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Abstract

Permanent magnet synchronous motor (PMSM) is a better choice as a
traction motor since it has high power density and high torque capability within
compact structure. However, accommodating such high power within compact
space is a great challenge, as it is responsible for significant rise of heat in PMSM.
As a result, there is considerable increase in operating temperature which in turn
negatively affects the electromagnetic performance of the motor. Further, if the
temperature rise exceeds the permissible limit, it can cause demagnetization of
magnets, damage of insulation, bearing faults, etc. which in turn affect the overall
lifecycle of the motor. Therefore, thermal issues need to be dealt with carefully
during the design phase of PMSM. Hence, the main focus of this thesis is to

develop efficient ways for thermal modeling to address thermal issues properly.

Firstly, a universal lumped parameter thermal network (LPTN) is proposed
which can be used for all types of PMSMs regardless of any winding configuration
and any position of magnets in the rotor. Further, a computationally efficient finite
element analysis (FEA) thermal model is proposed with a novel hybrid technique
utilizing LPTN strategy for addressing the air gap convection in an efficient way.
Both proposed LPTN and FEA thermal models are simplified ways to predict
motor temperature with a comparatively less calculation process. Finally, the
proposed thermal models have been experimentally validated for the newly

designed interior and surface mounted PMSM prototypes.

Again, a procedure for effective cooling design process of PMSM has been
suggested by developing an algorithm for cooling design optimization of the
motor. Further, a computational fluid dynamics (CFD) model with a proposed two-
way electro-thermal co-analysis strategy has been developed to predict both
thermal and electromagnetic performance of PMSM more accurately considering
the active cooling system. The developed step algorithm and CFD modeling
approach will pave the way for future work on cooling design optimization of the

newly designed interior and surface mounted PMSM prototypes.
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Chapter 1

Introduction

1.1 Electric Vehicle: A Clean and Safe Transportation Mode

Nowadays climate change is one of the most burning issues all over the world, as the
temperature of the earth is rising at the fastest rate because of global warming. To combat
climate change, different measures are being taken all over the world. The recent Paris
agreement is the promising action plan in which the central aim is to strengthen the
global response to the threat of climate change by keeping global temperature rise this
century well below 2 degrees Celsius and this target can be achieved by reducing CO;
emission significantly [1]. However, in a recent study, global light duty vehicles such as
cars, minivans, SUVs, etc. are predicted to be triple in number and CO> emissions are
predicted to be double in amount by 2050 [2], [3]. As a result, in order to reduce the rise
in CO2 emissions, the number of light duty vehicles dependent on fossil-fuels such as oil,
gas, etc. needs to be replaced by electrically driven vehicles due to its eco-friendly zero
CO emission characteristics. That is why electrically dominant vehicle propulsion
system is one of the emerging research areas nowadays.

Further, due to the drastic change in climate and the concern about other environmental
issues, electric vehicles are gaining significant thrust from governments, automobile
manufacturers and consumers globally. Moreover, the significant rise in fossil-fuel cost
and also, recently imposed tax on fossil-fuel in most developed countries, for example,
the recently imposed carbon tax in Canada in order to reduce fossil-fuel dependency are
significantly shifting the research trends towards the electrically dominant vehicle
propulsion system. Although the initial price of electric vehicles is higher, it can be
compensated later by comparatively lower operating costs which are mainly fuel and
maintenance costs in the long run. Therefore, more research focus has been given to
increase both speed range and distance range of electric vehicles to make it a more
preferable choice for consumers rather than fossil-fuel dependent vehicles. Therefore,

there are lots of research activities currently going on the development of more efficient



electric vehicles so that it can become the most popular transportation mode all over the

world in the not too distant future.

Furthermore, although the innovation of internal combustion (IC) engine vehicles is one
of the greatest revolutions for modern technology, it is also one of the main reasons for
environmental pollution in recent days. It is undeniable that IC engine vehicles have
significant contributions to the development of modern human society. These vehicles are
considerably satisfying most of the mobility needs in our daily to daily life. As a result,
the number of IC engine vehicles in use around the world has been continuously
increasing. Such huge numbers of IC engine vehicles in use all over the world have
already caused and are still continuously causing serious damage to the environment
which is actually one of the most rising concerns in recent days. All these IC engine
vehicles around the world consume mainly hydrocarbon (HC) fuels for combustion to
derive the necessary energy for engine propulsion. Since the combustion of hydrocarbon
(HC) fuels are not ideal combustion in nature, there are other harmful by-products also
other than carbon dioxide (CO.). Such a nonideal combustion process also produces a
good amount of nitrogen oxides (NOx) and carbon monoxides (CO). Further, there are
always some unburned HCs remaining after completion of the combustion process. All
these by-products are harmful to the environment as well as to both human and animal
health since these are toxic chemicals. Nitrogen oxides cause smog, acid rain, etc. which
have a significant negative impact on the environment such as the destruction of forests.
Again, carbon monoxide also causes damage to the environment. Further, it is poisonous
gas for animals and human beings. Inhaling carbon monoxide can cause several serious
damages to both human and animal health. Further, inhaling too much carbon monoxide
can eventually cause death. Besides these by-products, remaining unburned HCs can also
cause harm to the environment and human and animal health depending on the type such
as highly toxic benzene. Further, there are some impurities in the HCs fuel which also
results in the emission of more pollutants into the environment. The major impurity in
HCs is basically sulfur which produces sulfur oxides (SOx) after direct chemical reaction
with oxygen from air during the I1C engine combustion process. Sulfur oxides are also
harmful chemicals for the environment, human and animal health. Sulfur oxides are one

of the main reasons for acid rain like nitrogen oxides which is harmful to trees [4]. For all
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these reasons, the research activities have been shifted towards the development of high
efficiency, clean and safe transportation mode which has significantly increased the
research activities on eco-friendly vehicles. Therefore, it is high time to pursue research
in the area of electric vehicle application.

1.2 Electric Machine for Electrically Dominant Vehicle Propulsion System

The heart of electrically dominant vehicle propulsion system is traction motor which is
the connection between the electrical and mechanical control system shown in Figure 1.1.
Further, traction motor is the main powerhouse of electric vehicles (EVs). It provides
power partially to hybrid electric vehicles (HEVs) and solely to fully electric vehicles.

As traction motor provides the power, the main focus of research in the area of
electrically dominant vehicle propulsion system is basically traction motor. The further
increase in speed range capability of electric vehicles is mainly dependent on the progress
of traction motor in terms of torque and speed capability which is mainly total power
capability. Traction motors should be capable of adopting some definite operational
requirements such as high torque at low speed, high constant power at high speed and

high efficiency along with high power density shown in Figure 1.2.

Controller
(converter,
inverter etc.)

Car Wheel
Battery Pack

Electrical Control System
with Battery Pack

Mechanical Control
System

Figure 1.1 Basic diagram of electrically dominant vehicle propulsion system.
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Figure 1.2 Torque-speed and power-speed characteristics of a traction motor.
Further, as vehicles require frequent starts and stops, traction motor should have higher
rates of acceleration and deceleration. Besides that, there are always concerns about the
size and weight of traction motor. Traction motor should be smaller in size and lighter in
weight which means traction motor should have a compact structure. Adopting these
definite operational requirements in one specific motor with smaller size and lighter
weight at the same time is more challenging. Because such high torque and high power
density within compact structure can make any motor unstable if it is not designed
properly to handle that high power and torque rating. Therefore, careful motor design
needs to be carried out for traction motor so that it has enough mechanical strength to
withstand such high torque and high power and also it has the ability to provide better
performance both electromagnetically and thermally during the operating condition.
Further, it must ensure proper dynamic balance in terms of electromagnetic, thermal,
structure, and acoustic during operation. As a result, the design optimization process of
traction motor needs extra care. Hence, the main focus of motor designers is the design of
traction motors to overcome all these challenges for better dynamic performance of
traction motor. Such a better dynamic performance of traction motor can further open the

door for more consumer friendly electric vehicles. For this reason, traction motor has
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been selected as the main focus of this research in the area of electrically dominant

vehicle propulsion system.

1.3 Permanent Magnet Synchronous Motors for Traction Application

At present, induction motor (IM) and permanent magnet synchronous motor (PMSM) are
mainly used as traction motors. However, PMSM is more efficient compared to IM.
PMSM has much higher efficiency than IM over a wide speed and torque range. For
example, it was found from an investigation that the efficiency of PMSM was 92.5%,
much higher than the efficiency of copper rotor 1M, 88.2% under the same speed and
torque ratings, 900 rpm and 118 Nm respectively [5]. Even PMSM is more advantageous
than IM in terms of torque-speed and power-speed characteristics. As high energy
permanent magnets are used for field excitation, PMSMs can be designed with high
power and high torque capability. Therefore, it can provide higher torque during low-
speed application especially during starting condition and hill-climbing and can provide
higher constant power during high-speed application for electric vehicles. Further,
PMSM has a compact structure compared to IM. Therefore, it is also comparatively
smaller in size and lighter in weight than IM with the same power rating. Furthermore,
PMSM is easy to control because of easily accessible control variables that are constant
throughout the operation of PMSM [4]. Again, PMSM has great longevity and thus it
possesses good reliability also. Another great advantage of PMSM is the ease of cooling.
Unlike IM, it has permanent magnets in the rotor instead of copper bars that do not
consume any current. As a result, the rotor of PMSM is cooler compared to 1M, although
PMSM is more thermally challenging than IM. For this reason, the rotor of PMSM does
not need any separate cooling like most of the IMs in electric vehicle application.
Therefore, the cooling system of PMSM has a simple structure that is basically built
around the stator frame only. Due to such a simple cooling structure, the cooling system
of PMSM is really easy to operate. Further, it gives the operation of PMSM more
flexibility [4]. For these reasons, PMSM is the most viable candidate as a traction motor
at present in electric vehicle application. Hence, PMSM is being widely used as a traction
motor in electric vehicle application compared to other traction motor types. That is why
extensive research on PMSM is getting more and more attention from automotive

industries all over the world for electric vehicle application. For this reason, PMSM has
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been selected as the focus of this research study among all other traction motor types

used in electric vehicle application.

1.4 Thermal Aspects of Traction Permanent Magnet Synchronous Motor

A significant portion of motor losses converts into heat which results in a considerable
rise in operating temperature, while the motor is in operation. Since traction motors are
mainly high power motors, the amount of loss in traction motor during operation is also
large. As a result, the rise in operating temperature of traction motor is significant which
makes the motor thermally challenging. Permanent magnet synchronous motor (PMSM)
mainly used in traction application is thermally more challenging than any other traction
motor type. Due to high torque and power density within the compact structure,
temperature rise within PMSM is comparatively quicker than other traction motor types.
Moreover, it has thermally sensitive permanent magnets which are susceptible to heat. If
the motor temperature rises more than the permissible limit, it can cause permanent
demagnetization of the magnets which in turn can cause permanent damage to PMSM.

Therefore, extra care is needed on the thermal side during the design phase of PMSMs.

1.5 Research Motivation

An integrated electromagnetic and thermal analysis should be done carefully for
designing high torque and high power PMSM to ensure both electromagnetic and thermal
stability within the compact motor structure. However, most of the traction motor
designers were from the Electrical Engineering background in past, as traction motor is
one kind of electric machine. Therefore, significant progress has been made in the area of
electromagnetic design optimization of traction motors. On the other hand, the area of
thermal design optimization of traction motors has got less attention, as thermal experts
are mainly from Mechanical Engineering background. As a traction motor, permanent
magnet synchronous motor (PMSM) is not out of that. However, such condition is
changing day by day since there are a lot of research opportunities available in the area of
thermal design optimization of PMSM. Therefore, pushing the thermal operation limit of
PMSM into a further advanced level is the main focus nowadays to achieve a better
thermal performance of PMSM. For this reason, the research study emphasis is on

thermal aspects of PMSM mainly to provide a better thermal modeling approach for



PMSM. Thermal design and analysis, thermal management and thermal testing are three
main research branches in the research area of motor thermal study. Thermal design and
analysis are mainly used to analyze motor thermal behavior and predict the motor
temperature and further to provide better suggestions regarding thermal design
optimization process of the motor. Thermal management is mainly used to provide
several solutions for better motor thermal performance such as cooling. Finally, thermal
testing is mainly used for experimental testing of the motor to get a better practical
direction regarding motor thermal behavior. All three branches of motor thermal study
are discussed in the research study to a certain extent for PMSMs used in electric vehicle

application.

1.6 Research Obijectives

The major purpose of this research is to analyze thermal stability and thermal
performance of newly designed scale down surface mounted and interior PMSM
prototypes in CHARGE labs at the University of Windsor by developing efficient thermal
modeling processes. To fulfill this purpose, three specific research areas on the thermal
side of traction motors have been selected as stated in the previous section. These three
research areas are thermal design and analysis, thermal management and thermal testing.
In these three research areas, three main work goals have been set up which are

mentioned below:
e Work goal in the area of thermal design and analysis:

Developing simplified thermal models for newly designed scale down surface mounted
and interior PMSM prototypes to predict the rise in motor temperature while the motor
prototypes are operating. This process is helpful for ensuring thermal stability of the
motor prototypes by ensuring that the rise in the operating temperature of both motor
prototypes is within the acceptable limit. Further, this process is also helpful for
identifying motor design faults if there are any, from the predicted temperature

distribution of the motors.



e Work goal in the area of thermal testing:

Experimental validation of the developed thermal models to prove the reliability of the
models. Such experimental validation will then provide more reliable ways to predict and
monitor temperatures of several motor components of PMSM while the motor is
operating. Further, such practical testing is helpful to detect any manufacturing defects on
the motor prototypes if any from the sudden rise in measured temperature in any motor
components during testing.

e Work goal in the area of thermal management:

Developing a basic step algorithm for cooling design process and a CFD modeling for
cooling performance investigation of newly designed scale down IPMSM prototype.
Such step algorithm process can form basic guidelines for the cooling design process of
PMSM. Such investigation process is helpful to find out the proper flow rate of coolant to
get better thermal performance for the motor prototype at a certain operating condition.
Further, the implementation of a two-way electro-thermal co-analysis strategy in the
developed CFD model enables the process to determine the proper flow rate of coolant to
achieve the targeted electromagnetic performance of the motor also at the same operating

condition.

1.7 Research Contributions

Author’s own research contributions are described below:

e Developed a simplified analytical LPTN model for PMSMs to reduce both over-

complexity and calculation time for thermal analysis.

Such simplification strategy for the analytical LPTN model has been developed by
considering only major heat transfer phenomena for thermal resistance calculation. This
simplification strategy is helpful to simplify the process by reducing the over-complexity
of thermal resistance calculations. As a result, it will save the calculation time for the
overall thermal analysis process. Further, considering all major heat transfer phenomena
for thermal resistance calculation will keep the accuracy level of the developed LPTN

model within the acceptable range.



e Developed a universal thermal representation strategy to use the same analytical
LPTN model for all types of PMSMs.

Such a universal thermal representation strategy has been achieved by developing
common thermal analysis strategies for both wide range of winding configurations and
any position of magnets in the rotor. As mainly winding configurations and magnet
positions vary with different PMSM structures, incorporation of such common thermal
analysis strategies for both wide range of winding configurations and any position of
magnets in the developed LPTN model will provide an efficient way to use the developed

LPTN model as a universal thermal representation model of all types of PMSMs.
e Developed a simplified FEA thermal model for PMSMs with better accuracy.

Such simplification has been achieved by assigning an additional conduction boundary to
characterize the heat flow from shaft to housing through bearing and end cap. Such
strategy minimizes the need for complex bearing and end cap geometry for FEA thermal
model. Therefore, only the radial 2D geometry section can be considered for the FEA
thermal model instead of complex 3D geometry, if the end region temperature is not
needed. Even in the 3D FEA thermal model, this additional conduction boundary strategy
between shaft and stator frame can be implemented without considering complex bearing
and end cap geometry for simplification. On the other hand, heat flow from shaft to stator
frame through the end cap and bearing addressed by assigning conduction boundary will

keep the accuracy level of results within the desired limit.

e Developed a unique strategy to address the heat transfer through the air gap in

the proposed FEA thermal model for PMSMs in an efficient way.

By creating a separate geometric region with assigned air properties for air gap in the
motor geometry, the heat transfer through the air gap has been characterized in an
efficient way for better accuracy of the developed FEA thermal model. Such a geometric
region for air gap also makes a way to address the air friction loss as one of the heat
generation sources in the FEA thermal model. Further, this strategy allows the rise of air
temperature in the air gap with the rise in the operating temperature of the motor.



Therefore, it provides a better solution to address the air gap convection in the most

practical way.

e Developed an algorithm strategy for the cooling design optimization process for
PMSMs.

