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ABSTRACT 

Thermal Modeling of an Electric Vehicle Soft Magnetic Composite Permanent Magnet 

Synchronous Motor 

Muhammet Talha Mercan 

Today, with the increasing impacts of the climate change, sustainable solutions are being 

searched for in many areas. Demand is increasing in the fields of energy, health, housing and 

transportation to meet the needs of developing economies and growing populations. In these 

areas, studies are being carried out to reduce the use of fossil fuels and for renewable solutions. 

Various solutions are being worked on for the transportation sector, which is the second biggest 

factor in terms of carbon emissions. One of the most important steps is electric vehicles. Electric 

vehicle density is increasing day by day both to reduce dependence on fossil fuels and for an 

environmental solution.  

One of the most important steps of this evolution in transportation is the types of motors 

used in vehicles. The replacement of internal combustion engines by electric motors has brought 

about various research topics. Today, Permanent Magnet Synchronous Motors have become one 

of the most preferred models with the many advantages they provide for electric vehicles. With 

its high-power density, high efficiency, ability to reach high speeds and compact size, it has 

become a suitable motor for electric vehicles. In addition to all these benefits, there are also some 

challenges that need to be solved. Thermal design is crucial to avoid the negative effects of 

temperature rise for high power generating motors in small sizes. In order to perform all these 

analyses, it is necessary to design thermal modeling to determine the temperature limits and 

design the cooling system. 

In this thesis, the thermal equivalent models of two different PMSMs were analyzed and 

proposed by using the Lumped Parameter Network Method to predict temperature rise during 

operation.  In addition, the motors were tested with real-time experiments and supported by 

simulation results. The thermal models analyzed for the two different motors were analyzed to 

compare the temperature differences and to analyze the geometry in terms of temperature 

distribution and suitability. 
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1. INTRODUCTION 

Our ecosystem, environment, and general quality of life have been seriously threatened by the 

growing worldwide worry that is titled climate change and global warming. It is currently one of 

the most urgent problems facing the entire planet [1]. Both indirect and direct temperature 

consequences, influences of extreme weather events like droughts, floods, and storms, effects of 

the spread of diseases that are sensitive to the climate, effects of inadequate quality of air, and 

other impacts on the health of people can all be categorized as climate change's effects on human 

wellness [2]. Also, economy as well as nature and humanity are impacted by global warming [3]. 

While there are many causes of global warming, the transportation sector, which includes a 

variety of modes of transportation such as light heavy and light duty applications, vehicles, 

trucks, ships, planes, buses, and trains, is a significant cause of this concern. With the guidance of 

the transportation industry, societies are able to connect, commute, and conduct global trade. 

However, the dependence of fossil fuels like petrol and diesel has had a negative impact on the 

ecosystem. The burning of fossil fuels in vehicles results large atmospheric emissions of carbon 

dioxide (CO2), methane (CH4), and nitrous oxide (N2O). These heat-trapping greenhouse gases 

cause global warming and other environmental problems. Research shows that the transportation 

sector is the second most influential category in global carbon dioxide emissions after the power 

sector [4]. In addition, researchers predict that the vehicle numbers will grow rapidly in the next 

decades due to a growing population, a booming economy, and the development of the 

transportation sector [5]. Also economically, the price of fossil fuels is increasing day by day and 

governments are planning to reduce fuel consumption by introducing new taxes. All these 

developments have pushed the transportation sector to find sustainable solutions. Reducing 

carbon emissions is seen as one of the most important steps to minimize the effects of global 

warming. Consequently, due to electrically powered vehicles' eco-friendly zero CO2 emission 

qualities, the number of light duty vehicles depending on fossil fuels, such as oil, petrol, etc., 

needs to be replaced in order to avoid the rise in CO2 emissions [6]. This is why one of the 

newest study areas nowadays is the development of electrically dominated vehicle drive systems. 

Additionally, governments, automakers, and customers worldwide are increasingly promoting 

electric vehicles due to a sharp shift in the climate and concerns over other environmental issues 

[7]. Despite its disadvantages, electric vehicles can bring a sustainable solution to the 
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transportation sector as they have renewable options and provide sustainable alternative 

solutions. One of the details that make electric vehicles clean and sustainable is their electric 

motors. These motors, which have been used in different areas of the industry for a long time, 

continue to be developed for traction applications today. The most common type of electric 

motors used in various types of electric vehicle applications today is the Permanent Magnet 

Synchronous Motors. PMSM motors have become one of the most important parts of electric 

vehicles with their torque, speed, power density and efficiency advantages. On the other hand, it 

has brought some challenges due to its compact structure. Due to its ability to provide high power 

in small sizes and its complex structure, heating problems have arisen. In order to solve all these 

problems, a suitable cooling system must be designed. In order to design this system, it is 

necessary to predict the temperature parameters before the production phase and apply cooling 

according to these temperature limits. If an inadequate cooling system is integrated, the motor 

may experience problems due to high temperatures. Theoretical approaches for various thermal 

analyses have been made in the literature. In this thesis, the Lumped Parameter Network Method, 

which is an analytical method, is studied. Temperature parameters of two different motors with 

almost the same power rating are analyzed by applying the LPTN method. In addition, 

simulations and real-time experiments are compared with the simulation and real-time 

experiments to investigate the applicability of the analytical model to simple and complex 

motors. 

1.1. Sustainable Solution for Transportation: Electric Vehicles 

Numerous significant issues and difficulties have been brought due to the increasing usage of 

fossil fuels in transportation, both locally and globally, such as air pollution, energy dependency, 

sustainability challenges and depletion of energy resources [8]. As a solution to all these 

problems, one of the issues that is growing in popularity today is the innovative solutions offered 

by electrified vehicles [9]. In terms of preventing climate change and developing a more 

sustainable transportation system, electric vehicles are an essential aspect [10]. A vehicle type 

known as an Electric Vehicle (EV) is one that operates on electricity for transportation rather than 

internal combustion engines that burn gasoline or diesel fuel [11]. These vehicles do not need 

conventional internal combustion engines that burn fossil fuels because they are powered by 

electricity stored in large batteries. The outcome is a more sustainable, cleaner type of 

transportation with a number of important advantages. Electric vehicles have no emissions, 
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making them a green mode of transportation. So, people can get a chance to reduce their carbon 

footprint by driving an electric vehicle. In addition, the carbon footprint of electric vehicles is 

directly related to the source of electricity. The use of renewable energy resource reduces 

emissions from vehicles that obtain cleaner energy from the grid compared to internal 

combustion engines, which are less efficient and lose an important amount of energy as heat, they 

transfer a higher percentage of the energy from the power source to generate power at the wheels. 

Also, EVs are becoming more accessible and useful as technology develops. Expanding the 

network of chargers makes it easier to charge EVs at home, at work, and while on the go. In 

addition, the use of various types of electric vehicles has been paved with the developing 

technology. In addition to being fully electric, hybrid electric vehicles have also been developed. 

Electric vehicles can be used directly with an electric motor, or they can be used in hybrid form 

with conventional engines [12]. There are four electric vehicle types. These are Battery Electric 

Vehicles (BEVs), Hybrid Electric Vehicles (HEVs), Plug-in Hybrid Electric Vehicles (PHEVs) 

and Fuel-cell Electric Vehicles (FCEVs). Electric vehicles have the potential to completely 

change our method of travel. EVs are desirable alternatives to conventional cars due to their 

improved fuel efficiency and minimal emissions. Overall, electric vehicles offer a cleaner, 

quieter, and more energy-efficient way to get from point A to point B while assisting in 

protecting our planet for future generations. They also represent a sustainable and forward-

thinking solution to our transportation needs.  

 Battery Electric Vehicles (BEVs): Fully electric cars are known as BEVs since they only 

use power that has been stored in powered lithium-ion or other types of batteries. They 

have no emissions generated by the exhaust system and only use facilities for charging 

[13]. 

 Plug-in Hybrid Electric Vehicles (PHEVs): PHEVs combine an internal combustion 

engine with an electric motor. They have a limited all-electric range and can be charged 

from a power source. They switch to the gasoline engine or another fuel source when the 

battery runs out, providing more flexibility while decreasing reliance on fossil fuels [14]. 

 Hybrid Electric Vehicles (HEVs): HEVs have an electric motor in addition to an internal 

combustion engine. They cannot be plugged in to charge, but they do use the IC engine 

and regenerative braking to charge a small battery that helps the car accelerate and 

enhances fuel economy [15]. 
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 Fuel Cell Electric Vehicles (FCEVs): In a fuel cell stack, hydrogen is chemically 

transformed into electricity by FCEVs as a fuel source. The car is then driven by an 

electric motor using this electricity [16]. 

1.2. Comparison of Electric Vehicles & Conventional Vehicles 

The decision between conventional petrol or diesel-powered cars and electric vehicles (EVs) 

has grown in importance for consumers in the age of environmental consciousness and 

sustainable living [17]. It is critical to fully understand the distinctions between these two 

categories of vehicles as global worries over climate change and air quality grow. First, from an 

environmental point of view, the effect that your vehicle choice will have on the environment is 

one of the most important factors. Internal combustion engines that burn fossil fuels like petrol or 

diesel to power conventional cars release pollutants and greenhouse gases into the atmosphere. 

On the other side, electric cars use electricity that has been stored in batteries and have no 

emissions from their tailpipes. Because of this important contrast, EVs are a better option for 

lowering carbon footprints and improving air quality, especially in cities [18]. In terms of fuel 

consumption, electric cars usually use less energy than their gasoline-powered equivalents. The 

high level of heat loss during the energy conversion of fossil fuel engines causes a serious 

decrease in their efficiency [19]. The most important detail in the efficiency of electric vehicles is 

that they use electric machines. These motors have high efficiency in energy conversion [20]. 

Therefore, compared to conventional cars, EVs often have more effective energy efficiency and 

can go further on a unit of energy. Additionally, long-term operational costs for EVs often are 

lower. They cost less to maintain and repair since they contain fewer moving parts [21]. The cost 

of fuel is often lower with electricity than with petrol or diesel [22]. On the other hand, the range 

for driving of EVs on a single charge is a common source of worry. Range may still be a concern 

for people who routinely drive long distances, despite recent significant improvements. However, 

this particular issue is being addressed by the development of infrastructure for charging globally 

[23]. In addition to the growing number of public chargers, many EV owners now use normal 

electrical outlets or faster home charging equipment to recharge their vehicles at home [24]. Also, 

in terms of simplicity of fueling up, traditional cars have a long-standing advantage. Refueling 

facilities for petrol and diesel are numerous and practically everywhere. EV drivers, on the other 

hand, might need to plan their travels around charging outlets, which may be less common, 

especially in rural locations. However, this problem is being addressed by the development of 
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charging infrastructure globally. Also, long charging times are another disadvantage [25]. While 

conventional vehicles can fill their tanks in a short time, electric vehicles can take a long time to 

charge. It is important to develop fast charging stations to eliminate this disadvantage. Today, 

charging stations have been developed with the capacity to fill the battery in less than 30 minutes 

[26]. These developments may soon eliminate this problem for electric vehicles. One of the most 

important issues of nowadays is that when connected to the grid, electric vehicles can function as 

mobile energy storage units, increasing grid stability and allowing the use of vehicle batteries for 

energy storage during periods of peak demand [27]. While there are many benefits to using 

electric vehicles, it's crucial to remember that there are also drawbacks, including a lack of 

sufficient charging infrastructure, concern about range, and the negative effects of battery 

manufacturing and recycling on the environment. However, these benefits make electric vehicles 

a key technology in the search for more sustainable, effective, and environmentally friendly 

transportation. All these comparisons are with pros and cons, electric cars have become known 

for their quick acceleration and quiet, smooth ride because to their instant torque delivery. 

Conventional vehicles adjust to various driving preferences with a wide range of engine types 

and performance levels. A strong V8 engine may still be preferred by some enthusiasts, but many 

find the EV's quiet operation and quick response to be an advantage. 

1.3. The Global Electric Vehicle Numbers 

The use of electric vehicles is increasing day by day due to advancing technology, increased 

production, access to raw materials and technology, and decreasing prices. The most important 

factors that electric vehicle users consider when choosing an electric vehicle are the range, power 

and price performance of the vehicle [28]. The development of the production range and the 

increase in the variety of vehicles has enabled all kinds of users to find the vehicle they need. 

From scooters to three-wheelers, from cars to buses, from trucks to trains, and even in airplanes, 

electric motors have started to be used [29]. According to the International Energy Agency, 

between 2017 and 2022, sales of electric vehicles increased nearly 9 times, from around 1.3 

million to around 10.3 million. In 2023, electric vehicle sales are projected to increase by around 

40 percent compared to the previous year, reaching 13.9 million. USA, where nearly one million 

electric vehicles have been sold, ranks third. In the rest of the world, around 0.6 million vehicles 

were sold, suggesting that other countries should give more attention to this issue. The highest 

rate of electric vehicle sales was recorded in Norway. Almost 88 percent of the vehicles sold 
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were electric vehicles.  Around 60 percent of the electric vehicles registered in 2022 are in China 

[30]. The number of electric vehicles globally reached almost 30 million last year, with nearly 

half of these vehicles in China. According to the data, the number of electric vehicles almost 

doubles every year compared to the previous year. If the trend continues, we will see more than a 

hundred million electric vehicles on the road in the next five years. 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen in the Figure 1.1, in countries with the highest economic figures, such as 

China, Europe and the United States, electric vehicle sales are approximately 94 percent [31]. 

The fact that other countries are so far behind in the number of electric vehicles shows that they 

should pay more attention to this issue. In particular, large Asian countries such as Japan and 

India, countries with developing economies such as Türkiye and South Africa, and South 

American countries have great potential for increasing the number of electric vehicles. On the 

other hand, the use of electric vehicles has led to significant changes in terms of energy use and 

this potential is growing. Globally, electric vehicles consumed 110 TWh of electricity in 2022, 

accounting for almost 0.5 percent of global electricity use. The use of electric vehicles has 

 

Figure 1.1. Global Electric Car Sales in 2022. 
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reduced the use of fossil fuels by about 1 percent. These data show that there is still much more 

potential. With investments in innovation and R&D and increased awareness, electric vehicles 

will increase in number and contribute to sustainable transportation on a global level in the 

coming years. On a brand basis, China-based BYD company has accounted for 17.5 percent of 

the electric vehicles sold in 2022. In second place is Tesla with a share of 12.5 percent [32]. In 

2022, the best-selling electric vehicle in Canada was the Tesla Model 3. It ranked first with 

10922 sales figures. This model was followed by the Chevrolet Bolt model with 5674 sales. The 

brands of the 10 best-selling vehicles in Canada are Tesla, Chevrolet, Hyundai, Ford, Ford, 

Volkswagen, Nissan, Kia and Mini Cooper [33]. 

 

1.4. Well-To-Wheels Energy Efficiency Comparison Between IC-Powered 

Vehicles and Electric Vehicles 

Well-to-wheel (WTW) is a comprehensive approach used to assess the life cycle and total 

energy consumption of a primary energy source up to the point of use. For vehicles, WTW refers 

to the cycle of energy from raw materials until it is transferred to the wheels. Given the high 

 

Figure 1.2. Electric Car Sales in Canada in 2022 
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efficiency of electric vehicles, the use of electrical energy, a tertiary energy source, reduces 

WTW efficiency. The fuel journey that starts with the primary energy source is converted into 

electrical energy using renewable and non-renewable energy sources. These energy 

transformations can be obtained from renewable energy sources such as solar panels, wind 

turbines, dams, or power plants using natural gas, diesel, gasoline and nuclear fuel. This electrical 

energy is then transferred to the grid via transmission lines and the electric vehicle is charged. 

During charging, this electrical energy is transferred to the battery and stored as chemical energy. 

The chemical energy is then converted into electrical energy and transferred to the motor. Energy 

losses in the generation, transmission and utilization of energy reduce overall efficiency [34]. In 

general, the use of various resources during the conversion of fuel into electrical energy results in 

variable efficiencies between 20 percent and 75 percent. Considering that the average 

transmission losses worldwide are ten percent, the efficiency drops below 70 percent at best. 

Considering that battery efficiency is 85 percent on average and motor efficiency is 90 percent, 

we can say that the WTW efficiency of electric vehicles varies between 13 and 54 percent [35]. 

