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1. ABREVIATIONS

ATV - acoustic transfer vector

CFD - computational fluid dynamics
EV - electric vehicle

FEM - finite element analysis

MEC - magnetic equivalent circuit
MMF - magnetomotive force

NVH - noise vibration and harshness
OASPL - overall sound pressure level
SRM - switched reluctance machine
SynRM - synchronous reluctance machine
TN - thermal network

WF - winding function



2. INTRODUCTION

Electric vehicles are of great interest nowadays. Climate change, air
pollution and shortage of natural resources as well as increasing demand
for mobility have led to consideration of alternative energy sources in
everyday life applications. Transportation is a major field in which
alternative energy sources can be used. Currently hybrid and plug-in
hybrid vehicles are gaining more popularity. Due to constantly
developed technology of battery manufacturing and wide variety of
electric motor types, these vehicles have very good performance at
significantly lowered fuel consumption. This technology is a major step
in reducing greenhouse gases and limit consumption of fossil fuels [1]. It
is also a temporary solution in switching to fully electric vehicles. It can
be expected that the influence of electric mobility will grow in
importance as it already has crossed a critical threshold [2]. The battery
technology is still a bottleneck in electric vehicles development [3]
however the technology is in constant development which leads to
improve the battery performance [4]. Furthermore, in order to
compensate for limitations coming from battery technology, rapid-
charge stations for electric vehicles are developed [5]. While the
technology of rapid-charge station is important for the charging process,
a proper distribution of such stations is crucial for the transportation
itself as this can significantly increase the range of electric vehicles. A
research on optimal distribution of charging stations is presented in [6].
This shows how important electric mobility has become in these days
and it can be expected that its importance will keep on increasing. For
that reason, intensive research is being conducted on all aspects of
electric mobility.

Nowadays there are several types of electric vehicles available in the
market: pure electric vehicle (EV), hybrid electric vehicle (HEV), plug in
electric vehicle (PHEV) and fuel cell vehicle (FCV) which uses hydrogen
as a fuel to produce electricity to supply the electric motor. Each type of
the electric vehicle has some advantages and some issues. Characteristics
of the electric vehicles types is shown in Table 2.1.

The engineering process of EVs in general is essentially the integration
of automobile and electrical engineering. The design process of modern
electric vehicles should consider state-of-the-art technologies from
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automotive, electrical, electronic and chemical engineering [7]. Energy
management and energy sources development are key factors to enable
electric vehicles to compete with internal combustion engine vehicles
[7]. Propulsion system of hybrid electric vehicles consists of internal
combustion engine (ICE) and an electric motor/generator. The
configuration of an ICE and electric motor can be series or parallel [7]. In
hybrid electric vehicles with series configuration, the output from
internal combustion engine is initially converted to electric power using
a generator. The converted electric power is either used to charge the
battery or bypasses the battery and supplies electric motor which
propels the wheels of the vehicle. In hybrid electric vehicle with parallel
configuration, the electric motor and ICE are both coupled with the final
wheels drive shaft. This configuration allows the power to be transferred
to the drive by ICE alone, electric motor alone or in combined mode [7].

Some of the electric and hybrid vehicle models available in the market
are described below.

Toyota Prius is the first mass produced hybrid electric vehicle in the
world. This vehicle contains two permanent magnet motors - one
originally used as a motor and the other one originally used as a
generator. The battery is charged by the generator while coasting and
with help of the motor while regenerative braking. During low vehicle’s
speed, the internal combustion engine is shut off [7]. The vehicle and its
powertrain layout are presented in Fig. 2.1.

Generator

28 kKW PM ™ Inverter Battery
202 V NiMH
Inverter 6.5 Ah 21 kW
I (Panasonic)

Engine | Planctary EM Reduction Front
dcyl. Gas | Gearset | SOMWPM | Gearing Wheels

Fig. 2.1 Toyota Prius (left) and its powertrain scheme (right) [7]




TABLE 2.1 Characteristics of electric vehicles [7]

Types of EVs Battery EVs Hybrid EVs Fuel Cell EVs
Propulsion e Electric motor e Electric motor e Electric motor
drives drives drives
¢ Internal
combustion
engines
Energy system e Battery e Battery ¢ Fuel cells
e Ultracapacitor | e Ultracapacitor ¢ Need battery /
e ICE  generating ultracapacitor to
unit enhance power
density for
starting
Energy source e Electric grid e Gasoline stations | e Hydrogen
& charging o Electric grid e Hydrogen
infrastructure facilities charging facilities production and
(for Plug In transportation
Hybrid) infrastructure
Characteristics | e Zero emission | e Verylow e Zero emission or
e High energy emission ultra-low emission
efficiency o Higher fuel e High energy
¢ Independence economy as efficiency
on crude oils compared with ¢ Independence on
e Relatively ICE vehicles crude oil (if not
short range e Long driving using gasoline to
¢ High initial cost range produce
e Commercially e Dependence on hydrogen)

available

crude oil (for
non-Plug In
Hybrid)

o Higher cost
compared to ICE
vehicles

e Commercially
available

o Satisfied driving
range

¢ High cost

e Under
development

Major issues

¢ Battery and
battery
management

e Charging
facilities

e Cost

e Multiple energy
sources control,
optimization and
management

e Battery sizing
and management

e Fuel cell cost, life
cycle and
reliability

e Hydrogen
infrastructure
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Honda Civic has a different topology. In this vehicle the electric PM motor
is placed between the internal combustion engine and the transmission.
During high power demand, the PM motor provides assistance for the
ICE engine while during low power demand. This vehicle offers 66% and
24% fuel efficiency improvement in the city or highway driving
respectively [7].

Ford Escape is the first SUV hybrid in the world. This vehicle has a
reduced sized engine and uses planetary gear for power splitting [7].

Saturn Vue has a power train equipped a 4 kW electric motor. The fuel
economy reaches 20% however due to small size of the electric motor,
the internal combustion engine cannot be shut off during driving at low
speed [7].

Honda FCX is one of the fuel cell cars commercially available. This car is
certified as a Zero-Emission Vehicle (ZEV). The vehicle is equipped with
Honda developed and produced fuel cell stacks [7]. This vehicle is
presented in Fig. 2.2.

Co-avial Type Traction V Flow FC Stack
Molor ard Gear Box {in the center tunnel)

Fig. 2.2 Honda FCX [7]
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Tesla Roadster, Tesla Model S and Tesla Model X are all battery electric
vehicles. Their powertrains basically contain lithium-ion battery of
capacity depending on vehicle’s version and induction motor. Depending
on the model, the vehicle contains front, rear or front and rear electric
traction motors [8].

Fig. 2.3 Tesla Model S - outside view (left) and interior (right) [7]

The induction machine and a model of its water jacket are presented in
Fig. 2.4.

Fig. 2.4 Induction machine (left) and model of a water jacket (right)
used in Tesla Model S [9]

Nissan Leaf is an electric vehicle with 80 kW interior permanent magnet
motor with rare earths magnets. Geometry of the electric motor used in
Nissan Leaf is presented in Fig. 2.5. The motor has two layers of magnets
in the rotor and water jacket in the stator housing.
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Fig. 2.5 Nissan Leaf [9]

The steel sheet of rotor core and stator housing are shown in Fig. 2.6.

Fig. 2.6 Steel sheet of rotor core (left) and stator housing (right) [9]

BMW i3 with 125 kW NdFe-B internal permanent magnet motor and a
new larger 33 kWh battery has a range of 115 miles. The vehicle is shown
in Fig. 2.7.
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Fig. 2.7 BMW i3

All the electric vehicles contain at least one electric motor in their
powertrain. The motor plays a significant role in the performance of all
the EVs, HEVs and FCVs. Typical requirements for an electric motor in a
vehicle drive system are: high power and torque density, wide range of
speed, high efficiency, robustness and reliability at a rational cost [7].

Electric motors which fit for EV, HEV and FCV applications are: PM
synchronous or PM brushless motors, induction motors, switched
reluctance motors, synchronous reluctance motors.

Induction motor is used for EVs, HEVs and FCVs due its simplicity, wide
speed range and robustness. Induction motors are also well recognized
in the literature and very popular. Thanks to field oriented control, the
induction motor can behave like a DC machine [7], [10]. Field weakening
can extend the speed range of the machine. Induction motor’s efficiency
is in general lower than that of a PM machine because of the inherent
rotor losses.

Permanent magnet brushless DC motor is suitable for small electric
vehicles which require maximum power of 60 kW. In this motor, the
rotor has permanent magnets (most commonly NdFeB) and the stator is
provided AC current. Since there is no winding in the rotor, there is no
rotor copper loss which is an advantage compared to induction motors.
This machine is also light, small, has good heat dissipation capability and
high torque density. However, the constant power range is relatively
short due to its restrained ability of field weakening. The EMF generated
in stator windings at high speeds also affects generated torque [10].
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Permanent magnet synchronous motor (PMSM) is the one of the most
advanced. They can be operated at a wide range of speeds. These
machines are suitable to be used in in-wheel applications since they
provide high torque at low speeds. In order to provide high energy
density, NdFeB permanent magnets are used. Due to the machine’s
construction, flux linkage in the air gap is of sinusoidal nature hence the
motor is controlled by sinusoidal voltage supplies and vector control.
The biggest disadvantage of this machine are iron losses at high
rotational speeds which make the whole system unstable. Currently, the
PMSMs are the most used motors in electric vehicles [10].

Switched reluctance motor (SRM) also called a doubly salient motor have
simple and robust mechanical construction which makes them reliable
at low cost. This motor can also operate at high speeds and its long
constant power range and high power density make this machine
suitable for EV applications. The downside of this motor is the generated
noise, torque ripple, low efficiency and quite large size and weight
especially compared to PM machines. Despite the simple construction of
the machine, its control strategy is complicated due to slots and poles
fringe effect and high saturation of pole tips. High cost of rare earth
magnets results in increased interest in SRMs. Noise and torque ripple
reduction are the main concerns of researchers working on switched
reluctance machines [10].

Synchronous reluctance motor (SynRM) combines the advantages of
permanent magnet and induction motors. The construction of this type
of machine makes it robust, efficient and small without the drawbacks of
PM machines. The control strategy of this motor is similar to that of a PM
machine. The drawback of this type of motor is its quite low power factor.
This can be compensated by using axially laminated rotor or by
introducing permanent magnets into transversally laminated rotor of the
machine. In the second case, the machine is called PM assisted
synchronous reluctance motor. The idea of using permanent magnets in
SynRM is to use fewer permanent magnets which results in lower flux
linkage caused by permanent magnets compared to PM machines. The
right amount of permanent magnets in the rotor increases the efficiency
of the machine while keeping the back EMF in stator winding at
negligible magnitude [10]. In general, machines which operate at
synchronous speed have their rotor losses reduced almost to zero [11].
Iron losses in the rotor of a machine operating at synchronous speed
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come from higher order harmonics which are smaller than the dominant
base harmonic.

Synchronous reluctance machine is offered for industrial applications
like pumps, compressors, mixers or fans. Synchronous reluctance
machine has unprecedented reliability. The rotor runs cool which keeps
machine’s bearings’ temperature low. This increases bearing system
reliability. Performance of a SynRM is comparable to that of an induction
machine and moreover, it is possible to get more output power from a
SynRM of a smaller size than induction machine. This is illustrated
in Fig. 2.8.

Fig. 2.8 Comparison of SynRM with induction motor of the same power [12]

Low voltage motors consume 28% of the world’s electricity thus even a
small efficiency gain in a low voltage motor results in large cost reduction
[13]. Efficiency classes for electric motors are defined in [EC 60034-30-1
as follows:

IE1 - Standard Efficiency

IE2 - High Efficiency

[E3 - Premium Efficiency

IE4 - Super Premium Efficiency
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In the market, electric motors of IE4 efficiency class are available and a
new efficiency class called IE5 Ultra-Premium Efficiency Class is being
under consideration [11].

Synchronous reluctance machine can achieve 1E4 efficiency class while
maintaining the frame size of an induction machine of lower (IE2)
efficiency class as shown in Fig. 2.9.

Traditional IE2 induction motor IE4 SynRM motor

Fig. 2.9 Comparison of SynRM with induction machine by ABB - super premium
efficiency from the same frame size [14], [12]

Synchronous reluctance motor manufactured by REEL is considered to
be of IES efficiency class [15]. The machine and a 3D cross section model
are presented in Fig. 2.10.

Fig. 2.10 REEL SynRM with dedicated drive (left)
and SynRM model cross section (right) [15]
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REEL SuPremE® synchronous reluctance motors do not use any rare
earths magnetic materials or increased amount of copper. For this reason
the total environmental footprint of manufacturing such a SynRM is 6
percent lower than that of permanent magnet synchronous motors [15].
The speed controlled REEL SuPremE® synchronous reluctance motor is
able to save up to 10% of energy [15].

The synchronous reluctance motors manufactured by REEL were used in
various industry applications such as centrifugal separator for a
production line, aerator pump for wastewater treatment tanks or
generation of electrical energy from hydropower where it works as a
generator. In case of centrifugal separator and aerator pump, the
synchronous reluctance motor was used as a replacement for an
induction motor. This allowed to obtain higher reliability due to a more
accurate speed regulation, less maintenance on the motor bearings
thanks to low rotor temperature and energy savings due to reduction of
electricity consumption [15].

As one can see, SynRM is becoming a serious competition for induction
and permanent magnet machines. With a proper design in certain
applications synchronous reluctance machines can provide good
efficiency, robustness and good control properties at reasonable cost.

This thesis presents research results on synchronous reluctance
machine modeling as this type of electric machine is a major candidate
for electric propulsion in vehicles.

The thesis is divided into five chapters.

CHAPTER 2 contains the general description and characteristics
of electric vehicles. It also presents various electric machines commonly
used in electric vehicles and applications of synchronous reluctance
machine in industry.

CHAPTER 3 is focused on multiphysics and sensitivity analysis of
SynRM, with the main goal of identifying the most suitable topology for
EV propulsion system. Electromagnetic analysis and the analysis of
different parameters’ influence (number of stator slots, number of rotor
poles and barriers, shape of the rotor barriers, etc...) on the machine
performances are carried out. An optimal shape of the flux barriers is
proposed. Rotor with flux barriers of optimized shape is presented
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together with mathematical formulas necessary to obtain optimized flux
barriers’ shape. A special attention is given to the results of structural
analysis, especially for high speed operation. Rotor stiffness increasing
methods are proposed. General principles on choosing the flux barriers’
shape and rotor topology are derived. Based on these research works, a
27 stator slots — 4 rotor poles and four flux barriers with bridges and ribs
is chosen for further more comprehensive analysis and development.
This chapter shows three modeling approaches of the machine: using
winding function, magnetic equivalent circuit and finite element method.
Electromagnetic performance of a synchronous reluctance machine with
such barriers is compared with other machines with more common rotor
topologies. Modal and vibroacoustic analysis are performed in order to
evaluate the level of noise and vibration. A study on the impact of rotor
topology on NVH behavior of the machine is presented as well as the
relation between torque ripple and noise generation is described.

CHAPTER 4 describes modeling and simulation of final topology
of synchronous reluctance machine. Final topology and the parameters
of the SynRM are presented. Using electromagnetic finite element
analysis, parameters of the machine such as: nominal torque, rated
current, torque ripple and inductances are estimated. The workflow of
design and analysis of SynRM for EV application is shown and the final
topology and the parameters of the SynRM are presented. Impact of rotor
skewing on performance of the machine is investigated. Modeling of
rotor skew is studied and two machine models are compared: 2D with
multi slice and 3D. Machine’s flux linkage is calculated and the impact of
magnetic saturation on the flux linkage is described. Cross saturation
effect is also investigated.Next, structural analysis of the rotor is
performed. Both 2D and 3D rotor models are considered when
performing the structural tests. Influence of radial magnetic forces acting
on the rotor is also included in structural analysis of the rotor. Modal
analysis of the machine is presented and NVH analysis results are shown.
Typical normal modes of the stator and its natural frequencies are
presented. Vibration of the stator is presented for the machine with
skewed and non-skewed rotor. Analysis of power losses of the machine
is shown. Iron loss distribution in stator and rotor of SynRM is studied.
Thermal analysis of the machine is performed using two MotorCAD and
JMAG software. Model of cooling jacket provided by MotorCAD is
investigated at different water flow rates. Next thermal model of the
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machine in JMAG is described. The results of thermal analysis from
MotorCAD and JMAG software are compared.

CHAPTER 5 presents laboratory tests of synchronous reluctance
machine. Description of the test bench is provided. Measurements
carried out at no-load and load condition are presented. Analysis of
switching frequency impact on noise of the machine is presented.
Investigation of vibration and acoustic signal spectrum and
measurement of machine orders and natural frequencies are presented.
In load condition, analysis of load, speed and current angle impact on
vibration and acoustic noise of the machine is performed. Major factor
deciding about noise and vibration of the machine is described.
Electromagnetic tests are performed in load condition for different
values of load, speed and current angles. Influence of current angle on
machine’s voltage is investigated. Dependency between phase current,
current angle and torque generated by the machine is shown. Next
validation of machine’s models is performed by comparing simulation
results with the results obtained from measurements. Comparison of
machine’s calculated and measured flux linkage is shown. Measured
torque vs. current angle and power factor vs. current angle curves are
compared with the calculated ones. Calculated and measured natural
frequencies of the structure are compared. Cooling system of the
machine is validated by measuring the temperature of the winding.

CHAPTER 6 contains thesis summary and conclusion. Results

obtained in each chapter are discussed. Future work and personal
contribution of the author is also described.
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3. Synchronous Reluctance Machines:
Multiphysics Design and Analysis

3.1. Introduction

Reluctance machines have plenty of advantages such as low cost, simple
construction without the need of external excitation source which
reduces power losses in the rotor. Development of power electronics
allowed reluctance machines to be used as drives in many industry
applications. For this reason they are of great interest nowadays [16]. At
present time, reluctance motors have four basic types: rotor with salient
poles, rotor with circumferential segments, rotor with magnetic barriers
and rotor consisting of magnetically anisotropy laminations [17]. Each of
these types has its advantages and disadvantages like efficiency, power
factor, cost etc. SynRM is another type of variable reluctance machines,
whose stator is built from cylindrical structure. The stator of SynRM is
identical to that of an induction motor with only the rotor having salient
poles [18]. The rotor requires no cage or field winding which makes it
potentially less expensive than permanent magnet motor or an induction
motor [19]. The reluctance rotors major types are the simple salient pole,
the transversally and axially laminated rotor [20]. Conventional SynRMs
have simple rotor construction but unfortunately this lowers their
performance due to a low ratio between the inductances on the direct
and quadrature axes. The rotors of axially laminated topology have a
higher value of saliency ratio and performance but eddy current losses
are large. Also proper distribution of magnetic and non-magnetic
materials can improve machine's performance [21]. In practice,
transversally laminated rotor construction is the optimal choice for
industrial manufacturing [22], [20]. Moreover, the transverse-laminated
rotor structure is capable of being skewed, therefore allowing to
decrease the torque ripple. The transverse-laminated rotor requires for
the iron segments in the rotor to be joined with each other by thin iron
ribs, which become magnetically saturated by the stator MMF. These ribs
enhance cross saturation [23]. Another important issue in synchronous
reluctance machines design is iron losses which at high speed can
become the major cause of power dissipation. This is why many design
techniques are used to minimize iron losses of SynRMs at high speeds
[24]. The saliency can also be achieved with special flux barriers in the
rotor [25], [16]. Rotor with internal flux barriers can achieve larger
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effective saliency values. The optimization of rotor design which relies
on optimization of two significant factors such as (Lq4-Lq) called "motor
torque index" and saliency ratio Lq/Lq is studied in [19]. To increase the
La/Lq ratio, which increases torque produced by the machine and in
general increases its performance, permanent magnets in the rotor are
mounted [25]. The rotors of permanent magnet machines can be of two
types: surface mounted and interior permanent magnets.

Design process of electrical machines requires a combination of multi-
physical phenomena simulation including electromagnetism, mechanics,
thermodynamics, structural dynamics, vibration, noise, and fatigue [26].
The functioning of the machine rises from the combination of
electromagnetic and mechanical phenomena. Since reluctance machines
are gaining popularity nowadays, their design process must be efficient
and fast to cover the rising demand. Application in electric vehicles is
very popular and the machine must be designed to cover different
aspects and meet restrictive limitations. High power density, high
efficiency and high torque at relatively low dimensions of the machine
are crucial. Downsizing is very popular now and it allows saving space
needed for electric drive in vehicles however it leads to heat dissipation
problems. In this case, coupled analyses are often run to investigate
thermal parameters of the machine or any other electric equipment. Such
an analysis was performed in [27]. In order to estimate transformer's
thermal parameters, the authors performed electromagnetic analysis
and power loss calculation. This allowed them to obtain temperature
distribution in a transformer. Obtaining temperature distribution of a
linear motor with multiphysics analysis was described in [28]. Thermal
analysis of electric machines is of big interest nowadays. Various
methods and techniques are being in use and their combination gives a
powerful tool in estimating temperature of an operating machine. In [29]
the authors present an extended survey on evolution of thermal analysis
of electric machines. Lumped parameter network thermal analysis, FEM
based thermal analysis, and computational fluid dynamics are
considered in their work. Additionally, an overview of the issues linked
to the thermal parameters estimation is also investigated. Lumped
parameters thermal network along with finite element method
application in electric machines' analysis is described in [30]. Thermal
network was also used along with structural analysis in optimization
process of a switching machine [31] and [32]. Various methods for
thermal design of a high-speed permanent magnet machine are
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presented in [33]. The first implemented method combines
computational fluid dynamics and heat-transfer equations with the
geometry of the machine to be considered as 2D axi-symmetrix. This
approach gives simultaneous solutions for the turbulent properties of
the cooling fluid. The second method allows for estimating the
temperature distribution in the machine with a 3D numerical heat-
transfer. 3D finite element thermal analysis is presented in [34] where
authors presented a 3D numerical analysis of the thermal behavior of a
small permanent magnet DC motor. Coupled electromagnetic and
thermal analysis was run to estimate the air-gap torque of an induction
machine in [35]. Machine's cooling system is a very important issue
which needs to be addressed when designing a machine. Since the
overloading of the machine is limited by the maximum temperature in
the electric motor, cooling system can increase the maximum power of
the motor. Although a cooling jacket construction is of a great importance
in lowering the motor’s maximum temperature, there has not been as a
lot of research in the thermal analysis of motors [36]. The author of [36]
performed a three-dimensional steady state numerical method to
examine the cooling jacket performance with water as the primary
coolant of a three-phase induction motor. Multiphysics analysis of
electric machines was investigated in [37] where the authors used
separate lumped parameter models to analyze the electromagnetic and
thermal behavior of the machine. The vibroacoustic and mechanical
behavior was investigated with analytical approach. Structural and
vibroacoustic behavior of the machine is another aspect of multiphysics
design of electric motors. The SynRM is often forced to operate at very
high rotational speeds. This causes high stress in the material which
might damage the rotor. Moreover, high rotational speeds combined
with magnetic field harmonics might cause the structure to vibrate at a
resonance frequency. These phenomena should be minimized and for
that reason the ability to predict vibroacoustic behavior of the machine
is crucial during design process. For the machine’s noise to be estimated,
one needs to know the noise sources. In [38] the author presents
magnetic vibration sources in induction motors and motor structure
dynamic response. The vibration behavior of the machine caused by
electromagnetic forces is simulated using finite element structural
analysis. Relation between machine's geometry and generated noise was
investigated in [39]. It was proved that the noise is caused by radial
forces and there is hardly a relation between torque ripple and noise
generated by the machine. Estimation of machine's noise using 2D
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electromagnetic finite element model and boundary element method for
sound pressure calculation was presented in [40]. The machine analyzed
in [40] was used in an electric vehicle. Another multiphysics analysis of
a machine for automotive application was shown in [41] where authors
presented a complete approach to the noise generated by machine's
stator.

3.2. SynRM General Issues

Depending on the application, machine’s topology might vary. Machines
with higher number of poles generate higher torque but may not be
applied in high speed applications. Rotor constructions which give very
good magnetic performance, might not have enough mechanical strength
to withstand high mechanical loads [18].

Interestin SynRM for variable speed applications was very high in 1960s.
Back in those days the machine was operated in open loop fashion where
the inverter output voltage and the frequency were set independently of
the rotor speed and position.

In that case the rotor of the machine could follow synchronously for low
load torques and slew rates. This determined the machine to operate at
low power factor and lower efficiency than a comparable induction
machine since the achieved saliency ratio was very small. In 1960s, the
rotor construction was made of a transversally placed lamination with
some punching oriented so as to create a saliency effect as shown in
Fig. 3.1. In [42] the author stated that the inferiority of the synchronous
reluctance motor is due to its rotor’s construction.
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Fig. 3.1 Laminated Type Rotor Punching (left),
Axially Laminated Rotor Structure (right) [18]

Due to the need of structural integrity, the rotor needed the bridges
which made this rotor capable of achieving the saliency ratio of two or
three. Rotor with axially aligned magnetic laminations has also quite
long history. In this rotor topology, the laminations are bent in such a
way that they produce the minimum reluctance paths in direction of
laminations and maximum reluctance paths in direction normal to
laminations. Machine with this type of rotor can achieve much higher
saliency ratio. This in turn significantly increased the efficiency and
power factor of the machine. However, the manufacturing process of the
rotor with axially placed laminations is more complicated and expensive
thus transversally laminated rotor design is the best choice for industrial
manufacturing [22].

Unlike the SRM, synchronous reluctance machine’s stator is constructed
from cylindrical structure just like the one of induction machine. This
allows to significantly reduce the production costs since the stator of the
SynRM can be manufactured on the same assembly line as that of the
induction motor. Moreover, torque ripple and acoustic noise which are
common problems in SRMs can be eliminated in synchronous reluctance
machines. The rotor requires no cage or field winding which makes it
potentially less expensive than permanent magnet machine. Moreover,
lack of field winding reduces power losses in the rotor.