From an in-depth background study of cooling design optimization processes for
PMSMs, an algorithm strategy has been developed. This algorithm for the cooling design
optimization process describes the basic steps in a proper sequence to achieve an optimal
cooling design for PMSMs in a simpler and quicker way. However, cooling design
optimization is not the concern of this research study, since the analyzed motors have
already inbuilt active cooling systems. The main purpose of the developed algorithm is to
provide the basic guidelines regarding the cooling design process of PMSM which will
pave the way for the cooling design optimization process in the future.

e Proposed a strategy addressing temperature dependency of electromagnetic

properties during the thermal and cooling performance investigation process of PMSMs.

By developing a two-way electro-thermal co-analysis strategy, such temperature
dependency of electromagnetic properties has been addressed during the thermal and
cooling performance investigation process of the designed motor prototypes. Such a two-
way electro-thermal co-analysis is helpful to get the final motor temperature rise after
dynamic equilibrium reaches between electromagnetic and thermal analysis which is the
actual practical case for the motor while in operation. Further, such a two-way electro-
thermal co-analysis is helpful to address the electromagnetic performance of the motor

under consideration of the active cooling system during CFD analysis.

1.8 Organization of Thesis

This thesis including the introduction chapter has nine chapters that present the research
conducted and the novel contributions made to the area of work to achieve the overall
research objectives stated above. The chapters are organized as follows:

Chapter 2 focuses on background study of the discussed research areas in the thesis. The
background study considers the fundamental basics, classifications, challenges and their

10



solutions, and previously published works, etc. to get a proper understanding regarding

the research areas.

Chapter 3 presents the information about the newly designed scale down IPMSM and
SPMSM prototypes. The information about the designed motors basically contains the
main specifications, design parameters, properties of construction materials of the

designed motors.

Chapter 4 introduces the loss analysis of the designed motor prototypes which will be
used later for thermal study. In detail, the chapter discusses the calculation of
electromagnetic and mechanical losses considered in the thermal design model as the heat
generation sources. This chapter also discusses the electromagnetic FEM to a certain
extent from which losses are analyzed. Further, this chapter also discusses the two-way
electro-thermal co-analysis process briefly which has been used to consider temperature

dependent electromagnetic losses of the motor.

Chapter 5 utilizes thermal resistance and capacitance equations to develop the proposed
analytical LPTN model for thermal design and analysis of the designed motor prototypes.
This chapter also presents the new insights such as simplification and universal
representation strategy of the developed LPTN model in detail. Further, this chapter also

discusses the motor temperature results obtained from the LPTN model.

Chapter 6 presents the methodology of the developed FEA thermal model briefly. This
chapter presents the new insights such as simplification and air gap creation strategy of
the developed FEA thermal model in detail. The presented strategies have been discussed
for both 2D and 3D FEA thermal model. Further, this chapter also discusses the motor

temperature distribution obtained from the FEA thermal model.

Chapter 7 extends the research work of thermal design and analysis to experimental
validation. Analyzed results from the developed LPTN and FEA thermal models are
compared with the experimental results from the loading test for practical validation of
the models and then the comparison is presented in this chapter. Further, the calculated
thermal resistances from the developed thermal analysis strategy for windings used in the

proposed LPTN are compared with the measured thermal resistances from the DC test.
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The procedures of loading test and DC test of the designed motor prototypes have been
presented briefly in this chapter. Further, this chapter also discusses the different aspects
of analyzed results for a better understanding of the thermal behavior of the designed
motor prototypes.

Chapter 8 outlines the active cooling system and cooling performance investigation
process of the cooling system for the designed IMPSM prototype. This chapter presents
the developed algorithm for the cooling design optimization process of PMSM. In the
future, using that process optimal cooling design of any cooling technologies for traction
motors can be obtained, if equations related to the specific cooling technology is known.
Moreover, CFD modeling is presented in this chapter for the cooling performance
investigation process to find out the proper flow rate of coolant for better thermal
performance of IPMSM. Further, this chapter presents the implementation of a two-way
electro-thermal co-analysis strategy into the developed CFD model to find out
electromagnetic performance under the consideration of the active cooling system of
IPMSM.

Chapter 9 summarizes the significance of the overall research work and provides

potential future work in this area of research.

12



Chapter 2
A Comprehensive Review of Thermal Modeling of

Traction Motors

2.1 Thermal Design and Analysis of Traction Motor

Generally, during the working condition, all the energy losses in permanent magnet
synchronous motors subsequently convert into heat energy which has a negative impact
on the motor’s performance. Only a very small portion of the energy loss may be

converted into sound energy, leading to high acoustic noise emitted from the motor.
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Figure 2.1 Power flow diagram for PMSM.
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Figure 2.2 Conversion of loss into heat energy source causing motor temperature rise.
As the vast part of the energy losses is related to the production of heat energy causing
significant temperature rise, the motor’s performance is also absolutely governed by its

thermal design like its electromagnetic design. Therefore, thermal design and analysis are
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mandatory steps for the design phase of permanent magnet synchronous motors to ensure

its thermal stability during operation.

In order to analyze the thermal aspects of motors, most of the researchers follow different
basic methods that already exist which can generally be divided into analytical and
numerical methods. The analytical method includes Lumped Parameter Thermal Network
(LPTN) modeling where the thermal system is represented as a network of thermal
resistances. Unlike LPTN modeling, the numerical method considers the geometry of the
overall system and calculates the heat transfer parameters. Depending on the
implementation of Thermodynamics or Fluid dynamics equations, the numerical method
can further be divided into Finite Element Analysis (FEA) and Computational Fluid
Dynamics (CFD) respectively. Only the simplified geometry and material properties are
not sufficient to give an accurate prediction of the thermal performance of motors. Some
critical parameters such as interference gaps between components, the uncertainty of
material property, critical winding geometry, coating, and insulation properties, etc. must
be implemented into the basic thermal design and analysis to reflect the accurate thermal

behavior of the motor.

2.1.1 Significance of Thermal Design and Analysis for Traction Motor

The major part of power losses in the motors converted into heat must be
eventually dissipated from the motor to its surrounding environment. Otherwise,
generated heat in the motor can substantially increase the temperature in the windings

and other parts of the motor.

Such temperature rise can deteriorate the performance characteristics of the
motor. Figure 2.3 shows clearly how high operating temperature negatively impacts the
torque and power capability of traction motors [6]. Such a decrease in torque and power
capability at high operating temperatures in traction motor surely affects the performance
of electric vehicles. Hence, high operating temperature is not a desired condition for the
traction motor. Therefore, the thermal stability of the traction motor is a very important
issue to be considered so that the motor temperature does not exceed the permissible

temperature limit during operation.
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Figure 2.3 Impact of high operating temperature on overall motor performance [6].

Again, the motor failures happen because of the conversion of power losses into
heat energy causing the excessive internal temperature of the motor. A good percentage
of motor failures such as damage of insulations, bearing faults, and demagnetization of
magnets, etc. occurs due to overheating during operation [6]. Moreover, the efficiency of
the machine is defined as the ratio of power output (which is equal to the total power
input minus power losses) to the total power input. As a result, the higher the power
losses, the lower the machine efficiency. The same is true for the PMSM as it is also one
kind of electric machine. Therefore, besides electromagnetic modeling and analysis,
thermal modeling and analysis should be an integral part of the motor design to ensure its

thermal stability.

The past research related to this specific area indicates that thermal design and
analysis of electric machines had less attention than electromagnetic design and analysis.
At present, the condition has already changed. Recently, thermal design and analysis of
electric machines have started to receive more attention as well as electromagnetic design
and analysis of electric machines. It is due to extensive research on common causes of
failures of electric machines. The fact is that most of the failures are caused by

overheating. Therefore, researchers are now also focusing on thermal design and analysis
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of electric machines. Therefore, the research study includes thermal design and analysis
of both newly designed IPMSM and SPMSM prototypes to ensure the selection of correct
insulation and bearing types to prevent motor faults. Further, it will ensure the stable
operating temperatures for the motors to prevent demagnetization, breakdown of

insulation and bearing faults.

2.1.2 Different Ways for Thermal Analysis of Traction Motor

There are mainly two types of methods for thermal analysis of traction motor —
analytical and numerical methods. The analytical method involves necessary calculations
based on theoretical equations related to the problem that needs to be solved. In the
thermal study, the analytical method is basically called a lumped parameter thermal
network (LPTN) modeling in which a thermal network is built using thermal resistances
and capacitances. On the other hand, the numerical method is an iterative process to solve
any critical mathematical problem until the solution converges. Such numerical methods

can be utilized for the thermal study also.

Thermal Analysis
of
Traction Motor

l 4
Analytical Method Numerical Method
l A 4
Lumped Parameter l l
Thermal Network
(LPTN) Finite Element Computational Fluid
Analysis (FEA) Dynamics (CFD)

Figure 2.4 Different ways for thermal analysis of traction motors.

In the thermal study, there are mainly two types of numerical methods. One
method is finite element analysis (FEA) in which the overall problem domain is divided
into lots of small elements called sub-domains. A set of necessary equations related to the
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problem are utilized to represent each element. Finally, all sets of equations for all
elements are merged into a global system equation for calculation. In the thermal study,
energy equations for heat transfer are basically utilized for FEA. Another numerical
process is computational fluid dynamics (CFD) that utilizes the finite control volume
strategy in most cases. The sharp difference compared to the FEA method is that CFD is
capable of analyzing dynamic fluid flow, as it includes the fluid dynamics equations in

addition to energy equations for heat transfer during the thermal analysis process.

Among these three methods, analytical LPTN modeling is easy to understand and
can predict motor temperature faster. However, it considers motor parts as nodes.
Therefore, it can predict only a uniform temperature rise for any specific node which
represents mainly a specific motor part. Therefore, LPTN is mainly used as a faster
temperature monitoring method for traction motor while in operation. On the other hand,
numerical methods are used to get the temperature distribution map of traction motors.
Such a temperature distribution map of traction is helpful to detect motor design faults. If
any sudden temperature rise occurs in any single magnet or winding, the motor design
has some faults in that specific part. Unlike numerical methods, the uniform temperature
rises for all magnets and winding considered as a magnet node and a winding node
respectively in LPTN can not detect such design faults. Among FEA and CFD, FEA is
less complex and takes less time for the thermal analysis process. Therefore, FEA is the

easiest and fastest approach to get the temperature distribution map.

Table 2.1 Comparison of thermal analysis processes of traction motors

Method Process Description Accuracy Process Time

Simple and easy to understand. Based
on electric circuit concepts.

Slightly complex. Simply utilize the
FEA
concepts of heat transfer.

More complex. Utilize the concepts of
fluid dynamics and heat transfer.

Analytical LPTN Less Less

Numerical

CFD More More

In this research study, an analytical LPTN model has been proposed to develop a
quicker but also more reliable way for the motor temperature monitoring method for

PMSMs. Further, numerical FEA has been proposed to get the temperature distribution

17



map for PMSMs in a more simplified and accurate way within less analysis time for

motor fault diagnosis purposes.

2.1.3 Challenges in Traction Motor Thermal Analysis Process
In this section, recent challenges in the area of thermal design and analysis of
traction motors are described and the best approaches to address these challenges are

stated from the in-depth background study.

Thermal analysis of the active cooling system: As most of the traction motors

produce lots of heat energy, there is always an active cooling system in the traction motor
in the form of forced cooling. It may be air forced cooling, water or water-glycol cooling,
oil cooling, etc. The main purpose of the active cooling system is to remove the extra heat
produced in the traction motor for better thermal stability and better thermal performance.
Therefore, the thermal analysis of the active cooling system needs to be carried out to get
accurate motor temperature prediction. In the LPTN method, there are some analytical
calculation approaches available to address the active cooling effect which involves
Nusselt number equations. As convection heat transfer is the major phenomenon in the
cooling system, coefficient due to convection heat transfer is being calculated for
determining the thermal resistance due to convection heat transfer. The most common
active cooling system of traction motors is circumferential cooling jackets around the
whole stator frame. As the coolant flow rate is high to get sufficient cooling effect,
usually fully developed turbulent flow i.e. 3000 < Re < 108 occurs in the active cooling
system. The most common Nusselt number equation for calculating the convection heat
transfer coefficient of the circumferential cooling jacket is [8], [9],

hD, (% )(Re-1000)Pr
Nu=—="7 1 (2.1)

72
1+12.7 (é) (P3-1)

where, dimensionless numbers — Reynolds number and Prandtl number can be

determined as,

Re= — (2.2)
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Also, the frictional coefficient can be determined as,
/=10.79% In (Re) -1.64]™ (2.4)
According to different flow patterns such as laminar or turbulence and also further

variation in turbulence intensity of turbulence flow, the Nusselt number equation can
vary [10] — [12].

Table 2.2 Nusselt number equations for various active cooling techniques

Cooling Nusselt Number Equation Reference
system
0.065%(2 )xRexPr
Round Nu=3.66+ -
channel 1+0.04[(D/L)xRexPr]3 [13]

For laminar flow

H Hy? Hy’ 0.065><(%)><Re><Pr
Rectangular Nu=7.49-17.02 (V_V) +22.43 (V_V) -9.94 (V_V) +

2
channel 1+0.04[(D/L)xRexPr]3 [13]
For laminar flow

0.O3><(ZL—))><ReXPr
Concentric Nu=7.54+ 2 13
cylinder 1+0.016[(D/L)*RexPr]3 [13]
For laminar flow
Rotational N {0.019Re0-93+8.51x10'6Re}-45;1.6x103<Re,<2.77x105}
U=
hollow 2.85%10"*Re!1%; Re,>2.77x10° [14]
shaft
L L
Nu = Pr’ [O.785R 0-5x (—) xA4,+0.0258Re* 33 x(=)x(1-4 ]
Spray u="Pr e (5) 4, e (L)( ")

cooling . [15]
where, 4,=n(1.94)*/L* and L"={0.5(1+V2)L-2.8d}/2

Heat Pipe Nu=4.728x10"Re' " C,AT/g, [16]

Furthermore, according to different cooling techniques such as round channel cooling
jacket, rectangular channel cooling jacket, spray cooling, heat pipe, etc., some of the
papers have also suggested several alternative Nusselt number equations to determine the
convection heat transfer coefficient for forced convection occurred in the active cooling

system. Some of these Nusselt number equations are shown in Table 2.2. But during
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forced air cooling which is mainly used in induction motors by means of fans or blowers,

a validated equation is used for convection heat transfer coefficient [17] — [19] as,

h=ky <[ 14(ky )] (2.5)
In case of numerical methods, CFD is the best way for thermal analysis of the active
cooling system of traction motors, as the fluid flow is involved. In CFD, turbulence
modeling of coolant is done using different approaches such as standard k—e, realizable
k—e, standard k—m, shear stress transport (SST) k—®, and Reynolds stress transport (RST),
etc. based on applications to determine the convection heat transfer coefficient [12], [20].
Although the CFD process gives more accurate results, the accuracy of the results
completely depends on how meshing, boundary conditions, and flow modeling are
addressed in the CFD process. For that, the user should have good background

knowledge in the area of fluid dynamics.

Thermal analysis of the passive cooling system: There is always a certain amount

of natural air flow within the end space between the motor active parts and the end cap
which is responsible for natural passive cooling. Because of the compact construction of
traction motors, it is challenging to address the natural passive cooling effect. Although
equation (5) can also be used to determine the convection coefficient of natural air
convection, it is difficult to estimate the velocity of inner air within the end space because
of complex surface geometry of end space especially end winding. The surface roughness
factor plays an important role in inner air velocity estimation. The change in inner air
velocity mostly depends on the rotational speed of the rotor. Therefore, to avoid
complexity, inner air velocity estimation has been done mainly based on the rotational
speed of the rotor as equation (6) [18]. Further to estimate inner air velocity accurately,
sometimes a geometrical factor, 1 is used additionally in equation (2.6). The main reason
behind this is to address inner air flow near complex end winding geometry. Such
geometrical factor is dependent on the surface geometry and surface roughness of end
windings.
V=071 (2.6)

Several empirical equations have been already developed to determine convection heat

transfer coefficients for natural air convection within the end space by using equations
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(2.5) and (2.6) based on different geometrical factors and proportionality constants
through practical experiment [21] — [28]. As inner air has a cooling effect on the rotor,
end winding and end cap within the end space region, convection heat transfer
coefficients need to be determined separately for these areas to address overall passive

cooling effect in the thermal model.
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Figure 2.5 Convection heat transfer coefficient versus inner air velocity in the end space region based on
several proposed empirical equations [21] — [28].

