slot towards the stator iron is shortened,
the cooling of the winding improves. However, the effective copper area is
significantly reduced, and even if the current density increases, the total current
in the stator winding decreases with the slot size.

Looking at the output torque of the different machines at nominal current
in Figure 3.5, it appears that those geometries with larger slots are able to
deliver a higher torque. The explanation is straight forward. In a PMSM the
torque is produced by the interaction of the stator currents with the magnetic
field created by the rotor magnets, plus the reluctance torque component (see
equation 2.3). Since the rotor is the same for every machine in this study, and
magnetic saturation in the stator laminations is moderate at nominal current
loading, a higher winding current produces a higher output torque.
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Figure 3.5: Output torque at nominal current.

The situation changes at higher currents though. When the current loading
is increased, those machines with large slots become saturated at lower current
values, since the effective iron area for the magnetic flux is smaller, and therefore
their output torque is lower than that of the smaller slot machines. Saturation
can occur in the stator teeth, for those geometries with a high slotting factor
(Ks), or in the back yoke when K, is small. Figure 3.6 shows the output torque
of the different machines when loaded with 2, 3, 4 and 5 times the nominal
current.

The plots in Figure 3.6 evince that there is an optimal stator geometry for
each overloading case, i.e. a combination of tooth width (related to K) and
back yoke depth (K,) that gives the maximum output torque, even though
other geometries with larger slots are loaded with higher currents. The plot
corresponding to 4 times the nominal loading can serve as an example. The
optimal stator geometry in this case is defined by K, = 0.33, K, = 0.43.
Moving to the right in the plot will imply thinner stator teeth, which will
be more saturated and therefore reduce the output torque. In a similar way
happens when moving down towards smaller values of K, reducing the depth
of the stator yoke and making it prone to magnetic saturation. Moving either
left or up implies smaller slots. In this case, the reason for the lower output
torque is not magnetic saturation, but the reduction of the current due to the
smaller slot area.



80 Redesign of the E-RWD unit traction machine

Torque @ 2 Inom [Nm] Torque @ 3 Inom [Nm]
05 @/ Va o 05 S - - o5
/ 75 /
)0 / &
N & N2 [ "/\
s S A g > 3
8 N 8 8 ‘
& B £ =]
< 04l 3 < 04 1 3
g 53 > o
kel el -
2 g B
S s B ;
N | > 7 :
A \
E \ <
Py \ 7 Q
032 02 %‘3 04 05 0'32\ 0:2 & 03 o olim 0';
. Siotting factor KS . . Siotting factor ks ’
Torque @ 4 Inom [Nm] Torque @ 5 Inom [Nm]
0.5 05
> 2 0 - 4 2 2 32 1
/ % % ° % 3 2 & 2 ]
I ( 8 ) |
A\p B > )} |
- \ > » o
IR ) 7z BAR By |
= AN g \ // <
8 ) &
g_ 041 0\\ Q/ -_g_ 0.4:é \‘/‘Aﬁ/ P
o (0]
© ~_ N 0 § © © % N &
2 - 2 B P
>cz b ,;2) Q %\ 7\?5 /
> 125 YN AP < ay
2 \q V,\ 7 >/ Qi
R . 30 , /‘
03[&\ ) 778 120 | , / 03 o\ h \ L / L
0.2 03 04 05 0.2 0.3 04 0.5
Slotting factor Ks Slotting factor Ks

Figure 3.6: Output torque at 2, 3, 4 and 5 times the nominal current.

Another interesting way of analyzing how magnetic saturation of the stator
laminations affect the output torque for the different machines is to plot the
torque boost ratio, defined as the output torque divided by the nominal torque,
when the machines are overloaded. Figure 3.7 presents the torque boost
experienced when the different geometries are overloaded by a factor of 2.

It is worth noticing that those geometries with larger slots do not deliver
twice the nominal torque when the current is doubled. On the other hand,
those machines with smaller slots are able to produce a torque higher than
two times the nominal under the same conditions. The thick line in the plot,
called the Linear behavior Limit Line (LLL) divides the parameter plane in
two, leaving the machines suffering from saturation in the stator core in the
lower right part, and those who are not affected by saturation in the upper
left part. The LLL actually represents those alternatives that behave linearly,
delivering 2 times the nominal torque at double the nominal current loading.
Figure 3.8 shows the LLL’s resulting from 2, 3, 4 and 5 times the nominal
current loading.
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Figure 3.7: Torque Boost at 2 times the nominal current.
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Although saturation in the stator lamination must be reduced to reach
a high output torque, in order to maintain the average efficiency as high as
possible the slot size cannot shrink too much. Too small slots will lead to high
current density values, hence high copper losses. It is the designer’s goal to find
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a compromise solution, which operates at high efficiency for low power levels
while it is still able to deliver a high peak torque when overloaded for short
periods of time. Based upon these premises, the selected stator geometry is
characterized by a slotting factor K, = 0.36 and a yoke depth factor K, = 0.40,
corresponding to the optimal design for a three times overload, as suggested in
section 3.2.

3.3.2 Winding configuration

Since the slot size is reduced, the stator winding configuration must be modified
consequently. One requirement emerging from the tests in the prototype vehicle
is to be able to deliver the peak torque up to a higher speed. Given a certain
DC link voltage, this can be achieved by reducing the number of turns, at the
expense of a higher current demand to the power electronic converter. If the
slot size was kept constant, a lower number of turns should be compensated
by a higher number of wires in parallel, to keep the slot fill factor as high
as possible. However, the slot size is reduced when compared to the stator
geometry presented in Chapter 2, so the number of turns and parallel wires of
the winding need to be recalculated.

In order to keep the slot fill factor around 0.45 (see comments in section
2.4.6), the new winding is still a 3-phase winding consisting of 18 parallel wires
with 0.8 mm diameter in 9 turns, resulting in a slot filling factor of 0.45. Table
3.1 summarizes the characteristics of the new winding configuration, compared
to the previous one.

Table 3.1: Stator winding configuration summary.

Previous design New design

Number of turns, N; (-) 16 9
Number of wires, Ny, (-) 17 18
Slot fill factor, Ky (-) 0.454 0.453
Slot area, Ay, (mm?) 301.3 180.0

3.4 Thermal modeling of the redesigned
machine

So far only 2D FE simulations are used to determine the nominal current loading
of the different machine geometries under study. Learning from the previous



3.4 Thermal modeling of the redesigned machine 83

design experience, the convection coefficient in this simulations is modified to
account for the extra outer case area. Nevertheless, a more accurate description
of the heat transfer phenomena inside the machine can be obtained with the
thermal model presented in section 2.8.1. This model accounts for 3D effects
such as the end winding losses, heat conduction paths from the end windings to
the active part of the winding or cooling of the end windings and rotor end rings.

Figure 3.9 shows the temperature evolution at different locations inside
the machine calculated with the lumped parameter model, assuming that all
the heat is dissipated through natural convection in the outer case surface.
The convection-radiation coefficient (h.,) is set to 9 W/(m?K) following the
guidelines exposed in [63]. The plot on the left considers a current density
loading in the winding of 8.7 A/mm?, which is the value obtained from the
previous FE thermal analysis. In the plot on the right, the current density
loading is decreased by 19.5% down to 7.0 A/mm? in order not to exceed the
maximum temperature of 130 °C.
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Figure 3.9: Machine temperatures obtained from the lumped parameter model
for hea = 9W/(m*K).

Looking at figures 2.34 to 2.36 in section 2.8.2, in which the measured
temperatures are compared to the simulated ones, it seems that a value of
heo = 12W/(m?K) suits better when the machine is in operation, particularly
for the outer case temperature. Figure 3.10 shows the results from the lumped
parameter thermal model for this new value of h,.

In this case, just a reduction of 6.5% of the initial current density loading is
enough to keep the hot spot temperature below 130 °C. As it has been already
discussed, the principal differences between the FE thermal model and the
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Figure 3.10: Machine temperatures obtained from the lumped parameter
model for he, = 12W/(m*K).

lumped parameter model are related to the 2D nature of the first one. The FE
model does not consider the end windings, neither the copper losses generated
in them, nor their cooling by convection, radiation or conduction of the heat
to other parts of the machine. However, since the length of the end windings
is closely related to the stator dimensions and these do not vary, the error
introduced by the 2D simplification is very similar in all machines analyzed.

The discussion at the end of section 2.8.2 highlights the difficulty of
finding an accurate value of the convection coefficient h.,. The experimental
measurements on the original machine produce a value of h., = 12W/(m?K)
with the machine in operation and h., = 7W/(m?K) for the natural cooling
experiment with the machine at standstill. In the rest of the redesign process,
an intermediate value of h., = 9W/(m?K) is used, which also corresponds to
what is obtained using the empirical correlation proposed by M. Markovié et
al. in [63].

3.5 Characteristics of the redesigned machine

The proposed redesign stator geometry is characterized by the parameters
compiled in Table 3.2. The rotor remains unchanged from the original design,
as described in Table 2.13.

From the lumped parameter thermal model, the nominal current loading
of the winding is 7 A/mm?, considering just natural convection cooling. With
the new winding configuration (see section 3.3.2) the nominal current of the
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machine is 44 A (RMS), the nominal torque is 30 Nm and the nominal speed
4550 rpm for a DC link voltage of 300 V.

Table 3.2: Redesign stator geometry characterization.

Param. Value Description

Ds, 214.0  (mm) Stator outer diameter
Dy, 139.7  (mm) Stator inner diameter

Ly, 80.0  (mm) Active machine length
Loy 160.0  (mm) Total machine length

N, 8 (-) Number of poles

K, 0.40  (-) Stator yoke depth factor

K, 0.36  (-) Stator slotting factor

N, 24 (-) Number of slots

dsi 2.0 (mm) Slot opening

The torque, flux and efficiency maps, as well as the output torque and power
characteristics and Maximum Torque Per Ampere (MTPA) line are shown in
Figure 3.11. The currents are expressed in the rotor reference frame (x,y),
taking into account the actual winding configuration. Please refer to Appendix
B and [26] for further details on the machine characteristics calculation process.