Design of transversally laminated rotor synchronous machine and
optimization of this process has been intensively studied lately and in the
literature one can find various papers which address this topic. Many
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research studies were devoted to optimize the structure of SynRM with
special attention put on rotor's construction as the stator is usually used
from standard induction machine. The main parameters used in
optimization algorithms are torque mean value and torque ripple. In [43]
and [44] the authors optimize two different rotor's structures of SynRM.
The topologies are compared by means of 2D finite element analysis. The
authors focused on finding the relation between the amount of rotor's
barriers and the amount of stator slots. The study proved that the
number of flux barriers has a higher impact on electromagnetic behavior
of the machine rather that the shape of flux barriers. According to the
authors, four flux barriers seems to be the optimal choice for SynRM
rotor topology. The geometry of the flux barriers in the rotor are based
on general design recommendations. With a given amount of flux
barriers, one can influence the performance of the machine by choosing
flux barriers' position and shape. The issue of finding the best positions
of flux barriers was addressed in [45]. The authors developed a
simplified analytical model of SynRM with flux barriers. The assumptions
made during developing of this model allowed to focus on the main cause
of torque ripple. The authors investigate different flux barriers' shapes
with various angular positions of flux barriers' ends. Each configuration
experienced different torque ripple. By choosing different angular
positions of flux barriers' ends, it was possible to reduce the torque
higher harmonics. Although research on SynRM rotor's topology
optimization is quite popular, the machine's performance depends not
only on the topology of the rotor but on the relation between stator and
rotor structure. This issue is addressed in [46] where the authors
investigate the combination of the number of stator slots and rotor flux
barriers in order to achieve the optimum design of a SynRM. The authors
used multi-objective optimization algorithm and finite element analysis
in order to maximize the torque and minimize the torque ripple. The
comparative study performed by the authors involved eighteen different
combinations of stator slots and flux barriers numbers. The authors
proved that the optimal combination of slots and flux barriers numbers
depends on the application and the torque ripple minimization does not
necessarily involve lower power losses. Another study on finding the
optimum SynRM's topology is presented in [47]. In this paper, the
authors investigated two different rotor topologies and three stators
with different slot numbers. The comparison was based on SynRM's
torque mean value, torque ripple and saliency ratio. The rotor topologies
had each four flux barriers per pole with different flux barriers' shapes.
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It was proven that machine with fractional winding experiences the
lowest torque ripple. Moreover, the torque ripple was lower for the
machine with optimized flux barriers in the rotor. Minimization of torque
ripple in SynRM is also investigated in [48]. The authors proposed a
transversally laminated rotor with sinusoidal lamination shape in the
axial direction. This allowed to cancel some torque harmonics produced
by the slotting effect. Due to the non-uniform geometry of the rotor in the
axial direction, a 3D finite element analysis was used. With the optimized
flux barrier geometry, the authors were able to achieve the torque ripple
lower than 10%. Another approach was proposed in [49] and [50] where
the authors investigated a SynRM with six stator slots and non-
overlapping fractional slot-concentrated winding. That topology of
SynRM proved to be robust and low cost with high torque density and
high efficiency. However, torque quality of the machine is affected by
parasitic rotor saliencies and air-gap field harmonics. In [51] the authors
compare two SynRM topologies with two different windings while
keeping the same rotor topology. The investigated winding types were:
full pitch distributed winding and integer slot concentrated winding.
Using concentrated winding brings some challenges during design such
as obtaining high winding factor and keeping space harmonics low.
Performed analyses proved that machine with distributed winding has
an overall higher efficiency and performance compared to the machine
with concentrated winding. SynRM with concentrated winding tends to
have a higher MMF harmonic content compared to the SynRM with
distributed winding.

Since the rotor of a SynRM is crucial in achieving high torque and low
torque ripple, many different rotor topologies are studied and compared.
In [52] the authors compare SynRM topologies with two different rotors:
transversally and axially laminated. Comparison is done using finite
element analysis and the compared parameters are torque and torque
ripple. Machine with axially laminated rotor can provide a very high
saliency ratio compared to the one with transversally laminated rotor.
However axially laminated rotor has some drawback from mechanical
point of view. Moreover, in machine with transversally laminated rotor,
the performance can be improved with a proper number of flux barriers,
their shape and positions. SynRM with axially laminated rotor can
generate a higher maximum torque that a machine with transversally
laminated rotor. Torque ripple is also lower for the motor with axially
laminated rotor. Design of a machine nowadays is often performed using

27



various optimization algorithms and methodologies. Three conventional
methods of SynRM design process are described in [53]. The first
investigated method is based on combination of finite element analysis
with optimization algorithm. In this way one can obtain optimal design
but at high computational cost. Another option is to use analytical
methods which are faster than FEM but less accurate. The last method is
to put constraints on parameters. By doing this, one refines the
parameter relationship and lowers computational time due to reduced
number of parameters. Another methodology of designing a
synchronous reluctance machine's rotor using 2D numerical analysis is
presented in [54]. The authors parameterize the rotor in function of
certain design variables defining the arrangement of flux barriers. The
methodology is based on systematically changing the design variables.
The authors of [55] presented another approach of finding optimum
design of a SynRM. In their work they used response surface
methodology in order to determine the design parameters to reduce
torque ripple.

Maximum generated torque and torque ripple are the main input
parameters for optimization algorithms during machine design.
Although the machines designed in this way with optimized rotor
geometry present very good electromagnetic properties, from
mechanical point of view the construction has many drawbacks. Rotor
construction optimized to achieve the highest torque density usually has
very thin bridges and no ribs in order to maximize the saliency ratio. That
construction cannot operate at high rotational speeds due to very high
stress in the weakest parts of the rotor such as bridges. For machines
operating at very high rotational speeds, rotor diameter should be small
in order to minimize the centrifugal force acting on rotor parts. There are
of course some limitations in lowering the diameter of the rotor since the
generated torque decreases. For high speed application, rotor's
construction must be properly modified as shown in [56] where the
authors modified the geometry of the rotor by introducing additional
ribs in flux barriers. Similar approach was proposed in [57]. By
introducing ribs in flux barriers of the rotor, one can decrease von Mises
stress occurring in the rotor. Modification of rotor topology however
resulted in decreased electromagnetic performance of the machine as
the additional ribs in flux barriers decreased saliency ratio of the
machine thus the generated torque was lower. Such a modification of
rotor's geometry was necessary in order for the machine to be able to
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operate at high speeds. Another approach of rotor's optimization for high
speed application was investigated in [20]. The author proposed a
different shape of flux barriers. This allowed the machine to operate at
high rotational speeds.

As one can see, optimization of machine's geometry from
electromagnetic performance point of view might result in obtaining a
machine topology unable to operate at high rotational speeds. For the
best electromagnetic performance, the bridges in the rotor should be
very thin and there should be no ribs as they decrease the saliency ratio.
This however is necessary for the rotor to be able to withstand high von
Mises stress occurring during operating at high speeds. One can see that
designing rotor's topology is a trade-off between electromagnetic
performance of the machine and structural integrity of the rotor. A
complete study on design aspects concerning magnetic and mechanical
performance along with determining the maximum rotational speed and
rotor robustness investigation is presented in [58].

3.2.1. Machine’s Inductances

In SynRM, the torque generation is based on anisotropy of machine’s

o L :
magnetic circuit and depends on the L—d ratio where L; and L, are the
q

SynRM’s inductances in direct and quadrature (d and q) axis
respectively. It can be noticed that increasing L, and decreasing L, the
ratio increases and making the torque generated by the machine higher.
The anisotropy is achieved by introducing flux barriers in the rotor. By
choosing the right amount of flux barriers, their shapes and distribution

, . L . :
one can find optimal L—d ratio. Inductances L, and L, have an impact on
q

machine's power factor. Not only increasing their ratio is crucial but also
making the difference
Ly — Lg large is essential in obtaining high torque density and high

power factor [59]. The power factor of the machine is defined as [16]:

&E-1
g1 4 1 (3.1.1)
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in which & = L—d is the saliency ratio and y is the current angle.
q

The maximum power factor is of the form [16]:

§—1
cos <pmax = E+ 1 (3.1.2)

The current angle y is shown in SynRM phasor diagram in Fig. 3.2.
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Fig. 3.2 SynRM phasor diagram [16]

Performance of a SynRM mainly relies on these two inductances which
are affected by the rotor topology [60]. Moreover, the inductances of the
SynRM with transversally laminated rotor vary with both d-q currents,
due to common flux path in the rotor core. The position of the rotor with
respect to the stator has also an impact on the SynRM inductances [60].
When creating simple models of synchronous machines it is common to
assume that inductances L, and L, depend only on self-currents. This
however is not true since the inductances depend on both currents I; and
I, and this dependency is called cross-saturation. The inductances also
decrease as the magnetic circuit of the machine saturates. The effect of
magnetic saturation in SynRM was investigated in [60]. The authors
proved that d-axis flux linkage varies linearly with I; current for small
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values of d-axis current. As the I; current increases, flux linkage becomes
saturated thus reducing L,; inductance. Moreover the variation of g-axis
flux linkage has a significant influence on the SynRM performance [60].
Since the inductances have a great impact on machine’s electromagnetic
properties, a lot of effort is put to increase saliency ratio. In [61] the
authors investigated the influence of different electrical steel grades on
the performance of a synchronous reluctance machine. The Ly and L,
inductances are affected by the steel properties due to different
permeabilities. Rotor’s geometry has an impact on the d-q inductances
as the flux barriers in the rotor affect the flux path between the stator
and the rotor. The authors of [21] proved that the saliency ratio depends
on the position or span of the flux barriers. Additionally, the axially
laminated rotor might not be the optimum topology due to large number
of flux guides. Improved performance can be obtained by proper
distribution of flux barriers and flux paths. The authors of [62]
investigated the impact of rotor shape on L; and L, inductances.
Moreover, they proposed an open rib topology of the rotor so as to
achieve a greater value of saliency ratio. The d-q axis inductances of the
machine and thus the saliency ratio and power factor are heavily affected
by stator’s leakage inductance as shown in [63].

3.2.2. Flux Barriers

Various techniques of optimization of rotor topology with internal flux
barriers have been investigated to increase machine’s performance.
Optimal shape of flux barriers should follow the shape of natural flux
lines in solid rotor as shown in Fig. 3.3. Three types of flux barriers are
shown in Fig. 3.4.
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Fig. 3.3 Flux lines in the solid block rotor machine

Fig. 3.4 Three types of flux barriers: rectangular, round and based on Zhukovski’s
curves

Optimized shape of flux barrier can be obtained from conformal mapping
using function defined as [64]:

WA 2 w?
g(2) = (z + ;) =z24+2w+ 7z (3.1.2)

which is derived from Zhukovski’s function [64]:

z+=

f(2) = 5 Z (3.1.3)
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In this equation, z is a complex number and w is a positive number [64].
Given that z = x + iy where x and y are real numbers and i%? = —1,
imaginary part of function g(z) is of the form:

2xyw?
Im{g(2)} = 2xy — 2 +y2 (3.1.4)
Desired curve is characterized by the equation:
2xyw?
2xy =~ 52V (3.1.5)

By varying the values of parameters w and v, it is possible to obtain the
whole family of curves. Analytical solution of equation (3.1.5) is difficult
since one has to deal with implicit function, however Zhukovski’s curves
can be defined with parametric equations.

y
> = tan(@) (3.1.6)

x* +y* =ry(a,w,v) (3.1.7)

Taking into account equations (3.1.6) and (3.1.7) and applying them in
equation (3.1.5), it is possible to obtain parametric equations of
Zhukvski's curves as presented below.

x = ry(a,w,v) cos(a)
{y =1y (a,w,v) SIN(a) (3.1.8)

w2sin(2a) + v
rq(a,w,v) = \/ sin(2a) (3.1.9)

33



Equation (3.1.9) defines “radius” of varying length which depends on the
angle a and two parameters of the curve w and v as shown in Fig. 3.5.
Using this equation, one can create optimized geometry of flux barriers
shown in Fig. 3.4.
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Fig. 3.5 Example curve with two various “radii” for different angles a

Example of rotor topologies presented above belong to four pole
synchronous reluctance machines. SynRM however can have any
number of poles. For rotor topologies with higher number of poles,
rectangular flux barriers are very easily obtained. The shape of round
barriers changes to elliptic. However, to obtain the shape of flux barriers
constructed from Zhukovski’s curves in case of greater number of poles,
one needs to introduce a modification into equation (3.1.9). In general,
for machine with p pole pairs, the equation (3.1.9) is of the form:

wsin(pa) + v
sin(pa) (3.1.10)

rq(a,w,v) =

34



Fig. 3.6 Example rotors with Zhukovski’s flux barriers: a) 6 poles, b) 8 poles, c) 12
poles

Example rotor topologies with higher number of poles are presented
in Fig. 3.6.

The optimized flux barriers provide a better air-gap magnetic field
distribution compared to other flux barriers shapes as shown in [64].

3.3. Electromagnetic Analysis of SynRM

In order to calculate machine’s electromagnetic parameters, it is
compulsory to create a proper magnetic model of the machine. Finite
element (FE) method is the most popular and the most powerful tool in
electric machines analysis. This method however requires specialized
software and quite high computational power depending on the accuracy
of the model. It is also time consuming. During the process of machine
design, it is convenient to have a simplified machine model which allows
to quickly estimate the parameters of the machine. Linear models of
electric machines based on winding function are very popular and have
been widely used. Their advantage is that no specialized FEM software is
needed. However, in winding function (WF) method, the presence of iron
core is neglected and only air gap magnetic field is taken into account.
Despite this simplifying assumption, WF method has been popular in
analysis of induction motor and synchronous machine with wound rotor.
Especially monoharmonic models based on base harmonic are very
helpful in estimating machine’s performance. Polyharmonic models use
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Fourier series to approximate air gap magnetic field. These models have
been very useful in diagnostics since they allow predicting current
harmonics typical for certain type of fault i.e. broken bar in cage
induction motor or rotor eccentricity. Since WF model does not include
the iron, the saturation is not taken into account. This might be a problem
when analyzing a highly saturated machine. Taking into account the
magnetic field in iron is therefore necessary. Using magnetic equivalent
circuit (MEC) method, allows for including saturation of the machine.
Power losses in iron and magnets can be simply estimated using
magnetic equivalent circuit as shown in [65]. Since FE analysis requires
a significant amount of time, at the beginning of design process, reduced
order models of the machines are very helpful. Such a model was
investigated in [66]. It was proven that simplified model can provide
acceptable accuracy during design and performance evaluation process.
Reluctance network proves to be convenient and relatively easy method
of electric machines performance analysis. MEC method can be also used
in magnetic circuits with eddy currents [67]. Magnetic reluctance
calculation methods for various parts of the machine are described in the
literature. In [68], the mathematical formulas for reluctances calculation
of basic shape elements are presented.

3.3.1. FEM Modeling

Accurate machine’s model can be built using Finite Element Method
(FEM). Since the software computational power nowadays is very high,
the complexity of created models can be also increased. FEM model of
the machine is based on Maxwell’s equations which yield magnetic and
electric fields behavior.

Majority of magnetic field problems can be solved using 2D models. Two
dimensional models are popular when analyzing electric machines since
the most important phenomena can be taken into account at a significant
reduction of computational time.

Solving large FEM equations can involve various developed methods
such as Gaussian elimination, triangular factorization or the in-complete
Cholesky-conjugate gradient (ICCG) algorithm. ICCG algorithm is fast and
requires small storage resources. When dealing with non-linear
problems, Newton-Raphson method is often used [69]. In 2D analysis the
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end-effects are neglected and the vector potential contains only axial
component. The magnetic field is present in planes normal to the
machine's axis. For magnetostatic model with no eddy currents induced,
the magnetic field can be calculated by solving [69]:

d <16A)+ 0 <16A)_
dx\uox) ody\udy) J (3:2.1)

In the equation above, A is magnetic vector potential, 4 is magnetic
permeability and ] is current density. When eddy currents are
considered, the equation (3.2.1) is of the form:

d (1 aA) 0 (1 aA) _ 0A

ox \zox) T3y \uay J+ o5 (3.2.2)

where ¢ is the material conductivity. The relation between magnetic
vector potential and magnetic flux density vector is shown below:

B = curl(/f) (323)

When preparing a simulation, a lot of work lies in constructing the finite
element mesh. There are various mesh generation algorithms which can
be found in the literature [70]. The effectiveness of a mesh generation
method depends on the geometry of the analyzed structure. Fine mesh
with large number of elements can precisely model complicated
geometry but this significantly increases computational time. One needs
to find a compromise between calculation accuracy and computational
time. Figure below presents a geometry of one pole of synchronous
reluctance machine with optimized flux barriers and bridges in the rotor.
Such a complex structure of the rotor results in large number of finite
elements in order for the geometry to be modeled.
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Fig. 3.7 Mesh of a SynRM: fine mesh (left) and reduced rotor mesh (right)

In Fig. 3.7. one can see a comparison of mesh used for the analysis of a
SynRM. Since the geometry of the rotor of analyzed SynRM structure is
quite complex, the mesh generated in this region is fine with a large
number of small elements. Rotor flux barriers were drawn with a lot of
points in order to obtain good accuracy and smooth edges. This however
resulted in generating a lot of finite elements in order to model such
accurate curves. When the number of points constituting the curves was
reduced, the number of finite elements in rotor's mesh decreased. This
allowed to accelerate the computations. Reducing the accuracy of the
geometry results in faster computational by the accuracy of the results
might decrease. For this reason, the simplification of the geometry and
reduction of finite elements of the mesh must be done with care.

In this work, the simulation of the final topology of the machine is done
using finite element method. The obtained results are shown in the
following chapters.
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3.3.2. Winding Function Method

SynRM has similar construction to typical synchronous motors (with
permanent magnets or field winding in the rotor). Sinusoidal winding
distributed in stator slots is supplied from a three phase voltage source.

Electric machines modeling based on WF leads to far reaching
assumptions such as:

e Flux crosses the air gap radially (axial flux is negligible);

e Saturation is neglected;

e Eddy current, friction and windage losses are neglected;

e The magnetic permeance of the magnetic material is infinite.

Fig. 3.8 Illustration of salient pole stator and rotor and integration path [71]

Since the permeance of the iron core is considered to be infinite, the
analysis of the electric machine is narrowed to analysis of the air gap
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magnetic field and more precisely, only its radial component. Using
Ampere’s law for the contour shown in Fig. 3.8 leads to:

Jﬁa"i— JﬁEﬁ = J[as(x, t) — a-(x + ¢, 0)]dx (3.2.4)

X0

In equation 3.2.4 functions a,(x, t) and a,(x + ¢, t) (for stator and rotor
respectively) are defined as:

as(x,t) = wy(x)ig(t)

(3.2.5)
a,(x — @, t) = w,(x — )i, (t)

where w(x) is the turns function and represents the number of turns of
the winding enclosed by path of integration. Turns carrying current into
the page are considered positive and those carrying current out of the
page are considered negative as presented in Fig. 3.9.
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Fig. 3.9 lllustration of turns function [71]
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The left part of equation (3.2.4) is equal to the average value of magnetic
field strength in the air gap along the radius multiplied by air gap length.
The function of air gap length denoted as §(x,¢) depends on two
variables: angular position x related to stator coordinates and rotation
angle @ of the rotor. Equation (3.2.4) can be written as:

H(x) @, t)a(x' (p) - H(xO' ®, t)S(XO, (p) = gt (X, @, t) - Gt (XO, P, t) (3_2_6)

where function 6, is defined as:

O(x,t) & fa(x, t)dx (3.2.7)
and satisfies the condition:
x+2m
J 6Cx, dx = 0 (3.2.8)
X

Magnetic field strength in the air gap for a specified angular position is
defined as:

1
H(X, ®, t) = 6(96—,(/)) (Qt(x' P, t) - Ht(xO' D, t) (3.2.9)

+ H(xO' @, t)5(x0» (p))

Air gap magnetic flux density can be calculated from:

B(x, ¢, t) = uyH(x, o, t) (3.2.10)

jgs BdS =0 (3.2.11)

Considering equations (3.2.9), (3.2.10) and Gauss’ law for magnetism
defined by equation (3.2.11), the air gap magnetic flux density is defined
as:
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B(x, @, t) = pyAx, @) <9t(x. @,t)

e 3.2.12
_ J; A, ©)0.(x,p,t)dx ( )
N 2T 2, p)dx

In equation above A(x, ¢) is called the permeance function and it is equal
to reciprocal of air gap length functiond (x, ¢). When in equation (3.2.12)

the term f;“n A(x, 9)0:(x, @, t)dx equals zero (which is true for rotating

machines due to symmetrical construction) then the air gap magnetic
flux density can be simply calculated from B(x,¢@,t) =
UoA(x, 9)0:(x, @, t). The permeance function is constant for machines
with uniform air gap (when neglecting stator slots). However, for salient
pole synchronous machines, the air gap length changes along rotor’s
circumference. The smallest air gap is over rotor’s pole (d axis) and the
largest is between rotor poles (q axis). The air gap permeance is thus a
quite complicated function and cannot be described analytically hence it
is approximated by Fourier series [72].

A
Alx) = 70 + Z Azn €OS(2nx) (3.2.13)

The permeance function of the air gap in a synchronous machine with
salient poles for a specified rotor angular position ¢ is given by equation
(3.2.13). The Fourier series has only even spatial harmonics [72].
Limiting the series to only two terms allows to obtain quite accurate
distribution of the magnetic flux density in the air gap.

A
A(x) = 70 + A cos(2x) (3.2.14)

The inductances of the machine can be obtained from the winding flux
linkage. Flux linkage between nth and kth elementary coil of the winding
can be calculated using equation below.
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Using equations (3.2.12) (3.2.14) and (3.2.15), simplified equations of a
three phase salient pole synchronous machine with field winding in the
rotor can be obtained.
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Applying Park transformation to the equations of the machine the
simplified d-q model of the synchronous machine can be obtained. The
Park transformation matrix is defined below.

V2

V2

V2

1 1 1
2
Tpark = 3

21 4
cos(pp)  cos <p(p - ?> CosS <p - ?>

47r>_

21
—SIN(pep) —SIN <p — ?> —SIN <p 3

(3.2.17)

Simplified equations of synchronous machine in d-q coordinates allow to
analyze the machine as two separate equivalent circuits with constant

parameters. These equations are given as:
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Electromagnetic torque generated by the machine results as:
3 . .
Te =5P(Yaig = ¥qla) (3.2.19)

This model is often used in control systems since it takes into account
only the basic phenomena occurring in the machine. Due to its simplicity
it is possible to apply those equations in real time control systems.
However, depending on the machine and its operation regime, the model
with constant parameters might not be enough, especially when the
machine operates at high saturation. In this case it is possible to increase
the complexity of the model in order to include more phenomena. The
inductances in d and q axes can be functions of phase current or rotor
position. Magnetic circuit saturation can be taken into account by using
various coefficients available in the literature. The inductances can be
also calculated using other methods such as magnetic equivalent circuit
or finite element method. This process will be described in the following
chapters.
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Calculation of d and q axis flux linkages and air gap magnetic field of
synchronous reluctance machine can be done analytically.
Magnetomotive force generated by stator winding can be calculated
using winding function. Air gap permeance function of SynRM with flux
barriers however cannot be described by Fourier series from equation
(3.2.13) since this Fourier series approximates well air gap permeance
function of a classical salient pole synchronous machine. In synchronous
reluctance machine with flux barriers in the rotor, the air gap is uniform
however the flux barriers which introduce the saliency of the magnetic
circuit, affect the path of magnetic flux lines. As it is shown in the next
chapters, the flux lines almost completely avoid flux barriers when the
MMEF is applied in d axis and cross the flux barriers perpendicularly when
stator MMF is applied in q axis. For any stator magnetomotive force
applied between d and q axis, the flux lines cross the flux barriers at
various angles. This makes the analytical description of air gap
permeance very troublesome. Following the assumptions when using
winding function, magnetic field in the iron is neglected and only the
magnetic field in the air gap is considered. For the synchronous
reluctance machine, only the magnetic field in the air gap and in the flux
barriers is taken into account. When calculating the air gap field
distribution for q axis MMF, it is assumed that the flux lines are
orthogonal to the geometrical lines of the flux barriers. For d axis MMF,
the flux is assumed to flow through flux paths in the rotor and is parallel
to flux barriers. Considering very high permeability of the iron, only
magnetic voltage drops in the air gap and flux barriers is considered. In
this manner, the air gap profile for d axis MMF shown in Fig. 3.10. was
calculated. As one can see in Fig. 3.11. analytical solution fairly
approximates air gap magnetic field of the machine. This is caused by
simplified representation of the air gap profile. The rotor has bridges
between flux paths which cause the magnetic flux to flow smoothly into
flux paths. Since the presence of the bridges is not taken into account in
the d axis air gap profile the magnetic field calculated analytically
experiences some step changes along the rotor’s circumference.
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Fig. 3.12 Air gap profile - q axis MMF Fig. 3.13 Magnetic field in the air gap - q
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The air gap profile shown in Fig. 3.12. is valid only when the maximum
of stator magnetomotive force is located right above rotor’s q axis. Any
rotation of the rotor causes the flux lines to change their paths and cross
the air gap and flux barriers at various angles which makes it very
complicated to describe the air gap field distribution analytically.

The application of the presented method is limited since it only lets to
obtain constant inductances of the machine. In order to include
saturation of the iron core or rotor position impact on the inductances,
other methods should be used. Fig. 3.13. shows that winding function for
modeling of synchronous reluctance machine with flux barriers in the
rotor provides quite poor accuracy. Flux fringing is hard to model with
winding function.
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3.3.3. Magnetic Equivalent Circuit

Magnetic equivalent circuit (MEC) can be treated as finite element
method of reduced order [73]. Its advantage comparing to winding
function method is that magnetic field in the iron core of the machine is
taken into account. This allows performing a simplified analysis of
saturated machine. This method is convenient for simple geometries. In
order to calculate the field in electrical machines of more complicated
geometry, the machine is divided into regions where magnetic field
density is assumed to be constant, each of them to be treated as a simple
reluctance. Magnetic flux density along the machine’s axial direction is
assumed to be constant. Reluctance of each element has to be calculated
depending on the direction of magnetic flux. In Table 3.1 several typical
shapes are presented with their reluctances calculated for radial flux
direction (flux crosses the air gap) and tangential flux direction (flux
flows along the air gap). The geometry of the machine can be
approximated using shapes given below.

TABLE 3.1 Reluctances of typical shapes [68]
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Although the air gap of SynRM is smooth (when neglecting stator slots),
flux barriers in the rotor change the reluctance of the magnetic circuit
and hence modify the path for magnetic flux that links the stator and
rotor. That causes some difficulties in modeling of SynRM using MEC.
Flux lines follow a complicated path when crossing the air gap which
decreases the MEC model accuracy. Moreover, the machine behaves
differently when the MMF is applied in d or q axis, respectively. For this
reason, two separate MEC models of the machine were developed as
shown in Fig. 3.14, considering only one pole of the machine due to
machine’s symmetry.

In equations shown in Table 3.1, i is magnetic permeability and [, is the
machine’s axial length. Reluctances of the flux tubes are calculated
assuming that the magnetic flux passes through them in radial and

tangential direction.
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Fig. 3.14 Reluctance network of the machine for d (left) and q axis (right) [74], [75]

Reluctance network of the rotor was developed based on the flux paths
in the rotor for d and q axis magnetomotive force (MMF), respectively, as
shown in Fig. 3.14. The blocks in black color represent iron nonlinear
reluctances while the white blocks represent air reluctances. As one can
see in Fig. 3.15, when d axis MMF is applied, the flux flows along the flux
paths in the rotor and there is hardly some flux crossing the flux barriers.
For this reason, flux barriers can be neglected in MEC model for MMF
applied in d axis. In case of MMF applied in q axis, the flux crosses the flux
barriers hence reluctance of flux barriers has to be taken into account
when creating MEC model.
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Fig. 3.15 Flux in the rotor for d axis MMF (left) and q axis MMF (right)

As it can be noticed in Fig. 3.14, the reluctance network for the stator
remains unchanged; the only change is made in the rotor. The air gap was
modeled as a connection of radially and tangentially placed reluctance
tubes. This approach was described in [68] and it allows for modeling of
air gap field distribution without using finite element method as
presented in [76]. For the clearance of Fig. 3.14, only several air gap
reluctance tubes were shown. In the derived model, the air gap consisted
of 29 sections. The number of sections in the air gap is directly related to
the alignment of stator slots and rotor’s flux barriers.

