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Electric Machine Comparison for Mild Hybrid Light Vehicles
with Respect to Performance and Thermal Capability
SEBASTIAN LARQVIST

HANNES OSTERGREN

Department of Energy and Environment

Chalmers University of Technology

Abstract

In this thesis, various electric machine topologies have been modeled and optimized
according to constraints related to mild hybrid applications. With the assistance of
electromagnetic field calculation software using FEM simulations, the performance
characteristics as well as thermal capability have been analyzed. By utilizing full
vehicle simulations, the machines have been evaluated and the performance quan-
tified when they are implemented in a 48 V mild hybrid system. Moreover, power
losses for whole operating regions in various machine components have been speci-
fied, which are used as input data for the thermal models. From the thermal model,
the temperature distribution within the machines have been determined during con-
tinuous operation. In this work, four machine topologies were chosen to be studied:
PMSM, SynRM, PMSynRM and IM. A number of operating points relevant to mild
hybrid systems were selected to be used as basis for the performance comparison.

From the simulations, it was found that the 8-pole PMSM has the highest op-
erating efficiency of 96.9 %. The implemented ferrite magnets of the PMSynRM
improve the highest operating efficiency by 1 % and increase the maximum torque
by 7 Nm compared to the SynRM. The PMSM and the IM fulfill the cold crank
torque requirement, and all machines can be operated at 10 kW continuously without
exceeding the critical temperature limits. The SynRM has the most environmen-
tal friendly design in terms of material combination, emissions are 53 % less in
comparison the 4-pole PMSM.

To conclude, due to beneficial properties such as high power and torque density,
along with great performance in the specified operating points and solid thermal
characteristics, the PMSM topology is found to be an interesting option to be uti-
lized in mild hybrid traction applications. Furthermore, the ferrite magnets in the
PMSynRM makes likewise this machine topology an interesting alternative to be
applied in mild hybrids, due to the overall high operating performance in relation
to its low material cost and CO, equivalent per produced machine.

Keywords: Mild Hybrid, Electric Vehicle, Electric Machine, PMSM, SynRM,
IM, FEM, Operating Efficiency, Thermal Capability.
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1

Introduction

1.1 Problem background

In today’s global society one of the leading challenges is to restrain the negative im-
pacts and consequences of global warming. The transportation sector is one of the
main sources in the contribution of greenhouse gas emissions such as CO5 and NO,
[1]. Therefore, the European Union and other governments are constantly challeng-
ing vehicle manufacturers with more stringent emission targets and enforced by law
from the year of 2021, the fleet average of a manufacturer are not allowed to exceed
an emission limit of 95 gCOy/km [2]. This limit corresponds to a fuel consumption
of approximately 4.1 liters/100km for petrol and 3.6 liters/100km for diesel, for the
specified certification drive cycles. To cope with this limitation, vehicle manufac-
turers are investing in fuel saving solutions and introducing alternative powertrain
technologies such as hybrid electric vehicles (HEVs) and battery electric vehicles
(BEVs) in order to increase the vehicle electrification and to assist or completely
replace the more traditional internal combustion engine (ICE).

The increasing vehicle electrification and requirements of the vehicle power sup-
ply have taken the existing 12 V power system to its operating limits. A new type
of hybrid solution is the mild HEV which utilizes a low voltage electric machine
supplied by a 48 V power system, in addition to the existing 12 V system [3]. By
increasing the operating voltage level to 48 V, the system will be able to supply ad-
ditional and larger electrical power loads in the vehicle at lower current magnitudes
and thus increasing the overall system efficiency. The system has the potential to
lower the fuel consumption and therefore also lower the emissions due to the more
beneficial system efficiency on the 48 V side. In addition to operate as a combined
alternator and starter, the electric machine will also have the ability to perform
regenerative braking, power boost and coasting.

Since the 48 V system is a fairly new technical solution, there is not much
research published in the subject regarding reduced CO, emissions. Therefore, it is
highly desirable to evaluate the impacts in CO4 emissions for a mild HEV powertrain
and how they differ when different kinds of electric machine topologies are utilized
in the system. Hence, the project will focus on the electric machine as a part of the
mild HEV powertrain and evaluate the suitability of different machine topologies in
a mild HEV system.
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1.2 Previous work

There exists several interesting publications in the theme of comparative perfor-
mance studies of electric machine topologies applicable for BEVs and HEVs. A
common approach is to compare the topologies of interest to a reference machine,
where in many cases this reference machine is an interior permanent magnet syn-
chronous machine (IPMSM) based on the Toyota Prius 2010 machine [4], [5] and
[6].

In addition to this, topologies without any permanent magnets in the rotor such
as the induction machine (IM), the synchronous reluctance machine (SynRM) and
the switched reluctance machine (SRM) are evaluated as solutions for the electric
drive system in vehicle applications [6], [7] and [8]. The impacts of when the electric
machine is implemented in a mild HEV solution have however not been evaluated in
the same extend as for BEVs or HEVs. The PMSM is one of the most popular ma-
chine topologies to discuss due to its attractive characteristics, such as high power
density, and studies of this topology in mild HEV applications can be found in [9],
[10]. Moreover, numerous publications regarding electric machine design optimiza-
tion have been reported [11], [12].

To conclude, a commonly used approach in the subject is to have fixed machine
performance data as basis, such as required power and torque ratings, and thus the
final results present an indication of the geometrical dimensions of each machine in
order to provide the desired performance [13]. The opposite approach is adopted in
this work, i.e. the position and the geometrical constraints of the electric machine
in the mild HEV system are known and used as basis for the performance analysis.

1.3 Thesis aim and contributions

The aim of the work is to provide a comparison with respect to performance and
thermal capability between various electric machine topologies in a 48 V mild hy-
brid system. Since there exists a strict limited amount of space in today’s propulsion
systems, the comparison takes into consideration constraints such as geometrical di-
mensions and required performance ratings. Based upon the technical constraints,
the performance of each machine is quantified in parameters such as operating ef-
ficiency, power density and suitability for operating points considered relevant for
the 48 V mild HEV system.

Moreover, an aim was to model the thermal capability and characteristics of
the machines, which brought a need to determine the power losses in the main
components of the machines. By utilizing existing full vehicle system simulations,
the characteristics of the machines are related their operating performance when
they are implemented in a 48 V mild HEV system. A final goal of the study was to
evaluate the environmental impact related to the machine construction, in order to
determine the suitability of mass production as well as the sustainability.

The main contributions of the work are:

o Machine design of various electric machine topologies with electromagnetic
field software using FEM analyses and with few simulation iterations
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o Comparative performance analysis of electric machines considered favorable
for mild HEV applications, evaluated in key target parameters such as oper-
ating efficiency, power losses in the whole operating region as well as output
power and torque density

o Determination of environmental impacts in the form of COs emissions and
costs related to the extraction of raw materials required for manufacturing
respective machine topology

« Establishing thermal networks required for quantifying the thermal charac-
teristics in different machine parts during continuous operation of electric
machines.

1.4 Scope

The scope of the work is focusing on the performance of the electric machine topolo-
gies, both individually and during standardized driving cycles, as well as the thermal
capability. The study has its focus on the electric machine performance only, and
hence other components in the power system such as the inverter, cables and energy
storage system are not included in the comparison. Voltage variations on the 48 V
bus during motor and regeneration drive are neglected. The machines are modeled
and optimized through electromagnetic field software using FEM analyses, and are
limited to 3-phase machines. The machines are not build or physically modeled.
Furthermore, the focus have been on well known machine topologies, that can be
easily mass produced and has previously known qualities that are considered favor-
able for HEV applications. Moreover, the optimization process of each topology is
limited to a few iterations due the time constraints.

The social and ethical aspects of the manufacturing of permanent magnets uti-
lized in some of the machine topologies must be taken into consideration while
designing the machines. As the mining and processing of the rare-earth materials
mainly take place in China, companies can avoid strict environmental and social
regulations [14]. A multitude of the rare-earth materials is highly toxic and in some
cases even radioactive, and hence inhaling or ingestion these materials can cause
severe organ damage. Therefore, the whole process must be carefully monitored
and regulated to avoid harmful conditions for the workers in the mine, but also res-
idents of the mining town which are in the danger zone of inhaling higher amounts
of radioactive dust.
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The 48 V Mild Hybrid System

In order to accomplish reduced CO, emissions in the transportation section, more
efficient and environmental friendly drivetrain solutions are constantly under devel-
opment. These type of influences lead to an increasing vehicle electrification. The
operation of existing high power loads such as the water pump and air condition
compressor are transferred from the ICE, in order to be operated independently
and fully electrically [3]. In addition, new high power loads can be applied and an
increasing vehicle power supply system enhances the possibilities to enable new func-
tions for the integrated electric machine, which likewise can contribute to reduced
COg emissions. Due to the increasing electrical requirements, today’s existing 12 V
vehicle power supply has reached its practical operating limits. It is not sufficient
enough to supply the required demand and has to prioritize important power loads
at the expense of others. One of the key components to fulfill the increasing require-
ments is the degree of electrification of the drivetrain. Hence vehicle manufactures
are upgrading the existing 12 V electrical system to a voltage level of 48 V, which
establish the concept of mild HEVs.

2.1 Characteristics of the 48 V system voltage
level

A typical 48 V mild hybrid system can consist of e.g. a belt driven starter-generator

(BSG) at 10 kW peak power, or an integrated starter-generator (ISG) at 20 kW

peak power [15]. Figure 2.1 shows the gain in continuous power output at certain
current magnitudes for a transition from 12 V to 48 V on-board voltage level.

25+

o
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100 200 300 400 500
Current (A)

Figure 2.1 Power and current relation at operating voltages of 12 V and 48 V.
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Regarding the trade-off between power output, safety and functionality, the
48 V mild hybrid power supply could be considered as a suitable option for mild
vehicle electrification. It provides an opportunity to introduce a cost-optimized
hybrid drivetrain solution, since the energy storage system does not need to have
the same requirements on electrical safety, as in a BEV or HEV with higher voltage
levels [16]. Since the operating voltage is below 60 V, electrical shock protection is
not required. Figure 2.2 presents the operating range and voltage limits of the 48 V
system according to the LV 148 standard, which has been issued by several vehicle
manufactures [3].

Shock protection voltage

—60V
Static overvoltage
. e .54V
Upper operating range with limited functions oV
—48V
Operating range
without functional degradation
—36V
Lower operating range
with limited functions
—24V
Accumulator protection voltage
+—20V

Storage protection voltage

Figure 2.2 Operating range and voltage limits of the 48 V system according to the LV 148
standard.

The baseline of a 48 V power supply can be exemplified as illustrated in Figure
2.3, where it is implemented in a dual net topology with the already existing 12 V
power supply through a DC-DC converter. Minor power loads such as the infotain-
ment system are supplied by a 12 V battery, while the mild hybrid electric machine
and other high power loads such as cooling fan and heating system are supplied by a
48 V battery. Additionally, the 48 V system enables mechanical loads to be alterna-
tively electrically supplied, e.g. an electric climate compressor, and thus removing
loads from the low-efficient accessory drive system of the ICE.

48V bC 12V
DC

+ % Loads Loads +

Figure 2.3 Baseline example of the 48 V power supply in a dual net topology with the
12 V system.
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2.2 HEYV drivetrain configurations

HEVs can be classified as series, parallel and mild hybrids depending on the power
flow and the rating of the energy storage system utilized in the vehicle’s drivetrain
configuration.

2.2.1 Series hybrid

The series hybrid drivetrain configuration is often considered as the most elementary
configuration. It has the simplest structure with two sources of energy and one
single path for the mechanical power traction. It is the electric machine only that
provides the driving power through the transmission to the wheels and thus this
configuration is known as an electrically coupled drivetrain [17]. Depending on the
control strategy, the electric machine is supplied with electric power either from a
generator driven by an ICE, or a battery pack. A simple schematic sketch of a series
hybrid drivetrain configuration is illustrated in Figure 2.4.

i i

Transmission
1 Electric I )
= —
)LL Machine Sonertcr E

P Generator I

] e

Front axle Rear axle
Figure 2.4 Simple schematic sketch of a series hybrid drivetrain configuration.

The ICE tends to be smaller in a series hybrid, since it does not directly drive the
vehicle and by controlling it in such a way that it operates in optimal regions with
high efficiency, fuel consumption can be lowered. The series hybrid can therefore
be considered as suitable for suburban driving conditions. Due to a less powerful
ICE, the battery pack in a series drivetrain needs to be larger in order to meet the
required power demand. It also requires two electric machines, which makes them
more costly and larger in size compared to a parallel drivetrain.

2.2.2 Parallel hybrid

Unlike in the series drivetrain, both the electric machine and the ICE can at the
same time instance provide the required driving power through the transmission to
the wheels in the parallel hybrid drivetrain configuration, and it is hence known as
a mechanically coupled drivetrain. There exists fewer energy conversion steps since
the ICE is directly connected to the driveshaft and consequently the overall efficiency
is higher compared to a series hybrid [17]. Furthermore, irrespective of the size and
power rating of the electric machine and battery pack, enhanced performance in the
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total powertrain are provided since the path for all propulsion power does not need
to go through the electric machine. Figure 2.5 shows a simple schematic sketch of a
parallel hybrid drivetrain configuration. The ICE and the electric machine need to
be efficiently coupled in order to not affect the vehicle driving performance, which
requires a complex control system.

Transmission \
I: Electric +
) | Machine / Converter — )
Generator a

— ICE S

Front axle Rear axle

Figure 2.5 Simple schematic sketch of a parallel hybrid drivetrain configuration.

2.2.3 Mild hybrid

The mild hybrid drivetrain configuration is essentially a conventional ICE vehicle
with an integrated electric machine with low power rating, and does therefore not
require a large energy storage system [16]. As in the parallel drivetrain configura-
tion, both the ICE and the electric machine can provide propulsion power to the
wheels at the same time instance. However, the mild hybrid drivetrain has limited
power capacity and functionality compared to the parallel hybrid drivetrain. There
exists several mild hybrid system topologies depending on the position P0-P4 of the
integrated electric machine, which are schematically presented in Figure 2.6.

— =

ICE P1 Clutch

BSG |P0 rieere | P2
|

Extra clutch Transmission

Front axle Rear axle

Figure 2.6 Simple schematic sketch of a mild hybrid drivetrain configuration with five
system topologies (P0-P4).

The PO topology features a BSG directly coupled to the ICE. It is a low cost
solution, but with limitations in provided power and torque. In the P1 topology the
electric machine is directly mounted on the crankshaft as an ISG located between
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the ICE and the transmission, replacing the inertia from the flywheel. This solution
possess the ability to provide more torque compared to the PO topology, but has
the drawback of inefficient regenerative braking since the electric machine is always
coupled to the ICE and will hence experience high mechanical friction losses from
the ICE [18].

A solution to this issue is to implement the electric machine as shown in the P2
topology, with an additional clutch that can disconnect the ICE and hence reducing
the mechanical friction losses. The electric machine can either be implemented as
a side attached BSG or as an ISG directly mounted on the crankshaft as in the P1
topology. In a side attached configuration, the electric machine runs at a higher
speed than the ICE, often with a transmission ratio of 1:2.7 [19], [20]. Since the ICE
can be fully disconnected, the solution possess high regenerative braking capability
and potential to propel the vehicle electrically [18].