Moreover, other analytical approaches have been suggested also regarding the thermal
model of inner air in several works of literature. For example, equations (2.7) and (2.8)
have been considered to determine the convection heat transfer coefficients, h; and h; of

natural air flow within the end space near the rotor and the end cap respectively [29].

o 05
0.35k (—) - Re < 30000
%
h,= k or, 08 (2.7)
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where, dimensionless Grashof number, Gr can be determined as,
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Although these analytical approaches are common methods, CFD analysis is the better
way for calculation of heat transfer coefficient for natural convection within the end

space region similar to the active cooling system.

In some cases, fins are used to improve the natural air cooling effect. To incorporate the
cooling effects of fins, in LPTN modeling, thermal resistances due to all three types of
heat transfer processes are determined in the fin section [17], [18]. To address the
convection heat transfer process between air and fins, below mentioned Nusselt number
equation (2.10) can be used to determine the convection heat transfer coefficient [12],
[30]. On the other hand, in numerical methods, geometry and material properties of fins

are considered to address heat transfer through fins.
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Structural design characteristics: Traction motors have structural differences

according to the types of motor used for the application. At present, two types of traction
motors are mainly used in the electric vehicle application — synchronous and induction
motors. Among synchronous motors, permanent magnet synchronous motor (PMSM) is
mostly used in the automotive sector due to its high efficiency and reduced size. PMSM
has a unique construction where permanent magnets are placed in the rotor to create a
constant magnetic field. Therefore, an additional node for permanent magnet associated
with magnet loss is considered in the LPTN modeling of PMSM [31] — [39]. Similarly, in
numerical methods, magnet loss is also considered during the thermal analysis of PMSM
[40] — [47]. PMSM is further divided into two categories according to their rotor
construction. One is rotor with surface mounted permanent magnets called surface
mounted PMSM and another one is rotor with embedded permanent magnets called
interior PMSM. According to their construction geometry differences i.e. position of the

magnet, thermal designs of both surface mounted [9] and interior [10] PMSMs are carried
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out differently. Although other synchronous motors are rarely used in electric vehicles,
there are still some papers on thermal analysis of switch reluctance motor [48] and
electrically excited synchronous motor [49] where thermal design has been done by
following the structural design of each motor type using both analytical and numerical

methods.

Besides synchronous motors, induction motors are also used as traction motors because
of low maintenance, low cost and ability to operate even in hostile conditions. Unlike
PMSM, induction motors do not have any permanent magnet but have rotor bars that
must be taken into consideration during thermal design and analysis. There are several
papers on both analytical LPTN method [50] — [58] and numerical methods [57] — [69]
which show how the structural design characteristics are addressed for thermal design of

induction motors.

Besides these general structural differences, some other unique differences in the design
can also be seen in traction motors. As there is a significant push towards the reduction of
both the size and weight of the traction motors, manufacturers are coming with new
structural design ideas for traction motors. This trend is making the process of thermal
design of traction motors more challenging in terms of addressing structural design
characteristics into the thermal design. For example, sometimes materials are discarded
from different active parts of the traction motors to reduce the weight. This process can
also be helpful in reducing core losses if material is discarded from stator or rotor. At the
same time, it leaves additional gaps for natural air flow which directly contributes to
passive cooling. To address this additional cooling, the convection heat transfer
coefficient is determined from the Nusselt number. The appropriate Nusselt number
equation for the natural air flow of such additional gaps can be formed by considering the
flow domain, the direction of flow driving force and surface geometry of the gaps [70] —
[74]. However, identifying air flow characteristics in the motor is challenging. Air flow
must be treated differently based on the position of additional air gaps in stationary parts

and rotating parts of the motor.
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Additional air gap from discarded material of rotor

Figure 2.6 Rotor structure of a scale down surface mounted PMSM prototype fo.r future electric vehicle
application from CHARGE labs.

Geometrical Anisotropy: Anisotropy mainly refers to the directional dependence

of the physical properties of materials. That means thermal conductivities of anisotropic
materials are different in each direction which leads to a different amount of heat flow in
different directions through the materials. Although construction materials of motor do
not have such anisotropic behavior, still the amount of heat flow of the motor is still
different in all three directions because of the geometrical structure of the motor. For
example, due to inter-lamination gaps, there is negligible heat flow in both axial and
circumferential directions for both stator and rotor of the motor compared to heat flow in
the radial direction. For accuracy, such geometrical anisotropic behavior needs to be
addressed in the thermal design of motors. There are some unique approaches such as
general arc-segment element [75] and cuboidal element [76] strategies shown in Figure
2.7 for three-dimensional LPTN thermal modeling to address that anisotropic behavior in
all three directions. For numerical methods, 3D geometry needs to be considered to
implement directional thermal conductivities and address geometrical anisotropic

behavior.
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(a) (b)
Figure 2.7 3D LPTN model strategy. (a) An arc—segment element in radial, axial and circumferential
directions [75]. (b) A cuboidal element in x, y and z directions [76].

Manufacturing Mismatches: There are always some defects in every

manufacturing process. Therefore, some mismatches exist between designed and
manufactured motor geometry. For example, irregular surface edges create air film in the
contact region and change the surface roughness. These factors also impact the
temperature distribution within the manufactured motor due to the change in temperature
gradients. Therefore, an identical 3D CAD geometry of the manufactured motor is
necessary to address these factors in numerical thermal designs. Recent 3D scanning

technology is helpful to create identical 3D CAD geometry of manufactured motor [77].

Mechanical Interference Gap: Imperfect contact between surfaces creates

interference gaps in the motors where the temperature gradient exists. This creates
thermal contact resistances in the interference gaps such as in between stator lamination
and housing, slot liner and lamination, two layers of laminations, etc. Therefore, the
accuracy of the thermal design depends on the numbers of thermal contact resistances
considered [19]. The common way to address this thermal contact resistance is to
consider the gap as interference air gap where thermal resistance can be determined as
[28], [78],

[

= £ 2.11
contact k A ( )

R

where, lg is the interference air gap thickness which is dependent on material hardness,

interface pressure, surface roughness, and air pressure. Several works of literature related
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to heat transfer analysis have already come up with lots of typical thickness values for
interference air gaps which can be used for determining thermal contact resistances in
motors [79] — [81].

Uncertainty of Material Properties: The thermal behavior of laminations and wires

inside the slots is complex. It depends on which conditions i.e. pressure, temperature, etc.
stacking process of laminations and impregnation process inside the slots are carried out
respectively. Therefore, effective or equivalent thermal conductivity needs to be
determined instead of using the usual thermal conductivity of the material to address the
change in thermal behavior.

If the thickness t of one lamination, thermal contact resistance Rc and thermal resistance
of one lamination Re is known, the effective thermal conductivity of lamination can be
determined as [82],

t

keffective: RLTRC (2 12)

On the other hand, equivalent thermal conductivity is determined instead of effective
thermal conductivity inside the slot area, as insulation and residual air film besides the
copper wire also play an important part in complex thermal behavior inside the slot. If the
slot space or filling factor Ky, the slot area Asiot and the axial core length Lcore are known,
then equivalent thermal conductivity will be [83], [84],

keg = 0.2749[(1-K) A siorLcore "' (2.13)
Another alternative approach is to subdivide whole space inside the slot consisting of

wire, insulation and air film into a number of thermal resistances [19].

Dynamic Workload: Temperature distribution prediction under continuous load

can ensure the thermal stability of traction motors. However, for predicting thermal
performance, it is mandatory to consider the drive cycle as a dynamic workload. This
process is challenging, as losses are changing rapidly with respect to time. There are
several works of literature [85] — [87] on integrated electromagnetic and thermal analysis
of traction motors under the drive cycle load to analyze the motor performance while

using in operation.
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2.1.4 Published Works on LPTN Modeling of Traction Motor

Analytical LPTN model is mainly a thermal circuit consisting of several thermal
resistances and capacitances which accurately model the nature and path of the heat
transfer. It is done by calculating thermal resistances based on conduction, convection
and radiation heat transfer using (2.14), (2.15) and (2.16) respectively [88], [89].

L

1
R, = vl (2.15)
(T,-Tr) (2.16)

Due to the ease and simplicity of modeling, LPTN has been implemented for
thermal design and analysis of electric motors in numerous papers. As it is analogous to
the electric circuit network, it is a well-adopted method in electric motors. LPTN model
generally consists of several temperature nodes that represent different motor components
as lumped heat capacity elements where the temperature is considered to be uniform.
Therefore, the LPTN model of a motor always predicts a uniform temperature rise for
each individual motor component. LPTN model must be detailed enough to cover all
major motor components such as stator yoke, stator teeth, rotor, winding, etc. which have

bulk thermal storages and heat generation sources due to internal energy and losses [90].

L

\/

Figure 2.8 Hollow cylindrical structure having outer radius, r1 and inner radius, r».
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Finally, thermal resistances and capacitances in between those motor components
are calculated and incorporated into transient or steady state thermal model equations to

determine the nodal temperature rise.

There are abundant published works on LPTN modeling of electric motors as it is a
simple and faster process and also easy to understand. The basic strategy for thermal
resistance calculation in most of the LPTN models of electric motors is to consider the
motor components as cylindrical structures. Only except shaft, all other motor
components are considered as hollow cylindrical structures that have both inner and outer
radius as shown in Figure 2.8. Internal heat generation source within any hollow
cylindrical structure creates three directional heat flow such as radial, axial, and
circumferential heat flow as shown in Figure 2.9. It is an actually similar phenomenon to
three directional stress such as radial, longitudinal or axial, and hoop or circumferential
stress acting upon a hollow cylinder due to the acting force on the cylinder surface. Based
on these three directional heat flow within the hollow cylinder, there are basically three
strategies to calculate thermal resistances of motor components for LPTN modeling so far
available in the published works of literature. To develop 3D LPTN models for motor,
one strategy for thermal resistance calculation has been developed by considering the
heat flow of all three directions such as radial, axial and circumferential heat flow.
Further, the other two strategies for thermal resistance calculation used in LPTN model
for the motor are developed by considering only radial and axial heat flow or only radial
heat flow.

e

qr qa qa

Figure 2.9 Heat flow direction through a hollow cylinder. (where, gr, ga and qc = radial, axial and
circumferential heat flow).
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Table 2.3 Consideration of heat flow directions in LPTN model of electric motor

Heat flow direction Error in results | References
Radial, axial, and circumferential About 1-3°C [91]
Radial, axial, and circumferential About 1-4°C [89]

Radial and axial About 1-4°C [29]
Radial and axial About 1-3°C [92]
Radial and axial About 1-4°C [93]

Radial About 1-5°C [28]

It is clear from the above table that there is no significant change in the predicted
temperature of the motor while considering axial or circumferential heat flow direction in
the LPTN model. It is due to negligible heat flow in both axial and circumferential
directions because of inter-lamination gaps, coating and insulation layers. On the
contrary, it makes the thermal resistance calculation more complex and time consuming
process. On the other hand, consideration of only radial conduction heat flow cannot
address the heat flow in the shaft and winding correctly. In the shaft, the major
conduction heat flow is in the axial direction towards bearing and end cap. In case of
winding, the conduction heat flow in the main winding is in both radial and
circumferential direction and the conduction heat flow in end winding is in axial direction

mainly. Therefore, this strategy of thermal resistance calculation is less accurate.

Finally, major drawbacks of published works of literature on LPTN modeling of
electric motors have been summarized in Table 2.4 which will be addressed in the
developed LPTN model in this thesis.

Table 2.4 Drawbacks of heat flow direction strategies in LPTN model of electric motor

Consideration of heat flow direction Major drawbacks

¢ No significant improvement in terms of accuracy

Radial, axial and circumferential . .
e Very complex and time consuming process

e No significant improvement in terms of accuracy

Radial and axial . .
e Complex and time consuming process

e Lessaccuracy as heat flow in shaft and winding

Radial is not correctly addressed
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2.1.5 Published Works on FEA Thermal Modeling of Traction Motor

Since the LPTN model can only predict the uniform temperature rise of each
motor component, FEA or CFD numerical process is needed for thermal analysis of
electric motor to get overall temperature distribution of motor. These numerical processes
are helpful to identify motor design faults from the temperature distribution map of the
motor. Compared to FEA, CFD process is more complex and time consuming. Therefore,
the FEA process has been chosen in this thesis for thermal analysis of motor to get
overall temperature distribution of motor. In the FEA thermal model of electric motor,
motor losses are converted into heat generation sources and finally, temperature rise
within the motor is predicted based on basic heat transfer phenomena such as conduction,

convection, and radiation due to heat generation sources [94].

Conduction heat transfer happens due to molecular interaction basically.
According to Fourier’s law, overall heat flux is directly proportional to the temperature
gradient of any system. The mathematical expression of this law is basically utilized to
predict the amount of conduction heat flow within the system in the FEA thermal model
which further indicates the temperature rise of the system due to conduction heat flow.
Three directions X, y, and z are considered according to the 3D or 2D motor geometry is
considered during the FEA thermal model.
oT _ oT_ oT.

- = _  _ PR o mp— 217
q=-kVT: k(@xx ayy GZZ) (2.17)

Q!

Convection heat transfer happens due to fluid motion basically. In motor,
convection heat transfer occurs due to air and coolant flow. Although there are mainly
three types of convection heat transfer such as natural, forced and boiling convection,
there are only natural and forced convection heat transfer phenomena to exist in case of
the motor. The general mathematical expression of Newton’s law of cooling is utilized to

predict the amount of convection heat flow within the system in FEA thermal model.

q = "(Troay-Thuia) = hAT (2.18)
Radiation heat transfer happens due to the emission of heat energy from any
system via electromagnetic waves. At high temperatures, radiation heat transfer has a

significant contribution to the thermal behavior of the motor. The general mathematical
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expression of the Stefan-Boltzmann law for heat emission of the real body by radiation is
utilized to predict the amount of radiation heat flow within the system in FEA thermal

model.

0 = eA0(Thouy-Tams) (2.19)
Based on these three basic equations for three types of heat transfer phenomena,
FEA thermal model predicts the amount of heat flow within the system and determines

temperature rise.

There are less published works of literature on the FEA thermal model of electric
motors compared to the LPTN model due to complexity and time consuming numerical
process. Basically, in conventional FEA thermal models, convection boundary at constant
air temperature is used in the motor air gap similarly like convection boundary at constant
inlet coolant temperature for cooling. However, in practical cases, air temperature in the
motor air gap increases with motor temperature rise. Further, air friction loss generated in
the air gap contributes to heat generation and thus further increases air temperature within

the motor air gap.

Convection boundary at constant coolant
temperature on the edge of housing

Convection boundary in air gap
with stator and rotor at constant
air temperature

Figure 2.10 Convection boundaries in conventional FEA thermal model of motor.
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Therefore, the major drawback of conventional FEA thermal model is the
implementation of the convection boundary at a constant air temperature in the motor air

gap which cannot address the actual practical situation.

Furthermore, 3D or 2D FEA thermal analysis can be carried out based on 3D and
2D motor geometry respectively. Like the LPTN model, 3D FEA is a complex and time
consuming process. Yet, there is no significant improvement in terms of accuracy due to
negligible axial and circumferential heat flow within the motor. On the other hand, the
2D FEA process is less accurate due to the inability to address heat flow between shaft
and housing through bearing and end cap.

Finally, major drawbacks of published works of literature on 3D and 2D FEA
thermal models of electric motors have been summarized in Table 2.5 which will be

addressed in the developed FEA thermal model in this thesis.

Table 2.5 Drawbacks of 3D and 2D FEA thermal models

Type Error Drawbacks References
3D FEA | About 1-3°C | ® No significant !mprovemeqt in terms of accuracy [95]
e Complex and time consuming process
oD FEA | About 2-5°C | ® Less accuracy due to inability to address heat flow [96]

between shaft and housing

2.2 Thermal Management of Traction Motor

When heat is the by-product of any process, proper thermal management is mandatory for
the system to provide better ways for heat dissipation. Otherwise, the system will be
heated more than the permissible limit. As a result, there will be a significant rise in the
operating temperature of the system that will have a negative impact on the system’s
overall performance. Since a significant portion of motor losses convert into heat, heat
energy is also a by-product during the conversion of electrical energy into mechanical
energy while the motor is operating. Therefore, thermal management is necessary to get
better thermal performance in traction motor. That is why motor thermal management is

one of the important branches in the thermal study of the motor.
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2.2.1 Significance of Thermal Management in Traction Motor

Traction motors have always higher speed and torque compared to regular electric
motors to fulfill the dynamic drive cycle loading conditions. Therefore, traction motors
must perform beyond its continuous operating limit. However, beyond the continuous
operating limit, due to higher speed and torque that means higher power ratings, there is
always higher heat generation in that region. This higher heat generation ultimately
constrains the motor performance capability, if the level of heat generation goes beyond
the tolerance limit. Therefore, such a region is called the thermally limited area of

operating for traction motors as shown in Figure 2.11 [97].