When calculating reluctances of stator and rotor with rectangular or
round flux barriers, it is enough to use equations shown in Table 3.1.
However, for the rotor of SynRM with flux barriers of optimized shape
based on Zhukovski’s function, calculation of the reluctances becomes
more complicated. It is necessary to begin with magnetic reluctance
definition:

dl
Ry = jgﬁ (3.2.20)

The shape of the flux barriers can be retrieved by using parametric
equations. This leads to a quite complicated implicit functions when
calculating the reluctance defined above.

In order to calculate the magnetic reluctance, it is necessary to know the
length and the cross section of the flux barrier. Due to flux barrier’s
geometry, the length and the cross section will vary with respect to the
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angle. These parameters can be obtained using numerical calculations.
The length of the flux barrier (and also flux path) can be retrieved by
using the formula below:

| = faz \/(dx(a))z +(dy(a))2 da
- s da da (3-2-21)

The cross section of the flux barrier can be calculated if the orthogonal
curves to Zhukovski’s curves are found. This will allow to find the height
of the flux barrier by calculating the length of the orthogonal curve
described by equation (3.2.22) between intersection points with
Zhukovski’s curves described by equation (3.1.5).

The variation of flux barrier cross section with respect to the angle « is
presented in Fig. 3.18. When the length and cross section functions are
known, the element’s reluctance can be calculated using the integral
(3.2.20). Since function (3.1.2) is of a complex type, family of the desired
orthogonal curves can be obtained by taking the real part of the function
g(z), which is of the form:

(XZ _ y2)w2

2 2 _ 2 —
W+ X —y° + & + y2)? u (3.2.22)

Applying equations (3.1.6) and (3.1.7) to equation (3.2.22) the
parametric equations (3.1.8) of the orthogonal curves can be obtained,
where the “radius” is of the form:

ro(a,w,u) = u— 2w+ @w —w)? — 4w?(cos(2a))>
Auddsa 2 cos(2a) (3.2.23)

The q index indicates that the orthogonal lines go across the flux barriers
in q axis direction.
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Reluctance calculation requires some mathematical operations to be
performed, since the functions of length and cross section area defined
previously, depend on different variables. It is inevitable to perform
transformations so the integrand of one variable could be obtained. In
this case, the integrand depends on the angle a as shown below.

dl(a)
dl ——da
R, = jﬁ = ¢ -4« (3.2.24)

uS — J uS()

The meaning of angle a is shown in Fig. 3.16 below. Part of the flux
barrier marked in red is shown with more details in Fig. 3.17.

Fig. 3.16 Half of rotor’s pole [74]

The angle a is measured along one pole of the machine. For a machine
which has four poles, the value of the angle covers the range from 0° to
90°. However, because of the rotor’s symmetry it is sufficient to consider
only a half of rotor’s pole which means the angle « is between 0° and 45°.

When calculating the height of the flux barrier, the element was split into
two parts shown in Fig. 3.17. The second part consists of a part of a circle
and Zhukovski’s curve. It can be assumed that in the second element
(marked in yellow), the flux lines are also perpendicular to the
orthogonal curves defined by equation (3.2.22). In this part of the flux
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barrier, it is necessary to find the intersection point of orthogonal curve
with the circle of radius R.

Orthogonal curves

Zhukovski's curves

Intersection points

Circle
— \ f R=80
e ..

Fig. 3.17 Two parts of flux barrier [74]

The length of the curve is computed using parametric equations (3.1.8)
between two angles a; and a,. The value of angle a, is constant and
equals a, = 45 and the value of @, varies according to the equation:

-1

1 . v
@y = 5sin (m> (3.2.25)

Taking into account equations (3.2.21) and (3.2.25), the curve length
along the flux barrier, depends on the parameter v. The values of the
curve length for parameter v between 700 and 1200 are shown
in Fig. 3.18.
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Fig. 3.19 The length of flux barrier as a function of a for parameter v=700

In order to calculate the integral from equation (3.2.24), it is necessary
to obtain the length of flux barrier as a function of angle a and its
derivative with respect to this angle. The flux barrier length function of
angle a for parameter v = 700 is presented in Fig. 3.19. The derivative
of the flux barrier length function with respect to the angle « is presented
in Fig. 3.20.
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When the necessary functions are defined, the reluctance of the rotor’s
flux path can be computed using equation (3.2.24). The reluctance was
computed in MATLAB® since finding analytical solution of integral
(3.2.24) is quite complicated.

The MMF sources in the reluctance network of MEC model are placed in
stator’s slots [77]. The MMF of each stator tooth depends on the ampere-
turns of all slots [78]. For this reason, certain constraints have to be put
on the MMF sources.

— — — —
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=
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1
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Fig. 3.21 Magnetic flux around and equivalent MMF sources [74]
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Applying Ampere’s current law:
§£ Hodl = Ni (3.2.26)

the current carrying conductors can be represented as magnetic
potential sources. In equation (3.2.26) N is the number of turns in one
slot and i is current flowing through the winding. Fig. 3.21 presents a
current carrying conductor in stator slot and its representation in
reluctance network of MEC model. The MMF amplitudes of sources
in Fig. 3.21 are constrained by:

Fp —F1 = Ni (3.2.27)

In general, the constraint presented above is put on all stator slots and
teeth. The last constraint for magnitudes of MMF sources is derived from
Gauss’s law:

jSB °ods=0 (3.2.28)

which requires the sum of all MMF sources over one pole of the machine
to be equal to zero since magnetic monopoles do not exist. This
constraint of MMF sources magnitudes can expressed as:

2 F,=0 (3.2.29)

MEC model was built using nodal method [79]. Because the model
contains nonlinear elements, a set of nonlinear algebraic equations needs
to be solved. To achieve this, Newton-Raphson method was used [80]. The
algorithm is shown below.

LD — (0 _ [](xuo)]‘lf(x(k)) (3.2.30)

In the equation above, | (x(")) is Jacobi matrix which has to be computed

in each iteration. Since the permeances are not in the form of explicit
functions of nodal potentials, approximate method of Jacobian calculation
must be used as described in [77].
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Nodal equations are given in the form:
Axu= ¢ (3.2.31)

In this equation 4 is the permeance matrix, u is the nodal potential vector
and @ is the magnetic flux vector. For the purpose of Newton-Raphson
method application, equation (2.2.31) has to be written in the following
form:

fluy=Au— @ (3.2.32)

In this method, Jacobian has to be computed in each iteration. Derivative
of function f(u) with respect to nodal potential u is given by:

af (uw) oA 0P
— - 3.2.33
ou uau + 4 ou ( )

In general, derivative of a magnetic permeance function with respect to
nodal potential can be defined as [77]:

0y _ 0Ny Ou, OB 0

— = —_— (3.2.34)
du du, 0B d¢ ou
Since:
A = 11
m = E T 1 cdlcd (3.2.35)
MUrto = S S

The derivative of magnetic permeance function with respect to relative
magnetic permeability in equation (3.2.34) is defined as:
0 _ Ho _ Am
our ¢4 u (3.2.36)
S

The second term in equation (3.2.34) is obtained from magnetizing curve
(Fig. 3.22).
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Fig. 3.22 Magnetizing curve of the considered steel sheet

Given the B-H curve, the relative magnetic permeability of the material
can be calculated. Fig. 3.23. shows the steel sheet relative magnetic
permeability.
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Fig. 3.23 Magnetic permeability
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Calculating the second term of equation (3.2.34), requires computing the
derivative of the material magnetic permeability funciton with respect to
the magnetic flux density. This derivative is shown in Fig. 3.24.
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Fig. 3.24 Derivative of magnetic permeability
Third term in equation (3.2.34) equals:

JdB 1
— == (3.2.37)

ap S

where S is the cross section area of flux tube. The last term of equation
(3.2.34) which is a derivative of magnetic flux with respect to nodal
potential can be calculated as:

$12 = Ama2(Ug — uy) (3.2.38)

where u; and u, are nodal potentials of two consecutive nodes, 4,1, is
the permeance between these nodes and ¢, is the magnetic flux flowing
through permeance A,,;,, the derivative of the flux with respect to
specified nodal potential can be written as:

01, _ 041,
duq duy

(ug —uy) + Ay (3.2.39)
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Putting equations (3.2.36), (3.2.37) and (3.2.38) to equation (3.2.34), the
derivative of magnetic permeance with respect to specified nodal
potential will be obtained:

0/ m12 _ aBy Az
ou;,  1—afy(u; —uy)

(3.2.40)

: 24 ] ] : :
witha = 22 8 =2 andy = ﬁ. All the elements of Jacobian matrix at

ouy’ B
each iteration are computed in this manner.

The nonlinear equations of MEC reluctance network were solved in
MATLAB®. The results were then compared with results obtained from
FEM model simulated in FEMM 4.2. Fig. 3.25 and Fig. 3.26 present the air
gap field for d and q axis MMF obtained from MEC and FEM analysis.
Geometry data of analyzed machine is contained in Table 3.2.

TABLE 3.2 Main dimensions of analyzed machine

Number of slots 24
Rotor radius 85.5 mm
Shaft radius 22 mm
Bridge thickness 1 mm
Air gap length 1 mm
Axial length 180 mm
. . w =25
First flux barrier V1 =400 v2 = 1000
Second flux w=25
barrier vl=1700 v2 = 2400
Third flux w=25
barrier vl =3300 v2 =4000
Fourth flux w=25
barrier vl =4800 vl =5500
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Fig. 3.25 Distribution of air gap magnetic field for d axis MMF [74], [75]
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Fig. 3.26 Distribution of air gap magnetic field for q axis MMF [74], [75]

The results obtained from MEC and FEM analyzes are similar. In case of
q axis model, the number of air gap divisions is increased so more precise
air gap field distribution could be obtained. During design process, it is
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necessary to predict machine’s performance, thus estimating machine’s
L4 and L, inductances and saliency ratio defined as La/Lq is crucial [81].

Calculation of the machine’s flux linkages and saliency ratio was
performed using MEC and FEM model. Comparison of the results is
presented in Fig. 3.27.
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Fig. 3.27 Machine’s flux linkage in d and q axis [74], [75]

Inductances L, and L, of the machine can be computed as derivative of
flux linkage function with respect to current I; and I,.

_d¥,  AY,
e TR (3.2.41)
L, =% 2% (3.2.42)
7 dl, Al o
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Fig. 3.28 Inductances the machine in d and q axis [74]

In Fig. 3.27 it can be seen that flux linkage obtained from MEC and FEM
analysis is similar. Flux linkage in q axis is close to linear because of the
flux barriers in the path of magnetic flux. In d axis saturation occurs.
because the magnetic flux avoids the flux barriers, almost the entire flux
path consists of nonlinear reluctances. Machine’s inductances in d and q
axis are presented in Fig. 3.28. Results obtained from MEC model and
FEM model coincide with each other. This proves that MEC model
provides acceptable accuracy in inductance calculation of SynRM when
cross saturation is neglected.

Figures below show results of FEM analysis of the modeled SynRM. The
models were adjusted to perform analysis for stator MMF in d and q axis.
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Fig. 3.29 Magnetic flux density distribution for d (left) and q (right) axis MMF

MEC method can provide satisfying accuracy in inductance calculation.
This method however is based on lumped parameters which in some
cases might be difficult to calculate. For flux barriers built on Zhukovski's
curves, calculation of rotor's reluctance network was quite problematic
and it was performed only for two rotor positions as the flux paths are
too complicated to be described using analytical equations. Using two
separate MEC models does not let to include cross saturation when
calculating machine's flux linkage and inductances. For MEC analysis,
SynRM with 24 stator slots was used. This significantly simplifies the
analysis since only one pole of the machine needs to be modeled. The
final topology however has 27 stator slots which means that there is no
geometrical symmetry and the entire structure has to be analyzed.
Moreover, results of electromagnetic analysis are further processed and
used in thermal and vibroacoustic analyses. These analyses require
accurate power loss and magnetic radial forces distribution. This cannot
be obtained with MEC analysis hence FEM analysis is necessary. Analysis
of the final SynRM topology includes cross saturation analysis and rotor
skewing modeling for which the finite element method is much better
than MEC analysis.

This part presented simplified methods of SynRM electromagnetic
analysis. Machine models used for these analyses have 24 stator slots in
order to provide geometrical symmetry which simplifies the models.
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3.3.4. SynRM Design Parameter Sensitivity

Since the object of interest is a machine for high speed applications, only
machines with four poles will be considered in this work. The anisotropy
of the magnetic circuit is delivered by the rotor construction but the
overall performance of the machine depends on the stator and rotor
interaction. Different number of stator slots and winding configurations
affect machine’s parameters such as generated torque, torque ripple or
supply voltage.

In general the number of slots of an electrical machine’s stator is defined
based on the rated power and the main geometrical dimensions; in case
of the SynRMs presented in this work the performance of the machines
is investigated for 3 different stator topologies: 24, 30 and 36 slots. For
each case the outer and inner diameter of the laminations, are kept
unchanged, along with the slot opening, width and depth. The three
resulting topologies are presented in Fig. 3.30 [47].

24 slots 30 slots 36 slots

Fig. 3.30 SynRM stator topologies [47]

Various winding topologies were considered for each case and the most
appropriate was used in the comparative study: full-pitch winding for the
24 slot structure, fractional pitch for the 30 slots structure and short-pitch
winding for the 36 slots stator. Because the number of slots/pole/phase
varies, different number of turns per coil was considered, so that the total
number of turns per phase is similar for the three stators. Fractional slot
concentrated windings were studied for this type of machine [9]. For each
stator, two rotor topologies were studied. First rotor topology was the
rotor with round flux barriers and the second topology was the rotor with
optimized flux barriers whose shape is based on Zhukovski’s curves.

In order to compare the performances of the different topologies
electromagnetic simulations were carried out in JMAG Designer, which is

64



a FEM based commercial software. Fig. 3.31 shows the magnetic flux lines
and the distribution of the magnetic flux density in analyzed structures in
case when rotor’s d axis is aligned with the axis of stator magnetic field.
The left column presents the conventional rotor SynRMs with round
barriers and the motor with “Zhukovski” shaped barriers are shown on
the right. It can noticed that the initial rotor position is different for the
two barrier shapes because of the different methods used for creating the
model: the “Zhukovski” barrier rotor has the d-axis drew on the
symmetry of the model, while for the initial rotor there is a 45° between
the d-axis and the symmetry line.

=%

36 Slots Stator
Fig. 3.31 Magnetic flux density and flux lines [47]

The air gap magnetic flux field obtained for these rotor positions are
presented in Fig. 3.32: the radial component is plotted along the entire air
gap circumferential length when stator d axis magnetomotive force was
applied. It was computed to show how rotor topology influences magnetic
flux density distribution in the air gap in no load state. For 24 slot stator
and the rotor with “Zhukovski” based flux barriers, the air gap field is
closer to the ideal (sinusoidal) shape but the average value remains
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similar for both types of rotor. For the 30 and 36 slots structures the
differences are caused by the different distance between the flux barriers,

causing the stator teeth to be aligned with the rotor flux paths in a
different manner.
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Fig. 3.33 presents instantaneous torque waveforms of all machine
topologies. The waveform shown in the top of the figure is the torque
generated at peak power while the bottom waveform is the torque
generated at continuous power. Red continuous line represents the
torque waveform of machine with Zhukovski’s type flux barriers in the
rotor and black dotted line represents torque waveform of machine with
round rotor barriers. One can see relevant difference in torque ripple for
each case between those two rotor types.
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Fig. 3.33 Instantaneous torque waveforms of all machine topologies [47]
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The exact information on percentage torque ripple and torque mean
values is given in Table 3.3.

TABLE 3.3 Torque and torque ripple information for each topology [47]

Case Results
Speed Operatin, Current | Average Torque Torque
Stator [rI')pm] pPoint ’ Rotor [A] ng] ! rippIZ [%]
Cont. Round. 42.5 52.8 19.57
4000 Zhuk. 39 52.9 41.12
Peak Round. 113 157.08 17.67
24 Zhuk. 106 157.17 51.56
slots Round. 21.6 17.8 15.54
Cont.
12000 Zhuk. 18 17.3 30.71
Peak Round. 42.5 52.8 19.57
Zhuk. 39 53.1 41.41
Cont. Round. 46.2 52.36 18.07
4000 Zhuk. 43 52.69 8.77
Round. 123 156.69 14.85
30 Peak Zhuk. 118 157.77 7.75
slots Round. 24 17.47 18.28
Cont.
12000 Zhuk. 20 17.58 9.54
Peak Round. 46.2 52.39 18.01
Zhuk. 43 52.68 8.78
Round. 47.5 52.23 33.14
Cont.
4000 Zhuk. 49 53.09 41.54
Peak Round. 130.1 157.32 34.13
36 Zhuk. 134 158.66 68.66
slots Cont Round. 24.2 17.48 30.93
12000 ' Zhuk. 23 17.87 32.08
K Round. 47.7 52.51 33.14
Pea Zhuk. 485 52.47 4315

The magnetic flux density in the air gap is shown for all the structures,
showing that when using the new barrier shape the variation is closer to
the ideal sinusoidal form. Since the SynRM torque is depending on the
ratio between the direct and quadrature inductances the variation of coil
magnetic flux was studied, considering a constant current through one of
the phases, so the maximum and the minimum inductances,
corresponding to the d and q axes, respectively, could be determined. The
results showed that the new rotor geometry has higher saliency at mid-
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range currents, while for high currents the ratio is almost equal because
of the saturation of the magnetic circuit.
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Fig. 3.34 Saliency ratio comparison - 24 slot [47]

Figures 3.34 to 3.36 show the comparison of saliency ratios of examined
machine topologies. One can see that machine with optimized flux
barriers in the rotor achieves higher saliency ratios for all stator
topologies. The figures show that the saliency ratio changes with phase
current. The highest values of saliency ratios occur around 20A phase
current. The higher phase current the lower the saliency ration due to
saturation of magnetic circuit.
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Fig. 3.36 Saliency ratio comparison - 36 slot stator [47]

The torque mean value and torque ripple ratio were determined for the
4 typical operating points, proving that for the 24 and 30 slots structures
a lower current is required when using the “Zhukovski” curves based
barriers shapes to get the same torque than in the case of the round
shaped barriers; for the 36 slots structure the conventional rotor seems
to be more efficient than the new variant. For 24 and 36 slot stators the
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torque ripples are higher when using the new barrier shapes, so further
analysis on the location of the barriers must be performed. Promising
results are obtained for 30 slot stator that exhibits lower torque ripple
values compared to the other stator topologies. When using the
“Zhukovski” shaped barriers the ripple is further reduced to half the
value calculated for the conventional structure.

3.4. Structural and Vibroacoustic Analysis

Failure refers to a number of different mechanisms that can occur. It
could mean permanent distortion, yield or fracture of the component. It
could also mean that the component has compromised functionality. The
failure mechanisms used in this work is considered to be yield or fracture
of the component. In order to determine which failure theory to use, for
static failure theories, it is really critical to correctly classify the material
as a brittle material or a ductile material. Failure theories for static
loading are presented in Table 3.4.

For ductile materials, it is very clear where the plastic deformation
begins. The yield point on the stress strain curve is clearly noted. Brittle
materials however do not have a clear yield point so it is hard to
determine where the beginning of plastic deformation is.

TABLE 3.4 Failure theories

Loading Behavior Strength Theory
Maximum Shear
Stress
Sy =S
. yt yc
Ductile Von Mises
£ > 0.05 Theory
Static Ductile Coulomb
Syt S
ye  sye Mohr Theory
Brittle Coulomb
Brittle £ < 0.05 Syt # Sy Mohr Theory
Modified Mohr
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In Table 3.4 S,, and S, are tensile and compressive yield stresses

respectively and ¢ is strain. Yield stress is the value of stress which
causes permanent deformation of the material. The concept of yield
stress is presented in stress-strain diagram below. Yield stress is marked
with letter C. Normal stress and strain are defined by equations (3.3.1)
and (3.3.2):

=7 (3.3.1)
In equation (3.3.1) F is the force acting on a surface and 4 is the cross
section area perpendicular to the force vector.

_ l - lo
A (3.3.2)

&

Strain is defined as the ratio of total deformation to the initial dimension
of the body. In equation (3.3.2) [, is the initial length of the body and [ is
the length of the body after deformation.

For materials whose yield strength in tension is equal to or close to yield
strength in compression, the Maximum Shear Stress Theory and von
Mises Theory can be applied. If the yield strength in tension is vastly
different than the yield strength in compression, Ductile Coulomb Mohr
Theory should be used. Brittle materials typically are much stronger in
compression than they are in tension, so the tension and compressions
strengths are almost never the same. In that case Brittle Coulomb Mohr
Theory or Modified Mohr Theory can be used.
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Fig. 3.37 Stress strain curve [82]

When determining the failure of a structure one has to choose a proper
failure theory depending on the type of loading and the mechanical
properties of the material. In the tests presented in this work, von Mises
Theory was used.

In order to apply Maximum Distortion Energy Theory also known as von
Mises Theory when determining the failure of the structure one has to
agree for the following assumptions:

e Homogenous structure
e [sotropic material

e Linear elastic material
e Static loading

e Ductile material

i Syt = Syc

Maximum distortion energy theory has its basis in strain energy which is
essentially the energy stored by the system undergoing deformation. In
developing the distortion energy theory, the postulate was made that the
total strain energy can be divided into two parts: the energy associated
solely with change in volume termed dilatation energy and the energy
associated solely with change in shape termed distortion energy [83].
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Dilatation energy can be associated to hydrostatic component of the
loading applied to the material and distortion energy can be associated
to distortion component of the loading. Materials can withstand high
levels of hydrostatic loading but have limited capacity for distortion
energy.

Fig. 3.38. shows the idea of tri-axial stress state. Hydrostatic component
of stress which is responsible for volume change and distortional
component which is responsible for the change of shape contribute
together to total stress of the material.

Failure criteria in von Mises theory states that the failure takes place
when the component strain energy per unit volume is greater than or
equal to a distortion energy per unit volume at yield of a tensile test
specimen of the same material as the component. To compare the
energies von Mises equation is used.

Triaxial Stress _  Hydrostatic ,  Distortional
State Component Component

al

Fig. 3.38 Tri-axial stress state

! 1 2 2
o' = ﬁ\/("" —0y) +(0y = 0) + (0, = 0)* +6(vdy + 73, + %) (333
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In equation above ¢’ is effective stress, gy, 0, g, are normal stresses in
X,y and z axes and Ty, T,,, T, are shear stresses in XY, YZ and ZX planes.
The failure occurs when ¢’ = §,,.

During design process, for a given stator topology, one wants to find a
topology of the rotor which provides the highest value of saliency ratio.
The goal is to maximize the permeance of the rotor in d axis and to
minimize the permeance in q axis. This is obtained by a proper design
and distribution of flux barriers in the rotor. However, rotor topology
which provides the best electromagnetic performance might not be
suitable for high speed applications. In high speed machines, the rotor
has to withstand huge stress in its parts due to centrifugal forces. In [20]
the author investigated structural performance of the rotor at medium
rotational speeds. Study on mechanical robustness of the rotor at high
rotational speeds lead the author to obtain a unique robust rotor with
dovetail design flux barriers.

Fig. 3.39 Construction of rotor with modified flux barriers [20]

The rotor in the machine presented in this work uses optimized flux
barriers constructed using Zhukovski’s function. In order to make the
rotor construction more robust and capable of operating at high speeds,
additional parts called ribs, have to be introduced to the topology as
shown in Fig. 3.40.
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Fig. 3.40 One pole of rotor with ribs in flux barriers

Introducing ribs in flux barriers reduces performance of the machine.
Inductance in q axis increases because the ribs provide additional path
for the flux in q axis. This causes the saliency ratio to drop and as a result,
the torque decreases. For that reason, the ribs should be placed only in
crucial places in the rotor, and should be as thin as possible. Thicker ribs
make the rotor capable of operating at high speeds but the performance
significantly drops, this is why for a given maximum speed and safety
factor, optimal size and configuration of the ribs should be found. At high
speeds, the diameter of the rotor should be small, in order to reduce
centrifugal forces, but sometimes due to space limitations it is not
possible to have a long machine. In that case, using additional ribs in
rotor topology seems to be unavoidable. Structural analysis of the rotor
was performed for this 12000 rpm since it is the maximum speed of the
rotor.

Structural static analysis of rotor with three flux barriers and a cutout
was performed in JMAG. The presence of the cutout caused the
centrifugal force to decrease as the radius in q axis is smaller. Several
modifications of this rotor topology were tested starting from the one
without any ribs. In all tests, von Mises stress distribution was checked.
Mechanical properties of steel sheet used in simulations are presented in
Table 3.5.
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TABLE 3.5 Mechanical properties of steel sheet

Parameter Value
Density 7850 kg/m3
Young’'s Modulus 200000 MPa
Poisson’s Ratio 0.266

Fig. 3.41 Structural mesh of the rotor

Fig. 3.41. shows the mesh used to perform structural analysis of the
rotor. Fine mesh around any corners and sharp edges is necessary in
order to obtain reliable values of von Mises stress in those areas. This
results in increased computational time but it is inevitable.

Results of structural analysis of the rotors are shown below. The initial
topology was the rotor containing flux barriers without ribs since this
topology provides the best electromagnetic behavior of the machine. At
maximum rotational speed, von Mises stress was too high though hence
ribs placement was necessary. In order to keep good magnetic
performance of the machine, the ribs in the rotor should be as thin as
possible but wide enough to withstand high centrifugal forces. Placing
ribs in each flux barrier significantly lowered the maximum von Mises
stress in the rotor. For more safety, additional ribs in the first flux barrier
(closest to the shaft) were added.
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In case of rotor with four flux barriers, the flux barrier which is the
closest to the air-gap does not have a rib since von Mises stress is very
low in that area.

von Mises
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MPa MPa
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1080 216
0
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600 | | 120
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0 | 24
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von Mises von Mises
Stress Stress
MPa MPa
200
| I
160
i
| | 120 90
100 [
80 70
60 v 50
40 30
20 10
0 0

d)

Fig. 3.42 Simulation results - distribution of von Mises stress: a) rotor with no ribs, b)
rotor with three ribs, c) rotor with three ribs of higher thickness, d) rotor with five
ribs

The critical value of von Mises stress of the material used in simulation
is 250 MPa so the aim of the design was to achieve such a topology in
which the maximum stress is lower than 250 MPa. Due to safety issues, a
certain value of safety factor has to be obtained. Safety factor is defined
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Oc

as: where ¢, is the critical value of stress (at which the material

Omax

brakes) and 0,4, is the maximum stress occurring in the material due to
internal forces. Maximum values of von Mises stress of rotor topologies
shown in Fig. 3.42 for rotational speeds from 600 rpm to 12000 rpm with
600 rpm step are presented in Fig. 3.43.

The highest von Mises stress occurs in the rotor without any ribs. Since
all the flux paths in the rotor are attached to each other by the rotor
bridges, they are the parts of the rotor where the highest von Mises stress
occurs. The ribs located in flux barriers take a part of the mechanical load
from the bridges and thus significantly limit the maximum value of von
Mises stress occurring in the rotor. Geometry data of four rotor
topologies together with maximum stress occurring in the rotor are
presented in Table 3.6.

One can observe that the highest stress occurs in rotor's bridge. Red color
means that the stress achieves or exceeds the maximum allowed stress
of 250 MPa.