It is worth noticing how the MTPA line behaves linearly up to approximate
241 A, 100 Nm, which is approximately 3 times the nominal torque. This is a
clear improvement when compared to the original design, which suffered from
saturation already at two times the nominal current. However, when looking at
the output power, the redesigned machine is able to provide 14.3 kW at nominal
speed (30 Nm @ 4550 rpm) and a somewhat higher 16.2 kW @ 7020 rpm, which
is lower than the 20 kW suggested by the power level assessment in section
3.2. In the next section, different ways of increasing the nominal power are
discussed, and a modification of the machine described here is proposed to that
end.
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Figure 3.11: FE simulation results for the redesigned machine.
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3.6 Redesigned machine with enhanced
cooling

The main limitation hindering the increase in nominal power comes from the
cooling capabilities of the machine. The calculation of the nominal current
loading is discussed in the previous section, in which a thermal model is used
to ensure that the maximum temperature is not exceeded anywhere in the
machine. Therefore, it comes clear that if the cooling conditions are enhanced,
the nominal performance of the machine, understood as the torque or power
that could be delivered indefinitely without overheating, will improve.

Moreover, if it is not possible to improve the cooling of the machine, a
possible way of increasing the nominal power is to strengthen the excitation
field from the rotor, either increasing the amount of permanent magnet material
or exchanging it for another one with higher remanence. For the same winding
current, a machine with a stronger excitation field will produce a higher output
torque. However, although the copper losses will not change since the current
is the same, the higher excitation field will most likely result in higher iron
losses, thus reducing the nominal current rating. This means that it is not
sufficient to just strengthen the excitation field in order to increase the output
power, but the machine should also operate more efficiently.

In this section, a new modification of the stator geometry is proposed
in order to improve the cooling conditions of the machine, while the rotor
remains unchanged. In every design considered so far in this thesis all the
losses generated are dissipated by natural convection through the outer casing.
Perhaps, the most immediate way to improve the cooling capabilities of such
machines is to add cooling fins to the outer surface, hence increasing the effective
cooling area. Another alternative is to use forced convection, providing air at
a certain speed by means of a fan or a compressor. In this way the convection
coefficient will increase significantly, improving the cooling capabilities of the
machine as well. If this is not sufficient, a liquid could be used as a cooling fluid
instead of a gas. Due to their physical properties, liquids are more effective
coolants than gases, however, they require a number of extra components that,
even if their installation is feasible, add an extra cost to the system. Besides,
there are other advanced cooling concepts like, for example those based upon
phase changing cooling media, that are not considered for this application.

In the E-RWD unit there is already an oil tank to provide lubrication for
the mechanical transmission parts. With minor modifications in the original
system, this oil could also be used to cool the electric traction machine. The
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most common approach for liquid cooling of electrical machines consists on
circulating the coolant, usually a mixture of water and glycol, through channels
cut in the outer casing in a so called water jacket. In this case, the heat
generated in the windings inside the stator slots has to travel a long way out of
the machine, first to the edge of the slot, then through the slot insulation liner
to the stator lamination, moving out radially to the outer casing, and finally
dissipated by convection inside the cooling channels. Along this conduction
path, there are several thermal resistances that add up, resulting in a significant
temperature difference between the hotspot and the coolant.

To reduce this temperature difference and cool the machine more effectively,
the heat conduction path may be shortened, moving the heat sink (i.e. the
coolant) as close as possible to the heat source (i.e. the windings). Integrating
the cooling circuit inside the stator slots seems a difficult task. Even if the
coolant fluid is not conductive, so safety is not compromised in case of leakage,
the cooling channels will take some place inside the slots, affecting the fill factor
negatively. For this reason, it is decided to move the cooling channels from the
outer case down to the stator laminations instead. By doing so, the thermal
resistance corresponding to the contact region between the stator laminations
and the outer case is eliminated from the conduction path.

The first questions to be sorted are the number of cooling channels and
their location. From a cooling perspective, it is desirable to have one channel
as close as possible to each heat source, i.e. each stator slot. However, there
are a few aspects that should be taken into account:

e a cooling circuit with fewer channels is definitely easier to implement.
When the number of channels increases, distributing the coolant evenly
among the different channels becomes more difficult and it may require
extra design effort, incorporating fluid dynamic analysis to the already
existing thermal and electromagnetic ones.

e when placed in the stator laminations, the cooling channels will reduce
the effective area available for the magnetic flux circulation. If placed
incorrectly, the cooling channels could cause local magnetic saturation of
the laminations, impairing the performance of the machine.

e the thermal conductivity of the stator laminations along the lamination
plane is high, meaning that there is some freedom in the placement of
the cooling channels. Moving the channel away from the slot will result
in a little increase in the thermal resistance, hence a small temperature
increase as long as the heat only travels through the laminated steel.

Two alternative channel arrangements are implemented in the design
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software, and simulated to further investigate the effect of the cooling channels
both on the nominal power rating of the machine and on its overloading
capabilities. While the power rating is expected to be higher due to enhanced
cooling, the overloading potential could be negatively affected if saturation of
the stator laminations increases. In both cases the cooling channels are placed
in the stator back yoke, just on top of a tooth; this is where the cross sectional
area for the magnetic flux is the largest, and therefore the negative effects of
the channels on the magnetic saturation are minimized.

Figure 3.12 shows both layouts. In both cases the channels are distributed
evenly along the 360 degree circumference and antiperiodic boundary conditions
apply, allowing to simulate just one eighth of the complete machine.

(a) 8 cooling channels (b) 24 cooling channels

Figure 3.12: Stator geometry models for enhanced cooling.

A quick analysis of the simulation results reveals that cooling is more
effective in the 24-channel alternative. It is not difficult to understand that if
the same conditions are assumed for both cases (i.e. same convection coefficient
inside the cooling channels) in order to dissipate the same amount of heat, the
diameter of the channels in the 8-channel alternative must be larger than its
24-channel counterpart. The effects of the larger channels in the overloading
capabilities of the machine is noticeable, and therefore it is decided to continue
with the 24-channel design, despite its higher complexity.

A new design parameter labeled K .4 is introduced now to characterize the
size of the cooling channels. K4 is defined as the ratio between the diameter
of the cooling channel and the stator yoke depth, denoted with a in Figure
2.6a. Both stator geometries in Figure 3.12 feature K.; = 0.5.

A comparative analysis for different sizes of the cooling ducts is carried
out, assuming a constant convection coefficient inside the ducts of h.q of
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600 W/(m?2K) for all cases. The methodology for this analysis is analogous to
the previous studies and it is detailed in Appendix B. The results from this
comparative analysis are summarized in Table 3.3 below.

Table 3.3: Comparative study for different cooling channel size.

ch Jnom Is,nom Tnom T@ 3Is,n0m T@ 5Is,nom

(A/mm?)  (4) (Vm) (Vm) (Vm)
0.3 10.88 115.2 48 125 152
0.4 11.00 116.6 48 123 149
0.5 11.14 118.0 48 118 144
0.6 11.21 118.8 A7 111 137

In light of the figures in Table 3.3 some conclusions can be drawn. Looking
at the values obtained for the nominal current density (and/or the nominal
current, since neither the slot size nor the winding layout are changed) it is
clear that, for a constant value of the heat convection coefficient, doubling the
size of the cooling channel from 4.46 mm diameter for K.; = 0.3 to 8.92mm
for K.q = 0.6 has very little impact in the cooling of the machine, with just 3%
increase of the nominal current loading according to the thermal FE simulation
results. However, as it was pointed out before, larger cooling ducts will reduce
the effective cross sectional area of the magnetic flux path, which leads to
magnetic saturation of the stator core at high loading. This is also noticed in
Table 3.3, since those machines with larger cooling ducts are able to deliver lower
torque when overloaded to 3 and 5 times their nominal current. Another way
of illustrating this saturation effect is by looking at the MTPA line. In Figure
3.13, the MTPA line for the four alternatives considered is plotted together
with the original geometry without cooling ducts. In the plot, the torque boost
ratio is presented instead of the absolute torque value for the sake of comparison.

Looking at Figure 3.13, the first remarkable thing is the significant difference
existing between the original machine geometry (without cooling channels) and
the other alternatives. This difference becomes more apparent because the plot
presents the torque boost ratio instead of the absolute torque value.



3.6 Redesigned machine with enhanced cooling 91

MTPA line for different geometries
45 T T T T T T T T

Torque Boost
N

—<— No holes
—4—Kgg=0.3]
—o— Ky =041

Kgq =05

-5 ch =06

Il
05 1 15 2 25 3 35 4 45 5
Ig/1

's,nom

Figure 3.13: MTPA lines for the different cooling channel sizes.

Both the stator tooth and back yoke sizes are selected for behaving linearly
up to 3 times the nominal current loading, which was estimated in 8.7 A/mm?
from the 2D FE thermal simulations. Hence, saturation will occur when
the current density increases over 26.1 A/mm?. However, since the machines
featuring enhanced cooling start from a higher nominal current density value
(around 11 A/mm? according to the figures presented in Table 3.3) they will
reach saturation at approximately 2.5 times the nominal current. Besides,
the reduction of effective cross sectional area for the magnetic flux due to the
cooling channels brings this value further down. This effect motivates as well
the differences between the different machines simulated, as it has been already
discussed.

Since large cooling ducts compromise the torque capabilities of the machine
without improving significantly the nominal operation conditions, the machine
with K.q = 0.3 is the preferred alternative among the ones simulated. Smaller
cooling channels could be simulated, nevertheless there is a lower limit for
their cross sectional area, due to the underlying increase in pressure drop. In
fact, in order to know in detail the characteristics of the fluid flow inside the
cooling channels a Computational Fluid Dynamics (CFD) model is created.
In all the previous simulations the same value of 600 W/(m?K) was assumed
for the convection coefficient inside the channels h.y. However, this is not the
case in reality. The convection coefficient is dependent on the cross sectional
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area of the channel, as well as the velocity and nature of the flow and the
properties of the coolant fluid [62]. The CFD simulations provide a more
accurate value of the convection coefficient for different coolant flows, as well
as the corresponding pressure drop along the channel. Two different coolants
are considered in the simulations for the sake of comparison, Statoil TransWay
(a mechanical transmission oil, which is already used in the E-RWD system)
and DOWTHERM J (a heat transfer fluid) [69, 70]. The results of the CFD
analysis are presented in Table 3.4.

Table 3.4: CFD simulation results for different flow rates.

