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ABSTRACT 

The electric motor is at the center focus as an alternative to the internal combustion engine 

for automotive applications since it does not produce greenhouse gas emissions and can 

contribute significantly to the reduction of fossil fuel consumption globally. As extensive 

research works are being done on electric vehicles at present, thermal analysis of traction 

motor is increasingly becoming the key design factor to produce electric motors with high 

power and torque capabilities in order to satisfy electric vehicle driving requirements. 

Motor losses cause active heat generation in the motor components and excessive 

temperature rise affects the electromagnetic performance of the traction motor. High torque 

and power requirements based on the driving conditions under urban and highway drive 

conditions demand high capacity motor cooling system in order to keep the temperature 

within the safe limit. Hence, it is critical to develop and design a temperature prediction 

tool to dynamically estimate the winding and magnet temperature and regulate cooling to 

remove excessive heat from the motor. Conventional thermal modeling of motors includes 

analytical and numerical modeling. Analytical modeling is done by using Lumped 

Parameter Thermal Network (LPTN) which is analogous to electric circuit and a fast 

method for predicting temperature. It uses heat transfer equations involving thermal 

resistances and thermal capacitances to analytically determine temperature at different 

nodes. Numerical modeling is done in two ways–Finite Element Analysis and 

Computational Fluid Dynamics. Numerical modeling can produce more accurate results, 

but it requires more computational time. Since the temperature of motor components has 

to be predicted very quickly, i.e. during driving, LPTN is more effective because LPTN 

can quickly predict temperature based on the heat transfer equations. This thesis proposes 

an LPTN model that predicts motor temperature and regulates the required coolant flow 

rate simultaneously. Thus, it is able to dynamically predict the temperature. MATLAB 

Simulink has been used for simulation of the LPTN model for a laboratory PMSM 

prototype. The thermal resistances in the thermal network model have been obtained from 

the motor geometrical parameters. The electromagnetic loss data with respect to torque and 

speed were taken as input, and thus the temperature results of motor components have been 

found. The future work will be to implement this model into full scale prototype of the 

motor.  
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CHAPTER 1 

INTRODUCTION 

1.1. Overview 

Traction motors play an important role in electric vehicles because they provide the 

required propulsion power to the vehicle. The vehicle performance is highly dependent on 

the traction motor design and performance. That is why traction motor design must meet 

some operational requirements so that satisfactory vehicle performance can be ensured. 

For example, high torque is required at low speed for starting the vehicle or climbing up a 

hill or inclined gradient, and high power is necessary for maintaining high speed while 

cruising, as shown in Figure 1.1. High efficiency of the motor also has to be maintained 

over a wide range of torque and speed [1]. All these requirements cause significant heat 

generation in the motor, and as a result, the motor temperature increases.  

 

Figure 1.1.  Torque and power requirements of a traction motor. 

 

 

Figure 1.2.  Torque–speed characteristics [2]. 

Temperature 
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High temperature in the motor is not desirable as it can cause many issues. Firstly, the 

torque and power of the motor reduce significantly at high temperature, which indicates 

the effect of high temperature on motor performance. Ref. [2] showed a significant 

reduction of torque production by a motor at higher temperature. The authors found that 

the highest torque at zero speed reduces to 120 Nm at a temperature of 150°C, whereas it 

was 135 Nm at 25°C, as presented in Figure 1.2. It shows how the torque values reduce 

with increased temperature. Secondly, motor life decreases rapidly with high temperature. 

In general, motor life reduces by half because of a rise of temperature by 10°C. A 

comparison of life cycles of industrial motors with different insulation classes were 

analyzed for various operating temperatures in [3], which has been shown in Figure 1.3. 

Magnetic properties are also greatly affected by high temperature of the motor. This may 

lead to reduced electromagnetic performance of the motor and, in the case of permanent 

magnet motor, the motor may even be demagnetized completely and stop operating. For 

NdFeB magnet, the magnetizing intensity for zero magnetic flux was 1,200 kA/m at 20°C, 

which was reduced to 400 kA/m at a high temperature of 100°C [4] and is shown in Figure 

1.4. Another problem is that the winding insulation material may be subject to breakdown 

if the temperature exceeds its melting point. Considering all these issues, it is very clear 

that motor temperature must be maintained within the safe operating limit. Therefore, there 

has to be a tool that can monitor the motor temperature and apply proper cooling so that 

the motor temperature remains within the safe limit. 

 

Figure 1.3.  Average motor life–hours with temperature [3]. 
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Figure 1.4.  Demagnetization–NdFeB magnet [4]. 

 

There are three existing methods that are widely used to monitor motor temperature: 

1. Direct Measurement: Resistance Temperature Detectors (RTDs) or thermocouples 

are used to directly measure the temperature of motor components. However, this 

is difficult to install in various motor components due to complex geometry of the 

motor. It also becomes expensive, especially in small and medium sized motors. 

2. Parameter–based Estimation: Instead of directly measuring temperature, this 

technique measures resistance, which is considered as a function of temperature. 

Thus, the temperature is calculated based on the resistance value. However, this 

technique is very often subject to parametric errors, especially while the motor 

operates at high speed.  

3. Thermal Model–based Estimation: This technique uses mathematical model, which 

addresses the overall heat transfer phenomenon. Since it only uses theoretical heat 

transfer equations, it is quite easy to implement. Thermal modeling is a very popular 

and effective way of motor temperature prediction. This technique has been used 

in this thesis to predict motor temperature 

1.2. Objectives of the Thesis 

Thermal modeling is the mathematical characterization of heat transfer phenomenon. 

Therefore, first the heat flow in a motor has to be determined in order to build a thermal 

model. Figure 1.5 shows a representation of all types of heat transfer associated with motor. 

At the very center of the motor, there is the shaft. Heat is generated in the rotor due to rotor 

core loss and magnet loss. A part of this heat goes to the shaft radially and along the shaft 
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axially, which is a conduction mode of heat transfer. Another part of the heat from rotor 

goes radially outward to the air–gap and axially to the enclosed free space, which is a 

convection heat transfer. Some portion of the heat from shaft also goes to the free space by 

convection heat transfer. A large amount of heat is generated in the stator because of stator 

winding loss and stator core loss. The heat in the stator core flows axially along the stator 

and radially to the outer casing. The heat in end–winding region goes to the enclosed air 

by convection and reaches the end–caps. Finally, the heat in the motor casing flows radially 

outward to the ambient by convection and radiation. Convection is the dominant mode of 

heat transfer there and radiation is negligible. A little portion of heat from the casing also 

goes axially along the casing to reach the end–caps and finally to the ambient by convection 

and radiation. Radiation is negligible in this case as well. Since the cooling channel has 

forced convection in it, the radiation resistance is much higher than convection resistance, 

and that is why the radiation heat transfer becomes negligible. 

 

Figure 1.5.  Heat transfer in electric motor [6]. 

 

There are two types of thermal models that can be used for traction motor thermal analysis. 
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1. Lumped Parameter Thermal Network (LPTN) Model: 

LPTN model is a thermal model that represents the heat transfer phenomenon in terms of 

a network analogous to electric circuit. In electric circuit, current flows from one node to 

another due to the voltage difference between those two nodes. Similarly, in LPTN model, 

the heat flows from one node to another because of the temperature difference between the 

nodes. The current has to undergo a resistance while flowing from one node to another. 

Similarly, the heat has to face a thermal resistance while flowing between two nodes. Each 

component of a motor can be thought of as a node where the properties of the whole 

component is lumped. Heat flow is related to the temperature difference and thermal 

resistance in a similar way to Ohm’s law. Thermal resistance can be found by using the 

heat transfer equations based on the type of heat transfer. 

                                                   

2. Numerical Model: Finite Element Analysis and Computational Fluid Dynamics: 

Numerical models are the ones where differential equations are numerically solved in order 

to find the temperature. Finite Element Analysis uses conduction equation and considers 

thermal stress to model the temperature. Computational Fluid Dynamics solves Navier–

Stokes equations and turbulence models to account for fluid flow characteristics and find 

the temperature results. An FEA result and a CFD result for traction motor have been 

shown in Figures 1.6 and 1.7, respectively. 

 

Figure 1.6.  FEA simulation of a motor [3]. 

 



 

6 

 

 
Figure 1.7.  CFD simulation of a motor [3]. 

 

FEA has a longer computation time than LPTN, and CFD takes even much longer time 

than FEA. Since it is required to predict motor temperature quickly in dynamic condition, 

LPTN model is preferred in electric vehicle application. The next chapter discusses the 

comparison between the different types of thermal models and suggests how to implement 

them. 

Since LPTN model is able to predict temperature quickly, which is required in electric 

vehicle application, the objectives of this thesis are: 

1. To propose an LPTN model that predicts motor temperature for varying torque and 

power required by the EV motor. 

2. To regulate required amount of cooling under different driving conditions.  

It is very important to predict motor temperature during driving conditions so that the 

thermal health of the motor can be monitored instantaneously. Also, sufficient cooling must 

be provided to the motor in order to keep the motor thermally safe. While the motor is in 

operation, the quickest way to find the motor temperature is the use of LPTN model. That 

is why the objectives mentioned above have been chosen. 

1.3. Novelty and Contribution 

The existing LPTN models assume certain amounts of cooling applied to the motor but do 

not take the optimum flow rate into account. One of the nodes in the model is taken as the 

heat removal node, but it only assumes a certain amount of heat removal. Temperature 
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results depend on this heat removal amount, but the existing models do not have any 

established relationship to relate the heat removal rate with the liquid flow rate. 

The LPTN proposed in this thesis in Chapter 3 has incorporated the liquid coolant flow 

rate in the LPTN model. Basic thermodynamic formula has been used first to equate the 

heat removed from motor and the heat absorbed by the liquid coolant. This is how the 

temperature is a function of mass flow rate of the coolant, and mass flow rate of the coolant 

is a function of the output temperature result. One of the key parameters in this relationship 

is the convection heat transfer coefficient, which is calculated from Nusselt number 

equations. Nusselt number is expressed as a function of Reynolds number, Prandtl number 

and friction factor. The equation for Nusselt number determination varies with the type of 

fluid flow and cooling channel geometry. Once the convection coefficient is obtained from 

the corresponding Nusselt number equation, the thermodynamic equilibrium is maintained 

by the variation of flow rate of the coolant. This flow rate variation has been implemented 

in the MATLAB Simulink model. 

Incorporating the required coolant flow rate in the LPTN model ensures that only the 

required amount of cooling liquid flows through the channel. So, the energy required to 

run the coolant flow cycle will be properly utilized and will not be wasted. At the same 

time, enough cooling effect ensures the motor to be within safe limit of temperature by 

means of forced convection in the cooling channels. The safe limits of temperature for the 

motors used in this thesis are 110°C and 120°C, respectively. 

1.4. Structure of the Thesis 

A comprehensive review of thermal analysis and design techniques for traction motors has 

been done in Chapter 2 of this thesis. Thermal modeling for Permanent Magnet 

Synchronous Motors and Induction Motors have been studied and compared. Analytical 

method and numerical method of thermal modeling have been discussed and compared for 

each type of traction motors. Active cooling and passive cooling have also been discussed 

for both types of traction motor. Finally, some recommendations are provided about how 

LPTN and numerical methods can be implemented in thermal study of different types of 

traction motors in order to get satisfactory results. 
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An LPTN model has been proposed in Chapter 3 for online temperature prediction of 

Permanent Magnet Synchronous Motors in electric vehicle application. Both UDDS and 

HWFET drive cycles have been considered for two PMSM prototypes in the CHARGE 

labs. Thermal resistances and capacitances in the LPTN model have been found from the 

geometrical parameters of the motor prototypes. A relationship between the flowrate of 

cooling liquid and motor temperature has been established and implemented in the LPTN 

cooling blocks in MATLAB Simulink. Taking loss data of the motors with respect to torque 

and speed as input, the LPTN model simulation has given temperature results of motor 

components as output. A few experimental results have been found for one of the 

prototypes.  