One can see that maximum von Mises stress achieves the highest values
in rotor without ribs which makes this topology unable to work at very
high speeds. Safety factor for all rotor topologies is presented in Fig. 3.44.
Since the safety factor achieves very high values at low speeds, Fig. 3.44
shows the values of safety factor starting from 3000 rpm. When safety
factor equals 1, the maximum von Mises stress achieves the value of
critical stress which results in damaging of the construction. Rotor
without ribs can withstand rotational speeds up to 5400 rpm. In Fig. 3.44,
safety factor for rotor without ribs at 5400 rpm is 1.05 which means that
the construction is very close to brake. In practice, such low safety factor
is not allowed which makes the maximum speed of the rotor even lower.
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TABLE 3.6 Geometry parameters of four rotor topologies and maximum stress in the

rotor
Maximum
. stress at
Rotor type Part name Width 12000
rpm
First bridge 1 mm
Rotor without ribs Second bridge 1 mm 1175 MPa
Third bride 1 mm
First bridge 1 mm
Second bridge 1 mm
Rotor with three ribs - | Third bridge 1 mm
Fig. 3.42b First rib 2 mm 224 Mpa
Second rib 1 mm
Third rib 1 mm
First bridge 1 mm
Second bridge 1 mm
Rotor with three ribs - | Third bridge 1 mm
Fig. 3.42c First rib 3 mm 199 MPa
Second rib 2 mm
Third rib 1 mm
First bridge 1.5 mm
Second bridge 1.2 mm
Third bridge 1 mm
R.otor with five ribs - F.1rst I‘l.b (ml.ddle) 3 mm 168 MPa
Fig. 3.42d Side ribs (first flux | 0.7 mm
barrier)
Second rib 2 mm
Third rib 1 mm
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Fig. 3.45 Rotor’s deformation and displacement

Fig. 3.45 shows deformation of the rotor and displacement of rotor’s
parts at 12000 rpm due to centrifugal force. The highest displacement
occurs in rotor without ribs. The maximum value of displacement is
0.4372 mm. Rotors with ribs (Fig. 3.45 b and c¢) have maximum
displacements equal to 0.0334 mm and 0.0314 mm respectively. Fourth
topology of rotor has maximum displacement equal to 0.0251 mm.
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Fig. 3.46 Torque comparison at 4500 rpm (left) and 12000 rpm (right)

Ribs in flux barriers of the rotor, affect electromagnetic properties of the
machine. In order to see the influence of the ribs, two magnetic transient
simulations were performed for peak power - at 4500 rpm and at 12000
rpm. Torque comparison is shown in Fig. 3.46 for 4500 rpm and 12000
rpm respectively. Two rotor topologies were considered when
performing electromagnetic simulations - rotor without ribs and rotor
with ribs shown in Fig. 3.42 d) since this topology provides the highest
safety factor. One can see that introducing the ribs decreases the torque.
Maximum torque at 4500 rpm for rotor without ribs is 190.4 Nm and for
rotor with ribs maximum torque is 166.2 Nm. When operating at 12000
rpm, maximum torque for rotor without ribs is 44.95 Nm and for rotor
with ribs maximum torque is 39.52 Nm.

Noise and vibration is another important aspect in electric machines.
Basic sources of machine’s noise are [84]:

e Electromagnetic source
e Mechanical source
e Aerodynamic source

Sound is a wave in flexible environment. Sound waves can be divided by
frequency:

e Infrasound - up to 20Hz

e Low frequency - 20Hz to 40Hz
e RF-8kHzto 16kHz

e Ultrasound - 20kHz over

83



The frequency range of audible sound for human ear is from 20Hz to
20kHz. Noise and vibration of electrical machines is a well documented
issue in the literature [85]. The noise from electromagnetic source is the
main nosie component of electric machines. Machines nowadays are
supplied from power converters which improves their speed and torque
control capabilities. The converters use pulse width modulation method
which apart from the motor driving fundamental component also
generate high frequency components [85]. These components are
present in stator currents and magnetic flux. The variable magnetic field
passing through each phase creates forces on stator poles. The stator
deformations are one of the main sources of vibration and noise in the
SynRM [40], [86], [87]. Acoustic noise is caused by the pressure
fluctuation imposed by the deformations of the motor’s outer surface
which cause the surrounding air to move. Only the laminated stator core
has been taken into account in this study. Therefore, the impact of the
housing with the cooling jacket, end windings and the end caps is
neglected. Forces created by each phase which act on stator pole are
related to magnetic field distribution in the machine. The magnetic field
distribution in turn depends on the magnetic circuit of the machine. It is
possible that machine with desired electromagnetic parameters can at
the same time have very high vibration and noise which might not be
acceptable for electric drive application. This is why to obtain required
parameters of the machine, coupled electromagnetic-vibroacoustic
multi-physics design approach should also be used. The equation of
motion of a generic multiple-degree-of-freedom structural system in the
time-domain is described as:

[M]{E ()} + [CH{xO} + [K]{x (D)} = {F (D)} (3.34)

where [M], [C] and [K] are respectively the global mass, damping and
stiffness matrices x(t) is a displacement at a given degree of freedom and
F(t) is the excitation force. The unforced and undamped equation of
motion transformed to Laplace domain is of the form:

([K] — w?*[MDX(w) =0 (3.3.5)
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The solution of this equation in Laplace domain results in eigenvectors
@, and eigenvalues being resonance frequencies w,. An approximate
forced response of equation (3.3.6) for lightly damped structures can be
computed using the formula below:

X(w) = i Pn F (@) Py (3.3.6)
L (0 — 02 + 2§, 00,) o

Forced response of a continuous structure such as machine’s stator can
be found by means of modal analysis. The idea of modal analysis is based
on simplification of the solution of a multi-degree freedom system.

Analytical approach of modal analysis is well known for basic structures
such as plates, beams or rings. The equation of motion for vibrating thin
ring is defined as [88]:

EI (0%uy 03uy +Ehg 62u9+0u3 = h(’)zug 337
R*\ 962 ~ 983 ) T Rz \992 T 99 | T =PI G2 (337)

0%uy

0t2

El <63u9 64u3> Ehg(c?u@

R\ 39 g0t 7z \Za +u3)+q3=pgh (3.3.8)

where E is Young’s Modulus, p is mass density, g is the size of the ring
along z axis, h is ring thickness and [ is the moment of inertia of the
rectangular cross section:

3
[ = % (3.3.9)

Geometry of the ring is shown in Fig. 3.48.

85



Fig. 3.47 Geometry of the ring [88]

Modeling of stator lamination vibration using equations defined above is
usually done by increasing the ring density which represents the
presence of the teeth and winding. This approach unfortunately brings
error for low orders [88]. The author presented another method of
analytical modeling of stator lamination vibration. Modeling the
behavior of stator teeth is based on assumption that they follow the local
yoke displacement in form of the rigid body motion and they only change
the inertia of the ring. During vibration of the stator, bending is the
dominant type of deformation. This means that displacement radial
component along neutral surface achieves positive and negative values.
At the same time the neutral plane remains stress free [88]. The increase
of angular inertia of continuous ring caused by the discrete set of teeth
can be done in few steps. At the beginning the real shape of a single tooth
should be reduced to a rectangle as shown in Fig. 3.48 [88]. The inertial
term related to displacements have to be increased by the ratio k,, due to

the presence of the stator teeth.

QbZh'Z
2nRh

k, =1+ (3.3.10)

In equation (3.3.10), Q is the number of stator teeth, h, and b, are shown
in Fig. 3.48. and R and h are shown in Fig. 3.47. The moment of inertia of
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the cuboid substituting the stator tooth, against z, axis (Fig. 3.48) is of
the form:

Jzn = Plzo [1 + (%)2 +3 (1 + —)2] b, (3.3.11)

Since the ring equation requires continuous properties, the inertia of the
tooth must be spread along slot pitch measured on neutral layer. It can
be added to the yoke moment of inertia. This can be done by multiplying
the value of I (eq. 3.3.9) by a factor equal to:

k, =1+ (E)S [1 + (&)2 +3 (1 + hi)z Qb, (3.3.12)

h h, 27R

Fig. 3.48 Simplified geometry of lamination tooth [88]

Analytical methods of modes calculation provide fast and quite accurate
estimation of natural frequencies of a structure. However, their accuracy
may vary depending on the structure’s mode order. To predict stator’s
natural frequencies more precisely, finite element method should be
used. Moreover, calculation of normal modes is the first step of NVH
analysis of the stator. The structure of the stator is continuously excited
by magnetic forces. During the numerical analysis, only the radial
component of magnetic forces is considered since this component is
responsible for structure’s deformation. NVH analysis was performed in
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VirtualLAB® which is a dedicated software for acoustic and vibration
analysis. Radial magnetic forces were calculated in JMAG and exported to
.unv file. Since the structural mesh and electromagnetic mesh were
different, the radial forces had to be mapped from electromagnetic mesh
to structural mesh using dedicated algorithm in VirtualLAB®. In order to
obtain good frequency resolution, signal of magnetic radial forces was
multiplied using digital signal processing tool in VirtualLAB®. Sampling
time was adjusted to the rotational speed so at high speeds obtained
signals are accurate enough.

Y N
.unv
V V

] ]
- o - ] g
4 -

Fig. 3.49 Workflow diagram of NVH analysis

Fig. 3.49. presents the workflow of NVH analysis of electric machines.
Magnetic radial forces obtained from electromagnetic simulation are
transferred as .unv files to analysis in VirtualLAB®. The geometry of
analyzed structure must be created and properly meshed. Next, modal
analysis of the structure needs to be performed. After creating acoustic
mesh and performing forces mapping, electromagnetic and structural
analysis results can be combined together and acoustic behavior of the
machine can be simulated. This is done by using ATV analysis. All the
steps will be described in the following sections.

Stator as a continuous structure has an infinite number of freedom and
thus the infinite number of resonance frequencies. In numerical
simulations only the relevant ones are considered. Using modal
decomposition, it is possible to simplify the solution of a multi-degree
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freedom system by substituting in with a set of single degree freedom
systems. The basis of this simplification are eigenvectors. After modal
decomposition, the equations are completely decoupled.

3.5. Topology of the Machine and NVH Behavior

As shown in previous chapters, magnetic field in the machine depends
on its magnetic circuit. Number of stator slots and rotor flux barriers
affect electromagnetic performance of the machine. Depending on the
topology of the machine, air gap magnetic field might contain various
spatial harmonics [64]. Spatial and time harmonics of magnetic field
interacting with each other generate high frequency components of
torque and magnetic forces. This clearly indicates that machines
topology should affect the generated noise. This case was investigated by
performing numerical simulations for different SynRM topologies.

Fig. 3.50 One pole of the 1st (a), 2nd (b) 3rd (c) and 4th (d) rotor topologies with flux
lines

89



To investigate how the noise of the machine is related to its construction,
some theoretical studies were performed. Synchronous reluctance
machine with four different rotor topologies was designed and simulated
to check the influence of machines construction on noise generation.
These topologies are presented in Fig. 3.50. First rotor has four round
flux barriers and the flux barriers of the second rotor are rectangular.
Third rotor has three flux barriers and a cut-off. The last rotor topology
has four optimized flux barriers. Torque ripple varied with each rotor
and speed. Optimized flux barriers provided the lowest value of torque
ripple but even that value was quite high. Torque ripple values for each
topology occurring at certain speed are presented in Table 3.7.

TABLE 3.7 Torque ripple comparison [39]

Speed Torque Ripple [%]

[rpm] Rotor 1 Rotor 2 Rotor 3 Rotor 4
1600 32.9 34.8 37.6 18.7
2000 32.4 34.8 37.2 18.6
2400 33.9 34.5 36.9 18.8
2800 33.3 32.6 36.3 18.1
3200 35.3 28.5 39.6 21.0
3600 33.4 34.1 36.9 18.6
4000 34.8 39.0 39.1 20.8
4400 31.5 30.2 34.9 16.8
4800 32.5 34.2 36.8 19.0

90




B[T]

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Angle [deg] Angle [deg]

a) b)

L L L
250 300 350

. . . . . . . . . . .
0 50 100 150 200 250 300 350 0 50 100 150 200
Angle [deg] Angle [deg]

c) d)

Fig. 3.51 Magnetic field distribution in the air gap for d axis stator MMF: a) first
topology, b) second topology, c) third topology and d) fourth topology

Fig. 3.51. shows the magnetic field distribution in the air-gap. The air-gap
field was calculated for d axis stator MMF to show how rotor’s topology
affects the permeance of the machine’s magnetic circuit. It can be
observed that air-gap field is similar for second and fourth topology (Fig.
3.51b and Fig. 3.51d respectively).
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Fig. 3.52 Spatial harmonics of air-gap magnetic field [39]

Spatial harmonics of air-gap field are presented in Fig. 3.52. Third
topology has the highest amplitudes of spatial harmonics from 5t to 20th
order.
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Fig. 3.53 Structural mesh a), ovalization mode 974 Hz b), triangular mode 2531Hz c)
and square mode 4324 Hz d) of the stator [39]

Acoustic response of the machine can be found by solving equation
(3.3.5) in order to collect natural modes of the stator. Three main normal
modes together with undeformed stator’s structure are shown in Fig.
3.53. Each normal mode has its own natural frequency. The normal
modes of the stator together with their natural frequencies were found
by means of the finite element analysis performed in Virtual.Lab®.

Numerical analyses performed for each SynRM topology assume the
steel constituting the stator core to follow an isotropic behavior with the

following mechanical parameters: Young’s modulus of 1.85 * 1011 12,
m
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Poisson coefficient of 0.287 and mass density of 7650 %. Therefore, the

shifts of natural frequencies that can be noticed while assuming isotropy
instead of orthotropy [89] or transversally-anisotropy [90], are not taken
into account. Additionally, the windings and the stacking factor are not
taken into consideration. As mentioned in [91], these assumptions might
lead to a non-negligible shift of eigenfrequencies. However, in the
purpose of comparison of rotor topologies, this analysis becomes

relevant.
40 44 48 52 %5 60

Fig. 3.54 Acoustic pressure for each harmonic order [39]
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Fig. 3.54 shows acoustic pressure for each harmonic order of all
topologies. One can see that the acoustic pressure values vary depend on
the harmonic order and it is hard to select one topology which generates
the highest acoustic pressure.

Once the equation (3.3.5) is solved, the structural response can be
computed through equation (3.3.6). Acoustic pressure at a chosen sink
(i.e. a microphone) can be obtained by computing acoustic transfer
vector (ATV) response case. ATV is defined as [92]:
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ATV is defined as the transfer function between the normal nodal
velocity and the acoustic pressure at field points. The sound power was
computed at a microphone located one meter away from the stator. In
equation (3.3.13) p; is the acoustic pressure at field point i and v; is the
actual normal velocity at node j, m is the number of field points and n is
the number of nodes in boundary elements. The acoustic pressure at field
point i due to unit normal velocity at node j is represented by £, ;. It is
worth mentioning that all the variables in equation (3.3.13) are
frequency dependent. Moreover, the variables are complex. For a given
frequency and given geometry, the ATV matrix is constant and does not
depend on loading condition.
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Fig. 3.55 OASPL [39]
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The overall sound pressure level (OASPL) for each topology at selected
rotational speeds shown in Fig. 3.55. is not impacted by the torque ripple.
As one can see, it is hard to find any correlation between the torque
ripple and the OASPL value. The OASPL is define as [39]:

fmax
OASPLy = 101log 10 <J SN(f)df> (3.3.14)

fmin

Presented results show that noise generated by the machine barely
depends on the machine’s torque ripple. The torque is produced by the
tangential component of the magnetic force hence torque ripple is
associated with variations of this component. However, the sound
generated by the stator structure due to is deformation is caused by the
radial component of the magnetic force. This means that when
optimizing the machine design for acoustic behavior or choosing a
control strategy, one should minimize the radial forces acting on the
stator in order to decrease the noise generated by the machine.

3.6. Thermal Analysis

In the field of electric machine design, lots of effort is put to improve
machine's efficiency. There is a high pressure on the research and
development of highly efficient, robust and cheaper machines. Along
with these demands, nowadays there is also an issue of motor
downsizing due to increasing interest in electric vehicles.

Machines of high power at reduced size are exposed to higher current
densities which cause serious problems with heat dissipation. This
aspect draws the attention of design engineers, who have to include
thermal design part along with electromagnetic design of the machine.

The temperature is the main factor determining how much electrical
load the machine can withstand and how long the machine can operate
at peak power. Excessive heat generated in the machine can lead to
accelerated fatigue of insulation, cause mechanical stresses in the
structure which can result in mechanical failure or change of geometry.
High temperature also decreases machine's performance. Winding
resistance rises with temperature and permanent magnet machines
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generate less torque due to demagnetization of the magnets. In the past
when computers did not have such a computational power as nowadays,
motor sizing was traditionally made using D2L, D3L and D*L sizing
equations. This method did not include thermal analysis of the machine.
It was done by the designer who used appropriate current density values
obtained from past experience to prevent overheating [29]. At that time,
only simple thermal networks based on lumped parameters were
available for thermal analysis. This was a serious limitation in
optimization and downsizing of the machine. When computer analysis
was introduced to machine design, the complexity of thermal networks
significantly increased.

3.6.1. Power Losses in Electrical Machines

The losses in electric machine can be divided into resistive losses, iron
losses in stator and rotor’s magnetic circuit and additional mechanical
losses.

A. Resistive losses

Resistive losses also known as Joule losses occur when an electric
current passes through a conductor of a specified resistance. They are
proportional to the product of the resistance R and square of the current
I. For a winding of m phases, the losses have to be multiplied by the
number of phases.

P =mRI? (3.4.1)

Resistive losses change with temperature since the resistance changes
with temperature. For most of the metals, the resistance rises linearly
with temperature.

Ry = Ry(1 + aAT) (3.4.2)

where Ry is the resistance at temperature T, R, is resistance at reference
temperature, a is resistance temperature coefficient and AT is
temperature change. The power loss in the winding is the major source
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of heat. The common approach of thermal analysis of electric machines
relies on the assumption of equivalent winding DC power loss for a single
point. However this approach is only valid for machines where ac power
loss is negligible. Proximity and skin effects contribute to AC winding
power loss [93]. Winding power loss at AC operation can be described by
simplified expression which includes three main components:

Pac(Lf,T) = Ppc(,T) + Pacesse(, f,T) + Pacesrr(f,T) (3.4.3)

Where Pp. is the DC winding power loss, Py¢.rsp is the power loss
related to AC effects resulting from the winding excitation and Py¢ ¢fsg is
the winding power loss component caused by rotation of the rotor
assembly. The winding loss component related to rotation of the rotor is
assumed to be independent of the winding excitation. The DC and AC
power loss components vary with temperature in different manners. The
AC component of power loss varies with temperature in quite complex
manner which can be approximated by:

(o)1 = (3.4.4)

Pacir = Pocir, (1 + a(T = To)) + Poeyr, (1+ (T — 1))
+a(T —T,

where % is the equivalent AC to DC resistance ratio and f is the AC loss
DC

component temperature coefficient derived from curve fitting of (3.4.4).

B. Iron losses

Iron loss can be of two types: hysteresis and eddy current loss. When
some part of magnetic circuit is magnetized by external magnetic field,
the molecules are aligned in the same direction. When the external
magnetic field is reversed, the alignment of the molecules takes the
opposite direction. The internal friction of the molecular magnets
counteract the reversal of magnetism which results in magnetic
hysteresis. In order to overcome this internal friction also known as
residual magnetism, some part of the magnetizing force has to be used.
This work, done by the magnetizing force generates heat; this waste of
energy in the form of heat is called the hysteresis loss. Alternating
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magnetic flux induces voltages in iron core which causes eddy currents
to flow in the core. These currents oppose changes of the flux and
moreover they prevent the magnetic flux from penetrating the object. In
order to eliminate the eddy currents, stator and rotor cores of the
machine are made of thin steel sheet laminations. The magnitude of core
power loss is strongly influenced by the machine topology and the
machine's operating cycle. The most common method of core loss
computing during design and analysis of an electric machine is based on
the Steinmez and Bertotti approaches. These methods nowadays are
usually implemented within FEA software packages [93].

The hysteresis and eddy current losses can be computed separately, but
the manufacturers of steel sheets usually combine the data about the
losses. The power losses of steel sheets are given per mass unit at a
specified maximum value of magnetic flux density and frequency. To
obtain iron losses of an electric machine, the magnetic circuit is divided
into a certain number of sections where the magnetic flux has
approximately constant value. The losses of each section of the machine
can be calculated from:

B\? B, \’

- Zn - n_
PFe,n - P10 (1T) mFe,n or PFe,n P15 (1.5T) mFe,TL (3.4.5)

where mp, , is mass of nt section of the machine.

The total iron losses of a machine are calculated as sum of power losses
of all sections of the machine. The problem is that the iron loss data is
valid only for sinusoidal flux variations. In electric machines however,
magnetic flux variations are never purely sinusoidal. In this case the
losses can be estimated using empirical correction coefficients kg, , [94].

N
B,\*
PFe,n = 2 kFe,nP10 (ﬁ) Mpgen OT PFe,n
n=1

, (3.4.6)

N Bn
= E kFe,nP15 (1 5T> Mpen
n=1 '

Various power loss coefficients associated to computational technique
and core loss mechanisms are derived from the specific power loss data
provided by the manufacturer of the material. In most cases the
coefficients refer to hysteresis loss, Joule's (eddy current) loss and excess
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loss. In the literature it has been reported that manufacture process of
laminated core packs has a significant impact on the core losses. It also
has been proven that elevated laminated core material temperature has
a moderate influence on the power losses.

C. Mechanical losses

Mechanical losses components are usually neglected or are subjected to
some base assumptions and approximations considering their
contribution to overall power losses of the machine. An insight into the
mechanical losses is usually based on hardware tests. Mechanical losses
from machine's bearings are usually obtained empirically. The most
commonly used bearings in electric machines are roll bearings. A
common approach of power loss estimation is to use bearing loss data
provided by the manufacturer. Another mechanical loss component is
windage/drag losses. This type of power losses is linked to the
aerodynamic effects related to rotor's rotation. These aerodynamic
effects are hard to analyze. The latest research in this field is limited to
some selected aspects such as machines with forced air or liquid cooling
of the rotor or high speed applications. In general, the research shows
that mechanical losses might have a significant effect on the overall
machine's power losses. Windage power loss can be estimated using
existing analytical approximations which rely on gained experience and
empirical tests. Example analytical formula applicable for the windage
loss calculation of a smooth cylinder rotating within a concentric
cylinder is presented below:

Pwindage = T[CdpR4(1)3L (3.4.7)

where C, is the skin friction coefficient, p is the air density, R is the rotor
radius, w is the angular speed and L is the active length of the stator-rotor
assembly. Such simplified formulas are limited to specific machine
topologies and operating conditions. In order to obtain more widely
applicable approach, it is necessary to use computational fluid dynamics
modeling techniques. Synchronous reluctance machine analyzed in this
work contains smooth cylindrical rotor and concentric stator. In this case
with stator slotting neglected, equation (3.4.7) can be applied in windage
loss calculations. Although the rotor has flux barriers, laboratory tests
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proved that there is no air flowing along the rotor through the flux
barriers [95].

3.6.2. Heat Transfer

A. Conduction

If a temperature gradient exists in a body, the heat is transferred for the
high temperature to the low temperature region. This type of energy
transfer is called conduction and it is a transmission of energy between
molecules in a medium. This process can be described by:

Q=6(T;,—T;) (3.4.8)

where @ is power flow, G is thermal conductance and T; and T; are
temperatures of two adjacent nodes. There exist two mechanisms of heat
transfer by conduction. In the first mechanism the heat can be
transferred by molecular interaction in which the molecules with higher
energy release energy for neighboring molecules at a lower energy via
lattice vibration. This kind of conduction is possible between solids,
liquids and gases. The second mechanism of conduction is the heat
transfer between free electrons. This type of conduction is typical for
liquids and pure metals in particular [94]. The thermal conductivity of
solids is directly linked to the number of free electrons hence pure metals
are the best heat conductors. The heat flow transferred by conduction is
given by Fourier’s law:

@, = —ASVT (3.4.9)

where: @, is the heat flow rate, 1 is the thermal conductivity, S is the
heat transfer area and VT is the temperature gradient. Materials with
high electrical conductivity are in general also good thermal conductors.
The insulators on the other hand are poor thermal conductors [94].

B. Convection

This type of heat transfer occurs in fluids and gases. Since the molecules
have more freedom to move around the heat transfer is improved by the
transportation of the molecules themselves. Convection is defined as the
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heat transfer between a region of higher temperature and a region of
cooler temperature that takes place as a consequence of motion of the
cooling fluid relative to high temperature surface which at the molecular
level, means that the warmer molecules displace the cooler fluid
molecules [94]. To simplify the computation process, some
dimensionless parameters have been generated. When calculating heat
transfer from solid surfaces to the coolant, the most important
parameters are the Nusselt number Nu, the Reynolds number Re and the
Prandtl number Pr. Convection heat transfer coefficient a can be
expressed with the dimensionless Nusselt Number as:
al

Nu =
u=— (3.4.10)

where L is the characteristic surface length and A is the thermal
conductivity of the coolant. The Nusselt number describes the
effectiveness of convection heat transfer compared to conduction heat
transfer [94]. Reynolds number describes the ratio between inertia and
viscous forces and is given by:

vL

Re =
e=— (3.4.11)

where: v is the speed of the coolant on the surface, L is the characteristic
length of the surface and v is the kinematic viscosity of the coolant. The
third dimensionless number is the Prandtl number, which describes the
relation between momentum and thermal diffusivity. The Prandtl
number is given by:
C

Pr = pT“ (3.4.12)
where: ¢, is the specific heat capacity, u is the dynamic viscosity and 4 is
the thermal conductivity of the coolant. The convection heat transfer
always takes place in the direction of a lower temperature. Convection
can be of two types: forced and natural. In forced convection, external
instruments such as pumps or blowers assist the flow of coolant. Natural
convection occurs due to density variations caused by temperature
differences. The density of a heated coolant changes which creates some
currents in the coolant.

C. Radiation

The mechanism of radiation is based on emitted photons carrying
energy. The level of radiation of a body depends on the emissivity of the
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body, the surface area and strongly on the temperature. Heat radiation is
electromagnetic radiation whose wavelength lies between 0.1 to 100 um.
This wavelength range includes visible light, infrared and ultraviolet. The
radiation does not require a medium for heat exchange.

The energy transfer can be described by:

Q=G(T -T1) (3.4.13)

When radiation meets an object, part of it is absorbed into the object,
some of it is reflected back from the surface of the object and some of it
might be transmitted through the object. This situation is illustrated in
Fig. 3.56.

irradiation, £ reflection irradiation reflection
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Fig. 3.56 Radiation: reflective surface (left) and semi-transparent surface (right) [94]

KE

The rate of absorption of the radiation energy by the surface is called
absorptivity S, the rate of reflection of energy is called reflectivity n and
the rate of energy transmission is called transmissivity k. The sum of
these coefficients equals one.

B+n+r=1 (3.4.14)
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Air principally does not absorb or emit radiation hence the radiation
from electrical machine to its surroundings and inside the machine can
be assumed to occur only between two surfaces.

In electric machines the convection and radiation heat transfer
mechanisms will contribute to the air gap and frame thermal resistances.
The effects of radiation can be neglected in electric machines since it is
rather small.

3.6.3. Thermal Analysis Methods

When dealing with thermal aspects of electric machines, heat flow
calculation and temperature estimation can be done using thermal
network (TN) based on lumped parameters, finite element method
(FEM) or computational fluid dynamics (CFD).