 

According to a comprehensive study by Argonne National Laboratory, well-to-tank efficiency 

averages around 80 percent for vehicles using internal combustion engines. The low tank-to-

wheel efficiency of these vehicles greatly reduces their overall efficiency. TTW efficiency is 

between 14 and 35 percent for IC-powered vehicles. Average WTW energy efficiency ranges 

between 11 and 30 percent [36]. To summarize, vehicles using internal combustion engines have 

high well-to-tank efficiency but low tank-to-wheel efficiency. Electric vehicles, on the other 

POWER PLANT TRANSMISSION BATTERY MOTOR

GAS

DIESEL

NATURAL GAS

NUCLEAR

WIND

HYDRO

SOLAR

BIOMASS

COAL

GEOTHERMAL

MECHANICAL 

POWER

 

Figure 1.3. Lifecycle of electricity for EV application. 
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hand, show the opposite characteristic. While electric energy is transferred to the wheels at very 

high rates, the efficiency is very low in the process of generating and reaching the engine. The 

average efficiencies of biomass, coal, hydroelectric, geothermal, natural gas, natural gas 

combined cycle, nuclear, photovoltaic and wind power plants are 0.35, 0.40, 0.82, 0.20, 0.36, 

0.52, 0.32, 0.20 and 0.28 percent, respectively. Considering that the average transmission 

efficiency is 94 percent, battery efficiency is 80 percent and average motor efficiency is 88 

percent, the WTW efficiency for electric vehicles ranges from 13 to 54 percent. For hydropower, 

an efficiency of 54 percent was achieved, but overall WTW remained between 13 and 34 percent. 

Compared to IC-powered vehicles, the efficiencies are close, but there is no factor that makes 

electric vehicles very efficient in this context. WTW efficiency can be increased in some ways. 

One of them is to use IC engines and electric motors as a hybrid mode. Hybrid vehicles provide a 

diversity of performance, reducing fuel consumption and increasing efficiency. As a result of 

research, hybrid electric vehicles have been shown to have WTW efficiencies up to 50 percent 

[37]. From another point of view, it can be aimed to prevent transmission losses. For example, 

solar panels or wind turbines can be used for on-site generation and transmission losses can be 

avoided. Therefore, if companies and institutions with high vehicle capacity charge their electric 

vehicles in power generation systems, losses can be reduced and WTW efficiency can be 

increased by 5 to 10 percent. Another example is charging electric vehicles at home with the 

smart home model. Charging electric vehicles with individual solar panels can both prevent 

transmission losses and offer easy solutions with individual plans without the need for large 

organizations. Therefore, integrating renewable energy sources with electric vehicles is one of the 

most important factors in increasing efficiency. As a result, electric vehicles with WTW 

efficiencies ranging from 11 to 34 percent can offer a sustainable solution compared to IC-

powered vehicles with WTW efficiencies of 10 to 30 percent. On the other hand, considering that 

power generation worldwide is still being met from non-renewable sources, the WTW efficiency 

of electric vehicles needs to be increased to over 30 percent. 

1.5. Electric Machines for Traction Applications 

Electric motors for traction are an essential part of electric vehicles (EVs) and are in the role 

of converting electrical energy from the battery of the car to mechanical energy to drive the 

wheels. Electric vehicles use a variety of electric traction motor types, each having specific 

characteristics and benefits [38]. Different types of electric machines are used for electric 
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vehicles according to their size, power, performance, speed and characteristics for different 

applications. These are DC Series Motors, Brushless DC motor, Induction motors, Switched 

Reluctance Motors and Permanent Magnet Synchronous Motor [39].  

1.5.1. DC Series Motors 

Even though their application in modern EVs has its limitations when compared to other 

motor types like permanent magnet synchronous motors (PMSMs) or induction motors, DC 

series motors are a type of electric machine with particular characteristics that make them 

suitable for some electric vehicle (EV) applications. These motors have been identified by their 

simple construction and minimal component weigh in, which makes them affordable to produce 

and maintain [40]. The most important advantage of dc series motors is their ability to provide 

high torque at low speeds. This makes them particularly suitable for applications where the 

vehicle needs to accelerate from a standstill.  Forklifts, industrial carts, and various types of 

electric locomotives are just a few examples of the electric vehicles that might benefit 

significantly from this characteristic. Another important advantage is that their speed and torque 

can be easily controlled by adjusting the voltage applied to the motor [41]. This makes it possible 

to precisely control the acceleration and deceleration of the vehicle. On the other hand, the 

drawbacks of DC series motors are their relatively low efficiency, limited speed range, and 

potential to overheat at high speeds especially while operating under large loads. They require 

routine maintenance because of their brushes and commutator [42]. In India, Dc Series Motor is 

used for train applications. For example, Indian Locomotive Class WAM-4 locomotive model 

uses Dc Series Motor.  

1.5.2. Brushless DC Motors  

Brushless DC (BLDC) motors are electric motors of that kind, also known as electronically 

commutated motors (ECMs), that are becoming increasingly common in electric vehicle (EV) 

applications because of their effectiveness, reliability, and precise control abilities. The traction 

characteristics of BLDC motors include high starting torque and high efficiency around 95–98%. 

For EVs, this efficiency leads to improved energy utilization and a wider driving range [43]. 

BLDC motors are virtually maintenance-free as they do not have brushes that can wear out. This 

means BLDC motors have a longer operating life and require less maintenance than brushed DC 

motors. This results in less breakdown time and lower maintenance costs for electric vehicle 
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owners. BLDC motors are also compact and lightweight, which makes them excellent for 

integration into the limited area of electric cars. Although the high cost of permanent magnets 

and the high heat weakens of magnets do not allow for heavy applications, BLDC motors are 

suitable for use in light-weight operations such as electric scooters and three-wheel automobiles 

[44]. BLDC machines are mostly used on light duty applications. For example, as you can see in 

the Figure 1.5, 3 wheels electric cars use this type of machine. These cars are so effective for 

short distances.  

 

1.5.3. Switched Reluctance Motors  

Variable reluctance motors, also known as switched reluctance motors (SRMs), are an 

innovative option for electric vehicle (EV) applications. SRMs are not as widely used as other 

motor types like permanent magnet synchronous motors (PMSMs) or induction motors, but they 

offer specific characteristics that make them well-suited for particular EV applications. SRMs 

have no magnets on the rotor unlike permanent magnet motors do. Instead, they operate by using 

the magnetic reluctance phenomenon. Due to their high torque density, SRMs are ideal for 

applications demanding a significant amount of torque output, such as off-road or heavy-duty 

EVs. In terms of design, SRMs have a robust and simple structure, reducing maintenance and 

production costs, and can operate at high temperatures [45]. Unlike induction motors, SRMs can 

operate efficiently over a wide speed range, which can provide flexibility in various driving 

 

Figure 1.5. Indian locomotive class wam-4 

[54]. 

 

 

 

 

 

 

 

 

 

Figure 1.4. Speego CR 3 wheels car [55]. 
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conditions. In contrast to all this, precise and complex control mechanisms are used to optimize 

performance and efficiency. This increases their cost and complexity. In addition, one of the most 

important problems with this motor is its higher noise production compared to other types of 

motors, which may necessitate some noise reduction measures [46]. 

1.5.4. Induction Motors 

Induction machines, especially three-phase induction motors, have played an important role 

in electric vehicle applications. Robustness, simplicity and reliability make them advantageous in 

electric vehicle applications. In addition to dc motors, induction motors also can provide high 

torque at low speeds [47]. With this feature, it can play an important role in bus and industrial 

applications. Regenerative braking is possible with induction motors during operations such as 

deceleration and braking, so it can recover energy, contributing to increased energy efficiency 

and extended range. Induction motors are more cost-effective than other types of motors because 

they are more widespread and the production phase is less costly [48]. In electric vehicle 

applications where cost is an important factor, induction motors may become attractive for low-

cost vehicles. Some disadvantages are that it is less efficient than PMSM motors, has a limited 

speed range for some applications, speed and torque control requires additional sensors and 

induction motor control is more straightforward than other motor types except for DC motors, 

and high-speed operations cause additional costs in terms of temperature problems and 

lubrication. Today, induction motors are used for buses, industrial vehicles and electric vehicle 

applications [49]. Probably, the most popular electric vehicle application is the Tesla Model S. 

1.5.5. Permanent Magnet Synchronous Motors  

Among electric motors, it is the most popular motor type for new generation electric vehicles. 

The most important reasons for this are its high efficiency, precise control and wide speed range, 

which provide excellent performance for electric vehicles [50]. Thanks to these advantages, it has 

become a preferred motor type for many modern electric vehicles. For electric vehicles to offer 

longer driving ranges, they need to make better use of energy. PMSM motors provide excellent 

energy transfer with efficiencies exceeding 90 percent [51]. Precise control of motor speed and 

torque helps to adapt to various driving conditions, such as acceleration, deceleration and 

regenerative braking. One of the most critical advantages is that it has a higher power density 

than other motor types. That is, they produce more power for their size and weight [52]. PMSM 
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motors, like some other types of motors, can act as generators during deceleration or braking 

phases. By converting kinetic energy into electrical energy, it can feed the vehicle's battery, 

increasing efficiency and vehicle range. Thanks to all these features, they can be used in a wide 

range of applications, from cars to buses. In addition to all these advantages, they can increase 

production costs with their expensive magnets and compact structure. Advanced and high-tech 

systems may also be required for precise control. Most of the electric cars are using PMSM 

nowadays, for example Nissan Leaf.  

 

Table 1-1. Comparison of Motor Types 

Characteristics 
Motor Type 

SRM PM IM DC 

Power Density Medium Very high Medium Low 

Efficiency Medium Very high Medium Low 

Controllability Medium High Very high Very high 

Reliability Very high High Very high Medium 

Technological 

Maturity 
High High Very high Very high 

Cost Low High Very Low Low 

 

 

Figure 1.6. Nissan Leaf [57]. 

 

 

 

 

 

 

Figure 1.7. Tesla Model S [56]. 
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When all motor types are classified according to their efficiency, power density, 

controllability, reliability, technological maturity and price, we can see that each motor is 

advantageous over the other in a certain area. Although PMSM is the most expensive model in 

terms of price, it offers the best performance in terms of power density. The fact that the 

induction motor and dc motor are among the most technologically advanced models has made 

them affordable [53]. In the Table 1.1, motor types are compared to each other according to 

power density, efficiency, cost and other features.  

1.6. The Advantages of Electric Motors Over Internal Combustion Engines for 

Traction Applications 

A critical decision in the changing transportation area is whether to use internal combustion 

engines (ICEs) or electric machines (including electric motors) for vehicle applications. It is 

crucial to compare these two power technologies as the car industry transitions to cleaner and 

more sustainable solutions. Electric motors and internal combustion engines have different 

characteristics in electric vehicle applications in terms of their environmental impact, efficiency, 

operational costs, refueling and charging infrastructure, performance and driving experience. 

When implemented in vehicle applications, electric machines, particularly electric motors, 

provide various benefits over internal combustion engines (ICEs). These benefits contribute to 

understanding why electric cars (EVs) are becoming more and more popular. Based on 

environmental impact, when electric motors use electrical energy as their energy source, they 

have no carbon emissions in terms of their environmental impact. Also known as, compared to 

ICE vehicles, which rely on fossil fuels, EVs can have a much-reduced carbon footprint when 

powered on electricity by renewable sources. In order to reduce dependency on fossil fuels and 

increased energy independence, electric machines can be powered by a number of energy 

sources, including renewable energy [58]. Unlike fossil fuels, electric machines have the 

possibility to use sources such as solar energy, wind energy and hydroelectric energy.  In terms of 

noise pollution, electric machines are quieter than internal combustion engines, which reduces 

noise pollution in communities and improves the quality of life for citizens [59]. For example, in 

big city centers, people are disturbed by loud noises during rush hours as traffic density is at a 

high level. Secondly, the most important feature that makes electric vehicles more efficient than 

conventional vehicles is their electric motors. They consume less energy while operating more 

efficiently because they convert more electrical energy to mechanical energy. While the 



 

15 

 

efficiency levels of internal combustion engines are between 20 and 40 percent, the efficiency of 

electric motors is around 90 percent on average [60]. Also, to increase efficiency and extend the 

range of an electric vehicle, energy can be recovered during braking and acceleration and 

converted back into electricity [61]. This is called regenerative braking system. This system 

allows to generate electricity while braking or going downhill. Thirdly, electric machines reduce 

the maintenance costs because they have fewer moving parts compared to ICEs. There are no 

complex gearbox systems, spark plugs or oil changes to be concerned about it [62]. Another 

important advantage of electric motors is instant torque and smooth acceleration. Quick 

acceleration and sensitive performance are made possible by the instant torque that electric 

motors produce at zero rpm [63,64]. Comfort for passengers is increased by the smooth, 

vibration-free driving experience that is provided by electric machines. Lastly, urban planning 

may change as a result of the popularity of electric vehicles and shared transport options, making 

cities more sustainable and cleaner. 

1.7. Permanent Magnet Synchronous Motors for Electric Vehicle Applications 

The use of permanent magnet synchronous motor has increased considerably in recent years. 

While in the twentieth century dc motors and induction motors were common with electric 

vehicle applications, today PMSM motors are found in almost every new model. The PMSM has 

become indispensable for the new generation of electric vehicles due to its high efficiency, high 

torque inertia ratio, high torque values for its volume and mass, high power factor and many 

other physical and electrical features. Compared to PMSM and DC motors, the PMSM produces 

lower audible noise, offers longer lifetime, can reach high speeds and offers high power density 

[65]. On the other hand, it offers high efficiency and power factor compared to induction motors. 

For example, one study showed that the PMSM motor was more than four percent more efficient 

than the induction motor when tests with the same ratios were carried out [66]. If high-energy 

magnets are used, the PMSM can reach higher power ratings. This provides the ability to produce 

different types of motors within the same design. Motors of the same size can be designed for 

different cost ratios. For example, in a situation where costs need to be reduced, cheaper magnets 

can be selected or power density can be increased with powerful magnets in the same 

dimensions. The PMSM can also produce high torque at low speeds and can provide an 

advantage during acceleration. On the other hand, the PMSM has a complex structure and this 

requires high technology, and the biggest disadvantage is the high cost. The smaller size makes 
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the structure of the PMSM motor complex and creates heating problems. A good cooling system 

is essential for PMSM applications. Although it provides easier cooling than Induction motors 

because the rotor generates less heat compared to that of induction motor, it is affected by heat 

transfer due to its small size. With all these advantages, it will be a preferred electric motor model 

in the coming years.  

The PMSM has a three-phase stator, similar to induction motors, and what differentiates these 

two motors is that the PMSM has a rotor with permanent magnet. Motor characteristics depend 

on the type and location of the magnet used. The detail that determines PMSM types is how the 

permanent magnet is placed in the rotor. The magnet can be positioned on the rotor or embedded 

in the rotor. PMSM can be classified into two main categories: surface mounted and buried or 

interior PMSM.  

 

 

 

 

 

 

 

 

There are two variations of surface-mounted PMSMs. The first is the projection type, where 

the magnet projects from the rotor surface, and the inset type, where the magnet is placed inside 

the rotor and provides a smooth rotor surface. Placing the magnet on the rotor surface is the 

simplest and cheapest way of constructing the PMSM. It is simply fixed to the rotor surface with 

epoxy glue. These structures are less robust than models with magnets built into the rotor and are 

not suitable for high-speed applications. A second alternative is to embed the magnet into the 

rotor. The interior magnet design brings the advantages of greater mechanical robustness and it is 

more suitable for high-speed operations [69]. 

 

Figure 1.8. Main types of PMSM rotor configurations: (a) surface, (b) 

inset and (c) interior [68]. 
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1.8. Thesis Contribution 

In this thesis, the advantages that electric motors can provide for the transportation industry 

are discussed. As a research topic, thermal management, which is one of the most important 

problems in electric motors, is addressed. Predicting the temperature parameters for thermal 

management in advance and completing the design processes will increase efficiency, 

temperature prediction studies of two different types of motors were investigated. 

A thermal circuit is designed using a Lumped Parameter Network Method to estimate the 

temperature parameters of the motors. This circuit is analyzed and temperature limits are 

determined. In addition, the results are compared and supported by simulation and experimental 

studies. 