A CFD and LPTN hybrid technique has been proposed for determining the convection 

coefficient in the end–winding region of induction motor with copper rotor. A thermal 

network has been built for the end–winding region, and the thermal resistances have been 

determined from natural convection condition. The air flow behavior in the end–winding 

region has been characterized by RANS equations with k–ε model. The air flow velocity 

results in the end–winding region have been used to determine the forced convection 

coefficient from empirical relationships of Grashof number, Prandtl number, Reynolds 

number and Nusselt number. The convection coefficient has been related to the rotor speed 

by means of an equation which can be used for different sizes of induction motors with 

copper rotor. 

The research findings of the chapters have been mentioned in Chapter 5. The next probable 

research steps have been recommended as the future work.  
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CHAPTER 2 

A COMPREHENSIVE REVIEW OF THERMAL DESIGN AND 

ANALYSIS OF TRACTION MOTORS 

2.1. Introduction 

Nowadays due to zero CO2 emission, electric vehicles are gaining significant thrust from 

governments and automobile manufacturers globally to address environmental concern. 

Furthermore, rising fossil–fuel cost and recent imposed tax on fossil–fuel in several 

developed countries are greatly influencing the shifting of research trends towards electric 

vehicles from fossil–fuel dependent vehicles. As the higher price of electric vehicles can 

be compensated by comparatively lower operational costs i.e. fuel and maintenance cost in 

the long run, more focus has been given to increase both speed and distance range of 

electric vehicles to make these environment friendly vehicles a more consumer friendly 

choice. This effort mostly depends on traction motors, which provide power to hybrid 

electric vehicles partially or full electric vehicles solely. Therefore, traction motors are 

receiving more and more attention in the research area of electric motor design. 

In the past, most of the design and analysis of electric motors typically included the 

consideration and calculation of electromagnetic parameters. But during operation, most 

of the amount of energy losses in traction motors are converted into heat energy, which 

negatively affects the motor’s performance. As a result, the more the losses, the more the 

temperature rise but the less the output power and the less the efficiency. Moreover, 

resistance of conductors increases with the increase in temperature leading to additional 

losses. Further, electromagnetic properties of core materials are also dependent on 

temperature and hence, electromagnetic performance of motors can also be affected, if the 

temperature goes beyond a permissible limit. In addition, a good percentage of motor 

failures are caused by overheating while in operation [1]. On the other hand, to meet the 

future demand for more consumer–friendly electric vehicle, high power density motor is 

needed along with considerable reduction in size. However, thermal stability for such 

compact size and high–power density motor is extremely poor especially without proper 

and improved thermal design. Therefore, recently, thermal design improvement for traction 

motors is getting more attention by researchers around the world. 
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In order to analyze the thermal aspects of traction motors, most of the researchers follow 

different basic methods that already exist which can generally be divided into analytical 

and numerical methods. Analytical method includes Lumped Parameter Thermal Network 

(LPTN) modeling where the thermal system is represented as a network of thermal 

resistances. Unlike LPTN modeling, numerical method considers the geometry of the 

overall system and calculates the heat transfer parameters. Depending on implementation 

of thermodynamics or fluid dynamics equations, numerical method can further be divided 

into Finite Element Analysis (FEA) and Computational Fluid Dynamics (CFD), 

respectively. But unlike typical thermal design and analysis, the simplified geometry and 

material properties generally used in machine design and construction are not sufficient to 

give an accurate prediction of the thermal performance of traction motors. Some critical 

parameters such as interference gaps between components, heat transfer across the air gap, 

uncertainty of material property, bearing and end–shield models etc. must be implemented 

into the basic thermal design and analysis. At the moment, there is abundant literature 

focusing on the implementation of different critical parameters of traction motors into 

thermal design. In most cases, research papers are focused on specific thermal design and 

analysis in a specific motor due to different types of complexities that come up with the 

changes in structure, characteristics and types of motor used. However, no guideline for 

selection or implementation of a suitable method for thermal design and analysis of traction 

motors exists. Therefore, this chapter primarily focuses on review of several methodologies 

of thermal design that have already been implemented in various types of traction motors. 

Finally, this chapter will identify and compare the strengths and weaknesses of those 

methodologies for thermal design and further develop a set of recommendations for 

improved and efficient ways to carry out those methods. 

At present, two types of traction motors are mainly used in electric vehicles–synchronous 

motor and induction motor. Among synchronous motors, permanent magnet synchronous 

motor (PMSM) is mostly used in automotive sector due to its high efficiency and reduced 

size. PMSM has a unique construction where permanent magnets are placed in the rotor to 

create a constant magnetic field. Therefore, an additional node for permanent magnet 

associated with magnet loss is considered in LPTN modeling of PMSM [22]–[30]. 

Similarly, in numerical methods, magnet loss is also considered during thermal analysis of 
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PMSM [31]–[38]. PMSM is divided into two categories according to their rotor 

construction. One is rotor with surface mounted permanent magnets called surface 

mounted PMSM and another one is rotor with embedded permanent magnets called interior 

PMSM. According to their construction geometry, thermal designs of both surface 

mounted [6] and interior [12] PMSMs are carried out differently. Although other 

synchronous motors are rarely used in electric vehicles, there are still some papers on 

thermal analysis of switch reluctance motor [39] and electrically excited synchronous 

motor [40] where thermal design has been done by following the structural and 

electromagnetic design of each motor type using both analytical and numerical methods. 

Besides synchronous motors, induction motors are also used as traction motors because of 

low maintenance, low cost and ability to operate even in hostile conditions. Unlike PMSM, 

induction motors do not have any permanent magnet, but have rotor bars which must be 

taken into consideration during thermal design and analysis. There are several papers on 

both analytical LPTN method [41]–[50] and numerical methods [49]–[61] for thermal 

design of induction motors. 

2.2. Overview of Thermal Design and Analysis 

2.2.1. Methodologies of Thermal Design and Analysis 

Analytical LPTN model is mainly a thermal circuit consisting of several thermal 

resistances and capacitances, which accurately models the nature and path of the heat 

transfer. It is done by calculating thermal resistances based on conduction, convection and 

radiation heat transfer processes using (2.1), (2.2) and (2.3) respectively [2], [3]. 

                                       kALcondR /                                                 (2.1) 

                                       hAconvR /1                                                         (2.2) 

                            ))4
0

4
1(/()01( ATTFTTradR                  (2.3) 

where, R is the thermal resistance, L is the length, k is the thermal conductivity, A is the 

area, h is the convection heat transfer coefficient, T is the temperature, F is the view factor, 

ɛ is the emissivity and σ is the Stefan–Boltzmann constant. 
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Due to the ease and simplicity of modeling, LPTN has been implemented for thermal 

design and analysis of traction motors in numerous papers. As it is analogous to electric 

circuit network, it is a well adopted method in traction motors. LPTN model generally 

consists of several temperature nodes, which represent different motor components as 

lumped heat capacity elements where temperature is considered to be uniform. LPTN 

model must be detailed enough to cover all major motor components such as stator yoke, 

stator teeth, rotor, winding etc. which have bulk thermal storages and heat generation 

sources due to internal energy and losses [4]. Finally, thermal resistances and capacitances 

in those motor components are calculated and incorporated into transient or steady state 

thermal model equations to determine the nodal temperature rise. 

Several references have also used numerical methods i.e. FEA and CFD for thermal 

design and analysis of traction motors. Both numerical methods have higher accuracy but 

are time consuming. Both methods are usually carried out by different industry standard 

software tools in which useful equations and processes are already integrated. 

In FEA, losses are converted into heat sources and later on, temperature rise associated 

with heat sources is determined based on transient or steady state thermal condition [3]. 

Since only a very small portion of losses convert into sound and other forms of energy, 

temperature predicted by FEA is more accurate. Temperature rise was found almost 

identical with test results in [5]. Still slight temperature difference with test results can be 

found because it is difficult to design an identical 3D geometry for analysis. The most 

challenging part is to design the windings. Equivalent winding geometry is usually 

designed to simplify the process. As a result, it is difficult to achieve exact winding 

temperature in FEA [6]. Performing FEA at different loading conditions also contributes 

to the error [7]. 

Further, when a fluid flow is involved, it is better to use CFD to predict more realistic 

results. Unlike FEA, fluid dynamics equations integrated into CFD help to analyze the 

changes in fluid flow effectively. Moreover, boundary conditions, types and patterns of 

flow are well addressed by the integrated physics options available. CFD is also performed 

in equivalent geometry to simplify the process which contributes to the error [8]. 
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Figure 2.1.  Simplified LPTN model of a traction motor [9].  

 
(a) 

 
(b) 

Figure 2.2.  Temperature distribution of two different traction motors. (a) FEA results 

[10]. (b) CFD results [11]. 

2.2.2. Thermal Analysis of Active Cooling Design 

Active cooling system in the form of forced air cooling, water or water–glycol cooling, 

oil cooling etc. is one of the integrated parts of traction motors to extract the generated heat 

from the motor and keep it thermally stable during operation. Therefore, active cooling 

system needs to be incorporated in thermal design to predict the temperature correctly. In 

LPTN method, there are some analytical approaches available to address active cooling 

effect. As convection is the primary heat transfer phenomenon in the cooling system, the 

convection heat transfer coefficient between cooling fluid and contact surface is being 

calculated for determining the thermal resistance for convection. The most common 
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approach for calculating the convection heat transfer coefficient is using (2.4) which 

involves Nusselt number [6], [9]. 

      
)13/2(Pr2/1)8/(7.121

Pr)1000)(Re8/(
/
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fkhhDNu              (2.4) 

where, kf is the thermal conductivity of fluid, Nu is the Nusselt number, Re is the Reynolds 

number, Pr is the Prandtl number, Dh is the hydraulic diameter and f is the friction factor. 

According to the flow pattern, turbulence intensity and cooling techniques, some of the 

papers have also suggested several alternative equations to determine Nusselt number [12]–

[14]. These strategies are applied in LPTN for all types of cooling according to the 

conditions except for air cooling. During forced air cooling, which is mainly used in 

induction motors by means of fans or blowers, a validated equation is used for convection 

heat transfer coefficient [15]–[17] as, 

                         ])(1[ 3
21

k
vkkh                                    (2.5) 

where, h is convection heat transfer coefficient dependent on inner air velocity v in the end 

region, k1, k2 and k3 are proportionality constants dependent on air turbulence in the end 

region. 

 In case of numerical methods, CFD is the best way for thermal analysis of active cooling 

system of traction motors, as fluid flow is involved. In CFD, turbulence modeling of 

cooling fluid is done using different approaches such as standard k–ɛ, realizable k–ɛ, 

standard k–ω etc. based on applications to determine the convection heat transfer 

coefficient [14], [18].     