Thermal model based on lumped parameters has been used for a long
time for estimation of the temperatures in electric machines [96]. When
performing the thermal analysis using lumped parameter model, the
electrical machine is geometrically divided into lumped components.
Each of the components has a certain thermal capacity and heat
generation. The interconnections to neighboring components through
are realized by linear mesh of thermal impedances. The lumped
parameters are developed from the geometry of the machine and the
thermal properties of the materials used in the design. The thermal
circuit in steady-state condition consists of thermal resistances and heat
sources connected between the nodes. For transient analysis, the heat
thermal capacitances are introduced to take into account the time
behavior of the internal energy. Heat transfer in electrical machines is a
combination of conduction within solid and laminated components, and
convection from surfaces which are in contact with air or other cooling
fluids [96]. Lumped parameter TN is widely used and is constantly
modified and improve. In [97] the lumped parameter thermal model was
used to calculate temperature rise in permanent magnet synchronous
machine. The authors took into account conductive heat transfer in slots
and teeth, stator and rotor yokes, end-windings and permanent magnets.
Convective heat transfer in air-gap, housing, end-plates, end-windings,
inside and outside of the machine was also considered. In that study the
main heat sources were considered Joule and iron losses.

104



In order to run a TN model of the machine, it is necessary to define
thermal resistances of machine’s parts. Thermal resistance of an object
is calculated with respect to direction of heat flow. If an object is
homogenous, its thermal resistance can be calculated as:

L

R=— 3.4.15
A ( )

where L is length of an object in direction of heat flow, 4 is thermal
conductivity and A is cross sectional area. Some parts of an electric
machine can be modeled as cylindrical shapes.

Approximating machine’s parts with cylinders might sometimes not
provide a good accuracy. To calculate a thermal resistance of an object
whose shape is not homogenous, one can use the equation in integral
form shown below:

L odL e
R=J __Path 3.4.16
o A (Lpacn) (3.4-16)

Example of a thermal network is presented in Fig. 3.57.
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Fig. 3.57 Thermal network in MotorCAD

FEM-based models are more accurate than lumped parameter models
and can provide high resolution of the temperature field but only if the
heat conductivity and the specific heat is known accurately over the
whole domain [98]. The lumped parameter model is the opposite to high
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resolution FEM-based model. For a correct temperature estimation, the
parameters used in the model have to be identified experimentally which
is not useful during design process. For this reason, the authors
introduced correction parameters for heat transfer coefficients or
winding resistances. These correction parameters can be used during
design process to predict machine's temperature rise. TN model is also
used to calculate machine's temperature rise when operating with
dynamic workloads [99]. The lumped parameter model provided quite
accurate results in temperature prediction. The limitation of this model
is the resolution of the discrete heat source network. When analyzing
heat flow in complex regions such as around end windings or non-
uniform air-gap, CFD becomes very helpful [29]. Heat in electric
machines is generated by the electromagnetic losses and the mechanical
friction during rotor's rotation. Computational Fluid Dynamics (CFD) can
be used to predict and analyze the thermal performance of an electrical
machine where high speed rotation is coupled with small flow gaps as
was presented in [100]. The model developed by the authors captures
the complex Taylor vortex flow very well and provides detailed insight
of the flow and heat transfer inside the machine's air-gap. Moreover, the
model predicts the heat transfer coefficient with overall good accuracy.
A modification of CFD method is presented in [101] where the authors
performed a combined computational fluid dynamics and network
approach. In this approach, the analysis is first performed using lumped
parameter thermal network. Next CFD calculations are performed to
estimate thermal resistances which are used as input to the thermal
networks. The network is solved using iterative procedure. A complete
CFD model of a synchronous generator was investigated in [102]. The
authors investigated thermal management and air flow around major
components of the machine. Additionally, power and torque
consumption by the fan was calculated. Computational fluid dynamics
method does not need to be applied to simulate the thermal behavior of
the entire machine. In [103] the authors used CFD to model the coolant
flow in cooling channels and on the outer surface of end winding bodies.
The results of CFD simulation are next used as input to the analytical
models describing the convective heat transfer to the coolant.
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3.7. Conclusions and Contributions

This chapter presented different methods of electromagnetic, structural
& vibroacoustic and thermal modeling of SynRM. Results obtained from
previous analyses were used as a database when designing the final
structure of the machine.

For electromagnetic analysis it was shown that the simplest model based
on winding function requires very far-reaching assumptions and its
application is very limited. Saturation of the iron core plays a significant
role in reluctance machines analysis thus neglecting the magnetic field in
the iron leads to reduced accuracy of the results. Magnetic equivalent
circuit allows to take into account the magnetic field in the iron during
calculations hence the results obtained from this method are more
accurate than in case of winding function. MEC can be treated as an
extension of winding function modeling. Its major disadvantage is the
difficulty of modeling complicated geometry. In case of SynRM, magnetic
equivalent circuit proved to be useful when cross saturation was
neglected. This simplification allowed to analyze the machine by building
two separate models of the machine. Including the cross saturation by
means of MEC could be troublesome since the paths of magnetic flux are
too complicated to be approximated by lumped parameters. The most
accurate method of electric machines analysis is finite element method.
Using this method, it is possible to analyze all kinds of topologies. There
are no limits when it comes to geometry of analyzed object. This method
however depending on the analyzed object might be time consuming and
it requires a dedicated software. Several different topologies of SynRM
were tested. [t was proven that some types of flux barriers provide better
electromagnetic properties of the machine. Performed analyses proved
that configuration of stator slots and rotor flux barriers has a strong
influence on generated torque and torque ripple. In general, machines
with fractional winding experienced lower torque ripple than machines
with integer winding. Moreover, machines with flux barriers based on
Zhukovski’s curves in most cases experienced the lowest torque ripple
and could produce higher torque. Skewing the rotor of the machine (that
will be presented in Chapter 3) could allow to obtain lower values of
torque ripple.

In case of optimized shape of flux barriers, the curves that were used to
create the barriers can be described using parametric equations. This
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simplifies the process of creating the flux barriers as the curves can be
generated in MATLAB and then exported to a.dxf file. It was proven that
a SynRM with optimized flux barriers in the rotor in general has better
electromagnetic properties. When building MEC model of the machine,
one needs to calculate reluctances of flux tubes in the rotor. When the
flux barriers in the rotor are based on Zhukovski’s curves, calculation of
rotor reluctances becomes problematic and numerical methods of
integration must be used. Algorithm of calculating the reluctances of flux
tubes in the rotor for optimized flux barriers was presented.

Structural analysis was performed for the rotor as this part of the
machine has to withstand high centrifugal forces when operating at high
rotational speeds. Rotor without additional ribs in the flux barriers
provides very good electromagnetic properties of the machine but its
structural behavior does not allow the machine to operate at high speed.
Mechanical stress that occurs during machine’s operation achieves the
highest values in the bridges as these parts connect the flux paths and
are responsible for maintaining the structural integrity of the rotor. It is
necessary to introduce the ribs in the flux barriers for the machine to
operate at high speeds. Moreover, there should be no sharp edges in the
construction of flux barriers since the mechanical stress concentration is
the highest at discontinuities. In case of operating at very high speeds
such as 12000 rpm it was proven that additional ribs in the first flux
barrier are necessary. The cutout in the rotor increases torque ripple and
windage losses.

Influence of rotor’s topology on the noise generated by the machine was
also investigated. Numerical analyses were performed for a SynRM with
four different rotor topologies while keeping the stator topology
unchanged. The NVH analysis of the machine was performed using modal
analysis. Depending on the rotor topology, the machine experienced
different level of torque ripple. The lowest torque ripple was for the
machine whose rotor had optimized flux barriers. However, the noise
generated by the machine did not depend directly on machine’s torque
ripple. It was shown that there is hardly a relation between the noise and
torque ripple. Torque ripple depends on the tangential component of the
electromagnetic force whereas the noise of the machine origins from
stator deformation which in turn depends on the radial component of the
electromagnetic force.
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Thermal analysis is the final stage of the design process. The aim of the
thermal analysis is to confirm that the machine can operate at certain
loads without any damage due to high temperature. Thermal analysis
also allows to design a cooling system which in turn allows to downsize
the machine. Thermal analysis of the final topology of SynRM will be
presented in Chapter 4.

The machine models and the obtained results presented in this chapter
were published in various papers. The results of performed analyses of
SynRM make a general knowledge base on modeling of synchronous
reluctance machine.

Personal contribution of the author is:

e Investigation on optimized flux barriers in the rotor

e Application of parametric equations in design process of flux barriers
in the rotor

e Analysis of the influence of rotor topology on electromagnetic and
NVH behavior of SynRM

e Structural analysis of the rotor construction for high speed
applications

e Analysis of the influence of additional ribs in the rotor on
electromagnetic properties of the machine

e Application of winding function and magnetic equivalent circuit
method in analysis of air gap magnetic field of SynRM

e Description of reluctance calculation process of the rotor with
optimized flux barriers
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4. SynRM for EV Propulsion Systems

In EVs the electric machine is the main component of the propulsion
system. Based on the requirements of the propulsion system, EVs can
have various numbers and locations of electric motors. The advance of
power electronics and control systems allowed different motor types to
be used in EVs [10]. A brushed DC motor can provide maximum torque at
low rotational speed but its disadvantages are low efficiency, bulky
structure and the presence of the brushes which impacts the robustness
of the machine. For these reasons this type of machine is not used
anymore in EVs [10]. Permanent magnet brushless DC motor (BLDC)
tends to be more efficient than induction motors since there are no
windings in the rotor and thus nor copper loss. Moreover, this motor is
also lighter, smaller and heat dissipation is good as it is mainly generated
in the stator. However, the range of constant power is quite short and the
torque drops as the speed increases due to generated back EMF. The use
of permanent magnets also increases the cost of this machine [10].
Permanent magnet synchronous motor (PMSM) is capable of being
operated at a range of speeds without the need of any gear system. A
configuration with outer rotor is also possible and can be used as an in-
wheel motor. Switched reluctance motor (SRM) have a robust and simple
mechanical construction, low cost, wide constant power range and high
power density. Low efficiency, noise, torque ripple ang larger size
compared to PM machines are its disadvantages. Despite a simple
construction its control strategy is not simple [10]. Synchronous
reluctance motor (SynRM) combines the advantages of both PM and
induction motors. This type of machine is robust, fault tolerant, efficient
and small like a PM motor. The drawback of this motor might be a low
power factor. However recent research shows that a proper design of the
rotor which provides a high saliency ratio, significantly increases
machine’s power factor. This can be achieved by using axially laminated
rotor structures or transversally laminated rotor with properly designed
flux barriers’ topology. Also control systems can help this machine to be
competitive in EV application.

Chapter 4 presents the whole process of defining the requirements,
design and analysis of a SynRM for EV propulsion systems. The SynRM
under study was designed and analyzed based on the requirements
generated in the European FP7 project ARMEVA
(http://www.armeva-project.eu/). After a brief market research, the
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target for the technology developed in ARMEVA was defined, and the
required vehicle level characteristics were determined. These
characteristics served as input for simulation models to define the
electric motor specifications. The simulations were performed using
well-defined driving profiles (a combination of official profiles and
custom drive cycles and real data logged from an operational fleet of
electric vehicles) and specific load cases. Based on these requirements
and on the previous chapter results, a topology for the SynRM was
chosen and analyzed.

4.1. Motor Requirements and High Level
Specifications

The type of the vehicle to develop a propulsion electrical machine for was
chosen after a brief market analysis. It corresponds to a B-segment
vehicle produced by an Asian OEM. It is equipped with an electric
powertrain, but also optionally equipped with a range extender unit.
Two powertrain architectures were proposed: single and two speed
transmission. The first one is a widely used solution for electric vehicles,
with electric motor connected to the wheels by means of a transmission
with a fixed gear ratio. The second solution, developed by the
coordinator of ARMEVA project (Punch PowerTrain NV) leads to a higher
efficiency and a downsizing of the electric motor due to the ratio spread
offered by the two gears. The vehicle parameters are shown in Table 4.1.

TABLE 4.1 Target vehicle characteristics

Vehicle characteristics
Total vehicle mass 1454 kg
Mass distribution 50 %
Tire width 195 mm
Tire height 50 mm
Wheel rim diameter 16in
Aerodynamic and rolling parameters
Air penetration coefficient (Cx) 0.32
Vehicle active area for aerodynamic
1.95
drag

Moreover, the characteristics of the battery pack to be installed were
defined, as presented in Table 4.2.
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TABLE 4.2 Battery pack characteristics

Battery pack
Unit Value
Maximum charge / discharge power w 130000
Nominal capacity Ah 60
Element nominal capacity Ah 60
Number of elements in series in one branch - 108
Number of branches in parallel - 1
Battery total energy kWh 23.6
Open circuit voltage Vv 394
Ohmic resistance (one cell) Ohm 0.001

The requirements for the EV performance are presented in Table 4.3.

TABLE 4.3 EV performances requirements

0-50 km/h acceleration <38s
0-100 km/h acceleration <9s
0-130 km/h acceleration <20s

80-120 km/h acceleration <9s
Top speed 145 km/h
Top speed at 12% hill 100 km/h

Geometrical constraints were imposed, based on existing motors as used
by Punch Powertrain in similar power rated PHEV and EV applications.
Global dimensions are limited to:

e Diameter (excluding cooling in- and outlets and cable
connections): 240.0 mm
e Length (excluding shaft end): 257.7 mm

The EV operating modes were then analyzed. A model of the EV was
developed using LMS Imagine Amesim. Based on a realistic motor
efficiency map and on real driving cycles implemented in the model, the
operation points and the overall efficiency on all driving cycles were
extracted.
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Electric machine’s requirements were determined according to the
vehicle parameters. In order to specify the required power and torque of
the electric machine, one needs to know the required acceleration of the
vehicle along with the vehicle’s gross weight and motion resistance forces
of the vehicle. The total motion resistance force (or the road load) of a
vehicle is the sum of particular resistance forces as given below [104]:

F, = Fo+Fy + Faq + Fsy (4.1.1)

The rolling resistance is given by the formula [104]:
E., = ymg cos(a) (4.1.2)
where:

y - tire rolling resistance coefficient
m - mass of the vehicle

g - gravitational acceleration constant
a - grade angle

This resistance results from tire flattening at the road contact surface.
Viscous or Stokes friction force is defined as [104]:

Fop = kaV (4.1.3)
where:

k4 - Stokes coefficient
V - vehicle speed

Aerodynamic drag is the air viscous resistance which acts upon the
vehicle and is given by the formula [104]:

1
Foq = EECWAf(V + V,)? (4.1.4)
where:

¢ - density of the air
Cy - aerodynamic drag coefficient
Ay -frontal area of the vehicle

V, — head-wind velocity
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With road load given, it is possible to calculate the power P, required to
drive an EV [104].

P, = VE, (4.1.5)

With the reduction gear, the relations between load torque and angular
speed of the wheel and the motor are given by [104]:

W
Wy heel = T (4-1-6)

T
T, = LWihee’ (4.1.7)

where:

Wwheer — Mechanical speed of the wheel
Wy, — electric motor mechanical speed
T, -load torque

T wheer —l0ad torque on the wheel

[ - transmission ratio

Table 4.4 shows the required power and torque of the electric motor. The
parameters were obtained during simulation of different scenarios. One
can see that meeting the requirements for the EV in 0 to 50 km/h test, the
maximum power of the electric motor is required to be 60 kW. However,
this power is not sufficient to meet the requirements in 10 to 100 km/h
test. In this case the required maximum power is higher.
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TABLE 4.4 Maximum torque and power for the EV electric motor

Motor maximum torque | Motor maximum power
(Nm) (kw)
Gradeability 1680
0 to 50 km/h 1760 60
80 to 120 km/h 64
0to 100 km/h <=1760 87
0to 130 km/h <=1760 <=87
Top speed at 12% <=1760 <=87

In case of maximum speed of the motor, this parameter is not an output
of any simulation test. The requirement for the rotational speed is that it
should not exceed 20000 rpm.

Finally, for a configuration using gear box (with a gear ratio of 9.4) the
requirements for the EV electrical machine design are given in Table 4.5.

TABLE 4.5 Electrical machine requirements

Rated power 30 kW
Rated speed 4500 rpm
Maximum power 87 kW
Maximum speed 12000 rpm
DC bus voltage 600V
Torque ripple content 2-4%
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4.2. Multiphysics Design and Analysis of SynRM for EV
Propulsion Systems

Diagram presented in Fig. 4.1 shows the main workflow during design
and analysis of the final structure of SynRM for EV propulsion. General
dimensions were set based on available space and mounting method.
With dimensions specified, it was possible to design stator and rotor
based on required torque and supply voltage. Initial design was put to
simulation tests in order to find the best topology in terms of
electromagnetic torque, power factor and efficiency. Machine’s
parameters such as inductances, nominal current and torque were
obtained from electromagnetic analysis. These parameters were used to
build mathematical model of the machine used in control systems.
Electromagnetic analysis provided a topology of the machine which had
to be validated from the structural point of view in order to provide the
required robustness and integrity of the structure. NVH analysis of the
stator allowed to find natural frequencies of stator’s structure and to
estimate the noise level generated by the machine. In order to make sure
that the machine can operate at nominal and maximum load, thermal
analysis was necessary. This allowed to estimate temperature rise of the
machine and design a suitable cooling system.

As previous studies showed, machine with fractional winding has the
lowest torque ripple. The final topology of SynRM, as resulted from the
preliminary design, has 27 stator slots and rotor with four flux barriers
of optimized shape based on Zhukovski's curves. Geometry of the
machine is presented in Fig. 4.2. Flux barriers in the rotor have additional
ribs which allow the machine to operate at high speed. These ribs affect
electromagnetic performance of the machine. The study on ribs
placement in the rotor and their influence on the properties of the
machine was described in Chapter 3. The final topology of the machine is
shown in Fig. 4.2. Main dimensions of the machine are contained
in Table 4.6.
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Fig. 4.2 Cross section of machine’s final topology
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TABLE 4.6 Main dimensions of the machine

Active axial length 145 mm

Air gap 0.45 mm

Stator outer diameter 205 mm

Stator inner diameter 130.9 mm
Rotor diameter 130 mm

Shaft diameter 45 mm

4.2.1. Electromagnetic Analysis

The electromagnetic analysis of the machine is done considering the 2D,
3D, 2D-skewed and 3D-skewed topologies. Parameters of the machine
such as torque, torque ripple, voltage and phase current are presented in
the graphs. Differences in electromagnetic behavior between skewed and
non-skewed topology are discussed.

4.2.1.1. Non-Skewed Topology

Using 2D FEM model of the machine, magnetic field distribution in the
machine can be obtained. Fig. 4.3 shows the results of 2D FEM
simulations in two cases of zero torque: for d-axis MMF and q-axis MMF.
When the maximum of stator’s magneto-motive force is aligned with d-
axis of the rotor, the magnetic field in the machine is the greatest since
the reluctance of magnetic circuit is the lowest. One can see that in this
case the machine is very saturated (orange and red color,
Fig. 4.3a). Magnetic flux follows the flux paths and seems to completely
avoid flux barriers in the rotor (Fig. 4.3b). If the maximum of the stator’s
magnetic field axis is aligned with the g-axis of the rotor, magnetic
reluctance of the machine’s magnetic circuit is the greatest. This causes
the magnetic field to drop (Fig. 4.3c). Magnetic flux in this case crosses
all the flux barriers in the rotor (Fig. 4.3c).
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When the machine generates the torque at current angles closer to 90
electrical®, the magnetic field in the machine drops. This so called flux
weakening is used at high speeds due to high values of back
electromotive force (EMF).
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Maximum: 2.4278

Fig. 4.3 Magnetic field in machine: a) magnetic flux density map for d-axis MMF, b) flux
lines for d-axis MMF, c) magnetic flux density map for q-axis MMF, d) flux lines for g-
axis MMF
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Fig. 4.4 and Fig. 4.5 show magnetic flux density in the air gap of the
machine in these two described cases. When the stator MMF is applied in
d axis, the air gap magnetic field is almost sinusoidal. Any distortion
present in the magnetic field distribution is due to stator slots and rotor
flux barriers. In case of g-axis MMF, the magnetic field in the air gap, is
distorted.
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Fig. 4.4 Air gap magnetic field: d-axis MMF
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Fig. 4.5 Air gap magnetic field: g-axis MMF
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Torque generated by the machine changes with phase current and the
angle between the axis of stator magnetic field and d-axis of the rotor.
Below, several torque characteristics are shown for current angle from 0
to 90 electrical®. The torque vs. current angle curves are calculated for
four different values of stator phase current. The machine does not
generate torque for two current angle values: 0° which corresponds to
the situation when d-axis of the rotor is aligned with stator magnetic field
axis and 90° which corresponds to the situation when g-axis of the rotor
is aligned with the axis of stator magnetic field. The torque vs. current
angle is not sinusoidal though, the maximum of the torque is not at 45°
but varies from 60 to 70°. It is caused by the nonlinearity of the magnetic
circuit of the machine and cross saturation which occurs in the machine.
Increase in phase current causes the torque to increase as well.
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Fig. 4.6 Torque vs. current angle at 4500 rpm
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Fig. 4.7 Torque ripple vs. current angle
Torque ripple content is defined as [20]:

Tonax — Trmi
AT = M (4.2.1.1.1)

avg

The variation of the torque ripple content vs the current angle is shown
in Fig. 4.7. Torque ripple reaches the highest values at current angles
close to 0 and 90 electrical® since the average torque generated at these
two current angles is zero. For clearance of the figure, values of torque
ripple for current angle 0 and 90° is not shown. Phase voltage is shown
in Fig. 4.8. As one can see, higher phase current requires higher phase
voltage. Value of Phase voltage changes with rotational speed and
current angle. RMS value of phase voltage drops as the current angle
approaches 90 electrical® (g-axis). It is because the machine is
demagnetized (magnetic flux is low) as it is shown in Fig. 4.3.
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Fig. 4.9 Power factor at 4500 rpm for different current angles and phase currents
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Fig. 4.9 shows power factor defined as:

P =, iOu(dt
S ( %fOTuz(t)dt>*( %fOTiZ(t)dt>

(4.2.1.1.2)

When given the saliency ratio of the machine, power factor can be
calculated as:

£-1

/1 = §_+—1 (4.2.1.1.3)

The power factor vs. current angle curve follows the shape of torque vs.
current angle curve. Equation (4.2.1.1.3) shows that the higher the
saliency ratio of the machine, the higher the power factor. Power factor
achieves lower values for high phase currents. This is caused by
saturation of the magnetic circuit of the machine. In this state, high
increase in current results in small increase of torque since the magnetic
flux rises very slowly when the magnetic circuit is saturated.

At maximum speed of 12000 rpm, phase voltage is much higher even at
much lower phase current. This is because induced voltage is equal to a
time derivative of magnetic flux which at high rotational speeds is very
high. The highest induced voltage occurs for current angle equal to zero®
(d-axis MMF) and the lowest voltage occurs for current angle of ninety®
(g-axis MMF). This situation is presented in Fig. 4.11. Fig. 4.10. shows
torque vs. current angle curves at 12000 rpm.

124



40 - ' ]

Torque [Nm]

20 B

0 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Current angle [deg]

Fig. 4.10 Torque vs. current angle at 12000 rpm

400 T T T T T T T T

350

300

250

Phase voltage [V]

200

150

100 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Current angle [deg]

Fig. 4.11 Phase voltage at 12000 rpm for different current angles and phase currents
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Inductances of the machine were calculated by means of finite element
method. Since SynRM has a strong anisotropy of the magnetic circuit, the
inductances were calculated in orthogonal axes - d and q. First the
machine flux linkage in d and g-axis was calculated.

Flux linkage [Vs]
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Fig. 4.12 d-axis flux linkage
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Fig. 4.13 g-axis flux linkage

As one can see in Fig. 4.12 d-axis flux linkage increases very quickly with
iz current and saturates eventually. This is due to the fact that the flux
path in d-axis of the rotor mostly consists of iron flux paths. The magnetic
field in d-axis flows through iron flux paths avoiding air flux barriers in
the rotor. When i, component is present in stator phase current, the flux

linkage in d-axis decreases.

Fig. 4.13 presents flux linkage in g-axis. In this case the flux linkage rises
in almost linear manner with i, current. This is due to the presence of
flux barriers in the rotor which are penetrated by magnetic field. The
presence of the air in the path of magnetic flux increases the reluctance
of g-axis magnetic circuit. In this case, when i; component of phase
current is present, the g-axis flux linkage decreases similarly as in case
of d-axis flux linkage. This phenomenon is known as cross saturation.
This means that two equivalent circuits of the machine in orthogonal
axes in fact depend on each other.
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Y, =%,(iaiq)

Yo=Y (id' iq)

(4.2.1.1.4)

Flux linkage in both axes should be considered as function of two
currents - iy and i; as shown in equation (4.2.1.1.4). 3D plots of flux
linkages in d and g-axis are presented below. In Fig. 4.14. flux linkage in
d-axis increases as d-axis current grows. At very high values of d-axis
current, flux linkage saturates. Changes in g-axis current introduce some
flux linkage distortions in d-axis Fig. 4.15. shows g-axis flux linkage. In
this case, the flux linkage grows almost linearly with g-axis current due
to high magnetic reluctance of g-axis magnetic circuit. Cross saturation
effect is more visible in g-axis flux linkage. In Fig. 4.15. one can see that
changes in d-axis current cause quite significant distortion in g-axis flux
linkage.
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Fig. 4.14 Flux linkage in d-axis

128



0.2

Flux linkage - q axis [Wb]

200 200

100
Id [A] 0 o0 Iq [A]

Fig. 4.15 Flux linkage in q-axis

In theory, d and g-axis fluxes are independent on from each other. In
theory, current in d-axis produces only d-axis flux and g-axis current
produces g-axis flux. This however does not happen practically. Magnetic
circuits of the machine for d and g-axis flux are always linked together.
Depending on machine’s construction, cross saturation might be varying
but it cannot be eliminated. Applying d-axis MMF causes some g-axis flux
to appear and when stator MMF is applied in q axis, some d-axis flux
appears as well. Fig. 4.16. shows the impact of cross saturation on d-axis
flux linkage. If there was no cross saturation, the flux linkage in d-axis
would depend on d-axis current only and it would remain constant
regardless the variations of g-axis current. However, increasing qg-axis
current causes the flux linkage in d-axis to decrease. This phenomenon is
greater for low d-axis current and lowers when the current in d-axis
increases. Similarly, g-axis flux decreases when the current in d-axis
grows. Variations of g-axis flux linkage are greater than those of d-axis
flux. This situation is presented in Fig. 4.17.
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Fig. 4.16 Flux linkage in d axis as function of g-axis current
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Fig. 4.17 Flux linkage in q axis as function of d-axis current

Presence of cross saturation means that inductances in d and q axes are
also functions of two currents and there is a mutual inductance between
d and g-axis equivalent circuits.
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La(iaig) = A,
o (i, i
Lq(id»iq) = q(gic; q)

(4.2.1.1.5)

oV, iy, i ov, (i, i o
qu(id'iq) = d(giz q) = q(gl-z q) = qu(ld'lq)

Machine’s d and q inductances are shown below. As one can see, values
of inductances decrease as the currents grow. This is due to motor’s
magnetic circuit saturation. Machine’ s d and q axis inductances are
presented below as functions of two currents - i; and i;.
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Fig. 4.18 Inductance in d-axis
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Fig. 4.19 Inductance in g-axis

In Fig. 4.18. one can see d-axis inductance. Its value decreases as the
currents grow due to the saturation of magnetic circuit. It reaches higher
values than g-axis inductance presented in Fig. 4.19. It is easy to observe
that synchronous inductances depend on both orthogonal currents i,
and i, simultaneously hence to create more accurate model of SynRM,
one needs to take into account cross saturation. Fig. 4.20. shows mutual
inductance between d and g-axis equivalent circuits of the machine.
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Fig. 4.20 Mutual d-q inductance
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Fig. 4.21 Electromagnetic torque

Using flux linkage in d and q axes and orthogonal currents, one can use
Park’s equation (3.2.19) to calculate electromagnetic torque of the
machine. Torque generated by the machine in four quadrants is
presented in Fig. 4.21. By setting different values of d and q currents one
can change the direction of the torque generated by the machine thus
change operation point of the SynRM.