In the P3 system topology the electric machine is mounted on the transmission
to the front axle, while in the P4 topology it is directly integrated to the rear axle.
P3 and P4 possess the highest regenerative braking potential, but does not provide
as wide range of hybrid functions compared to the P2 topology. Moreover, the
electric machine can also be integrated in the wheel hub, where the configuration is
then titled as the P5 topology.

2.3 Electric machine operation modes in a mild
hybrid drivetrain

Depending on the drivetrain configuration and integrated position of the electric
machine, multiple operation modes are enabled in a mild HEV [15]-[18], [21]-[23].
ICE cranking and power generation are inherited from conventional vehicles with
12 V power supply system, while the other operation modes are unique for mild
HEVs and vehicles with higher degree of electrification.

2.3.1 ICE cranking and idle stop and start

ICE cranking is the initial operating mode of the electric machine. When the ig-
nition is switched on, the machine energizes the ICE by providing sufficient torque
to accelerate the crankshaft to minimum operating speed, in order to initiate the
combustion process. The crank torque is often required to be as high as 50-55 Nm
[9], [23], or three to four times the nominal torque [12], in order to overpower the
substantial resistance of the kinematic mechanism and is at its peak during cold
climate conditions.

An additional applicable cranking operation is the idle stop and start function,
which is already commonly utilized in modern HEVs. When the vehicle is at rest
the electric machine shuts down the ICE and hence reduce the fuel consumption
and CO, emissions significantly during urban city driving.
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2.3.2 Power generation and regenerative braking

Once the ICE has taken control over the propulsion process, the electric machine
operates in power generation mode as a conventional alternator. By converting the
mechanical energy from the rotating crankshaft, it supplies the on-board electric
loads in the vehicle and recharges the battery in order to maintain a steady state-
of-charge level and hence prolonging the battery life time.

Moreover, compared to a conventional alternator the electric machine in a mild
HEV possess the ability to perform generative braking. When the accelerator pedal
is released or when the braking pedal is pressed, a regenerative braking torque is
provided and the kinetic energy of the vehicle is utilized by the electric machine in
order to charge the battery.

2.3.3 Power boost mode

In situations when the vehicle needs to perform launching, overtaking or uphill
driving, the electric machine operates as a motor providing power boost for rapid
accelerations. It assists the ICE with additional torque in order to fulfill the desired
power demand. Furthermore, this operation enables to downsize the ICE without
affecting the performance.

2.3.4 Coasting mode

A drivetrain concept with an additional clutch between the ICE and the electric
machine, as shown in Figure 2.6, allows the ICE to be disconnected in order to
let the vehicle be driven fully electrically. Since the power rating of the electric
machine integrated in a mild HEV is lower compared to vehicles with higher degree
of electrification, this operating mode is primarily applicable in limited range and
constant speed situations, and is hence referred to as coasting mode.

10



3

The Electric Machines

Following chapter provides an insight into basic concepts regarding electric ma-
chine operation, what is considered to be necessary information about the machine
topologies studied in this work as well as thermal modeling of electric machines.

3.1 Basic electromagnetic theory

To completely understand the operation principles of electric machines, it is nec-
essary to study some basic electromagnetic theory. By applying a current through
a conductor a surrounding magnetic field is generated around it, where the field
strength is highest close to the conductor surface. With the knowledge of the cur-
rent direction, the orientation of the magnetic field flux can be determined by the
"Right Hand Rule". Figure 3.1 shows the magnetic flux lines and how they are su-
perimposed in a parallel go and return circuit.

\
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Figure 3.1 Magnetic flux lines in a parallel go and return circuit.

By wrapping the current carrying conductor in multiple parallel go and return
circuits a coil is formed, and each turn of the coil will increase the magnetic field
inside it. The coil’s ability to produce a magnetic flux is defined as its magnetomotive
force MMF and can be expressed as

MMF = NI (3.1)

where N is the number of turns of the coil and [ is the current in the circuit. In order
to concentrate the flux and prevent it from spreading out into the surrounding space
the coil is wrapped around an iron core with an air gap, as depicted in Figure 3.2.

11
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Figure 3.2 Magnetic flux lines circulating inside an iron core with an air gap.

Since iron is a material with low reluctance and hence possess good magnetic
properties, the flux will stay inside the core and complete its circuit through the
core and the air gap. By shaping the iron it is thus possible to guide the flux to
wherever it is needed. The magnetic flux ® (Wb) through a bounding surface of an
arbitrary volume can be expressed as

@://Bds (3.2)

where B is the magnetic flux density (7 or Wb/m?) and dS is the differential area
of the bounding surface. According to Ampere’s Circuital Law, the magnetic field
intensity along any closed circuit is equal to the enclosed current flowing through
the surface bounded by the circuit and can be mathematically represented as

f Hdl = / / JdS = Laosed (3.3)

where H is the magnetic field intensity (A/m), dl is the differential length of the
closed circuit, J is the current density (4/m?) and I nqoseq is the enclosed current.
The relation between the flux density and the field intensity can be defined as

B = pop.H (3.4)

where i is the permeability of free space and p, is the relative permeability, which
varies considerably between different materials and also with the local magnetic
field intensity level. Since the relative permeability of iron is much higher than the
relative permeability of air, the magnetic field intensity will be greater in the air
gap than in the iron core. This is however only valid for small air gaps since the
reluctance of the air gap increases proportionally with its length.

One important parameter in electric machine applications is the magnetic flux
linkage W (Wb). A coil is multiple loops of a current carrying conductor linked
together, and by linking these loops the effect of the total magnetic influence going
through the loops is increased. The flux linkage of a coil can be calculated as

\choil - N(I)coil (35)

12
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where ®.,; represents the magnetic flux of the coil.

According to Faraday’s Law of Induction, a fluctuating magnetic field will in-
duce a voltage in an electromagnetic circuit located inside the field. This can be
mathematically expressed as

dv

- (3.6)

e =

where e is the electromotive force (emf).
The inductance L of an electromagnetic circuit can be calculated as followed.

U
L= (3.7)

When an AC current is flowing through a winding, the winding can be repre-
sented by a resistive and an inductive element. This will cause a voltage drop over
the winding and the voltage v can be calculated as

di
= Ri+ L— 3.8
v 1+ o (3.8)

where R is the winding resistance and ¢ is the current.

If a permanent magnet (PM) is placed in the pulsating magnetic field in the air
gap of the iron core, the PM will start to rotate with an angular speed of w, (rad/s)
[24], as depicted in Figure 3.3.

Figure 3.3 Rotating PM located inside the magnetic field in the air gap of the iron core.

This is the most basic operation principle of electric machines. Due to the pres-
ence of the rotating PM, the voltage can now be expressed as

v=Ri+ LEZ + w, U, cos(w,t) (3.9)

where V,, is the flux linkage of the PM.
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3. The Electric Machines

3.2 Permanent Magnet Synchronous Machine

The permanent magnet synchronous machine (PMSM) is one of the most popular
choices and widely used electric machines in the field of HEV applications. It is
often considered as the most adequate alternative due to advantageous properties
such as superior power density and high overall efficiency in the nominal speed range
[13].

In the same way as for the additional electric machines studied in this work, the
PMSM stator consists of highly permeable laminated steel plates with equidistantly
distributed slots containing copper windings. When the windings are excited by an
external three phase AC supply, a revolving magnetic field is generated inside the
stator core which rotates at synchronous speed.

The rotor of the PMSM typically consists of highly permeable laminated steel
plates which as for the stator serve as conduction path for the magnetic flux, and high
energy PMs which establish the rotor excitation. Interaction between the constant
magnetic field of the rotor and the revolving magnetic field of the stator causes the
rotor capable of running at synchronous speed. The PMs can either be surface, inset
or interior mounted, and due to their ability to establish a substantial magnetic flux
in the air gap without any excitation current it is possible to design PMSMs with
high overall efficiencies [7].

3.2.1 Steady state model

A commonly used approach is to electrically model the PMSM by dynamic dqg-
representation, as shown in Figure 3.4, where the d-axis is directed in the direction
of the rotor magnetic flux, while the g-axis is located 90 electrical degrees ahead of
the d-axis [22].

ia R Li @Lda iy R L, @Lda
+ +
Ud Ug C)a)rqlm
o o

Figure 3.4 PMSM electric model by dynamic dg-representation.

Stator voltage equations can then be defined as

dia

Ug = Rsid + Ld dt — Wquiq (310)
. di, .
Uy = Ryig + Lq% + wyLgtg + w,V,, (3.11)
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3. The Electric Machines

where R, is the stator resistance, iq and ¢, are the d- and g-axis stator currents, L,
and L, are the d- and g-axis stator winding inductances, w, is the electrical rotor
angular speed and V,, is the flux linkage related to the PMs in the rotor. Since
the electrical system has a much smaller time constant in relation to the mechanical
system, the stator voltage equations can be reformulated as

Uqg = Rs’id - wTLq@'q (312)

Ug = Ryig + wrLygiq + w, ¥y, (3.13)

where the current time derivative is neglected and thus electrical steady state is
achieved.

3.2.2 Mechanical output

The electromechanical torque output can be expressed as

T, = %(\I/miq 4 (La — Ly)idi) (3.14)

where n, is the number of pole pairs in the machine. The electromechanical torque
expression can be broken down into two main parts, which come from the PM torque
production 7, arising from the PM flux and a reluctance torque production 7T,
arising from the rotor saliency, which are defined as

Ty = 22U, (3.15)

Ty = Z2(La — Ly)igi, (3.16)

where L, often is larger than Ly, due to higher reluctance properties in the PMs in
comparison to the steel material. In order for the reluctance torque to provide a
positive torque production, iy needs to be negative [22].

The characteristics of the mechanical output can be categorized into one con-
stant torque operation region and one constant power operation region. Starting
from zero speed, the constant torque region provides maximum torque production
at any speed, and continuously increasing power production with the speed of the
machine. In order to counteract the rising back-emf, the applied voltage needs to
increase but when the maximum voltage limit of the energy storage system is hit,
it cannot increase further. This speed level is defined as the nominal speed of the
machine and is also where the peak power operation occurs. To be able to further
increase the speed, the d-axis flux linkage needs to be reduced to counteract the con-
tinuously rising back-emf, and thus the constant power region is also known as the
field weakening region. This is achieved by applying higher current in the negative
d-direction. In order to maintain a constant current magnitude, the g-axis current
needs to be decreased and since the torque production is mainly related to the g-axis
current, maximum torque output will decline in the constant power region, while
the output power retain a flat profile characteristic.
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3. The Electric Machines

3.2.3 Power losses

The power losses in the PMSM can be approximately categorized as resistive losses
in the stator copper windings and iron losses which are mainly found in the stator
core. The copper losses can be calculated from

P., = 3R,I?

s,rms

(3.17)

where the rms phase current I ,.,s can be written in dq-representation as /i3 + ’Lg.
The iron losses mostly depends on magnetic hysteresis and induced eddy currents
and can be expressed as [25]

Pje = ki fBly + ko f* By, (3.18)

where kj, and k. are hysteresis respectively eddy current parameters, f is the fre-
quency of the magnetic flux in the iron material, By is the peak flux density in
the B-H hysteresis curve, and n is a parameter dependent on By, f and the steel
material.

The power losses in the rotor in a PMSM are typically small due to the lack
of windings. Hence losses in the rotor mainly consists of eddy current losses in the
iron core and the PMs. In order to minimize these losses, design features such as
thinner lamination plates, core material with high resistivity properties and a certain
distribution of PMs could be applied [25].

3.2.4 Control strategy

Main power losses which appear in the PMSM are copper and iron losses as declared
in Section 3.2.3, and different control strategies can be implemented in order to
minimize these and hence improve the overall efficiency of the machine. A wide
range of different combinations of d- and g-axis currents can be utilized in order
to obtain a certain speed and torque operating point. The maximum torque per
ampere (MTPA) method is a commonly utilized control strategy which analytically
determines the optimal angle § between the d- and g-axis currents in order to
achieve the highest possible torque for a given current magnitude, and thereby also
minimizing the copper losses. Hence the d- and g-axis currents can be written as

iqg = I5cos(p) (3.19)

iq = Issin(B) (3.20)

where [, is the stator current magnitude. With known d- and g-axis stator induc-
tances, the MTPA angle can be calculated from [26]

. v, v, 2
sin(f) = TA(Ly— LI, J <4(Ld — Lq)[s) 3 (3.21)

where ( is found between 90°-180° in motor operation, and between 180°-270° in
generator operation.
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3.3 Synchronous Reluctance Machine

The synchronous reluctance machine (SynRM) utilizes the reluctance of the rotor in
combination with the revolving magnetic field inside the stator, in order to generate
torque. Compared to the PMSM, the rotor of the SynRM does not contain PMs
which makes it more robust for withstanding high centrifugal forces and is therefore
commonly used in high speed applications. Furthermore, due to the absence of
PMs the SynRM is less costly and the risk for demagnetization does not need to
be considered [22]. Furthermore, it is less sensitive against high temperatures and
hence very robust against high overloads.

In order to generate torque, the rotor is optimally designed to fully utilize the
reluctance force. The rotor design can be categorized into three different topolo-
gies called salient pole, axially laminated anisotropy and transversely laminated
anisotropy. In the axially laminated rotor each barrier are radially stacked towards
the shaft, while in a transversely laminated rotor discs of laminate are stacked along
the axis of the shaft [27].

3.3.1 Concept of reluctance

The concept of reluctance can be illustrated with the help of a rectangular object
with anisotropic magnetic material. If a magnetic field is induced over the object
its d-axis wants to be aligned with the magnetic field. Therefore, if there exists an
angle difference 0, a torque will be produced in order to align the d-axis with the
magnetic field, as shown in Figure 3.5. Torque is generated since the air has higher
reluctance compared to the steel material of the object and thus the magnetic field
will be highly concentrated in this material and create temporary poles as in a PM.
Due to the revolving magnetic field inside the stator, the temporary poles of the
rotor will try to follow and consequently the rotor will also rotate.

Y 4 v

d
B
4—>\
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N

Figure 3.5 An anisotropic material located inside a magnetic field which hence produces
a reluctance torque since the d-axis of the material is unaligned with the magnetic field.
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3. The Electric Machines

3.3.2 Steady state model

The SynRM can be electrically modeled based on dynamic dg-representation, as
illustrated in Figure 3.6.

ld Rs Ld erqlq lq Rs Lq a)rLdld
+ +
Ud Uq
O O

Figure 3.6 SynRM electric model by dynamic dg-representation.

The stator voltage equations can be derived directly from (3.10) and (3.11) by
excluding the flux linkage from the PMs in the rotor. Modeled in the dg-plane, they
can be written as followed.

Ji

W:&m+mﬁkw@% (3.22)
o di |

u, = Ryig + an + w,Lgig (3.23)

Since the electrical system is much faster relative to the mechanical system and
therefore has a much smaller time constant, the stator voltage equations can be
rewritten as

Uqg = Rsid — erq?;q (324)

Uqg = Rsiq + WrLdid (325)

where the current time derivative is neglected and thus electrical steady state is
achieved. It can be observed that (3.24) is the same as (3.12).