2.2.3. Thermal Analysis of Passive Cooling Design 

When any active cooling is not present in the motor, there is always certain amount of 

natural air flow within the end–space between the rotor and the end–cap, which is 

responsible for natural passive cooling. Because of compact construction of traction 

motors, it is challenging to address natural passive cooling. Equations (2.6) and (2.7) have 

been considered to determine the convection heat transfer coefficient of natural air flow 

due to both laminar and turbulent nature of the air flow within the end–space [19].  
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where, ht and hl are the coefficients of air convection within the end–space near the rotor 

and the end–cap respectively, kair is the thermal conductivity of air, ω is the angular velocity 

of rotor, rro is the outer radius of rotor core and Rec is the end–cap axial thermal resistance. 

There are also several other approaches available to calculate that natural convection 

coefficient. In case of induction motor, (2.5) can be used for calculation of the natural 

convection coefficient [16]. Although these analytical approaches are common methods, 

CFD analysis is the better way for calculation of the natural convection coefficient similar 

to active cooling. 

In some cases, fins are normally placed on the surface of motor housing to improve the 

natural air cooling effect. To incorporate cooling effects of fins, in LPTN modeling, 

thermal resistances due to all three types of heat transfer processes are determined in fins 

section [15], [16] and in numerical methods, geometry and material properties of fins are 

considered. 

2.3. Design Overview of Traction Motors 

Accuracy of thermal design and analysis of traction motors mostly depends on 

electromagnetic and structural design of the motors. Therefore, the changes in 

electromagnetic and structural design due to the change in motor type must be addressed 

during thermal design. This is done by considering all major motor components and all 

losses in those components such as core loss, copper loss, friction loss etc. To address 

electromagnetic losses, thermal analysis is always coupled with electromagnetic analysis, 

which is carried out through analytical approach [20] or electromagnetic FEA [21]. Other 

losses, which are generally regarded as mechanical losses, such as bearing losses can be 

calculated from manufacturer’s manual. 
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2.4. Thermal Design of Traction Motors 

In this section, strengths and weaknesses of some of the implemented thermal designs are 

identified for both synchronous and induction motors. 

2.4.1. Synchronous Motors 

In [27], a simplified LPTN model consisting of ten nodes was designed for water cooled 

interior PMSM. Combination of conduction and convection expressions was used for water 

cooling system in the LPTN modeling. Temperature difference with FEA results was found 

to be between 1–6℃. However, absence of thermal capacitances made it impossible to 

analyze transient thermal state and also there was no calculation done for natural air 

cooling. Absence of thermal capacitances was also noticed in the LPTN model of water–

cooled PMSM proposed in [19]. However, this LPTN model included more than ten nodes, 

which can address temperatures of different parts of the motors briefly at steady state. It 

addressed the effect of both active and passive cooling on the motor. For natural passive 

air cooling, method of two series thermal resistances was adopted using (2.6) and (2.7) due 

to laminar nature of air flow near the end–cap and turbulent nature of air flow near the high 

speed rotational rotor. A temperature difference of about 1–4℃ from experimental results 

was observed. In [9], [24] and [26], the established LPTN models of PMSM had 

capacitances which enabled those LPTN models to analyze transient thermal state. In [24], 

there was a significant temperature difference up to 15℃ between LPTN and experimental 

results, because of empirical loss modeling approach instead of finite element loss model 

approach. For this reason, to improve estimation accuracy, particle swarm optimization is 

applied for strategic fitting of uncertain parameters. After that improvement, a maximum 

temperature difference of 8℃ was found, which can still be reduced further. On the 

contrary, in [26], finite element model approach was adopted for loss calculations. This 

LPTN model included equivalent rectangular shape transformation approach for stator slot 

geometry to simplify the calculation. Yet, the temperature difference with the experimental 

results was small, 4℃ corresponds to an error of approximately 11%. One limitation of the 

LPTN model was considering the heat transfers in radial direction only. This limitation 

was later addressed in [9] and got quite convincible comparative graph with experimental 

results. In this paper, loss distribution was adjusted under consideration of driving duty 

cycle to enable LPTN model to predict dynamic temperature distribution. 
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In [5], thermal analysis of PMSM was carried out through FEA and compared with 

experimental results. It showed identical results up to 40 minutes and after that less than 

10℃ difference was found in winding temperature. In [6], reasons of errors in FEA results 

were observed due to mismatch in complicated geometry of distributed windings and 

uncertain data of anisotropic materials. An equivalent winding model was adopted and 

some assumptions were considered to deal with both situations in a simplified way. Still 

the accuracy of FEA results was better compared to LPTN results. The temperature 

difference between two results was 5.1℃ in end winding. On the other hand, in [14], [18], 

[33], and [34], CFD was implemented, as these papers were mainly focused on cooling 

design for the motors. In [33] and [34], the shear–stress transport (SST) k–ω model was 

used for turbulence modeling specifically, as this is more reliable for a wider class of fluid 

flows. In [14] and [18], all other approaches for turbulence modeling were also described 

briefly including the shear–stress transport (SST) k–ω model. It was concluded that 

Reynolds stress transport (RST) and k–ɛ model were suitable for turbulent core flows away 

from walls and k–ω models were suitable near boundary layer flows. Moreover, these two 

papers also showed dependency of CFD results on the quality of data input such as mesh 

size, boundary conditions etc. besides turbulence modeling. Another challenge with 

implementing CFD is designing the equivalent geometry of windings, which was addressed 

in [8]. A well–designed equivalent geometry simplified the process as well as gave almost 

accurate results with only 1.5℃ error in the paper. 

2.4.2. Induction Motors 

In [42], a low order simplified LPTN model was proposed through a reduced number of 

motor elements for induction motor and the maximum discrepancy with experimental 

results was found to be ±5℃. On the other hand, in [16], a higher order LPTN model 

consisting of more than ten nodes was proposed for a fan cooled induction motor 

considering most of the motor components and heat transfer paths. The difference between 

predicted and experimental results was only 2–3℃. Fins were addressed and Schubert’s 

model modified version of (2.5) was used to calculate both natural and forced air cooling 

effects in this model. Due to complexity in determining exact value of inner air speed, the 

rotor peripheral speed was used for estimation. Radiation was neglected in both models. In 

[45], significant effect of radiation on motor temperature was observed during 
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determination of radiation thermal resistances in an induction motor at very low speed or 

in absence of motor fan. Therefore, radiation should be taken into account for accuracy of 

LPTN results at very low speed or during absence of motor fan. Moreover, there were some 

unique approaches such as general arc–segment element [62] and cuboidal element [63] 

for three–dimensional thermal modeling in analytical method to address material’s 

anisotropy for more accuracy. 

In [52], a new approach for numerical method was adopted for thermal analysis of 

induction motor through a coupled FEA and CFD analysis. In this way, convection heat 

transfer coefficients can be determined more accurately by CFD and then using that 

coefficient into FEA, temperature distribution of the whole motor can be presented in less 

time compared to CFD analysis. Final temperature range of motor was 123–136℃, which 

was quite convincible compared to experimental result. 

2.5. Recommendations 

In this section, some recommendations are put forward regarding the efficient way of 

carrying out both analytical and numerical thermal design methods. Further, the efficient 

way of addressing cooling effects in those methods are also suggested. 

2.5.1. Analytical Method 

In analytical method, the best way to design LPTN model is considering all the basic 

motor components and addressing all the significant heat transfer paths in both axial and 

radial directions. Also, both active and passive cooling effects must be included in the 

model by addressing both conduction and convection heat transfer, which occur during 

cooling. To address convection in an efficient way, Nusselt number equation must be 

chosen carefully based on flow pattern such as laminar or turbulent flow and cooling 

techniques, such as finned housing, housing jacket or spray cooling etc. to determine 

accurate convection heat transfer coefficient. Furthermore, if flow is turbulent, turbulence 

intensity must be taken into consideration also. Besides thermal resistances, LPTN model 

must consist of thermal capacitances also for transient thermal analysis. In addition, all 

losses must be taken into consideration to calculate temperature rise. Electromagnetic 

losses must be calculated accurately by finite element model analysis which enables 

consideration of loss coefficient varying with frequency and flux density instead of 



 

20 

 

constant loss coefficient. Other losses can be calculated from manufacturer’s manual. 

Further, loss distribution must be taken into account under the driving duty cycle to predict 

dynamic temperature distribution throughout the motor. 

2.5.2. Numerical Method 

In case of numerical methods, the best way is using coupled FEA and CFD where CFD 

addresses the changes in convection coefficient of cooling system which is used to estimate 

the temperature distribution using FEA to reduce the overall operation time for the whole 

process. The accuracy of such a process is primarily dependent on accurate calculation of 

losses and turbulence modeling of CFD. The losses should be addressed in a way similar 

to LPTN modeling and turbulence modeling approach must be chosen carefully based on 

the application. Thereby, more accurate results can be obtained as CFD addresses the small 

changes in convection coefficient effectively by simulating 3–D fluid flow with a higher 

degree accuracy, which cannot be done using empirical equations. Similarly, for more 

accuracy in LPTN, it can also be coupled with CFD in the same way. Further, while 

implementing numerical methods, equivalent model approach can be adopted for complex 

geometry of windings, which will simplify the process and reduce the operation time. 

Effective equivalent geometry has negligible effects on the final results. 

2.6. Conclusion 

From literature, methodologies of thermal design and analysis incorporating the effects 

of electromagnetic characteristics, construction geometry and cooling design of traction 

motors have been described thoroughly. Some strengths and weaknesses of those proposed 

thermal designs have been pointed out. Further, some recommendations have been 

provided from the overall review for future references to design thermal model of any 

traction motor in a simplified way by addressing all those changing factors effectively with 

the change in type of traction motor used. Finally, such guidelines will be helpful for 

simplifying the process to avoid over–complexity and reduce operation time, while 

effective implementation strategy for all those important factors will ensure accuracy.  
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CHAPTER 3 

LPTN MODELING FOR ONLINE TEMPERATURE PREDICTION 

OF PERMANENT MAGNET SYNCHRONOUS MOTOR FOR 

DIFFERENT DRIVE CYCLES IN ELECTRIC VEHICLE 

APPLICATIONS 

3.1. Introduction 

Electric motor is the source of propulsion power in an electric vehicle and it must have the 

design characteristics including high torque at low speeds during starting and climbing, 

high power at high speeds during cruising, high instant power, high power density and 

efficiency, wide constant power speed range and high constant torque [1]. In addition, there 

are other factors including reliability, robustness, cost–effectiveness and compact structure 

[2] that influence the design criteria of the motor. Permanent Magnet Synchronous Motors 

(PMSM) are widely and commonly used as traction motors as they provide higher torque 

and power density with higher efficiency. High torque and power density would require 

higher current, which eventually results in higher heat generation in the motor. This active 

heat generation travels through different motor components and it affects the 

electromagnetic performance of the motor. Magnetic flux density and electromotive force 

significantly decrease with the increase of temperature of the motor. Also, the torque at 

high temperature is smaller than that at low temperature for the same speed of the motor. 