Coolant Flow rate Velocity Ap heg

(fmin)  (m)s)  (Pa)  (W/m?K)

0.4 0.018 15.60 246

0.6 0.027 23.82 273

. 0.8 0.036 32.13 294

%z:l‘;%\,ay 1 0.044 39.60 312

2 0.089 82.98 381

3 0.133 127.62 430

5 0.222 224.66 505

0.4 0.018 1.25 233

0.6 0.027 2.08 262

0.8 0.036 3.00 286

?gEV;;{M 3 1 0.044 3.89 305

2 0.089 9.97 386

3 0.133 17.36 446

5 0.222 35.80 539

Looking at the figures in Table 3.4 it can be concluded that there are no
significant differences between the values of the convection coefficient for both
coolants. Nevertheless, there is a significant difference in the pressure drop
along the channel, mostly due to the difference in viscosity. This will affect
the power needed to pump the coolant fluid through the channels, therefore
it should be taken into account when calculating the overall system efficiency.
Since transmission oil is already available in the system, and a suitable oil pump
is a common component in the automotive industry so it does not involve much
extra design work, the rest of the analysis will consider TransWay transmission
oil as a coolant, with a flow rate of 0.41/min.
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Similarly to the previous designs, in addition to the 2D FE thermal analysis
performed, a 3D lumped parameter model of the electrical machine is used to
compute the temperature distribution more accurately. The resulting thermal
network is shown in Figure 3.14. Compared to the model presented in Figure
2.28 a new thermal resistance is added, connecting the temperature of the
stator yoke to the coolant temperature (highlighted in Figure 3.14).

OQUTER
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CASE

STATOR
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STATOR

BEARINGS
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TEETH
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WINDING
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WINDING
END-TURN

Figure 3.14: Thermal network including cooling channels.

The new thermal resistance R.q represents the convective heat transfer
inside the channels, and it is calculated from the convection coefficient h.g
and the inner area of the channels A.; according to equation (2.28). With
heq = 246 W/(m?K) from the CFD simulations, and considering 24 cooling
channels of 4.46 mm diameter, the calculated thermal resistance corresponding
to convection inside the channels is R.q = 0.15074 K/W.

From the lumped parameter model simulations, the nominal current density
of the machine with enhanced cooling reaches 9.7 A/mm?, increasing about
38.6% compared to the natural cooling alternative. Figure 3.15 presents the
temperature evolution at different locations inside the machine calculated with
the lumped parameter model, assuming that part of the losses are dissipated
inside the cooling channels and the rest through natural convection in the
outer case surface, with a convection coefficient of h., = 9W/(m?K) as in the
previous case.
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Figure 3.15: Machine temperatures obtained from the lumped parameter
model with enhanced cooling. J = 9.7 A/mm?

Taking into account the winding configuration described in section 3.3.2,
the nominal current of the machine with enhanced cooling is 62 A (RMS), the
nominal torque is 44 Nm and the nominal speed 4035 rpm for a DC link voltage
of 300V.

Figure 3.16 shows the torque, flux and efficiency maps, as well as the output
torque and power characteristics and Maximum Torque Per Ampere (MTPA)
line. The currents are expressed in the rotor reference frame (x,y) as for the
previous cases.

Looking at the output power resulting from the simulations, the machine
with enhanced cooling is able to provide 18.6 kW at nominal speed (44 Nm
@ 4035rpm), being able to reach 22.5 kW @ 12600 rpm, which fulfils the
requirements posed in section 3.2. On the other hand, the overloading
capabilities of the machine are not as good as before. From the MPTA line
it can be seen that the torque behaves linearly up to approximately 2.4 times
the nominal current (105 Nm @ 258 A). The reasons for this are discussed
previously in this section.
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3.7 Summary of the redesign process

The electric traction machine for the E-RWD unit presented in Chapter 2 is
redesigned in response to the feedback received during the vehicle tests. The
redesign is based on simulations of the complete vehicle, which are believed
to provide more accurate estimations of the real power needs and the peak-
to-average power ratio [71]. However, more detailed knowledge of the driving
cycle, the system topology and the control strategy adopted are required in
order to succeed. This information is not always easy to find, therefore it is
advised that the designer works in collaboration with the final customer or
user when possible, and asks for it already at the earliest design stages.

A first redesign is carried out assuming only natural convection cooling of the
machine, resulting in a reduction of the stator slot size to allow for higher flux
linkage with reduced saturation, thus improving the overloading capabilities of
the initial design in Chapter 2. The new machine is able to provide 3 times the
nominal torque when overloaded with 3 times the nominal current as suggested
from the complete vehicle simulations, although the nominal output power
does not reach the 20 kW target value.

A higher nominal power is achieved through further modification of the
stator geometry. The objective now is to improve the cooling of the machine in
order to be able to increase the current loading of the winding without exceeding
the specified maximum temperature. In the proposed solution, cooling channels
are cut from the stator laminations, and a coolant fluid is circulated through
them. Different channel sizes and locations are investigated, as well as two
different coolants. The enhanced-cooling design delivers up to 22.5 kW but
its overloading characteristics are slightly derated, and saturation effects start
to be noticeable after 2.4 times the nominal current. Table 3.5 compiles the
most significant characteristics of the three machine designs, the initial one
from Chapter 2, the first redesign with just natural convection cooling and the
enhanced-cooling one.

In addition, it is worth remembering that only the stator is modified along
this chapter, while the rotor remains unchanged. Nevertheless, a redesign of the
rotor could also help to achieve both the 20 kW nominal power and the peak-
to-average power ratio of 3 suggested from the driving cycle simulations. [41, 72]
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Table 3.5: Redesign process summary.

Initial Redesign Enh. cooling

Jnom (A/mm?) 6.5 7.0 9.7

Lnom (A, RMS) 39 44 62

Win. (N¢/N,) 16/17 9/18 9/18
Prom (kW) 12.3 14.3 18.6
Thom (Nm) 42 (@2800rpm)  30(@4550rpm) 44 (@Q4040 rpm)
Tsmom (Nm) 94 (@2100rpm) 97 (@3060rpm) 120 (@2890 rpm)
Ts5inom (Nm) 114 (@1870rpm) 133 (@Q27407pm) 149 (@2560 rpm)







Chapter 4

E-RWD unit traction
machine: direct cooling
alternative

4.1 Laminated winding history

As it is discussed in the last sections of Chapter 3, an effective way of improving
the cooling of an electrical machine is to bring the heat sink as close to the
heat source as possible. Although feasible, it is very difficult to integrate the
cooling elements inside the windings in a conventional machine. Particularly
in a conventional radial flux machine with a laminated stator, such as those
presented in Chapters 2 and 3, one of the main struggles is to fit as many copper
wires as possible into the stator slot, in order to increase the slot filling factor,
reduce the current density in the wires hence the copper losses, and reduce
the amount of air inside the slots hence improving the thermal conductivity.
Placing cooling channels inside the stator slots will leave less available space
for the winding, and even though the cooling is improved, further reducing the
already low slot filling factor does not seem a good idea. [73-75]

At the same time as the work presented in this thesis is carried out, in
the Industrial Electrical Engineering and Automation division (Lund Faculty
of Engineering) Tech. Lic. Conny Hogmark, in the course of his research
on production techniques for pre-assembled windings for molded electrical
machines, developes the laminated winding concept. In a laminated winding,
instead of a bundle of wires, the current flows in a wound strip of a good
electrical conductor, most commonly copper or aluminum. The manufacturing
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100 4. E-RWD unit traction machine: direct cooling alternative

process for such a coil has the potential to be rather simple, the slot filling factor
can be significantly increased and what is most important for molded machines,
the resulting winding has extremely good geometric tolerances. [76, 77]

From a thermal perspective, the laminated winding opens the door for a
revolutionary cooling approach: direct winding cooling. If a small space is
allowed between consecutive turns forming channels in the axial direction of
the machine, it is possible to circulate a cooling gas through them, removing
the heat directly from the heat source, i.e. the winding. This proves to be a
very effective way of cooling the machine, as shown in the following sections.
In fact, by varying the cooling conditions (i.e. the coolant gas flow or its inlet
temperature) different nominal operation points can be defined, understood as
those loading points that can be sustained indefinitely without exceeding the
maximum temperature limit. This actually means that the machine can be
overloaded (i.e. operated above its rated torque and/or speed) for as long time
as needed, however to the cost of the extra cooling which has an impact on the
overall system efficiency when overloading.

An electric traction machine for a vehicle application must be designed
for the worst load case, which is usually driving uphill with a certain slope,
at a specified speed and with a given weight load, no matter what type of
vehicle is targeted. This usually results in oversized machines, that very seldom
deliver full output power; implying that most of the time the vehicle may be
carrying an electric traction machine which is larger, heavier, less efficient and
more expensive than what is actually needed. However, with the direct cooling
alternative the design could be downsized to maximize the efficiency under the
most common load demands, and if the maximum power is ever needed, it can
be delivered providing extra cooling to the windings, although at an efficiency
slightly lower than the oversized alternative. This possibility has an analogy in
the combustion engine world where the development trend is towards smaller
and more efficient combustion engines with increased overload capabilities by
supercharging.

4.2 Geometry description

The main idea behind the laminated winding concept is to create a concentric
wave winding from a conductor strip, either copper or aluminum, cutting from
it the holes in which the stator teeth will fit, from one and the other edge of the
strip alternatively. Since the strip is later rolled up to form a coil, the distance
between the teeth holes increases with the number of turns.
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Once the winding is formed, it is placed on rubber supports. These supports
hold the winding in place, avoiding undesired movements that could cause
short-circuits between the different conductive parts, either the winding turns
or the stator core, and even destroy the machine. Moreover, they ensure that
the turns are correctly spaced so that the coolant gas is evenly distributed
between the different channels. It is important that the electrical conductivity
of these supports is low, since the windings are excited with high voltages, and
otherwise current will leak from the windings to the stator teeth.

The stator teeth fit inside the rubber supports. They can be manufactured
from laminated steel if they are designed as an extruded 2D geometry, or from
a soft magnetic composite (SMC) by sintering or molding if more complex
geometries are desired. The stator teeth are also integrated in the stator yoke,
completing the magnetic circuit. The stator yoke can also be made of either
laminated electrical steel or SMC.

The order of assembly varies depending on the geometry of the different
parts. Figure 4.1 shows a sector of a laminated winding stator, illustrating the
different parts and how they fit together.

Figure 4.1: Laminated winding stator parts.

In the rest of this chapter, the stator teeth and yoke and the rotor stack are
assumed to be made of laminated electrical steel M250-35A (0.35 mm thick with
maximum loss of 2.50 W/kg at 1.5T and 50 Hz) unless stated otherwise [43].
The stator yoke laminations are stacked in the axial direction, while the teeth
are stacked in the circumferential direction, although other alternatives are also
possible [77]. The winding supports are modeled as thermal conductive silicone
based material (SC-320 produced by LORD Corp. [78]), while the winding
turns and the outer machine case are made of aluminum. The permanent
magnets are assumed of grade N35SH from Sura Magnets [44], as for the
previous cases described in section 2.5.
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The parameters that characterize the laminated winding stator geometry
are listed below. Figure 4.2 graphically illustrates some of these.