3.3.3 Mechanical output and power losses

The electromechanical torque produced by a SynRM is equal to the reluctance torque
produced by a PMSM and can be expressed as in (3.16). It can be concluded that
the difference between the d- and g-axis stator winding inductances has a great
impact on the torque production. The ratio between L; and L, is referred to as the
saliency ratio and is defined as

i (3.26)
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Due to the cross magnetization between the d- and g-axis stator inductances,
the air gap length has a considerable effect on the output torque [28]. A small air
gap length results in a high saliency ratio and thus a high output torque.

As for the PMSM the power losses in a SynRM can approximately be categorized
as copper losses and iron losses. Copper losses is generally dominant and can be
calculated from (3.17). The iron losses depend on induced eddy current and magnetic
hysteresis, and will increase with frequency and therefore with the speed of the
machine and are expressed as in (3.18).

3.4 Induction Machine

The induction machine (IM) is one of the most commonly used electric machines for
industrial applications. They are technically mature, characterized as robust and a
cheaper alternative compared to the PMSM. Compared to the PMSM and SynRM,
the IM utilizes windings in the rotor in order to interact with the revolving magnetic
field. Due to the revolving magnetic field generated from the stator windings, an
emf will be induced in the rotor windings and hence also current, and thus the rotor
will start to rotate. In other words, current is inducted by magnetic induction, and
thereof its name (induction machine). In comparison to many other machines which
are using brushes to commute current to the rotor windings, the rotor current in
the IM is as described transferred through induction, like in a transformer.

Two commonly used rotor configurations are the squirrel cage rotor and the
wound rotor. Due to high costs and short maintenance intervals the latter is less
suitable to be utilized in BEVs and HEVs. The squirrel cage rotor are using solid
aluminum or copper bars distributed in the rotor and short circuited by two end-
rings, which makes this rotor type less costly and highly reliable [22], [29].

3.4.1 Steady state model

The IM can be modeled as a transformer, where the stator side is equivalent to the
primary side whereas the rotor side is equivalent with the secondary side. It can be
electrically modeled by dynamic dg-representation with amplitude invariant T-form,
as shown in Figure 3.7.

i R Jods L i
O ;
AN o / R,
us dP,/dt  3Lm Qp, /dt
_ N[ S J(wr-wy)P,

Figure 3.7 IM electric model by dynamic dg-representation with ampitude invariant T-
form.

19



3. The Electric Machines

By applying Kirchhoff’s voltage law, the stator and rotor voltage equations can
be written as

ay
Qs — RSZS + ;S + jwsgs (327)
dt
ay
0= R, + CET + J(wr — ws) ¥, (3.28)

where R, is the rotor resistance, i, is the rotor current, w; is the synchronous speed
of the stator magnetic field, and where ¥, and W, are stator and rotor flux linkage
respectively, and can be expressed as

Y, = Lgis + L, (3.29)

W, = Lyd, + Ly, (3.30)

where Lg is the stator leakage inductance, L, is the rotor leakage inductance and
L,, is the magnetization inductance of the machine. In steady state the flux linkage
derivatives are neglected and hence (3.27) and (3.28) can be reformulated as

QS == RSZ.S + ijLSZs + ]wSLmlm (3-31)
O == Rrir + jwsLTzr + ]wsLmlm - ijgT (332)

3.4.2 Mechanical output

Consider a situation where the rotor speed is equal to the speed of the magnetic field
of the stator. Since both are rotating at the same speed, the windings in the rotor
will not experience a fluctuating magnetic field. Consequently, no emf or current will
be induced in the rotor windings and hence the rotor will, due to external or parasitic
load torque, gradually slow down. However, when the rotor speed decreases it will
start to experience a rotating magnetic field, so emf and current will be induced and
the rotor will start to accelerate again. Accordingly, the rotor speed will never be
able to rotate at the same speed as the magnetic field, which rotates at synchronous
speed Ns. The IM is hence also called asynchronous machine. The speed difference
between synchronous speed and rotor speed N, is known as the slip s, and can be
described as

=2 (3.33)

where a negative slip is indicating that the machine is operating in generating mode.
The electromechanical torque of the IM can be expressed as

3an 4 .
Te = TP(\Psdlsq - \Psqzsd) (334)

where U,; and VU,, are the d- and g-axis component of the stator flux linkage,
respectively.
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3.4.3 Power losses

The power losses of the IM can, as for the PMSM and SynRM, be generally catego-
rized into resistive winding losses and iron losses. Since it contains current carrying
conductors in both stator and rotor, the resistive losses are generally dominant.
In this work, the resistive losses of the IM are denoted P., even though the rotor
windings do not have to consist of copper, and is expressed as

+ R, I}

r,rms)

P, = 3(R,I?

S,rms

(3.35)

where R, is the rotor resistance and I, ., is the rms current induced in the rotor.
The iron losses depends on the hysteresis and eddy currents in the stator and ro-
tor material, and will increase with the frequency of the machine and can also be
calculated from (3.18).

3.5 Thermal modeling

Heat transfer in electric machines needs to be considered during the design in or-
der to prevent overheating at high loads. Otherwise, serious damages can emerge,
such as deterioration of winding insulation and demagnetization of PMs, which can
culminate into immediate machine failures. Heat transfer occurs whenever a tem-
perature difference exist between media or in a medium, and it can be categorized
in three different modes called conduction, convection and thermal radiation [30].
In order to predict how the temperature inside an electric machine varies, a lumped-
parameter thermal network can be utilized. This kind of network gives a reasonable
estimate of the temperature distribution between the different components inside a
machine, even with only a few nodes present [31].

3.5.1 Modes of heat transfer

Conduction can be seen as transfer of energy between higher energetic particles and
lower energetic particles in substances such as solids, fluids or gases [30]. When
these particles collide, energy is transferred to the less energetic particle and the
thermal energy is spread out from the heat source. In an electric machine the heat
conduction occurs between the solid parts of the machine, where the conductive
heat transfer rate (W) can be described as

AT
Geond = _)\AT (336)

where A is the thermal conductivity of the material (W/mK), A is the cross sectional
area perpendicular to the heat transfer (m?), AT is the temperature difference (K)
and L is the heat transfer distance (m).

Convection heat transfer occurs between a surface and a moving fluid or a gas
and involves both contribution of random molecular motion and heat transfer by
the moving fluid [30]. There exist two types of convection, called forced convection
and natural convection. Forced convection occurs when a fluid or a gas is forced to
move by an application such as a fan or a pump, while natural convection occurs
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naturally when air is heated and becomes lighter than the cold air and are subject
to a buoyancy force which induces a vertical motion. Convection heat transfer can
expressed as

Geconv = OéA(Tsurface - Tfluid) (337>

where o is the convection heat transfer coefficient, while Ty, foce and T'ppiq are the
surface and fluid temperature respectively. In electric machines natural convection
occurs e.g. between the frame and the surrounding ambient, while forced convection
can be utilized to further improve the heat transfer with e.g. a shaft mounted fan.
For machines with a need for even higher heat dissipation, liquid cooling with water
or oil mixture can be utilized.

Thermal radiation is emitted by materials such as solids, liquids or gases with
non zero temperature. For conduction and convection heat transfer a medium is
needed to transfer the heat, while for thermal radiation heat is propagated by elec-
tromagnetic waves or photons, and is most efficient in vacuum. Thermal radiation
heat transfer can be mathematically described as

Grag = 0 A(T? -7 ) (3.38)

sur face surr

where € is the surface emissivity, o is Stefan Boltzmann’s constant, and Ty, fqce and
Tsurr are the surface and surrounding temperature respectively. Similar to (3.37),
the thermal radiation heat transfer coefficient can be expressed as

Qrad = aradA(Tsurface - Tsurr) (339)

where the heat transfer coeflicient of thermal radiation is

Orad = EUA(Tsurface - Tsurr)(T2 - T2 ) (34())

sur face surr

3.5.2 Lumped-parameter network modeling

In order to design a lumped-parameter network, the different regions of the machine
are lumped together with respect to material properties, thermal storage capacities,
heat regeneration, and temperatures [25]. The lumped regions are then connected
in a network using thermal impedances which are determined mainly by geometrical
and material properties. The lumped-parameter network is then corresponding to
an electrical network, where the temperature represents the voltage and the heat
transfer is equivalent to the current. The temperature difference between two neigh-
boring nodes, T; and T}, can in steady state be expressed as

T,-T; =G 'P (3.41)

where P is a vector that contains the electric machine losses for respective nodes,
as in
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P- (3.42)

1 1 1
= Ry, Ris o Ry
1 z”: 1 1
R - R . e _R R
G = 2! =1 - (3.43)
1 1 z”: 1
Rn,l Rn,Q i=1 Rn,i

In the same way as an electrical resistance is related to the conduction of elec-
tricity, the net thermal resistance Ry, is associated with the conduction of heat. The
thermal resistance for conduction in a region with differences in temperature can be
written as

1 AT l
R, = — = -
h G Geond >\A

In electric machines there exists parts which take the shape of a hollow cylinder
or a segment of it. Radial heat transfer for this kind of geometry is mathematically
derived as

(3.44)

(3.45)

where r,,; and r;, are the outer and inner radius of the hollow cylinder, ¢ is the
segment angle (rad) and [y is the thickness of the segment.

The thermal resistance for axial heat transfer for the same type of geometry can
be described as

linick
o e '4
= a2, ) 349

in

For convection heat transfer the thermal resistance can be written as

Tsurface - Tfluid 1
R = _ b 3.47
" Gconv aA ( )

The heat radiation exchange between a surface and its surrounding is generally
small and is defined as [30]

Tsurface - Tsurr o 1

Ry, = - 1
Qrad Qrad

(3.48)
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To be able to estimate the heat storage in different machine regions thermal
capacitances are utilized. A thermal capacitance is defined by the material density
p, the volume V' and the specific heat c,, as in

Cin =Y piVicp,i (3.49)

=1

Similar to the conductance matrix, a capacitance matrix can be arranged as

Cpy 0 ... 0
0 Cus 0
c=| . o , (3.50)
0 0 ... Cun

The change of temperature in a node can then be calculated as

dT
o= C'(P-GT) (3.51)
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Case Setup

The development of electric machines has progressively generated advanced designs
and machine constructions. Complex iron geometries cause the electromagnetic
properties to alter with regard to the geometry appearances, which makes it im-
practical to sufficiently evaluate and model machines by analytical methods. Hence
finite element methods (FEM) are utilized in order to analyze the electromagnetic
properties and evaluate the performance, and has thus become the standard method
when modeling electric machines.

When conducting FEM analyses it is essential to provide suitable simulation
setups. Therefore, following chapter specifies quantitative operating points and
performance requirements of which the selected electric machines should fulfill in
order to be regarded as adequate for the mild hybrid application. In addition to
this, operating limits which have been used as basis for the work are further specified.
Moreover, elementary optimization processes and applied simulation setups for all
investigated machines are presented in the following chapter.

4.1 Operating points of interest

In comparative studies of electric machines it is of great importance to clearly specify
what kind of operating points and target parameters that are in focus of the study.
In this work, the machines are operating in a mild hybrid drivetrain configuration
and should thus be able to withstand conditions which are expected for such an
application in order to be classified as adequate.

One of the most essential operating points of electric machines in HEVs is to
crank the ICE when it is at rest. In order to overpower the substantial resistance of
the kinematic mechanism, which is at its peak during cold climate conditions, the
minimum output torque requirement which needs to be provided was assumed to
be 55 Nm when when operating at low speed levels.

Regardless of how the electric machine is operating, it should always possess the
ability to generate sufficient power to attain power balance in the system. Worst
case scenario occurs during cold climate conditions when e.g. electric fan, heating
system and other high power loads need to be running and supplied with power.
Hence the output power needs to be evaluated at idle speed of the ICE (750 rpm)
and high electric load (2.5 kW). Assuming that the transmission ratio is 1:2.7, the
idle speed of the ICE corresponds to a speed of 2000 rpm for the electric machine.
It was furthermore assumed that the ICE has a maximum speed of 6800 rpm, which
hence results in a maximum speed of 20000 rpm for the electric machine.
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From several driving cycles with mild hybrid systems it can be concluded that
one of the most frequent operating point for the electric machine occurs at speeds
around 4600 rpm and at loads of 1 kW [32]. Operating regions with high overall
efficiency varies significantly depending on machine topology and design, and one
could argue that a machine with high efficiency in the most frequent operating region
is more beneficial than others. Therefore, the machine efficiency at 4600 rpm and
1 kW was chosen to be evaluated.

To conclude, the operating points of interest for the study are:

o Maximum output torque at low speed levels
o Maximum output power at 2000 rpm

« Efficiency at 4600 rpm and 1 kW.

4.2 Machine scaling

The amount of space available in today’s vehicles for the electric machine is strictly
limited. For this study, a total cylindrical space of 200 mm axial length and 185 mm
outer diameter was assumed to be disposable, which includes the power inverter
and cooling unit. Assuming that the geometrical requirement for the inverter is
60 mm, cooling unit is 10 mm and the stator end windings at respective side requires
maximum 30 mm, consequently results in an electric machine with 80 mm stack
length and 165 mm stator outer diameter.

The stator winding resistance consists of one active part representing the active
stack length l,ctive, and one passive part representing the winding overhang l,qssive-
Electric machines with low length and high diameter ratio will thus have dominant
resistive losses in the end windings and limited output torque, since primarily the
active length of the machine contributes to the torque production. The active length
is scaled within the limits of the geometrical constraints according to [33]

lav = lactive + lpassive = lstk + 1-27-;0 + 2dea:t (41)

where [, is the average conductor length of a half turn, [y is the active stack length
(80 mm), 7, is the winding pole pitch and is calculated by %, where D is the stator
inner diameter and n, is the number of pole pairs in the machine. Furthermore,
2d.,; is the axially winding overhang and is assumed to be 50 mm [33].

4.3 Operating limits

The maximum applied DC voltage Upe during motoring mode is set to 48 V. By
applying third harmonic injection, the DC voltage is utilized to a higher extent by
adding a zero-sequence to the electric machine in which the neutral point will alter
up and down [34]. By this floating neutral point, the added zero-sequence waveforms
are cancelled out and the maximum output voltage is increased without increasing
the DC voltage. The output rms magnitude of the AC phase voltage Upprms can
then be calculated by
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U, :m@
ph,rms a\/ﬁ\/g

where a modulation index m, of 0.9 is used in order to ensure controllability of the
current. This sets the output limit of the AC phase voltage in relation to the applied
DC voltage.

Initially, the maximum rms magnitude of the phase current density Jys maz iS
set to 20 A/mm?. The maximum rms magnitude of the phase current Loh rms maz
flowing in each winding of the machine is then calculated from [25]

(4.2)

ers,ma:c k:ffAslot Tpb
N1 Mt

(4.3)

Iph,rms,maa: -

where kg is the stator slot fill factor, Ay, is the area of a single slot, n,, is the
number of parallel branches, n,; is the number of winding layers and n,; is the
number of winding turns.

4.4 Optimization of PMSM model

The PMSM utilized in this work is a scalable model based on the Toyota Prius 2004
machine with 48 stator slots, containing distributed double layered 3-phase copper
windings, 4 parallel branches and 8 poles [35]. However, it has thinner stator yoke
and teeth and a different angle for the interior mounted PMs. The winding fill
factor in the stator slot area is set to 45 %, which is within the boundaries used for
fill factor determination in industrial IMs [36]. In Table 4.1, this machine setup is
referred as Model A.