4.2.1.2. Skewed Topology

Torque ripple of the machine can be limited by skewing the rotor or
stator. Rotor (stator) skewing reduces however machine’s inductances
which causes the torque to decrease. Using finite element method,
machine with a skew can be modeled in two ways:

e 3D model
e 2D model with multi-slice
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3D model can include the skew very accurately however the
computational cost is very high. When using 2D model with multi-slice,
the model of the machine is sliced in axial direction in several pieces (in
JMAG it is 3, 5 or 7). The more the slices, the more accurate the results
but the computational cost also grows.

a) b)

Fig. 4.22 Modeling of rotor skew: a) 3D model, b) the idea of multi-slice in 2D model

Fig. 4.22 shows the difference in modeling the skew of the rotor. When
using 2D model with multi-slice, the rotor is divided into slices along its
axial length. All the slices are rotated by a certain angle relative to each
other. The more slices are used the more accurate results can be
obtained.
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Fig. 4.23 Torque comparison at 4500 rpm: a) 110 ARMS, b) 150 ARMS, c) 380 ARMS,
d) 470 ARMS

Fig. 4.23 shows comparison of electromagnetic torque of the SynRM
under study with skewed and non-skewed rotor. One can see that
skewing the rotor results in lower torque generated by the machine.
Machine with skewed rotor also experiences a lower torque ripple as one
can see in Fig. 4.24. In both cases, the value of torque ripple changes with
the current and current angle value. The highest torque ripple occurs at
current angles equal to 0° and 90° since in those cases the generated
torque is zero. Torque ripple seems to be to lowest around 60° current
angle.
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Fig. 4.24 Torque ripple comparison at 4500 rpm: a) 110 ARMS, b) 150 ARMS, c) 380
ARMS, d) 470 ARMS

Fig. 4.25. shows comparison of induced voltage at 4500 rpm for SynRM
with skewed and non-skewed rotor. As one can see, the induced voltage
changes with current angle. The highest value of induced voltage occurs
at 0°. This corresponds to d-axis stator MMF. In this case, the magnetic
field in the machine achieves the highest value. This causes the induced
voltage to achieve the highest value. At 90° of current angle, the voltage
is the lowest since the magnetic flux in the machine is the lowest. The
induced voltage in machine with skewed rotor is lower since skewing the
rotor results in lower inductance. Generated voltage also depends on the
phase current. As one can see, the higher the phase current, the higher

the generated voltage.
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Fig. 4.25 Voltage comparison at 4500 rpm: a) 110 ARMS, b) 150 ARMS, c) 380 ARMS,

d) 470 ARMS

Fig. 4.26 and Fig. 4.27 show flux linkage graph in d and q axis
respectively. The flux linkage graph looks similar to flux linkage of the
machine with non-skewed rotor. The major difference is in its values.
Flux linkage of machine with skewed rotor achieves lower values that in
case of machine with non-skewed rotor.
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Rotor skew has a significant impact on machine’s flux linkage. In case of
d-axis MMF, skewing the rotor results in lower flux linkage. The
orthogonal axes (d and q) of a skewed rotor cannot be aligned with
orthogonal axes of the stator. Rotor in d-axis provides a magnetic path of
the smallest reluctance. Flux linkage in d-axis achieves the maximum
value at a given current hence any deviation from this position increases
the reluctance of d-axis magnetic circuit. Exact opposite situation occurs
in for g-axis MMF. Since the magnetic circuit in g-axis has the highest
magnetic reluctance, any deviation from g-axis results in increased
magnetic flux flowing between the stator and the rotor. For that reason,
one can see that flux linkage in g-axis is sometimes higher than flux
linkage in d-axis for machine with skewed rotor. However, the cross
saturation is also higher in machine with skewed rotor especially for g-
axis flux linkage.
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Fig. 4.28 Flux linkage in d-axis - machine with skewed rotor
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Fig. 4.28 shows d-axis flux linkage for three values of g-axis current for
the machine with skewed rotor. One can observe that the g-axis current
has an impact on d-axis flux linkage. In Fig. 4.29 one can see g-axis flux
linkage for three values of d-axis current in the machine with skewed
rotor. Similarly, in this case one can see the influence of d-axis current on
flux linkage in q axis. The values of flux linkage in d and g-axis changed.
Flux linkage in d-axis is lower for machine with skewed rotor but also
here one can observe a saturation of magnetic circuit. In case of g-axis
flux linkage, the flux still increases linearly as it was for machine with
non-skewed rotor but the values of the flux increased.
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Fig. 4.30 and Fig. 4.31 show the cross saturation occurring in the
machine. One can see that magnetic circuits of the machine are in fact
dependent on each other. Any variation of d-axis current results in
changes of d-axis flux and also g-axis flux. Similarly, any variations of g-
axis current affects not only g-axis flux but also d-axis flux. Hence for
more accurate performance analysis of SynRM, flux linkages in d and q-
axis should be represented as functions of two current - in d and g-axis.

Results obtained from a 3D model of SynRM with skewed rotor are
presented in Fig. 4.32 and Fig. 4.33. In Fig. 4.32 one can see a 3D map of
magnetic flux density of the machine. Using 3D model allows to see the
distribution of the magnetic field in axial direction of the machine. Fig.
4.33 contains a comparison of instantaneous torque of SynRM with
skewed rotor, obtained from 3D model and a 2D model with multi-slice
modeling of the skew. Obtained results are similar. In case of skew 2D
modeling, the torque waveform contains some sharp peaks and is less
smooth than the torque waveform obtained from 3D model. This might
be caused by the discontinuity of rotor modeling using slices. The phase
shift between 2D and 3D model torque waveform is caused by the
difference in initial positions of the rotor in the models.
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Fig. 4.32 Distribution of magnetic flux density - 3D model of SynRM
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Fig. 4.33 Comparison of torque waveforms

Obtained results prove that rotor skew results in lower torque ripple
for all current angles, lower phase voltage and unfortunately lower
electromagnetic torque. The highest torque ripple occurs at current
angles close to 0 and 90° where the generated torque is the lowest.
Lower torque is a result of lower inductance which decreases in
machines with skewed rotor.
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4.2.2. Structural Analysis and SynRM NVH Behavior

The final topology of the SynRM'’s rotor is presented in Fig. 4.34 d). The
rotor has four flux barriers without any cutoff. This makes the air-gap
smooth (when neglecting stator slotting). This eliminates windage losses
of the machine and reduces torque ripple. The procedure of finding the
final topology of the rotor is the same as the one described in Chapter 3.4.

4.2.2.1. Structural Analysis

Structural analysis of electric machines is a crucial part of multiphysics
analysis of the machine since it is responsible for the robustness of the
structure. From the mechanical point of view, the most endangered part
is the rotor as it has to withstand high centrifugal forces due to high
rotational speeds.

Structural analyses were run for several rotor topologies in order to find
the topology that can operate at 12000 rpm. Comparison of four selected
topologies is presented in Fig. 4.34. Basic geometry (Fig. 4.34a), which is
the best in terms of electromagnetic behavior, cannot operate at
maximum speed due to high von Mises stress. When ribs are introduced,
the maximum stress significantly decreases but is still too high for the
rotor to operate at maximum speed without any damage. Introducing
two additional ribs to the rotor in the firs flux barrier was necessary for
the rotor to operate at maximum speed.
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Fig. 4.34 Distribution of von Mises stress in the rotor: a) initial topology, b) topology
with ribs, c) topology with ribs and rounded corners, d) final topology
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Fig. 4.35 von Mises stress distribution in rotor bridges: sharp corners (left) and
rounded corners (right)

Fig. 4.34. shows von Mises stress distribution in four different rotor
topologies with four flux barriers. In this case, rotor without a cutout was
selected in order to reduce torque ripple. The von Mises stress graph was
scaled from 0 to 250 MPa. Places on the rotor where von Mises stress is
equal to or greater than 250 MPa are marked with red color. One can
notice that the highest stress occurs in first rotor topology (Fig. 4.34a)
since this rotor does not have any ribs. The highest stress appears in
rotor bridges. Adding ribs (Fig. 4.34 b and c) reduces von Mises stress
but its value is still too high. Topologies shown in Fig. 4.34 b) and c) are
similar but the differences can be observed in Fig. 4.35.

Topology in Fig. 4.34c) has rounded corners of flux barriers whereas the
corners of flux barriers of topology from Fig. 4.34 b) are sharp. This
increases the local concentration of von Mises stress (Fig. 4.35 left).
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TABLE 4.7 Von Mises stress values for different rotor topologies

Maximum
Rotor type Part name Width stress at 12000
rpm
First bridge 1 mm
Rotor  without | Second bridge 1 mm
ribs Third bride 1 mm 1497 MPa
Fourth bridge 1 mm
First bridge 1 mm
Second bridge 1 mm
Rotor with three | Third bridge 1 mm
ribs - Fourth bridge 1 mm 357 MPa
Fig. 4.34b Firstrib 2.5 mm
Second rib 1.5 mm
Third rib 1 mm
First bridge 1.5 mm
Second bridge 1 mm
Rotor with three | Third bridge 1 mm
ribs - Fourth bridge 1 mm 347 MPa
Fig. 4.34c Firstrib 2.5 mm
Second rib 1.5 mm
Third rib 1 mm
First bridge 1.6 mm
Second bridge 1.8 mm
Third bridge 1.5 mm
Rotor with five | Fourth bridge 1 mm
ribs - First rib (middle) 3 mm 165 MPa
Fig. 4.34d Side ribs (first flux
. 1 mm
barrier)
Second rib 2 mm
Third rib 1 mm

Flux barriers introduce discontinuities in the rotor’s structure affecting
stress distribution. One needs to remember about local stress
concentrations in vicinity of the discontinuity when calculating von
Mises stress since there the stress is higher than in other parts of the
structure where the stress distribution is not distorted. For that reason,
itis necessary to use a fine mesh in areas where the stress concentration
is high. The finer the mesh the more accurate stress distribution can be
obtained but the computational cost is also higher. Size of mesh element
should be a trade-off between accuracy and simulation time.
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Stress concentration are caused by geometric discontinuities. Typical
discontinuities are fillets or holes. The elementary formulas for stress
calculation used in the design of structural members are based on the
members having a constant section. However, such conditions are hardly
attained practically. The presence of fillets, holes, shoulders and so on,
results in modification of a simple stress distribution so that local high
stresses occur.

Centrifugal forces are not the only forces acting on the rotor during
machine's operation. Magnetic field in the machine causes magnetic
radial forces to act on both stator and rotor. Whereas the tangential
component is responsible for torque generation, the normal component
is responsible for deformation of stator and rotor. Centrifugal and radial
magnetic forces combined, contribute to rotor's deformation and thus
the influence of magnetic forces should also be examined. Since the rotor
of the machine of interest is skewed, the radial magnetic forces were
analyzed using machine's 3D model. With skewed rotor the distribution
of magnetic forces in axial direction of the rotor is not uniform as one can
see in Fig. 4.36.
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Fig. 4.36 Radial magnetic forces acting on the rotor at 12000 rpm
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Presence of magnetic radial forces leads to deformation of rotor's
structure. This effect is combined with deformation of the structure
caused by centrifugal forces.

Fig. 4.37. shows rotor's structure deformation and distribution of von
Mises stress. As one can see, the contribution of magnetic radial forces to
overall deformation of the rotor and von Mises stress distribution is
negligible hence it might be omitted when performing structural test of
the rotor. At high rotational speeds, the centrifugal forces become the
major factor that leads to mechanical failure of the material. Magnetic
forces might become more relevant at lower rotational speeds and high
currents especially for less robust rotor structures.
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Fig. 4.37 Deformation of rotor's structure: a) deformation due to magnetic forces
(scaling factor 10000),
b) deformation due to magnetic and centrifugal forces (scaling factor 300)

Radial forces acting on the inner surface of the stator are shown in figures
below. In case of machine with skewed rotor, the forces are shown for
each slice. One can see the difference in forces amplitude and distribution
for each slice. There is also a significant difference in radial forces’
amplitude when the machine operates at different current angles,
expecially when the machine operates at d or g-axis stator MMF. At d-
axis MMF, the radial forces achieve the greatest amplitudes sine the
magnetic field in the machine is the greatest. When operating at g-axis
MMF, the machine is demagnetized hence the radial forces achieve the
lowest values. The parameters of the machine are shown in Table 4.8.
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TABLE 4.8 Parameters of the machine

Parameter Value
Power 30 kW
Number of poles 4
Number of slots 27
Rated speed 4500 rpm
Maximum speed 12000 rpm
Rotor diameter 130 mm
Shaft diameter 45 mm
Air gap length 0.45 mm
Stator outer diameter 205 mm

In order to perform NHV analysis of the analyzed SynRM, normal modes
of stator’s structure must be found. Modal analysis was performed in
VirtualLAB. Several normal modes of the stator are shown in figure
below. Resonance frequencies of the stator are contained in Table 4.9.

TABLE 4.9 Natural frequencies of the stator

Mode number | Undamped frequency (Hz)

928.40

! 1474.75
2485.10

2 3331.46
4433.87

3 5333.00
5658.62

* 6470.15

Example normal modes of stator’s structure are presented in Fig. 4.38.
One can see that each mode has its own resonance frequency and a
corresponding mode shape.
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Radial forces acting on the inner surface of the stator are presented in
Fig. 4.39. In this figure one can see a comparison of radial forces of
machine with skewed and non-skewed rotor.

Fig. 4.39 Radial forces acting on the inner surface of the stator: machine with skew
(left) and machine without skew (right)

In case of machine with skewed rotor, the analysis was performed using
a 2D model with five slices along the axial length and a 3D model.
Machine with non-skewed rotor was analyzed using 2D model which is
sufficient since the radial forces are distributed uniformly along
machine’s axial length. In Fig. 4.40 a) one can see radial forces acting on
different parts of the stator in SynRM with skewed rotor. The figure
shows radial forces on both ends and in the middle of the stator. Fig. 4.40
b) shows the radial forces along the entire axial length of the machine.
In Fig. 4.40 c) one can see radial forces of the machine with non-skewed
rotor. As one can notice, the amplitudes of the radial forces are greater
than those of SynRM with skewed rotor. Since the forces are unifrom
along the axial length of the machine, they were not shown on a 3D plot.

Fig. 4.40 d) shows the comparison of radial forces for machine with
skewed and non-skewed rotor.
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Fig. 4.40 Radial forces acting on the stator: a) radial forces on stator with skewed
rotor (three slices), b) radial forces on stator with skewed rotor (3D plot), c) radial
forces on stator without skewed rotor,

d) comparison of radial forces of machine with skewed and non-skewed rotor

In case of machine with skewed rotor, 3D analysis was also run. In this
way, continuous distribution of radial forces was obtained in axial
direction. This improves the accuracy of NVH analysis. In Fig. 4.41 one
can see how the torque and radial forces vary with current angle.
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4.2.2.2. SynRM NVH Behavior

Results of numerical analyses presented so far proved that skewing the
rotor affects machine's NVH behavior. Also the radial forces change their
amplitudes as the current angle changes. For the final topology of the
machine, similar numerical tests were run. Although the final topology of
the machine has a skewed rotor, the numerical simulations were also run
for a machine without skew. The results are compared below. One can
see that rotor skewing affects the axial distribution of radial forces. They
have different amplitudes on both ends of the machine. The forces are
higher on one end of the machine. This causes higher vibrations on one
side of the machine. Also current angle affects vibrations of the structure
since it has an influence on the amplitudes of radial forces. Below one can
see the comparison of stator's vibration at two different current angles.
The values of current angle were chosen to provide the same torque
generated by the machine.
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Fig. 4.42 Vibration of the stator at specific point for two different current angles at two
rotational speeds: 600 rpm (left) and 4500 rpm (right)

The amplitude of vibration depends of the amplitudes of radial forces
acting on the stator and also on the rotational speed of the rotor. The
supply frequency varies with rotor's rotational speed. Stator as a
structure has its natural frequencies and normal modes. Depending on
the frequency of magnetic forces, some normal modes are excited more
than the others which has also a big influence on vibrations amplitudes.
Fig. 4.42. shows comparison of vibrations of the stator at different
current angles at which the machine generates the same torque. At angle
closer to 90 electrical® (g-axis stator MMF) the radial forces are lower
which should cause lower vibration. This happens at 4500 rpm
rotational speed (Fig. 4.42. right) however at 600 rpm rotational speed,
the vibrations that occur at both current angles are comparable and there
is no clear difference in their amplitudes. This shows that the vibration
of the structure depends not only on the amplitude of the force but also
on the frequency of the applied force. Depending on the frequency of the
applied force, various normal modes of the structure respond which
causes the vibrations to increase at certain frequencies.
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Fig. 4.43 Vibrations of stator's structure measured in three points for machine with
skewed rotor: a) 1800 rpm, b) 2400 rpm, c) 4500 rpm and d) 8000 rpm

When the machine has a skewed rotor, the radial forces acting on the
stator are not distributed evenly along its axial length. This uneven
distribution of radial forces results in different vibration amplitudes on
both ends of the machine. Fig. 4.43 shows comparison of vibrations
measured at three points on stator's surface along machine's axial length.
Two points were placed on both ends of the stator and one point was
placed in the middle. It can be observed that the vibrations on one end of
the machine obtain higher amplitudes than the vibrations measured in
the other points. Especially, the greatest difference occurs between
vibrations measured on both ends of the stator. Depending on the
rotational speed, the difference between vibrations' amplitudes might
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vary. This is caused by normal modes of the stator which are excited at
different rotational speeds.
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Fig. 4.44 Noise harmonics measured at first point (left column) and fourth point (right
column): a), b) 2400 rpm, c), d) 4500 rpm and e), f) 8000 rpm
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In Fig. 4.44 one can observe frequency spectra of noise generated by the
machine, measured at the first and last point. The amplitudes of the
harmonics are in general lower for machine with skewed rotor. In order
to have a better understanding of the difference in noise generation by
machine with skewed and non-skewed rotor, band power of the noise
was calculated. The higher the rotational speed the higher the
frequencies of noise harmonics generated by the machine. The biggest
difference can be observed at lower speeds. At 8000 rpm, the harmonics
are quite similar for both skewed and non-skewed machine. Fig. 4.45
shows the points in which the noise was calculated. The distances of the
points from the center of the machine are given in Table 4.10.

B

Fig. 4.45 Points for noise measurement
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TABLE 4.10 Comparison of noise band power at different points and rotational speeds

Speed Band power dB(RMS)
[rpm] Point 1 Point 2 Point 3 Point 4
[500 mm] [1500 mm] | [2100 mm] | [1100 mm]
1800 No skew 81.921 72.587 69.163 31.857
Skew 79.381 70.012 66.575 30.464
2400 No skew 76.217 66.864 63.430 32.365
Skew 70.765 61.433 58.018 35.505
4500 No skew 77.683 68.548 65.131 45.875
Skew 72.933 63.454 60.018 40.008
8000 No skew 76.279 67.003 63.572 42.418
Skew 76.012 64.762 61.041 42,066
12000 No skew 87.287 78.819 75.421 39.959
Skew 81.748 67.480 64.076 38.023

Table 4.10 shows comparison of band power in dB measured in four
different points. The simulations were run for several rotational speeds
for machine with skewed and non-skewed rotor. Obtained results show
that the band power of generated noise changes with rotational speed
and distance. In general, the higher the rotational speed the greater band
power of generated noise. There are some exceptions e.g. at 1800 rpm
the noise has greater power than at 2400 rpm. This is because at specific
rotational speeds, some normal modes are excited more than the others
leading to higher noise level. The noise level also changes with rotor's
skew. Machine with skewed rotor generates noise of lower band power
than the machine without skewed rotor.

4.2.3. Thermal Behavior

Thermal analysis of synchronous reluctance machine was performed in
MotorCAD and JMAG. While MotorCAD is a dedicated software for
thermal analysis of electric motors and its simulations are based on
lumped parameters model, JMAG uses finite element method to calculate
machine's temperature and requires a 3D model. Final topology of the
machine was under investigation. Power losses of the machine for
different rotational speeds are shown in picture below. In constant
torque region (speed range from 0 to 4500 rpm), copper losses are
dominant as they are proportional to square of phase current. At low
rotational speed iron losses are low since the frequency of phase current
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is low. Machine's power losses at different rotational speeds are shown

in Fig. 4.46. This figure also shows comparison of iron losses calculated
in JMAG and MotorCAD.
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Fig. 4.46 Power losses a) MotorCAD, b) comparison of iron losses

Machine's power losses were calculated in JMAG using 3D model.
Operating points at 4500 rpm and 12000 rpm were analyzed both at
continuous and maximum power. Iron loss distribution in rotor and
stator is presented in figures below.
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Fig. 4.47 Iron loss density at 4500 rpm: a) 150 Hz, b) 1050 Hz, c) 1950 Hz d) total iron
loss

Fig. 4.47. shows iron loss density in stator core for basic harmonic, two
higher order harmonics and total iron loss density for all harmonics. The
highest iron losses in stator core occur for the supply frequency. Higher
frequency components have much lower amplitudes in stator magnetic
field. As one can see, the highest loss density is in stator teeth and inner
surface. Iron loss density in rotor core is presented below. The highest
power loss density is on the surface of the rotor.
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Fig. 4.48 Iron loss density at 4500 rpm: a) 150 Hz, b) 1050 Hz, c) 1950 Hz d) total iron
loss

Fig. 4.47 shows that the base harmonic is the biggest contributor to iron
loses in stator core. Higher harmonic generates more losses in stator's
teeth and inner surface. In case of rotor core, higher harmonics play more
significant role in generation of iron losses (Fig. 4.48). Fig. 4.49. shows
power loss density in stator core at 12000 rpm rotational speed. Also in
this case, supply frequency component of the magnetic field generates
the highest iron loss in stator core. Moreover, iron loss distribution
seems not to be uniform along machines axial length. It is caused by rotor
skewing which changes the magnetic reluctance along machine's axial
length. Magnetic density is not uniform in axial direction of the machine
which has an impact on iron loss generation. The scale of this effect
depends on working condition of the machine, especially on the angle
between rotor's d-axis and stator magnetic field-axis.
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Fig. 4.49 Iron loss density at 12000 rpm: a) 400 Hz, b) 8000 Hz, c) 16000 Hz, d) total
iron loss

As in the previous case, iron loss distribution in the rotor is the highest
on rotor's surface. The higher the frequency, the more iron losses occur
on the surface of the rotor.
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Fig. 4.50 Iron loss density at 12000 rpm: a) 400 Hz, b) 8000 Hz, c) 16000 Hz, d) total
iron loss

Iron loss for particular harmonics is shown in figures below. For the
stator, one can see that the base harmonic generates the highest power
losses. Higher order harmonics' influence on stator iron loss is
practically negligible. For the rotor is exactly opposite. High frequency
components are dominant and they are the major contributors to iron
losses. Figures show that iron losses in the rotor are smaller than those
in the stator.
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Fig. 4.51 Iron loss for particular harmonics at 4500 rpm: iron loss in stator core (left)
and iron loss in rotor core (right)
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Iron losses at 12000 rpm rotational speed in the stator and rotor core are
shown in Fig. 4.52. The basic harmonic is dominant in generating iron
loss in stator core. By comparing Fig. 4.51 and Fig. 4.52 one can notice
that iron loss significantly grows as the rotational speeds increases.
Higher harmonics also generate some iron loss in stator core, however
they are negligible compared to the losses at the base frequency. Iron
losses in rotor core are smaller compared to the losses in stator core.
They are generated by higher frequency components of the magnetic
field. In figures below on can see the variation of magnetic field in
different machine parts. In stator core, the magnetic field changes with
the frequency of motor's current. Higher harmonics are also present due
to machine's reluctance variation caused by the slotting and interaction
with the rotor. Points in which the magnetic field was measured are
shown in Fig. 4.55. One can notice that in stator core, the magnetic field
does not have a 0 Hz component. Such a component though appears in
magnetic field of the rotor. It is because the rotor is in synchronism with
stator's rotating magnetic field.
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Fig. 4.54 Rotor magnetic flux density radial component measured in: point 1 (top),
point 2 (middle) and point 3 (bottom)

Fig. 4.53 and Fig. 4.54 show time waveforms of magnetic flux density and
their corresponding FFTs in different parts of the stator and rotor
respectively. Magnetic field in the stator has base harmonic component
which is dominant regardless the point in which it was measured
although its amplitude varies. Magnetic field in the rotor also has basic
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harmonic component, however its amplitude is quite small. High
frequency components are dominant in rotor’s magnetic field. One can
see that the highest amplitudes of high frequency components occur on
the surface of the rotor. High frequency components of magnetic field
send to decrease closer to the shaft. For this reason, the highest iron loss
density is on the surface of the rotor.

Fig. 4.55 Points for magnetic field measurement on stator (left) and rotor (right)

One can see that in stator's magnetic field, base harmonic of the field is
dominant and thus contributes the most to iron losses. Higher order
harmonics of magnetic field are also present in stator's field but they are
relatively small compared to the base harmonic. In case of rotor's
magnetic field, the base harmonic is either absent or has a very small
amplitude. Higher order harmonics become more dominant in the rotor.
Zero frequency component of magnetic field is also present in rotor's
magnetic field since the rotor is synchronized with rotating field of the
stator. Since this component does not contribute to iron loss and its
amplitude is quite high compared to the amplitudes of other
components, in Fig. 4.54 this component was omitted for clarity of the
figure.

After calculation of machine's power losses, the next step is to perform
thermal analysis. The thermal model of the machine is shown below.
Different heat transfer coefficients have to be specified for the materials.

Thermal parameters of water used in water jacket are given
in Table 4.11.
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TABLE 4.11 Thermal specific capacitance and thermal conductivity of water

d | ol 5
Temperature [°C] ? lkgoc A [m °C]

0 4217 0.569
6.85 4198 0.582
11.85 4189 0.59

21.85 4181 0.606
31.85 4178 0.62

41.85 4179 0.634
51.85 4182 0.645
61.85 4186 0.656
71.85 4191 0.668
81.85 4199 0.671
91.85 4209 0.677
100 4217 0.68

Design of water jacket includes determining the flow rate of coolant based on

the total heat to be dissipated. This can be done using equation below [105]:

In the equation above @ is the heat to be dissipated, ¢, is the specific heat
of the coolant, AT is the temperature rise from inlet to outlet of the
channel, p is the density of the coolant and V is the volume flow rate. In
order to calculate convection heat transfer of water jacket, different
equations have to be used depending on the channel shapes. For laminar

Q = ¢, ATpV

flow the equations are given below [105].