Transient Operating Limit

hermally Limited Area of
Operating

—
/\

Torque, T (Nm)

Continuous Operating
Limit

Speed, (rpm) ———»
Figure 2.11 Importance of cooling in traction motors [97].

To operate in this region smoothly, the motor needs a better way for continued
extra heat dissipation from the system. Therefore, every traction motor structure has an
inbuilt active cooling system to dissipate the extra generated heat and cool down the
motor quickly so that the motor can operate beyond the continuous operating limit at
higher speed and torque. Further, such a cooling system is capable of providing better
thermal performance while the motor is in operation so that ultimately motor can fulfill
the goal of targeted electromagnetic performance at the thermally limited area of
operating. That is why an active cooling system is the major way of motor thermal
management. However, there are other means used also directly or indirectly for motor
thermal management. For example, lubrication in the motor bearings is used to prevent

the damage of bearing, thermal protection system is sometimes used to prevent
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demagnetization or insulation breakdown due to overheating of the motor and so on. Due
to these reasons, proper motor thermal management is absolutely necessary for smooth

operation and better performance of traction motors.

2.2.2 Different Ways of Motor Thermal Management

There are several ways for proper thermal management of motor. The major way
of motor thermal management is cooling. Two types of cooling systems exist in traction
motor. One is the active cooling system due to forced liquid or air cooling and another
one is the passive cooling system due to natural air flow. The other ways for motor
thermal management are bearing lubrication, motor thermal protection system, extended
fins to enhance natural passive cooling further, etc. However, the main research focus in
this thesis is only the active cooling system of the traction motor. Both analyzed motors
have water-glycol circumferential cooling jackets as active cooling systems. Cooling
performance investigation of the cooling system has been carried out in this thesis by

using numerical CFD analysis.

Thermal Design
Optimization

Active Cooling System

— Passive Cooling System

Motor Thermal Management

Figure 2.12 Different ways of motor thermal management.

2.2.3 CFD Analysis for Motor Cooling Performance Investigation

As fluid flow is involved in motor cooling, computation fluid dynamics (CFD)
analysis is a better approach for motor cooling performance investigation. Although both
CFD and FEA are the numerical processes, the CFD process considers fluid dynamics
equations in addition to thermodynamics equations, unlike FEA. Any fluid flow can be

briefly expressed by mathematical expressions of three basic laws of physics. They are
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the Continuity equation where the mass of fluid is considered to be conserved, the
Momentum equation which is widely known as Navier-Stokes equation derived from
Newton’s second law, and the Energy equation where the total energy of the fluid is
considered to be conserved [98]. The basic theory of mass conservation is that the rate of
increase of mass in a fluid element is equal to the net rate of flow of mass into the same
fluid element. Further, the basic theory of the momentum equation is that the rate of
increase of momentum of a fluid particle is equal to the sum of forces on the fluid
particles. Furthermore, the basic theory of energy equation is that the rate of increase of
energy of a fluid particle is equal to the net rate of heat added to the fluid particle and net

rate of work done on the fluid particle [98].

The CFD analysis is also established based on these three basics principles for
fluid flow analysis. Therefore, CFD analysis is capable of effective 3D or 2D fluid flow
analysis. In traction motor, a high amount of heat dissipation is needed by the active
cooling system due to higher heat generation. Therefore, the active cooling system of
traction motor must have a higher cooling effect which is actually achieved by a
considerably high flow rate of coolant. As a result, turbulence fluid flow is a common
phenomenon in traction motor cooling. The CFD analysis is the best way to characterize
such critical turbulent fluid flow in traction motor cooling for better results regarding

cooling performance investigation.

There are few published works of literature about traction motor cooling design
optimization and cooling performance investigation [12], [20], [99] - [102]. In most
cases, complex and time consuming CFD analysis is utilized only for cooling design
optimization of the traction motor. Therefore, in this thesis, a basic step algorithm process
has been developed to get an optimal cooling design for traction motors which can avoid
repetitive CFD analysis for cooling design optimization of traction motor and thus can
simplify the overall cooling design optimization process. Further, conventional CFD
analysis for motor cooling performance investigation in most of the published works of
literature is capable of showing the only thermal performance improvement due to motor
cooling. Therefore, the major drawback of conventional CFD analysis for motor cooling

performance investigation is the inability to address the improvement in the
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electromagnetic performance of the traction motor under consideration of motor cooling.
Two-way coupling electro-thermal co-analysis is carried out in this thesis to address this

drawback of conventional CFD analysis.

2.3 Thermal Testing of Traction Motor

Thermal testing of traction motor basically means any practical test carried out while the
motor is in operation for determining thermal parameters such as thermal resistances,
operating temperatures of different motor components, etc. Thermal testing is one of the
core parts of the thermal study. In the case of traction motor, there are both stationary and
rotating parts. Therefore, thermal testing is a very complex process for traction motor.

There is abundant literature on thermal testing methods of traction motor [103] - [105].

2.3.1 Significance of Motor Thermal Testing

In any actual practical case, no system operates at ideal condition. Lots of factors
are always in play in actual practical cases while the motor is running which cannot be
considered in the simulation process sometimes. Thus, there is always a difference
between predicted and measured results which is the error of the developed model.
Further, there are always some variations between designed and manufactured motor, as
the manufacturing process is not ideal also which will further result in more error in

predicted temperature.

-

Figure 2.13 Thermal testing at CHARGE Labs.

Therefore, thermal testing plays a vital role to identify the error of the developed

thermal model which can suggest a way or solution to improve the thermal model further.
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For this reason, experimental validation is always necessary for any developed thermal
model so that it can actually reflect the results close to the practical situation. Further,

thermal testing can identify the manufacturing defects of the motor also, if there is any.

2.3.2 Different Ways of Thermal Testing of Traction Motor

There are mainly two types of testing carried out for analyzing the thermal
behavior of the traction motor. They are the measurement of thermal parameters such as
thermal resistance or conductivity and the measurement of the operating temperature of
the traction motor. For example, the DC test is basically conducted to measure thermal
resistance or conductivity of windings. During the DC test, only DC current is supplied to
the motor and the rotor stays still. Therefore, there is only winding loss as a heat
generation source from which winding thermal resistance is determined [26], [104].
Further, the loading test is basically conducted for measuring temperatures of several
motor components. The load condition can be the continuous loading or dynamic drive

cycle loading condition based on the testing purpose.

There are many ways to measure the temperature of the motor. There are several
temperature sensors based on the principle of thermocouple, RTD (Resistance
Temperature Detector), etc. to detect the temperature of several motor parts. Further,
there is also a thermal imager technology that can be used to get the temperature
distribution map of the motor. In this thesis, the DC test and the load test at a continuous

loading condition are carried out to validate the developed thermal models.
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Chapter 3
Traction PMSM Prototypes for Thermal Performance

Analysis

3.1 Designed PMSM Prototypes

Recently, two PMSMs have been designed for future electric vehicle application in
CHARGE labs at the University of Windsor. One is interior permanent magnet
synchronous motor (IPMSM) and another one is surface mounted permanent magnet

synchronous motor (SPMSM).

Stator Core
Stator Slot

Figure 3.1 Radial sections of designed scale down IPMSM and SPMSM prototypes.

Both newly designed motors have fulfilled more than the targeted performance ratings.
Both motors have less torque ripple percentage than the target value, less weight than the
target value, more torque density, and efficiency than the target values. Such critical
motor design with more torque density within the compact structure makes the motors
thermally challenging. Therefore, a detail thermal investigation has been carried out in

this thesis for both motors.
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3.1.1 Specifications of Designed IPMSM Prototype

IPMSM prototype has been designed for future high-speed electric vehicle
application. The peak efficiency of the newly designed scale down IPMSM prototype is
96.3% which is more than the target value of 95%.

Stator core with
windings

Cooling Sleeve Housing Rotor core

Figure 3.3 Several components of designed scale down IPMSM prototype.

The IPMSM motor prototype has double layers fractional-slot distributed
windings (FSDW) with a coil pitch of only 2 for reduced end winding length. Minimum
torque ripple has been achieved in the motor by star-delta windings connection for odd
slot numbers. Further, the torque density of the motor has been maximized with v-shaped
magnets embedded in the rotor structure and spoke type barriers. Furthermore, it is
lighter in weight which is beneficial for electric vehicle application. The use of less
material for weight reduction has further reduced the manufacturing cost. Finally, one
special feature of this designed IPMSM prototype is that it can be used for the integrated
charging application [106].
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Main specifications of the motor prototype are given below:

Table 3.1 Main specifications of IPMSM

Parameters Values
Current 78 A

Voltage 120V
Continuous Power 22 kW
Peak Power 45 kW
Continuous Torque 70 Nm

Peak Torque 150 Nm

Frequency 400 Hz
Base Speed 3000 rpm
Maximum Speed 10000 rpm
Poles 16

3.1.2 Specifications of Designed SPMSM Prototype

SPMSM prototype has been designed for direct-drive low-speed electric vehicle
application. The efficiency of the newly designed scale down SPMSM prototype is
95.3% which is more than the target value of 95%.

! "
Figure 3.4 Designed scale down SPMSM prototype.

The SPMSM prototype has been designed with an optimized slot-pole
combination for minimum torque ripple. Again, shaped magnets were used for further
reduction of torque ripple. Moreover, there is an optimal consequent pole rotor for

increasing torque per volume of permanent magnet (PM). That strategy is helpful for
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saving PM volume and the cost of magnets. In SPMSM, double layers concentrated dual-
three phase winding configurations are used for reduced end-winding length. Finally,
reduction in material consumption such as copper and PM results in reduced weight and
high torque density. Therefore, the motor is lighter in weight and less costly.

Stator core with

L Cooling Sleeve Housing Rotor core
windings

Figure 3.5 Several components of designed scale down SPMSM prototype.

Main specifications of the motor prototype are given below:

Table 3.2 Main specifications of SPMSM

Parameters Values
Current 15A

Voltage 115V
Continuous Power 3kw
Peak Power 6 kW
Continuous Torque 70 Nm

Peak Torque 140 Nm

Frequency 114.75 Hz
Base Speed 405 rpm
Maximum Speed 1400 rpm
Poles 34

3.2 Design Parameters of Analyzed Motors

For both motor prototypes, the major design dimensions such as stator diameter, rotor
diameter, etc. are similar. Further, both motors have water-glycol circumferential cooling
jackets as an active cooling system and design dimensions of cooling jackets are also
similar. Furthermore, housing and end cap structure and design dimensions are also
similar. However, magnet design dimensions are different for both motors and they have
completely different winding configurations. IPMSM has FSDW and SPMSM has FSCW
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configurations and thus design dimensions are different for windings also. Major design

dimensions for both motors are given below:

Table 3.3 Main design parameters of both PMSMs

Design Parameters Values
Outer diameter of housing 241 mm
Outer diameter of stator core 195 mm
Inner diameter of stator core 134 mm
Airgap thickness 0.5 mm
Outer diameter of rotor 133 mm
Shaft diameter 100 mm

Stack length 75 mm

3.3 Materials Properties of Analyzed Motors
Materials are similar for both motor prototypes. Lamination core is made of electrical
steel, DW310-35 and magnet is made of permanent magnet material, NdFeB45. Other

motor parts are made of conventional materials.

Table 3.4 Material properties of both PMSMs

Properties
Motor Sections Material Density Specific Heat | . Lhermal
(kg/m?) (J/kg-K) Conductivity
(W/m-k)
Shaft Steel 7650 475 50
Electrical Steel,
Stator and Rotor DW310-35 7650 500 25
Winding Copper 8900 385 379
Air gap and End region Inner Air 1.009 1009 0.02624
Insulation Epoxy 1200 1500 0.22
Housing Aluminium 2700 921 205
Permanent Magnet,
Magnet NdEeB45 7400 460 8.95
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Chapter 4
Loss Estimation of PMSMs for The Proposed Two-way

Electro-thermal Co-analysis

4.1 Electromagnetic Finite Element Model for PMSMs

As most of the amount of motor loss converts into heat, the accuracy of thermal design
and analysis of motors mostly depends on the accuracy of the loss model. There are
mainly two types of losses that occurred in motors during operation — electromagnetic
and mechanical losses. To address electromagnetic losses, thermal analysis is always
coupled with electromagnetic loss analysis which is carried out through an analytical
approach [107] or electromagnetic finite element model (FEM) approach [108]. The
analytical approach results in a considerable error in loss calculation because of the use of
several empirical equations which in turn directly affects the accuracy of temperature
prediction by thermal design. On the contrary, electromagnetic FEM is a numerical
process that ensures the use of variable loss coefficients through an iterative method for
the accuracy in loss calculation. Therefore, electromagnetic FEM is always recommended
for the loss model during thermal design to predict accurate temperature rise. Therefore,
both PMSMs have been designed in ANSYS RMxprt and further electromagnetic finite
element models have been developed using the designed motors in ANSYS RMxprt for
motor loss analysis in ANSYS Maxwell. Both ANSYS RMxprt and ANSYS Maxwell are
widely used features of ANSY'S Electronics for motor design.

(@) (b)
Figure 4.1 Electromagnetic finite element models. (a) IPMSM. (b) SPMSM.
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Figure 4.2 Initial total loss density maps from electromagnetic finite element models for analyzed IPMSM
and SPMSM at 70 Nm and base speeds after one full cycle.
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4.2 Electromagnetic Losses in PMSMs

Since traction motor is one kind of electric machines, electromagnetic losses are the
major portion of total losses. Core loss in stator and rotor, copper loss in windings, solid
loss in magnets are the main electromagnetic losses in PMSMs while the motor is in

operation.

4.2.1 Core Loss

As consideration of constant loss coefficients results in a significant error, the
core loss model needs to be developed by considering variable loss coefficients with the
variation of frequency and flux density [8], [29], [109]. Hence, variable loss coefficients

have been used for core loss calculation in the developed electromagnetic FEMs.

Core or iron loss mainly consists of eddy current, hysteresis and some additional
losses [110].

Eddy current losses,

p,=kf,B,) (4.1)

Hysteresis losses,
p,=kif. B (4.2)

Additional losses,
p=k(f.B,)" (4.3)
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Total core losses,
P=p,tp,tp, (4.4)

4.2.2 Copper Loss

Copper loss is mainly resistive loss in winding and is determined as follows:
P.,=nlR, (4.5)

4.2.3 Magnet Loss
Magnet losses can be calculated considering solid losses in the developed
electromagnetic finite element models. Solid loss is basically determined from the

distribution of eddy current density of the motor while in operation.

4.3 Mechanical Losses in PMSMs
Friction losses at different motor sections are mainly considered as mechanical losses in
PMSM.

4.3.1 Bearing Loss

As bearings are used to bear the load of the whole rotating section of the motor,
most of the portion of friction losses in motors occurs in the bearings and the bearing
sealing. From the manufacturer’s manual, maximum friction loss of bearing can be found
at maximum allowable angular speed. Therefore, bearing losses, Py at any rotational

speed of the motor can be determined by using linear approximation as [78],

()}
Pb :Pbmax_ (46)

max

4.3.2 Air Friction Loss

In most cases, air friction loss within the air gap is neglected, as it is small and
hardly contributes to heat generation in the motors. But, in traction motors, due to high
rotational speed, a considerable amount of air friction loss occurs within the air gap
which has a direct impact on heat generation. Therefore, air friction loss must be
considered during the thermal design of traction motors. As air friction loss varies with

the rotational speed, it can be calculated as [29],
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where, frictional coefficient of air,

Reynold’s number of air,

Pag=Cfnpairco3rm4l,,

(00152
f Re24
OTN)
Re = palr 4
l’lair

4.3.3 Other Mechanical Losses

4.7

(4.8)

(4.9)

There may be some other losses such as windage loss due to fans or blowers

which is completely utilized to accelerate cooling air.in traction motors Therefore,

windage loss does not lead to heating of the motors and thus it is not considered during

thermal design [28].

4.4 Loss Data of IPMSM and SPMSM Prototypes

Motor loss analysis is carried out for different operating conditions to get temperature

distribution at different operating conditions. However, in this thesis, only loss data at

two operating conditions are presented. For IPMSM, motor losses are presented at 70 Nm

and 35 Nm at base speed, 3,000 rpm and for SPMSM, motor losses are presented at also
70 Nm and 35 Nm at base speed, 405 rpm.