In order to achieve an adequate PMSM, some design parameters were modified
and impacts on the performance analyzed. One could argue that 48 stator slots
are excessive for a machine with such limited geometrical dimensions, and thus a
PMSM was designed containing 24 stator slots with wider slot width, single layer
windings and constant fill factor of 45 %. Wider slots with equal fill factor results
in larger winding area and hence less current density for a given current magnitude
which gives lower copper losses. The number of winding turns is adjusted in order
to achieve a nominal speed between 7000-8000 rpm. Furthermore, the slot opening
width is kept constant and hence lower torque ripple can be achieved. This machine
setup is referred to as Model B in Table 4.1.

The rotor in PMSMs can suffer from adverse stress at high rotational speeds
due to intense centrifugal force from the interior PMs. In order to avoid such severe
impacts, the PMs were arranged, as illustrated in Figure 4.1, twice the distance
further in from the rotor outer radius and half the distance further away from its
neighbouring magnet pole. Consequently, less torque ripple and a higher nominal
speed can be obtained, but also a minor reduction in maximum output torque. In
Table 4.1, this machine setup is referred to as Model C.
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Figure 4.1 Arrangement of rotor PMs, where for Model C the PMs are located closer to
the centre point of the machine in order to improve the robustness.

Due to the limited machine dimensions, a PMSM with 4 poles was designed with
equivalent PM volume as the 8-pole PMSM. The 4-pole PMSM is referred as Model
D in Table 4.1, where a summary of machine parameters as well as performance
data for the four investigated PMSM models are presented.

Table 4.1 Summary of machine parameters and performance data for the modeled PMSMs.

Model A Model B Model C Model D

Number of stator slots 48 24 24 24
Number of poles 8 8 8 4
Number of parallel branches 4 4 4 2
Number of winding layers 2 1 1 1
Number of winding turns 1 3 3 2
Slot wedge width (mm) 3.28 6.56 6.56 9.02
Slot bottom width (mm) 4.92 9.84 9.84 10.52
Distance between PMs and rotor radius (mm) 1.23 1.23 2.46 2.77
Distance to neighbouring magnet pole (mm) 0.82 0.82 1.23 2.50
Magnet thickness (mm) 3.73 3.73 3.73 3.73
Magnet width (mm) 29.52 29.52 29.52 59.04
Nominal speed (rpm) 6000 7600 7800 7400
Peak power (kW) 60 62 54 38
Maximum torque (Nm) 84.3 68.9 60.5 52.5
Torque ripple (%) 9 22 14 17
Jrmsmaz (A/mm?) 20 15 15 20
Ui ((0A) 1.224 1.253 1.253 1.235

The 8-pole PMSM with 24 stator slots and modified PM position (Model C)
fulfill the minimum torque requirement, has a nominal speed in the desired speed
range and acceptable torque ripple. Hence it was considered as the most suitable
option and selected to be further analyzed. Even though the 4-pole PMSM (Model
D) does not fulfill the minimum torque requirement, it was likewise chosen to be
further analyzed since the additional machine topologies in this work are expected
to have these number of poles.
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4.5 Simulation setup

All machine topologies in this work are modeled in 2D and simulated with FEM
in the electromagnetic field software Ansys Maxwell. Each machine is swept in
the speed range of 1-20000 rpm with steps of 500 rpm, and at each speed step a
torque sweep is conducted from zero to the maximum torque which can be provided
at current speed. Every speed and torque combination is evaluated by FEM in
121 operating points in the dg-current plane with 81 samples during two electrical
periods, where data is extracted from the second period only in order to obtain
correct iron losses. By assuming that the inductances are speed independent, they
are extracted for all current magnitudes from zero to maximum torque at 1000 rpm.
Through interpolation from the operating points, a torque map in the dqg-current
plane is created from which the MTPA and field weakening region operating points
are numerically found. The procedure is performed for both motoring and generating
mode.

The approach of simulating the IM differs in contrast to the synchronous ma-
chines, due to the slip which adds an extra dimension to the simulations. Addition-
ally, the time for reaching steady state is longer which requires more electric periods.
The rotor speed is swept in a speed range of 1000-9000 rpm with steps of 500 rpm,
where the electrical supply frequency is varied in order to evaluate the slip in each
operating point. By evaluating the stall torque at maximum current, the maximum
torque of the machine was found, along with the nominal speed point. In addition,
the slip values required for stall operation in each speed level are studied to evaluate
the impact on the slip for different speeds. The machine is swept in the torque range
between zero and maximum torque in nominal speed in order to evaluate the slip
for maximum efficiency for each operating torque. By extrapolating the stall torque
slip with the maximum efficiency slip, a matrix of optimal slip for each operating
point prior to the nominal speed is generated.

Data such as total copper and iron losses as well as losses in the different machine
parts such as the stator teeth and yoke, active and end windings, rotor, PMs and
bearings are extracted from the simulations. Since the resistance of the end windings
are not taken into consideration in Ansys Maxwell, they are subsequently added in
order to obtain accurate estimations of the copper losses. For simplicity, parasitic
leakage inductances in the end windings are ignored in this work. With known
losses, parameters such as output power and machine efficiency are mapped as a
function of torque and speed.

4.5.1 PMSM

Machine data for the 8- and 4-pole PMSM can be found in Table 4.2. By aligning
the d-axis of the machines with the centre of the positive A-phase pole at the initial
simulation time step, maximum flux linkage is achieved.
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Table 4.2 Summary of machine data for the simulated PMSMs.

PMSM 8-pole PMSM 4-pole
Nominal speed 7800 rpm 7400 rpm
Peak power 54 kW 38 kW
Maximum torque 60.5 Nm 52.4 Nm
Jrms,maz 15 A/mm? 20 A/mm?
Lohrms,maz 1.253 kA 1.235 kA
Number of stator slots 24 24
Number of parallel branches 4 2
Number of winding layers 1 1
Number of winding turns 3 2
luctive 80 mm 80 mm
byassive 102.2 mm 154.3 mm
Stator outer diameter 164 mm 164 mm
Stator inner diameter 110.7 mm 110.7 mm
Stator yoke thickness 9.33 mm 11.79 mm
Slot wedge width 6.56 mm 9.02 mm
Slot bottom width 9.84 mm 10.52 mm
Slot area 137.26 mm? 137.26 mm?
Winding cross-section area 61.77 mm? 61.77 mm?
Fill factor 45 % 45 %
Tooth width 8.5 mm 7.3 mm
Tooth height 16.4 mm 13.9 mm
Slot opening width 1.64 mm 1.64 mm
Air gap length 0.615 mm 0.615 mm
Rotor outer diameter 109.47 mm 109.47 mm
Rotor inner diameter 65.6 mm 65.6 mm
Magnet thickness 3.73 mm 3.73 mm
Magnet width 29.52 mm 59.04 mm
Iron material NO30 NO30
Magnet material NMX-37F NMX-37F

Machine geometries with mesh densities for the simulation setup along with
interpolated torque bounded by the operating points in the dg-plane and the trajec-
tory of the MTPA line resulted from the current control algorithm are presented in
Figure 4.2 and 4.3 for the 8- and 4-pole PMSMs, respectively. Due to the influence
from the PMs, torque can be provided even though the d-axis current is zero.

(a) Machine geometry.
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Figure 4.2 Machine geometry with mesh density used for FEM simulations, and interpo-
lated torque in the dg-plane with operating points and MTPA line, for the 8-pole PMSM.
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(a) Machine geometry. (b) MTPA result.

Figure 4.3 Machine geometry with mesh density used for FEM simulations, and interpo-
lated torque in the dg-plane with operating points and MTPA line, for the 4-pole PMSM.

The trajectory of the MTPA algorithm follows the current combination which
generates most torque for a given current magnitude by operating at optimal current
angle. This is however only valid in the constant torque region and bounded by a
current limit circle. When the machine reaches nominal speed, the maximum voltage
limit is hit and hence the criteria to not exceed the voltage limit in the constant power
region needs to be considered. Thus the MTPA algorithm trajectory drops down in
order to follow the voltage ellipse trajectories for speed levels above nominal speed.
This is shown in Figure 4.4 and 4.5 for the 8- and 4-pole PMSMs respectively, where
d- and g-current values for all torque levels, resulted from the MTPA algorithm, are
presented.
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Figure 4.4 Results from the MTPA algorithm which shows d- and g-current values for the
torque levels available from zero to maximum speed, for the 8-pole PMSM.

Figure 4.4 shows that the 8-pole PMSM can provide maximum phase current at
all speed levels and thus it can be expected that the machine should have the ability
to generate maximum output power in the whole speed range. This is however
not valid for the 4-pole PMSM, where its MTPA trajectory presented in Figure 4.5
gives an indication of that for speed levels above 9000 rpm maximum phase current
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cannot be provided since the MTPA curve does not reach the current limit circle.
The reason is that the impedance becomes too big since it increases proportionally
with the frequency and hence the speed of the machine. It is thus not possible
to provide more current with a maximum voltage magnitude of 48 V, when the
impedance becomes too big for speed levels above nominal speed.

1800
@Torque (Nm)[
1600 - * MTPA
I
ph,max
1400 +
1200+
g 1000
~ 800

600 -

400 -

200+

20000 rpm””

0 L L L L L
-1800 -1400 -1000 -600 -200 0
I, (A)

Figure 4.5 Results from the MTPA algorithm which shows d- and g-current values for the
torque levels available from zero to maximum speed, for the 4-pole PMSM.

4.5.2 SynRM

Machine data for the SynRM utilized in this work can be found in Table 4.3. By
aligning the g-axis of the machine with the centre of the positive A-phase pole at the
initial simulation time step, maximum flux linkage is achieved. Equivalent stator
design has been utilized as for the stator of the 4-pole PMSM. However, the stator
yoke region is thicker in order to avoid saturation, which consequently gives smaller
stator teeth for equal slot size. Furthermore, the air gap length is decreased in order
to achieve a high torque output.
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Table 4.3 Summary of machine data for the simulated SynRM.

SynRM

Nominal speed
Peak power
Maximum torque
ers,marc

[ph,rms ,mazx

Number of poles

Number of stator slots
Number of parallel branches
Number of winding layers
Number of winding turns

lactive

lpassive

Stator outer diameter
Stator inner diameter
Stator yoke thickness
Slot wedge width
Slot bottom width
Slot area

Winding cross-section area
Fill factor

Tooth width

Tooth height

Slot opening width
Air gap length

Rotor outer diameter
Rotor inner diameter

Number of barriers

Iron material

7000 rpm
29 kW
44.8 Nm
20 A/mm?
1.235 kA

4

24

2

1

2

80 mm
149.6 mm

164 mm
105.27 mm
14.51 mm
9.02 mm
10.52 mm
137.26 mm?
61.77 mm?
45 %

6.6 mm
13.94 mm
1.64 mm
0.4 mm

104.47 mm
20 mm

3

NO30

Figure 4.6 presents the SynRM geometry with mesh density for the simulation

setup, along with interpolated torque bounded by the operating points in the dqg-
plane, as well as the trajectory of the MTPA line resulting from the current control
algorithm. Since torque can only be provided by the influence from reluctance, the
interpolated torque goes to zero whenever the d- or g-axis currents go to zero.
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(a) Machine geometry.

Figure 4.6 Machine geometry with mesh density used for FEM simulations, and interpo-
lated torque in the dg-plane with operating points and MTPA line, for the SynRM.

The results from the MTPA algorithm in Figure 4.7 indicates that for speed
levels above 8000 rpm, the SynRM will not be able to provide maximum output
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power, since the MTPA curves does not reach the current limit circle. The MTPA
line shifts into the region where the g-axis current is larger than the d-axis current,
which means that the torque production is mainly generated from the g-axis current.
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Figure 4.7 Results from the MTPA algorithm which shows d- and g-current values for the
torque levels available from zero to maximum speed, for the SynRM.

4.5.3 PMSynRM

To improve the overall performance of the SynRM, PMs are implemented in the
rotor barriers. The specific machine is hence defined as a PM-assisted synchronous
reluctance machine (PMSynRM). Machine performance data can be found in Ta-
ble 4.4. It has equal stator and rotor dimensions as the SynRM.

In general, rare-earth magnets are often utilized in PMSMs due to their supe-
rior energy density and beneficial ability to generate significantly high performance
characteristics. In addition to the automotive sector, they are adopted in a broad
range of commercial applications such as electronic devices and new energy tech-
nologies such as wind turbines, which might consume more magnet material than
the automotive if the trend of using PMSMs persists. Due to the rapidly growing
sectors where rare-earth magnets are desired, their demand worldwide are expected
to increase [37]. Such magnets are made of rare-earth materials, such as Dysprosium
for preventing irreversible demagnetization, which makes them very expensive [38].
Moreover, there exists some concerns regarding the stability of future supplies of
rare-earth materials [39].

With the disadvantageous circumstances related to rare-earth magnets taken
into consideration, one could possibly argue that the quantities of rare-earth ma-
terial used in commercial applications need to be reduced in order to not provoke
the demand even further. For the PMSynRM, it is therefore chosen to use ferrite
magnets as a substitute for the rare-earth magnets. Ferrite magnets do not posses
the same superior energy density as rare-earth magnets, but are still commonly used
in commercial applications due to their low cost and high productivity, and are often
a compound of iron oxide and barium or strontium carbonate. For the PMSynRM,
the ferrite magnet Y30-BH is chosen to be utilized.
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Table 4.4 Summary of machine data for the simulated PMSynRM.

PMSynRM
Nominal speed 7100 rpm
Peak power 35 kW
Maximum torque 51.8 Nm
Jrms,maz 20 A/mm?
Loh rms,maz 1.235 kA

Ferrite magnet material Y30-BH

PMSynRM geometry with mesh density for the simulation setup along with
interpolated torque bounded by the operating points in the dg-plane and the tra-
jectory of the MTPA line resulted from the current control algorithm are presented
in Figure 4.8. Compared to the MTPA result for the SynRM in Figure 4.6 (b), it
can be seen in Figure 4.8 (b) that the PMSynRM has torque production from the
PMs since the interpolated torque is not zero even though the d-axis current goes
to zero. It is though not as substantial as for the PMSMs with rare-earth magnets.
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(a) Machine geometry. (b) MTPA result.

Figure 4.8 Machine geometry with mesh density used for FEM simulations, and interpo-
lated torque in the dg-plane with operating points and MTPA line, for the PMSynRM.

Figure 4.9 presents the results from the MTPA algorithm for the PMSynRM.
As for the SynRM, the machine will not be able to provide maximum output power
for speed levels above 8000 rpm, since the MTPA curve does not intersect current
limit circle.
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Figure 4.9 Results from the MTPA algorithm which shows d- and g-current values for the
torque levels available from zero to maximum speed, for the PMSynRM.

4.5.4 IM

The IM has the same stator design as the SynRM and PMSynRM, in order to avoid
saturation in the yoke region. The rotor of an IM can be designed in various of
combinations. In this work, an IM with 32 rotor bars has been used as starting
reference [40]. The design of the rotor bars is optimized through simulation sweeps
in order to reduce the rotor resistance and leakage of the IM and hence increasing
the performance. Additionally, aluminum bars is used in the rotor instead of copper
bars, in order to represent a less costly standardized IM [11].