Temperature rise beyond a certain limit also causes the motor to demagnetize and stop 

operating [3]. Moreover, the traction motor must be compact and smaller structure, but 

high torque and power density requirements within the small structure contributes to high 

heat generation in the motor. Hence, it is critical to determine thermal characterization of 

the motor and ensure sufficient cooling to order to generate required torque and power. The 

performance of the traction motors is also affected by the driving conditions. In EV, 

standard tests for UDDS and HWFET are used to determine the performance of the traction 

motors in terms of torque, power, efficiency and thermal health. For example, in [5] interior 

permanent magnet synchronous motors were tested for both UDDS and HWFET drive 

cycles and identified that the traction motor must have to ensure proper cooling in order to 

provide and maintain required torque and power to satisfy both drive cycle conditions. 
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Now, it is critical to monitor the temperature of the traction motors accurately for each 

drive cycle condition so that proper coolant flowrate to the motor is regulated and 

maintained in order to generate required torque and power. Currently, direct measurement 

techniques are commonly used in the traction motor to monitor the temperature using 

resistance temperature detectors (RTDs) and thermocouples [6]. But it is extremely 

difficult to install these sensors and replace them when they are damaged [7]. On the other 

hand, heat is an accumulated effect that is caused by all different heat sources in the motor. 

In this case, thermal model–based temperature monitoring can ensure accurate prediction 

of temperature of the motor parts including stator winding and rotor magnet [8]. In the past, 

thermal models have been used to perform thermal analysis of the electric motor but those 

models have not considered drive cycle and dynamic cooling regulation. During driving 

conditions, the speed and torque fluctuate, which causes the variation in the temperature 

rise and as a result, the cooling requirement also varies. Hence, it is essential to consider 

driving conditions so that the model can give temperature results for various torque and 

speed requirements. This thesis proposes a simplified LPTN model where the motor loss 

model dynamically determines the motor losses based on the electromagnetic parameters 

and the LPTN model gives the temperature results based on the loss results. Although CFD 

and FEA have more accuracy in predicting heat and temperature in the motor, their 

computational time is much higher, which is absolutely not feasible in predicting motor 

temperature in driving conditions. The proposed LPTN model takes less time since it is an 

analytical model, and it regulates the cooling accordingly to produce required amount of 

torque and power by the traction motors in urban and highway driving conditions. This 

paper uses interior permanent magnet synchronous motors that are designed and built in 

the Centre for Automotive Research and Green Energy at the University of Windsor a 

leading research facility in transportation electrification. The proposed LPTN model is 

used to predict temperature for both the prototypes to determine motor temperature and 

demonstrate their thermal performance in order to provide torque and power required by 

varying load cycles for the UDDS and HWFET. 

3.2. Targeted Traction Motors and Drive Cycle Overview 

In this research, two interior permanent magnet synchronous motors were tested for their 

thermal performance. IPMSM prototype A and prototype B are shown in the Figure 3.1. 
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Table 3.1 describes technical specifications of the prototypes and Table 3.2 describes 

physical dimensions and parameters that are used in the proposed LPTN thermal modeling. 

`  
 

Figure 3.1.  IPMSM prototype motors designed for EV. (a) Prototype A. (b) Prototype B. 

Table 3.1. Technical Specifications of the IPMSMs 

Parameters Prototype A Prototype B 

Rated output power 22 kW 4.25 Kw 

Rated voltage 275 V 275 V 

Rated torque 70 Nm 70 Nm 

Rated speed 3,000 rpm 575 RPM 

Continuous phase current 78 A 11 A rms 

Type of steel M19_29G M19_29G 

Type of magnet NdFe35 NDFEB35@100 

 

Table 3.2. Physical Parameters of the IPMSMs 

Parameters Prototype A Prototype B 

Inner diameter of stator 134 mm 135 mm 

Outer diameter of stator 195 mm 220 mm 

Stator stack length 75 mm 136 mm 

Air–gap thickness 0.5 mm 0.5 mm 

Outer rotor diameter 133 134 mm 

Length of rotor core 75 mm 136 mm 

Thickness of magnet 3 mm 3.81mm 

Width of magnet 20 mm 25.4 mm 

Shaft radius 50 mm 42.5 mm 

Weight of copper 1.74 kg 3.76 kg 

Weight of stator core 6.2 kg 19.6 kg 

Weight of rotor core 2.88 kg 7.12 kg 

Weight of magnet 0.53 kg 0.615 kg 
 

Figure 3.2 shows the torque–speed characteristics of the prototype A and prototype B. 

Prototype A shows the design and peak torque and speed characteristics and prototype B 

shows only rated or design torque speed characteristics of the motor. Both UDDS and 

(a) (b) 
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HWFET driving conditions are plotted in the graph to describe the relationship between 

the motor capacity to produce torque and power under urban and highway driving 

conditions. Prototype A has a greater capacity and it covers the full spectrum of the driving 

conditions under UDDS and HWFET drive cycles. 

 

 

Figure 3.2.  Torque–speed graph for prototype A and prototype B. 

On the other hand, prototype B is a scale–down prototype motor to demonstrate its 

electromagnetic and thermal performance. LPTN thermal model is developed for each of 

the motor prototype to determine stator winding temperature under varying loading 

conditions. Only prototype B is used to validate the LPTN model in this work. 

3.3. Proposed Lumped Parameter Thermal Network (LPTN) Model  

3.3.1. LPTN Model Overview 

Lumped Parameter Thermal Network (LPTN) is a thermal network that describes the heat 

transfer phenomenon in a system. LPTN model for PMSM consists of the motor 

components as nodes and each node indicates the temperature of the respective component. 

The paths of heat flow are taken as thermal resistances that depend on the temperature 

difference between the nodes. The LPTN model proposed as shown in Figures 3.3 and 3.4 

that include the motor components such as stator, rotor, magnet, winding and casing. The 

conduction and convection heat transfer processes take place in various motor components 

which are indicated by thermal resistances and temperature nodes in the network and the 

heat losses of the motor are considered as sources of heat. T1 indicates rotor temperature, 

Pcu–eddy is the rotor core loss, C1 is the thermal capacitance of rotor core, R1 is the thermal 

resistance for conduction through rotor core, T2 is the magnet temperature, Pmag is the 
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magnet loss, C2 is the thermal capacitance of magnet, R2 is the thermal resistance for 

conduction through magnet, T3 is the air–gap temperature, R3 is the thermal resistance for 

convection through air–gap, T4 is the stator teeth temperature, Pcu–s is the stator copper loss, 

C3 is the thermal capacitance of stator teeth, R4 is the thermal resistance for conduction 

through stator teeth and winding, C4 is the thermal capacitance of stator core, Plam is the 

stator core loss, T5 is the stator winding temperature, R5 is the thermal resistance for 

conduction through stator core, T6 is the temperature of stator core, Ccasing is the thermal 

capacitance of casing steel, R6 is the thermal resistance for convection from end–winding, 

R7 is the thermal resistance for convection from inner air, Pcoolant is the amount of heat 

removal, R8 is the thermal resistance for conduction through casing, R9 is the thermal 

resistance for convection from casing. Heat losses are taken as input from the loss models 

in MATLAB Simulink and then the thermal the resistances and heat transfer coefficients 

are obtained analytically from geometry information. The LPTN model was built for 

Interior Permanent Magnet Synchronous Motor (IPMSM) and the necessary parameters of 

the motors are given in tables 4.1 and 4.2. Based on the data, the analytical calculation was 

performed.  

3.3.2. Analytical Solution of LPTN Model 

LPTN model uses energy conservation equations at each node for describing the heat 

transfer phenomenon at that node. The rate of change of energy at a node is the sum of all 

heat transfers including conduction, convection and radiation modes, as well as the motor 

loss. Thermal resistances of all the components are required for evaluating the heat transfer. 
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Figure 3.3.  Proposed simplified lumped parameter thermal network. 

Thermal resistance for convection from the motor casing to the ambient is given by 

equation (3.1) 

𝑅 =
1

𝐴𝑐𝑎𝑠𝑖𝑛𝑔×ℎ𝑐𝑎𝑠𝑖𝑛𝑔
      (3.1) 

where Acasing is the area of the motor casing and hcasing is the heat transfer coefficient for 

forced convection from casing to ambient. The casing has fins and the heat transfer 

coefficient for convection from casing to ambient can be calculated as  

ℎ =
(ρ𝑐𝑝𝐷ℎv𝑓𝑖𝑛)

[4×𝐿𝑓𝑖𝑛×(1−𝑒−𝑚)]
       (3.2) 

where Lfin is the length of the fins (in the axial direction), Dh is the hydraulic diameter and 

vfin velocity of air in the fin channels, and  

𝑚 =  
0.1448 𝐿𝑓𝑖𝑛

0.946

𝐷ℎ
1.16 × (

ℎ𝑓𝑖𝑛

𝜌 𝐶𝑝 𝑣𝑓𝑖𝑛
)

0.214          (3.3) 

where 𝜌 is the density of air and Cp is the thermal capacitance of air [9]. 

The convection heat transfer through the air–gap has a thermal resistance given by equation 

(3.4)  

𝑅 =  
1

𝐴𝑟𝑜𝑡𝑜𝑟ℎ𝑎𝑖𝑟−𝑔𝑎𝑝
     (3.4) 

where Arotor is the curved surface area of the rotor from where convection occurs and h air–

gap the convection heat transfer coefficient in the air–gap, which is further given by equation 
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(3.5). 

ℎ𝑎𝑖𝑟−𝑔𝑎𝑝 =  
𝑁𝑢 ×𝐾𝑎𝑖𝑟

𝑙𝑎𝑖𝑟−𝑔𝑎𝑝
      (3.5) 

Here, Nu is the Nusselt number, Kair is the thermal conductivity of air, and lair–gap is the 

thickness of air–gap. The Nusselt number can be found from the following equations (3.6)–

(3.8) depending on the value of the modified Taylor number [8]. 

𝑁𝑢 = 2  (𝑓𝑜𝑟 𝑇𝑎𝑚 < 1,700)      (3.6) 

𝑁𝑢 = 0.128 𝑇𝑎𝑚
0.367 (𝑓𝑜𝑟 1,700 < 𝑇𝑎𝑚 < 104)    (3.7) 

𝑁𝑢 = 0.409 𝑇𝑎𝑚 (𝑓𝑜𝑟 104 < 𝑇𝑎𝑚 < 107)     (3.8) 

Here, Tam is the modified Taylor number obtained by equation (3.9). 

𝑇𝑎𝑚 =  
𝑇𝑎

𝐹𝑔
        (3.9) 

Here, Ta is the Taylor number and Fg is the geometrical factor. Taylor number is found 

from equation (3.10) 

𝑇𝑎 =  
ρ2ω2𝑟𝑚 𝑙𝑎𝑖𝑟−𝑔𝑎𝑝

2

μ2      (3.10) 

where ρ is the density of air, ω is the rotational speed of the rotor, rm is the average of stator 

radius and rotor radius, and μ is the dynamic viscosity of air. However, since the air–gap 

thickness lair–gap is very small, the Fg is considered to be 1, which makes Tam equal to Ta 

[8].  

The conduction heat transfer through the rotor core has a thermal resistance given by 

equation (3.11) 

𝑅 =  
1

2π𝑘𝑟𝑜𝑡𝑜𝑟𝑙𝑟𝑜𝑡𝑜𝑟
 𝑙𝑛 (

𝑟𝑟𝑜𝑡𝑜𝑟−𝑜𝑢𝑡𝑒𝑟

𝑟𝑟𝑜𝑡𝑜𝑟−𝑖𝑛𝑛𝑒𝑟
)     (3.11) 

Here, krotor is the thermal conductivity of rotor material, lrotor is the length of the rotor core, 

rrotor–outer is the outer radius of rotor and rrotor–inner is the inner radius of rotor.  