Table 4.1 Initial motor loss data at two different operating conditions for PMSMs

Losses at different loading torques at base speeds for PMSMs
Name o]‘ motor 70 Nm 35 Nm
sections
IPMSM SPMSM IPMSM SPMSM
Stator yoke 137.55 W 26.44 W 98.816 W 229W
Rotor core 16.642 W 1.28 W 8.2787T W 0.8147 W
Windings 375.48 W 152.15 W 93.869 W 36.4 W
Magnet 8.28 W 1.8W 4.9558 W 0.968 W
Air gap 0.403 W 0.0016 W 0.403 W 0.0016 W
Bearing 1.05W 0.4725 W 1.05W 0.4725 W
Total loss 539.405 W 182.1441 W 207.3725 W 61.5568 W
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4.5 Temperature Dependency of Motor Losses

Most of the published works of literature used the one-way process for thermal analysis
where initial loss from electromagnetic analysis of PMSM is taken into consideration as a
heat generation source to predict final motor temperature. However, in practical cases,
motor losses vary due to the change in materials properties with the rise in motor
temperature. One-way process for thermal analysis cannot address the variation in motor
losses which further affects the accuracy of motor temperature prediction. Therefore, the
two-way coupling between ANSYS Maxwell and Steady State Thermal has been utilized
for electro-thermal co-analysis. Such electro-thermal co-analysis is helpful to establish a
dependency relationship between electromagnetic and thermal analysis of PMSM as
shown in Figure 4.3. This process predicts the final motor temperature while both
electromagnetic and thermal analyses reach the dynamic equilibrium condition.

Therefore, the predicted temperature results are more accurate and close to practical

situations.
Losses
Electromag_netlc Thermal Analysis
Analysis
Temperature

Figure 4.3 Two-way electro-thermal co-analysis.

In this process, a parameter, p has been introduced to address the change in materials

properties due to temperature rise as follows,

p=1+0;AT (4.10)
Properties of steel are almost stable even at the high range of operating temperatures of
traction motors. Therefore, there is no significant variation in the permeability of steel
during the operation of the motor in which the core loss is mainly dependent. However,
the resistivity of copper increases at a considerable rate with the rise in motor temperature
which further increases copper loss. Again, magnets are thermally sensitive materials.
Therefore, temperature dependency relationships for both resistivity and coercivity of
magnets that affect solid loss have been considered in this process in addition to the
resistivity of copper.
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Now, the parameter to consider the change in resistivity of copper,

Peu =1 +0.0039%AT (4.11)

The parameter to consider the change in resistivity of magnet,
Pinag, =1 + 0.0002xAT (4.12)

The parameter to consider the change in coercivity of magnet,
Pmag,, =1 - 0.005xAT (4.13)

The change in motor losses after two-way electro-thermal co-analysis has been presented

in below table at 70 Nm and base speed for both motors:

Table 4.2 Final loss data at 70 Nm and base speed for PMSMs using two-way electro-thermal co-analysis

Motor losses at 70 Nm and base speed
Name of the
motor Percentage of Percentage of
sections IPMSM change from SPMSM change from
one-way one-way

Stator yoke 132.6 W 3.6% 25.46 W 3.7%

Rotor core 16.02 W 3.8% 1.23W 3.9%

Main Winding 438.56 W 16.8% 163.43 W 6.9%

Magnet 8.13wW 1.8% 1.78 W 1.1%
Air gap 0.403 W Not applicable 0.0016 W Not applicable
Bearing 1.05W Not applicable 0.4725 W Not applicable

Total loss 596.79 W 10.6% 192.3741' W 5.6%

From the above table 4.2, it is clear that due to a more increase in resistivity of copper
resulting from high temperature rise in windings, there is a considerable increase in
copper loss. On the contrary, since both temperature rise in magnet and coefficient for
resistivity of the magnet is comparatively much less than windings, the change in
resistivity of the magnet is not considerable. However, the magnet has a comparatively
higher reversible temperature coefficient for coercivity which is actually the resistance to
demagnetization. Such a higher reversible temperature coefficient indicates the
considerable reduction in coercivity of magnet with motor temperature rise. Further, due
to the reduction in magnetic coercivity, the B-H characteristics curve of magnets changes

and overall magnetic flux density decreases for which solid loss slightly decreases.
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Moreover, there is a slight reduction in core loss also, since, core loss depends on
magnetic flux density. Such changes in motor losses have a significant effect on motor
operating temperature. Therefore, a two-way electro-thermal co-analysis is necessary to
predict a more accurate final operating temperature of the motor. In this two-way
coupling electro-thermal co-analysis has been carried out at 70Nm and base speeds for

both motor prototypes to show the effect in motor temperature.

In conclusion, it can be said that there is always a dependency relationship exist between
electromagnetic and thermal analyses. Until both of the processes reach a dynamic
equilibrium state, changes in both processes are visible. So, it is necessary to take the
temperature-dependent electromagnetic loss model in account during thermal design to
get temperature prediction close to the practical results. Previously, thermal designs of
motors were one—way process i.e. from loss to temperature estimation only. But at
present, there are several strong industrial standard software tools available that allow
two-way coupling of both electromagnetic and thermal analysis processes. This strategy

is helpful to predict results close to the practical motor temperature.
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Figure 4.4 Final total loss density maps from electromagnetic finite element models for analyzed IPMSM
and SPMSM at 70 Nm and base speeds after one full cycle.
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Chapter 5
A Universal Lumped Parameter Thermal Network
Model of PMSMs for Traction Application

5.1 Proposed LPTN Model

A general longitudinal sectional view of PMSM is helpful for understanding major motor
components having bulk thermal storages and heat generation sources due to internal
energy and motor losses respectively. All the major motor components are considered as
temperature nodes in our proposed LPTN model shown in Figure 5.1. Thermal
resistances are addressed between the nodes following heat transfer types and paths such
as conduction, convection, and radiation. Instead of designing large and complex LPTN
model of whole motor geometry, geometrical symmetry of the motor is considered so that

the LPTN model can be small and easy to understand.

Frame Coolin
\ Statir / g End winding
eMeNeNoMoNoNoN //
L1 AirGa
777772777 ,,ﬁ(“‘M tp
Rotor )r agne
- Bearing

( Shaft

ﬁgure 51A geneml_longitudinal sectional view of PMSM.

Further, thermal capacitances are determined to address the internal heat energy capacity
of each node and placed in each node individually and defined as C1, C», Cs, Ca, Cs, Ce,
C7, Cg, Cg, Cio, and Cy1 respectively. Determined losses in chapter 4 are used as heat
generation sources and placed in each node individually and defined as Qsy, Qst, Jag, Om, r,

Ob, Qw, and Qew respectively.

The proposed LPTN model in this thesis is the modified higher-order model based on
[18] and [78] for thermal analysis of all types of PMSM regardless of any position of
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magnets in the rotor. Moreover, a unique thermal optimization strategy has been adopted
in the proposed LPTN model to cover the thermal analysis of a wide range of recent
multi-layer winding configurations. Such thermal analysis strategies for both magnets and
windings enable the LPTN model to be used as a universal thermal representation model
for all types of PMSM. Therefore, the same LPTN model can be used for both SPMSM
and IPMSM prototypes. Further, the thermal resistance calculation strategy has been
developed considering only major heat flow directions in different motor parts for
simplification. Thus, the proposed LPTN model is one of the simplified ways to predict
motor temperature which will reduce over—complexity as well as calculation time of the

overall process.
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Figure 5.2 Proposed LPTN model of PMSM. (where, Tiner = constant inlet temperature of coolant as initial
input).

51



Table 5.1 Thermal resistance parameters of proposed LPTN model

Parameters Description of Parameters
R1 Thermal resistance between frame and cooling system
R2 Thermal resistance between stator yoke and frame
Rs Thermal resistance between stator teeth and stator yoke
R4 Thermal resistance for air gap
Rs Thermal resistance between magnet and air gap
Rs Thermal resistance between rotor and magnet
Rz Thermal resistance between shaft and rotor
Rs Thermal resistance between bearing and shaft
Ro Thermal resistance between bearing and frame
R1o Thermal resistance between main winding and stator
Ri1 Thermal resistance between end winding and main winding
Ri2 Thermal resistance between end winding and frame
Ris Thermal resistance between inner air and frame
Ria Thermal resistance between inner air and end winding
Ris Thermal resistance between inner air and rotor

Table 5.2 Thermal capacitance and loss parameters of proposed LPTN model

Parameters Description of Parameters
Cy Thermal capacitance of stator frame
C Thermal capacitance of stator yoke
Cs Thermal capacitance of stator teeth
Cs Thermal capacitance of air in air gap
Cs Thermal capacitance of magnet
Cs Thermal capacitance of rotor
Cs Thermal capacitance of shaft
Cs Thermal capacitance of bearing
Cuwo Thermal capacitance of main winding
Cu Thermal capacitance of end winding
Cus Thermal capacitance of inner air in end region
sy, Ust Losses in stator yoke and stator teeth
Or, Om Losses in rotor core and magnet
Oag, Qb Friction losses in air gap and bearing
Qw, Clew Copper losses in windings and end windings
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5.2 Simplification Strategy for LPTN Modeling

All the major heat transfer phenomena that have a great impact on the accuracy of the
final results have been identified for developing the calculation strategy. Such a
simplification strategy will keep balance within the calculation time and accuracy of the
LPTN model.

The considered heat transfer phenomena in several motor sections are given below:

Stator and rotor: Due to interlamination gaps there is negligible heat flow in both axial

and circumferential directions. Therefore, only radial conduction heat transfer has been
considered for stator and rotor sections.

Magnets: LPTN nodes are considered as lumped heat capacity that means the temperature
is uniform. Unless in the radial direction, due to the same magnet material, uniform heat
transfer is taken into consideration. Therefore, only radial conduction heat transfer has
been considered for magnets to characterize the heat flow from the magnet to the rotor.
Winding: In windings, all three directions are taken into account for calculation, as the
significant amount of heat energy transfers both radially and circumferentially from the
coil sides into the stator core through slot insulation and axially from end windings to the
coil sides.

Shaft: In the shaft, axial direction is taken into account, as most of the heat transfers
axially through the shaft towards the bearing and endcap.

1 Stator
2 Rotor
9Radietion - Radial A ation o 3 End winding
’ 1 | a _} |
“1= T Conduction 3 gxi?%n:;
T_) 6 6 6 End region
. : 7 Bearing
Convection [ T Radial | “°™*UO" | | g gpatt
j - Conduction [ ._ 9 End shield
: ) 10 Housing
I- 8 <« Axial Conduction =———p 11 Cooling

Figure 5.3 Considered heat transfer phenomena in different motor sections for LPTN calculation.

Convection: Natural convection heat transfer has been taken into consideration in the end
region and air gap due to air flow. Further, forced convection heat transfer has been taken

into consideration for the active cooling system around the housing.
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Radiation: End windings are the most heated part of the motor and housing is the less
heated part of the motor. Therefore, a significant temperature gradient exists between end
windings and housing and thus a small amount of radiation occurs which has been
considered also for better accuracy in temperature prediction of the most heated part of

the motor, end windings.

Others: Other considered heat transfers are also conduction heat transfers in bearing, end

cap and housing as shown in Figure 5.3.

5.3 Thermal Resistance Calculation in Proposed LPTN Model
Basic LPTN calculation strategies for thermal resistances considering different heat

transfer phenomena are given step by step below:

Conduction heat transfer: Thermal resistance of a hollow cylindrical motor component

for radial heat conduction is,

_ 11’1(1”0) - lIl(l"l')
il (5.1)

where, 1o is the outer radius, ri is the inner radius, | is the axial length, 0 is angular span

and k is the thermal conductivity.

Further, the thermal resistance of a cylindrical motor component of radius r and axial

length | for axial heat conduction is,

B |
<k

Furthermore, thermal resistance due to conduction heat transfer for motor components

(5.2)

considered as rectangular structure such as windings is determined using basic equation
(2.14) stated in the background study of chapter 2. In this case, the axial length will be
dependent on the direction that has been considered for conduction heat transfer in a

specific motor part.

Convection heat transfer: For convection heat transfer, thermal resistance is determined

using basic equation (2.15) stated in the background study of chapter 2.
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Radiation heat transfer: For radiation heat transfer, thermal resistance is determined using

basic equation (2.16) stated in the background study of chapter 2.

Based on these above basic principles, thermal resistances in different motor sections are

determined and described below in individual subsections.

5.3.1 Heat Transfer between Active Cooling System and Stator Frame

To determine thermal resistance, Reooling due to convection in the active cooling
system, convection heat transfer coefficient of coolant, hs needs to be determined. Since,
for both motors, the active cooling system is a circumferential water-glycol cooling
jacket, the Nusselt number equation (2.1) stated in the background study of chapter 2 has
been used to determine the convection heat transfer coefficient.

The stator frame is assumed as a cylinder having a diameter much larger than
thickness for resistance calculation due to radial conduction through the stator frame.

Now, thermal resistance due to radial conduction in a hollow cylinder [78],

ro-r;i In(r,) - In(ry) roTi ror;
ﬂ: >< = =
o 2mkl (k[2nro-2nr,-] kA,, (5.3)
In(2nr,/2nr;)

where, Aim = (Ao-Ai)/In (Aol Ai) is a log mean area that is almost equal to the average of
two areas, (Ao+Ai)/2.

Now, in case of a cylinder having a diameter much larger than thickness, t, ro-ri =t
and (Ao+Ai)/2 = ml(ro+ri) = ml(d; + t). Therefore, the thermal resistance of the stator frame

due to radial conduction will be [78],

t .
fr
Ry=———F—= 5.4
” nlskAl(dso+t_fiﬂ) ( )
Now, the thermal resistance between the stator frame and cooling system,
1
Rlchooling+ _Rﬁ’ (55)

2
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5.3.2 Heat Transfer in Stator Yoke
Stator yoke is considered as a hollow cylinder and thermal resistance of the stator

yoke due to radial conduction will be,

_ ln(rso) 'ln(rsi'i_hst)
sy 2nl k;

(5.6)

where, the useful length, Iy = Ksls.

Further, the temperature gradient exists in mechanical interference gaps due to
imperfect contacts between the surface of the stator frame and yoke. Thermal contact
resistance, Reontact has been addressed by considering the gap as an interference air gap

and can be calculated using equation (11) stated in the background study of chapter 2.

Now, thermal resistance, R» can be determined as,

1
R2: E (Rfr+Rsy)+Rcontact (57)

5.3.3 Heat Transfer in Stator Teeth

As the stator core part involves a large portion of the motor, another node has
been taken into consideration in the LPTN model which is for heat transfer between
stator teeth and stator yoke. Due to the coating of lamination and the interlamination gap,
axial and circumferential conduction is neglected. For thermal resistance for stator teeth
due to radial conduction heat transfer can be determined using the integration method
[78].

Therefore, thermal resistance for stator teeth due to radial conduction [78],

hy 1
A Ry ©8)
Therefore, for IPMSM stator teeth design,
R~ ' Pa Yo, Y (ln|xd1yd2|_ln| XaVa ) (5.9)
kiNgly Lxgr - X3 Xa1Xap \ - 1Xg1-Xan 2 Xg1 X
E+ ¢ arctan( atl )]
4 Va2 a’-1
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where, parameter, a = (Xda3+2Yd4)/ 2yda.

and for SPMSM, stator teeth design,

1 X, X
= te, e (ln W |y |y, IO )] (5.10)
kN, Wxgr X3 Xg-Xp \ Ixg-Xgpn Xg1-X g2
Xd4
Xa Yaa Xas
Yas Yas
Xd2 Xq2
< y ¢ < Y ¢
I/ N ~ N d2
Ya1 Ya1
|< > T < > T
Xq1 Xa1

Figure 5.4 Stator teeth design of IPMSM and SPMSM prototype respectively.

Now, thermal resistance, Rs can be determined as,
1
Ry= 3 (Ry,+Ry,) (5.11)

5.3.4 Heat Transfer in Windings
Windings are a very important and complex part of thermal modeling involving
wire, insulation and air film. In most LPTN models of the motor, the winding region is

specifically susceptible to inaccuracies of theoretical predictions of temperature. Thus,
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the maximum error in predicted temperature from LPTN models occurs in the winding

region.

There is a simplified strategy of converting stator slot geometry into an equivalent
rectangular shape for calculating thermal resistance between single-layer winding and
stator teeth [28], [78]. However, our newly designed IPMSM and SPMSM have double
layers fractional slot distributed and concentrated windings respectively. Therefore, the
strategy has been modified according to the recent winding configurations. This strategy
considers all the major heat flow directions in the windings and also the contribution of
both insulation and air film in winding thermal phenomena for better accuracy. As the
temperature gradient is near about zero between two winding layers, heat transfer
between two winding layers across the slot insulation is neglected for simplification.
Such a rectangular shape strategy shown in Figure 5.5 can be used for any multi-layers

winding configuration.
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Figure 5.5 Winding configurations of IPMSM and SPMSM prototype. (a) FSDW. (b) FSCW.