Figure 4.10 illustrates the geometry of a rotor bar. The geometry parameters
are swept in order to find the optimal design. Initially, the ratio between b; and
by is kept constant and the sweep of this parameter is presented in Figure 4.11 (a).
Secondly, the sweep of the slot height h; is conducted and the results are shown in
Figure 4.11 (b). The width of parameter b; is chosen for which the highest torque
was generated. The width of parameter by is swept while and the results are shown
in Figure 4.11 (c¢). Lastly, a sweep of the the bar opening width b, is conducted
and its results are shown in Figure 4.11 (d). The slip is been optimized for each
individual parameter sweep in order to achieve maximum torque. To reach steady
state, the simulations required 12 electrical periods.
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Figure 4.10 Rotor slot geometry.
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Figure 4.11 Parameter sweep of IM rotor slots, at rms current magnitude of 100 A and
synchronous speed of 3000 rpm.

The final IM geometry with mesh density for the simulation setup is shown in
Figure 4.12. Data for rotor design and other machine performance are presented in
Table 4.5. The stator geometry is equal to the SynRM and PMSynRM, and can

hence be seen in Table 4.3.
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Figure 4.12 IM geometry with mesh density used for FEM simulations.
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Table 4.5 Summary of machine data for the simulated IM.

IM

Nominal speed
Peak power
Maximum torque
ers,maz

[ph,'rms,maa:

Rotor outer diameter
Rotor inner diameter
Number of rotor bars
bo
by
by
hy

Iron material

8500 rpm
50 kW

65 Nm

20 A/mm?
1.235 kA

104.47 mm
40 mm

32

1.5 mm

4 mm

2 mm

10 mm

NO30
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Analysis of Performance and
Vehicle Simulations

In this chapter, the results from the FEM simulations are presented and evaluated
for respective machine topology. Efficiency maps for whole operating regions are
analyzed, as well as corresponding power losses. A comparative assessment is pre-
sented, where machine performance is quantified for the operating points of interest.
Moreover, the operating performance is related to machine mass and raw material
costs, as well as CO, impacts from material production. Finally, performance num-
bers are implemented in full vehicle simulations in order to evaluate the machine as
a part of a mild hybrid system.

5.1 Analysis of efficiency and losses

Efficiency maps in motoring and generation mode for the whole operating region are
presented in Figure 5.1 and 5.2, for the 8-pole PMSM. Power losses include copper
losses in stator windings, iron losses in stator and rotor lamination, PM losses and
friction losses in bearings. Iron losses consist of eddy current and hysteresis losses.

The efficiency maps show the operating region where the highest efficiency is
located. For the 8-pole PMSM, the highest efficiency is 96.9 % and is located between
12000-15000 rpm and between 20-30 Nm. However, a machine efficiency of 96 %
covers mostly the whole operating region after nominal speed of 7800 rpm, i.e. in
the field weakening region. In the constant torque region, the machine can provide
a peak torque of 60.5 Nm. After nominal speed, the output torque declines until
maximum speed point where it stops around 26 Nm.

The characteristics of the efficiency map in generation mode reflects the char-
acteristics in motoring mode. However, the highest efficiency point is higher (97 %)
and it covers a wider operating area in the field weakening region. This is due to
that the magnetic flux in the air gap is higher during generation mode, which de-
creases the required current for the machine to provide a certain torque compared
to in motoring mode. However, higher magnetic flux increases the iron losses in the
machine, but the copper losses are substantially lowered due to less required current
and thus the total power losses are reduced.
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Figure 5.1 Efficiency map in motoring mode as a function of torque and speed, for the
8-pole PMSM.
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Figure 5.2 Efficiency map in motoring and generation mode as a function of torque and
speed, for the 8-pole PMSM.

Mechanical output power as well as power losses for the whole operating region
are presented in Figure 5.2, for the 8-pole PMSM. Copper and iron losses dominates
and hence losses in PMs and bearings are not presented in the following section. In
constant torque operating region, the output power increase linearly until it hits the
voltage limit at nominal speed. The machine can provide a peak output power of
54 kW in the whole field weakening region, which is in line with the results from the
MTPA algorithm presented in Figure 4.4. It has thus an ideally flat constant power
characteristic above nominal speed range.

Since the copper losses are dependent on the square of the current magnitude,
they are highly torque dependent which can be seen Figure 5.3 (c¢). Below nominal
speed, there exists no speed dependence but only torque dependence. Above nominal
speed, more current is required in order to reduce the magnetic flux linkage, and
therefore the copper losses increase for lower torque levels in this operating region.
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Iron losses are strongly speed dependent and fairly torque dependent, especially
close to maximum speed. They are though somewhat lower than the copper losses,
and for this reason the characteristics of the total power losses take the shape of
a combination of these two components, where it is mostly influenced by the char-
acteristics of the copper losses. The total loss peak is hence located at maximum
torque and speed operating point and is around 3 kW.
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Figure 5.3 Output power and losses as a function of torque and speed, for the 8-pole
PMSM.

Efficiency maps for the 4-pole PMSM in motoring and generation mode are
presented in Figure 5.4 and 5.5, respectively. The highest efficiency is 96.4 % and
is located in the centre point of the operating region at a speed of 10000 rpm and
at a torque of 15 Nm. Between 7500-12000 rpm and 10-25 Nm, the machine has
a operating efficiency of 96 %, but the area is though not as large as for the 8-
pole PMSM. In the constant torque region, the machine can provide a maximum
torque of 52.5 Nm. When the machine enters the field weakening region after the
nominal speed point of 7400 rpm the torque falls off until maximum speed where
it stops at 18 Nm. The characteristics of the efficiency map in generation reflects
the characteristics in motoring mode, but marginally larger area with maximum
efficiency, as for the 8-pole PMSM.
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Figure 5.4 Efficiency map in motoring mode as a function of torque and speed, for the
4-pole PMSM.
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Figure 5.5 Efficiency map in motoring and generation mode as a function of torque and
speed, for the 4-pole PMSM.

Figure 5.6 presents the mechanical output power and power losses for the whole
operating region, for the 4-pole PMSM. The output power increases linearly until
nominal speed is reached, where is reaches its peak power of 38 kW. Compared to
the 8-pole PMSM, the machine does not have the ability to provide its peak power
in the whole operating region above nominal speed. This is in line with the results
from the MTPA algorithm in Figure 4.5.

The most dominant power losses are the copper losses. They are higher com-
pared to the copper losses in the 8-pole PMSM since the winding pole pitch length is
longer for the 4-pole PMSM. The peak of the copper losses occur when the machine
can provide maximum current, i.e. below nominal speed at maximum torque and
is around 3 kW. The iron losses are very speed dependent, but are not as dominant
as the copper losses. Therefore, the total power losses are mostly torque dependent
and have a peak of 3.5 kW at the maximum torque point at nominal speed.
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Figure 5.6 Output power and losses as a function of torque and speed, for the 4-pole
PMSM.

Efficiency maps in both motoring and generation mode are presented in Figure
5.7 and 5.8 respectively, for the SynRM. Corresponding power losses components are
included as for the PMSMs, excluding losses for the PMs. Highest efficiency point
of 95 % is found in the operating region between 10000-12000 rpm, and 8-12 Nm.
Areas with best efficiency are found in the field weakening region, whereas for the
constant torque region the efficiency drops substantially.

Peak torque available in the operating region below nominal speed point is
44.8 Nm. Due to the absence of PMs, the SynRM cannot provide as high torque as
the PMSMs. After nominal speed point, the torque drops quite dramatically and
only 2 Nm can be provided at maximum speed.

Equivalent to the PMSMs, the efficiency map in generation mode for the SynRM
reflects its characteristics in motoring mode, but where the operating area with peak
efficiency is marginally expanded due to a increased magnetic flux flow in the air
gap.
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Figure 5.7 Efficiency map in motoring mode as a function of torque and speed, for the
SynRM.
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Figure 5.8 Efficiency map in motoring and generation mode as a function of torque and
speed, for the SynRM.

Mechanical output power and power losses for the SynRM are presented in
Figure 5.9. The output power increases linearly in the constant torque region until
it reaches its peak power of 29 kW at the nominal speed point of 7000 rpm. The
SynRM does not have the ability to maintain a flat constant power profile in the
field weakening region. The output drops rapidly after the nominal speed point and
at maximum speed the machine cannot even generate 5 kW of power. This can be
associated with the design of the rotor barriers, which leads to a reduction in the
saliency ratio during field weakening operation at high speeds [41]. The results are
in line with plot of the MPTA algorithm in Figure 4.7.

The main power losses of the SynRM are copper losses and iron losses, presented
in Figure 5.9 (c¢) and (d) respectively. Since the machine provides less torque for the
same amount of current, the copper losses are higher compared to the 4-pole PMSM.
The iron losses are mainly speed dependent, but at low torque levels they become
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very torque dependent and hence they are low slightly below maximum speed point.
The characteristics of the total power losses resembles the copper losses, since they
are the dominant loss component.
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Figure 5.9 Output power and losses as a function of torque and speed, for the SynRM.

Efficiency maps in motoring and generation mode for the PMSynRM are pre-
sented in Figure 5.10 and 5.11. The losses of ferrite magnets can be categorized
as core losses and due the low volume of the magnets and low impact of the iron
losses, the magnet loss component are assumed to be negligible. Compared to the
SynRM, the PMSynRM has an enhanced maximum efficiency along with expanded
fields of improved performance. The maximum efficiency of 96 % is located between
12000-17000 rpm and 5-15 Nm. Additionally, the operating efficiency for low speed
levels has increased. One could argue that this could be a beneficial feature, since
an ISG in a mild hybrid system frequently operates at lower speed levels.

With ferrite magnets the maximum torque is increased to 51.8 Nm, which is
roughly a 15 % increment compared to the SynRM. The reluctance torque con-
tributes with about 75 % of the total torque production and the remaining 25 % is
related to the ferrite magnets [12]. If the magnet placement in the PMSynRM had
been optimized, an increment in maximum torque magnitude could probably been
achieved. Overall, the introduction of ferrite magnets in the rotor barriers improve
the performance in the whole operating range considerably.
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Figure 5.10 Efficiency map in motoring mode as a function of torque and speed, for the
PMSynRM.
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Figure 5.11 Efficiency map in motoring and generation mode as a function of torque and
speed, for the PMSynRM.

The mechanical output power as well as power losses for the PMSynRM is
presented in Figure 5.12. At nominal speed, the machine reaches a peak power
of 35 kW, which can be provided until a speed level of 10000 rpm, which is an
improvement compared to the SynRM where the output power drops rapidly after
nominal speed. At maximum speed the PMSynRM can provide 10 kW of power.
The ferrite magnets makes the machine less sensitive to a reduction of the saliency
ratio in the field weakening region. Power losses mainly consists of copper and iron
losses. Since the PMSynRM has the identical geometry as the SynRM, their iron
losses resembles each other a lot. The PMSynRM can provide more torque compared
to the SynRM for the same current magnitude, and hence it has lower copper losses.
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Figure 5.12 Output power and losses as a function of torque and speed, for the PMSynRM.

5.1.1 Initial attempt on the IM

Since slip of the machine needed to be evaluated for each operating point, the FEM
simulations of the IM were considerably more time-consuming compared to the
synchronous machines. For this reason, the IM has only been evaluated in motoring
mode between a speed range of 1000-8500 rpm. However, by mapping the the slip
by extrapolation as described in Chapter 4.5 a simulation with specific slip could be
conducted in the constant torque region.

Efficiency map in motoring mode and mechanical output power for the IM are
presented in Figure 5.13 (a) and (b), respectively. The highest efficiency of 94.7 %
is found between 6700-8500 rpm and at a torque level between 10-15 Nm. In the
constant torque region, the machine could provide a torque of 65 Nm. The efficiency
map in generating mode is expected to reflect its characteristics in motor mode, but
have not been evaluated due to the project time constraints. The output peak power
of the IM increases linearly in the constant torque region and ends up at 50 kW when
the voltage limit is reached.

Although the IM is not thermally analyzed, it can be observed in Figure 5.13 (c)
that the power losses of the machine are about 1 kW higher in comparison to the
other machines. This could be a indication that the temperature in the IM might
be higher compared to the synchronous machines. The resistive losses in the stator
copper windings and in the rotor aluminum bars are presented in Figure 5.13 (d) and
(e). Also here it is shown that the resistive losses are dependent on the torque. The
iron loss in the IM is shown in Figure 5.13 (f) and are mainly speed dependent. Since
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the resistive losses are the most dominant loss part, its characteristics resembles the

total power losses of the IM.
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Figure 5.13 Efficiency map in motoring mode, output power and losses as a function of
torque and speed between 1000-8500 rpm, for the IM.

5.2 Comparative evaluation of performance

The operating points of interest specified in Section 4.1 are evaluated and presented
in Table 5.1. It can be observed that only the 8-pole PMSM and the IM can provide
the required cold crank torque of 55. The 8-pole PMSM machine also provides
the highest output power at 2000 rpm and has the top efficiency during the most
frequent operating point of 4600 rpm and 1 kW. Moreover, it can be concluded
that the ferrite magnets of the PMSynRM enhance the performance at all operating
points of interest significantly, compared to the SynRM. The IM shows promising
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performance, slightly below the 8-pole PMSM except the maximum torque, but does
need to be thermally analyzed due the high resistive rotor losses.

Table 5.1 Comparison of machine performance at the operating points of interest.

PMSM 8-pole PMSM 4-pole SynRM PMSynRM IM

Max. torque

(Nm) 60.5 52.4 44.8 51.8 65
Max. output power

@ 2kepm (EW) 11.1 7.6 6.1 7.6 9.6
Rms current magnitude

@ 2kepm and 2.5kW () 347 251 496 382 370
Operating efficiency 94.5 92.2 91.6 93.5 94.2

@ 4.6krpm and 1kW (%)

As the machines are designed to be operating in a mild hybrid vehicle it is
of great importance to evaluate the weight of each machine, considering that car
manufacturers tends to reduce or maintain a low vehicle weight in general. Mass
of main machine components are presented in Table 5.2, along with the total mass.
Mass is determined from material density and component volume. Cooling system
and frame are not included, since they are equal for all machine topologies in this
work.

The rotor of the SynRM is about 80 % lighter compared to the rotor weight of
the PMSMs. The weight of the stator is somewhat equal for all machine topologies,
except for some minor deviations due to the customized stator design processes.
Mass of the stator winding differs between 8-pole and 4-pole machines. This is
mainly due to the winding pole pitch length, for which is half the length in a 8-pole
machine compared to a 4-pole machine with equal stator outer diameter. The IM
is the heaviest machine due to the solid rotor design and the mass of the aluminum
rotor bars.

Table 5.2 Mass of machine components (kg).