In the introduction part of this thesis, research has been focused on how electric vehicles can 

be more sustainable. As a literature study, the integration of electric vehicles into the 

transportation sector, the differences compared to conventional vehicles and the use of electric 

motors in this sector are investigated. 

The organization of the thesis has been done as follows. 

1. In the chapter 2, thermally analysis methods are examined and the LPTN method is 

explained. The importance of thermal management for electric motors is also discussed. 

2. In Chapter 3, thermal modeling for two different PMSM motors that can be used in 

electric vehicle applications are proposed and investigated. 

3. In Chapter 4, experimental studies are presented. Temperature measurements were made 

with real-time experiments. In addition, the results are supported and compared with 

simulation parameters. With all these results, the applicability of thermal modeling to 

motors with different types of designs is examined. 

4. Chapter 5 presents the conclusion and future work. 
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2. THERMAL MODELING BACKGROUND 

2.1. The Importance of Thermal Limits for Electric Machines 

In electric vehicles, traction motors have an important role to perform, as they produce the 

necessary propulsion. The design of the electric motor is crucial for vehicle performance. 

Therefore, in order for vehicle performance to be at the desired levels, the motor must meet 

certain requirements during operation. Torque and speed capability will determine the overall 

power performance, directly affecting the vehicle's range and operational sustainability. Traction 

motors must be designed according to performance in order to meet parameters such as high 

torque at low speeds, high power at high speeds and high efficiency. Additionally, traction 

motors ought to provide quicker rates of deceleration and acceleration because vehicles need to 

start and stop frequently [69], [70].  

 

 

 

 

 

 

 

 

 

 

 

All these features bring with them some concerns. First of all, in order to provide all these 

complex performances, their size and weight must be kept to a minimum. Minimal size and 

dimensions play an important role in the complexity of the motor. If the motor, which is compact 

to balance the whole system, is not designed properly to produce high torque and power, it can 
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Figure 2.1. Torque-Speed Characteristic of Electric Machine. 
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cause many electrical and mechanical problems. Secondly, the electric motor, which consists of a 

compact size that provides all the requirements of high speeds high torque, releases significant 

amount of heat and increases the temperature of the motor. As is well known, high temperatures 

can cause motor failure and the motor must be kept within acceptable temperature levels [67]. 

Electric motors generate heat due to the electrical resistance of the components and the 

friction of the mechanical parts. This heat generation causes an increase in temperature inside the 

motor. An electric motor's performance and lifespan can be significantly affected by its operating 

temperature [71]. Electric machines, such as the electric motors used in electric vehicles (EVs) 

and other applications, can experience a number of issues as a result of high temperatures. 

 Efficiency: Electric motors can reach high efficiencies at certain temperatures. Energy 

consumption and motor performance reduce the efficiency of the motor if the operating 

temperature rises too high [72]. Research showed that the higher torque can be obtained at 

25 °C compared to 150 °C [73].  

 

 

 

 

 

 

 

 

 

 

 Heat Dissipation: Thermal dissipation inside the motor is very important. If thermal 

dissipation is concentrated in a specific area, it can render cooling systems ineffective and 

 

Figure 2.2. Torque-speed characteristic on different temperatures. 
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cause temperature-related problems in that area. Overheating of the motor can affect its 

ability to distribute heat and lead to potential damage [74]. 

 Insulation Breakdown: The windings in electric motors are insulated with insulation 

material to prevent short circuits. There is a certain temperature point that affects the 

insulating materials. At high temperatures, these materials can become degraded, frayed 

and corroded, leading to potential electrical faults [75]. 

 

 

 

 

 

 

 

 

 

 Lubrication: Electric motors have moving parts and bearings. These moving parts use oil 

for smooth operation and to reduce friction. When these components are exposed to high 

temperatures, the lubricant can break down, causing friction and corrosion [77]. This can 

lead to mechanical failure at high speeds and reduced efficiency due to increased friction 

losses. 

 

 Thermal Expansion: Metal parts inside the motor are sensitive to thermal expansion. 

Components such as the rotor and stator can expand at high temperatures. This expansion 

affects the tolerances inside the motor and can cause mechanical problems by changing 

the shape of the mechanical parts. 

 

Figure 2.3. Insulation breakdown example [76]. 

 

 

 



 

21 

 

 Magnet Strength: In permanent magnet motors, due to overheating, the magnets 

demagnetize and reduce the performance and efficiency of the motor [78].   

Since high power is obtained in traction motors, high losses are inevitable. Although the 

efficiency of electric motors is high, their losses are also high due to the high-power density. 

These losses are converted into heat energy and cause an increase in the operating temperature of 

the motor. As a result, the motor can exceed its effective operating temperature and cause 

problems. In the permanent magnet synchronous motor, it is thermally more difficult than other 

motors due to its compact structure. The small size of the PMSM means that at high power and 

torque levels it is exposed to heat more quickly and the temperature rise is faster. This is what 

makes PMSM challenging. An excessive increase in motor temperature can cause permanent 

damage. Another important part that distinguishes PMSM from other motors is its magnets, 

which are sensitive to temperature. High temperatures can affect the magnet and reduce 

efficiency. 

Monitoring and controlling the operating temperature are essential to maintain the optimum 

performance and lifetime of an electric motor. It is important that the motor operates within a 

certain temperature range and cooling systems are used for this. Regular maintenance and 

inspection to identify temperature-related problems can prevent such problems. 

 

2.2. Thermal View of Electric Machines 

Almost all of the losses in electric motors are converted into heat energy and these losses 

cause the motor to warm up. Before calculating or estimating the temperature rise, heat sources 

must be identified. It is important to determine what these heat sources are and where they are 

located in order to define the heat distribution. Keeping the temperature within the operational 

limits is one of the most important steps of the design phase. The cooling system to be designed 

must be designed in parallel with the motor design. Too little or too much cooling load damages 

the motor and keeps it from operating within the efficient temperature range. The losses in the 

electric motor are under two main headings as electromagnetic losses and mechanical losses [79]. 

Electromagnetic losses can be divided into 4 different classes: copper loss, stray load loss, 

magnet loss and core loss. The reason for copper losses is the electrical resistance of copper wire. 

While copper resistance can directly affect efficiency, the dissipation of losses through heat 
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energy causes the temperature of the motor to increase significantly. Core losses occur in the core 

materials inside the motor and have two different causes [80]. The first of these is hysteresis 

losses. It is caused by repeated magnetization and demagnetization of the iron core as the 

magnetic field changes [81]. The other is eddy current loss. With the changing magnetic field, 

eddy current is induced in the core and this current flows through the core and dissipates its 

energy through heat. Magnet losses are losses due to hysteresis and eddy current on the magnet 

and generate heat energy [82]. Mechanical losses are the losses that occur when the mechanical 

parts of the machine as friction and air resistance. These losses occur due to friction on the 

bearings and shaft, while the force acting on the airgap is windage losses [83]. When all these 

losses are taken into consideration and the losses are transferred to the motor with heat energy, it 

is seen that the temperature increase is inevitable. 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Thermal Analysis Options of Electric Machines 

The temperature rise needs to be controlled during long-term operation of electric machines. 

The cooling system design must be suitable to keep the motor temperature within a safe 

 

Figure 2.4. Power flow diagram of electric machines. 
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temperature range and to maintain its high efficiency. These temperature limits need to be 

determined and estimated at the design stage. In order to avoid any problems during the motor 

production phase, the maximum temperature it can reach before production should be simulated 

or estimated using some methods. Depending on the size, characteristics and power ratings of the 

motor, the temperature distribution can be determined and the cooling type can be selected to 

provide the optimum level of cooling. Through the simulations developed, it is not only possible 

to predict the motor temperature but also to calculate it analytically. Considering that the errors 

may increase depending on the design geometry, the calculations should be made according to a 

certain reference and applied for all motor components. In addition, new generation motors may 

have a specific structure with the effect of integration with the developing technology and 

simulations may not respond to these design templates. At this point, it is necessary to calculate 

the parameters analytically. Some methods are used to estimate the motor temperature. The two 

primary categories of thermal analysis techniques for traction motors are analytical and numerical 

techniques [84].  

 Analytical Thermal Modeling: This approach involves designing mathematical models 

that explain how heat is generated and transferred throughout an electric machine. 

Equations for the transfer of heat by conduction, convection, and radiation could be 

included in these models. Preparatory design and performance estimation frequently 

involve the use of analytical models [85]. The analytical technique used in the thermal 

analysis is referred to as Lumped Parameter Thermal Network (LPTN) modelling that a 

thermal network is developed employing thermal resistances and capacitances. Using this 

network, the transfer of heat between components within the machine is analyzed. Each 

component inside the machine is represented by its thermal resistance and capacitance.  

The numerical method is that offers analysis in two different ways. The first one is called Finite 

Element Analysis (FEA) and the second one is called Computational Fluid Dynamics (CFD) [84]. 

 Finite Element Analysis (FEA): FEA is a method of numerical simulation that can be 

used to resolve challenging problems with temperature. The heat transfer equations for 

each smaller component of the electric machine are solved. FEA enables precise and 

thorough modelling of the machine's thermal distribution. 
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 Computational Fluid Dynamics (CFD): The movement of air or other cooling fluids 

inside and around the electric machine is examined using CFD. This approach helps in 

understanding how well the cooling system distributes heat from the machine's parts. 

Among these three methods, LPTN modeling analysis is simple, easy to understand and the 

fastest in predicting motor temperature. In addition to these advantages, since it treats the motor 

parts as a point, it can only observe the temperature rise of a point and cannot produce a thermal 

interaction map. However, when using the calculation technique, the low number of parameters 

compared to other models and the fact that it can be obtained with more understandable and easy 

formulas during the analysis phase are generally used in applications where a quick response can 

be obtained. On the other hand, since numerical methods show the temperature distribution, it can 

be used to catch errors in the design phase. Compared to LPTN modeling, it does not stay only at 

a certain point but show the temperature distribution, which makes these models complex and 

takes a long time to solve. Although they are suitable methods for detailed studies, they require a 

very long-time study. If we classify these three methods among themselves, LPTN is the fastest 

method, but it has the lowest accuracy. It can be used in small applications, but it may not give an 

error rate below the desired level in applications requiring very high speeds and sensitive 

measurements. The most reliable and accurate model among these models is CFD [86]. However, 

its complex structure and the high number of formulas to be solved keep the process time long. 

2.4. Lumped Parameter Thermal Network (LPTN) for Electric Machines 

Lumped parameter network is a model for modeling and simplifying the thermal behavior of 

electric motors and other electronic devices. Based on heat transfer theory, a circuit diagram is 

created to represent the thermal properties of the parameters [87]. The purpose of this modeling is 

to mathematically explain the thermal behavior of the system. This diagram is used to predict the 

temperature of specified points of the components within the system. For electric motors, this 

approach is created by connecting points representing each region or part within the motor. The 

thermal properties of each element or part are calculated. These thermal properties are thermal 

resistance and capacitance values. Each material has its own specific thermal properties. For 

example, two different materials have different specific heat capacities and thermal 

conductivities, and these values generate different resistance and capacitance values at each 

stage. Examples of these classifications within the motor can be classified as housing, stator, 

windings, rotor and shaft. 
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As shown in the Figure 2.7, an example circuit for a substrate includes resistance, 

capacitance and heat source [88]. In addition, a heat source is required to complete the circuit, 

and this heat source is losses for electric motors. Almost all of the losses inside the motor are 

converted into heat loss. In the simulation, experiment and modeling data used in this thesis, it is 

assumed that all losses are released as heat. When modeling, a circuit similar to an electrical 

circuit is used for analysis and the analysis is performed using electrical parameters. The 

relationship between electrical parameters and thermal parameters is shown in the Table 2.1. 

Table 2-1 Electric and thermal parameter relations. 

Electrical Parameter Unit Thermal Parameter Unit 

Voltage V Temperature °C 

Current A Heat W 

Conductance S Thermal Conductance W/m°C 

Conductivity S/m Thermal Conductivity W/°C 

Resistivity Ω/m Thermal Resistivity m°C/W 

Resistance Ω Thermal Resistance °C/W 

Capacitance F Thermal Capacitance J/°C 

R1 R2

P C

G

V

 

Figure 2.5. Example circuit application. 
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As seen in the Table 2.1, each electrical quantity has a thermal quantity equivalent. 

Voltage represents temperature change while current represents heat. The electrical values of 

resistance and capacitance are also valid for thermal parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

An example equivalent circuit model is shown in the Figure 2.8. This equivalent circuit 

model is designed to cover the slots, teeth and yoke region of the stator part. As can be seen, a 

point is defined in each region and these points are connected to each other. By determining the 

thermal resistance parameters between the points and calculating the thermal capacitance values 

in the region where the points are located, thermal effects on the system can be calculated. It is 

very important at which point the losses that make up the heat source will be located. Each loss 

R7R6

R1

R2

R4

Housing

Airgap

C1

Piron

Winding

Stator

 

Figure 2.6. An example equivalent circuit of stator. 
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must be classified and applied to the point assigned to that region [89]. Thus, the point of origin 

of the heat can be determined and the propagation of the heat from this region can be shown and 

its effects can be measured.  

Another important issue when modeling is nodalization. When nodalization is done, it is 

important which region of which part will be defined. The objects can be represented by a single 

point or can be separated by more than one point. These points connect the objects and form the 

circuit. How many parts to divide the specified component into can vary in terms of its geometric 

properties. If the material is moving in a uniform direction, it can be represented by a single 

point. However, models with hexahedron geometric properties, such as stator teeth, can be 

represented by more than one point.  
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Figure 2.7. Example nodalization of SPMSM. 
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For example, the Figure 2.7. above shows an example of nodulization of a surface 

permanent magnet synchronous motor. In this model, some of the regions defined from the 

ambient point to the shaft region are expressed at a single point, while others are expressed at 

multiple points. This is due to the geometric structure of the component and the surface areas of 

the different materials it comes into contact with. Node placement can be proposed with more 

points to increase accuracy [90]. For example, since the rotor is placed in a radial geometry with 

the shaft and magnet, it can be connected to each other with a single point. On the other hand, the 

windings are in direct contact with the stator yoke, teeth and airgap, so they are divided into two 

points.  

In the LPTN method, there is no need for capacitance values to find the steady state 

temperature as time variation is not taken into account.  To find the steady-state temperatures of 

the model, it is enough to determine the thermal resistivity, heat source and flow [91]. The 

structure of the material also determines the type of heat transfer. For example, conduction heat 

transfer occurs between the stator and the frame, while convection heat transfer occurs on the 

airgap. The steady state temperature increase can be described by the following matrix. 

[𝑇] = [𝐺]−1[𝑃] (2.1) 

Where the temperature matrix is [T], the loss matrix is [P] and the thermal conductance 

matrix is represented as [G]. Thermal conductance is the inverse of the thermal resistance. The 

difference between steady state and transient analysis is the time variation. For this to occur, 

thermal capacitances are added to the circuit and the transient circuit is complete. The following 

matrix equation is used to describe the temperature rise. 

𝑑

𝑑𝑡
[𝑇] = [𝐶]−1[𝑃] − [𝐶]−1[𝐺][𝑇] (2.2) 

In this equation, [C] is the thermal capacitance matrix.  