In Figure 5.5, t is the distance between two layers, d is the equivalent thickness
consisting of insulation thickness, di and equivalent air film thickness, da. Other two

parameters, b and h can be calculated from stator slot geometry as [28] and [78],

Xo3TX
b =¥-2d (5.12)
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24
h=—"L 24 (5.13)
XQ3+XQ2

Now, the contribution of slot material in thermal resistance,

b
R,= ——:FSDW
r0 (h't)keq >
(b-1)
Ik

eq

_
Dy

eq

(5.14)
; FSCW

R : FSDW

(5.15)

= ; FSCW
(b-D)key

and contribution of insulation and air film in thermal resistance,
R, = di | da 5.16
ir_ hkl hkal‘r ( . )
d, d,

ic= 77T
bki bkair

where, ki and kar are the thermal conductivities of insulation material and air film

R (5.17)

respectively. Also, if the slot filling factor is Ky, then equivalent thermal conductivity, keq
due to the impregnation process can be determined using (2.13) stated in chapter 2.

Now, the per unit-length thermal resistances due to radial and circumferential conduction
will be [28], [78],

RrO

1
=—(R.+—2 5.18
RV 2(Rl}’ 6 ) ( )
1 R,
Ro=— (R 420 5.19
C 2( Ic 6 ) ( )

Now, thermal resistance, R1io between the coil side and teeth can be derived as [28], [78],

Rch ( RrORCO ) (5 20)

R.n= -
" N.I(R+R.)\" 720R,R.
For axial conduction heat transfer between end winding and coil sides, thermal resistance

will be,
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lav
Ry = 21
! NsAcukcu (5 )

As radiation heat transfer is very small, it is mostly neglected in the proposed
LPTN model. Only radiation between the end winding and end shield, Aew and Aes with

respect to absolute temperatures Tew and Ty IS considered as,

1-81 1 + 1-82
_ 8lAew AewF 82Aes (522)

2 G(Tew+Tfr)(Tew2+Tfr2)

where, €1 and e are surface emissivity, and F is the form factor of the relative orientation
of two surfaces. Only at higher operating conditions, this radiation needs to be
considered, since end winding has highest temperature and large temperature gradient
between frame surface and end winding surface exists at higher operating conditions.

5.3.5 Heat Transfer through Air Gap
For determining thermal resistance due to air gap convection, R4 =1/Aaghag, the
convection coefficient, hag is calculated as [18],

Nuk,;,
ag = la

(5.23)

irgap

According to Becker and Kaye [111],
Nu=2 for Tam <1,700
Nu=0.409Tam>?*1-137Tan %" for 1,700 < Tam < 10*

By assuming smooth surfaces, the modified Taylor number, Tam can be considered the

same as Taylor number and can be determined as [18],

3
207,08

2
LS air

Pair (5.24)

Ta,=
5.3.6 Heat Transfer in Magnet
As the magnet is mounted on the rotor surface in SPMSM, the magnet node can
be defined directly after the air gap in the LPTN model. Therefore, thermal resistance

between the air gap and magnet nodes can be calculated by using (5.1) for magnet only.
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Figure 5.6 Universal representation strategy of rotor and magnet in proposed LPTN model for SPMSM and
IPMSM prototype respectively.

On the other hand, the magnet is embedded in the rotor in IPMSM. Therefore, the
whole rotor structure is divided into two parts for defining the same magnet node in the
proposed LPTN model. One is the upper part of the rotor above the magnet and another is
the lower part of the rotor below the magnet. Hence, thermal resistance between the air
gap and magnet nodes consists of thermal resistances of both the rotor upper part and
magnet in this case. Further, an equivalent space has been defined horizontally from the
inclined angle of VV—shape magnets in the designed IPMSM to use the same simplified
equation (5.1) for calculating thermal resistance of magnet. This equivalent space
strategy will be helpful to calculate magnet thermal resistance in a specific and simplified

way for any position of magnets in PMSM, if the horizontally inclined angle, a is known.

Now, for SPMSM, thermal resistance for magnet due to radial conduction,

rtt

1 o r o m
R = S r,tt, ) (5.25)
" 2p0,Lk,
Therefore, for SPMSM, the thermal resistance, Rs can be determined as,
1
Rs= =R, (5.26)
2
Now, for IPMSM, thermal resistance for rotor upper part due to radial conduction,
» In( +t ) (5.27)
rupper 27'Cluk1
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Again, for IPMSM, thermal resistance for magnet due to radial conduction,

ln( V,,i+l,,1+tm
R = rri+trl (528)
" 2pemlskm
Therefore, for IPMSM, the thermal resistance, Rs can be determined as,
1
Rs=R,, o+t=R, (5.29)

rupper 5

5.3.7 Heat Transfer in Rotor

For the thermal resistance through rotor core due to radial conduction heat

transfer,
In Iro
oG (5.30)
" ZEZukl
Therefore, the thermal resistance, Rs can be calculated as,
1
Rs= >R, (5.31)

5.3.8 Heat Transfer in Shaft
As the shaft is not hollow in the middle, it is considered as a thick cylindrical rod

of radius r. Therefore, thermal resistance due to axial conduction through the shaft is,

Ropapi = —lsb (5.32)
gy ksteel
Now, the thermal resistance, Ry can be calculated as,
1
R7= Ryt 5 R, (5.33)

2

5.3.9 Heat Transfer in Bearing

The thermal behavior of ball bearings mounted on the motor shaft is complicated.
For simplification, the conductivity of sealing and lubrication is neglected. Only physical
dimensions of the bearing are used for the determination of thermal resistance of bearing.
Now, the below general expression for the thermal resistance of bearing can be used [28],
[78],
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Ry = ky(0.12-kydy)(33-k30dl) (5.34)

where, values of empirical constants are taken from [78],

k1=0.45 K/W

ko=1m?

ks=1s/m
Towards
housing

Outer race and inner
part of end cap

Ry/2
Balls
Ry/2
Inner
race
Towards

shaft
Figure 5.7 Bearing thermal model.
In equation (65), the speed dependence is neglected for further simplification.
Even in the worst case, the neglected speed dependence does not have a significant

impact [78].

Since symmetry of the motor is considered in the LPTN model, the same amount
of heat flows through two bearings in a parallel position. Now, according to bearing
thermal model shown in Figure 5.7 and consideration of the same amount of heat flows

through two bearings in a parallel position,

The thermal resistance between bearing and shaft, Rg will be,

1
RSZZRb (5.35)

and the thermal resistance between bearing and frame, Rg will be,

1
RQZZRb (536)
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5.3.10 Heat Transfer in End Region
The proposed LPTN model has a Y-connected thermal circuit approach for end

region air cooling effect in the frame, end windings and rotor end shown in Figure 5.8.

Frame

Rotor End
Inner Air

End Winding

Figure 5.8 Inner air passive cooling model.

Since the change in inner air velocity is fully dependent on motor rotation, the
peripheral speed of the rotor, v, can be considered to estimate the inner air velocity, Viair=
vim, where, 1 is the factor for surface geometry. Several empirical equations are available
to determine the convection coefficients of inner air based on equation (2.5) stated in the
background study of chapter 2 [21] — [28] and [78]. In the proposed model, the empirical
equations from [78] are used for convection heat transfer coefficients for passive cooling.

The convection heat transfer coefficient between inner air and frame,

hy=15+6.75"65,0-65 (5.37)

The convection heat transfer coefficient between inner air and end windings,

hy=6.5+5.25%63,,0.6 (5.38)

The convection heat transfer coefficient between inner air and rotor end,

h;=16.25-63,,0-65 (5.39)

Now, thermal resistances due to the end region convection will be,

1
Ri= (5.40)
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1

Riy=—— .

T (5.41)
1

Ris=—— .

T (5.42)

5.4 Thermal Capacitance Calculation in Proposed LPTN Model
For steady state thermal analysis, thermal capacitance is not needed to be considered in
the LPTN model. In this thesis, thermal analysis has been carried out for both steady state

and transient thermal conditions.
Thermal capacitance can be calculated as,

C=mC,=pVC,=pn(r - 1})IC, (5.43)
5.5 Temperature Calculation in Proposed LPTN Model

5.5.1 Steady State Thermal Analysis
In the steady state analysis, time variation is not considered and thus the below

matrix format equation can be used for determining the temperature rise [112],

[7]=[G] ' [P] (5.44)
where, [T] is the temperature column vector, [P] is the loss column vector, and [G] is the

thermal conductance square vector which is the inverse of thermal resistance.

5.5.2 Transient Thermal Analysis

In the transient thermal analysis, time variation is considered and thus thermal
capacitance is included. The below matrix format equation can be used for determining
the rate of temperature rise with time variation [112],

d
dt
where, [C] is the thermal capacitance diagonal matrix.

[71=[CT [PI-[CT[GIIT] (5.45)

5.6 Predicted Temperature of PMSM Prototypes from Proposed LPTN Model
For both IPMSM and SPMSM, forced convection due to the active water-glycol cooling

system has been taken into consideration which maintains a constant inlet temperature at
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30°C. Moreover, the same flow rate of coolant is considered to maintain constantly
forced convection with a constant convection heat transfer coefficient, 1000 W/m2°C for

all conditions to analyze the temperature results from the proposed LPTN model.

Thermal analysis using the proposed LPTN model has been carried out for several
operating conditions for both motor prototypes for the industrial project purpose.
However, only the temperature results for two operating conditions at 70 Nm and 35 Nm
in base speeds for both motor prototypes have been presented basically, as the

temperature results presented on published papers were for these specific two conditions.

Table 5.3 Steady state temperature of major motor components from LPTN model using initial loss

Temperature at 70 Nm | Temperature at 35 Nm

Name of motor and base speed and base speed
components 1o ism - | SPMSM | IPMSM | SPMSM
Stator 47.265 °C 35.07 °C 35.615°C | 31.204 °C
Rotor 57.41°C 39.5°C 38.805 °C 31.68 °C
Winding 70.54 °C 40.65 °C 44,596 °C 33.26 °C
Magnet 58.08 °C 39.98 °C 39.44 °C 31.84°C

Further, the thermal investigation has been done at 70 Nm and base speed for both motor

prototypes using two-way loss analysis results to check the change in temperature results.

Table 5.4 Steady state temperature of major motor components from LPTN model using final loss results at
70 Nm and base speeds

Name of motor | TWo-way process result
components IPMSM | SPMSM

Stator 48.205°C | 35.801°C
Rotor 58.41°C 40.59 °C
Winding 75.47 °C 41.8°C
Magnet 59.33°C | 41.08°C

Further, as winding, rotor, and magnets are the most heated parts in the PMSM,
temperature rise of these three parts with respect to time has been observed until 120
minutes using the LPTN model for the transient thermal condition. Such a process can

show the temperature rise trends of individual motor parts.
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Figure 5.9 Predicted temperature in IPMSM at 70 Nm and 3,000 rpm from LPTN model.

49 +
— -Winding
P asr Magnet .
[ ~ - - P
S otor |
T e
A
.............
. L e
] T e
A
25 s : | : : I :
0 20 40 60 80 100 -

Time (Minutes)
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Figure 5.11 Predicted temperature in SPMSM at 70 Nm and 405 rpm from LPTN model.

From the above graphs, it is clear that in the SPMSM, rotor and magnets have high
temperature rise as winding, unlike IPMSM where only winding has a comparatively

higher temperature rise. Because, in SPMSM, the external surface of rotor and magnets
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dissipate heat mostly through air gap convection, while in the IPMSM, rotor and magnets

dissipate heat mostly by conduction through the shaft in a comparatively quicker way

[113].
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Figure 5.12 Predicted temperature in SPMSM at 35 Nm and 405 rpm from LPTN model.

For this reason, there is no significant difference between the temperature of the rotor and

magnet with the temperature of windings in SPMSM. From the overall LPTN results, it is

clear that both motors have better thermal stability and performance since temperature

trends are within the expected tolerance limits for the analyzed operating conditions.
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Chapter 6
A Novel Hybrid Technique for Computationally
Efficient FEA Thermal Modeling Approach of PMSMs

6.1 FEA Process for Thermal Analysis of Motor

ANSYS numerical software tool has been utilized for the overall process from motor
design to thermal analysis. The overall process has been carried out through the coupling
of ANSYS Electronics and ANSYS Mechanical tools in ANSYS Workbench. Motor
design and electromagnetic analysis of designed motor have been done using RMXprt
and Maxwell respectively in ANSYS Electronics. Finally, thermal analysis of the motor
has been done using ANSYS Steady State Thermal in ANSYS Mechanical. Losses are
feed into the thermal analysis process as heat generation source through the coupling of
Maxwell and Steady State Thermal in ANSY'S Workbench.

4 N\ - | )
. Electromagnetic Losses cmat -
Motor Design . . Investigation in
. Transient Solution
in RMXprt in Maxwell Steady State
Temperature | Thermal (FEA
N p N S
& Coupling through i
ANSYS Workbench V
ANSYS Electronics P> ANSYS Mechanical

Figure 6.1 The overall process in ANSY'S for thermal analysis of motor.

6.2 Proposed FEA Thermal Model

Three basic steps are followed as usual for the proposed FEA thermal model. They are
pre-process, solver and post-process. Pre-processing involves geometry creation,
meshing, and defining boundary conditions. Solver involves the solving process of the

problem. Finally, post-processing involves mainly data visualization.

’ Pre-Process ||:>’ Solver II:>{ Post- Process ]

Figure 6.2 Basic steps for numerical FEA thermal model.
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6.2.1 Meshing for FEA Thermal Model

A detail grid generation and grid independence study have been carried out for
mesh convergence. Unlike numerical CFD, the numerical FEA process is less sensitive to
the change in the mesh structure since FEA only deals with static solid geometry
Therefore, there is no significant change in final results based on grid size and thus

moderate meshing has been used.

Figure 6.3 Two different mesh structures for numerical FEA thermal model.
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Figure 6.4 Strategies and boundary conditions for numerical FEA thermal model.

70



6.2.2 Strategy and Boundary Conditions in Proposed FEA Thermal Model

Determined motor losses have been taken as heat generation sources to predict
final motor temperature. A convection boundary has been applied on the edge of the
housing to address the cooling effect. The flow rate and temperature of the incoming
coolant are almost constant to provide a constant cooling effect at continuous loading
condition, unlike dynamic drive cycle loading condition. Therefore, a constant
convection heat transfer coefficient, 1000 W/m?°C has been considered at constant inlet
coolant temperature, 30°C. Further, some strategies have been presented for simplifying
the overall FEA process and addressing the drawbacks of the conventional FEA thermal
analysis process of the motor. These strategies are described below in separate

subsections.

6.2.3 Simplification Strategy for FEA Thermal Modeling

In most cases, the radial section of motor geometry is used for simplified 2D FEA
thermal analysis. In the radial section of motor geometry, bearing and endcap of the
motor cannot be considered. Therefore, 2D FEA cannot address the heat flow from shaft
to housing through bearing and endcap. To characterize this unaddressed heat flow, an
additional conduction boundary has been applied in between shaft and housing. To
implement this additional conduction boundary, a mutual contact region between shaft
and housing has been created and a manual mutual conductance has been used instead of
program-controlled conductance in the mutual contact region. 3D FEA can be carried out
also without considering complex bearing and end cap geometry by using such a

simplification strategy.

To characterize the heat flow from shaft to housing through bearing and end cap,
a simplified LPTN model has been developed as shown in Figure 5.7. In the developed
LPTN model, the outer race of the bearing and inner part of the end cap towards the
housing lumped together as one node and inner race of the bearing towards the shaft is
taken as another node. Further, the bearing balls are taken as a middle node and in

between the nodes, thermal resistances are placed.

In this case, heat due to bearing loss is considered to be fully consumed by sealing

and lubrication and the conductivity of sealing and bearing is neglected for simplification
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as it does not have a significant effect on the considered heat flow. Therefore, the thermal
resistance, Ry as shown in Figure 5.7 that permits the heat flow from shaft to housing can
be determined using only physical dimensions of bearing.

Additional conduction boundary

Figure 6.5 Simplification strategy for numerical FEA thermal model in both IPMSM and SPMSM.

The general expression (5.34) for the thermal resistance of bearing constructed
from the experimental results [28], [78] can be used to determine the thermal resistance,
Rp. Since symmetry of the motor is considered in the LPTN model, the same amount of
heat flows through two bearings in a parallel position. Therefore, the mutual conductance
to characterize the heat flow from the shaft to housing through bearing and end cap will
be the inverse of %2 Ry.