PMSM 8-pole PMSM 4-pole SynRM PMSynRM IM

Stator lamination 4.98 4.98 5.53 5.53 5.53
Stator winding 241 3.10 3.04 3.04 3.04
Rotor lamination  3.06 3.07 0.85 0.85 3.68
Rotor winding - - - - 0.26
PMs 1.06 1.06 - 0.42 -
Total 11.51 12.21 9.42 9.84 12.51

The performance in relation to the mass and the volume of the machines are
presented in Table 5.3. The cooling system and frame are not included. A stator
outer diameter of 165 mm, a stack length of 80 mm and an axially winding overhang
of 50 mm results in a volume of 2.78 dm? for all machines. The 8-pole PMSM
has the best performance in relation to its mass and volume. However, at specific
torque the PMSynRM matches the 8-pole PMSM due to its low weight and relative
high maximum torque. It should be noticed that the performance between the
4-pole PMSM and the PMSynRM are very similar. This might be explained by
an insufficient design of the 4-pole PMSM 4-pole or an optimized design of the
PMSynRM, since it was expected that power density should be superior to other
machine topologies [12].
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Table 5.3 Comparison of power and torque density, and specific power and torque.

PMSM 8-pole PMSM 4-pole SynRM PMSynRM IM

Power density (kW/dm?)  19.67 13.84 10.56 12.75 18.2
Specific power (kW /kg) 4.69 3.11 3.08 3.56 4.00
Torque density (Nm/dm?) 22.03 19.12 16.32 18.86 23.67
Specific torque (Nm/kg)  5.26 4.30 4.76 5.26 2.20

To accurately estimate the costs of an electric machine can be difficult due to
price fluctuations of raw material over time which can also differ between different
markets. In this work, only material costs are considered. The estimated cost of the
materials per kilo are presented in Table 5.4. The rare-earth magnets chosen for the
PMSMs are of type Hitachi NEOMAX NMX-37F expected to contain two rare-earth
materials: around 31 % Neodymium and 3.5-4.5 % Dysprosium [25]. The costs were
determined using data updated in the end of December 2016 [42]. The material cost
of copper and aluminum are based on an average price over three months at London
Metal Exchange, and have been collected in May 2017. Silicone steel is a type of
iron alloy commonly utilized in electrical applications, for which the material cost
is dependent on the alloy content. The price of the material was obtained from [43]
and the material cost of ferrite magnets are collected from [44].

Table 5.4 Material cost.

Cost (USD/kg) Cost (SEK/kg) Collected

Copper 5.7 49.7 May 24, 2017
Aluminum 1.9 16.6 May 24, 2017
Silicon Steel 2.1 18.3 [43]

NdFeB magnet 32.6 284 Dec 31, 2016 [42]
Ferrite magnet 7 61 [44]

The total cost of the materials used in the machines are presented in Table 5.5,
along with the cost per torque for which the maximum torque is used. The SynRM
is the least costly machine in terms of raw material, whereas the PMSM 4-pole is
the most expensive. The NdFeB magnets are by far the most expensive material
and represents about 50 % of the total material cost in the PMSMs. The least cost
per torque is provided by the IM. However, due to the high power losses the thermal
characteristics need to be evaluated if it is realistic to demand such high torque
from the machine without causing overheating. The second best cost per torque
is provided by the PMSynRM. The low cost of the ferrite magnets in combination
with the optimized rotor design of the SynRM, makes it a cost effective choice for
mild hybrid traction applications.

Table 5.5 Machine costs and costs per torque.

PMSM 8-pole PMSM 4-pole SynRM PMSynRM IM

Cu (SEK) 119.7 153.9 150.9 150.9 150.9
Al (SEK) - - - - 4.3
Fe (SEK) 147.1 147.2 116.7 116.7 168.5
PM (SEK) 301 301 - 25.6 -
Material cost (SEK) 567.8 602.1 267.6 293.2 323.7
Cost/T (SEK/Nm) 9.3 11.49 5.97 5.66 498
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As the mild hybrid system should contribute to the reduction of CO5 emissions
in the transportation sector, it is by great significance to evaluate the environmental
impacts related to the electric machine production. One approach of measuring the
environmental impact related to production of raw materials is in CO, equivalents
(kg-COy-eq), which converts all emitted gases from the process into COs weight.
The CO4 equivalents of the material used in the machines is presented in Table 5.6,
where the PMs are assumed to be produced in China with a local energy mix [45].
The NdFeB magnets has the highest environmental impact of the materials used
in the machine topologies. However, there is a possibilities of reduction by using
recycled magnets, in this way the COq equivalent could be lowered [46].

The emissions of the material produced for each machine part is presented in
Table 5.7. It can be observed that the PMSMs have a higher total COy equivalent
due to the NeFeB magnets. Even though PMSynRM utilize ferrite magnets, it ends
up being less environmental harmful in comparison to the IM. The reason of this
is the solid rotor of the IM. The machine with the least environmental impact in
terms of materials is the SynRM, which is produced using a material combination
emitting 53 % less greenhouse gas in comparison to the one in the 4-pole PMSM.

Table 5.6 CO2 equivalent per kilo produced material.

Environmental impact (kg- CO;-eq)

Copper 5.93 [47]
Aluminum 15.2 [47]
Steel 1.5 [47]
NdFeB magnet 57.1 [45]
Ferrite magnet 15.2 [45]

Table 5.7 Comparison of the CO5 equivalent emitted while producing the material of the
machines.

PMSM 8-pole PMSM 4-pole SynRM PMSynRM IM

Cu (kg-COs-¢q) 14.3 18.4 18.0 18.0 18.0
Al (kg-COs-eq) - - - - 4.0
Fe (kg COs-eq) 121 12.1 0.6 9.6 13.8
PM (kg-COs-¢eq) 60.5 60.5 - 6.4 -
Total (kg-CO3-eq) 55.0 59.1 27.6 34.0 35.8

5.3 Full vehicle system simulations

The machine performance in both motoring and generation mode have been imple-
mented in full vehicle simulations conducted by supervisor Stefan Skoog. Operating
points for an ISG in a 48 V mild hybrid test vehicle with PO topology and trans-
mission ratio 1:3 have been registered during highway and city drive routes. The
registered operating points have been implemented in the efficiency maps for all ma-
chine topologies, in order to examine the machines as a part of the vehicle system.
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5.3.1 Highway drive

A map over the drive route and logged drive cycle for the highway test drive are
shown in Figure 5.14. The test drive was conducted around the area of Save airport.
The registered drive cycle shows a driving pattern with recurrent constant speed
periods, many around 70 km/h with some variations, and some speed transients.

=]
<>
1

S 60
=50
=
g40
=3
wv)
[ @30
i 2
£20
>
............ N 10
X o 5 10 15 20 25 30 35 40
Time (min)
(a) Drive route. (b) Drive cycle.

Figure 5.14 Drive route and logged drive cycle with vehicle speed over time, for the highway
test drive around Séve airport.

Figure 5.15 presents registered operating points for the ISG during the highway
test drive, implemented in the efficiency maps for all simulated machine topologies.
It can be observed that the ISG operates frequently between 3000-6000 rpm, mainly
at torque levels between -10 and 10 Nm. It is very active in generation mode,
providing regenerative braking torque to the energy storage system. Some operating
points exists at low speeds and high torque levels, where the ISG cranks the ICE.

The operating points for the ISG does however not intersect with the operating
regions of highest efficiency, for neither of the machines. Since the highest speed of
which the ISG operates at is located around 7000 rpm, it does not intersects with the
highest efficiency areas which are mostly located between 10000-16000 rpm. If the
operating points should intersect more frequent with the areas of highest efficiency,
the machines could be redesigned in order to shift the highest efficiency operating
area closer to lower speed levels. As a suggestion, the stator windings turns could
be reduced or use two winding layers instead. Another approach could be to use a
higher transmission ratio in order to shift operating points of the ISG against higher
speed levels. It is though important to ensure that the machine has the capability
to operate continuously at maximum speed.
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Figure 5.15 Efficiency maps in motoring and generation mode with registered operating
points from the ISG for the highway test drive.

Efficiency at all operating points during the highway drive cycle, accumulated
power losses as well as rms efficiency for the examined machine topologies are pre-
sented in Figure 5.16. The 8-pole PMSM has the highest rms efficiency of 92.5 %
and lowest accumulated losses at the end of the drive route. Lowest rms efficiency
has the SynRM with 89.5 %. Since the PMSynRM has high efficiency within low
torque level regions in both motoring and generation mode where most of the ISG
operating points are located, its rms efficiency is slightly higher compared to the
4-pole PMSM, for which the efficiency drops considerably at low torque levels.

Moreover, it can be concluded that for the highway drive cycle the 8-pole pro-
vides the most sufficient performance in terms of rms efficiency and accumulated
power losses. The PMSynRM could also be considered as a suitable option due to
its satisfactory performance in relation to its low costs.
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Figure 5.16 Machine efficiency at all operating points and accumulated power losses over
time, as well as rms efficiency, during the highway drive cycle.

5.3.2 City drive

Map over the drive route and logged drive cycle for the city test drive are shown in
Figure 5.17. The test drive was conducted in the area of Lundby and Sannegéarden.
The registered drive cycle shows a driving pattern with frequent speed transients
and with a vehicle speed mostly around 30-40 km /h.
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Figure 5.17 Drive route and logged drive cycle with vehicle speed over time, for the city
test drive in the area of Lundby and Sannegarden.
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Registered operating points for the ISG during the city test drive are presented
in Figure 5.18. As for the highway drive cycle, the operating points are added to
the efficiency maps in motoring and generation mode for all machine topologies in
order to examine the convergence between ISG operating points and areas with high
efficiency. The city drive cycle has many speed transients due to rapid deceleration
and accelerations, and hence more operating points are located at low speeds and
high torque levels compared to the highway drive cycle. The operating points of
the ISG do not intersect with the areas of highest efficiency. As suggested, a higher
transmission ratio could be appropriate or a different machine design in order to
lower the nominal speed point.
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Figure 5.18 Efficiency maps in motoring and generation mode with registered operating
points from the ISG for the city test drive.

Figure 5.19 presents efficiency of all operating points during the city drive cycle,
accumulated power losses and rms efficiency for the examined machine topologies.
The rms efficiency is slightly lower compared to the highway drive cycle, since the
city drive cycle has more operating points at low speed and high torque areas where
the operating efficiency is generally low. The 8-pole PMSM has likewise the highest
rms efficiency with 90.3 %, whereas the SynRM has the lowest with 87.4 %.
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Figure 5.19 Machine efficiency at all operating points and accumulated power losses over
time, as well as rms efficiency, during the city drive cycle.
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Implementation and Evaluation of
Thermal Models

During periods of high load demand, electric machines experience increasing power
losses which can cause the internal temperature to rise substantially. Frequent
temperature fluctuations with high peaks can diminish the machine performance
considerably and have severe impacts on the machine lifetime. It is hence of great
importance to accurately estimate the temperature distribution in the various ma-
chine parts. The following chapter discusses the methodology of the implemented
lumped-parameter thermal models, presents resulting temperature characteristics
to a load step, and evaluates how appropriate each machine topology is in terms of
temperature performance.

6.1 Lumped-parameter network models

The lumped-parameter network models are in this work based on a 9-node thermal
network representing a water cooled IPMSM [25], where the internal heat generation
is assumed to be evenly distributed in each machine section. For the PMs, heat
transfer is considered in the radial direction only, whereas heat transfer in the axial
direction only is assumed for the windings and the shaft.

Implemented thermal network are electrically represented in Figure 6.1 and 6.2,
for the PMSMs, SynRM and PMSynRM, respectively. The 9-node thermal network
has been utilized as base, but the rotor region has been modified according to re-
spected machine topology. The models include heat distribution between the main
machine parts and provide the possibility to anticipate the temperature response in
each network node, with the help of input data as power losses in the stator yoke
and teeth, active and end windings, PMs, rotor yoke and bearings.
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Figure 6.1 Implemented thermal network model, utilized for the PMSMs and the PM-
SynRM.
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Figure 6.2 Implemented thermal network model, utilized for the SynRM.
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6.1.1 Stator frame and cooling

The cooling system utilized for all machines in this work are assumed to be a water
cooling system with a temperature of 65°C and a flow rate of 6 L/min, shaped as a
spiral of four turns containing channels with rectangular cross sections. Each cool-
ing channel has a width w.., of 30 mm, a height A.,,; of 5 mm, and are distanced
by 10 mm from each other [25]. In order to maintain a compact machine construc-
tion and a consistent temperature distribution along the stator aluminum frame,
the channels are assumed to be integrated inside the frame. From the inner and
outer frame boundaries there exists a radial distance g, j,,, 0of 3 mm to the cooling
channels.

The stator frame is modelled as a hollow cylinder with an inner and outer radius
of rpyin and 7pyin+lpr 0w, respectively. For simplicity, only the radial heat transfer
between inner surface of the cooling channels and the outer surface of the stator
frame are considered and hence the conductive thermal resistance of the stator
frame can be calculated as followed.

ln(rFr,in“l‘lFT,low )

R .= TFrin 61
e 27 A milst (6.1)

The surface area of the inner cooling channel boundaries is calculated as
Acool =4 271-Wcool (TFr,in + lF'r,low) (62)

and with a correction factor k.ony corr Of 0.5 since it is assumed that half of the total
heat flux between the cooling channels and the stator frame goes through the inner
channel surface. The convection thermal resistance for the cooling system can then
be expressed as

k
Rth,Co _ conv,corr (63)
Acoolatrans

where qns is the average heat transfer coefficient (W/m?K). For turbulent flow,
Qirans 18 @ function of the coolant temperature and the flow rate, and with 65°C and
6 L/min gives an average heat transfer coefficient of 1988 W/m?K [25]. The network
node of the stator frame is placed radially in the middle of the frame. Therefore,
the thermal resistance from the coolant node point to the stator frame node point
can be calculated from

1
Rip,co—rr = Rin,co + iRth,Fr (6.4)

The thermal capacitance of the stator frame has a volume consisting of a hollow
cylinder representing the frame cylinder, but without the volume of the cooling sys-
tem channels, and two end caps. All thermal capacitances are determined according
to (3.49).
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6.1.2 Stator yoke

The stator yoke is modeled as a hollow cylinder with perfectly insulated laminated
sheets of electrical steel, and thus assuming only radial heat flow [33]. The thermal
resistance of the stator yoke can then by expressed as

TY o,0ut
In (7 )
TYo0,in

6.5
27T)\Felth7cond ( )

R stvo =
where 7y, 0t and 1y, are the outer and inner stator yoke radius respectively and
lih.cona 18 the thermally conductive core length and is calculated from [25]

lth,cond = ksflstk (66)

where k¢ is the stacking factor and assumed to be 0.95. The interface between the
aluminum frame and the stator yoke will always contain a small air pocket that will
affect the heat transfer due to the low thermal conductivity of air. This contact
resistance between the two machine parts are modeled as a hollow cylinder with a
thickness l.ontrr—yo of 10 pm and can be expressed as

ln (TYo,out HleontFr—yo )
TY o,0ut

(6.7)

Rth contFr—StYo —
27r)\Airlstk

The network node of the stator yoke is placed radially in the middle of the yoke
and hence the thermal resistance from the stator frame node point to the stator
yoke node point can be described by

1 1
Rin pr—sivo = iRth,FT + RincontFr—styo + §Rth,StYo (6.8)

The volume for the thermal capacitance of the stator yoke is modelled as a
hollow cylinder.