Laminated winding stator parameters (see Figure 4.2):
Tsi Inner stator radius (m).

Tso Outer stator radius (m).

hiam ~ Winding lamination thickness (m).

hair Height of the channel between turns (m).

hrwy  Total rubber support thickness (m).

drup  Effective rubber insulation thickness (m).

diny  Length of the tooth insert in the yoke (m).
Lsey  Active length of the stator segment (m).

Ky Stator yoke depth factor K, =a/b (-).
K Stator slotting factor Ks;=a/d (—).

Kin Portion of the stator segment length covered by a tooth (—).
K Tooth bevel form factor in axial direction (—).

Kipw  Tooth bevel form factor in circumferential direction (—).

Calculated values:

%) Tooth axial length (m). Vi = Ky Lgeg

Vs Tooth bevel axial length (m). Vo = Ky V3

H, Tooth width (m). Derived from the slotting factor K
H, Tooth bevel width (m). Hy = K, Hp
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Figure 4.2: Laminated winding stator geometry details.

4.3 Design objective

The laminated winding concept is a new development, therefore there is very
little experience and limited data supporting its suitability for electric traction
machines so far. The work published by Hogmark to date focuses mostly on
the production and manufacturing aspects while Kjellstrand and Akujarvi
deal with the cooling capabilities of such windings. In addition, Andersson
proposes a laminated winding design as a traction machine for a heavy vehicle
application. [76, 77, 79-81]

The objective of this chapter is to evaluate the performance of a laminated
winding machine in an E-RWD application, subjected to the same technical
specifications and constraints used in Section 2.2. The new design is also
benchmarked against the previous alternatives presented in Chapters 2 and 3.

Analogously to Chapter 3, the rotor design remains unchanged, equal to
the one resulting from the optimization process in Chapter 2, thus only the
influence of the stator is analyzed. Moreover, in the case of the laminated
winding configuration, for each design there are two situations to be considered:
when no direct cooling is applied (i.e. there is no gas circulation between the
turns) and when maximum direct cooling is applied.
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4.4 Thermal analysis

As for the previous designs, the maximum current that a certain laminated
winding machine can withstand is determined through its thermal analysis.
In this particular case, a wide range of different cooling conditions can apply,
depending on the coolant flow and inlet temperature mostly. Since the most
remarkable thermal feature of the laminated winding concept is the possibility
to dissipate the conductor losses directly where they originate, in the stator
windings, the thermal analysis is initially limited to this type of losses and the
direct winding cooling.

Due to the high computational cost of 3D FE simulations, a Matlab program
based on analytical and empirical correlations is created. This model roughly
analyzes the cooling capabilities of a laminated winding stator and helps fast-
identifying the most promising stator configuration, i.e. that one that allows
for maximum current loading for the given conditions. Subsequently, that
geometry is modeled in 3D FE in order to have a deeper understanding of
the temperature distribution in the stator and to validate the machine selection.

4.4.1 Theoretical model

This model constitutes the first step in the thermal analysis of the laminated
winding concept. As mentioned above, the computation time of this model is
several orders of magnitude shorter than for the 3D FE model. Therefore it is
used to investigate the influence of different design parameters on the loadability
of the machine, allowing for a fast identification of the most promising design
from a direct cooling point of view.

The model considers just one cooling sector, defined as the space between
two adjacent stator teeth, the equivalent to the stator slot in a conventional
machine. In turn, one sector comprises several cooling channels, which are the
gaps between two consecutive turns (see Figure 4.3). A lumped parameter
model of each turn is derived, in order to calculate the temperature in the
conductors, and ensure that the maximum temperature limit is not exceeded.



4.4 Thermal analysis 105

Cooling
channel

Cooling
sector

AR AR AR AR

(N

Figure 4.3: Illustration of the cooling sector and cooling channel.

Since both the coolant and the winding material properties are dependent
on the temperature values at the different points and these are unknown from
the beginning, an iterative process is required. The winding temperatures are
initially assumed, and the following sequence is repeated until convergence.

1. Conwvection coefficient and friction factor calculation. Based on the
physical dimensions of the design, the coolant flow and the properties of
both the coolant gas (assumed to be air) and the winding laminations
(aluminum) the convection coefficient and friction factor are calculated
based on empirical correlations.

The correlations used are:

a) Laminar flow (Re < 2300). The relative distance A is defined as

B T
" Dy, Re Pr

where x is the distance along the flow path, Dy, is the hydraulic diameter
of the channel, and Re and Pr are the Reynolds and Prandtl numbers
respectively. The Nusselt number is given by the following equations,
adapted from the Shah correlation for thermally developing, hydrodynam-
ically developed laminar flow with uniform wall heat flux, for non-circular
ducts [82]:

A (4.1)

Nu = 27646 \~/3  if A < 0.03 (4.2)

0.0722
Nu=649 + ————  if A>0.03 (4.3)
Dy Re Pr
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The friction factor in the laminar case is given by:

96

fd:E

(4.4)

b) Turbulent flow (Re > 2300). The Nusselt number is calculated
according to the Gnielinski equation, applicable for constant heat flux
boundary conditions when 0.5 < Pr < 2000 and 2300 < Re < 5 10° [62]:

L (Re — 1000) Pr

Nu = (4.5)
1+12.74/ L (Pr2/3 — 1)
Where f. is an approximation to the friction factor given by:
fo = (0.79 In(Re) — 1.64) 2 (4.6)

The Darcy friction factor, used to estimate the pressure drop over the
channel, is calculated directly from the implicit Colebrook equation,
where ¢ is the surface roughness height. [83]

1 € 2.51
VT (3-7Dh - Re\/ﬁ> @)

Air temperature evolution. As the air flows through the channel it
absorbs the heat from the winding laminations, thus increasing its
temperature. If the channel is divided axially in smaller sections, and the
lamination temperature is assumed constant over each section, the total
heat transferred to the air in each of these sections can be calculated as:

Q=Ah(Ts — Tp) (4.8)

where A is the heat transfer area, h is the convection coefficient resulting
from the Nusselt numbers previously calculated, Ty is the lamination
surface temperature, assumed constant over the section, and T} is the
coolant bulk temperature. Note that the bulk temperature is unknown,
since the coolant increases its temperature as it travels along the channel.
However, if the sections are small enough, the bulk temperature in a
section can be approximated by the coolant temperature at the entrance
of that section.

The increase in the coolant bulk temperature after one section is then
obtained from:
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Q

mep

AT, = (4.9)
where 1 and ¢, are the coolant mass flow and specific heat capacity
respectively.

3. Ideal cooling power calculation. In order to cool the winding laminations
a coolant gas is circulated between them. Ideally, the power needed
to circulate this gas equals the mass flow times the total pressure drop
experienced by the gas along the channel (Apiotq;) as in equation (4.10).
Since one channel is divided in a number of sections, the total pressure
drop is calculated as the entrance shock pressure drop (Apent), plus the
sum of the pressure drops for each of the sections (Apse.) (see equations
(4.11) to (4.13)).

Pcool =1m Aptotal (410)
Aptotal = Apent + Z Apsec (411)
2
Apeni = 0.5 % (4.12)
Lgce pv*
ADgee = _ 4.13
p fa 5D, (4.13)

where fjy is the Darcy friction factor previously calculated, p is the coolant
gas density, v is the gas velocity, L. is the section length and D;, the
hydraulic diameter.

4. Mazximum current estimation. Finally a lumped parameter model is
assembled for each lamination turn. The model is fed with the losses gen-
erated in each section of the conductor for a certain current level. These
losses are calculated assuming that the current flows uniformly along each
and every section as shown in Figure 4.4, which is an approximation to
reality. Besides, convection is modeled for each section based on the heat
transfer coefficients and coolant gas temperatures previously calculated.
Figure 4.5 shows the lumped parameter model for one turn, divided in
5 sections plus the end windings. It is worth noticing that since the
coolant temperature and flow conditions are similar at both sides of the
lamination, convection at the upper and lower surface is lumped into a
single element. In this element, the average of the convection coefficients
and coolant temperatures in the upper and lower side of the conductor
are used.
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Figure 4.4: Simplification of the wave winding turn in the theoretical model.
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Figure 4.5: Lumped parameter model of a single turn.
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Once the models for all turns are ready, an iterative process is carried
out to find the maximum current that can be fed to the machine without
exceeding the maximum temperature limit at any point. With this current
loading, the temperatures in the different sections of the conductor are
calculated and compared to the ones assumed in the first step, in order
to determine whether to carry out another iteration step.

The model is used to investigate the influence of the slot fill factor and the
coolant flow in the load capabilities of the machine. A high fill factor is one
of the most significant advantages of the laminated winding concept. On one
hand, having a higher fill factor impacts the conductor losses positively. A
larger conductor cross sectional area results in lower resistance, and therefore
reduced losses for the same current loading. On the other hand, increasing the
fill factor leaves less distance in between turns for the coolant circulation.

Figure 4.6 shows how the convection coefficient at the conductor surface
and the current density of the winding result, for different slot fill factor and
coolant flow values. Looking at the right plot in Figure 4.6 it appears that the
winding current density increases both with the coolant flow and with the slot
fill factor. It is clear that for a constant geometry the cooling effect is improved
for increased coolant flow. However, the influence of the fill factor in the cooling
for a constant coolant flow is even more significant. As mentioned before, an
increased fill factor leaves less space for the coolant circulation between turns.
If the coolant flow is kept constant, a reduced cross sectional area of the cooling
channels implies that the fluid moves with higher velocity, thus improving the
cooling effect. The counterpart is a rise in the pressure drop over the cooling
channel, which affects the design of the rest of the cooling circuit. It is not
within the scope of this work to analyze the cooling circuit beyond the electrical
machine; nevertheless, care is taken so that the pressure drop over the cooling
channel is kept at reasonable levels. Figure 4.6 also presents the temperature
distribution for each turn obtained from the theoretical model for K¢ = 0.8
when 2000!/min of air flow per phase segment are applied. Turn number 1 is
the innermost turn (the closest to the airgap). The cooling air flows upwards
in the turns depicted. It is worth noticing that the hotspot temperature is kept
to 180 °C.