2.4.1. Thermal Resistance 

When thermal analysis of a motor or electronic circuit is carried out, thermal resistances 

measure how heat will dissipate or be impeded. Thermal resistance is a measure of the ability of a 

material or component to resist the flow of heat. From another point of view, it can be defined as 

the ability to resist heat transfer [92]. It is usually represented by the symbol R and in this thesis it 
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is symbolized by R. Thermal resistance is similar to electrical resistance, the difference is that 

heat flow is considered instead of electric current. Increasing the thermal resistance value makes 

it difficult for heat to pass through the material. Conversely, a decrease in thermal resistance 

raises thermal conductivity. The thermal resistance of a material is determined by parameters 

such as its surface area, thickness and thermal conductivity. 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑅 =
𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ΔT

𝐻𝑒𝑎𝑡 𝐹𝑙𝑜𝑤 (𝑃)
=

𝐶°

𝑊
(2.3) 

 

 

 

 

 

 

 

Using Ohm's law, the connection between thermal resistance and electrical resistance can be 

explained. 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑅 =
𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ΔV

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝐼)
=

𝑉

𝐴
(2.4) 

Heat transfer takes place in three different ways. These are conduction, convection and radiation 

heat transfer. For conduction heat transfer, the thermal resistance can be calculated; 

𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑙

𝑘 ∗ 𝐴
(2.5) 

A is the cross section area of the material, l is the length of the material and k is the 

thermal conductivity of the material. If it is necessary to calculate thermal resistance for liquids 

and gases, convection thermal resistance should be calculated since heat transfer will be provided 

by convection. The thermal resistance due to convection formula is; 

T2T1

HEAT FLOW (P)

Temperature 

Difference (ΔT)

 

Figure 2.8. Heat flow schematic. 
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𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
1

ℎ ∗ 𝐴
(2.6) 

Where A is the surface area, h is the convection heat transfer coefficient. For radiation heat 

transfer, thermal resistance would be able to calculate; 

𝑅𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 =
1

σ ∗e ∗ A(T2
2 + T1

2) ∗ (T2 + T1)
(2.7) 

Where σ is the Stefan-Boltzmann constant, e is the emissivity of material surface and A is the 

surface area. It is easy to calculate the thermal resistances of materials with regular shapes. 

Different formulas are used when the shape and direction of heat flow change. Since the thermal 

analysis of the electric motor will be performed within the scope of this thesis, thermal resistance 

calculations are given for the following shapes and situations.  

2.4.2. Thermal Resistance for Cylinders 

Radial heat transfer occurs in areas with hollow cylinder geometry such as the rotor, shaft, 

stator yoke and housing [93]. The thermal resistance of a cylindrical structure can be found as; 

𝑅 =
ln (

𝑟𝑜

𝑟𝑖
)

2 ∗ 𝜋 ∗ 𝑙 ∗ 𝑘
(2.8) 

Where ro is the outer radius, ri is the inner radius, l is the length of the material and k is the 

thermal conductivity of the material. If the component is limited to a certain angle, the formula 

can be modified as follows. 

𝑅 =
2𝜋

𝛼

ln (
𝑟𝑜

𝑟𝑖
)

2 ∗ 𝜋 ∗ 𝑙 ∗ 𝑘
(2.9) 

The angle of the material is important to determine the thermal resistance. 

2.4.3. Thermal Resistance Calculations for Airgap 

It is difficult to calculate thermal resistance in regions with a certain air flow. In the airgap 

region inside electric motors, an air flow occurs with the rotation of the rotor. The convection 

heat transfer coefficient depends on the state of the air flow [94]. The heat transfer coefficient is 

found as shown below with dimensionless numbers; 
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𝑅𝑎𝑖𝑟𝑔𝑎𝑝 =
1

ℎ𝑎𝑖𝑟𝑔𝑎𝑝 ∗ 𝐴𝑎𝑖𝑟𝑔𝑎𝑝

(2.10) 

ℎ𝑎𝑖𝑟𝑔𝑎𝑝 =
𝑁𝑢 ∗ 𝑘𝑎𝑖𝑟

𝑙𝑎𝑖𝑟𝑔𝑎𝑝

(2.11) 

To calculate the heat transfer coefficient Nusselt number should be found. The Taylor 

number describes how important viscous force is in compared to centrifugal force or inertial 

force caused by the rotation of a fluid about a vertical axis [91]. Taylor number is written; 

𝑇𝑎 =
ρ𝑎𝑖𝑟

2 ∗ ⍵2 ∗ 𝑟𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ∗ 𝑙𝑎𝑖𝑟𝑔𝑎𝑝
3

µ2
(2.12) 

Where ρ is the density of air, ⍵ is the rotor angular speed, r is the average radius of airgap 

((stator radius + rotor radius)/2), l is the airgap length and µ is the air dynamic viscosity. 

Modified Taylor number should be calculated if it is necessary, but in this thesis the airgap 

thickness is so small compared to radius. So geometric factor is considered 1. The relationship 

between Taylor and Nusselt numbers is given in the table. 

Table 2-2. Nusselt number colorations with Taylor number. 

𝑵𝒖 = 𝟐 Tam <1700 

𝑵𝒖 = 𝟎. 𝟏𝟐𝟖𝑻𝒂𝒎
𝟎.𝟑𝟔𝟕

 1700 <Tam <104 

𝑵𝒖 = 𝟎. 𝟒𝟎𝟗𝑻𝒂𝒎
𝟎.𝟐𝟒𝟏

 104 <Tam <107 

 

2.4.4. Thermal Resistance Calculations for Windings 

Thermal modeling of stator slots is difficult to solve by generalizing for different designs. 

Insulation systems are used during production and operation to prevent various problems. Firstly, 

there is an insulation between the copper windings and the stator iron. This insulation causes the 

thermal resistance to increase. Also, the copper windings are covered with a layer of 

impregnation. The different conductivity of these materials affects the heat distribution. On the 

other hand, heat production is spread over all the windings. Finally, winding formats can be 

different for each application. Different winding types can cause different thermal dissipation. 
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When all these components come together, the highest error for the modeling is expected to be on 

the windings. In this thesis, the relationship between the stator slot filling factor and the 

equivalent thermal conductivity of the slot mixture is used. For a more accurate calculation, the 

effects of winding insulation and air film on the thermal resistance should also be calculated. 

First, the equivalent height and width of the slit can be calculated by considering different shapes 

[95,96]. 

𝑏 =
𝑥2 + 𝑥3

2
− 2𝑑 (2.13) 

ℎ =
2 ∗ 𝐴𝑠𝑙𝑜𝑡

𝑥2 + 𝑥3

(2.14) 

Where b is the equivalent width, h is the equivalent height, d is the equivalent insulation 

thickness and A is the slot area. The contribution of slot material for thermal resistance; 

𝑅𝑥0 =
𝑏

(ℎ − 𝑡)𝑘𝑒𝑞

(2.15) 

𝑅𝑦0 =
ℎ − 𝑡

𝑏 ∗ 𝑘𝑒𝑞

(2.16) 

The distance of two layers is mentioned as t and equivalent thermal conductivity cam be written 

as; 

𝑘𝑒𝑞 = 0.2749((1 − 𝐾𝑓) ∗ 𝐴𝑠𝑙𝑜𝑡 ∗ 𝑙𝑐𝑜𝑟𝑒)
−4471

(2.17) 

The contribution of air film and insulation; 

𝑅𝑖𝑥 =
𝑑𝑖

ℎ ∗ 𝑘𝑖
+

𝑑𝑎

ℎ ∗ 𝑘𝑎𝑖𝑟

(2.18) 

𝑅𝑖𝑦 =
𝑑𝑖

𝑏 ∗ 𝑘𝑖
+

𝑑𝑎

𝑏 ∗ 𝑘𝑎𝑖𝑟

(2.19) 

Where di is the insulation thickness, da air film thickness, ki insulation thermal conductivity and 

kair air film conductivity. The radial and circumferential conduction will be; 

𝑅𝑥 =
1

2
(𝑅𝑖𝑥 +

𝑅𝑥0

6
) (2.20) 
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𝑅𝑦 =
1

2
(𝑅𝑖𝑦 +

𝑅𝑦0

6
) (2.21) 

Since these expressions the resistance for per unit length. The total amount of resistance on slots 

is equal to; 

𝑅𝑤 =
𝑅𝑥 ∗ 𝑅𝑦

𝑁𝑠 ∗ 𝑙 ∗ (𝑅𝑥 + 𝑅𝑦)
∗ (1 −

𝑅𝑥0 ∗ 𝑅𝑐0

720𝑅𝑥 ∗ 𝑅𝑦
) (2.22) 

Where Ns is the slot number and l are the length of the slots. Also, axial resistances for different 

geometers can be calculated with the formula below; 

𝑅𝑤𝑎𝑥𝑖𝑎𝑙 =
𝑙

𝑁𝑠 ∗ 𝐴𝑐𝑢 ∗ 𝑘𝑐𝑢

(2.23) 

Where 𝐴𝑐𝑢 is the copper area and 𝑘𝑐𝑢 is the thermal conductivity of the copper. 

2.4.5. Thermal Capacitance 

Capacitance is not required for steady state temperature. When transient analysis is required 

for the LPTN model, capacitance values need to be calculated. Thermal capacitance is the 

capacity of an object to retain and store heat. It is similar to the capacitance used in electrical 

circuits [97]. The thermal capacitance of a material is determined by the specific heat capacity of 

the material. The formula to calculate the thermal capacitance is; 

𝐶 = 𝑚𝐶𝑝 = ρV𝐶𝑝 (2.24) 

Where m is the mass of, Cp is the specific heat capacity and V is the volume of the material.  

2.5. Summary 

In this chapter, the effects of the temperature limit on electric machines, the thermal behavior 

of the electric motor and the analysis methods of calculating this temperature distribution are 

discussed. The Lumped Parameter Network Thermal Method, which will be used for modeling in 

this thesis, is explained in the literature. The equivalent circuit diagram for the thermal model and 

how to calculate the parameters are explained. The nodalization required for thermal modeling is 

shown on an example diagram. In the next section, the thermal modeling of two different PMSM 

motors is investigated and the prediction of temperature parameters is analyzed. 
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3. PROPOSED LUMPED PARAMETER NETWORK METHOD 

OF SURFACE PERMANENT MAGNET SYNCHORONOUS 

MOTOR AND SOFT MAGNETİC COMPOSİTE 

PERMANENT MAGNET SYNCHORONOUS MOTOR 

In this thesis, the thermal analysis of two different types of PMSMs designed in the PEER 

GROUP laboratory by the Power Electronics and Energy Research group at Concordia 

University has been analyzed. The first one is Surface mounted PMSM and the other one is 

Spoke type PMSM which used Soft Magnetic Composite. The reason for choosing two different 

motors is to address the thermal performance of two motors with different conditions and 

geometry. SPMSM is a simple and geometrically unchallenging model in design. The SMC 

PMSM model was used to learn and compare how it performs under thermal analysis due to its 

innovative magnet and stator design. The aim of all these comparisons is to determine the 

suitability of the models, which have been introduced in specific forms with the development of 

new technologies in terms of design, for thermal analysis.  

3.1. Machine Design of Surface PMSM 

In this motor, the magnet is placed on the rotor. It consists of thirty-six slots and produces 32 

Nm of torque at 1300 rpm. It has a power of six kW. It gives higher torque value at lower speed 

than the other selected model. Fan cooling type is selected for the cooling system. 

 

 

 

 

 

 

 

 
 

Figure 3.1. Radial view of SPMSM on MOTOR-CAD. 
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3.2. Machine Design of SMC PMSM 

In this type of motor, the magnet is placed vertically in the rotor which is called spoke type 

PMSM. Since it has a specific design, it has a geometrically complex structure. This motor, 

which can reach high speeds, has a base speed of 3400 rpm and can reach 10000 rpm. It can 

produce a maximum torque of 20 Nm. SMC material, an innovative model, is used for stator 

lamination. 

 

Figure 3.2. SPMSM view on the bench. 

 

 

Figure 3.3. SMC PMSM design view [98]. 
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3.3. Design Differences Between Two Motors 

Some criteria were taken into consideration when selecting two different types of motors for 

thermal analysis. First of all, models operating at the same power but giving different outputs 

were discussed. In addition, different models were preferred in terms of design. One of the 

motors has a simple design that can be considered old, while the other motor has a new design 

and a complex structure. When the speeds of the two motors are compared, the base speed of the 

SMC PMSM model reaches 3400 rpm, while the base speed of the SPMSM is 1300 rpm. On the 

other hand, SPMSM provides 32 Nm of mechanical torque at full load, while SMC PMSM 

provides a maximum torque output of 20 Nm. Also considering the rated current values, one 

model has a rated current of 20 A while the other model has 170 A. These different parameters 

will affect the motor operating temperature in different directions. Different temperature spread 

may create the need for different cooling systems. For example, the heat loss of 170 A current on 

the windings may cause overheating and may require a cooling system design that can directly 

affect the stator. Finally, when thermal analysis is performed, different designs may create 

differences on the models. When the modeling is done for a complex design, the margin of error 

may increase according to the assumptions to be made by analytical procedures. In addition, in 

this thesis, these two different types of motors were selected to analyze whether analytical 

thermal modeling can give accurate results for new and complex designs and to gain an 

innovative understanding. 

 

Figure 3.4. SMC PMSM view on the bench. 
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Table 3-1. SPMSM and SMC PMSM specifications. 

SPMSM SMC PMSM 

Phase 3 Phase 3 

Power(hp) 8 Power(hp) 7.1 

Rated current (A) 16 Rated current (A) 170 

Dc bus (V) 300 Dc bus (V) 100 

Base speed (rpm) 1300 Base speed (rpm) 3400 

Pole 4 Pole 10 

Number of slots 36 Number of slots 12 

Stator outer 

diameter (mm) 
180 Stator outer (mm) 180 

Stator stack 

length (mm) 
125 

Stator stack 

length (mm) 
80 

Rotor Outer 

Diameter (mm) 
107 

Rotor Outer 

Diameter (mm) 
113 

Magnet Thickness 

(mm) 
7.5 

Magnet Thickness 

(mm) 
4 

Shaft Diameter 

(mm) 
35 

Shaft Diameter 

(mm) 
33 
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3.4. Thermal Model for Surface PMSM 

 

R1

R2

R3

R4

R6

R7

R8

R9R10

C1

C2 C3

NODE 1

NODE 3

NODE 4

NODE 5

NODE 6

NODE 7

NODE 2

C4

C5

C6

C7

Ambient

sbil

wl

tl

ml

rl

 

Figure 3.5. Simplified Model of SPMSM. 
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Table 3-2. Thermal Network Descriptions. 

RESISTANCES LOCATIONS OF THERMAL RESISTANCES 

R1 Between Housing Frame And Ambient 

R2 Between Housing Frame And Stator Yoke 

R3 Between Stator Yoke And Stator Teeth 

R4 Between Stator Yoke And Slot 

R5 Between Teeth And Slot 

R6 Airgap Resistance 

R7 Between Magnet And Rotor 

R8 Between Rotor And Shaft 

R9 Between Shaft (Front Side) And Ambient 

R10 Between Shaft (Rear Side) And Ambient 

CAPACITANCES DESCRIPTIONS OF THERMAL CAPACITANCES 

C1 Housing Frame 

C2 Stator Lamination (Back Iron) 

C3 Stator Lamination (Tooth) 

C4 Winding 

C5 Magnet 

C6 Rotor Lamination 

C7 Shaft 

LOSSES DESCRIPTION OF LOSSES 

wl Winding Losses 

sbil Stator Back Iron Losses 

tl Stator Tooth Losses 

ml Magnet Losses 

rl Rotor Back Iron Losses 
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3.4.1. Thermal Resistance Calculations of SPMSM 

R1 is the thermal resistance between housing frame and ambient. There is a convection heat 

transfer in this region. The formula of the resistance is; 

𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
1

ℎ𝐴
(3.1) 

In this formula, h is the convection heat transfer coefficient, A is the area of the frame. h of the 

air determined as a 15 W/m2Co. The area of the housing is 0.3125 m2. So; 

𝑅1 = 𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
1

15 ∗ 0.3152
= 0.213

𝑊

𝐶°
(3.2) 

 

Table 3-3. Thermal Properties of SPMSM for resistance calculations. 

Motor Part Material 
Thermal Conductivity 

(W/M°C) 

Housing Iron (Cast) 52 

Stator Lamination (Back 

Iron) 
M330-35A 25 

Stator Lamination (Tooth) M330-35A 25 

Winding Copper (Pure) 401 

Rotor Lamination M330-35A 25 

Magnet Recome 28 10 

Shaft Steel 80 
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R2 is the resistance between housing and stator yoke outer which upper part of back iron. This 

resistance can calculate in this formula; 

𝑅2 = 𝑅ℎ𝑜𝑢𝑠𝑖𝑛𝑔 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝑅𝑦𝑜𝑘𝑒𝑜𝑢𝑡𝑒𝑟 (3.3) 

Rhousing is the radial thermal resistance of the frame and it can be calculated; 

𝑅ℎ𝑜𝑢𝑠𝑖𝑛𝑔 =
𝑙𝑛

𝑟𝑜ℎ

𝑟𝑖ℎ

2 ∗ 𝜋 ∗ 𝑙 ∗ 𝑘
(3.4) 

Where is k is the thermal conductivity of the material, l is the length, roh is the outer Radius of the 

frame, rih is the inner Radius of the frame.  