6.1.3 Stator teeth

By assuming radial heat transfer only due to the perfect insulation between the
between the sheets of electrical steel, all the thermal resistances for the stator teeth
can be modeled to be in parallel with each other. By integration along the radial
direction with the teeth, the total thermal resistance can be determined from [25]

StY o,in 1

Rth’StTe B /‘Stuin‘ )\Ferlth,condwtooth(r) dr (69)

where 7styv0,in and rg 4, are the radial distances to the inner stator yoke and inner
stator point respectively and thus represents the total length of a single tooth, @) is
the number of stator slots and wyye, 1S the tooth width which varies with the radial
coordination. Alternatively, the integration in 6.9 can be replaced by an analytical
expression specific to tooth geometry [33]. With a known stator tooth geometry
as illustrated in Figure 6.3, the total thermal resistance of the stator teeth can be
calculated as
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T
Ry stre = ——F—— | — + — + W2 | _ In

)\Ferlth,cond T xs3 xT1 — T2 X1 — T2

T a a+1
ST Y aret (_)} 6.10
1 a2_1arcan —— ( )

1 Y Y3 Y2 (l
n

where a is defined as followed.

(6.11)
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Figure 6.3 Stator tooth geometry.

The network node of the stator teeth is located radially in the middle of the
teeth and therefore the thermal resistance from the stator yoke node point to the
stator teeth node point consists of half the thermal resistance from each machine
part, as in

1 1

Rin, sty o—stre = §Rth,StYo + ERth,StTe (6.12)

The thermal capacitance of the stator teeth has a volume found from the surface
area of the stator teeth and rim, which are measured in Ansys Maxwell, multiplied
with the stack length.

6.1.4 Stator windings

Power losses for all electric machines studied in this work mainly consists of resis-
tive losses in the stator copper windings, and in the rotor aluminum bars for the
IM. Therefore, it is essential to model the thermal distribution for these machine
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parts in a proper way in order to achieve accurate estimations of the temperature
characteristics.

The stator windings are modelled as an equivalent rectangular slot shape con-
sisting of a homogeneous mixture of winding copper and impregnation material,
which for simplicity are assumed to have uniform heat dissipation [33]. From the
average value of the upper ws ., and lower slot width wger 10w, the total width of
the equivalent rectangular slot is calculated as

Wslot,up + Wsiot,low
Wslot,eq = 9 - 2(dslot,lin =+ dslot,az‘r) (613)

where dgor1in and dgor qir are two surface layers around the equivalent winding mix
representing the slot liner of 0.164 mm and an air film of 10 pum, respectively [25].
The total height of the equivalent rectangular slot is found from

2Asl0t
hsoe = _2d50 in+dso air 6.14
fotea Wslot,up + Wsiot,low ( foud fot: ) ( )

where Ag.; is the area of one original stator slot. The thermal resistance from the
stator teeth node point to the active winding node point are estimated as [33]

Rw Rh RwO RhO > (6 15)

R e—ActWi — (1 N
thiStTeActiVi = - lincond(Rw + Rp) 720(Ryo + Rno)

where R,,, Ry, R,o and Ryg are thermal resistances per unit length in the width and
height directions, respectively. The resistances R,, and R), are defined as

Ry,

Ry = 0.5(Riu + TO) (6.16)
R

Ry, = 0.5(Ryp, + %) (6.17)

where R;, and R;, are thermal resistances per unit length which the slot liner and
air film contributes with and they are found from

dslot lin dslot air
Riw = dn sl 6.18
)\slot,linh'slot,eq )\airhslot,eq ( )
ds ot,lin ds ot,air
Ry = ———otlm el (6.19)

)\slot,linwslot,eq )\airwslot,eq
where Agotin i the thermal conductivity of the slot liner and is assumed to be

0.2 W/mK [25]. The thermal resistances of the equivalent winding mix are found
from

Wslot,eq
Ryo = —Slotea 6.20
0 )\Wi,mi:chslot,eq ( )

hslot,eq

Rpo = (6.21)

)\Wi,mistlot,eq

where Aw;mir is the thermal conductivity of the equivalent winding mix and is
assumed to be equal to 0.55 W/mK [25]. With an axial heat flow from the active
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winding to the end winding, occurring in parallel in the stator slots, the thermal
resistance between the active and end winding node points is

l
ctWi—EndWi — = 22
Rin, Actwi— Endw 60 Acien (6.22)

where Ag, is the cross sectional area of one copper winding. The cross sectional
area of one winding is multiplied with the total number of slots together with the
stack length or the length of winding overhang, in order to obtain the volumes of
the active and end windings, respectively. Thus thermal capacitances of the active
and end windings can be determined.

6.1.5 Internal air

Internal air includes all the air inside the frame except for the air gap between stator
and rotor. It consists of three different convective thermal resistances between the
end regions of the machines to the internal air node point, which are thus from the
inner frame surface, the rotor end shield surface and the end winding surface. The
thermal resistances are linked in a Y-connection centered around the internal air
node point, each with an own heat transfer coefficient [33]. The thermal resistance
for the convective heat transfer to the frame is defined as

1

aFT,inAFr,in

(6.23)

Rth,InAir—Fr -

where A, ;, is the inner frame surface area, which consists of two inner end shield
areas and the inner frame shell surface area. The convective heat transfer coefficient
for the inner frame surface ap, ;, is empirically determined from [48]

prin = 15 + 6.7500% (6.24)

where v, is the rotor peripheral speed (m/s). The thermal resistance for the con-
vective heat transfer of the rotor end shield is determined from

1

_ 6.25
aRoARo ( )

Rth,InAir—Ro =

where its area Ag, is calculated as a circular surface area with the average air gap
radius [25], and its convective heat transfer coefficient ag, is expressed as [48]

QRo = 16.502%° (6.26)

The thermal resistance for the convective heat transfer between the end winding
surface and the internal air is defined as

1
Rip, nAir—Enawi = (6.27)
A EndWiAEnawi
where its area is approximated as [48]
AEndWi = 7TlpassiveTEndVVi,av (628)
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where Tpnawiq is the end winding average radial distance. Its convective heat
transfer coefficient empirically approximated from [48]

O pnawi = 6.5 + 5.250°0 (6.29)

For simplicity, the Y-node is converted to a A-node in order to remove the
internal air node point. The net thermal conductance G then becomes as followed.

1 1 1

+ + (6.30)

Gr =
Rth,InAir—Fr Rth,InAir—Ro Rth,InAir—EndWi

The thermal resistances between the rotor yoke node point and the stator frame
node point, between the end winding node point and the rotor yoke node point, and
between the end winding node point and the stator frame node point can then be
respectively expressed as

Rth,InAirfFr Rth,InAirfRoGT

Rin rovo—Fr = 5 (6.31)
- Rth,InAir—RoRth,InAir—EndWiGT
Rih Endwi—Rovo = 5 (6.32)
o Rth,InAir—FrRth,]nAir—EndWiGT
Rin rawi—rr = (6.33)

2

6.1.6 Air gap

The air gap between the stator and rotor has a cylindrical surface area A 4;,¢qp along
the stack length, with an average air gap radius. The thermal resistance for the air
gap can then be determined as

1

aAirGapAAirGap

(6.34)

Rth,AirGap =

where v 4irGap 1s the average air gap heat transfer coefficient and is dependent on the
temperature and the speed of the machine. For simplicity, aairqqp is in this work
assumed to be equal to 130 W/m?K, which is in line with speeds around 12000 rpm
[25].

6.1.7 Rotor core

Due to substantial divergences in the rotor design between the different machine
topologies, a mutual thermal model for this machine part can not be applied. There-
fore, each rotor is modelled individually. However, heat flow in the radial direction
only is considered for all models, as for the stator. Furthermore, the rotor models
are replaced by equivalent geometries, divided into different sections, in order to
simplify the modelling.
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6.1.7.1 PMSM

The PMSM rotor geometries with V-shaped PMs are converted into a equivalent
model with one arced PM [25]. The equivalent model represents one 8% of the rotor
for the 8-pole PMSM, as illustrated in Figure 6.4. Whereas for the 4-pole PMSM,
it represents one 4" of the rotor. It is assumed that there exists an air gap lpar,Gap
under the PM, with 123 pm thickness, which is a scaled version from [25].

VRot,in

(a) PMSM rotor geometry. (b) Equivalent rotor geometry.

Figure 6.4 PMSM rotor geometry with V-shaped PMs and equivalent rotor geometry with
one arced PM.

The equivalent geometries are divided into seven sections with heat flow in the
radial direction only [25]. Section S1 and S4 are modelled as hollow cylinders, while
section S2, S3, S5-S7 and the small air gap under the PM are modelled as a segment
of a hollow cylinder. The section thermal resistances can hence be expressed as

Rin ros:1,4 = Z;T()?ZQ (6.35)
In) (6.36)

Rth,RoS:2,3,5—7 = BV
anp stk

where radii (7, and r;,) and angles (¢) used for the equivalent rotor geometry
conversion are presented in Table 6.1. The angles are measured from the machine
models in Ansys Maxwell. It is assumed that the heat distribution in section S2; S3
and S5-S7 occur in parallel and that their equivalent thermal resistance is R, are
[25].
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Table 6.1 Rotor parameters used for the conversion to the equivalent rotor geometry for
the 8- and 4-pole PMSM.

Tout Tin (b A

Rip, ros1 T TRotin 27  Iron
Rin,ros2 ) r1 2¢, Iron
Rin ross T T ¢s  Iron
Rin,Rosa T Rot,out T9 2m  Iron
Rin,Ross T2 T 209 Air
Rin,Rose ) r1 2¢4 Air
Rinrost T2 ) 2¢3 Magnet
Rinmagair T1Hlpvcap 71 205 Air

The network node for the PMs is located radially in the middle of the arced
equivalent PM, and therefore the thermal resistance from the stator teeth node
point to the PM node point is expressed as

1 1
Rin.sire—pm = iRth,StTe + Rin AirGap + Rin Rosa + §Rth,Arc (6.37)

Since the network node for the rotor yoke is likewise located radially in the
middle of the rotor, the thermal resistance between the PM node point and the
rotor yoke node point is found as

1 1
Rth,PM—RoYo = §Rth,A7‘c + Rth,MagAir + iRth,ROSI (638)

The volume for the thermal capacitance of the PMs is found numerically, mean-
while the volume used to determine the thermal capacitance for the rotor yoke is
found by measuring the surface area in Ansys Maxwell and multiplying it with the
stack length.

6.1.7.2 SynRM

As for the PMSMs, the SynRM rotor geometry with three air barriers is converted
into a equivalent model with one arced air barrier. The equivalent model represents
one 4" of the total SynRM rotor geometry, as shown in Figure 6.5.

. 29:

21 o

(a) SynRM rotor geometry. (b) Equivalent rotor geometry.

Figure 6.5 SynRM rotor geometry with three air barriers and equivalent rotor geometry
with one arced air barrier.
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Same procedure is utilized for the SynRM rotor conversion as for the PMSM
rotor conversion, but with the magnet section excluded. For simplicity, same radius
ro is used as for the PMSM. If the arced air barrier section S5, with outer and inner
radius 7y and r; respectively, would take the shape of an annulus its area can be
found as

Aannulus = W(Tg - T%) (639)

The arced air barrier section S5 has the same area A,;, as the three air barriers
of the SynRM rotor and is measured in Ansys Maxwell. It can mathematically be
expressed as

2¢2 2¢2 2 2
A =724 == - 4
air 360 annulus 3607T(r2 rl) (6 0)
Accordingly, the inner radius r; of the arced air barrier can be calculated as
Aair
ry= 4|15 — (6.41)
03

Thermal resistances for the different sections are calculated according to (6.35)
and (6.36). Radii, angles and materials used for thermal conductivity are presented
in Table 6.2. It is furthermore assumed that the heat distribution in section S2, S3
and S5 occur in parallel and that their equivalent thermal resistance is R, arc.

Table 6.2 Rotor parameters used for the conversion to the equivalent rotor geometry for
the SynRM.

Tout Tin QZ) A
Rinros1 71 TRotin 27  Iron
Rin.ros2 T2 r1 2¢, Iron
Rin.ross T2 r1 ¢3  Iron
Rin.ross TRotout T2 2m  Iron
Rinross T2 T 2¢o Air

The network node point for the rotor yoke is located radially in the middle of
section S1, and hence the thermal resistance from the stator teeth node point to the
rotor yoke node point is expressed as

1 1
Rin.stTe—Rovo = iRth,StTe + Rin, AirGap + Bin,rosa + Rin,are + iRth,RoSI (6.42)

6.1.7.3 PMSynRM

The rotor geometry of the PMSynRM has the design of the SynRM and the char-
acteristics of the PMSMs. The equivalent rotor model can hence be represented as
a combination of them both. As presented in Figure 6.6, it has the appearance of
the equivalent SynRM rotor model, where the three air barriers are converted into
one arced air barrier, whereas the PMs are converted into one arced PM.
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b5 . ¢2

2

(a) PMSynRM rotor geometry. (b) Equivalent rotor geometry.

Figure 6.6 PMSynRM rotor geometry with three air barriers and equivalent rotor geometry
with one arced air barrier.

The PM area is measured in Ansys Maxwell and from it the angles ¢, and ¢4
can be calculated. Thermal resistances for all the sections in the equivalent rotor
model are calculated according to (6.35) and (6.36). Heat distribution in S2, S3 and
S5-S7 are assumed to occur in parallel and that their equivalent thermal resistance
is Run arc. Radii, angles and materials used for thermal conductivity are presented
in Table 6.3.

Table 6.3 Rotor parameters used for the conversion to the equivalent rotor geometry for
the PMSynRM.

Tout Tin Qb A

Rinros1 11 T'Rotin 27  Iron

Rinros2 T2 ry 2¢1 Iron

Rin ross 12 T ¢s  Iron

Rth,RoSéL TRot,out T2 2m Iron

Rinross T2 T ¢4  Air

Rin,rose T2 r1 ¢4  Air

Rin.ros7 T2 o ¢o  Ferrite magnet

As for the PMSMs, the network node for the PMSynRM is placed radially in
the middle of the equivalent arced PM, and therefore the thermal resistance between
the stator teeth node point and the PM node point can be calculated according to
(6.37). Since no air gap is assumed to exist around the PMs, the thermal resistance
from the PM node point to the rotor yoke node point is found as

1 1
Rin pri—Rovo = iRth,Arc + iRth,R051 (6.43)

6.1.8 Shaft

It is assumed that only conductive heat flow in the axial direction is present in
the machine shaft, and that it is a lossless part with homogeneous temperature
distribution. Since the shaft consists of two regions with different shaft radius, so
will its thermal resistance, as in [25]
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lstk 2lSh,ext

Rinsh = — (6.44)

’/TTROYOJ‘TL)\Steel 7T70A2§h7ezt)\5teel
where the first part along the lamination stack has a radius equal to the rotor yoke
inner radius rreyein, and the second part between the lamination stack and the
bearings has a radius 7gp e, 0f 16.4 mm for the PMSMs [25] and equal to the rotor
yoke inner radius for SynRM and PMSynRM. The length to the bearings outside
the lamination stack lgp ¢z is 36.9 mm on both sides for all the machine topologies
and the thermal conductivity for the shaft steel material Agiee; is 51.9 W/mK.

The thermal capacitance of the shaft is neglected for all machine topologies,
since it has very limited impact on the temperature in neighbouring machine parts
[25].