From the results presented in Figure 4.6 it is clear that the design with the
highest fill factor performs best. There are however some practical limits to
the parameters analyzed. From the winding prototypes already manufactured
and the experiments conducted on those, a distance smaller than 0.3 mm
between turns is difficult to realize (corresponding to a slot fill factor Ky = 0.8).
Besides, an air flow in the range of 1500 — 2000 [/min per phase segment seems
reasonable to achieve with the appropriate fan.
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Figure 4.6: Theoretical model results. The top plots represent the averaged
convection coefficient (left) and the current density (right) as a function of
the slot fill factor and the coolant flow. The lower plots show the resultant
temperature distribution for Ky = 0.8 and 20001/min of air flow per phase.

Since the proposed winding configuration, with three axially distributed
phase segments and without magnetic flux collectors at the tip of the teeth, is
expected to link less magnetic flux from the rotor permanent magnets than
the conventional distributed winding configuration presented in the previous
chapters, the number of turns is initially increased to 13 turns instead of 9.
This figure can be later revised based on the results from the electromagnetic
simulations. The slotting factor K, and the yoke depth factor K, remain
unchanged from the values obtained in Chapter 3, K, = 0.36 and K, = 0.40.
The physical dimensions of the stator are also the same.
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Table 4.1 compiles the main geometry parameters. Rotor parameters are
presented as well for clarity, although they are not changed.

Table 4.1: Laminated winding stator characterization.

Param. Value Description

Number of slots

K; 0.87
Ks 0.57
d, 0.9
dy 1.3

)

)

)

-) Stator tooth length factor

)

-) Ratio of the angular span covered by magnets
)

Radial rotor proportion occupied by magnets

mm) Half of the distance between adjacent magnets

D, 214.0  (mm) Stator outer diameter
Dy; 139.7  (mm) Stator inner diameter
D, 138.5  (mm) Rotor outer diameter
Dy, 30.0  (mm) Rotor inner diameter
g 0.6 (mm) Airgap length

Lgeq 46.6  (mm) Phase segment length
Loy 160.0  (mm) Total machine length
N, 8 (-) Number of poles
K, 0.40  (-) Stator yoke depth factor
K, 0.36  (-) Stator slotting factor
Ko, 0.70  (

(

(

(

(

(

mm) Distance between the outer air pocket edge
and the rotor end
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4.4.2 3D Finite Element model

A 3D FE model of the stator design selected from the previous analysis is made
with a double purpose:

(a) take into account certain aspects of the real machine that were not
incorporated in the lumped parameter model, such as the non-uniform
loss distribution in the winding, the conductive paths for the heat provided
by the winding rubber supports and the stator teeth and yoke and the
possible natural convection cooling of the outer case surface.

(b) verify that the maximum temperature limit is not exceeded anywhere in
the complete stator.

First, a FE model of the winding turns is simulated electromagnetically in
Ansys-Maxwell for the current value obtained from the theoretical model, in
order to obtain the distribution of ohmic losses in the conductors. Then, these
losses are fed to a thermal FE model of the whole stator geometry, together
with the convection coefficients and the coolant temperatures calculated from
the empirical correlations. Figure 4.7 illustrates this process.

N

Electromagnetic FEA
Losses distribution

Nu = f(Re, Pr,Dy,)
he Nu A
Dy, Thermal FEA
Q=Ah(T; -Ty) ——— Temperature distribution
Q

AT, =

me,

Analytical - Empirical Model
Convection coef. + Coolant temp.

Figure 4.7: 3D thermal analysis process.

As well as for the lumped parameter model, the axial length of a phase
segment is divided into sections (see Figure 4.5). Five sections of equal size
are considered in this case. Convection happens only at these sections’ surface,
previously defined as cooling channels, and not over the end windings. The
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convection coefficient is assumed constant over each section, so is the coolant
bulk temperature. With these assumptions, the heat generated in the end
windings needs to travel along by conduction to the cooling channel, where it
can be dissipated by convection.

The next figures show the current density vectors and the ohmic loss distribu-
tion resulting from the electromagnetic FE simulation of the winding conductors,
as well as the temperature distribution in the stator when 2000/min of air flow
per phase segment are applied in different cases: considering only the laminated
winding conductors (as in the theoretical study in the previous section); the
winding conductors plus the rubber supports which provide a radial path for
heat conduction in between the turns; adding the stator teeth to the previous
case; and finally considering the full stator assembly. In every case, a current
of 356.4 A is fed to the winding turns corresponding to a current density in
the slot of 8.96 A/mm?, as calculated from the lumped parameter model for a
hotspot temperature of 180 °C.
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1. 984304007
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Figure 4.8: Electromagnetic FE simulation results. Current density vector
and ohmic loss distribution in the winding conductors.
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Figure 4.9: Thermal FE simulation results. From top to bottom: only winding
conductors; winding conductors and rubber supports; conductors, supports and
stator teeth; and full stator assembly.
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Some conclusions are drawn from the FE simulation results. The tempera-
ture distribution from the uppermost plot can be compared to the analytical-
empirical model results from the previous section (see Figure 4.6). Despite
the simplifications made, the maximum temperature obtained from the FE
simulation corresponds fairly well with the one considered in the Matlab model:
192 °C vs. 180 °C. In both models, the warmest point is the end winding of
the second innermost turn on the coolant output side, and the temperature
decreases when moving radially, towards the outer turns.

Comparing the first and second plots starting from above in Figure 4.9,
it is seen that by adding the rubber supports, the maximum temperature is
decreased by more than 35 °C while the minimum temperature increases by
nearly 6 °C. This is a very interesting result, since it reveals the importance of
choosing as good a heat conductor material as possible for the winding rubber
supports. The better the conductivity of the support material is, the more
evenly spread the heat is among the turns, which allows for higher conductor
losses, i.e. higher current before the limit temperature is reached somewhere
in the winding. Improving these conduction paths by adding the stator teeth,
whose heat conductivity is over ten times higher than that of the rubber
supports, further reduces the maximum temperature in the stator by another
32 °C, as seen in the third plot.

Besides the direct forced convection of the winding conductors, there is
also natural convection taking place on the outer surface of the machine
housing. Although this natural convection cooling is not significant when
full cooling power is applied to the winding conductors, it becomes the only
cooling mechanism in case of failure of the winding coolant supply. Therefore,
it is important to investigate the thermal performance of the machine taking
the natural convection cooling of the outer case into account, both with and
without direct cooling of the winding conductors.

If both direct convection cooling of the winding conductors (with 20001/min
of air) and natural convection over the outer case are taken into account, 514 A
can be fed into each turn without exceeding 180 °C at any point, as shown in
Figure 4.10. This current value corresponds to a current density of 12.91 A/mm?
with respect to the slot cross sectional area (this figure is significantly higher at
the end windings). On the other hand, if no direct cooling at all is applied, and
the machine is cooled only by natural convection over the outer case, the current
is limited to 69.3 A per turn; correspondingly 1.74 A/mm?. The temperature
distribution in this case is presented in Figure 4.11. It is interesting to notice
how temperature span in the stator is remarkably reduced when compared to
the previous case: 3 °C instead of 123 °C. If only natural convection at the
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outer case is consider, the heat generated in the windings must travel all the
way to the outer case, heating up all the machine more evenly.

C: Steady-State Thermal
Temperature

Type: Temperature

Unit; °C

Time: L

Custom

2013-12-08 04:21

180,18 Max
166,46
152,75
138,03
12531
LiL6
47,882
24,166
70,45
56,734 Min

Figure 4.10: Stator temperature distribution for 514 A, direct winding cooling
(20001/min of air) and natural convection at the outer case (h = 12W/(m?K)).
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Figure 4.11: Stator temperature distribution for 69.3 A and natural convection
at the outer case (h = 12W/(m?K)).

The current calculated for the last case, in which only convection cooling of
the outer case is considered seems low when compared to other machine designs
of the same size. For example, the machine presented in Chapter 2 which is
also cooled only by natural convection over the outer case features a nominal
current density of 6.5 A/mm?. However, in this case the winding laminated
turns are just surrounded by still air, which is not a good heat conductor,
and all the heat generated in the winding has to travel to the stator teeth
and further to the yoke and the outer case through the fairly low conductivity
rubber material of the winding supports. One difficult aspect in the thermal
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modeling of electrical machines is the interface between two solid parts, as it is
discussed in Section 2.8.1. In the laminated winding stator, there are contact
interfaces between the winding turns and the rubber supports, between these
and the stator teeth, between the stator teeth and the stator yoke and also
between the yoke and the outer case. Since the focus in this section is on the
direct cooling of the winding, all these contact interfaces are modelled as ideal,
i.e. assuming perfect contact between the two solid parts. Although these
interfaces do not have a significant influence when full cooling power is applied
to the winding turns, since most of the heat is already dissipated there, they
become more relevant as more heat is dissipated through the outer case.

A natural thought is to consider that, if the machine is not sealed, there is
some sort of air movement inside it due to the differences in density created
by the temperature gradients. Hence it seems appropriate to investigate the
effect of natural convection at the winding turns. In order to calculate the
corresponding heat transfer coefficients, the winding turns are approximated
by horizontal hot plates, which is a bit less favorable from a cooling perspective
than vertical hot plates, and therefore yields conservative results. Nevertheless,
it should be noticed that this is a fairly rough approximation. In reality,
when the two winding turns are close to each other, they behave more like
a channel than single plates. The air velocity field then will be different
and that has a direct effect on the convection. Besides, the turns are not
straight plates but more like cylinders, and depending on how the machine is
installed, the curvature of the cylinder may help the air movement. A more
accurate estimation of the convection coefficients due to natural convection at
the winding turns will require either experimental measurements or detailed
CFD simulations.

The correlations used are (4.15) and (4.16) for the convection coefficient of
the top surface of a hot plate and (4.17) for the bottom one. [62]

Rap, = gB(Ts — Tamp) D*/(v @) = Grp, Pr (4.14)
Nu=0,54 Ray/*  for 10* < Ray, < 107 (4.15)
Nu=0,15 Ra}/*  for 10" < Ray, < 10"! (4.16)
Nu=0,27 Ra}/*  for 10 < Ray, < 10" (4.17)

where Ray is the Rayleigh number, Gry, is the Grashof number, g is the
gravity acceleration, [ is the thermal expansion coefficient, « is the thermal
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diffusivity, v is the kinematic viscosity, T is the hot surface temperature and
Tomp is the ambient temperature.