6.2.4 Air Gap Creation Strategy in Proposed FEA Thermal Model

Unlike the CFD analysis, the FEA tool is not capable of analyzing fluid flow.
Therefore, in conventional FEA thermal analysis of PMSM, a convection boundary at a
constant air temperature is basically used in the air gap to characterize the heat flow.
However, in actual practical cases, with the increase in motor operating temperature, air
temperature in the air gap increases. Further, air friction loss in the air gap also
contributes to the increase in air temperature. Such an increase in air temperature actually
affects the heat flow phenomena in the air gap. When PMSM operates in a low operating
temperature range, due to low air temperature, heat flows from both stator and rotor

towards the air gap through convection. However, when PMSM operates in a high
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operating temperature range, due to high air temperature, heat flow is different. As the
rotor has a higher temperature than the air temperature, still a little amount of heat flows

from the rotor towards the air gap through convection.

Cooling Cooling

Stator Stator

Heat flow from
air gap to stator

Heat flow from
stator to air gap

Heat flow from

Heat flow from .
rotor to air gap

rotor to air gap

(a) (b)

Figure 6.6 Heat flow in air gap. (a) Low operating temperature. (b) High operating temperature.

Created geometric region with
assigned air properties for air gap

Figure 6.7 Created geometric region with assigned air properties for air gap in the motor geometry.

On the other hand, due to higher cooling effects on the stator edge, the stator has
lower temperature comparatively and thus heat flows from the air gap to the stator
towards the active cooling system of PMSM. However, convection boundary at a
constant air temperature applied in conventional FEA thermal analysis cannot address
such variation in air gap heat flow. Such convection boundary only removes more and
more heat from both stator and rotor with the rise in motor operating temperature, since

the temperature gradient between rising motor temperature and constant air temperature
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increases at a significant rate. Therefore, such a convection boundary in the air gap is a
misrepresentation of the heat flow in the air gap. During a higher range of motor
operating temperatures, it predicts less motor temperature especially the temperature of
the rotor. Further, it cannot consider air friction loss as a heat generation source.
However, in PMSM used for the high-speed application, air friction loss cannot be
neglected due to high angular speed. Therefore, a unique air gap creation strategy has
been developed to characterize the air gap heat flow in an accurate way. Such a strategy
allows the change in air temperature with the rise in operating temperature of PMSM.
Thus it is helpful to address the air gap heat transfer in correct way. Further, the created
geometric region for air gap can consider air friction loss as heat generation source. In
this strategy, a manual thermal conductance has been applied instead of program-
controlled conductance in the contact region of the created geometric region for air gap
with both stator and rotor. Such thermal conductance can be determined from the inverse

of thermal resistance due to convection in the air gap, Rag [18].

6.3 Predicted Temperature of PMSM Prototypes from Proposed FEA Model

The FEA process is helpful to show overall temperature distribution throughout the
motor. This process makes sure that there is no sudden rise in any individual winding or
magnet temperature which in turn ensures there is no fault in the motor design. Thermal
analysis using the proposed FEA thermal model has been carried out for several
operating conditions for both motor prototypes for the industrial project purpose.
However, only the temperature results for two operating conditions at 70 Nm and 35 Nm

in base speeds for both motor prototypes have been presented in both Figure 6.8 and 6.9.
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Figure 6.8 Temperature distribution map in IPMSM at 3,000 rpm from FEA thermal model.
(a) 70 Nm. (b) 35 Nm.
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Figure 6.9 Temperature distribution map in SPMSM at 405 rpm from FEA thermal model. (a) 70 Nm.
(b) 35 Nm.

Further, the thermal investigation has been done at 70 Nm and base speed for both motor
prototypes using two-way loss analysis results to check the change in temperature results
like the LPTN model. The comparison of FEA temperature results using one-way and
two-way process are presented in Figure 6.10 and 6.11 both IPMSM and SPMSM

prototypes respectively.

(a) (b)
Figure 6.10 Temperature distribution map in IPMSM at 70 Nm and 3,000 rpm from FEA thermal model.
(a) One-way analysis. (b) Two-way analysis.

Further, the 3D FEA process has also been carried out. 3D FEA has been performed
mainly to address the end region passive cooling effect. Since end winding is the most
heated part of the motor prototypes, the temperature distribution range is higher in the 3D
FEA process. Further, as the end region passive cooling convection coefficient is applied
on the rotor and stator end surfaces exposed to the inner air and end winding, the results
are more accurate comparatively in the 3D FEA process. The 3D FEA temperature results

are presented in Figure 6.12.
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Figure 6.11 Temperature distribution map in SPMSM at 70 Nm and 405 rpm from FEA thermal model.
(a) One-way analysis. (b) Two-way analysis.
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Figure 6.12 Temperature distribution map at 70 Nm and base speeds from numerical 3D FEA thermal
models. (a) IPMSM. (b) SPMSM.

Like the LPTN model, FEA results show the same trend of temperature rise. In SPMSM,
temperature distributions across the winding, rotor, and magnet are almost similar. On the
other hand, the winding of IPMSM has a comparatively higher temperature distribution
range than the rotor and magnets. Further, temperature distribution across all windings
and magnets is almost uniform for both motor prototypes. Thus, the motor design does
not have any fault. Finally, since the temperature distribution range is within the expected
tolerance level, it further justifies the better thermal performance of both motor
prototypes.

The total computational time is about 24 minutes for 3D FEA process using Intel(R) Core
(TM) i7-2600, 3.40 GHz, 16 GB RAM waorkstation. Further, 3D CFD process with only
moderate number of iterations, 500 using same work station takes more than 5 hours,
around 320 minutes. However, the computational time for the proposed 2D FEA process

using same workstation is less than 15 minutes.
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Chapter 7
Validation of The Proposed LPTN and FEA Thermal
Models

7.1 Comparison of LPTN and FEA Thermal Models

From Table 7.1 and 7.2, it is clear that analyzed temperature results from both LPTN and
FEA thermal models at rated condition show close agreement. In IPMSM, the
temperature difference between LPTN and FEA is about 1-2.3 °C at the rated operating
condition. The maximum temperature difference in percentage is about 3.8% at the rated
operating condition.

Table 7.1 Comparison of LPTN and FEA temperature results at the rated condition in IPMSM

At 70 Nm loading torque condition and base speed, 3,000 rpm
Major Motor | LPTN Temp. | FEA Temp. Difference In
Components Results Results percentage

Stator 48.205 °C 46.59 °C 1.6 3.5%
Rotor 58.41°C 60.74 °C 2.3 3.8%
Winding 75.47 °C 74.57 °C 0.9 1.2%
Magnet 59.33°C 61.523 °C 2.2 3.6%

In SPMSM, the temperature difference between LPTN and FEA is about 1-1.7 °C at the
rated operating condition. The maximum temperature difference in percentage is about
4.2% at the rated operating condition.

Table 7.2 Comparison of LPTN and FEA temperature results at the rated condition in SPMSM

At 70 Nm loading torque condition and base speed, 405 rpm
Major Motor | LPTN Temp. | FEA Temp. . In
Difference
Components Results Results percentage
Stator 35.801 °C 34.68 °C 1.1 3.2%
Rotor 40.59 °C 39.705 °C 0.9 2.2%
Winding 41.8 °C 40.107 °C 1.7 4.2%
Magnet 41.08 °C 39.89 °C 1.2 3%
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Figure 7.1 Comparison of LPTN and FEA temperature results for IPMSM at 70 Nm and 3,000 rpm.
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Figure 7.2 Comparison of LPTN and FEA temperature results for SPMSM at 70 Nm and 405 rpm.

7.2 Experimental Validation of Thermal Models

A loading test has been carried out for SPMSM only at a really low operating condition,
35 Nm and 100 rpm within limited scope for experimental validation. Further, LPTN and
FEA have been carried out in this specific condition for SPMSM to check the difference
between analyzed results and test results. Since the IPMSM prototype is designed for
high speed application and it needs a higher starting current rating, the loading test has
not been performed for this prototype. Because the existing Siemens test bench and
control system in the lab is not capable of running both motors at high speed and high
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torque conditions for a longer period at least more than one hour. Without a longer period
loading test, steady state operating temperature for the motor cannot be reached.
Therefore, below presented experimental validation of thermal models are for only
SPMSM prototype at 35 Nm and 100 rpm.

T ~. ; e
Figure 7.3 Loading test of SPMSM at 35 Nm and 100 rpm.

Thermocouple K type temperature sensors (approximate error range £2°C) are embedded
inside the motors to measure the temperatures of main windings. Further, the resistance
temperature detector (RTD) type temperature sensors can be used for other stationary
parts of the motor and infrared radiation (IR) sensor can be used for rotating parts of the
motor. By using such temperature sensors with a data logger, temperature rise with the
variation of time can be recorded. However, only steady state thermal analyses of
SPMSM using both proposed FEA and LPTN model have been conducted at 35 Nm and
100 rpm. Therefore, only steady state temperature of SPMSM has been recorded with the

help of thermal imager after one-hour loading test at the same operating condition.

Table 7.3 Comparison of LPTN and measured temperature results in SPMSM

At 35 Nm loading torque condition and 100 rpm speed
Major Motor | LPTN Temp. Measured Error in
Error
Components Results Temp. percentage
Winding 26.35°C 26.7 °C 0.35 1.3%
Magnet 25.25°C 24.7 °C 0.55 2.2%
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Table 7.4 Comparison of FEA and measured temperature results in SPMSM

At 35 Nm loading torque condition and 100 rpm speed
Major Motor | FEA Temp. Measured Error in
Error
Components Results Temp. percentage
Winding 25.92°C 26.7 °C 0.78 2.9%
Magnet 25.19°C 24.7 °C 0.49 2%

26.7°C 7

M A  AWG TN
269 alElhE]

@) (b)
Figure 7.4 Captured temperature profile during loading test of SPMSM at 35 Nm and 100 rpm. (a) Winding
temperature. (b) Magnet Temperature.

From Table 7.3 and 7.4, it is clear that predicted LPTN and FEA temperature results have
a close agreement with measured temperature results. However, such low torque and
speed operating condition and using a thermal imager to measure the temperature cannot
show the actual error percentage in the thermal models. Because such low torque and
speed operating condition is not thermally challenging. Further, the thermal imager
actually measures the temperature at any specific point of the motor part and in the
rotating part, it is difficult to point out the exact location. Therefore, high torque and
speed operating condition and embedded temperature sensors in each motor part are
recommended for better thermal testing. Yet, such thermal test at low operating condition

can still reflect the reliability of the processes used in thermal models.
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Figure 7.6 Comparison of FEA and measured temperature results in SPMSM at 35 Nm and 100 rpm.

7.3 Comparison of One-way and Two-way Electro-thermal Analysis Results

It is clear that due to higher winding temperature and higher temperature coefficient of
resistivity of winding (ar = 0.0039 K1), there is a significant increase in copper loss. On
the other hand, due to less magnet temperature and less temperature coefficient of
resistivity of the magnet (ar = 0.0002 K1), the increase in resistivity of the magnet is
negligible. However, due to the higher reverse temperature coefficient of the coercivity of
magnet (ar = 0.005 K1), there is a considerable reduction in magnetic flux density which
in turn results in a slight decrease in solid loss of magnet. The temperature coefficient of
permeability of lamination steel is not considered during analysis due to the good

stability of steel properties even at a high range of operating temperatures of the motor.
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Figure 7.7 Comparison of one-way and two-way electro-thermal co-analysis results for both FEA and
LPTN in IPMSM at rated condition.
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Figure 7.8 Comparison of one-way and two-way electro-thermal co-analysis results for both FEA and
LPTN in SPMSM at rated condition.

Still, there is a slight decrease in core loss due to the reduction in magnetic flux. Such a
change in losses surely has a considerable effect in final motor temperature prediction
that can be seen from the one-way and two-way analysis temperature results comparison
shown in Table 5.4 for LPTN and Figure 6.10 and 6.11 for FEA.

From comparison as shown in Figure 7.7 and 7.8, it is clear that due to the overall
increase in the total final loss of IPMSM during two-way electro—thermal co-analysis,
there is a considerable increase in overall motor temperature. There is a comparatively

more increase in winding temperature than the temperature of other motor parts due to
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higher temperature rise and higher temperature coefficient of winding. During
conventional one-way electro-thermal co-analysis, the maximum error exists in the

winding part. Such two—way electro—thermal analysis is helpful to minimize this error.

7.4 Validation of Thermal Analysis Strategy of Windings in LPTN

Since the DC test has been carried out, the rotating parts stay still and thus power flows
through specific windings only [103]. Since, winding resistance, Rcy and the amount of
DC current supply, 1 is known, the power flow, Pc, can be calculated as I°R which is the
only heat generation source in this case. Further, temperature gradient, AT can be
determined from the monitored temperatures using thermocouple K type (approximate
error range £2°C) during the DC test and thus thermal resistance of winding can be found
easily from calculated heat flow and temperature gradient. Since the temperature
dependence of resistivity of copper is considered during analysis, temperature-dependent,
Rcu has been considered during calculation as follows [104],

R =Rcuo(140.0039%AT) (7.1)
Since SPMSM has a low current rating, variac has been used to supply reduced AC
voltage to the rectifier and then it has been converted into DC supply to carry out the DC
test. On the other hand, since IPMSM has a high current rating, it has been connected to

the direct high voltage DC supply in the lab to carry out the DC test.

Rectifier

Figure 7.9 DC Test of SPMSM and IPMSM respectively
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Table 7.5 Comparison of windings thermal resistance

IPMSM SPMSM
Thermal
resistance of Calculated | Measured | Calculated | Measured
winding (*C/W) ™4 551575 0.059 0.027063 0.03

In Table 7.5, the measured thermal resistances for windings of both motors from the DC
tests are close to the calculated thermal resistances of windings for the LPTN model.
Further, it can be seen in the experimental validation section that the predicted
temperature of windings for SPMSM shows good agreement with measured temperature
from experiments. Thus, the strategy of slot geometry transformation into a rectangular
shape can be used for thermal resistance calculation of any multilayer windings in the
LPTN model.

7.5 Validation of Equivalent Space Strategy of Magnets in LPTN

To implement an equivalent space strategy for V-shape magnets of IPMSM in LPTN,
firstly, FEA thermal analysis of IPMSM with horizontally positioned magnets has been
carried out using the same losses at 70 Nm and 3000 rpm. It shows the difference
between V-shape and horizontally positioned magnet is negligible. Therefore, the effect
of the change in position and shape on magnet temperature is not considerable. Thus, the
equivalent space strategy can be used for the thermal resistance calculation of any magnet

regardless of its position in the rotor.
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Figure 7.10 Comparison of predicted magnet temperatures in IPMSM prototype from FEA. (a) V-shape
magnets. (b) Horizontally positioned magnets.
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7.6 Explanation of Air Gap Creation Strategy in FEA

Convection boundary at constant air temperature at the air gap removes more and more
heat from rotor especially with the rise in motor operating temperature, since temperature
gradient increases. However, in the actual case, due to air friction loss and rise in motor
temperature, air temperature continuously increases in the air gap and thus heat removal
from rotor due to air gap convection gets less. Therefore, the predicted rotor temperature
from FEA is considerably less than the actual case. Hence, the air gap creation strategy
has been implemented in the proposed FEA model to consider air friction loss as a heat
generation source and the change in air temperature in the air gap. Therefore, the
predicted rotor temperature of IPMSM from proposed FEA is comparatively higher than
conventional FEA using convection boundary at constant air temperature, 22 °C in the air
gap. Although the predicted rotor temperature difference is less than 1°C only at rated
condition, this difference can be more at higher operating conditions. For SPMSM, this
temperature difference is not significant, since the range of motor operating temperature

at rated condition is much lower comparatively.

Table 7.6 Comparison of predicted rotor temperature from FEA Models

) Conventional 2D Proposed 2D
Predicted rotor FEA FEA

temperature of IPMSM
60 °C 60.74 °C

. 74672 Max
71,839

— 65.005
— 66171
— 63.338
— 60504
— 5767
— 54.837
—{ 52.003
— 40,169
46,336
43.502
40668 Min

Figure 7.11 Temperature results from conventional FEA process using convection boundary at air
temperature, 22°C in air gap.
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Chapter 8
Cooling Design Process and Cooling Performance
Investigation of PMSMs

8.1 Cooling Design Process

Although cooling design optimization is not the focus of this thesis at all, still some
suggestions have been made in this section regarding cooling design optimization of
traction motor to pave the way for future research on the cooling design of the designed
traction motors in the lab.

The newly designed IPMSM and SPMSM have torque density of 13 Nm/kg and 13.72
Nm/kg respectively without housing which is far better than torque density range of the
commercially available EV motors, 5 to 8 Nm/kg. However, when housing with the
integrated active cooling system is considered, the torque density of both motors fall
significantly below 6 Nm/kg. The main reason behind this is that the housing with
integrated active cooling system design is not optimized. Since most of the portion of the
housing basically consists of an active cooling system, an effective design optimization
process is needed for the active cooling system of the designed motor prototypes. It is
really challenging and time consuming to use repetitive CFD analysis for the cooling
design optimization process to get a high performance as well as a compact cooling
design structure of traction motors. Therefore, an basic algorithm has been developed
from background study on the cooling design optimization of traction motors to get an
optimal cooling design of the motor prototypes. In this case, CFD analysis can be used
later to check the performance results of the optimized cooling design. Further small
modifications such as any angular turn of fluid flow path etc. can be done using CFD

analysis for further increase in cooling performance of the optimized cooling design.