The thermal resistance for conduction heat transfer through the interior magnet is given by 

equation (3.12). 

𝑅 =  
1

𝑛θ𝑘𝑚𝑎𝑛𝑒𝑡𝑙𝑚𝑎𝑔𝑛𝑒𝑡
ln (

𝑟𝑟𝑜𝑡𝑜𝑟

𝑟𝑚𝑎𝑔𝑛𝑒𝑡
)     (3.12) 

where n is the number of poles, θ is the angle of each pole in radians, kmagnet is the thermal 

conductivity of magnet, lmagnet is longitudinal length of the magnets, rrotor is the outer radius 

of rotor and rmagnet is the radius till the inner surface of the magnet.  
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The conduction through the stator can be divided into two parts such as the conduction 

through stator winding and teeth, and the conduction through the stator core. The 

conduction through stator winding and teeth has a thermal resistance given by equation 

(3.13). 

𝑅 =  
1

2π𝑘𝑠𝑡𝑎𝑡𝑜𝑟𝑙𝑠𝑡𝑎𝑡𝑜𝑟𝑝
 𝑙𝑛 (

𝑟𝑠𝑡𝑎𝑡𝑜𝑟−𝑠𝑙𝑜𝑡

𝑟𝑠𝑡𝑎𝑡𝑜𝑟−𝑖𝑛𝑛𝑒𝑟
)    (3.13) 

where kstator is the thermal conductivity of stator, lstator is the stator stack length, p is the 

ratio of the area of teeth section to the total area of teeth and slots, rstator–slot is the radius till 

the outer surface of the slots and rstator–inner is the inner radius of stator.  

The conduction through stator core has a thermal resistance given by equation (3.14). 

𝑅 =  
1

2π𝑘𝑠𝑡𝑎𝑡𝑜𝑟𝑙𝑠𝑡𝑎𝑡𝑜𝑟
 𝑙𝑛 (

𝑟𝑠𝑡𝑎𝑡𝑜𝑟−𝑦𝑜𝑘𝑒−𝑜𝑢𝑡𝑒𝑟

𝑟𝑠𝑡𝑎𝑡𝑜𝑟−𝑦𝑜𝑘𝑒−𝑖𝑛𝑛𝑒𝑟
)    (3.14) 

Here, Kstator is the thermal conductivity of stator, lstator is the stator stack length, rstator–yoke–

outer is the outer radius of stator yoke and rstator–yoke–inner is the inner radius of stator yoke. 

 

3.3.3. Motor Loss Approximations for LPTN Model–Prototypes A and B 

Motor prototypes were designed in ANSYS and through electromagnetic simulation, the 

losses are generated for varying loading torque and speed conditions. Figures. 3.5 and 3.6 

show the major losses in the prototype A and prototype B. 

As shown in Figure 3.2 for prototype A, the torque generation for the UDDS drive cycle 

lies between the rated and peak torque–speed conditions and required torque generation for 

HWFET drive cycle lies below the rated torque–speed conditions. Table 3.3 shows the 

losses for the selected operating points from torque–speed characteristics where 500 rpm 

and 2,500 rpm are the requirements for UDDS conditions and 5,000 rpm and 8,000 rpm 

are the requirements for HWFET conditions. 
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Figure 3.4.  Simplified LPTN model in MATLAB Simulink to determine thermal 

characterization of the motor. 

 

 

Figure 3.5.  Major losses from the IPMSM prototype A for varying torque and speed 

conditions. 

 

Figure 3.6.  Major losses from the IPMSM prototype B for varying torque and speed 

conditions. 
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The loss values for these operating points will be used in the LPTN model for prediction 

of thermal health of the motor. There are some operating points under UDDS drive cycles 

that does not cover by the torque generation by prototype A at rated condition. However, 

predicted thermal status for the rated condition under UDDS and HWFET will indicate 

overall thermal status and required cooling.  

Table 3.3. Selected Losses from Prototype A for UDDS and HWFET Conditions 

Speed (rpm) 500 2,500 5,000 8,000 

Torque (Nm) 71 71 50 25 

Stator core loss (W) 16.31 128.26 197.78 273.86 

Rotor core loss (W) 2.88 22.63 34.9 48.33 

Magnet loss (W) 0.4145 6.55 17.18 35.64 

Total loss (W) 782.67 920.5 1012.93 1120.9 

90% of total loss (W) 704.4 828.45 911.64 1008.8 

80% of total loss (W) 626.13 736.4 810.34 896.71 

 

Table 3.4. Selected Losses from Prototype B for UDDS Conditions 

Speed (rpm) 300 600 1,200 1,500 

Torque (Nm) 65 65 39 31 

Stator core loss (W) 7.81 16.03 16.2 17.56 

Rotor core loss (W) 1.38 2.83 2.86 3.1 

Magnet loss (W) 0.0106 0.0413 0.1086 0.1313 

Total loss (W) 372.2 381.9 382.15 383.8 

90% of total loss (W) 335 343.7 344 345.4 

50% of total loss (W) 186.1 190.9 191.1 191.9 

As shown in Figure 3.2, prototype B only covers partly below under UDDS condition. This 

prototype is a scale–down IPMSM traction motor design which will be used primarily to 

validate the proposed thermal model as well as justify the cooling requirements compared 

to the prototype A. For prototype A, Table 3.3 shows the values of 90% and 80% of the 

total loss and for prototype B, Table 3.4 shows 90% and 50 % of the total loss. These 

different percentage of losses will be used in LPTN model as the amount of heat removal 

from the motor using liquid cooling. This will demonstrate that LPTN will predict the stator 

winding temperature when prototype A will expel the amount of heat equivalent to 90% or 

80% of the total motor loss.  
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3.4. Heat Removal by Liquid Cooling 

The LPTN model has then been modified as shown in Figure 3.7. Heat removal block is 

replaced by motor cooling channel block and radiator cooling pipe block. The cooling 

blocks have been implemented in order to incorporate the coolant flow rate required. 

Water–glycol is used as the liquid coolant. The amount of heat removed from stator can be 

written as: 

Q̇ = ℎ𝐴𝑐𝑜𝑛𝑣(𝑇𝑠𝑡𝑎𝑡𝑜𝑟 − 𝑇𝑤𝑎𝑡𝑒𝑟−𝑔𝑙𝑦𝑐𝑜𝑙)    (3.15) 

which is the same amount of heat absorbed by water–glycol and can be written as: 

Q̇ = �̇�𝐶𝑝 (𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑖𝑛𝑙𝑒𝑡)     (3.16) 

Here, ℎ is a convection coefficient, 𝐴𝑐𝑜𝑛𝑣 is convection area, 𝑇𝑠𝑡𝑎𝑡𝑜𝑟 is stator temperature, 

𝑇𝑤𝑎𝑡𝑒𝑟−𝑔𝑙𝑦𝑐𝑜𝑙 is water–glycol temperature, �̇� is mass flow rate of water–glycol, 𝐶𝑝  is a 

specific heat of water–glycol, 𝑇𝑜𝑢𝑡𝑙𝑒𝑡 is water–glycol temperature at motor outlet, 𝑇𝑖𝑛𝑙𝑒𝑡 is 

water–glycol temperature at motor inlet. 

The convection coefficient can be calculated from: 

ℎ =
𝑘𝑓×𝑁𝑢

𝐷
      (3.17) 

where 𝑘𝑓 is thermal conductivity of water–glycol and D is hydraulic diameter of cooling 

channel. 

Nusselt number needs to be determined in order to find the h. So, Nusselt number can be 

found from the following equations at different conditions. 

For turbulent flow, 

𝑁𝑢 =
𝑓

8
×

(𝑅𝑒−1000)×𝑃𝑟

1+12.7×(
𝑓

8
)

0.5
×(𝑃𝑟2/3−1)

    (3.18) 

where 𝑅𝑒 = Reynolds number, 𝑃𝑟 = Prandtl number and f is the friction factor calculated 

as a function of Reynolds number. 
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𝑓 = [0.790 × 𝐿𝑛(𝑅𝑒) − 1.64]−2    (3.19) 

For laminar flow in round channels, 

𝑁𝑢 = 3.66 +
0.065×(𝐷

𝐿⁄ )×𝑅𝑒×𝑃𝑟

1+0.04×{(𝐷
𝐿⁄ )×𝑅𝑒×𝑃𝑟}

2/3   (3.20) 

For laminar flow in concentric channels, 

𝑁𝑢 = 7.54 +
0.03×(𝐷

𝐿⁄ )×𝑅𝑒×𝑃𝑟

1+0.016×{(𝐷
𝐿⁄ )×𝑅𝑒×𝑃𝑟}

2/3  (3.21) 

For laminar flow in rectangular channels, 

𝑁𝑢 = 7.49 − 17.02 ×
𝐻

𝑊
+ 22.43 (

𝐻

𝑊
)

2
− 9.94 × (

𝐻

𝑊
)

3
+

0.065×(𝐷
𝐿⁄ )×𝑅𝑒×𝑃𝑟

1+0.04×{(𝐷
𝐿⁄ )×𝑅𝑒×𝑃𝑟}

2/3  (3.22) 

where D is hydraulic diameter of cooling channel, L is Length of cooling channel, H is 

Height of cooling channel, W is Width of cooling channel, 𝑅𝑒 is Reynolds number, and 

𝑃𝑟  is Prandtl number. 

Equation (3.18) has to be used for turbulent flow in any type of channel geometry. On the 

other hand, equations (3.20) – (3.22) have to be used for laminar flow in the respective type 

of channel geometry. The flow is defined to be laminar if the Re < 4,000 and turbulent if 

Re > 4,000. 

Aggregate length of local resistance was found from the minor loss coefficient which is 

dependent on geometry. 

𝐾 =  
𝐿

𝑉2
2𝑔⁄

       (3.23) 

Reynolds number coefficient was found from empirical Reynolds number relationship 

based on width–to–height ratio in rectangular geometry. 
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Figure 3.7.  Modified LPTN model with cooling blocks. 



 

41 

 

The parameters in the cooling channel block have been setup in the Simulink model. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3.8.  Parameter setup in Simulink model. 
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3.5. Experimental Setup for Thermal Tests 

 

 

Figure 3.9.  Experimental setup for thermal tests for prototype B. 

Experimental setup with IPMSM motor prototype B is shown in Figure 3.9. Power was 

supplied to a dyno motor which was used for driving the motor prototype B. Resistance 

temperature detectors (RTDs) were embedded in the stator end–windings of the prototype 

for measuring the temperature. Data logger recorded the data found from the RTDs.  

3.6. Results and Analysis 

IPMSM motor prototypes A and B were used for both UDDS and HWFET driving 

conditions to predict stator winding temperature of the motor using the proposed simplified 

LPTN model. Motor prototype A is built but it is not in a state of operation at this point, 

hence, only simulation results from LPTN are presented for prototype A. Prototype B has 

been used both for simulation and experimental validation of LPTN model results. 