The convection coefficient values obtained from the correlations are very
similar for all turns, and their mean value is hip = 8.29 W/(m?K) and
hiottom = 1.35W/(m2K). In order to simplify the 3D FE model, the average
of these two values, h,. = 4.82 W/(m?K) is applied to all winding conductor
surfaces, regardless of their position and orientation. The resulting temperature
distributions for a winding current of 69.3 A per turn (1.74 A/mm? in the slot)
and 129.5 A per turn (3.25 A/mm?) are presented in Figure 4.12.

C: Steady-State Thermal C: Steady-State Thermal
Temperature

Type: Temperature

Unit. *C.

Time: 1

Custom Custom
2013-13-08 0537 2013-13-06 06:03
67,182 Max
6,950
6,735
6511
6,287
6,063
5,838
65615
5392
65,168 Min

179,78 Max
178,98
1821
4
176,65
175,87
175,08

1743

1135
17274Min

Figure 4.12: Stator temperature distribution for 69.3 A (left) and 129.5 A
(right) with natural convection cooling both at the outer case (h = 12W/(m?*K))
and at the winding conductors (h = 4.82 W/(m?K)).

Table 4.2: 3D FE thermal simulation results summary.

Radial Direct Natural Natural Current
conduction winding winding convection  density
cooling cooling on case (A/mm?)
1 X v v X 8.95
2 4 4 v X 12.88
3 v 4 4 4 12.91
4 v X X 4 1.74
5 4 X v 4 3.25

Table 4.2 summarizes the results of the different simulation cases described
above. In it, the current density (in A/mm?) that gives a hotspot temperature
of 180 °C is presented. The different simulation cases take into account different
heat transfer mechanisms, which are:
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Radial heat conduction between the winding turns, through the winding
rubber supports and the stator teeth

Direct winding forced convection cooling, with an air flow of 20001/min
per phase segment

Natural convection cooling of the winding turns

Natural convection over the outer case of the machine

4.5 Electromagnetic Characterization

At this stage, a 3D FE model is developed in Ansys-Maxwell in order to
assess the electromagnetic performance of the proposed laminated winding
machine. To keep the model as light as possible, hence minimizing the
computation time, just one pole is modeled (corresponding to one eight of
the total machine) for only one phase segment. If several simulations are
run for different current loading and different rotor positions relative to the
stator, the 3-phase magnitudes can be subsequently synthesized from the single
phase results as shown in [79]. Antiperiodic boundary conditions of the form
H(r,1,2z)=H(r, 7+ m/4, Lscg — ) in cylindrical coordinates are applied to
the sides of the rotor and stator sectors, as well as the free airgap boundary.
Ansys-Maxwell does not allow to assign master-slave boundary condition in
cylindrical surfaces, therefore the airgap is segmented in intervals of 7/48
radians.

Figure 4.13: 3D FE model of one eighth of a laminated winding machine phase
segment for different rotor positions.

Since the goal is to evaluate the torque production and flux linkage ca-
pabilities of the machine, only magnetostatic simulations are conducted. In
such simulations, the thin laminated winding turns can be replaced by a solid
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winding supplied with the total current going into the slot, i.e. the current per
turn times the number of turns, thereby reducing the mesh requirements on
the winding. Figures 4.14 and 4.15 show the magnetic flux density vector field
distribution (B in Vs/m? or T), the torque and the winding flux linkage for
different rotor positions at no load. The flux linkage presented is the integral
of the flux density field over the stator yoke cross section represented as a line
in Figure 4.13.

To evaluate the torque production capabilities of the laminated winding
machine, the most advantageous position (excluding reluctance torque) for a
single phase segment is analyzed. This position corresponds to a 90 electrical
degrees phase shift between the rotor poles and the stator poles (the stator
teeth). Figure 4.14 shows the torque produced on the simulated rotor sector,
i.e. one eighth of the total torque on the rotor for one phase segment (solid
blue) and the corresponding flux linkage (dashed green) for different current
loadings. It is worth noticing that torque produced by the 3-phase winding is
not three times that of one phase segment, since the relative position of the
rotor to the different phase segments differs in 120 electrical degrees in each
case.

Figure 4.14: Flux density distribution from the 3D FE simulation of one phase
segment at no load.
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Figure 4.15: Torque (solid blue) and flux linkage (dashed green) results from
the 3D FE simulation of one eighth of a phase segment at no load.
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Figure 4.16: Torque (solid blue) and flux linkage (dashed green) results from
the 3D FE simulation of one eighth of a phase segment (max. torque position).

When looking at Figure 4.16, particularly at the flux linkage curve, it can be
observed that magnetic saturation effects start to be noticeable for a current of
2000 A (single turn), which corresponds to a current density of 3.9 A/mm?. As
it is discussed in Chapter 3, this magnetic saturation effect reduces the torque
production capabilities of the machine when the current is increased. Since
from the thermal point of view, this geometry withstands much higher current
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density loading, it follows that this stator configuration is not the optimal one.

In order to asses the output torque level, simulations for different current
and different rotor positions are needed. The torque produced by the 3-phases
can be synthesized from the results of these simulations, as shown in Figure
4.17 for the no-load torque. Due to schedule constraints, a more comprehensive
batch of simulations cannot be conducted at this stage. However, it seems
reasonable to evaluate first the impact of the magnetic saturation effects with
the help of a significantly shorter simulation batch, as previously shown.

Total no load torgue

! ! ! !
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E
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=
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: : Phase ¢
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Figure 4.17: No load torque synthesized from the 3D FE simulation of one
phase segment.

4.6 Reflections on the laminated winding
machine geometry

The discussion in Section 4.4 shows the potential of the laminated winding
configuration to withstand remarkably high currents for unlimited time without
overheating. This is, of course, a very desirable feature for an electrical machine,
especially for traction applications, for all the reasons already exposed in this
thesis. However, when analyzing the electromagnetic capabilities of the machine,
i.e. its ability to convert between electric and mechanical energy, some issues
come up.

First, the geometry proposed in Section 4.2 aims for the easiest and fastest
manufacturing and assembly processes possible. For this reason, the stator
teeth and yoke are extruded profiles, so they can be easily manufactured
from laminated steel. Unfortunately, this simple tooth geometry does not



4.6 Reflections on the laminated winding machine geometry 123

link as much magnetic flux from the rotor as it could, since there is no field
concentration effect, due to the lack of flux collectors (tooth tips) covering
neither the active part of the turn (extending the teeth circumferentially) nor
the end winding parts (extending the teeth axially) as seen in Figure 4.2.

Besides, to make the best out of the machine, it has to be designed to
match the highest efficiency point to the most frequent operation point. The
challenge is the same as in Chapter 3: reach a balance between the cross
sectional area of the slots and the area left for the magnetic flux to circulate, so
the copper losses remain low and the effects of magnetic saturations are limited.

If a simple geometry like the one presented is to be used, and the complete
machine is obtained by stacking three phase segments together with an angular
shift of 120 electrical degrees, each of these segments contributes with a certain
end winding length, where the flux from the rotor is not linked to the windings,
and therefore does not contribute to the torque production. Although an exact
value of how much of the total length of a phase segment is actually not active
is not calculated here, it seems clear that this machine configuration becomes
more suitable the longer the machine is.

Finally, the computational cost in terms of time and memory for running
this type of 3D magnetostatic simulations increases enormously as the adaptive
meshing algorithm results in a vast number of elements when materials become
saturated. As an example, the number of tetrahedra needed for the different
current loadings presented in Figure 4.16 is presented. The simulations are
conducted in Ansys-Maxwell 16 under Windows 7 64-bit, in an AMD FX™4170
Quad-Core processor @ 4.20 GHz and 16 Gb installed memory (RAM).
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Figure 4.18: Number of tetrahedra needed in the calculations for Figure 4.16.






Chapter 5

Conclusions and future
work

5.1 Conclusions

In this thesis, the design process of an electric traction machine for a HEV
application is presented, describing its evolution in detail as the technical
requirements posed by the customer change. The highly dynamic load profiles
together with the tight requirements on torque and power density, weight,
efficiency and cost make the design process of such a machine to be in many
ways different from that of a machine for a conventional industrial application.
Therefore, a new design methodology is proposed based upon driving cycles,
which try to match the real traction application.

The traction machine designer usually faces a compromise between the
nominal power rating of the machine and its overloading capabilities. A machine
that is optimized to operate at its nominal power rating makes the best use
of the materials in the magnetic circuit already at this point, and saturation
effects come up easily, even at very light overloading. On the other hand, a
machine designed to operate linearly deep into the overloading region suffers
from a lower efficiency at nominal power. The new design methodology aims
to find not only the nominal power rating but also the peak-to-average power
ratio that gives the lowest fuel consumption for a given driving cycle.

For the same driving cycle, both the nominal power rating and the peak-to-
average power ratio largely depend on the application considered. In a pure EV

the electric traction machine is the only source of tractive force, hence it has
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to cover the full torque and power range required over that particular driving
cycle. However, in a HEV the electrical machine and the ICE work together
to deliver the required tractive power. Depending on the control algorithm
implemented in the vehicle, the power demand at any time is covered either by
the ICE, the electrical machine or both. In this way, the electrical machine
does not need to cover the whole range needed over the driving cycle, and it
can be designed to match the highest efficiency region with the most frequent
operation points.

The design experiences presented reveal the importance of the thermal
aspects of the machine on its final performance. While the overloading
capabilities of a machine for a short time are usually limited by magnetic
saturation effects, the nominal power rating is directly related with the
machine’s ability to dissipate the heat losses generated. Both FE models
and lumped parameter models are used to assess the thermal behavior of the
new designs, although 3D effects must be taken into account if 2D FE models
are used for the results to be applicable. Bringing the heat sink closer to the
losses source has proven a good way to increase the thermal performance of an
electrical machine.

The laminated winding configuration appears as a very promising alternative,
allowing for significantly higher current loading. It offers a great cooling
potential since the losses are dissipated directly at the winding conductors,
where they are generated. However, the whole machine geometry needs to be
redesigned to allow for the higher magnetic flux resulting from the increased
current.

5.2 Future Work

As mentioned in Section 2.5, a rotor prototype featuring oil spraying over the
end windings for cooling is manufactured and tested. However, due to limited
time and resources at the moment, the set of measurements conducted is
incomplete and no reliable results are obtained. In order to increase the level of
understanding of the effects and potential of oil spraying over the end windings,
it is proposed to extend the measurement set with new experiments, in order
to find a suitable way of modeling the oil spraying phenomena. Subsequently,
the lumped parameter thermal model presented in Chapter 2 can be upgraded,
including the effect of oil spraying.