 

 

 

 

 

 

 

 

 

 

Rhousing is; 

𝑅ℎ𝑜𝑢𝑠𝑖𝑛𝑔 =
𝑙𝑛

95
90

2 ∗ 𝜋 ∗ 0.13 ∗ 52
= 0.00127 

𝑊

𝐶°
(3.5)  

Ryokeouter is the radial resistance of the stator yoke upper part. It can be calculated with the same 

formula. 

r=90mm

r=95mm

 

Figure 3.6. SPMSM housing schematic view. 
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𝑅𝑦𝑜𝑘𝑒𝑜𝑢𝑡𝑒𝑟 =
𝑙𝑛

90
82.5

2 ∗ 𝜋 ∗ 0.13 ∗ 25
= 0.0043 

𝑊

𝐶°
 (3.6) 

 

 

 

 

 

 

 

 

 

 

Rcontact is the contact resistance between housing and stator yoke. To calculate the contact 

resistance, for the gap between two materials, Motor-Cad interface material is used for 

calculations. The gap between lamination and metal is taken 0.03mm which is average surface 

contact number of the model. The thermal conductivity of the material is 0.03171 W/m°C. Rcontact 

is; 

𝑅ℎ𝑜𝑢𝑠𝑖𝑛𝑔 =
𝑙𝑛

90.03
90

2 ∗ 𝜋 ∗ 0.13 ∗ 0.03171
= 0.0128 

𝑊

𝐶°
(3.7)  

So; 

𝑅2 = 𝑅ℎ𝑜𝑢𝑠𝑖𝑛𝑔 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝑅𝑦𝑜𝑘𝑒𝑜𝑢𝑡𝑒𝑟 = 0.0184 
𝑊

𝐶°
 (3.8) 

R3 is the resistance between stator yoke inner tooth side and tooth outer. For the stator yoke inner 

resistance is considered that half of the effective area is slot side, the other half is tooth side. 

𝑅3 = 𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑛𝑒𝑟𝑡𝑜𝑜𝑡ℎ + 𝑅𝑡𝑜𝑜𝑡ℎ𝑜𝑢𝑡𝑒𝑟 (3.9) 

r=82.5mm

r=90mm

 

Figure 3.7. SPMSM stator yoke upper side schematic 

view. 

 



 

43 

 

Ryokeinnertooth is the resistance of the yoke tooth side. To calculate the resistance, we should 

consider of the effective area with the angle of the slot and tooth side. Since we have 36 slots in 

this motor, 1 slot and tooth covers 10°. In this machine it is considered for both sides are 5°. 

 

 

 

 

 

 

 

 

 

𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑛𝑒𝑟 =
𝑙𝑛

82.5
75

2 ∗ 𝜋 ∗ 0.13 ∗ 25
= 0.00467 

𝑊

𝐶°
(3.10) 

For tooth side: 

𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑒𝑒𝑟𝑡𝑜𝑜𝑡ℎ = 𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑛𝑒𝑟 ∗
10°

5°
= 0.0093 

𝑊

𝐶°
(3.11) 

To find the tooth resistance it is important ot define geometry includes angle and dimension 

information.  

To find the total tooth resistance, as can be seen in the figure 3.9, the tooth is divided 3 pieces in 

this example. The tooth resistance is; 

𝑅𝑡𝑜𝑜𝑡ℎ = 𝑅𝐴1 + 𝑅𝐴2 + 𝑅𝐴3 

All three resistances are radial thermal resistance. Appling the radial thermal resistance formula; 

𝑅𝐴1 =
10

7

𝑙𝑛
56.5
54.5

2 ∗ 𝜋 ∗ 0.13 ∗ 25
= 0.0035 

𝑊

𝐶°
(3.12) 

r=75mm

r=82.5mm
Tooth Side Slot Side

 

Figure 3.8. Stator yoke inner side schematic view. 
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𝑅𝐴2 =
10

5

𝑙𝑛
75

57.5
2 ∗ 𝜋 ∗ 0.13 ∗ 25

= 0.00171 
𝑊

𝐶°
(3.13) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑅𝐴3 =
10

3.5

𝑙𝑛
56.5
54.5

2 ∗ 𝜋 ∗ 0.13 ∗ 25
= 0.037 

𝑊

𝐶°
(3.14) 

𝑅𝑡𝑜𝑜𝑡ℎ = 0.422 
𝑊

𝐶°
 

𝑅𝑡𝑜𝑜𝑡ℎ𝑜𝑢𝑡𝑒𝑟 =
𝑅𝑡𝑜𝑜𝑡ℎ

2
= 0.0211

𝑊

𝐶°
(3.15) 

So; 

𝑅3 = 𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑛𝑒𝑟𝑡𝑜𝑜𝑡ℎ + 𝑅𝑡𝑜𝑜𝑡ℎ𝑜𝑢𝑡𝑒𝑟 = 0.0304 
𝑊

𝐶°
(3.16) 

Winding resistance can be calculated; 

A1

A2

A3

R=54.5

R 56.5

R=57.5

R=75

 

Figure 3.9. Stator tooth schematic view. 
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𝑅𝑤 =
𝑅𝑥 ∗ 𝑅𝑦

𝑁𝑠 ∗ 𝑙 ∗ (𝑅𝑥 + 𝑅𝑦)
∗ (1 −

𝑅𝑥0 ∗ 𝑅𝑐0

720𝑅𝑥 ∗ 𝑅𝑦
) (3.17) 

To determine the 𝑅𝑥 and 𝑅𝑦, the contrubition of slot material in thermal resistance; 𝑥2 is 5.73 

mm, 𝑥3 is 8 mm, insulation thickness is 0.06 mm, air film insulation is 0.25 mm equivalent 

thickness of insulation is d = 0.31 mm, the area of the slot is 120 mm2, Kf is the 0.45, distance 

between two layer is t = 0.1 mm, keq is 40.01 W/m°C, ki is 0.21 W/m°C and kair is 0.03171 

W/m°C.  

𝑏 =
𝑥2 + 𝑥3

2
− 2𝑑 =

0.00573 + 0.008

2
− 2 ∗ 0.00031 = 0.006245 𝑚 (3.18) 

ℎ =
2 ∗ 𝐴𝑠𝑙𝑜𝑡

𝑥2 + 𝑥3
− 2𝑑 =

2 ∗ 0.00012

0.00573 + 0.008
− 2 ∗ 0.00031 = 0.01686 𝑚 (3.19) 

𝑅𝑥0 =
𝑏

(ℎ − 𝑡)𝑘𝑒𝑞
=

0.006245

(0.01686 − 0.0001) ∗ 40.01
= 0.009313 

𝑚°𝐶

𝑊
(3.20) 

𝑅𝑐0 =
ℎ − 𝑡

𝑏 ∗ 𝑘𝑒𝑞
=

0.01686 − 0.0001

0.006245 ∗ 40.01
= 0.067 

𝑚°𝐶

𝑊
(3.21)  

𝑅𝑖𝑥 =
𝑑𝑖

ℎ ∗ 𝑘𝑖
+

𝑑𝑎

ℎ ∗ 𝑘𝑎𝑖𝑟
=

0.00006

0.01686 ∗ 0.21
+

0.00025

0.01686 ∗ 0.03171
= 0.485 

𝑚°𝐶

𝑊
(3.22) 

𝑅𝑖𝑦 =
𝑑𝑖

𝑏 ∗ 𝑘𝑖
+

𝑑𝑎

𝑏 ∗ 𝑘𝑎𝑖𝑟
=

0.00006

0.006245 ∗ 0.21
+

0.00025

0.006245 ∗ 0.03171
= 1.30 

𝑚°𝐶

𝑊
(3.23)  

𝑅𝑥 =
1

2
(𝑅𝑖𝑥 +

𝑅𝑥0

6
) = 0.243 

𝑚°𝐶

𝑊
 (3.24)  

𝑅𝑦 =
1

2
(𝑅𝑖𝑦 +

𝑅𝑦0

6
) = 0.66 

𝑚°𝐶

𝑊
  (3.25) 

The motor has 36 slots and the length of the coil is 0.22 m. The total resistance of winding is 

equal to; 

𝑅𝑤 =
0.243∗0.66

36∗0.22∗(0.243+0.66)
∗ (1 −

0.0093∗0.067

720∗0.243∗0.66
) = 0.022 

𝑊

𝐶°
(3.26)

Since winding node has two connections with stator yoke and tooth. If we apply circumference 

formula on winding, the resistance through stator slot and tooth will be 0.033 W/°C and 0.033 

W/°C.  
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In this model the contact areas are considered same since slot side and tooth side have same 

angular relationship with stator yoke.  

R4 is the resistance between inner yoke slot side and winding yoke side. As we find that; 

𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑒𝑒𝑟𝑠𝑙𝑜𝑡 = 𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑛𝑒𝑟 ∗
10°

5°
= 0.0093 

𝑊

𝐶°
(3.27) 

And, 

𝑅4 = 𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑒𝑒𝑟𝑠𝑙𝑜𝑡 + 𝑅𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑦𝑜𝑘𝑒 = 0.0423 
𝑊

𝐶°
(3.28) 

R5 is the resistance between inner tooth and winding tooth side. Inner tooth resistance can be 

calculated; 

𝑅𝑡𝑜𝑜𝑡ℎ𝑖𝑛𝑛𝑒𝑟. =
𝑅𝑡𝑜𝑜𝑡ℎ

2
= 0.0211

𝑊

𝐶°
(3.29) 

𝑅5 = 𝑅𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑠𝑙𝑜𝑡 + 𝑅𝑡𝑜𝑜𝑡ℎ𝑖𝑛𝑛𝑒𝑟 = 0.0531 
𝑊

𝐶°
(3.30) 

R6 is the airgap thermal resistance. There is a convection heat transfer through air gap so thermal 

resistance formula is; 

𝑅6 = 𝑅𝑎𝑖𝑟𝑔𝑎𝑝 =
1

ℎ𝑎𝑖𝑟𝑔𝑎𝑝 ∗ 𝐴𝑎𝑖𝑟𝑔𝑎𝑝

(3.31) 

The convection heat transfer coefficient can be found; 

ℎ𝑎𝑖𝑟𝑔𝑎𝑝 =
𝑁𝑢 ∗ 𝑘𝑎𝑖𝑟

𝑙𝑎𝑖𝑟𝑔𝑎𝑝

(3.32) 

To determine the Nusselt number, Taylor number should be found; 

𝑇𝑎 =
ρ𝑎𝑖𝑟

2 ∗ ⍵2 ∗ 𝑟𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ∗ 𝑙𝑎𝑖𝑟𝑔𝑎𝑝
3

µ2
(3.33) 

Density of air is 1.293 kg/m3, dynamic viscosity of air is 1.849*10-5 kg/ms, thermal conductivity 

of air is 26.24*10-3 W/m°C at 25 °C, average airgap Radius is 0.05425 m, the airgap thickness is 

0.0005 and angular speed is 104.72 rad/s. So, Taylor number is; 
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𝑇𝑎 =
1.2932 ∗ 104.722 ∗ 0.05425 ∗ 0.00053

1.849 ∗ 10−52 = 364 (3.34) 

The airgap thickness is too small so geometrical factor is considered 1. Since Taylor number is 

smaller than 1700, the Nusselt number is 2. Heat transfer coefficient of airgap is; 

ℎ𝑎𝑖𝑟𝑔𝑎𝑝 =
2 ∗ 26.24 ∗ 10−3

0.0005
= 104.96 

𝑊

𝑚2𝐶°
(3.35) 

The contact area between magnet and airgap is 0.044 m2. So thermal resistance of air gap is; 

𝑅6 = 𝑅𝑎𝑖𝑟𝑔𝑎𝑝 =
1

104.96 ∗ 0.044
= 0.22 

𝑊

𝐶°
(3.36) 

R7 is the resistance between magnet and rotor upper side. In this machine, surface magnet is used 

and the magnet is not covering the rotor 100%. So, it is important to define the angle of the 

magnet. The magnet shape is: 

 

 

 

 

 

 

 

 

To calculate the magnet resistance, radial thermal resistance formula can be used; 

𝑅𝑚𝑎𝑔𝑛𝑒𝑡 =
90

87

𝑙𝑛
54

46.5
2 ∗ 𝜋 ∗ 0.125 ∗ 10

= 0.0197 
𝑊

𝐶°
(3.37) 

The rotor resistance is; 

R=54mm
R=46.5mm

 

Figure 3.10. Magnet schematic view. 
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𝑅𝑟𝑜𝑡𝑜𝑟 =
𝑙𝑛

54
46.5

2 ∗ 𝜋 ∗ 0.125 ∗ 25
= 0.0512 

𝑊

𝐶°
(3.38) 

 

 

 

 

 

 

 

 

 

 

 

𝑅𝑟𝑜𝑡𝑜𝑟𝑜𝑢𝑡𝑒𝑟 =
𝑅𝑟𝑜𝑡𝑜𝑟

2
= 0.0256 

𝑊

𝐶°
(3.39) 

So; 

𝑅7 = 𝑅𝑟𝑜𝑡𝑜𝑟𝑜𝑢𝑡𝑒𝑟 + 𝑅𝑚𝑎𝑔𝑛𝑒𝑡 = 0.0453 
𝑊

𝐶°
(3.40) 

R8 is the resistance between rotor and shaft. The shaft is considered three pieces in this 

application. For R8, active shaft resistance which has contact with rotor and diameter is 34mm is 

calculated.  

𝑅8 = 𝑅𝑟𝑜𝑡𝑜𝑟𝑖𝑛𝑛𝑒𝑟 + 𝑅𝑠ℎ𝑎𝑓𝑡𝑎𝑐𝑡𝑖𝑣𝑒 (3.40) 

Inner rotor radial resistance is; 

𝑅𝑟𝑜𝑡𝑜𝑟𝑖𝑛𝑛𝑒𝑟 =
𝑅𝑟𝑜𝑡𝑜𝑟

2
= 0.0256 

𝑊

𝐶°
(3.41) 

R=17mm

R=54mm

 

Figure 3.11. Rotor schematic view. 
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To calculate the shaft resistance, the formula is; 

𝑅𝑠ℎ𝑎𝑓𝑡𝑎𝑐𝑡𝑖𝑣𝑒 =
𝑙

𝑘𝐴
=

𝑙

𝜋𝑟2𝑘
(3.42) 

Where l is the length of the shaft which contact length with rotor. L is 125mm for active shaft 

resistance.  

 

 

 

 

 

 

 

 

 

 

 

Active shaft resistance; 

𝑅𝑠ℎ𝑎𝑓𝑡𝑎𝑐𝑡𝑖𝑣𝑒 =
𝑙

𝑘𝐴
=

0.125

𝜋 ∗ 0.0172 ∗ 80
= 1.72 

𝑊

𝐶°
(3.43) 

So; 

𝑅8 = 𝑅𝑟𝑜𝑡𝑜𝑟𝑖𝑛𝑛𝑒𝑟 + 𝑅𝑠ℎ𝑎𝑓𝑡𝑎𝑐𝑡𝑖𝑣𝑒 = 1.745 
𝑊

𝐶°
(3.44) 

R9 is the axial resistance of the front and rear side between shaft and housing. The shaft is 

located symmetrical in the motor so front and rear side have same length which is 62.5mm. The 

resistance for shaft front and rear side is; 

R=17mm

R=14mm

 

Figure 3.12. Shaft schematic view. 
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𝑅𝑠ℎ𝑎𝑓𝑡𝑎𝑐𝑡𝑖𝑣𝑒 =
𝑙

𝑘𝐴
=

0.0625

𝜋 ∗ 0.0142 ∗ 80
= 1.26 

𝑊

𝐶°
(3.45) 

 

 

3.4.2. Thermal Capacitance Calculations of SPMSM 

 

 

 

 

The thermal capacitance of the material depends on the specific heat and mass. Material density 

and volume could be useful to find the mass information. Material specifications related to the 

capacitances is given in the table below. Thermal Capacitance can be calculated; 

 

Table 3-4. Thermal Properties of SPMSM for Capacitance Calculations. 