6.1.9 Bearings

With an average bearing diameter d, of 44.3 mm, the bearing thermal resistance
can be determined from [25]

Rip ge = 0.45 - 33(0.12 — dp) (6.45)
Power losses in the bearings are dependent on the machine torque 7, and the
angular speed w;,, as in

T,
Pg, = "'BeHBel eWr (6.46)

T Rot,out
where 75, is the bearing bore radius which is equal to g, ezt, and pp. is the bearing
friction coefficient which is assumed to be equal to 0.0015 [25]. The thermal contact
resistance between the rotor yoke and the shaft is modelled as a hollow cylinder
consisting of a 10 pum thick air film l.,1goyo—sh, and can can hence be written as

ln ( T'Rot,in‘i’lcontRoYofSh )

TRot,in

(6.47)

Rth,contRoYo—Sh = 2N 1l
TTA Airbstk

The thermal resistance from the bearing node point to the stator frame point
in the thermal network can then be calculated as [33]

1
Rth,Be—Fr = ZRth,Be (648)

and the thermal resistance between the bearing node point and the rotor yoke node
point can be determined from

1 1

1
Rth,Be—RoYo = §Rth,ROSI + Rth,contRoYo—Sh + §Rth,5h + ZRth,Be (649)

The thermal capacitance of the bearings is found by assuming that the specific
heat constant for the bearings is the same as for the shaft material, and that its
mass is a scaled version from [25].
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6.1.10 Summary of thermal resistances and capacitances

The resulting thermal network resistances (W/mK) and capacitances (J/K) are
presented in Table 6.4 and 6.5 respectively, for all considered machine topologies.
For each individual machine, the values are determined at nominal speed, at 65°C
coolant temperature and at a flow rate of 6 L/min.

Table 6.4 Resulting thermal network resistances (W/mK), for the PMSMs, SynRM and
PMSynRM.

PMSM 8-pole PMSM 4-pole SynRM PMSynRM

Rin.co—rr 0.0050 0.0050 0.0050 0.0050
Rip pr—stvo 0.0121 0.0133 0.0146 0.0146
R stvo—siTe 0.0215 0.0225 0.0257 0.0257
Ry sire—Actwi 0.0461 0.0526 0.0526 0.0526
Rin, Actwi—gnaws  0.0511 0.0657 0.0643 0.0643
Rin Rovo—Fr 0.3871 0.4073 0.4316 0.4316
Rip Erawi—rovo  2.0933 1.4867 1.7033 1.7033
Rin Enawi—Fr 1.0872 0.7722 0.8029 0.8029
R sire—pm 0.3006 0.3005 - 0.8855
Rib pri—Rovo 0.2339 0.2339 - 0.6181
Rih,5tTe—Rovo - - 0.4516 -

Rip Be—rr 0.2811 0.2811 0.2970 0.2970
Rin,Be—Rovo 1.3828 1.3828 5.1227 5.1227

Table 6.5 Resulting thermal network capacitances (J/K), for the PMSMs, SynRM and
PMSynRM.

PMSM 8-pole PMSM 4-pole SynRM PMSynRM

Cinrr 537 703 686 686
Cinsivo 1539 1909 2303 2303
Cinsire 1234 863 77 777
Cinacewi 408 408 408 408
Cih Erawi 521 787 761 761
Cin,pmr 434 434 - 343
Cinrovo 1702 1709 471 471
Cin.Be 146 146 102 102

6.2 Losses in machine parts

Power loss components for the whole operating region in motoring mode for the
examined machines are presented in Figure 6.7-6.10. Losses include stator lam-
ination losses in yoke and teeth regions, resistive losses in stator active and end
windings, rotor lamination losses and bearing losses. Losses in PMs are included
for the PMSMs. Since the ferrite magnets in the PMSynRM were assumed to be a
lossless component, they are not included. The results are extracted from the FEM
simulations, and are used as input data for the lumped-parameter network models
in Figure 6.1 and 6.2.

The most dominant losses for all machine topologies are the winding losses.
whereas most of the losses occur in the end windings. This shows the great im-
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portance of not only considering the active length of the windings, especially for
machines with low length and high diameter ratio. The 4-pole PMSM, SynRM and
PMSynRM have a stator winding distribution similar to each other, which also re-
flects the stator winding losses. The winding losses for the 8-pole PMSM are however
significantly lower compared to the other machines. One reason could be the length
of the winding pole pitch, which in a 8-pole machine is half the length compared
to in a 4-pole machine with equal stator inner diameter. The resistive losses in the
windings are dependent in the square of the current magnitude, which makes them
very torque dependent. Since the winding losses are significantly lower for the 8-pole
PMSM, it requires less current in order to reach a certain torque level compared to
the other machines. One could argue that this is not only an advantage in terms
of low power losses, but also an advantage regarding the system components con-
nected to the machine such as the power inverter and electric cables. If less current
is required, the power rating of these components can be restrained and thus also
the costs.

The stator and rotor lamination losses are foremost speed dependent. Some
torque dependence exist, especially at high speed and low torque levels. The power
losses in the rotor lamination are relatively low and hence most of the losses occur
in the stator lamination, where the majority are located in the stator teeth region
for the PMSMs and in the stator yoke region for the SynRM and PMSynRM.

The PM losses for the PMSMs are low compared to the losses in windings and
lamination, and have thus low impact on the overall operating machine efficiency.
To neglect the losses in the ferrite magnets for the PMSynRM can hence be seen as
a valid assumption. The PM losses in the 4-pole PMSM are somewhat higher than
the rotor lamination losses. The bearing losses are very low compared to the overall
losses, especially for the SynRM and the PMSynRM due their short shaft diameter.
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Figure 6.7 Machine part losses as a function of torque and speed, for the 8-pole PMSM.
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Figure 6.8 Machine part losses as a function of torque and speed, for the 4-pole PMSM.
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Figure 6.9 Machine part losses as a function of torque and speed, for the SynRM.
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Figure 6.10 Machine part losses as a function of torque and speed, for the PMSynRM.
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6.3 Transient thermal response comparison

To investigate the thermal characteristics of the machine parts and the thermal
distribution between them, two different load steps of 10 kW and 20 kW at nominal
speeds have been examined. The power losses at the specific operating points are
added to the lumped-parameter network models in Figure 6.1 and 6.2, at coolant
temperature of 65°C and a flow rate of 6 L/min. The results are presented in
Figure 6.11-6.14.

The machines are supposed to be able to generate 10 kW continuously in a mild
hybrid system, and hence they should withstand this thermally. During short time
intervals, the machines should be able to provide a peak power of 20 kW. Hence
these are the operating points of interest to investigate. The rare-earth magnets
in the PMSMs has a thermal capability of maximum 140°C, whereas the critical
thermal limit for the stator windings is 150°C [25].

Since most power losses occur in the stator windings, the temperature response
is highest in that region for all machines. The length of the end windings are longer
than the stack length, especially in the 4-pole PMSM, SynRM and PMSynRM, and
thus this component will have the highest temperature during continuous operation.
The temperature in machine parts with significant power losses and located near the
stator windings also increases substantially at a load step, such as the stator teeth
region. Machine parts such as the frame and the stator yoke are located closest to the
cooling system and thus only have a small variation from the coolant temperature
of 65°C during continuous operation.

The 8-pole PMSM has the most satisfying thermal response, both at 10 kW
and 20 kW. The end windings reach a steady state temperature 92°C and 125°C
respectively, after around 15 min continuous operation. Even though it is not likely
that it will need to operate at 20 kW continuously in a mild hybrid system, the
machine still has the thermal capability to do it. The steady state temperature of
the PMs are 82°C and 94°C respectively, which is below the critical limit of 140°C.
The thermal characteristics when the load step goes off resembles the characteristics
when the load step goes on. It can thus be concluded that the 8-pole PMSM has
satisfying thermal response and fulfills the requirements.

The thermal characteristics of the 4-pole PMSM resembles the ones for the 8-
pole PMSM. The stator winding and PM temperatures are below the critical limits
and it can run continuously both at 10 kW and 20 kW. The temperature in the end
windings are somewhat higher than for the 8-pole PMSM, since it requires more
current at this level of output power.

For the SynRM, the temperature of the end windings reaches a steady state
value of 116°C at 10 kW continuous operation which is below the critical limit.
However, for continuous operation at 20 kW the temperature in the end and active
windings reach 240°C and 195°C, respectively. It though requires that the SynRM
runs continuously at 20 kW for at least 2 min, which for the probability to occur
can be regarded low. Similar characteristics can be seen for the PMSynRM. It can
run continuously at 10 kW without exceeding the critical limits, but at 20 kW the
end windings exceeds 150°C after approximately 3 min.
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Figure 6.11 Temperature characteristics as a function of time for the 8-pole PMSM, during
load steps of 10 kW and 20 kW at nominal speed of 7800 rpm.
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Figure 6.12 Temperature characteristics as a function of time for the 4-pole PMSM, during
load steps of 10 kW and 20 kW at nominal speed of 7400 rpm.
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Figure 6.13 Temperature characteristics as a function of time for the SynRM, during load
steps of 10 kW and 20 kW at nominal speed of 7000 rpm.
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Conclusions and Future Work

7.1 Conclusions

In this work, various electric machine topologies have been modeled in electromag-
netic field software and through FEM simulations analyzed in terms of performance
characteristics and thermal response. The results have been utilized in full vehicle
simulations where the machines have been evaluated when they are implemented in
a mild hybrid system. Furthermore, a thermal evaluation was conducted in order to
investigate the temperature distribution within the machines. For this study, two
PMSMs, a SynRM, a PMSynRM and an IM were chosen to be examined. A ref-
erence PMSM from the Toyota Prius 2004 [35] was optimized and scaled according
to geometrical dimensions, which resulted in a machine with 80 mm stack length
and 165 mm stator outer diameter. The stator of this PMSM was later used as
reference for the additional machine topologies. It was chosen that the machines
should fulfill performance requirements such as a cold crank torque of 55 Nm and
10 kW continuous operation at nominal speed.

The objective of the FEM simulations was to establish efficiency maps in both
motoring and generation mode for the whole operating region between 0-20000 rpm,
as well as information about maximum torque, peak power and characteristics of
power losses. The results show that the 8-pole PMSM has the highest operating
efficiency 96.9 % of all studied machines. This is mainly a consequence of the
high output power generation and low resistive losses in the stator windings. The
operating regions with highest efficiency are located in the field weakening region,
for all machines. The implemented ferrite magnets of the PMSynRM increase the
highest operating efficiency of the SynRM by 1 % and raise the maximum torque
by 7 Nm, which is considered as a satisfying improvement. The 8-pole PMSM and
the IM fulfill the cold crank torque requirement. The FEM simulations were very
extensive and time-consuming, and hence the IM has only been investigated in the
constant torque region below nominal speed.

The most frequent operating point of an ISG implemented in a mild hybrid
system was concluded to occur at 4600 rpm and 1 kW, for which the 8-pole PMSM
have the highest operating efficiency of 94.5 %. All machines can easily provide
2.5 kW at a speed of 2000 rpm. Furthermore, the 8-pole PMSM has the highest
power density of 19.67 kW /dm?, while the IM has the highest torque density of
23.67 Nm/dm3. Due to the low weight of the PMSynRM and overall beneficial
performance numbers, it has the highest specific torque of 5.26 Nm/kg together
with the 8-pole PMSM. The PMSynRM is further one of the best options when
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comparing material costs and CO, equivalent per kilo produced material.

Data from the FEM simulations have been utilized in full vehicle simulations
for a mild hybrid system with PO topology. Operating points for an ISG during
two types of drive cycles, one highway drive and one city drive, were implemented
in the efficiency maps for respective machine. The resulting machine rms efficiency
are rather similar for the highway 89.5-92.5 % and city drive cycle 87.4-90.3 %.
The 8-pole PMSM has the highest rms efficiency for both drive cycles, whereas the
SynRM has the lowest. It was concluded that the operating points of the ISG does
not fully intersect with the operating regions with highest efficiency, for neither of
the machines and nor of the drive cycles. If a higher transmission ratio could be
utilized, it would most probably improve the overall performance substantially.

Power losses in different machine parts at 10 kW and 20 kW for nominal speed
have been used as input data for the thermal model. The results show that both the
8- and 4-pole PMSM can operate 10 kW and 20 kW continuously without exceeding
the critical limits of 150°C for the stator windings and 140°C for the PMs. The
SynRM and PMSynRM can provide 10 kW of power continuously at nominal speed,
but at 20 kW the windings exceed 150°. However, this occurs after 2-3 min of
continuous operation and it is expected that the machines only should provide a peak
power of 20 kW during short time intervals. The dominant power losses occurs in the
end windings, which is expected for machines with low length and high diameter
ratio. Iron losses are relatively low compared to the winding losses, especially in
the rotor lamination, and hence the assumption of lossless ferrite magnets for the
PMSynRM is considered as valid.

Due to advantageous properties such as high power and torque density, satisfying
operating efficiency and promising thermal response, makes the PMSM topology an
interesting option to be utilized in mild hybrid traction applications. However, the
PMs are sensitive for irreversible demagnetization and are compounded by rare-
earth materials. The PMSynRM with ferrite magnets could also be considered an
interesting option due to its overall high performance in relation to its low material
costs and CO4 equivalent per kilo produced material.

7.2 Future work

Since the IM is a commonly utilized machine topology for traction vehicle appli-
cations, it would be interesting to further analyze its operating characteristics and
performance to the same extent as for the PMSM, SynRM and PMSynRM. It is par-
tially evaluated in the constant torque region below nominal speed, but its perfor-
mance in the field weakening region needs to studied more thoroughly. An accurate
thermal evaluation of the machine would most probably be necessary to conduct,
since high temperatures can emerge in the rotor of the IM due to resistive losses in
the current carrying rotor bars.

One could argue that the P2 topology is one of the mild hybrid system topologies
of highest interest, due its wide range of hybrid applications. To study the machines
when operating in a P2 mild hybrid system would be valuable in order to evaluate
hybrid functions such as coasting and pure electric traction at low vehicle speeds.
The thermal characteristics of the machines have in this work been evaluated in two
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operating points. If all operating points from a real-world drive cycle are imple-
mented in the thermal models, a more realistic thermal response can be obtained.
The transmission ratio could further be optimized in order for the operating points
to completely intersect with the operating regions of highest efficiency.

Furthermore, the electric machines have in this study been evaluated during two
types of drive cycles, i.e. during highway and city driving. It would be interesting
to investigate the machines at several types of driving cycles during various circum-
stances, such as climate conditions and traffic situations, so that a more accurate
and comprehensive comparison can be achieved. The performance results should be
related to impacts in COs emissions, since this is one of the largest driving forces
to the increasing vehicle electrification. Therefore, is it also of great importance to
include other environmental aspects related to electric machines such as extraction
of raw materials, large-scale manufacturing, life cycle costs and recycling in future
studies.

Moreover, the machine designs have in this study only been optimized to some
basic extent. It would be interesting to thoroughly optimize each machine topology
and customize them for certain operation points in a mild hybrid application. For
example, winding distribution, slot- and pole combinations and choice of material
would be valuable to evaluate. Finally, future studies should involve other compo-
nents of the power supply such as the power inverter and the energy storage system,
since they are obviously vital parts in the mild hybrid system.
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