On a different matter, when analyzing the laminated winding alternative
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the computational cost of the 3D FE simulations needed is remarkably larger
than that of the 2D models for traditional laminated machines; increasing
drastically when the materials become magnetically saturated. This makes
the design process slow, and sometimes even impossible, if the computing
resources are not sufficient. As a continuation to the work presented here, it is
proposed to further develop the electromagnetic design process of the laminated
winding geometry, minimizing the number of 3D FE simulations needed. A
good approach is to create an equivalent 2D FE model and tune it with a
minimum set of 3D FE simulations in order to cut down the computation
requirements. Then, most of the design work can be done in the equivalent 2D
model, and the resulting geometry is finally validated in 3D.

5.3 Electric traction machine design guidelines

5.3.1 Technical specifications

The success in the design of an electric traction machine largely depends on
having a comprehensive set of technical specifications from the beginning. Some
of this specifications just concern the electrical machine itself, while some other
may refer to the traction system, or even the whole vehicle. Communication
between the electrical machine designer and the final customer (usually the car
manufacturer or one of their sub-suppliers) is not always straight forward, since
each belong to a different technical area. This is something that sometimes is
overlooked and may yield to misunderstanding of the specifications, and thus
to unsuitable design solutions.

Some technical specifications of interest for the electric traction machine
design process are listed below:

e Powertrain concept. It helps the designer to know and understand the
whole powertrain concept. The fact that the electrical machine drives
only one wheel, or both wheels on one axle; its location within the vehicle;
the purpose of the vehicle, etc. have several implications in the final
design that are worth taking into account.

e Physical size constrains. The total available physical space for the unit.
It is usually limited by the rest of the vehicle components’ layout. For
the designer, it is important to know what should fit inside that volume:
electrical machine, connectors, sensors, integrated electronics, etc.

e Load profile. This is perhaps one of the most critical specifications for
traction applications. Driving cycles seem to be the best way to specify
the load profile, however it is not an easy task to find a driving cycle



128 5. Conclusions and future work

that reflects both the customers’ expectations and the more realistic
everyday driving conditions. Besides driving cycles, there may be a
number of extreme design cases that the vehicle should keep up with,
such as maximum speed, standstill torque, etc. These could be specified
separately, in terms of their implications for the electrical machine.

o Mechanical environment and interfaces. Certain aspects of the design
are influenced by the mechanical environment in which the electrical
machine is going to operate; machines operating under large vibrations
should have a larger airgap length for example. The layout of the traction
system also influences the design. If there is a gearbox, the gear ratio to
the wheels is an important parameter in the electrical machine design.
In some complex configurations, a hollow rotor shaft may be needed,
affecting the whole rotor geometry. In addition, available fixing points
and shaft couplings may be of interest.

e Thermal environment and interfaces. As it is discussed in this thesis, a
good thermal management is essential for a successful electric traction
machine design. Therefore it is important to know the thermal environ-
ment in the electrical machine surroundings: ambient temperature (if the
ICE or the exhaust system are close, the temperature of the surrounding
air can be significantly increased); availability of cooling media (water
circuit, compressed air, fans, etc); possible heat conduction paths to large
masses such as the vehicle chassis, etc.

o Vehicle characteristics. In order to model the whole vehicle behavior
over a driving cycle some vehicle details are needed. The vehicle mass,
drag coefficient, wheel radius, ICE characteristics, as well as the control
strategy (most importantly the ICE - Electrical machine power split
algorithm) contribute to more accurate and relevant simulations, which
have an impact on the final machine design.

It is also important no to take all these specifications as fixed and invariable,
but to identify the different specifications according to their possibility to be
modified. Along the design process, the designer may realize that the solution
is particularly sensitive to one or more of the constrains, and the design could
be improved substantially if those constrains are relaxed.

5.3.2 Driving cycle simulations

In order to evaluate which electrical machine characteristics, mostly nominal
power rating and overloading capabilities, are best from a fuel efficiency point
of view, a dynamic model of the whole vehicle such as the one presented in
Appendix C is simulated over different driving cycles. Also, different electrical
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machines are simulated for each driving cycle, analyzing their effect on the
vehicle fuel consumption.

At this stage, it is important to know as many details about the powertrain
as possible, in order to obtain accurate results. The results obtained for
the different driving cycle simulations can be combined, in order to find the
electrical machine that minimizes the overall fuel consumption. Besides, the
simulation model allows to try different system configuration, control strategies
or even particular electrical machine topologies and asses their effect on the
fuel consumption in a relatively easy and fast way.

5.3.3 Electrical machine design

From the driving cycle simulations, a certain nominal power rating and a peak-
to-average power ratio is selected. The task now is to find an electrical machine
geometry that fulfills these requirements with high energy efficiency. The first
step is to select the machine technology(ies) that seems more promising for the
application under study. This can be done with the help of a selection matrix,
such as the one proposed in Figure 2.4, in which each technology is graded
between 0 (poor) and 5 (excellent) for different features, and each feature is
given a weight depending on its relevance for the application.

Once a certain technology is selected, a first batch of simulations determines
the basic machine parameters: number of poles and rotor/stator radius
ratio. Already at this stage thermal simulations are very important, since
they determine the nominal power rating of the machine. However, the
electromagnetic simulations at this stage do not need to be very detailed.
A few simulations for the nominal current value and several rotor positions
are enough to evaluate the machine performance and compare the different
alternatives.

A second set of simulations is proposed, using the geometry resulting from
the previous one as starting point, in order to refine the different geometry
aspects, and optimize the machine for the desired application, matching the
requirements from the driving cycle simulations.

As presented in Chapters 2 to 4, different methods are available both for
thermal and electromagnetic simulations, and their suitability depends on
the machine analyzed. As a general rule, analytic models (such as lumped
parameter models) require much less computation resources, providing results
in significantly less time. However, they are not easy to tune if no experimental
measurements are available, and sometimes they imply rather large simplifi-
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cations that may lead to misleading results. Finite Element models on the
contrary are a more accurate representation of reality, but the computational
cost increases remarkably when compared to the analytical models, being
understandably higher for 3D FE models than for 2D FE models.



Appendix A

E-RWD traction motor
drawings

The detailed stator and rotor geometry drawings corresponding to the man-
ufactured machine prototype described in Chapter 2 are presented in the
following pages. These drawings, together with the corresponding CAD files,
were provided to the laser cutter for the manufacturing of the lamination packs.
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Appendix B

2D Radial-flux machine
design environment

The design processes presented in Chapters 2 and 3 are supported by a software
tool originated at the Department of Industrial Electrical Engineering and
Automation in Lund University. The development of this software is one of
the contributions of the present work. This Appendix presents the details of
the design tool, which helps to understand the outcome of the machine design
processes mentioned above.

The aim is to provide a fast and easy-to-use CAD/CAE design tool, suitable
for educational and research purposes, that simplifies the design process by
relieving the designer of the tedious repetitive work, so he or she can focus
on the creative and intellectual tasks: to analyze the influence of the different
parameters in the machine characteristics and decide the best way to proceed
in order to reach the design goal.

The design environment is based on Matlab, which launches a Finite
Element package (Finite Element Method Magnetics, FEMM, developed by
David Meker [84]) to conduct the actual simulations. The data resulting from
these simulations is stored in a file, and subsequently post-processed in Matlab
again in order to obtain the machine characteristics. The design roadmap is
shown in Figure B.1.

First, the user needs to set the different geometric parameters (such as those
listed in Tables 2.2 and 2.3 for example). Then, the type of analysis desired

should be specified. It is possible to run either thermal FEA, electromagnetic
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FEA or both, for one or several loading points, and for different rotor positions
relative to the stator.

[ Start ] — Userinput
* — Post-processing
Machine
Specification - ~
* Torque, Fluxlinkage and

—> Flux density maps
(function of the current)
L J

P—

Analysis Setup ]

[ Geometry ) *
Generation ) FW operation region
,y (MTPA, MTPV)
Thermal FEA b Torquevs. Speed
(continuous loading) Input /output Power
~ d Efficiency map
v \. J
' ) *
Electromagnetic FEA [ —
§ ) [ Finish ]

Figure B.1: Design roadmap.

If the user wants to characterize a machine completely, first a number of
thermal FEA are scheduled in order to evaluate the nominal current density
loading. Then, once the nominal current density is known, magnetic FEA
are programmed for different load points (relative to the nominal value) and
different rotor positions as specified by the user. It is worth noticing that user
input is only required in the two first blocks of the roadmap in Figure B.1,
while the rest of the process is done automatically.

When both the machine and the type of analysis to perform are specified,
Matlab launches the FE package FEMM and commands it to carry out the
corresponding simulations. The results from these simulations are stored in a
text file to be processed later.

The post-processing of the simulation data is carried out entirely in Matlab.
In the most comprehensive case of a complete machine characterization, the
post processing steps are:

A. Data acquisition: The data from the FE simulation is imported from the
results file. If the simulation takes advantage of symmetry and/or periodicity
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of the machine, the data is reconstructed in order to cover a full electric period.

B. Data transformation: The currents and flux linkages obtained from the
simulations are phase values. Assuming a balanced 3-phase machine, it is
possible to reduce the 3-phase AC values down to 2-phase DC values with the
help of the power invariant Park transformation, which simplifies the analysis
of the results. Note that the coordinate transformation is divided in two steps.
First the 3-phase AC values are reduced to 2-phase AC values by means of
the Clarke transformation (equation B.1). Subsequently, they are rotated
with the synchronous frequency, in order to become stationary (equation B.2).
The homopolar component ug equals zero in a 3-phase balanced system. The
resulting xy system is also called the rotor coordinate system, since the x-axis is
selected to be aligned with the rotor’s permanent magnet flux linkage and the
y-axis is just leading 90 degrees. Figure B.2 shows the graphical interpretation
of the Clarke and Park transformation for a 2-pole PMSM.

N
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—

Figure B.2: Graphical interpretation of the Clarke and Park transformations.
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Uy cos(f) sin(f) 0O |uq
uy | = |—sin(f) cos(d) 0| [ug (B.2)
ug 0 0 1] [wo

Once this transformation is completed, the output torque and flux linkage
maps can be expressed as a function of the x and y currents.

C. Determination of the operation region: It is obvious that, in principle,
the machine can be loaded with an arbitrary set of currents, provided that
the inverter is able to supply them. However, for a certain output torque and
speed, there is an optimal xy-current combination from an efficiency point of
view. Aiming to operate the machine in the most efficient way possible, the
following strategy is adopted:

1. At zero or low speeds, for a certain torque requirement the machine
will be loaded with the corresponding currents on the Maximum Torque Per
Ampere (MTPA) line, provided that it does not exceed the maximum current
limit of neither the motor nor the inverter. This is the operation point that
gives the lowest possible copper losses, which in turn are the dominating losses
at low speeds.