Motor Part Material Mass (Kg) 
Specific Heat 

Capacity (J/Kg°C) 

Housing Iron (Cast) 6.486 420 

Stator Lamination 

(Back Iron) 
M330-35A 8.139 490 

Stator Lamination 

(Tooth) 
M330-35A 3.235 490 

Winding Copper (Pure) 3.308 358 

Rotor Lamination M330-35A 5.494 490 

Magnet Recome 28 2.375 350 

Shaft Steel 2.019 447 
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𝐶 = 𝑚 ∗ 𝑐𝑝 (3.46) 

Where C is thermal capacitance, 𝑐𝑝 is the specific heat capacity and m is the mass of the material 

in kg. So thermal capacitance of the housing is; 

𝐶 = 6.486 ∗ 420 = 2724 
𝐽

𝐶°
(3.47) 

Stator lamination (back iron); 

𝐶 = 8.139 ∗ 490 = 3988 
𝐽

𝐶°
(3.48) 

Stator lamination (tooth); 

𝐶 = 3.235 ∗ 490 = 1585 
𝐽

𝐶°
(3.48) 

Winding; 

𝐶 = 3.308 ∗ 358 = 1184 
𝐽

𝐶°
(3.49) 

Rotor lamination; 

𝐶 = 5.494 ∗ 490 = 2692 
𝐽

𝐶°
(3.50) 

Magnet; 

𝐶 = 2.375 ∗ 350 = 831 
𝐽

𝐶°
(3.51) 

Shaft; 

𝐶 = 2.019 ∗ 447 = 902 
𝐽

𝐶°
(3.52) 

 

3.4.3. Losses of the SPMSM 

As we know, losses in the motor are converted into thermal energy and dissipated in different 

parts of the motor. To complete the model and analyze the system, heat generated by the motor 
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need to be determined. This thesis focuses on five different losses. These are stator back iron, 

stator tooth, armature copper, magnet and rotor iron losses. Mechanical losses were ignored 

during the model analysis. Since high speeds are not reached and the temperature values of the 

internal dynamics of the system are measured, the effects of these losses on the system are 

assumed to be zero. As a result of FEA analysis, motor losses are observed as follows. 

 

 

 

 

 

 

 

 

 

Table 3-5. Loss input data of SPMSM. 

SPMSM 

LOSS QUANTITY (Watts) 

Stator Back Iron 119.1 

Stator Tooth 82.04 

Magnet 0.70 

Rotor Back Iron 0.014 

Armature Copper 200.2 
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3.4.4. LPTN Model Simulation of Surface PMSM on PSIM and Temperature 

Prediction Results  

 

 

Figure 3.13. Simplified LPTN model view of SPMSM on PSIM software. 
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Figure 3.14. Winding model temperature prediction results. 

 

Figure 3.15. Back Iron temperature prediction results. 

 

Figure 3.16. Housing frame model temperature prediction results. 
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3.5. Thermal Model for Soft Magnetic Composite PMSM 
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Figure 3.17. Simplified model of SMC PMSM. 
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Table 3-6. Thermal Network Descriptions. 

RESISTANCE DESCRIPTION OF THERMAL RESISTANCES 

R1 Between Housing Frame And Ambient 

R2 Between Housing Frame And Stator Yoke 

R3 Between Stator Yoke And Stator Teeth 

R4 Between Stator Yoke And Slot 

R5 Between Teeth And Slot 

R6 Airgap Resistance 

R7 Between Rotor Upper Part And Inset Airgap 

R8 Between Magnet And Airgap 

R9 Between Inner Airgap And Rotor Inner Part 

R10 Between Magnet And Rotor Inner Part 

R11 Between Magnet And Rotor Upper Part 

R12 Between Rotor Inner Part And Shaft 

R13 Between Shaft (Front Side) And Ambient 

R14 Between Shaft (Rear Side) And Ambient 

CAPACITANCE DESCRIPTION OF THERMAL CAPACITANCES 

C1 Housing Frame 

C2 Stator Lamination (Back Iron) 

C3 Stator Lamination (Tooth) 

C4 Winding 

C5 Magnet 

C6 Rotor Lamination (Upper) 

C7 Rotor Lamination (Inner) 

C8 Shaft 

LOSSES DESCRIPTION OF LOSSES 

wl Winding Losses 

sbil Stator Back Iron Losses 

tl Stator Tooth Losses 

ml Magnet Losses 

rl Rotor Back Iron Losses 

 



 

57 

 

 

3.5.1. Thermal Resistance Calculations for SMC PMSM 

R1 is the thermal resistance between ambient and housing frame. Since the convection heat 

transfer occurs on that region, the formula of the thermal resistance is; 

𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
1

ℎ𝐴
(3.53) 

where h is the convection heat transfer coefficient, A is the contact area between housing and the 

ambient. The contact area is 0.4437 m2 of the frame, and convection heat transfer coefficient of 

the air is 10 W/m2Co. So R1 is calculated; 

𝑅1 = 𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
1

10 ∗ 0.4437
= 0.2254 

𝑊

𝐶°
(3.54) 

 

Table 3-7. Thermal properties for resistance calculations. 

Motor Part Material 
Thermal Conductivity 

(W/M°C) 

Housing Iron (Cast) 52 

Stator Lamination (Back 

Iron) 
Hoganas 700HR 1P 30 

Stator Lamination (Tooth) Hoganas 700HR 1P 30 

Winding Copper (Pure) 401 

Rotor Lamination Ak Steel M-36 73 

Magnet N30UH 7.6 

Shaft Steel  52 
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There is a resistance between housing frame and stator yoke. Stator yoke is separated 2 parts. 

First part is called stator yoke upper which has contact with housing frame. The other part is 

stator yoke inner part which has contact with slots and tooth. R2 is the thermal resistance between 

frame and stator yoke upper parts. In that region there are three different resistances. These are 

housing radial thermal resistance, stator yoke radial thermal resistance and contact resistance 

between housing and stator yoke.  

𝑅2 = 𝑅ℎ𝑜𝑢𝑠𝑖𝑛𝑔 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝑅𝑦𝑜𝑘𝑒𝑜𝑢𝑡𝑒𝑟 (3.55) 

Rhousing is the radial thermal resistance of the frame and it can be calculated; 

𝑅ℎ𝑜𝑢𝑠𝑖𝑛𝑔 =
𝑙𝑛

𝑟𝑜ℎ

𝑟𝑖ℎ

2 ∗ 𝜋 ∗ 𝑙 ∗ 𝑘
 

Where is k is the thermal conductivity of the material, l is the length, roh is the outer Radius of the 

frame, rih is the inner Radius of the frame.  

 

 

 

 

 

 

 

 

 

 

 

Rhousing is; 

𝑅ℎ𝑜𝑢𝑠𝑖𝑛𝑔 =
𝑙𝑛

95
90

2 ∗ 𝜋 ∗ 0.08 𝑚 ∗ 52
= 0.002068 

𝑊

𝐶°
(3.56) 

 

r=90mm

r=95mm

 

Figure 3.18. Housing frame schematic view. 
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Ryokeouter is; 

𝑅𝑦𝑜𝑘𝑒𝑜𝑢𝑡𝑒𝑟 =
𝑙𝑛

90
85

2 ∗ 𝜋 ∗ 0.08𝑚 ∗ 30
= 0.0038 

𝑊

𝐶°
 (3.57) 

 

 

 

 

 

 

 

 

 

 

 

Rcontact is the contact resistance between housing and stator yoke. To calculate the contact 

resistance, for the gap between two materials, Motor-Cad interface material is used for 

calculations. The gap between lamination and metal is taken 0.03mm which is average surface 

contact number of the model. The thermal conductivity of the material is 0.03171 W/m°C. Rcontact 

is; 

𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 =
𝑙𝑛

90.03
90

2 ∗ 𝜋 ∗ 0.08 ∗ 0.03171
= 0.0209 

𝑊

𝐶°
 (3.58) 

So; 

𝑅2 = 𝑅ℎ𝑜𝑢𝑠𝑖𝑛𝑔 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝑅𝑦𝑜𝑘𝑒𝑜𝑢𝑡𝑒𝑟 = 0.0268 
𝑊

𝐶°
 (3.59) 

The thermal resistances between stator yoke inner slots side and slot and from stator yoke inner 

tooth side to tooth is called R4 and R3 respectively. The stator yoke inner thermal resistance 

depends on the angle relations of the tooth and slots. In this model the angle of the stator teeth is 

r=85mm

r=90mm

 

Figure 3.19. Stator yoke upper side schematic view. 
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10° and the angle of the slot is 20°. Since there are 12 slots on the stator, each part is 30° 

mechanical.  

 

 

 

 

 

 

 

 

 

 

The resistance of stator yoke inner side; 

𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑛𝑒𝑟 =
𝑙𝑛

85
81.6

2 ∗ 𝜋 ∗ 0.08 ∗ 30
= 0.0027 

𝑊

𝐶°
(3.60) 

For tooth side: 

𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑒𝑒𝑟𝑡𝑜𝑜𝑡ℎ = 𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑛𝑒𝑟 ∗
30°

10°
= 0.00972 

𝑊

𝐶°
(3.61) 

For slot side: 

𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑒𝑒𝑟𝑠𝑙𝑜𝑡 = 𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑛𝑒𝑟 ∗
30°

20°
= 0.0037 

𝑊

𝐶°
(3.62) 

To find the R3 and R4, the thermal resistance of winding and tooth should be calculated. The 

tooth is separated three different parts to find the total resistance of the tooth. The angle of inner 

tooth which has contact with airgap is 24° and upper side of tooth has 10° mechanical angle. As 

you can see in the figure 3.21, there are 3 different areas to determine the total resistance.  

Tooth resistance is; 

𝑅𝑡𝑜𝑜𝑡ℎ = 𝑅𝐴1 + 𝑅𝐴2 + 𝑅𝐴3 (3.63) 

r=81.6mm

r=85mm
Tooth Side

Slot Side

 

Figure 3.20. Stator yoke inner side schematic view. 
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In this case all resistances are radial, so it is important to determine the angle and Radius 

information of the parts. Thermal resistances of A1, A2 and A3 are; 

𝑅𝐴1 =
30°

24°

𝑙𝑛
61.5
57.5

2 ∗ 𝜋 ∗ 0.08 ∗ 30
= 0.0056 

𝑊

𝐶°
(3.64) 

𝑅𝐴2 =
30

17

𝑙𝑛
65.75
61.5

2 ∗ 𝜋 ∗ 0.08 ∗ 30
= 0.0078 

𝑊

𝐶°
(3.65) 

𝑅𝐴3 =
30

10

𝑙𝑛
56.5
54.5

2 ∗ 𝜋 ∗ 0.08 ∗ 30
= 0.043 

𝑊

𝐶°
(3.66) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑅𝑡𝑜𝑜𝑡ℎ = 0.0564 
𝑊

𝐶°
(3.67) 

𝑅𝑡𝑜𝑜𝑡ℎ𝑜𝑢𝑡𝑒𝑟 =
𝑅𝑡𝑜𝑜𝑡ℎ

2
= 0.0282

𝑊

𝐶°
(3.68) 

A1

A2

A3

r=57.5mm

r=61.5mm

r=65.75mm

r=81.6mm

 

Figure 3.21. Stator tooth schematic view. 
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𝑅𝑡𝑜𝑜𝑡ℎ𝑖𝑛𝑛𝑒𝑟. =
𝑅𝑡𝑜𝑜𝑡ℎ

2
= 0.0282

𝑊

𝐶°
(3.69) 

Stator tooth has 2 contacts. These are slots and stator yoke. Inner tooth is considered for contact 

of slots and upper side is considered for contact of yoke. So R3 and R4 are; 

𝑅3 = 𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑛𝑒𝑟𝑡𝑜𝑜𝑡ℎ + 𝑅𝑡𝑜𝑜𝑡ℎ𝑜𝑢𝑡𝑒𝑟 = 0.0379 
𝑊

𝐶°
(3.70) 

To calculate the R4 and R5, the winding resistance should be found to contribution of the 

resistances. Winding resistance can be calculated; 

𝑅𝑤 =
𝑅𝑥 ∗ 𝑅𝑦

𝑁𝑠 ∗ 𝑙 ∗ (𝑅𝑥 + 𝑅𝑦)
∗ (1 −

𝑅𝑥0 ∗ 𝑅𝑐0

720𝑅𝑥 ∗ 𝑅𝑦
) (3.71) 

To determine the 𝑅𝑥 and 𝑅𝑦, the contrubition of slot material in thermal resistance; 𝑥2 is 18 mm, 

𝑥3 is 30 mm, insulation thickness is 0.1 mm, airfilm insulation is 0.2 mm, equivalent thickness of 

insulaiton is d = 0.3 mm, the area of the slot is 501 mm2, Kf is the 0.35, distance between two 

layer is t = 0.05 mm, keq is 30.8 W/m°C, ki is 0.21 W/m°C and kair is 0.03171 W/m°C.  

𝑏 =
𝑥2 + 𝑥3

2
− 2𝑑 =

0.0018 + 0.003

2
− 2 ∗ 0.0003 = 0.0234 𝑚 (3.72) 

ℎ =
2 ∗ 𝐴𝑠𝑙𝑜𝑡

𝑥2 + 𝑥3
− 2𝑑 =

2 ∗ 0.000501

0.0018 + 0.003
− 2 ∗ 0.0003 = 0.02027 𝑚 (3.73) 

𝑅𝑥0 =
𝑏

(ℎ − 𝑡)𝑘𝑒𝑞
=

0.0234

(0.02027 − 0.00005) ∗ 30.8
= 0.0374 

𝑚𝐶°

𝑊
(3.74) 

𝑅𝑐0 =
ℎ − 𝑡

𝑏 ∗ 𝑘𝑒𝑞
=

0.02027 − 0.00005

0.0234 ∗ 30.8
= 0.0282 

𝑚𝐶°

𝑊
(3.75) 

𝑅𝑖𝑥 =
𝑑𝑖

ℎ ∗ 𝑘𝑖
+

𝑑𝑎

ℎ ∗ 𝑘𝑎𝑖𝑟
=

0.0001

0.02027 ∗ 0.21
+

0.0002

0.02027 ∗ 0.03171
= 0.3346 

𝑚𝐶°

𝑊
(3.76) 

𝑅𝑖𝑦 =
𝑑𝑖

𝑏 ∗ 𝑘𝑖
+

𝑑𝑎

𝑏 ∗ 𝑘𝑎𝑖𝑟
=

0.0001

0.0234 ∗ 0.21
+

0.0002

0.0234 ∗ 0.03171
= 0.2899 

𝑚𝐶°

𝑊
 (3.77) 

𝑅𝑥 =
1

2
(𝑅𝑖𝑥 +

𝑅𝑥0

6
) = 0.1704 

𝑚𝐶°

𝑊
  (3.78) 
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𝑅𝑦 =
1

2
(𝑅𝑖𝑦 +

𝑅𝑦0

6
) = 0.1472 

𝑚𝐶°

𝑊
(3.79) 

The motor has 12 slots and the length of the coil is 0.08 m. The total resistance of winding is 

equal to; 

𝑅𝑤 =
0.1704 ∗ 0.1472

12 ∗ 0.08 ∗ (0.1704 + 0.1472)
∗ (1 −

0.0374 ∗ 0.0282

720 ∗ 0.1704 ∗ 0.1472
) = 0.009975 (3.80) 

Since the rectangular copper is used for this application, the resistance between winding and 

stator yoke is equal to; 

𝑅𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑦𝑜𝑘𝑒 =
𝑙

𝑁𝑠 ∗ 𝐴𝑐𝑢 ∗ 𝑘𝑐𝑢
=

0.08

12 ∗ 0.00017535 ∗ 401
= 0.095 

𝑊

𝐶°
(3.81) 

 

 

𝑅4 = 𝑅𝑦𝑜𝑘𝑒𝑖𝑛𝑒𝑒𝑟𝑠𝑙𝑜𝑡 + 𝑅𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑦𝑜𝑘𝑒 = 0.1156 
𝑊

𝐶°
(3.82) 

R5 is the thermal resistance between winding and tooth. So R5 is; 