The below steps are involved in the developed algorithm for cooling design optimization
of traction motors [9], [100]-[102]:
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Figure 8.1 Basic step algorithm for cooling design optimization of traction motor.

Step-1: The first step is to assume the required design parameters involving cooling fluid
passage. In this case, the required design parameters are the diameter of cooling channels

and the number of channels for better cooling performance.

Step-2: The second step is to calculate the flow rate of cooling fluid. The required

minimum flow rate can be calculated as [9],

_ Z Ploss
min pCpAT

0 (8.1)

where, Pioss is the total motor loss responsible for heat generation, p is the density of
cooling fluid, C; is the specific heat capacity of cooling fluid and AT is the allowable
temperature rise for cooling fluid. Loss data and allowable temperature rise for cooling

fluid can be determined from electro-thermal co-analysis.

Step-3: The third step is to calculate the convection heat transfer coefficient and area for
the assumed design parameters in step-1. The active cooling system for both designed
motor prototypes is circumferential cooling jacket and the nature of the fluid flow inside
the cooling system is always fully developed turbulent flow, 3000<Re<10° due to high
cooling flow rate to get the higher cooling effect. Therefore, the Nusselt number equation

(2.1) can be used for calculating the convection heat transfer coefficient. Further, since
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stator has a cylindrical structure and cooling system is built on the stator surface, the

convection heat transfer area can be determined as,

A=2nrl (8.2)
However, as electro-thermal co-analysis for both motor prototypes has been done already
for different convection heat transfer coefficients, the reverse process can be used to
assume design parameters for the better one among all considered convection heat

transfer coefficients for electro-thermal co-analysis.

Step-4: Energy equations are used at inlet and outlet and the head loss is calculated from
the difference. During this process, any loss that affects flow velocity and heat transfer
such as friction loss of cooling pipes, minor loss in valves, bends, tees or any other
component needs to be considered carefully. If the calculated head loss is larger than the
required head loss for heat removable, the above steps need to be carried out again The
amount of heat removable suggestion can be got from the electro-thermal co-analysis. On
the other hand, if the calculated head loss is satisfied, the assumed design parameters can

be considered as optimal design parameters.

Step-5: The final step is the stress analysis of the optimal cooling design. It can confirm
the required minimum thickness of the cooling pipe to withstand the electromagnetic

force and any other acting force during motor operation.

8.2 Cooling Performance Investigation

The main purpose of this cooling performance investigation process is to develop a two-
way electro-thermal co-analysis strategy for CFD analysis. Such a process can predict
both thermal performance and electromagnetic performance of the motor while the motor
IS operating with active cooling system. There are few published literature on CFD
analysis for cooling performance investigation of traction motor [100]-[102]. From this
literature, the concept regarding geometry setup, meshing, boundary, and turbulence
modeling can be obtained for CFD analysis. However, such CFD analysis is only capable
of showing the thermal performance of the motor considering the active cooling system.
Therefore, the main focus of this section is to introduce a two-way electro-thermal co-

analysis strategy for such CFD analysis to predict both thermal and electromagnetic
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performance of the motor. Since the main target of any motor design process is achieving
better electromagnetic performance, implemented active cooling system should
ultimately serve for targeted electromagnetic performance during the motor design
process. Therefore, the two-way electro-thermal co-analysis process must be used during
CFD analysis to ensure the electromagnetic performance of the motor under the predicted
operating temperature of the motor. Therefore, for developing the CFD modeling,
conventional ways from published literature are followed and in addition to these steps,
the same two-way electro-thermal co-analysis strategy like FEA has been introduced into
CFD modeling to predict electromagnetic performance under predicted temperature

distribution from CFD analysis.

Geometry + Materials properties +
Boundary conditions

Electromagnetic l
Electromagnetic analysis for Loss Map CFD analysis for cooling
determining electromagnetic |- - performance investigation at
performance under cooling Temperature different flow rate of coolant
Map

{l

Figure 8.2 Two-way electro-thermal co-analysis process during CFD analysis.

In this process, the fluid field and temperature field are coupled to analyze the
distribution of temperature throughout all parts of the newly designed IPMSM prototype
and flow resistance distribution of cooling fluid considering the active cooling system of
the newly designed IPMSM prototype. The temperature field is calculated using the same
Thermodynamics concept for the conduction and convection heat transfer phenomena as
FEA. Further, the fluid flow field in cooling channels are governed by the laws of
conservation of mass, conservation of momentum and conservation of energy and these

laws are described by the below governing equations for incompressible fluid [98], [114]:
Governing equation for the law of conservation of mass,

ov, 0Ov, Ov,
+—2+—Z=

— — = 8.3
ox oy 0Oz 83)
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Governing equation for the law of momentum,

( 10p <82vx o, 82\12) dv,

——t +—+
oo \a2 o2 o2) dt

2 2 2
0 d
) lé‘p 8vx+ vy+8 v\ _4vy (8.4)
8y ox: oy 0z ) dt
1op, é‘zvx v, *v.\ dv.
F —— + + =—
p@z ox2 oy 0z ) dt
Governing equation for the law of conservation of energy,
OT (D) av,T) a(vT) ke aT aT T i ©5)
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For any CFD model, a mesh convergence study is necessary to keep the proper balance
between computational time and accuracy. The detailed mesh convergence study has
been presented already in previously published literature. Since the motor has several
parts with different physical dimensions, the meshing has been carried out by assigning
separate element size corresponding to every specific motor part. Such meshing will
ensure element sizes are well below the limit of the minimum physical dimension of the
specific part [100]. The presented CFD is limited in scope and the purpose of this
presented CFD is to only set up the initial stage for future planning of cooling design

optimization of newly designed IPMSM prototype using the CFD analysis.

Further, inlet boundary condition for incoming fluid and outlet boundary condition for
outgoing fluid has been set up. In the inlet boundary, the velocity calculated from flow
rate, 8 LPM and area of the channels and the constant temperature, 40 °C of the incoming
fluid is assigned. Since the fluid flow inside the cooling channel is turbulent according to
calculated Reynold’s number, the standard k-¢ model is used as the turbulence model
[100]. The turbulence control equation for the standard k-& model is [114],

o(keu;) 0 K, \ ok,
P P\ — |5
81 Ox; axj O,/ Ox;

8.6
de, 6(aeui)_ 0 ( +i>%l+clseﬁe g (66)

Gge

J
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In this formula, u; is the time velocity, G is the generating term of the turbulent Kinetic
energy, ke due to the average velocity gradient. The remaining parameters are adjustable
constants taken from comprehensive data fitting for a wide range of turbulent flows [98].
The standard k-¢ model employs constant values, Ci=1.44, C2:=1.92, C,=0.09, oke=1.00
and og=1.30 and calculates turbulent viscosity, i as follows [98], [114],
2
,=pC, i—e (8.7)

For near wall treatment, standard wall functions are used in the k-¢ turbulence modeling.

After the CFD setup is completed, motor losses are imported for the selected zone as heat
generation sources for thermal analysis. Later the predicted temperature results are
imported into electromagnetic analysis to predict torque under operating temperature.
This two-way process can be carried out with several iterative processes. Such a strategy
will be helpful for ensuring an optimized cooling design for targeted torque at a certain

operating condition.

In this case, thermal analysis has been carried out considering steady state thermal

condition at the rated condition for newly design IPMSM prototype.

Inlet

Outlet

Cooling
channels

Figure 8.3 3D motor geometry with cooling channels for CFD analysis.
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Figure 8.4 Predicted temperature distribution of IPMSM from CFD analysis.

Table 8.1 Predicted torque considering the operating temperature of IPMSM

S At initial At predicted
Motor torque considering | temperature, 22 °C temperature
operating temperature ON 18N
m 8 Nm

Such a two-way electro-thermal co-analysis process is also helpful for flow rate
investigation of cooling fluid. From such flow rate investigation, a suitable flow rate with
a high convective cooling effect can be obtained for a certain operating condition of the
motor. As a result, the motor torque rating at that specific operating condition will be

close to the torque rating under the initial motor temperature.
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Chapter 9

Conclusions

9.1 Overall Research Summary

For fulfilling the first research objective, a LPTN model has been developed to predict
temperatures of the designed IPMSM and SPMSM prototypes in this thesis. In the first
research contribution, a simplification strategy for the proposed analytical LPTN model
has been developed by considering only major heat flow phenomena for thermal
resistance calculation. Such a simplification strategy reduces the over-complexity of the
calculation process which further reduces the overall calculation time. On the other hand,
since all major heat flow phenomena that have a significant contribution to motor
temperature rise are considered during the calculation, it keeps the accuracy level within
the accepted limit. Therefore, the proposed LPTN model can be used as a fast and
reliable temperature prediction method for PMSM. In the second research contribution,
the universal thermal analysis strategies for a wide range of winding configurations and
positions of magnets has been developed to use the proposed LPTN model as a universal
thermal representation model for all types of PMSMs. Therefore, the same LPTN model

is capable of analyzing the temperature results of both SPMSM and IPMSM prototypes.

Further, a FEA thermal model has been developed to predict temperature distribution
maps of the designed IPMSM and SPMSM prototypes in this thesis. In the third research
contribution, a simplification strategy has been implemented for the proposed FEA
thermal model by assigning an additional conduction boundary to address the heat flow
from shaft to housing without considering complex bearing and end cap geometry.
Further, in the fourth research contribution, a unique air gap creation strategy has been
implemented in the proposed FEA thermal model to address the heat transfer through the
air gap in an efficient way for better accuracy. These implemented strategies in the
proposed FEA thermal model makes the overall FEA process computationally more
efficient by keeping the proper balance between the simplification and accuracy level of
the process. Thus, it can be used as a fast and reliable motor design fault detection

method.
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For fulfilling the second research objective, thermal tests have been conducted for the
experimental validation of the developed LPTN and FEA thermal models. The DC test
has been conducted for the validation of winding thermal resistance calculation used in
the LPTN model for both motor prototypes. Further, a loading test has been conducted
for SPMSM within a limited scope for the comparison of measured and analyzed
temperature results. Such experimental tests are helpful to validate the reliability of the
developed thermal models so that the thermal models can be used for any PMSM
prototype in the future. From the experimental validations, it can be said that the
predicted temperature results from both thermal models has close agreement with
experimental results. Therefore, it can be concluded that the developed thermal models

are reliable.

Finally, from the predicted temperature results of the thermal models below terms have
been found for the designed IPMSM and SPMSM prototypes,

1. Selection of correct insulation type H, since it can allow up to 125 °C rated
temperature rise.

2. Selection of correct bearing type suitable for such temperature rise.

3. Suggestions on cooling requirements obtained from the temperature rise pattern of
both motor prototypes.

4. No motor design fault in both motor prototypes.

Therefore, it can be concluded that both motor prototypes have a thermally sustained

design.

At last for fulfilling the third research objective, efficient ways have been suggested for
cooling design and cooling performance investigation process of PMSMs. In the fifth
research contribution, a basic step algorithm has been developed to provide the basic
guidelines of the cooling design process of PMSMs. The developed step algorithm
defines the step by step process for cooling design and thus can be used as a basic cooling
design optimization guideline for PMSMs. Further, a CFD thermal model using the
proposed two-way electro-thermal co-analysis strategy has been developed for suggesting

an efficient way for the cooling performance investigation process of both motor
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prototypes in the future. Such two-way electro-thermal co-analysis strategy stated in the
sixth and last research contribution has been developed for better accuracy in thermal
modeling. This co-analysis is helpful for better prediction of both thermal and
electromagnetic performance of PMSMs. Therefore, such CFD modeling with two-way
electro-thermal co-analysis will be helpful for suggesting suitable flow rates of cooling
fluid at several operating conditions for both targeted thermal and electromagnetic

performance of PMSM.

Therefore, in summary, it can be said that several efficient ways of thermal modeling
have been suggested in this thesis which can address the thermal issues of PMSMs

properly.
9.2 Future Scopes

9.2.1 Future Work in the area of Thermal Design and Analysis
Future possible research work in the area of thermal design and analysis of
PMSMs has been described below:

1. More detail thermal analysis of both IPMSM and SPMSM prototypes can be carried
out using the developed LPTN and FEA thermal models for several operating conditions
considering both continuous and dynamic drive cycle loads. Further, experimental
validation of the developed LPTN and FEA thermal models can be carried out for both
IPMSM and SPMSM prototypes in a broader scope at several operating conditions.
Furthermore, a detailed parametric sensitivity analysis of the proposed LPTN model can
be done in the future.

2. l-beam type magnets of IPMSM are the exceptions for the presented universal
thermal analysis strategy of the magnets. Therefore, necessary changes can be made in
the presented universal thermal analysis strategy of the magnets to incorporate I-beam
type magnets also.

3. The presented universal thermal resistance calculation strategy for different double
layers winding configurations is one of the parts of ongoing research work on thermal

resistance calculation for future multilayer winding configurations. For simplification,
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heat transfer between winding layers is neglected in the presented universal thermal

resistance calculation strategy for double layers winding configurations.

t n th
layer
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(@) (b)
Figure 9.1 Layer by layer temperature prediction topology in LPTN model for n'" layer winding
configurations. (a) FSDW. (b) FSCW.

However, a small temperature gradient always exists between the winding layers. For
double layers FSCW configuration of SPMSM prototype, this temperature gradient is
negligible. On the other hand, for double layers FSDW configuration of IPMSM
prototype, this temperature gradient is not negligible which can be noticed from the
predicted temperature distribution map of IPMSM from the FEA thermal model. The
reason behind this is that the lower layer of FSDW is near to the air gap natural
convection cooling. Therefore, layer by layer temperature prediction topology for
windings is the best approach for thermal analysis of windings. Thus, the development of
a universal thermal resistance calculation strategy of any present or future n layer
winding configuration of the motor with layer by layer temperature prediction topology is
the future goal of the ongoing research work on thermal resistance calculation for

multilayer winding configurations.

4. To increase the torque density of both IPMSM and SPMSM prototypes, extra
material has been scraped from the rotor to reduce the overall weight of the motors. Such
a process leaves some additional air gaps in the rotor of the manufactured prototypes
shown in Figure 2.6. Because of less rotor material, it reduces the rotor core loss and

further the created additional air gap is responsible for a small amount of natural
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convection cooling. Thus, the predicted rotor and magnet temperature of the designed
prototypes from thermal models is more compared to the measured temperatures of
manufactured prototypes. To address this issue, a Nusselt number equation will be
introduced for natural convection cooling of additional air gaps in the rotor. Therefore,
the development of basic step algorithm process for generating the Nusselt number
equation to address the convection heat transfer in additional air gaps of traction motors
is another possible future work in this field.

5. Unlike IM, PMSM does not have rotor bars or fins in the rotor. Therefore, the end
region air flow in the PMSM is comparatively more smooth. Hence, the same developed
empirical equations for calculating the combined convection coefficient in the end region
of IM cannot provide a better prediction of the coefficient. Thus, the development of an
empirical equation for calculating the combined convection coefficient to address the
complex end region heat transfer phenomenon of the PM traction motor can be another

future possible research scope.

9.2.2 Future Work in the area of Thermal Management

Future possible research work in the area of thermal management of PMSMs has

Geometry + Materials
properties+boundary conditions

been described below:

Power Map
Electromagnetic \L> Thermal Analysis <
Analysis Temperature (CFD)
Map_/
All parts are at safe Redesign the heat
temperatures transfer pathways

Loop until power an
temperature maps
converge

Chermal safe design for currenD
heat load

Figure 9.2 Cooling design optimization process for targeted electromagnetic performance using CFD
analysis in ANSYS Workbench.
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1. Optimized cooling design for full-scale prototypes of both IPMSM and SPMSM can
be developed using the step algorithm in the future for better performance of the
prototypes.

2. A detailed cooling performance investigation can be conducted using the developed
CFD analysis to figure out the proper flow rate of cooling fluid for the better thermal and
electromagnetic performance of the motor prototypes.

3. Developed two-way electro-thermal co-analysis strategy in CFD analysis can be
further extended for cooling design optimization for the targeted electromagnetic
performance shown in Figure 9.2.

4. Validation of suggested CFD analysis can be conducted in the future using a
prototype for optimized cooling. Further, a detail mesh convergence and turbulence
modeling investigation can be carried out also in the future.
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