2. As the speed increases, the back electromotive force of the machine also
increases, and eventually reaches the maximum voltage level defined by the
inverter dc-link voltage. From that point on, in order to increase the speed
further while keeping the same output torque, the current has to move from
the MTPA line following the corresponding iso-torque line towards lower flux-
linkage values, until it reaches either the Maximum Torque Per Volt (MTPV)
line or the maximum current limit.

3. When the MTPYV line or the current limit are reached, the desired torque
can no longer be delivered if the speeds further increases. The current then
follows the MTPYV line or the current limit circle towards lower flux linkage
values, as the torque is reduced until it is not sufficient to accelerate the machine
anymore. The operation region then defined by the shadowed portion of the
plot in Figure B.3, where the trajectory of the xy-current vector for a certain
torque requirement is illustrated.

For each point inside the operation region the torque and flux linkage maps as
a function of the xy currents are known from the FE simulations; the maximum
speed is calculated based on the flux linkage and the DC link voltage; copper
losses and stator iron losses are computed according to equations (B.3) and
(B.4) respectively, and finally, efficiency is estimated based on these calculations.
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Figure B.3: Electrical machine operation region.

Pje = Vyey (Ch B f 4+ C. (B f)? + Co (B )')

P., = R, I*

(B.3)

(B.4)

In the previous equations, Ry is the stator resistance and it is determined
based on the winding characteristics and the physical properties of the copper
wires; I is the magnitude of the stator xy-current vector;B is the magnetic
flux density; f is the electrical frequency; V.4 is the volume in which the iron
losses are computed and it can refer to the stator yoke or the stator teeth, and
Ch, Ce, C, and E}, are coefficients depending on the material properties of the
stator laminations. The values of the coefficients for the M250-35 steel used in
the laminations are given in Table B.1.

Table B.1: Steinmetz coefficients for steel M250-35.

Coefficient Value
Ch, 167.219
C. 0.3387
Cy 0.1464
Ey 1.7404

D. Presentation of the results: Finally, the main machine characteristics
are presented in a graphical way, so that it is easy for the designer to assess its
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suitability for a given application. The user can choose which figures to plot
among the following: torque map (as a function of the xy-currents), torque
ripple both at no load and at nominal current (as a function of the rotor angle),
flux linkage map (as a function of the xy-currents), operation region (in the
xy-current domain), torque vs. speed characteristic, input and output power
vs. speed characteristics and efficiency map (as a function of the torque and
the speed of the machine).

Moreover, the software allows to automatically repeat the full process
explained here for one machine a number of times for different machine
geometries, without requiring any user interaction. This feature is very helpful
when conducting parametric studies on a certain topology. Once the simulations
are finished, the designer can compare the properties of interest of the different
machines and draw the corresponding conclusions.



Appendix C

Dynamic vehicle model for
driving cycle simulations

This appendix describes the model used in the driving cycle simulations
presented in Chapter 3. The model is implemented in Matlab-Simulink, and
it is based in the work published by K. Johansson and M. Alakiila in [65, 66].

The top layer of the model is presented in Figure C.1.
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Figure C.1: Simulink model of a Parallel Hybrid Electric Vehicle.

A brief description of the different blocks is presented next, for a better

understanding of the simulation results.
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Speed Reference: This is the input block. Inside this block the selected
driving cycle is loaded, and the different signals are conveniently forwarded to
the corresponding blocks in the model.

Driver model: This block represents the behavior of the driver. It is
implemented as a PI controller with anti windup. The PI parameters are
dependent on the vehicle mass.

Power flow control: This is a key block in the model, where the power
control algorithm is implemented. In the particular case of the simulations
presented in Chapter 3 first the total power needed for traction and battery
charging is computed, and based on it, the optimal operation point of the
ICE is selected according to the ICE efficiency map. Since there is a clutch in
between the ICE and the rest of the system, the variable IceOff is included to
model it. For a certain required power level, the ICE is engaged if:

a. The ICE efficiency, assuming that it can be operated in the optimal
point for the required power, is higher than a certain threshold.

b. The total power required is higher than a certain level.

Subsequently, the most suitable gear is selected in the Gear Selection Block
according to the optimal speed of the shaft for the required power.

Charge Control
SOC P charge®
soc
ICEoft
i
! J |->
wheel Trice n
Vehicle to |ceQff
Wheel speed N

- piort el [T et wicen D D

wice Teim [+ = 1
- > - ice*
. B jce ut @D}
Twheel Tractive P
Power ptima Gear Selection
operating point If EM is unable
the ICE fillsin
EM Torque Limitation
Total torque
ICE +EM

(@D,

Figure C.2: Power flow control block.

ICE model: The ICE is modeled as a look-up table, giving the energy
efficiency of the ICE for the given torque and speed. The efficiency map is
based on a real measured ICE map, and scaled up or down if needed. A low
pass filter is included in the torque reference to limit the dynamics of the ICE.
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Electrical machine model: The electrical machine model first verifies that
the required torque from the electrical machine is achievable at the actual speed,
since a power limitation applies on the electrical machine. Then, a look-up table
gives the efficiency of the electrical machine for the given torque and speed. This
look-up table is based on general considerations and previous design experience,
and although it does not represent any machine in particular, it gives a good
approximation of the behavior of a prototypical traction permanent magnet
synchronous machine. Besides, the efficiency of the power electronics and the
gearbox are taken into account and they are assumed to be constant.

= =<P= »D
= ;

ET Lmitt Tem
PowerLimit

L3 Pel_em

Gt | ane = Fm

m . GearEff  PEEff =]
]

EM Efficiency 0<T<0?
LookUp Table (2-D)

Figure C.3: Electrical machine model block.

Battery: In this block, the power generated/consumed by the electrical
machine and the auxiliary power consumption, assumed constant in average, are
added up together and affected by the battery charging/discharging efficiency,
obtained from a look-up table as a function of the battery power. Then, the
resulting charging/discharging power is integrated, in order to compute how
much energy is left in the battery pack.

Brake control: This block computes the torque applied by the friction
brakes. In principle, the electrical machine is used to brake as much as possible,
feeding the braking energy back to the battery. However, in case the electrical
machine is not able to produce enough braking torque, the friction brakes
should contribute as well.

Road model: The air resistance and the rolling resistance are computed
inside this block.

Mechanical dynamics: Based on the different forces applied to the vehicle,
the road slope and the vehicle mass and load, the final speed is computed at
each time.
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Glossary

5med

Ap

Amed

Vmed

Pmed

Asub

cd

dsub

fa

thermal expansion coefficient of
the medium med (1/K)

pressure drop (Pa)

thermal conductivity of the
medium med (W/(m K))

kinematic = viscosity of the

medium med (m?/s)
rotational speed (rad/s)
Magnetic flux from the rotor per-

manent magnets that links the
stator windings (V's)

density of the medium med
(kg/m?)

surface roughness height (m)

cross sectional area (m?2). Differ-
ent subindexes may apply

Magnetic flux density field

(Vs/m?)

as subindex; bulk, usually re-
ferred to a fluid

as subindex; relative to the stator
cooling ducts

distance (m); usually measured
in the plane perpendicular to
the symmetry axis. Different
subindexes may apply

frequency (Hz)
Darcy friction factor (-)

as subindex; relative to the air-
gap

Gr
hCa

Ry

Iaz

lsx,sy

Ksup

Lsub

Lsz,sy

lam

n, nom

Ny

Ny

Nu
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gravity constant (g = 9.81m/s?)
Grashof number (-)

convection coefficient at the outer
surface of the motor (W/(m?2 K))

convection coefficient at the sta-
tor end windings (W/(m? K))

convection coefficient at the in-
ner surface of the outer case

(W/(m? K))

thickness of the rotor permanent
magnets (m)

convection coefficient at the rotor
end rings (W/(m? K))

moment of inertia with respect
to the symmetry axis (kgm?)

Stator voltage (peak value) (A)
in the rotor reference frame (x,y)

current density in the windings
(peak value) (A/mm?)

geometric proportion (-); used to
parametrize the motor geometry.
Different subindexes may apply

length (m); usually measured in
the axial direction of the machine.
Different subindexes may apply

Stator winding inductance (H) in
the rotor reference frame (x,y)

as subindex; relative to the lami-
nated turns

mass, (Kg)

rotor speed (rpm)

as subindex; nominal
Number of poles (-)

Number of turns in the winding
)

Number of parallel wires in a
winding turn (-)

Nusselt number (-)
power (kW)

pressure (Pa)



Tsub

Rs
Rin
Ra
Re

i

T0

rub

st

SO

th

Upc

[]sz,sy

AC
CFD
DC

radius (m); usually measured
in the plane perpendicular to
the symmetry axis. Different
subindexes may apply

Stator resistance (2)
thermal resistance (m2 K/W)
Rayleigh number (-)
Reynolds number (-)

as subindex; relative to the rotor,
inner

as subindex; relative to the rotor,
outer

as subindex; relative to the rub-
ber supports

as subindex; relative to the stator,
inner

as subindex; relative to the stator,
outer

motor torque (Nm)
time (s)

as subindex; relative to the stator
teeth

DC voltage of the drive unit (V)

Stator voltage (peak value) (V)
in the rotor reference frame (x,y)

speed, (m/s)

as subindex; relative to the stator
yoke

Alternating Current
Computational Fluid Dynamics

Direct Current

DCM
E-RWD
emf

EMSM

EV
FE
FEA
HEV
ICE
IM

IPMSM

LLL
MMF

MTPA

MTPV

PI
PMSM

RMS
SMC
SRM
SynRM

Direct Current Motor
Electric Rear Wheel Drive
electromagnetic force (V)

Electrically Magnetized Syn-
chronous Motor

Electric Vehicle

Finite Element

Finite Element Analysis
Hybrid Electric Vehicle
Internal Combustion Engine

Induction Motor (asynchronous
AC electrical machine)

Interior Permanent Magnet Syn-
chronous Motor

Linear behavior Limit Line

Magneto Motive Force (Ampere-
Turn AT)

Maximum Torque Per Ampere
current loci

Maximum Torque Per Volt cur-
rent loci

Proportional - Integral controller

Permanent Magnet Synchronous
Motor

Root Mean Square value
Soft Magnetic Composite
Switched Reluctance Motor

Synchronous Reluctance Motor
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