3.6.1. Simulations Results from the LPTN Model–IPMSM Prototype A 

Stator winding temperature for 500 rpm and 65 Nm loading conditions are shown in Figure 

3.10. When no cooling at all is used for the prototype A, the stator winding temperature 

rise is around 670oC. This is absolutely high temperature for the motor and active liquid 

cooling is required. LPTN model uses the cooling block that removes 90% and 80% 

equivalent amount of heat from the motor that results the temperature rise in the stator 

winding are 90oC and 162oC respectively. In this case, 90% heat removal from the motor 

predicts the temperature lower than the motor insulation design limit of 110oC. Hence, the 

Motor 

Prototype B 
Dyno Motor  

Data logger 

 
RTDs 
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cooling channel in the motor must remove the heat of 90% equivalent to the total loss in 

order to keep 90oC. On the other hand, 80% cooling will never be possible to bring down 

the temperature of the motor to the design limit. Moreover, the operating point here 

considered is 500 rpm and rated torque of 65 Nm. There are some operating points below 

UDDS beyond these rated conditions and requires higher torque, which eventually will 

generate more heat in the motor. As a result, cooling condition will restrict the motor 

prototype A to run longer period of time beyond these operating limits. The temperature 

results from LPTN simulation for different motor components are shown in Figure 3.11.  

 

Figure 3.10.  Stator winding temperature results from LPTN model for prototype A under 

500 rpm and rated torque of 65 Nm condition. 

 

Figure 3.11.  Temperature results from LPTN model for prototype A under 500 rpm and 

rated torque of 65 Nm condition. 

Ideally, the different motor components should have different temperature values because 

they are made of different materials and their configurations are also different. However, 

the prototype A is a very small motor with an outer diameter of 195 mm and an axial length 

of 75 mm. It has a very high phase current of 78 A within such a small volume, which 

causes a very high amount of heat generation within the motor. This very high value of 

heat within such a small motor eventually results in a high heat density and a quick heat 

transfer, which leads to a steady state where all the motor components are nearly in a 

thermally equilibrium state. That is why Figure 3.11 shows all the motor components to 

have approximately the same temperature. 
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Figure 3.12.  Stator winding temperature results from LPTN model for prototype A under 

2,500 rpm and rated torque of 71 Nm condition. 

 

Figure 3.13.  Stator winding temperature results from LPTN model for prototype A under 

5,000 rpm and rated torque of 50 Nm condition. 

Stator winding temperature rise for 2,500 rpm and with 90% and 80% cooling are 111oC 

and 186oC respectively, as presented in Figure 3.12. This operating 500 point is still below 

UDDS and temperature rise went up compared to rpm condition for prototype A. HWFET 

driving condition is represented in Figure 3.13, where the temperature rise of the stator 

winding with 90% and 80% cooling are 120oC and 202oC respectively. It is clearly 

demonstrated that 80% cooling is never sufficient for prototype A for UDDS and HWFET 

driving conditions as shown in Figure 3.13. A comparison of the temperature rise for 500 

rpm, 2,500 rpm and 5,000 rpm with 80% and 90% cooling requirement is stated in Figures 

3.14 and 3.15 respectively. The highest temperature of the stator winding rises to 120oC 

with 90% cooling. Hence, LPTN predicted winding temperature is in the ranges from 90oC 

to 120oC to satisfy both UDDS and HWFET conditions except that some points identified 

beyond rated torque. 
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Figure 3.14.  Stator winding temperature results from LPTN model for prototype A under 

500 rpm, 2500 rpm and 5,000 rpm with 80% cooling. 

 

Figure 3.15.  Stator winding temperature results from LPTN model for prototype A under 

500 rpm, 2,500 rpm and 5,000 rpm with 90% cooling. 

 

3.6.2. Simulations Results from the LPTN Model–IPMSM Prototype B 

The temperature results from LPTN simulation for different motor components are 

mentioned in Figure 3.16. The winding temperature rise for prototype B with no cooling is 

around 100oC, which is below than the winding insulation design temperature of 120oC, as 

shown in Figure 3.17. This is a scale–down motor prototype that demonstrates better 

thermal condition of the motor. Hence, the electromagnetic design parameters can be 

followed in order to scale up the design of the IPMSM traction motor. With 90% cooling 

the stator winding temperature is around 40oC which is much lower temperature. This 

demonstrates that it is not required to design any cooling for this prototype to remove 90% 

of heat from the motor. With 50% cooling the winding temperature is 65oC, which is much 

ideal operating condition for the traction motor. Similar winding temperature and cooling 

requirements for the prototype even at higher speed conditions are demonstrated in Figures 

3.18 and 3.19. Hence, only 50% cooling design would be the sufficient for this prototype 
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B. The scale–up design will demand higher torque and power requirements; however, the 

design parameters of this prototype can be useful for traction motor design in the future. 

 

Figure 3.16.  Temperature results from LPTN model for prototype B under 300 rpm and 

rated torque of 65 Nm condition. 

 

Figure 3.17.  Stator winding temperature results from LPTN model for prototype B under 

300 rpm and rated torque of 65 Nm condition. 

 

Figure 3.18.  Stator winding temperature results from LPTN model for prototype B under 

600 rpm and rated torque of 65 Nm condition. 
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Figure 3.19.  Stator winding temperature results from LPTN model for prototype B under 

1500 rpm and rated torque of 31 Nm condition. 

3.6.3. Experimental Validation of Temperature Results from LPTN Simulation 

Thermal tests were performed on the motor prototype B under varying loading and speed 

conditions. Winding temperature for 100 rpm and with 40 Nm and 57 Nm loading is given 

in Figure 3.20. Winding temperature for 300 rpm and with 49 Nm and 65 Nm loading is 

presented in Figure 3.21. No cooling was used for the thermal tests. The prototype does 

not consist any cooling channel. The heat generation in the motor is completely dissipated 

through the casing. Liquid cooling was only simulated for both motor prototypes. A 

comparison of the LPTN model results and experimental model results for the prototype B 

has been mentioned in Figures 3.22–3.25. The results compare very well with simulation 

results and validate the LPTN model. Magnet temperatures which were measured by using 

thermal imager at the end of two–hour period of each experiment are shown in Figures 

3.26 and 3.27.  

 

Figure 3.20.  Winding temperature from experiments at 100 rpm for 40 Nm and 57 Nm 

torque. 
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Figure 3.21.  Winding temperature from experiments at 300 rpm for 49 Nm and 65 Nm 

torque. 

 

Figure 3.22.  Comparison between experimental and simulation results at 100 rpm and 40 

Nm. 

 

 

Figure 3.23.  Comparison between experimental and simulation results at 100 rpm and 57 

Nm. 
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Figure 3.24.  Comparison between experimental and simulation results at 300 rpm and 49 

Nm. 

 

 

Figure 3.25.  Comparison between experimental and simulation results at 300 rpm and 65 

Nm. 

The difference between simulated results and experimental results for motor winding 

temperature has been caused by the precision error of the RTDs used in the experimental 

setup. The calculation of convection coefficient from Taylor number may also have caused 

an error, which has to be further investigated.  

 

Figure 3.26.  Magnet temperature at 44 and 58 Nm respectively at 100 rpm. 
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Figure 3.27.  Magnet temperature at 49 and 65 Nm respectively at 300 rpm. 

3.7. Conclusion 

Motor prototypes A and B are designed for traction motor applications. Prototype A is 

designed primarily full scale to be used in EV. The proposed LPTN model is used to 

determine winding temperature for prototype A for varying operating points of the torque–

speed characteristics under UDDS and HWFET drive cycles. The produced LPTN results 

demonstrate the cooling requirements in the motor in order to produce required torque for 

varying drive conditions. Prototype B was used primarily to validate the proposed LPTN 

model. Experimental results agree well with the simulation results for prototype B. Hence, 

the proposed thermal model developed and validated in this work will be very useful in 

automotive industry to determine thermal characterization of the traction motor under 

varying drive conditions. In order to predict stator winding temperature dynamically using 

the proposed LPTN model, a motor loss model has to be developed and it will be integrated 

with the thermal model. This loss model will be created in MATLAB/Simulink using a 3D 

scattered interpolation block that contains all the motor loss data set provided by the motor 

manufacturers or designers. Depending on the torque and speed conditions for UDDS and 

HWFET drive cycles, the loss model will determine dynamically appropriate losses. In this 

thesis, only constant torque–speed operating points are used to validate the LPTN model. 

The authors would like to continue this work to develop an integrated motor loss model 

and thermal model for dynamic simulation to predict motor temperature.  
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CHAPTER 4 

CFD AND LPTN HYBRID TECHNIQUE TO DETERMINE 

CONVECTION COEFFICIENT IN THE END–WINDING OF A 

TEFC INDUCTION MOTOR WITH COPPER ROTOR 

4.1. Introduction 

The stator end–windings generally reach the highest temperature compared to any other 

parts in a TEFC induction motor electric motor while it is in operation [1]. Determination 

of cooling effects on the end–windings in an induction motor with TEFC design is complex 

due to turbulent nature of air circulation around the end–winding in the motor endcaps. In 

[2]–[3] the end–winding cooling effects were investigated using computational fluid 

dynamic modeling and thermal experimentation on ARIM. The findings established the 

fact that the fins and blades on the rotor end–rings of an ARIM enhance the cooling effects 

on the end–winding and results higher convection coefficient. The higher the convection 

coefficient in the end–winding region the greater heat dissipation from the end–winding to 

the motor frame and endcaps. In [4]–[6], a LPTN modeling was proposed to determine 

convection coefficient in the end–winding region and compared their results with more 

LPTN modeling developed by several authors as shown in Figure 4.1 which shows the 

correlation between convection coefficient and air velocity inside the motor endcap. The 

higher the air circulation in the end–region the greater the cooling effects. The correlation 

of the convection coefficient consists of natural and forced convection coefficient, which 

varies with the inside air velocity. The findings in [4]–[6] also determines air velocity in 

the end–winding region as a function of rotor speed and fanning factor of the fins or blades 

on the rotor end–rings. For ARIM the fanning factor was determined between 0.8 and 1 

depending on the size of the wafters incorporated on the rotor end–rings. It was also stated 

that if there is no internal fan or the ends of rotor are smooth, the internal air velocity will 

be much less and end–winding fanning factor will be zero. Hence, such lacking of evidence 

for fanning factor is an open problem that creates an opportunity and necessity to determine 

and quantify the convection heat transfer coefficient in the end–region for a CRIM that 

does not have any fins or blades on its rotor end–rings. This cooling differences due to the 

differences in the rotor geometry directly affects an accurate stator winding temperature 
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prediction for CRIM that are becoming widely and commonly used electric motor in many 

industry applications including electric vehicles. In addition, different size of the CRIM 

will experience different air circulation that has to be incorporated into this convection 

coefficient correlation.  

 

Figure 4.1.  Published correlations for the equivalent heat–exchange coefficients in the 

end–regions for TEFC induction motors [3]. 

Hence, this chapter proposes a hybrid computational fluid dynamic and LPTN modeling 

techniques to determine effective air velocity inside motor endcap and its correlation with 

convection heat transfer coefficient for CRIM end–winding region. First, section II–A 

proposes a simplified LPTN modeling along with DC thermal tests on a 20 hp CRIM to 

determine the natural convection heat transfer coefficient. In order to determine forced 

convection heat transfer coefficient, it is required to determine air circulation and its 

velocity inside CRIM end–winding region. Section II–B proposes 2D and £D computation 

fluid dynamic modeling to determine air circulation and air velocity magnitude that has be 

used for forced convection heat transfer coefficients in the end–winding region. Section III 

describes the experimental validation of the air circulation in the CRIM and proposes heat 

transfer modeling and implementation of empirical heat transfer relationships to determine 

convection heat transfer coefficients for CRIM or any other type of motors with different 

sizes that has smooth rotor ends.  
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4.2. Determination of Heat Transfer Coefficients 

4.2.1. Natural Convection Coefficients from End–Winding  

A simplified LPTN model in Figure 4.2 shows how the heat transfer takes place from the 

end–winding region to the motor casing. Heat from the stator winding in slots and end–

winding flows through R1 and Req in parallel. Here, R1 means the equivalent thermal 

resistance between winding in slots and motor casing, and Req is the equivalent resistance 

between end–winding and motor casing. The details of Req is shown in detail in the right 

portion of the figure. Radiation heat transfer from the end–winding takes place through 

thermal resistance R2, natural convection heat transfer takes place through thermal 

resistance R3 and forced convection heat transfer takes place through thermal resistance 

from end–winding to the inner air, R4 and then through resistance from inner air to the 

motor casing, R5. In DC thermal tests, only copper losses at the stator exist which simplifies 

the calculation. As the rotor is still and does not have any rotation, thermal resistances, R4 

and R5 for forced convection between the end–winding and the casing are cancelled out. 