𝑅5 = 𝑅𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑡𝑜𝑜𝑡ℎ + 𝑅𝑡𝑜𝑜𝑡ℎ𝑖𝑛𝑛𝑒𝑟 = 0.522 
𝑊

𝐶°
(3.83) 

R6 is the airgap thermal resistance. Since convection heat transfer occurs on airgap, the airgap 

thermal resistance can be calculated; 

𝑅6 = 𝑅𝑎𝑖𝑟𝑔𝑎𝑝 =
1

ℎ𝑎𝑖𝑟𝑔𝑎𝑝 ∗ 𝐴𝑎𝑖𝑟𝑔𝑎𝑝

(3.84) 

The convection heat transfer coefficient can be found; 

ℎ𝑎𝑖𝑟𝑔𝑎𝑝 =
𝑁𝑢 ∗ 𝑘𝑎𝑖𝑟

𝑙𝑎𝑖𝑟𝑔𝑎𝑝

(3.85) 

To determine the Nusselt number, Taylor number should be found; 

𝑇𝑎 =
ρ𝑎𝑖𝑟

2 ∗ ⍵2 ∗ 𝑟𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ∗ 𝑙𝑎𝑖𝑟𝑔𝑎𝑝
3

µ2
(3.86) 
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Density of air is 1.293 kg/m3, dynamic viscosity of air is 1.849*10-5 kg/ms, thermal conductivity 

of air is 26.24*10-3 W/m°C at 25°C, average airgap Radius is 0.0.056 m, the average airgap 

thickness is 0.003 and angular speed is 356 rad/s. So, Taylor number is 

𝑇𝑎 =
1.2932 ∗ 3562 ∗ 0.056 ∗ 0.0033

1.849 ∗ 10−52 = 937076 (3.87) 

The airgap thickness is too small so geometrical factor is considered 1. The Taylor number is 

between 104 and 107, so Nusselt number can be calculated; 

𝑁𝑢 = 0.409𝑇𝑎0.241 = 11.25 (3.88) 

Heat transfer coefficient of airgap is; 

ℎ𝑎𝑖𝑟𝑔𝑎𝑝 =
11.25 ∗ 26.24 ∗ 10−3

0.003
= 98.4 

𝑊

𝑚2𝐶°
(3.89) 

The contact area between rotor and airgap is 0.028 m2. So thermal resistance of air gap is; 

𝑅6 = 𝑅𝑎𝑖𝑟𝑔𝑎𝑝 =
1

98.4 ∗ 0.028
= 0.38 

𝑊

𝐶°
(3.90) 

 

Also, there is an inner airgap inside the rotor. Since the Radius of inset airgap is half, the 

resistance of inset airgap is assumed 0.19 W/°C. In the rotor side, magnet is located rectangular 

shape so there are to different resistance are calculated for magnet. One of them is radial direction 

from rotor to airgap, another one is axial resistance between magnet and rotor. Rotor also has two 

parts. Rotor inner part is between shaft to magnet, and rotor outer part is between rotor magnet 

and airgap. In the model, R7 is the thermal resistance between rotor upper part and inset airgap. 

As you can see on the design, there is a hole near the magnet and this hole is named as a inset 

airgap. R7 is; 

𝑅7 = 𝑅𝑟𝑜𝑡𝑜𝑟𝑢𝑝𝑝𝑒𝑟 +
𝑅𝑖𝑛𝑠𝑒𝑡𝑎𝑖𝑟𝑔𝑎𝑝

2
(3.91) 

Also, the rotor outer Radius is not same for all position. The highest radius is 56.5mm and the 

lowest radius is 52.5 mm. So, for the formula the outer Radius of the rotor is considered the 

average value which is 54.5mm. To find the rotor upper part resistance; 
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𝑅𝑟𝑜𝑡𝑜𝑟𝑢𝑝𝑝𝑒𝑟 =
𝑙𝑛

54.5
29.22

2 ∗ 𝜋 ∗ 0.08 ∗ 73
= 0.0203 

𝑊

𝐶°
(3.91) 

The inset airgap resistance is determined 0.18 W/°C. So R7 is; 

𝑅7 = 𝑅𝑟𝑜𝑡𝑜𝑟𝑢𝑝𝑝𝑒𝑟 +
𝑅𝑖𝑛𝑠𝑒𝑡𝑎𝑖𝑟𝑔𝑎𝑝

2
= 0.1

𝑊

𝐶°
(3.92) 

 

 

 

 

 

 

 

 

 

r=29.22mm

r=54.5mm

 

Figure 3.22. Rotor upper side schematic view. 

 

23.25mm

r= 29.22

r= 52.42

 

Figure 3.23. Magnet schematic view. 
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R8 is the radial thermal resistance of the upper side of the magnet. The angle of the magnet is not 

same for all positions because of the shape of the magnet. The highest angle is 8° and the lowest 

angle is 4°. So, the average angle which is 4° is used for the formula. The radial resistance of the 

magnet is;  

𝑅𝑚𝑎𝑔𝑛𝑒𝑡𝑟𝑎𝑑𝑖𝑎𝑙 =
36°

6°

𝑙𝑛
52.42
29.22

2 ∗ 𝜋 ∗ 0.08 ∗ 7.6
= 0.0256 

𝑊

𝐶°
(3.93) 

So R8 can be calculated; 

𝑅8 =
𝑅𝑚𝑎𝑔𝑛𝑒𝑡𝑟𝑎𝑑𝑖𝑎𝑙

2
= 0.0128

𝑊

𝐶°
(3.94) 

 

 

 

 

 

 

 

 

 

 

R9 is the resistance between inner airgap and rotor inner part. So R9 is; 

𝑅9 = 𝑅𝑟𝑜𝑡𝑜𝑟𝑖𝑛𝑛𝑒𝑟 +
𝑅𝑖𝑛𝑠𝑒𝑡𝑎𝑖𝑟𝑔𝑎𝑝

2
(3.95) 

To find the rotor inner part, the radial thermal resistance formula is applied;  

𝑅𝑟𝑜𝑡𝑜𝑟𝑖𝑛𝑛𝑒𝑟 =
𝑙𝑛

29.22
16.75

2 ∗ 𝜋 ∗ 0.08 ∗ 73
= 0.0152 

𝑊

𝐶°
(3.96) 

r=16.75mm

r=29.22mm

 

Figure 3.24. Rotor inner side schematic view. 
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𝑅9 = 𝑅𝑟𝑜𝑡𝑜𝑟𝑖𝑛𝑛𝑒𝑟 +
𝑅𝑖𝑛𝑠𝑒𝑡𝑎𝑖𝑟𝑔𝑎𝑝

2
= 0.976 

𝑊

𝐶°
(3.97) 

R10 is the resistance between magnet and rotor inner part on radial way; 

𝑅10 =
𝑅𝑚𝑎𝑔𝑛𝑒𝑡𝑟𝑎𝑑𝑖𝑎𝑙

2
+ 𝑅𝑟𝑜𝑡𝑜𝑟𝑖𝑛𝑛𝑒𝑟 = 0.204 

𝑊

𝐶°
(3.98) 

Also, there is a thermal resistance between magnet and rotor upper part is called R11. In this 

region there is an axial heat flow from magnet to rotor upper part. The axial magnet resistance is; 

𝑅𝑚𝑎𝑔𝑛𝑒𝑡𝑎𝑥𝑖𝑎𝑙 =
𝑙

𝑘𝐴
=

0.002 𝑚

0.02325 𝑚 ∗ 0.08 𝑚 ∗ 7.6
= 0.1415 

𝑊

𝐶°
(3.99) 

So R11; 

𝑅11 =
𝑅𝑟𝑜𝑡𝑜𝑟𝑢𝑝𝑝𝑒𝑟

2
+ 𝑅𝑚𝑎𝑔𝑛𝑒𝑡𝑎𝑥𝑖𝑎𝑙 = 0.15

𝑊

𝐶°
(3.100) 

 

 

 

 

 

 

 

 

 

 

 

 

R12 is the resistance between shaft and rotor inner part. The shaft is considered three pieces. For 

R12, active shaft resistance which has contact with rotor and radius is 16.75 mm is calculated. 

Active shaft resistance is; 

r=16.75mm

r=12.5mm

80mm

70mm

 

Figure 3.25. Rotor schematic view. 
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𝑅𝑠ℎ𝑎𝑓𝑡𝑎𝑐𝑡𝑖𝑣𝑒 =
𝑙

𝑘𝐴
=

0.08

𝜋 ∗ 0.016752 ∗ 52
= 1.745 

𝑊

𝐶°
(3.101) 

So R12; 

𝑅12 = 𝑅𝑟𝑜𝑡𝑜𝑟𝑖𝑛𝑛𝑒𝑟 + 𝑅𝑠ℎ𝑎𝑓𝑡𝑎𝑐𝑡𝑖𝑣𝑒 = 1.753
𝑊

𝐶°
(3.102) 

R13 and R14 are the axial resistances of the front and rear side between shaft and housing. The 

shaft is located symmetrical in the motor so front and rear side have same length which is 70 mm. 

The resistances for shaft front and rear side are; 

𝑅13 = 𝑅14 = 𝑅𝑓𝑟𝑜𝑛𝑡−𝑟𝑒𝑎𝑟 =
𝑙

𝑘𝐴
=

0.07

𝜋 ∗ 0.01252 ∗ 80
= 2.74 

𝑊

𝐶°
(3.103) 

 

3.5.2. Thermal Capacitance Calculations of SMC PMSM 

 

 

Table 3-8. Thermal specifications for capacitance calculations. 

Motor Part Material Mass (Kg) 
Specific Heat 

Capacity (J/Kg°C) 

Housing Iron (Cast) 5.64 420 

Stator Lamination 

(Back Iron) 

Hoganas 700HR 

1P 
2.902 550 

Stator Lamination 

(Tooth) 

Hoganas 700HR 

1P 
2.094 550 

Winding Copper (Pure) 1.6 385 

Rotor Lamination 

(Inner) 
Ak Steel M-36 1.089 420 

Rotor Lamination 

(Outer) 
Ak Steel M-36 2 420 

Magnet Recome 28 2.375 350 

Shaft Steel 2.019 447 
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Thermal capacitance of the material can be calculated; 

𝐶 = 𝑚 ∗ 𝑐𝑝 

Thermal capacitance of housing frame; 

𝐶 = 5.64 𝑘𝑔 ∗ 420 
𝐽

𝑘𝑔𝐶°
= 2369 

𝐽

𝐶°
 

Stator lamination (back iron); 

𝐶 = 2.902 𝑘𝑔 ∗ 550 
𝐽

𝑘𝑔𝐶°
= 1596 

𝐽

𝐶°
 

Stator lamination (tooth); 

𝐶 = 2.094 𝑘𝑔 ∗ 550 
𝐽

𝑘𝑔𝐶°
= 1151 

𝐽

𝐶°
 

Winding; 

𝐶 = 1.6 𝑘𝑔 ∗ 385 
𝐽

𝑘𝑔𝐶°
= 616 

𝐽

𝐶°
 

Rotor (inner); 

𝐶 = 1.089 𝑘𝑔 ∗ 420 
𝐽

𝑘𝑔𝐶°
= 458 

𝐽

𝐶°
 

Rotor (outer); 

𝐶 = 2 𝑘𝑔 ∗ 420 
𝐽

𝑘𝑔𝐶°
= 840 

𝐽

𝐶°
 

Magnet; 

𝐶 = 0.433 𝑘𝑔 ∗ 460 
𝐽

𝑘𝑔𝐶°
= 616 

𝐽

𝐶°
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3.5.3. Losses of the SMC PMSM 

 

The assumptions made for SPMSM are also considered for SMC PMSM. Losses in the system; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-9. Loss inputs of SMC PMSM. 

SMC PMSM 

LOSS QUANTITY (Watts) 

Stator Back Iron 89 

Stator Tooth 131 

Magnet 3.362 

Rotor Back Iron 1.49 

Armature Copper 89.6 
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3.5.4. LPTN Model Simulation in PSIM and Temperature Prediction Results of SMC 

PMSM 

 

 

Figure 3.26. Simplified model of SMC PMSM on PSIM software. 
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Figure 3.27. Winding model temperature prediction results. 

 

Figure 3.28. Back Iron model temperature prediction results. 

 

Figure 3.29. Housing Frame Temperature Prediction results. 
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3.6. Summary 

In this section, thermal modeling analyses of two different designs of PMSMs with 

approximately the same power are presented. Two thermal circuits with two different geometrical 

structures are designed. Resistance and capacitance calculations are made for these thermal 

circuits. In order to calculate these parameters, the thermal conductivity, specific heat capacity 

and physical dimensions of the components inside the motor were determined. A network 

structure connecting each component is analyzed and temperature parameters are estimated. For 

resistance calculations, the geometrical structure was analyzed and each unit was calculated with 

numerical data. As a result of the calculations, the circuit was completed and analyzed with 

electrical circuit analysis on PSIM software and the temperature rise was monitored. Temperature 

increases are shown by transient plots for both motors. As expected, the temperature rise of the 

motor with higher speed and current value was approximately twice as fast. According to the 

results of the modeling, the winding is the hottest region for both motors, while the housing 

region, which has direct contact with the environment, is the coldest region. In the next chapter, 

thermal experiments and simulations are made for both motors to compare the results between 

the thermal model, simulation and experiment.  

 

  



 

74 

 

4. THERMAL EXPERIMENT OF SPMSM AND SMC PMSM 

To run thermal experiments for the SPMSM and SMC PMSM electric motors, temperature 

sensors were placed at various points inside the motor. Six of them were placed in the end 

winding area, four in the stator back iron area, one on the stator back iron surface and the last one 

on the housing frame for SPMSM. The ambient temperature is 24 °C for SPMSM experiment and 

26 °C for the SMC PMSM experiment. 

Sensors 1, 3 and 5 are placed on the end winding facing the front of the motor. Sensors 6, 8 

and 10 are placed on the rear end winding of the motor. Sensors 2 and 4 are placed in the stator 

back iron facing the front side and sensors 7 and 9 are placed in the rear facing part. Sensor 12 is 

placed on the stator back iron surface, while sensor 11 is positioned on the housing frame surface. 

The reason for using more than one sensor for areas inside the motor is that some areas inside the 

motor heat up more than others. So, there may be irregular heat transfer inside the motor. To 

prevent this, more reliable results can be obtained by averaging the values recorded by the 

sensors placed in different regions. The data from these sensors were collected and then averaged 

and compared with the simulation and thermal model. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.1. Sensor locations on the electric motor. 
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For the SMC PMSM we could not have chance to open the motor so 5 sensors are placed. 

One sensor placed on active windings. Since the temperature of windings are different on each 

point, the sensor temperature is considered average temperature of windings. On the other hand, 

two sensors are placed on stator back iron so we have option to take the average. Also, other two 

sensors are located on the different parts of frame to estimate the average temperature. Since we 

have more option to put the thermistors on SPMSM, we would be able to have better results.  

4.1. Experiment Setup 

A dyno system was used to run the electric motor. SPMSM was operated at 1000 rpm and at 

full load and SMC PMSM was operated 3400 rpm at half load. When running thermal tests, the 

time required for the thermal steady state to reach can vary and take a long time depending on the 

motor type, applied current intensity, motor load and cooling systems. In this experiment, for 

SPMSM the peak current at full load was set to 16 A and the test continued until the steady state 

temperature of the motor was reached. After about four hours, the system has stabilized and the 

motor has reached steady state temperature. For SMC PMSM there were some limitations to 

reach steady state and full load. Firstly, applying 170 A current to the motor takes some time 

which is not good for the thermal measurement. If we cannot apply 170 A current in 1 minute, 

the transient graph of the temperature will change. The reason of this the motor temperature will 

rise until reach to full load conditions, so it will give wrong results for the experiment aim. On 

the other hand, the system cannot reach steady state temperature because of the temperature 

limits of the motor insulations. The operation temperature is determined maximum 120 °C to 

protect the insulation. According to simulation and model predictions, the temperature will 

 

Figure 4.2. Sensor placement on electric motor. 
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increase to 150 °C, which is higher than limitations. Therefore, the experiment should stop when 

the temperature reaches 100 °C to protect the motor. After these limitations, the experiment could 

run around one hour and in one hour the hottest point of the motor increased 100 °C.  The 

experimental system is based on different components as shown in the figure. First, the electric 

motor was placed on the bench and its alignment with the dyno was adjusted. Alignment is very 

critical for the motor to remain stable during the experiment and for the system to operate 

robustly at a certain level. If the alignment is not done, the motor can be mechanically damaged 

and cause breakdowns. The experimental set-up contains has a dyno system with 13 kW capacity. 