Nu = 3.66 +

Nu = 749 — 17.02 « 2- 4 22.43 (H) 9.94 (H)
= 749 —17.02 x — 43 % (=] —9.94 x|—
u W W W

+

0.065 = (g) * Re x Pr

1+ 0.04 <(§) * Re * Pr)Z/3

2

0.065 = (%) * Re x Pr

1+ 0.04 <(§) * Re * Pr)
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0.03 * (?) * Re * Pr

Nu = 7.54 + (4.2.3.4)

2/3
1+ 0.016 * <(§) * Re % Pr)

The equations above can be applied to round channels (eq. 4.2.3.2),
rectangular channels (eq. 4.2.3.3) and concentric cylinders (eq. 4.2.3.4).

In these equations % is the channel height-to-width ratio, D is channel
hydraulic diameter, L is the length of the channel and finally Nu, Re, and

Pr and Nusselt number, Reynolds number and Prandtl number
respectively. They can be calculated using formulas shown in Chapter 3.

When the flow is turbulent, Nusselt number can be calculated using the
formula below [105]:

f (Re —1000) = Pr

Nu= 2+ 05 42.3.5
8 14127+ (g) « (Pr2/3 — 1) ( )

where f is the friction factor and it can be estimated for a smooth wall
with the equation presented below [105].

f = (0.79 *In(Re) — 1.64) 72 (4.2.3.6)

Temperature in machine without water jacket cooling exceeds the
maximum allowed temperature as shown in figure below.
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Fig. 4.56 Temperature distribution in machine without cooling

In Fig. 4.56 one can see temperature distribution in SynRM without any
cooling. One can see that such a situation is no allowed as the maximum
temperature exceeds 200°C. Using cooling method is thus necessary. Due
to space and assembly limitations the machine needed to be mounted in
enclosed housing. For this reason, there could not be any fan installed
and it was necessary to use other cooling method than forced air
convection. In order to be able to operate at nominal load, the machine
needs water jacket cooling. The water jacket cooling was designed using
MotorCAD, which has embedded functions allowing to choose different
cooling methods. MotorCAD performs the calculations using lumped
parameter network hence machine power losses were calculated in
JMAG using finite element method and then transferred to MotorCAD.
This allowed to calculate temperature rise of the machine for different
cooling methods. The heat transfer coefficients calculated by MotorCAD
are next transferred to JMAG which allows to run 3D finite element
thermal analysis.
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Water jacket placement is shown in figure below.

Fig. 4.57 Stator with water jacket model in MotorCAD

The water jacket was modeled in JMAG. For simplicity, instead of using
the spiral ducts geometry presented in figure above, the water jacket was
modeled in JMAG as hollow cylinder. Between every part of the machine
with water jacket, heat coefficient had to be specified.

The amount of heat that the water jacket can dissipate depends on the
flow rate. The flow rate defines whether the flow is laminar or turbulent
which has an impact on heat transfer coefficient.

Every boundary layer had a heat transfer coefficient specified. The water
cooling was modeled as a connection to a fixed temperature in thermal
circuit. The cooling system is designed to keep the water temperature
below 30° Celsius. The heat transfer was considered only in radial
direction.

Thermal circuit in JMAG is different from a thermal circuit based on
lumped parameters. Since thermal analysis performed in JMAG was run
using finite element method, thermal coefficients between adjacent
surfaces were defined. Heat capacitances and thermal heat transfer
coefficients of particular parts of the machine were defined by the
geometry. Thermal circuit is shown in Fig. 4.58.
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JMAG does not support cooling system modeling hence, cooling of the
water was modeled by connecting water jacket to a fixed temperature in
thermal circuit.

For heat transfer boundaries presented in Fig. 4.59, heat transfer
coefficients were calculated using formulas shown below. Winding
impregnation was modeled as a contact resistance between the winding
and stator core as one can see
in Fig. 4.59 a) and b). Heat transfer coefficients between parts were
calculated using equation (4.2.3.8) where A is thermal conductivity and
d is the distance between them (insulation thickness). In the analysis, the
thermal conductivity between parts was chosen to be the conductivity of

theair 4 = 0.027 %to model the contact of rough surfaces. For the heat

transfer between the rotor and the air gap and between the stator and
the air gap, heat transfer coefficient defined by equation (4.2.3.7) was
used. This equation takes into account the rotational speed of the rotor.

6.6 U0'67
= 155 7053 104 (4.2.3.7)
A
h=2=Z 4.2.3.8
7 ( )
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Fig. 4.59 Boundaries for heat transfer: a), b) between winding and stator core, c)
between rotor and air gap, d) between stator and air gap, e) between stator and water
jacket, f) between water jacket and cover
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The machine uses water jacket for cooling with enclosed housing on both
ends. This means that no air flow in the air-gap is taken into account
when estimating the temperature of the machine during operation.
Water jacket cooling capability depends on water flow rate and it can be
estimated using computational fluid dynamics method. This, however
might be very time consuming. Water flow rate in water jacket affects
heat capacity of the water jacket and its heat transfer coefficient. In
performed simulations, only conductive heat transfer was considered
since radiation effect is negligible compared to conduction. Presence of
stator water jacket creates a temperature gradient in radial direction.
When combined with the lack of fan on the shaft and enclosed housing
on both ends, the heat transfer in radial direction is dominant and heat
flux in axial direction might be neglected for simplification.

Heat flux in stator and rotor is shown in Fig. 4.60. One might observe that
heat generation is much greater in stator than in the rotor. The only heat
source in the rotor are power losses in rotor iron core. They are smaller
than those in the stator. Major part of stator heat flux flows to water
jacket. Some part flows through air-gap to the rotor. Heat flux in the rotor
flows along the iron flux paths and almost completely avoids air flux
barriers. This means that heat conduction through the air in the rotor can
be neglected.
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Fig. 4.60 Heat flux generated by rotor (top) and stator (bottom)

Temperature distribution at 4500 rpm and 12000 rpm rotational speeds

and continuous power is presented in Fig. 4.61 and Fig. 4.62.
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Fig. 4.61 Temperature distribution at 4500 rpm: stator (top) and rotor (bottom)
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Fig. 4.62 Temperature distribution at 12000 rpm: stator (top) and rotor (bottom)

Results obtained from JMAG show that both stator and rotor achieve
similar temperatures, however in case of the rotor, the highest
temperature seems to be on the surface. The temperature in other parts
of the rotor eventually achieves higher values however it takes more
time for the rotor to achieve steady state temperature than for the stator.
Although the higher iron losses occur in the stator, the heat dissipation
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from the stator is better due to presence of water jacket. Heat dissipation
from the rotor is more difficult hence this part also achieves quite high
temperature though the iron losses are smaller.

Result of thermal finite analysis of a slot with winding is presented
below. The analysis was run in MotorCAD which gives the possibility to
model wires distribution in a slot. It can be observed that the highest
temperature occurs in the middle of the slot where there is no contact
with stator core. Temperature distribution in the slot is more detailed
that in case of results obtained from JMAG. Winding in the slot in JMAG
was modeled as a uniform surface. Obtained results are similar for both
software. Winding temperature calculated by JMAG is several® higher
than that calculated by MotorCAD. It is caused by different values of
stator iron losses and model of water jacket. Magnetic field analysis and
iron losses performed by JMAG are more accurate than those in
MotorCAD, moreover JMAG does not support modeling of cooling
systems hence the water jacket cooling capability was not accurately
enough modeled.

MotorCAD uses thermal network to analyze the thermal behavior of the
machine. All the heat transfer coefficients and lumped parameters of the
thermal circuit are calculated based on machine’s geometry and
materials. Using thermal network makes it possible to quickly estimate
the average temperature in different parts of the machine. For
temperature distribution, FEM module of MotorCAD needs to be used.

In case of synchronous reluctance machine, the FEM module is limited to
standard predefined flux barriers in the rotor hence temperature
distribution in the entire machine is not possible with optimized flux
barriers.

Temperature distribution was not available in MotorCAD for the entire
geometry of the machine, since the software does not support flux
barriers geometry used in this machine. Instead, only temperature
distribution around the slot was available. The thermal steady state
analysis was run in MotorCAD for three different fluid flow rates in water
jacket. Below one can see how fluid flow rate affects cooling capability of
water jacket.
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Fig. 4.63 Temperature distribution in a slot at fluid velocity 0.08667 m/s (laminar
flow)

Fig. 4.64 Temperature distribution in a slot at fluid velocity 0.533 m/s (transition
flow)
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Fig. 4.65 Temperature distribution in a slot at fluid velocity 7.533 m/s (turbulent
flow)

As one can see low fluid velocity results in low cooling capability of the
water jacket. In Fig. 4.63. the maximum temperature exceeds 270°C.
Increasing the fluid flow rate and thus fluid velocity results in lower
temperature of the machine. In Fig. 4.64. the maximum temperature
exceeds 120°C. The lowest temperature of the machine occurs at
turbulent flow of the fluid (Fig. 4.65.). The maximum temperature is
around 100°C.

Simulation tests show that in case of synchronous reluctance machine,
the rotor is of the least concern. The only heat generation source in the
rotor are power losses in the iron core. In case of synchronous motor,
iron losses are mainly caused by higher order harmonics since the rotor
is synchronized with stator magnetic field. The highest density of iron
loss is in the surface of the rotor and this part of the rotor reaches the
highest temperature. From thermal point of view, the most vulnerable
part of the machine is the winding since the highest power losses occur
there especially at high currents. Moreover, heat transfer from the
winding to the stator is affected by the contact resistance between the
winding and the stator core. Stator also generates some heat due to
power losses in the core. In this case, the losses are greater than in the
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rotor since they are caused by the base harmonic component whose
amplitude is dominant. Lack of permanent magnets in the rotor makes
this machine less affected by the temperature rise than a PM machine.
For this reason, coupled thermal and magnetic analysis was not run since
it increases computational cost.

4.3. Conclusions and Contributions

This chapter presents electromagnetic, structural, vibro-acoustic and
thermal analysis of a SynRM for EV propulsion.

Electromagnetic analysis was the first type of analysis to run in order to
estimate machine’s main parameters. Due to complex geometry of the
final SynRM topology, electromagnetic analysis was performed using
FEM model of the machine. Two FEM models of SynRM were tested - 2D
and 3D and the results obtained from both were similar. In case of 2D
model with skewed rotor, the skew was modeled by slicing the rotor. The
higher the number of slices the more accurate results were obtained but
the computational cost increased. Machine’s flux linkage was calculated
for d and q axis of stator MMF. It was proven that flux linkage and
inductances in orthogonal (d and q) axes are related to each other due to
cross saturation. Machine with skewed rotor generates lower torque
compared to the same machine with non-skewed rotor. On the other
hand, machine with skewed rotor experiences lower torque ripple.

Structural analysis of electric machines is a crucial part of multiphysics
analysis of the machine since it is responsible for the robustness of the
structure. From the mechanical point of view, the most endangered part
is the rotor as it has to withstand high centrifugal forces due to high
rotational speeds. It was shown that the rotor with regular flux barriers
cannot withstand maximum rotational speed. Additional ribs had to be
introduced in rotor's structure in order to make the rotor withstand high
rotational speeds. Moreover, the first flux barrier has two additional ribs
since it this part of the rotor is exposed to the highest stress. Additionally,
the edges of the bridges needed to be rounded to decrease the stress in
that area as the stress concentration factor achieves the highest values in
the vicinity of discontinuities of the material. The mesh must be fine
around sharp edges or curves in since these are the places where the
highest stress might occur. For checking the structure's robustness
against failure, von Mises theory was applied as this is a very popular
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method used in industry. Influence of magnetic forces acting on the rotor
was also investigated. At maximum rotational speed, the stress caused
by the centrifugal forces is much higher than the stress caused by the
magnetic forces. The magnetic forces are higher at nominal speed and
nominal torque but on the other hand the mechanical stress due to
centrifugal forces is low. In this way, the magnetic forces do not play a
significant role in structural analysis of the machine of interest.

Vibrations of the stator's structure were analyzed using VirtualLAB
which is a dedicated software for NVH analysis. Vibrations caused by
time varying radial forces were investigated. Magnetic radial forces were
calculated in electromagnetic simulation using JMAG software. In order
to calculate stator's vibrations, modal analysis of the structure needed to
be run. Vibrations vary with rotational speed and current angle.
Rotational speed affects the vibrations as the rotational speed depends
on supply frequency. At some rotational speeds the vibrations might
achieve much higher values due to resonance. Amplitude of magnetic
radial forces depends on the magnetic field in the stator. The lower the
magnetic field the lower the forces. It was proved that changing current
angle influences the vibrations since the magnetic field in the stator
decreases as the current angle approaches 90 electrical®. For a machine
with skewed rotor, the stator vibrates differently as the magnetic field
and thus radial forces are not distributed evenly along machine's length.
Vibrations on both ends of the machine achieve different amplitudes as
the magnitudes of radial forces are different.

Estimating the noise generated by the machine is the next step of NVH
analysis after calculating structure's vibrations. By running modal and
ATV analyses of the structure, noise generated by the structure can be
estimated. NVH analysis of a machine with four different rotor structures
was run in order to investigate how the topology of the rotor influences
the noise generated by the machine. Each topology experienced different
torque ripple. Simulations proved that the there is no direct relation
between torque ripple and noise level of the machine. Torque ripple is
caused by variation of tangential component of magnetic forces. Noise
however is generated by stator's vibrations which are caused by radial
components of the magnetic forces. Rotor skewing has also an impact on
the noise generated by the machine. In general, machine with skewed
rotor generates noise of lower radiated power than the one with non-
skewed rotor. At certain rotational speeds, the difference in noise
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generation between machine with skewed and non-skewed rotor is
smaller.

Thermal analysis was performed using finite element method in JMAG
and also using thermal network in MotorCAD. Results from JMAG
obtained by finite element method allow to see temperature distribution
in the machine. Before performing thermal analysis in JMAG, one needs
to specify heat transfer coefficients between adjacent parts of the
machine and thermal properties of the materials. When using simplified
geometry, one can represent machine parts by using thermal capacitance
and thermal resistance. It is possible to model heat transfer between the
machine and the other parts which were not included in the analyzed
geometry by using thermal resistances in the circuit. However, the
analyzed machine has a stator water jacket which causes the heat flux to
flow in radial direction. Axial heat flux can be therefore neglected since
the heat conduction in air is smaller than heat conduction between the
stator and water jacket. MotorCAD operation is based on lumped thermal
network. Thermal resistances and capacitances are calculated by the
software based on the geometry of the machine. Moreover, MotorCAD
does not support flux barriers shapes which were used in analyzed
motor hence temperature distribution is only possible around stator slot.
MotorCAD also has simplified algorithms of iron loss calculation and
operates on a 2D model of the machine when performing magnetic
analysis. In JMAG it is possible to use 3D geometry of the machine which
increases the accuracy of the analysis but is more time consuming. The
aim of this chapter was to assess the cooling capability of the water jacket
and examine thermal behavior of synchronous reluctance machine. The
lack of field winding in the rotor results in iron losses being the only heat
source. Moreover, since there are no permanent magnets, the torque
generation capability of the machine is less affected by the temperature.
Performed numerical analyses proved that iron losses in the rotor are
much smaller than those in the stator. The greatest density of iron losses
occurs on the rotor surface. Since there is no fan installed on the shaft
and the housing is enclosed, the heat dissipation from the rotor is less
efficient than heat dissipation from the stator, which has a direct contact
with water jacket. The higher the frequency the higher heat transfer
coefficient from the rotor through the air gap since the velocity of the air
is higher. However higher rotational speed results in higher iron losses.
Thermal study showed that the winding is the most vulnerable part of
the machine in terms of the temperature. The highest power losses occur
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in the winding especially at high load. Therefore, proper design and
distribution of copper wires in the slot is very important. The wires
should have a good contact with the stator core in order to provide a
good heat dissipation.

Personal contribution of the author is:

Analysis of rotor skewing on electromagnetic behavior of the machine
Analysis of flux linkage in d and q axis of the machine and the
influence of magnetic saturation on machine’s inductances
Investigation of cross saturation in SynRM

Modeling of rotor skewing: 3D and 2D with multi slices

Analysis of rotor skewing impact on magnetic forces distribution in
the machine

Analysis of the relation between magnetic forces distribution in the
stator and vibration of the structure

Investigation on flux barriers shape on mechanical stress
concentration

Development of thermal model of the machine in IMAG

Analysis of iron loss distribution in the machine

Analysis of heat generation in the machine

Analysis of cooling capability of water jacket at various flow rates
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5. Experimental Work

This chapter presents the results of laboratory tests of SynRM.
Electromagnetic, vibroacoustic and thermal behavior of the machine was
evaluated. In order to validate the numerical models of the machine, the
measurement results are compared with simulation results. In case of
NVH measurements, the general vibroacoustic behavior of the machine
obtained from simulations and measurements are compared.

5.1. Test Bench Description

The test bench is located in the laboratory of Technical University of Cluj-
Napoca. It consists of tested SynRM and an induction machine which
operates as load. Mechanical coupling of the SynRM with induction
machine is shown in Fig. 5.2. Both machines are supplied from four
quadrant inverters.

Test bench specifications are given below.

1. Types of the machines that can be tested:
e Max 3-5-phase PMSM, IM, SynRM, PMSynRM
e Max 2-4-phase SRM

2. Range of voltage: 0-400 VAC/0-600 VDC

3. Maximum current: 200 A (for 2-phase SRM and 3-phase AC
machines)/100 A (for 4-phase SRM and 5-phase AC machines)

4. Load characteristics:
e rated power/max power: 29 kW /89 kW
e rated speed/max speed: 4000rpm/12000 rpm
e Max torque: 320 Nm

5. Facilities for data acquisition and processing
e Currents

e Voltages
e Torque
e Speed
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e Noise
e Vibration
e Temperature

6. Control equipment - MicroLabBox:
e Compactall-in-one development system for the laboratory
e More than 100 high-performance [/0 channels with easy
access
¢ Comprehensive support for electric motor control

7. Tests that be performed on the test bench:
e No-load test
o Different level of loads
e Different speed/torque profiles

Cross section of tested machine’s topology is presented in Fig. 5.1. Main
dimensions of the machine are contained in Table 5.1.

Fig. 5.1 Cross section of machine’s final topology
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TABLE 5.1 Machine’s main dimensions

Active axial length 145 mm
Air gap 0.45 mm
Stator outer diameter 205 mm
Stator inner diameter 130.9 mm
Rotor diameter 130 mm
Shaft diameter 45 mm

Fig. 5.2 Mechanical coupling of SynRM with induction machine (left), SynRM in a test
bench (right)

Vibration sensors’ placement and water cooling connection is shown in
Fig. 5.3.

\.:L -‘ : B

Fig. 5.3 Vibration sensors’ placement and water cooling connection

The vibration sensors were placed in %, y and z direction on machine’s
housing. Moreover, as one can see in Fig. 5.3, on the top of the machine
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there were placed three sensors along machine’s axial length. The system
was controlled using dSPACE hardware with dedicated software. Control
model of the drive was built in Matlab/Simulink. The system could
measure the following signals:

Three phase currents

Three phase voltages

Rotational speed

Torque

SynRM stator’s vibrations in x,y and z axis

Fig. 5.4 Two inverters

The two inverters which were used to supply the voltage to the machines
are presented in Fig. 5.4. Fig. 5.5 shows the vibration sensor and the
microphone which were used to measure the vibration of the machine
and acoustic noise.
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Fig. 5.5 Vibration sensor (left) and microphone (right)

Diagram of the test bench is presented in Fig. 5.6.

\‘PCZ
PC1
Inverter <
O P Inverter

Signal acquisition
DAQ — T~ baa

Torque sensor

Current and voltage
measurement

Current and voltage
measurement

Fig. 5.6 Test bench system diagram

5.2. Experimental Results

Laboratory tests were performed to validate machine modeling and
simulation results. Three types of laboratory tests were performed:
electromagnetic, NVH and thermal. The goals of each test are as follows:

1) Electromagnetic
a) Validation of electromagnetic torque
b) Validation of power factor
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c) Validation of d and q axis flux linkage
2) NVH
a) Level of noise and vibration
b) Influence of current angle and load on noise and vibration
c) Influence of switching frequency on noise
d) Identification of normal modes and natural frequencies
3) Thermal
a) Investigation of machine’s heating
b) Validation of cooling method

The tests were run in no-load and load state of the machine. The machine
was supplied from an inverter and only steady state tests were taken (no
dynamic state tests were carried out). No-load state was used to
investigate the influence of switching frequency on noise and vibration
level of the machine. Validation of electromagnetic torque, power factor
or flux linkage was performed in load state of the machine. Also in load
state, the influence of current angle and load torque on noise and
vibration was investigated together with thermal behavior of the
machine and cooling method.

5.2.1. No-load State Tests

The machine was run from 0 to 1500 rpm in order to measure SynRM'’s
vibration and obtain the information about SynRM'’s normal mode
frequencies.

In Fig. 5.7 one can see vibration of the SynRM measured in three points
along its axial length. Similar to numerical simulations, the vibration
varies along machine’s axial length due to non-uniform radial forces
distribution caused by skewing the stator core. Moreover, this effect is
amplified by the assembly of the machine.
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Fig. 5.7 Vibration in three points on the machine

The vibration signal was measured at three switching frequencies of the
inverter: 8 kHz, 10 kHz and 12 kHz.
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Fig. 5.8 Vibration measured at 8 kHz switching frequency
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Fig. 5.10 Vibration measured at 12 kHz switching frequency

It can be noticed that the vibration signal in the colormap has higher

amplitudes at switching frequency. This is caused by PWM signal whose
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harmonics appear in the spectrum of vibration signal. For 8 kHz
switching frequency, in the colormap one will observe the vibrations at
8kHz, 16 kHz and 24 kHz (Fig. 5.8) as these are the first, second and third
harmonics of the switching frequency. In case of 10 kHz and 12 kHz
switching frequency, the situation is similar. In case of 10 kHz switching
frequency, the vibration occurs at 10 kHz and 20 kHz (Fig. 5.9) and for
12 kHz switching frequency the vibration occurs at 12 kHz and 24 kHz
(Fig. 5.10). The switching frequency signal and its harmonics contribute
to vibration and noise signal.

0.08

g
Amplitude

000k JJ | ) |

0 4000 8060 12000 16000 20000 24000
Hz

=

Fig. 5.11 FFT of vibration signal at 8 kHz switching frequency - linear scale
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Fig. 5.12 FFT of vibration signal at 8 kHz switching frequency - dB scale

Fig. 5.11 and 5.12 show example FFT of machine’s vibration signal
generated at 8 kHz switching frequency I linear and dB scale
respectively. In these figures one can observe amplitude peaks at 8, 16
and 24 kHz.

In Fig. 5.13 the oblique lines are machine’s harmonics also known as
orders. As one can see in the figure, they are rotational speed dependent.
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Fig. 5.13 Frequency spectrum of vibration signal with machine orders

Stator’s natural frequencies can be identified by analyzing vibration
colormap. The resonance frequencies appear on the colormap as vertical
line of higher amplitude. This is shown in Fig. 5.14. One can see three
typical modes of the stator: ovalization, triangular and square mode.
These modes have their natural frequencies. As shown in Chapter 4,
modes of the stator can occur with phase shifting which means the
deformation is different in longitudinal direction.
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Fig. 5.14 Frequency spectrum of vibration signal with natural mode frequencies
marked

The noise generated by the machine is also presented in the form of a
colormap. Figures 5.15, 5.16 and 5.17 show colormaps of acoustic signal
generated by the machine at 8 kHz, 10 kHz and 12 kHz switching
frequency respectively.

One can see that noise of switching frequency and its harmonics are
present in the acoustic signal of the machine. Comparison of acoustic
noise FFTs is shown in Fig. 5.18.

Just like in case of vibration signal, switching frequency harmonics are
rotational speed independent. The higher switching frequency the more
noise the machine generates.
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Fig. 5.15 Frequency spectrum of acoustic signal at 8 kHz switching frequency
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Fig. 5.16 Frequency spectrum of acoustic signal at 10 kHz switching frequency
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Fig. 5.17 Frequency spectrum of acoustic signal at 12 kHz switching frequency
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Fig. 5.18 Comparison of frequency spectrum of acoustic signal
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5.2.2. Load State Tests

Tests in no load state were carried out for three different switching
frequency values. This allowed to investigate how the switching
frequency affects the spectrum of vibration and acoustic signal generated
by the machine. In order to test how the load affects the NVH behavior of
the machine, the measurements were taken in load state at different
rotational speeds.

5.2.2.1. Electromagnetic Tests

The tests were carried out at different values of electromagnetic torque
generated at various current angle values and at different rotational
speeds. These tests allowed also to investigate electromagnetic
properties of the machine. Line voltage of the motor was measured in
load condition at different torque values at various rotational speeds. In
Fig. 5.20 one can see how the voltage changes with the load and
rotational speed. The voltage was measured for different values of
current angle. One can see that increasing the torque causes the voltage
to rise as the phase current also increases. This increase is not as big as
in case of rotational speed increase. Higher rotational speed involves
higher supply voltage in order to compensate for the EMF generated in
stator windings. Current angle has also an effect on voltage amplitude.

As the current angle increases (closer to 90°) the voltage drops since the
flux in the machine is weakened. Higher current angle results in higher
iq current component and higher reluctance of the magnetic circuit of the
machine. Analogically, lower current angle causes the flux in the motor
to increase, causing the voltage amplitude to rise.

In Fig. 5.19 one can see example phase and line voltage waveforms
measured at 1500 rpm.
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Fig. 5.19 Line and phase voltage waveforms at 40deg current angle: a) phase voltage
at 20Nm load, b) line voltage at 20Nm load, c) phase voltage 40Nm load,
d) line voltage at 40Nm load

Fig. 5.20 presents the comparison of line voltage values at different
current angles. One can notice that rotational speed has the greatest
impact on the line voltage values. Higher load also causes the voltage to
increase but the effect is smaller compared to that in case of speed.
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Fig. 5.20 Comparison of line voltages at different current angles: a) 40deg, b) 45 deg,

c) 50deg and d) 60deg
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TABLE 5.2 RMS line voltage comparison

Current | Rotational Torque

angle speed 20Nm | 30 Nm ;?n 50Nm | 60Nm | 70 Nm
1000 rpm | 100V 101V 104V | 107V 111V 116V
1500 rpm | 115V 119V 123V | 128V 134V 136V

40 deg 2000rpm | 1295V [ 136.6V | 142V | 146V 152V 156V
3000 rpm | 154V 164V 171V | 177V 183V 191V
4500 rpm | 322V 325V 338V | 351V 362V 373V
1000 rpm | 97V 98V 100V | 104V 108V 112V
1500 rpm | 112V 114V 118V | 122V 126V 132V

45 deg 2000 rpm | 130V 133V 137V | 141V 147V 152V
3000 rpm | 156V 157V 166V | 171V 179V 185.5V
4500rpm | 301V 316V 328V | 336V 347V 353V
1000 rpm | 95V 97V 99V 101V 105V 108V
1500 rpm | 106.7V | 111.7V | 116V | 120V 125V 129V

50 deg 2000rpm | 120V 127.4V | 133V | 138V 142.8V | 148V
3000 rpm | 158V 153V 161V | 169V 176 V 183V
4500 rpm | 294V 312V 320V | 328V
1000rpm | 91V 94V 97V 100V 102.6V | 104V
1500 rpm | 100V 105V 111V | 116V 122V 128V

60 deg 2000 rpm | 112V 120V 127V | 134.6V | 142V 149V
3000rpm | 150V 165V 178V
4500 rpm | 211V 227V 246V

The RMS values of the line voltage for all the investigated cases are
contained in Table 5.2. Due to limitations in the laboratory, not all the
cases could be measured because of current protection of the inverter.
This, however, does not affect the validation of simulation results as the
main principles shown in Chapter 4 were confirmed. Fig. 5.21 shows
example phase current waveforms.
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Fig. 5.21 Phase current waveforms at 1500 rpm: 20 Nm (left) and 40 Nm (right)
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Fig. 5.22 shows the RMS value of phase current for different load torque
values, rotational speeds and current angles. It can be noticed that the
current increases as the torque rises which is natural behavior since the
generated torque depends directly on the phase current. One can see that
for high values of current angle the phase current is higher at the same
load torque. This is cause by the fact that torque generation depends on
the interaction of flux angle current. When the current angle increases,
the flux in the machine decreases hence in order to keep the same value
of the torque, phase current must achieve a higher value. The highest
values of phase current are at 60° of current angle. The higher the
rotational speed, the clearer this effect is visible. At low rotational speed,
the difference between current RMS values at different current angles
are not very high.