During tests, temperatures at stator winding, inner air in the end–region and casing were 

measured using Resistance Temperature Detectors (RTDs) thermal sensors and these 

temperature readings are used in solving this LPTN to determine natural convection 

coefficients in the end–region of the motor. This natural convection takes place in the end–

winding region only due to the non–existent of air circulation during DC tests. Figure 4.3 

shows the temperature of the end–winding and inner air. The following sections describe 

the equations to calculate different thermal resistances from this simplified thermal model. 

 

Figure 4.2.  A simplified lumped parameter model for end–winding. 
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Table 4.1. Simplified Lumped Parameter Thermal Network Model 

Item Description of Model Parameters 

Pcu–S Stator copper losses (conductors in the slots)  

Pend–wdg Stator end–winding losses  

R0 Thermal resistance due to natural convection and radiation between casing and 

ambient  

R1 Equivalent thermal resistance due to conduction between stator winding in the 

slots and the motor casing     

R2 Thermal resistance due to radiation from end–winding to motor casing  

R3 Thermal resistance due to natural convection between end–winding to motor 

casing  

R4 Thermal resistance due to forced convection between end–winding and inner air     

R5 Thermal resistance due to forced convection between inner air to motor casing 

Req End–winding equivalent thermal resistance 

Thermal resistance, R0 represents the resistance due to both natural convection and 

radiation between the casing and ambient air which can be calculated from the following 

expression: 

                  𝑅0 =
∆𝑇𝑐𝑎𝑠𝑖𝑛𝑔

(𝑃𝑐𝑢−𝑆 + 𝑃𝑒𝑛𝑑−𝑤𝑑𝑔)⁄                 (4.1) 

Thermal resistance, R1 represents the resistance due to conduction between stator winding 

and the casing which can be calculated from the following expression: 

                     𝑅1 =
(𝑇𝑤𝑖𝑛𝑑𝑖𝑛𝑔 − 𝑇𝑐𝑎𝑠𝑖𝑛𝑔)

𝑃𝑐𝑢−𝑆
⁄               (4.2) 

Thermal resistance, R2 represents the resistance due to radiation heat transfer between stator 

end–winding and the casing. Further, R3 represents the resistance due to natural convection 

between stator end–winding and the casing. Both resistances are connected in parallel and 

this can be calculated as: 

1
(1

𝑅1
⁄ + 1

𝑅3
⁄ )⁄ =

(𝑇𝑤𝑖𝑛𝑑𝑖𝑛𝑔 − 𝑇𝑐𝑎𝑠𝑖𝑛𝑔)
𝑃𝑒𝑛𝑑−wdg

⁄      (4.3) 

1

𝑅2
= σϵ𝐴𝑒𝑛𝑑−𝑤𝑑𝑔(𝑇𝑒𝑛𝑑−𝑤𝑑𝑔 + 𝑇𝑐𝑎𝑠𝑖𝑛𝑔) × (𝑇𝑒𝑛𝑑−𝑤𝑑𝑔

2 + 𝑇𝑐𝑎𝑠𝑖𝑛𝑔
2 )   (4.4) 
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In order to calculate the convection coefficient due to natural convection from the end–

winding (4.5) can be used: 

𝑅3 = 1
ℎ𝑒𝑛𝑑−𝑤𝑑𝑔𝐴𝑒𝑛𝑑−𝑐𝑎𝑝

⁄              (4.5) 

where hend–wdg is the convection heat transfer coefficient and Aend–cap is the endcap area. 

Table 4.2 shows equivalent circuit parameters for the test motor. Table 4.3 shows all the 

physical dimensions of the motor that are used in thermal resistance calculations. In 

estimating the stator end–winding copper losses and its impact on generating heat, it is 

important to know the length of the end windings with respect to the total of windings for 

each phase. 

 

Figure 4.3.  Measured temperatures for end–winding and inner air in the end–region. 

The joule losses causing end windings heating will be proportional to the total joule losses 

caused by the whole length of the windings and is simplified as: 

𝑃𝑒𝑛𝑑−𝑤𝑑𝑔 = 𝑃𝑐𝑢−𝑡𝑜𝑡𝑎𝑙 × (
𝐿𝑒𝑛𝑑−𝑤𝑑𝑔

𝐿𝑆
⁄ )       (4.6) 

where Lend–wdg is the stator end–winding length, LS is the total stator winding length. Table 

4.4 shows all the calculated winding losses from DC tests and Table 4.5 shows the calculate 

results of the thermal resistances from the LPTN model. From these thermal resistances 

natural convection coefficient in the end–winding region was calculated using (4.5) which 

is the only convection coefficient as the rotor is not rotating during DC thermal tests. The 

following sections will determine the forced convection coefficients while the motor is 

driven at different speed conditions. First, Computational Fluid Dynamics (CFD) technique 

will be used to determine air flow characteristics and air velocity. Based on air flow pattern, 
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empirical relationships will be used to calculate forced convection coefficients.  

 

Table 4.2. Copper Rotor Induction Test Motor Data 

Test Motor Nameplate Data Equivalent Circuit Parameters 

Parameter Values Parameter Values (ohm) 

Rated power 14.92 kW Rs 0.36 

Rated voltage 208/460 V RR 0.12 

Rated current 50.0/25 A Xls 1.71 

Rated speed 1,800 rpm Xlr 1.71 

Insulation class F Xm 28.20 

 

Table 4.3. Key Physical Dimension Data of the Test Motor 

Motor components 
Values 

(meter) 
Motor components 

Values 

(meter) 

Stator outer diameter  0.215 Shaft length (rotor) 0.228 

Stator inner diameter  0.150 Shaft length from rotor 

end to the bearing 
0.100 

End–winding outer diameter 0.220 

End–winding inner diameter  0.190 
Air thickness between 

rotor and endcap 
0.036 

End–winding axial length 0.070 Rotor yoke inner radius 0.098 

Rotor length  0.228 Rotor yoke outer radius 0.107 

Rotor outer diameter  0.154 Frame fin length 0.254 

Shaft diameter  0.052 Frame fin width 0.007 

Airgap length 0.0036 
Rotor lamination 

thickness 
0.0387 

Frame length 0.315 
Air thickness between 

rotor and endcap 
0.036 

 

Table 4.4. No Load Test Results for CRIM 

Loading Pcu–total (Watt) Lend–wdg (m) LS (m) Pcu–S (Watt) Pend–wdg (Watt) 

No load 127 0.07 0.298 97 30 
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Table 4.5. No Load Test Results for CRIM 

R0 

(oC/W) 

R1 

(oC/W) 

R2 

(oC/W) 

R3 

(oC/W) 

Equivalent of R2 and R3 

(oC/W) 

Natural Convection coefficient h 

(W/m2.oC) 

0.041 0.036 5.74 0.116 0.118 15.08 

 

4.2.2. Determination of Air Flow Characteristics in the Stator End–Winding Region 

Using Computational Fluid Dynamic (CFD) Technique   

i) Reynolds–averaged Navier–Stokes (RANS) Equations  

CFD is used to determine air flow characteristics in the end–winding of the test motor. 

Navier–Stokes equations are the governing equations for a Newtonian fluid and dictate the 

conservation of mass, momentum and energy of the fluid element under consideration. The 

fluid is considered as a continuum so that the molecular structure and molecular motions 

of the fluid can be neglected and the analysis can be performed at macroscopic scale. For 

the CFD investigation of end–winding, Reynolds–averaged Navier–Stokes (RANS) 

equations are used in order to model the characteristics of the flow. The RANS model 

focuses on the mean flow and the effect of turbulence on the mean flow by time–averaging 

the Navier–Stokes equations. The continuity equation for the mean flow is 

∂U

∂x
+

∂V

∂y
+

∂W

∂z
= 0                          (4.7) 

where U is the mean velocity vector with components U, V and W in x, y and z directions, 

respectively. The rate of change of density has not been shown in the continuity equation 

because the inner air has been considered as an incompressible fluid. If the fluid were 

considered to be compressible, there would be one more term in the continuity equation 

for the rate of change of density. The momentum equations are 

∂U

∂t
+ div(U𝐔) =  − 

1

ρ

∂P

∂x
+  ϑ div(grad U) +  

1

ρ
[

∂(−ρu′2̅̅ ̅̅ ̅)

∂x
+

∂(−ρu′v′̅̅ ̅̅ ̅̅ )

∂y
+

∂(−ρu′w′̅̅ ̅̅ ̅̅ ̅)

∂z
]  (4.8) 

∂V

∂t
+ div(V𝐔) =  − 

1

ρ

∂P

∂y
+  ϑ div(grad V) + 

1

ρ
[

∂(−ρu′v′̅̅ ̅̅ ̅̅ )

∂x
+

∂(−ρv′2̅̅ ̅̅̅)

∂y
+

∂(−ρv′w′̅̅ ̅̅ ̅̅ ̅)

∂z
]     (4.9) 

∂W

∂t
+ div(W𝐔) = − 

1

ρ

∂P

∂z
+  ϑ div(grad W) + 

1

ρ
[

∂(−ρu′w′̅̅ ̅̅ ̅̅ ̅)

∂x
+

∂(−ρv′w′̅̅ ̅̅ ̅̅ ̅)

∂y
+

∂(−ρw′2̅̅ ̅̅ ̅)

∂z
]  (4.10) 

where U is the mean velocity vector with components U, V and W in x, y and z directions 

respectively, 𝒖′ is the velocity fluctuation vector with components 𝑢′, 𝑣′𝑎𝑛𝑑 𝑤′ in x, y and 

z directions respectively, P is the pressure of air, 𝜗 is the kinematic viscosity of air. The 
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overbars indicate time–averaged quantities. The terms involving products of velocity 

fluctuation components in different directions are responsible for convective momentum 

transfer due to turbulent eddies. These can be thought of as additional turbulent stresses on 

the mean velocity components U, V and W and are called Reynolds stresses. The Reynolds 

stresses (−ρui′uj′̅̅ ̅̅ ̅̅ ̅) are calculated by Boussinesq approximation 

−ρui′uj′̅̅ ̅̅ ̅̅ ̅ =  μt (
∂Ui

∂xj
+

∂Uj

∂xi
) −

2

3
ρkδij            (4.11) 

where 𝜌  is the density of air, 𝜇𝑡  is the turbulent viscosity of air, 𝑈𝑖  and 𝑈𝑗  are mean 

velocity in i and j directions respectively, 𝑥𝑖 and 𝑥𝑗 indicate x, y and z directions for i or j 

= 1, 2, and 3 respectively, k is the turbulent kinetic energy, the Kronecker delta 𝛿𝑖𝑗 = 1 

when i = j and 𝛿𝑖𝑗 = 0 when i ≠  j. The momentum equations dictate the conservation of 

momentum of fluid element.  