It allows the motor to be tested against a real-time load value. In addition, the system can be 

controlled by computer thanks to the Opal-Rt real-time simulation equipment used in the system. 

DAQ circuit is used to collect the temperature data from the sensors and obtain numerical values. 

Inverter is also included in the system to adjust the voltage and current. Variac is used to control 

the voltage received from the supply. You can see the positions of all components in the figure. 

SPMSM and SMC PMSM motors are tested on some bench and same conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Experiment Setup. 

 



 

77 

 

4.2. Temperature Results of the Experiment 

4.2.1. SPMSM Experiment Temperature Results 

As a result of the 4-hours experiment, the temperature values were obtained without any 

problems. When all the temperature data were collected and the average data at the relevant 

points were calculated, as predicted, the hottest area was the windings. The winding temperature 

reached 70 degrees Celsius within one hour. The temperature increase was then seen to reach 80 

degrees within 2 hours and 90 degrees at the end of about four hours with the slowing down of 

the heat transfer. In the stator back iron section with different sensors, the temperature reached an 

average of 85 degrees at the end of the experiment. Unlike the windings, this area heated up later 

and reached 75 degrees at the end of 2 hours. As expected, the housing region, which has direct 

contact with the ambient and transfers heat to the ambient through natural convection, was the 

region that heated up the latest and reached the lowest temperature. Reaching 80 degrees in about 

2.5 hours, the housing reached 83 degrees according to the data obtained at the end of the 

experiment.  

 

Figure 4.4. SPMSM winding experiment results. 

24.04

52.75

64.78

72.75
78.30

82.60
85.80 87.47 88.71 89.47 89.92

20

30

40

50

60

70

80

90

100

110

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 3.9

T
E

M
P

E
R

A
T

U
R

E
 (

°C
)

TIME (h)

WINDING EXPERIMENT RESULTS



 

78 

 

 

Figure 4.5. SPMSM back iron experiment results. 

 

Figure 4.6. SPMSM housing frame experiment results. 

4.2.2. SPMSM Simulation Temperature Results 

MOTOR-CAD simulation software was used for FEA results. The reason for choosing this 

software for simulation is that it supports the LPTN method and provides comparisons. 

According to the simulation results, the temperature data obtained show a difference of 3-4 

degrees compared to the experimental results. According to the simulation data, although the 

transient graph is similar to the experiment, it shows different values at steady state. For example, 

for the winding temperature, it reached approximately 93 degrees as a result of a 4-hour 

simulation. While the back iron temperature was 89 degrees, the housing temperature was 

simulated to be approximately 84 degrees.   
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Figure 4.7. SPMSM winding simulation results. 

 

Figure 4.8. SPMSM back iron simulation results. 

 

Figure 4.9. SPMSM housing frame simulation results. 
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4.2.3. SMC PMSM Experiment Temperature Results  

After a 45-minute experiment, the system reached the specified temperature limit conditions. 

As expected, the winding temperature increased rapidly due to the high current applied. At the 

end of the experiment, it was noted that the winding temperature reached approximately 100 

degrees Celsius. While the winding temperature increased by 14 degrees in the first five minutes, 

the temperature increase was less than 4 degrees in the last five minutes. This result can be 

estimated that the winding temperature will be around 120 degrees at half load and steady state. 

The temperature difference between the parts was observed to be high because the temperature 

increase was too fast and the system could not reach the steady state point. The stator back iron 

temperature was above 85 degrees Celsius at the end of the experiment, while the housing 

temperature remained below 75 degrees Celsius. When approximation is made, it is seen that the 

stator back iron temperature can rise above 100 degrees when the steady state is reached and it is 

predicted that this temperature can damage the system. In the part that is in direct contact with the 

ambient and radiates heat to the environment through natural convection, the housing temperature 

reaching 100 degrees can damage electronic components that may be around it. 

 

 

Figure 4.10. SMC PMSM winding experiment temperature results. 
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Figure 4.11. SMC PMSM back iron experiment temperature results. 

 

Figure 4.12. SMC PMSM housing frame experiment temperature results. 

4.2.4. SMC PMSM Simulation Temperature Results 

MOTOR-CAD simulation software was used for FEA results. When the simulation results 

were obtained, although the transient graphs were similar to the experimental data, the 

temperature data at the end of 45 minutes showed differences. The highest temperature value 

measured in the windings where the temperature increase was expected to be the highest was 

below 90 degrees. On the other hand, the stator back iron temperature was about 80 degrees 

while the housing temperature was below 75 degrees. 
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Figure 4.13. SMC PMSM winding simulation results. 

 

Figure 4.14. SMC PMSM back iron simulation results. 

 

Figure 4.15. SMC PMSM housing frame simulation results. 
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4.3. Temperature Comparisons According to Experiment, Motor-Cad 

Simulation and Lumped Parameter Thermal Network (LPTN) Model 

Results 

4.3.1. SPMSM Temperature Comparisons 

 

Figure 4.16. SPMSM winding temperature comparisons. 

 

Figure 4.17. SPMSM back iron temperature comparisons. 
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Figure 4.18. SPMSM housing frame temperature comparisons. 

 

When the experimental, simulation and model prediction data were obtained, it was seen that 

all data for the SPMSM model almost matched each other. When the winding temperatures are 

compared, the simulation result shows a 3-percent margin of error compared to the experimental 

data, while the modeling result shows a lower than 2-percent error. When analyzed, the highest 

percentage of error was observed in stator back iron measurements. Compared to the 

experimental data, a simulation result showed a result of 4 percent deviation. In the analysis of 

temperature predictions made as a result of modeling, the highest error is in the housing region. 

While the margin of error was 1 percent for simulation, this rate increased to 3 percent for 

modeling. In summary, the maximum temperature difference according to the simulation 

parameters is 4 degrees, while for modeling it is 3 degrees. When the whole model is analyzed 

and predicted correctly, the results are acceptable. In addition, the fact that all the results match 

each other indicates that the modeling is correct and the theory works properly for this motor. In 

addition, as a result of the tests performed before comparing the simulation with the experiment, 

all electromagnetic parameters were matched and the real and simulation conditions were parallel 

to each other, which increased the accuracy of the results. 
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4.3.2. SMC PMSM Temperature Comparisons 

 

Figure 4.19. SMC PMSM winding temperature comparisons. 

 

Figure 4.20. SMC PMSM back iron temperature comparisons. 
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Figure 4.21. SMC PMSM housing frame temperature comparisons. 
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and stator structure is very complex, some assumptions have been made on the geometry such as 

the average radius calculations. In addition, the interpenetration of different materials made the 

heat dissipation estimation difficult. On the other hand, when the motor simulations were made, 

an exact geometric design could not be achieved due to some design limitations. For example, the 

air gaps in the rotor could not be designed in the simulation. In addition, the new generation 
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simulation. All these parameters were simulated with the data containing the closest results. The 

complex structure of the motor components has caused problems in formula solutions during 
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winding temperatures is about 10 degrees, while the result obtained from modeling differences by 
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5 degrees. As can be seen in the figure, the difference between simulation data and experimental 

data for winding temperatures is about 10 degrees, while the result obtained from modeling 

differences by 5 degrees. In proportion, whereas the simulation error is 10 percent, the modeling 

error is measured as 5 percent. For the stator back iron, the simulation gave an error of 8 percent 

when the modeling predicted almost the same temperature value. On the other hand, for the 

housing temperature, the simulation data is accurate with an error of about 2 percent, while the 

modeling error is approximately 5 percent. When all the parameters were calculated and 

compared, the modeling itself gave a more realistic result as it was calculated based on the 

characteristics of the real geometric structure. The accuracy factor for modeling is 5 percent or 

less, which is acceptable even if the error rate increases in complex motors. 

4.4. Summary 

This section describes the real-time experiments and simulation results for PMSM motors. 

For the experimental studies, the critical temperature was set as 100 C and the experiment was 

terminated when the system exceeded this temperature. Temperature sensors were placed inside 

the motors to collect temperature data and these data were analyzed during operation. In addition, 

simulation data and experimental data are compared and error margins are analyzed. As a result 

of the experiments, SPMSM reached the steady state temperature and the experiment was carried 

out for about 4 hours. For SMC PMSM, the critical temperature was reached in about 1 hour and 

the experiment was finalized. Since all data are observed the thermal model results was analyzed 

according to experiment and simulation results.  
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5. CONCLUSION 

According to the data obtained as a result of all literature studies, the number of electric 

vehicles is increasing day by day. The benefits and drawbacks of this radical change in the 

transportation sector are the subject of new research. To summarize, it is obvious that the use of 

electric vehicles alone cannot change the transportation sector. In order to get rid of the global 

warming problem, we need to use the advantages that this new technology offers to humanity. 

The most important issue is that in addition to using electric vehicles to get rid of dependence on 

fossil fuels, the energy provided for these vehicles must also be clean and sustainable. In other 

words, it would not be very environmentally friendly option, if electricity is provided from fossil 

fuels such as coal and oil for electric vehicles. The fact that renewable energy sources provide the 

electrical energy required for electric vehicles will both increase efficiency and have a cleaner 

energy supply.  

Chapter 1 shows how widespread the types of electric vehicles and their use in the 

transportation sector are. In addition, it is analyzed how the primary energy factor of electric 

vehicles has changed. Considering that well-to-wheels energy conversions vary between 10 

percent and 50 percent, it is necessary to use the systems accurately in order to use electric 

vehicles more efficiently. With the development and expansion of the charging infrastructure, 

production, transmission and distribution losses can be prevented and efficiency can be increased 

with the right planning.  

One of the most important details that make electric vehicles sustainable and renewable is the 

electric motor. With the introduction of electric motors in traction applications, more efficient, 

sustainable and smooth driving applications have been developed in vehicle motors. According to 

the results of the research, it was seen that electric motor technology is suitable for all kinds of 

vehicles. Electric scooters, bicycles, three wheels vehicles, cars, buses, trucks, trucks, marine 

industry and air industry have become widespread use of electric motors in daily life. 

Studies in the field of electric motors have accelerated with the rapid development of electric 

vehicles. One of the most preferred models in this field today is Permanent Magnet Synchronous 

Motors. These motors have an important role in electric vehicle applications thanks to their high 

efficiency, torque and wide speed range. With the advantage of having high power density, they 

can provide high power in small sizes. Their small size within the vehicle structure provides an 
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advantage to developers in the design stages. In addition, the fact that it is suitable for all kinds of 

applications shows that it has a wide range of fields of practice. With the development of control 

mechanisms, it can be seen in almost every new electric vehicle model today. With all these 

features, it has become a preferred motor type for electric vehicle applications. 

As seen in Chapter 1 and 2, it has been proven by researchers that PMSM motors are more 

efficient and have higher power density than other types. Other advantages are their ability to 

provide high torque at low speeds and to reach high speeds. 

Along with all these advantages, the PMSM motor has brought with it some difficult 

problems to overcome. One of the most important issues is thermal management. Due to its 

complex structure and high-power density, the large amount of heat released causes the motor 

temperature to rise and this can lead to various problems. For example, it can reduce the lifetime 

of motor components in the long term or cause mechanical and electrical damage in the short 

term. To overcome all these problems, it is necessary to predict the thermal performance of the 

motor and designing suitable cooling systems accordingly. In addition to simulation programs 

developed to predict the motor temperature parameters, some thermal analysis methods are 

available. In this thesis, Lumped Parameter Thermal Network Method, one of the thermal 

analysis methods, is applied on the PMSM motor. 

As discussed in Chapter 2, LPTN is a modeling method using thermal resistance, capacitance 

and heat sources. It offers the possibility of thermal analysis by designing a circuit similar to an 

electrical circuit. In this study, the importance of the geometric and specific properties of the 

material while calculating the thermal resistance and capacitance data is demonstrated. 

In Chapter 3, the thermal modeling showed that two different motors have very different 

thermal circuits. The structural differences of these motors with two different designs and input 

parameters created some disadvantages. One of the problems brought by the complex structure is 

the increase in the number of nodes. As seen in the two different models, there are more nodes in 

the thermal circuit of the SMC PMSM motor than the SPMSM motor. This has increased the 

complexity and may cause a decrease in efficiency. It is also seen that changing the geometric 

structure can affect the heat transfer. Calculation and analysis of thermal parameters of 

interpenetrating materials became difficult and increased the number of equations. 
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In Chapter 4, the operational temperature predictions of two different motors are made and 

the results are compared with experimental and simulation results. Some differences were 

observed when thermal model, simulation and experimental data were compared. The results 

show that thermal modeling provides accurate temperature parameters with an error of less than 5 

percent. In the study, the margin of error of the motor with a simple design was low, while the 

margin of error of the motor with a complex structure increased. This shows that increasing the 

complexity of the structure will bring new assumptions and the error margin of the analysis will 

increase. In addition, when the simulation results are compared, it is seen that while there is less 

than 5 percent error for SPMSM, the errors are up to 10 percent for SMC PMSM. This shows that 

simulation results cannot be completely reliable when designing the motor. It has shown that the 

complex motor structure can lead to different results. On the other hand, it has been seen how 

important the design of the appropriate cooling system will be. While the temperature increase in 

the SMC PMSM motor with high current is very fast and can reach the steady state temperature 

in almost an hour, it is found that the SPMSM motor with low current can reach the steady state 

temperature in 3 hours. This indicates the importance of designing a cooling system that can act 

in a shorter time for motors that reach high temperatures in a short time. In summary, thermal 

analysis is critical for an electric motor. Correctly performed analyses can improve motor 

efficiency and extend its lifetime. 

5.1. Future Work 

All analyses provided a basis for future studies. First of all, a suitable cooling system can be 

designed for these two different motors and the differences can be demonstrated. The variability 

of cooling capacity according to power, speed and current values can be analyzed. It can be 

investigated whether air cooling systems are sufficient or whether an additional liquid cooling 

system is needed.  

Another future study could be to investigate the effects of temperature increase on mechanical 

or electrical parameters. For example, efficiency losses can be analyzed as the temperature 

increase affects the resistivity. The reason for this is that the electrical parameters change with 

temperature and the motor power decreases. With increasing motor losses, more heat is released 

and the effects on motor efficiency can be analyzed. 
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APPENDIX 

In this thesis, a different method was used to measure temperature parameters. As we 

know that copper resistance increases sensitively to temperature, winding resistance was 

measured during motor operation to estimate the temperature. According to the results, it was 

observed that the winding resistance increased as the operational temperature increased. Since it 

is necessary to stop the motor and cut off the power to read the resistance value during the 

experiment, the motor rapidly cooled down during this process and therefore it is not a suitable 

method for measuring temperature. Even so, seeing that the resistance value increased proved 

that losses will increase if the motor temperature increases.  

 

 

 

 

 

 

 

 

 

 

 

As seen in Figure 1A, copper resistivity increases depending on the temperature. So, the final 

temperature can be calculated when the initial values are known for two different cases. The 

formula is; 

 

234.5 + 𝑇1

𝑅1
=

234.5 + 𝑇2

𝑅2

(𝐴. 1) 

-234.5 °C is inferred absolute temperature of copper.  R1 is the initial resistance of copper and T1 

is the initial temperature of the copper. So, if we now the resistance data we can calculate the 

 

Figure 0.1A. Temperature and copper resistance relationship graph [99]. 
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temperature. According to this information, a temperature graph was created for SPMSM after 

about 5 hours of experimentation. Although accurate results are obtained at low temperatures, it 

is not an effective method as the motor cools rapidly at high temperatures. 

 

 

 

Figure 0.2A. Copper temperature graph. 
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Table 0-1A. Resistance measurement table. 

Rab (ohm) Time (min) Copper Temperature °C 

0.486 0 23.8 

0.511 30 35.8 

0.52 60 41.88 

0.524 90 44 

0.526 120 45.07 

0.528 150 46.13 

0.528 180 46.13 

0.529 210 46.66 

0.529 240 46.66 

0.53 270 47.19 

 