5.2.2.2. NVH

The vibration of the structure was measured for all the cases using the
accelerometers mounted on the machine as shown in Fig. 5.3. The
comparison of vibration signals from three accelerometers mounted on
the machine in Y direction is shown below. Similarly, as it was in no load
state, the vibration of the machine along its axial length is not uniform.
This is because the machine has a skewed rotor which makes the radial
forces distribution non-uniform along the axial length of the machine and
also the mounting of the machine significantly limits the vibration level
close to the mounting plate.

206



Acceleration [mm/s2]
Acceleration [mm/s2]

6.93 6.935 6.94 6.945 6.95 6.955 6.9€ i 6.93 6.935 6.94 6.945 6.95 6.955 6.9€
Time [s] Time [s]

Point 1
Point 2
Point 3

m

Acceleration [mm/s2]
Acceleration [mm/s2]

-200
6.93 6.935 694 6.945 6.95 6.955  6.96 6.925 693 6.935 694 6.945  6.95 6.955  6.96
Time [s] Time [s]

) d)
Fig. 5.23 Vibration of the structure: a) 1000rpm and 20Nm, b) 1000rpm and 60Nm,
¢) 4500rpm and 20Nm, d) 4500rpm and 60Nm

The rotational speed affects the vibration of the machine since at
different frequencies the normal modes of the machine are excited in

different manner. Comparison of vibration for different rotational speeds
is shown below.
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waveform, b) 60Nm - time waveform, c) 20Nm - FFT, d) 60Nm - FFT,
e) 20Nm - power spectrum, f) 60Nm - power spectrum
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Fig. 5.24, shows example results of vibration measurement for three
different values of rotational speed and two different values of load
torque. Fig. 5.24 a) and Fig. 5.24 b) show time waveform of vibration
signal for 20 Nm and 60 Nm load respectively. It can be noticed that the
higher the speed the higher the amplitude of vibration signal.
Comparison of the FFT of vibration signal as shown in Fig. 5.24 c) and d)
gives a better image of how the speed influences the vibration of the
structure. Power spectrum of the vibration signal is shown in Fig. 5.24 )
and f). One can see clearly that the vibration strongly depends on the
rotational speed. The highest amplitude of both the signal’s FFT and the
power spectrum occurs at 20 kHz which is the double of switching
frequency.

The load has also an impact on the vibration of the structure. One can see
in Fig. 5.25 that the vibration changes along with the load. Higher torque
requires higher phase current which in turn increases the magnetic field
in the machine and causes the radial magnetic forces to rise.
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The influence of the load on vibration however is not as the influence of
rotational speed. In Fig. 5.25 a) and b) one can see the time waveforms
of vibration signals for different load values at 1000rpm and 4500rpm
respectively. As one can notice, the amplitude of vibration is affected by
the load, higher load increases the vibration amplitude. This effect is
more visible at 4500rpm rather than at 1000rpm. The FFT of the
vibration signals is shown in Fig. 5.25 c) and d). One can see, that the
amplitudes are quite similar, at some frequencies the higher amplitudes
of vibration occur for the highest load.

Comparison of the power spectrum provides more clear information on
how the load affects the vibration. One can notice, that in general for the
highest load (60 Nm), the amplitudes of power spectrum achieve the
highest values, however at some frequencies the amplitudes of power
spectrum are the highest for 20 Nm load.
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Although the current angle affects the radial forces acting on the stator,
its influence on the vibration of the structure is not that clear. In Fig. 5.26
one can see the comparison of the vibration measured at two different
rotational speeds at the same load. It can be observed that the amplitudes
of the vibration signals are similar for various current angles. In case of
1000 rpm, the difference of amplitudes at different current angles is
clearer than in case of 3000 rpm. When comparing the power spectrum
of the vibration signal, one can notice that for 1000 rpm at some
frequencies the vibration is higher for the lowest current angle (higher
radial forces) but around 10 kHz and 20 kHz, which are switching
frequency and its double, the vibrations for all measured current angles
are quite similar. In case of machine running at 3000 rpm, the power
spectrum of vibration signal achieves the highest values for 60° current
angle, which is quite strange since at this current angle, the flux and thus
the radial forces are the lowest. This proves that the vibration of the
stator is affected not only by the amplitude of the radial force but also,
for the most part, by the frequency of the radial forces since it causes
particular normal modes of the structure to excite.

The acoustic signal was measured using two microphones: one placed
next to the motor and another hung 1.5 meter above the machine. Below
one can see a comparison of noise power spectrum measured in two
different points at different rotational speeds.
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Fig. 5.27 Power spectrum of noise signal measured by two different microphones-
next to the machine (red) and 1.5 meter above the machine (green): a) 1000rpm
20Nm,

b) 1000rpm 60Nm, ¢) 4500rpm 20Nm and d) 4500rpm 60Nm

In Fig. 5.27 one can see the comparison of noise power spectrum,
obtained from two microphones. As one could expect, the power
spectrum achieves higher values for the signal measured by the
microphone closer to the machine. The difference is more visible for
higher rotational speeds. Fig. 5.27 a) and b) show the power spectrum of
noise measured at 1000 rpm at 20 Nm and 60 Nm respectively. Power
spectrum of noise measured at 3000 rpm for the same load is shown in
Fig. 5.27 c) and d). The difference in power spectrum for two different
microphones is greater for higher speeds. One can see peaks at 8 kHz and
16 kHz which are the switching frequency and its double of the supply
system of the induction machine.
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Comparison of noise power spectrum measured at different rotational
speeds is shown in Fig. 5.28.
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Fig. 5.28 Noise at different rotational speeds at 20 Nm load: microphone next to the
machine (left) and hung 1.5 meter above (right)

Noise power achieves higher values as the rotational speed increases.
One can see that the noise has the greatest power at 4500 rpm and is the
lowest at 1000 rpm. One can see that the noise power spectrum achieves
higher values for the noise signal measured by the microphone closer to
the machine.

Fig. 5.29 presents the comparison of noise power spectrum for different
load values in order to show the influence of the load on the noise
emitted by the machine.
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Fig. 5.29 Noise at different rotational speeds: a) 1000rpm microphone next to the

machine, b) 1000rpm microphone 1.5 meter above the machine, c) 4500rpm
microphone next to the machine, d) 4500rpm microphone 1.5 meter above the
machine

It can be observed that the load has also some effect on the noise
generated by the machine. Around the switching frequency (10 kHz) and
its double, the power spectrum of the noise behaves as one might expect,
the higher the load the higher the noise power spectrum. However, in
some frequency range, this rule is not followed. This is caused by the fact
that in the laboratory during the tests, there were two machines, both
contributing to the overall noise measured by the microphones.
At higher speed, the effect of the load on the noise is less visible.
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The impact of current angle on the noise is shown below.
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Fig. 5.30 Noise power spectrum at different current anglesat 1000 rpm (left)
and 3000 rpm (right)

Similarly, to the vibration signal, the impact of the current angle on the
noise is not very clear. Although the radial forces are the weakest for the
highest current angle, the noise does not seem to be very affected. Just
like in case of the vibration, the rotational speed and thus the radial
forces frequency is the dominant factor in vibration and noise
generation.

The described above tests were performed at constant rotational speed.
Next a run-up test was performed and the results are shown in
colormaps. Similarly, as it was done for no load state, the machine was
accelerated while operating with a certain load and the vibration and
noise signals were measured.

In Fig. 5.31, Fig. 5.32, Fig. 5.33 and Fig. 5.34 one can see example
colormap for the run-up test taken at 20 Nm and 60 Nm torque. In the
colormap, the orders of the motor are visible. Switching frequency and
its double value are visible in the colormaps. As the torque increases, the
signals of switching frequency are more visible in the colormap.
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Fig. 5.32 Colormap of vibration signal at 20 Nm load
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Characteristic harmonics such as machine orders or stator natural
frequencies are also visible in the colormap. In load condition as the load
increases these characteristic frequency components might be less
visible due to increased amplitudes of other frequency components such
as switching frequency.

The noise signal was also registered during the runup test. It is presented
in Fig. 5.35 and Fig. 5.36 in form of a colormap. In this figure, one can see
two characteristic frequency components: 8 kHz and 10 kHz and their
double values. This is caused by the fact that during the test, there were
two machines supplied from separate inverters with PWM at different
switching frequency. These frequencies with their doubled values are
marked in the colormap.
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Fig. 5.35 Colormap of noise signal at 20 Nm load
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Fig. 5.36 Colormap of noise signal at 60 Nm load

5.2.2.3. Thermal Measurements

During the entire test, the machine was cooled with water of
temperature equal to 20°C. The temperature of the coolant had to be
kept at this level in order not to damage the windings of the machine. At
nominal torque, the temperature oscillated around 115°C. Simulation
tests showed similar values of winding temperature. The temperature of
course varies with the flow rate and the temperature of the coolant.
However, as during the simulations it was possible to check how the
temperature changes with different values of flow rate and coolant
temperatures, during the laboratory measurements such a test was
impossible as the winding could be damaged. Simulations in MotorCAD
and JMAG were performed in order to check if the cooling method allows
to maintain the winding temperature in allowable range. As one might
expect, the temperature was rising as the phase current was increasing.
Winding temperature was measured using a temperature sensor
mounted inside the motor.
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Fig. 5.37 Temperature of the winding: during tests a) and b),
reaching maximum temperature c) and temperature drop d)

Fig. 5.37 a) shows the temperature of the winding during tests at
different values of load. The temperature was measured during steady
state vibration measurements. The gaps in the figure between the next
measurements are caused by preparing the equipment to the next
measurement. One can see that for higher load which involves higher
phase current, the temperature rises at higher rate. For the clearance, the
same case is presented in Fig. 5.37 b), without time gaps between the
measurement.

In Fig. 5.37 c) one can see the temperature reaching its maximum value
during the laboratory tests. Fig. 5.37 d) shows the winding temperature
drop at zero current and water jacket cooling running.

The carried out laboratory tests proved that prepared models of the
machine are valid. The purpose of electromagnetic modeling of the
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machine was to estimate the parameters of the designed machine. The
electromagnetic model of the machine allowed to estimate the phase
current of the machine in various load conditions and also investigate the
impact of current angle on phase voltage and current in load conditions.
The impact of load, rotational speed and current angle on radial forces of
the machine and thus the vibration of the structure was simulated and
verified experimentally. More accurate information o about machine’s
vibration and noise generation was obtained using NVH calculations of
machine’s model. The effect of working conditions of the machine on its
NVH behavior was validated during laboratory tests. Knowing the phase
current and machine’s geometry, it is possible to estimate the
temperature of the winding. The purpose of thermal modeling of the
machine was to find the proper cooling method of the machine, so the
temperature of the winding does not exceed allowable value. The
laboratory tests proved that the machine is able to operate at nominal
torque with the winding temperature at allowable level.

5.2.3. Numerical Model Validation

In order to validate machine’s numerical models presented in Chapter 4,
measurement results were compared with simulation results.

5.2.3.1. Electromagnetic Model Validation

SynRM’s torque, phase currents and voltages and flux linkage was
measured in order to validate the electromagnetic model.

Comparison of torque vs. current curves is presented in figures below.
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Fig. 5.38 Comparison of calculated and measured phase currents at 4500 rpm:
40° - top, 45° - bottom

One can see that calculated and measured values of phase current for a
given torque are quite similar. In most cases, the phase current values
obtained from simulation are lower than the measured ones since the
simulations did not include all the effects in the machine such as eddy

224



currents or hysteresis loss. Moreover, the B-H curve of the steel sheet
used in simulations might differ from the one of steel sheet used to
manufacture the machine. The manufacturing process of the machine
(cutting or punching the steel sheet) affects the B-H curve of the steel
sheet. For this reason, the saturation of the magnetic circuit of the
machine can occur at phase current values different from the calculated
ones.

Machine’s flux linkages were calculated by integrating measured stator
EMF. The EMF was obtained by subtracting voltage drop on stator
winding from supply voltage. Example flux linkage is presented in Fig.
5.39.

T T T T T T
phase a
phase b
- phase ¢
0.2+ N -
/,’ \‘. ,.~"‘> o “
/ \
// \
— 01F // \);_" b
o / \
2
x OF / \ |
£ / \\
[TH \/ \
01F \ X -
\ N\
\
/ \
Y ~ - .
02F - 3
03 1 Il 1 1 L L
0 1 2 3 4 5 6
Time [s] £10°3

Fig. 5.39 Machine’s flux linkage

Applying Park transformation to machine’s flux linkage allowed to obtain
flux linkage in d and q axes. By imposing different values of iy and i,

currents using control system, it was possible to obtain flux linkage
curves. Fig. 5.40 presents comparison of flux linkages values obtained
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from measurements and simulations. One can see that simulated and
measured values of flux linkage are quite similar. The shape of the curve
that the measured values follow is sometimes different than the
simulated one. This is caused by the limited accuracy of the SynRM model
with skewed rotor. Also the B-H curve of the steel sheet might
significantly differ from the one used in simulations due to
manufacturing processes.

0.22 — 0.22 . .
_ O measurement _
0.2 o 0.2 v u o
5 —
/’ 0.18 >
0.18 /,, 70
— . 016 Y
2 o016 2
© Y (o3
= / simulation 2 014 /
Lo / O measurement| = /
£ / £ /
< / = 012 /
3 / 5 /
2 012 [ = /
[ !‘ Loy 4
/
0.1 /
0.08 /
0.08 oosf |
0.06 0.04
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 8 100 120 140 160 180 20C
id [A] id [A]
a) b)
0.12 - 0.12
5
~ — A
- simulation o
0.11 -~ ;
& measurement o - -
0.1 = ~ o
v// -~
//
_ 00 o008 iy
» q o
2. 0.08 = /
) L
=) 2 o
$oo7t £ oosf =
= £
< x
% 0.06 3 &
o % 0.04
0.05 /
0.04- 0.02
0.03
002 0 s s s s
4 14 1
0 20 40 60 80 100 120 140 160  18C 0 2 0 60 8 100 120 0 160 180
@ IA iq [A]
iq [A]
) )

Fig. 5.40 Comparison of measured and simulated d and q axis flux linkage:
a) d axis flux linkage at iq = 40A,
b) d axis flux linkage at iq = 60A, c) d axis flux linkage at iq = 204,
d) q axis flux linkage at id = 404,

Comparison of measured and calculated torque and power factor values
is presented in Fig. 5.41 and Fig. 5.42. Measured torque achieves similar
226



values as the calculated. Torque values obtained from simulation in usual
are higher than the measured ones. This is caused by limited accuracy of
the model. Moreover, during the simulation, the machine was supplied
from ideal sinusoidal current source and iron losses were omitted. One
can see greater differences between measured and calculated values of
power factor. In this case, shape of voltage and current waveform plays
important role in machine’s power factor. Presence of higher order
harmonics in current and voltage do not contribute to active power thus
decrease the power factor.
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Fig. 5.41 Comparison of torque values at 110A
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5.2.3.2. NVH Model Validation

Machine’s calculated natural frequencies and vibrational signal were
compared with the measured ones in order to verify the correctness of
the model.

Comparison of measured and calculated resonance frequency of
machine’s normal modes is presented in Table 5.3.

TABLE 5.3 Machine’s normal modes frequencies comparison

Ovalization Triangular Square
Simulation 928 Hz 2485 Hz 4433 Hz
Measurement 1166 Hz 2866 Hz 4451 Hz

As one can see, there is a difference between the calculated and

measured natural frequencies. The measured frequencies are higher

than the calculated frequency values. The difference is caused by the fact

that, during the simulation, only the stator core was considered. The

windings, the housing and the water jacket were not modeled. However,
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the presence of the windings and housing increases the natural
frequencies of the entire machine.

Fig. 5.43 shows comparison of vibration signal obtained from
measurements and simulation.
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Fig. 5.43 Comparison of measured (left) and calculated (right) vibration signal

One can see that vibration signal along axial length of the stator changes
both in measurements and in simulation. The amplitude of the signal is
greater on one end of the stator. There is a difference in vibration signal
waveform. In case of simulation, the machine was supplied from
sinusoidal current source, however during measurements the machine
was supplied from an inverter with PWM. The amplitudes and harmonics
present in vibration signal are different in measured and simulated
signal. However, it was possible to predict the behavior of the structure
by running NVH simulations.

5.2.3.3. Thermal Model Validation

The purpose of thermal analysis of the machine was to estimate the
temperature of the machine and adjust the cooling system. In order to
validate the thermal model, the measured temperature inside the
machine was compared with the simulated one.
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The measured temperature of the winding was 115 °C and calculated
maximum temperature of the winding was 127 °C. One can see that
thermal simulation allows to estimate the temperature of the winding
with a good accuracy.
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5.3. Conclusions and Personal Contributions

This chapter presents results of laboratory tests. The tests were carried
out in no-load and load state at constant rotational speed. Measurements
performed in no-load state allowed to investigate the natural frequencies
of the machine. Difference between calculated and measured values of
natural frequencies is caused the presence of stator housing and
winding. In simulation for simplicity only the stator core was taken into
account for natural frequency calculation. However, the presence of the
stator winding, stator housing and water jacket affects the values of
natural frequencies.

In load state it was possible to investigate the influence of load and
current angle on machine’s NVH behavior. It was proven that although
the radial forces increase with stator current, the amplitude of vibration
signal is not directly affected. Apart from the amplitude of the radial
forces, the frequency is a crucial factor which decides about the level of
vibration.

Electromagnetic tests allowed to validate machine’s generated torque
and how it is affected by current angle. Measured and calculated values
of torque are similar. Differences in their values are caused by limited
accuracy of machine’s FEM model which does not take into account all
the physical phenomena. Measured flux linkage in d and q axis is similar
to the calculated one. The difference comes from definition of
magnetizing curve of steel sheet used in simulation.

Temperature measurement proved the capability of machine’s cooling
system. Using water jacket allowed the machine to operate at nominal
load in enclosed housing without exceeding allowable winding’s
temperature. Due to technical limitations, it was not possible to test the
machine at peak stator current.
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6. Conclusions and Contributions

Synchronous reluctance machine proves to be a serious candidate for
EV applications and industrial applications. Its simple construction
makes the machine robust and lack of permanent magnets significantly
lowers the price and makes the machine less vulnerable to temperature
changes. In many industrial applications, SynRM successfully replace
induction machines.

Due to the construction, SynRM often operates with saturated
magnetic circuit. This makes the machine highly non-linear. Using
winding function method for SynRM has very low accuracy. The lowest
accuracy was in case of q axis MMF since the flux fringing is very hard to
model using analytical functions and Fourier series. Magnetic equivalent
circuit method provided a better accuracy compared to winding function
method since this method can include saturation of the magnetic circuit
of the machine. Also in this case, for d axis MMF the results were quite
good since the flux flow is quite simple and easy to model. For q axis MMF
however, the results are also of low accuracy. It is very hard to model flux
fringing using reluctance network. For simplicity, the SynRM was
modeled as two separate circuits: for d and q axis MMF. Flux distribution
in the air-gap of SynRM is very hard to model using winding function or
magnetic equivalent circuit method. FEM provides the best accuracy of
the results but its drawback is the fact that it requires a dedicated
software. Moreover, depending on the geometry complexity, the
computational cost might be very high.

Simulation tests proved that the construction of the rotor must be
adjusted for high speed applications. Additional ribs must be introduced
in flux barriers in order for the machine to be able to operate at high
rotational speeds.

Electromagnetic and NVH analyses proved to be no relation
between machine’s torque ripple and the noise generated by the
machine. To investigate this, four topologies of SynRM were simulated.
Each of the topology had the same stator but different rotor and each of
the topology experienced a different level of torque ripple. NVH
simulations proved that the noise generated by the machine is not
directly related to machine’s torque ripple. It is because torque ripple is
caused by fluctuations of the tangential component of magnetic forces.
The noise of the machine on the other hand is caused by deformation of
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the stator. The deformations are caused by the radial component of
magnetic forces.

The final topology of the SynRM has 27 slots since the fractional
winding reduces torque ripple of the machine. Moreover, in order to
minimize the torque ripple, the rotor is skewed. Since the stator has 27
slots, the entire geometry of the machine had to be simulated as there is
no symmetry axis. For electromagnetic analysis, 2D model of the
machine was used. The rotor skewing was modeled by slicing the
machine in axial direction. For validation, the results were compared to
the ones obtained from 3D model. The obtained results were similar,
hence for further simulations, 2D model was used. Electromagnetic
analysis proved that the rotor skewing reduces torque ripple but at the
same time causes the electromagnetic torque to drop. Simulations
showed that machine’s flux linkages in d and q axes are related because
of the cross saturation. Flux linkage in d axis quickly saturates and the
curve resembles the B-H curve of steel sheet. In q axis, the flux linkage
increases almost linearly due to the presence of flux barriers.

The construction of the rotor used in the final topology of SynRM
was adjusted to operate at high rotational speeds. Additional ribs were
introduced in flux barriers to allow the rotor to withstand high
centrifugal forces. Moreover, no sharp edges or corners or any
discontinuities should be present in the rotor geometry since they
increase the concentration of mechanical stress. Simulations proved that
the centrifugal forces have higher impact on mechanical stress than the
magnetic forces. Deformation of the rotor is greater due to centrifugal
forces.

Rotor skewing also influences the distribution of magnetic forces
in the stator. Due to the rotor skewing, the magnetic forces in the stator
are distributed unevenly in machine’s axial direction. This influences the
vibration of the structure. The amplitude of vibration signal is different
on both ends of the machine.

The amplitudes of magnetic forces are affected by the current
angle of the machine. The higher the current angle, the lower the
amplitudes of magnetic forces. It is caused by the fact that at high current
angle values, the magnetic field in the machine decreases, which affects
the magnetic forces. Also, the voltage is lower when the current angle is
high. Operating at high current angle values can be used to weaken the
flux in the machine.
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Analysis of machine’s iron losses shows that the stator and
especially the winding are the main sources of heat. Iron losses in the
rotor are caused by higher order harmonics of magnetic field since the
rotor rotates synchronously with the magnetic field.

Thermal analysis of the machine was performed using 3D FEM
model in JMAG and in MotorCAD which is a dedicated software for
thermal analysis of electric machines. The goal of the thermal analysis
was to choose the right cooling method so the machine could operate
without overheating.

Experimental tests were carried out in no-load and load state of
the machine. In no-load state, the influence of switching frequency on
machine’s vibration and noise was investigated. Switching frequency
was present in the spectrum of vibration and noise signal. Analysis of
vibration signal spectrum allowed to obtain the information on
machine’s orders and natural frequencies.

Machine’s currents, voltages, torque and temperature were
measured in load state. Experimental tests proved machine’s
electromagnetic behavior when operating at various current angles.
Increasing current angle lowers the voltage but increases the current in
order to maintain the same power. Due to technical limitations of the test
bench, maximum power test could not be performed. Measurements of
machine’s noise and vibration proved that the major factor deciding
about the noise of the machine is the rotational speed. Although the load
increases machine’s phase current and thus magnetic forces, the effect of
load or current angle on noise and vibration is not as strong as the effect
of rotational speed. It is because the speed is directly related to voltage
and current frequency. At certain frequencies, specific normal modes of
the machine structure are excited, increasing the level of noise and
vibration.

Comparison of machine’s calculated and measured torque vs.
current angle curve show that there are some differences. The maximum
values of torque are similar, however the shape of the curve differs. The
higher difference occurs when comparing calculated and measured
machine’s power factor. The differences might be caused by many
factors. In simulation, only B-H curve of the steel sheet was taken into
account, not the hysteresis loop. Moreover, the steel sheet model might
not have been accurate. Additionally, during machine assembly, the
magnetic properties of steel sheet might deteriorate. Finally, eddy
currents and hysteresis losses were not considered during simulations
in order to limit the computational time.
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Calculated natural frequencies differ from the measured ones.

During simulation only the stator core was considered completely
neglecting the effect of the winding, housing or water jacket. For this
reason, the measured values of natural frequencies are higher than the
calculated ones.

Chosen cooling method proved to be sufficient for the machine.

During the experimental tests, the temperature of the winding did not
exceed the maximum allowed value.

Personal contribution:

Investigation of SynRM rotor topology impact on torque ripple
and noise generation

Investigation of SynRM flux barriers geometry on machine’s
electromagnetic behavior

Application of mathematical equations to automatize rotor
geometry creation with optimized flux barriers

Application of parametric equations in calculating rotor’s
optimized flux barriers reluctances.

Development of magnetic equivalent circuit of SynRM for d and q
axis MMF

Analysis of rotor’s magnetic reluctance calculation for optimized
flux barriers

Comparison of winding function, magnetic equivalent circuit and
finite element method for SynRM modeling

Calculation of air gap magnetic field distribution using winding
function and magnetic equivalent circuit

Investigation of rotor geometry for high speed application
Analysis of flux barriers topology on mechanical stress
distribution in the rotor

Investigation of stator slots and rotor topology combination for
maximizing electromagnetic torque and minimizing torque ripple
Analysis of flux linkage in the machine

Calculation of Ld and Lq inductances of synchronous reluctance
machine with cross saturation

NVH simulations of SynRM

Investigation of rotor skew on machine’s parameters and radial
magnetic forces distribution
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Comparison of finite element and thermal network models of
SynRM

Modeling of water jacket using finite element method

Calculation of machine’s parameters for control model of the
machine

Estimation of machine’s flux linkage based on measured signals
Validation of machine’s NVH behavior

Investigration of load, speed and current angle impact on noise
and vibration of the machine

Analysis of flux weakening possibility in SynRM by changing
current angle

Future work:

Improvement of MEC model of SynRM for including cross
saturation of the machine

Application of conformal mapping and winding function in
inductance calculation of the machine

Analysis of control strategy impact on NVH behavior of the machine
Investigation of eddy currents and hysteresis impact on calculated
torque and power factor

Applicaton of optimization algorithm in finding the optimal rotor
topology of the machine

Analysis of SynRM with various number of poles

Development of thermal network of the machine with optimized flux
barriers
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