The energy equation is 

∂E

∂t
+ div(E𝐔) =

1

ρ
 div(Γ grad T) + τxx  

∂U

∂x
+ τyx  

∂U

∂y
+ τzx  

∂U

∂z
+ τxy  

∂V

∂x
+ τyy  

∂V

∂y
+

τzy  
∂V

∂z
+ τxz  

∂W

∂x
+ τyz  

∂W

∂y
+ τzz  

∂W

∂z
             (4.12) 

where E is the energy, Γ is the effective thermal conductivity, T is the temperature, 𝜏𝑖𝑗 

indicates the viscous stresses in the j direction on a surface normal to i direction. 

The k–ε model is one of the turbulent models where two extra transport equations are 

used in addition to the continuity, momentum and energy equations to model the turbulent 

fluctuations. The transport equation for the turbulent kinetic energy is  

∂k

∂t
+ div(kU) =

1

ρ
div (

μt

σk
 grad k) + 2ϑtSij. Sij −  ε     (4.13) 

where k is the turbulent kinetic energy, ε is the dissipation rate of turbulent kinetic energy, 

𝑆𝑖𝑗 is the rate of deformation matrix in j direction on a surface normal to i direction, the 

subscripts indicate x, y and z directions for i or j = 1, 2 and 3 respectively, μt = ρ𝐶μ
𝑘2

ε
 is 

the eddy viscosity, ϑt =  
μt

ρ
 is the kinematic eddy viscosity, and the adjustable constants 

Cμ = 0.09, σk = 1. In (13), 
∂k

∂t
 is the rate of change of turbulent kinetic energy and 𝑑𝑖𝑣(𝑘𝑼) 

indicates the transport of turbulent convection. On the other hand, the transport of turbulent 

kinetic energy by diffusion is indicated by the divergence term on the right–hand side of 
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the equation. The term having turbulent viscosity and deformation matrix signifies the rate 

of production of turbulent kinetic energy. The last term with a negative sign means the 

destruction of turbulent kinetic energy.  

The transport equation for the rate of dissipation of turbulent kinetic energy is 

∂ε

∂t
+ div(ε𝐔) =

1

ρ
div (

μt

σε
 grad ε) +  C1ε

ε

k
2ϑtSij. Sij  −  C2ε

ε2

k
   (4.14) 

where adjustable constants are σε = 1.3, C1ε = 1.44, and C2ε = 1.92. The first term on the 

left–hand side simply means the rate of change of 휀 and the second term indicates the 

transport of ε by convection. The divergence term on the right–hand side indicates the 

transport ε by diffusion. The term having turbulent viscosity and deformation matrix is the 

rate of production of 휀, and it has a positive sign. The last term with a negative sign 

characterizes the rate of destruction of ε [12]. 

 

ii) 2D and 3D End–Winding Model Setup 

In the electric motor, two different domains are created in this exercise, one is rotating 

and the other is stationary. Multiple rotating reference frame technique in steady state 

analysis is used. The CRIM construction in Figure 4.4 shows all the major motor parts 

including end–winding which is considered in this study. The rotor geometry shows 

smooth rotor ends and no fins and blades on its end–rings. Figure 4.5 shows two 2D CFD 

models for the end–winding, one with completely smooth rotor ends and one with a small 

fin extension to demonstrate air circulations in the end–region. In both models, stator 

winding is created as solid body cross–section with 0% porosity. Rotor and shaft axis are 

identified as rotational axis and stator core, stator end–winding, casing, and endcap are 

considered as stationary walls. Fluid domain in different color represents a separate body 

from the winding, rotor, stator shaft, and casing walls. In the boundary condition, shaft axis 

and rotor axis were set as rotational reference at the speed of 1,200 and 200 r/min and stator 

and casing wall were set as stationary wall as shown in Figure 4.5. 

 



 

62 

 

 
 

Figure 4.4.  CRIM construction for the proposed study. 

 

      
  

(a)                                     (b) 

Figure 4.5.  CFD models. (a) Smooth rotor end. (b) Small fin extensions. 

Figure 4.6 shows a simplified 3D geometry of the rotor, shaft and air–gap region, excluding 

end–winding. The rotor and shaft were considered as a moving wall with a speed of 1,200 

rpm and the fluid domain surface shown in the figure was considered as stationary wall 

because it is adjacent to stator inner diameter. For meshing, the element size was taken 5 

mm and the element order was linear. No–slip condition was taken for both moving and 

stationary walls, because the air adjacent to the wall has the same velocity as the wall due 

to viscosity of air. Standard k–ε model was used for the turbulence modeling with RANS 

equations in finite volume approach. The boundary conditions are shown in Table 4.6.  
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Figure 4.6.  Simplified geometry. (a) Isometric view. (b) Side view. 

 

 

Figure 4.7.  Mesh created for stator end–winding CFD model. 

iii) Results for 2D and 3D CFD Analysis  

Steady state analysis was performed and from the simulation results, Figure 4.8 shows 

the air circulation in the end–winding region. Figure 4.8(a) shows the air velocity in the 

end–winding region to be in the range from 0.04 to 0.14 m/s for a rotor speed of 200 rpm. 

Figure 4.8(b) shows that the air velocity in the end–winding region is within the range from 

0.15 to 0.51 m/s for a rotor speed of 1,200 rpm. In Figure 4.8(b), the air flow at 1200 r/min 

rotor speed spread more outward towards the motor endcap compared to that in Figure 

4.8(a) at 200 r/min. There are two circulation loops produced in the region where the loop 

closer to the stator core has greater air circulation compared to the one close to the motor 

endcap. Velocity vector was used to better represent air circulation results for different 

speed settings. Considering physics, higher speed is creating stronger circulation compared 

to lower speed. Overall though, the air velocity magnitude is within the ranges from around 

0.1 m/s to 0.5 m/s, which is not significant. This clearly demonstrates non–existent of rotor 

fins of blades like copper rotor creates weaker air velocity in the end–region. 
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Table 4.6. Boundary Conditions for 3D CFD Analysis 

Component Boundary conditions 

Rotor and shaft 
Wall motion: Moving wall (1200 rpm) 

Shear condition: No slip 

Fluid Domain 
Wall motion: Stationary wall 

Shear condition: No slip 

Turbulence model Standard k–epsilon 

Mesh size 5 mm 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.8.  Air flow pattern in the end–winding. (a) At rotor speed 200 r/min and 

without fin. (b) At rotor speed 1,200 r/min and without fin. (c) At rotor speed 200 r/min 

and with fin. (d) At rotor speed 1,200 r/min and with fin. 
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Figure 4.9.  3D CFD model simulated air velocity in the end–winding at 1,200 rpm 

(longitudinal section view). 

 

Figure 4.10.  3D CFD model simulated air velocity in the end–winding at 1200 rpm 

(isometric view). 

The CFD model with a small fin extension that generates comparatively stronger air 

circulation as shown in Figures 4.8(c) and (d) that helps quicker heat dissipation through 

the endcap and casing. When the rotor speed is 200 rpm and a small fin is considered, the 

air velocity is in the range from 0.96 to 0.24 m/s, as shown in Figure 4.8(c). When the rotor 

speed is increased to 1200 rpm with the fin present, the air velocity remains within 0.31 to 

0.77 m/s. The air velocity in the air–gap region has higher values in the outer surface 

adjacent to the stator and lower values in the inner surface adjacent to the rotor. The air 

velocity in the end–region has much lower value than in the air–gap region. Air velocity 

was further investigated using 3D CFD modeling where Figures 4.9 and 4.10 show that the 

air velocity in the air–gap achieves the highest value in the range of 5 m/s to 9 m/s and the 

air velocity in the end– winding region are in the range of 0.1 m/s to 0.6 m/s at 1200 r/min. 
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4.3. Validation of Air Flow Characteristics in the End–Winding Region through 

Experiments   

In order to validate air flow characteristics in the end–region from CFD simulation study, 

experimentally air velocity was measured in the end–region. Figure 4.11 shows the 

experimental setup measuring air velocity while the test motor is driven at a speed of 1200 

r/min, 600 r/min and 200 r/min. A hot wire anemometer was used to measure the velocity 

and the results are shown in Figures 4.12 and 4.13. The results show that air velocity is 

higher close to rotational axes of the rotor and the shaft. The velocity gets weaker as it 

moves towards the motor endcap.  

The general equation to determine convection coefficient is expressed as (4.15): 

ℎ𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =
Nu × kair

𝑑
⁄         (4.15) 

where, hcombined is the combination of natural and forced convection coefficients, Nu is the 

Nusselt number, d is the diameter of the cylinder and kair is the thermal conductivity. It is 

important to note that convection heat transfer coefficient is greatly influenced by the air 

velocity as well as flow characteristics whether it is laminar or turbulent [11]. From 

Computational Fluid Dynamics (CFD) analysis, it has been determined that flow pattern in 

the end–region of an electric motor even with smooth rotor ends such as Copper Rotor 

Induction Motor (CRIM) is turbulent in nature. Such air circulations indicate that the heat 

transfer in the end–winding region takes place due to forced convection. 

 

Figure 4.11.  Experimental set–up for thermal tests on a 20hp CRIM. 
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Figure 4.12.  Measured air velocity in the vertical axis to the end–winding plane. 

 

Figure 4.13.  Measured air velocity in the horizontal axis to the end–winding plane. 

On the other hand, for smooth rotor geometry, the circulation is not strong enough and air 

velocity ranges for the Copper Rotor Induction Motor (CRIM) motor 0.1 m/s to 0.5 m/s 

depending on the rotor speed ranges from 200 r/min to 1200 r/min. Hence, convection heat 

transfer will consist of both free convection and forced convection in the end–winding 

region. 

The free convection boundary layer equation will indicate the general criterion for 

determining whether free convection effects dominate. The criterion for free convection 

dominance is expressed as:  

    
𝐺𝑟

𝑅𝑒2 > 10       (4.16) 

From Computational Fluid Dynamic (CFD) analysis in Figures 4.8, and 4.9, stronger air 

circulation exists primarily close to the stator core end. This space can be assumed as a 

cylinder that contains the circulation.  

A relationship between Re and GrPrD/L was graphically shown in [11], where Re is 

Reynolds number, Gr is Grashof number, Pr is Prandtl number, D is the hydraulic diameter 

and L is the length of the cylinder in which the fluid circulation occurs. Empirical equations 
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for Nusselt number proposed by different researchers were shown to be applicable in 

different regions of the graph depending on the values of Re and GrPrD/L. Higher value 

of Re indicates turbulent nature of the flow, whereas lower Re value indicates laminar 

nature. On the other hand, higher value GrPrD/L indicates more forced convection and 

lower value indicates natural convection. Sieder and Tate’s equation was applicable for 

forced convection in laminar flow; Oliver’s equation was applicable for mixed convection 

in laminar flow; Metais’s equation was applicable for mixed convection in turbulent flow; 

and Hausen’s equation was found suitable for forced convection in turbulent flow. The 

value of Reynold number becomes 1.35x103 at a speed of 200 r/min and 5.51x103 at a 

speed of 1200 r/min. This range of Reynolds number indicates that combined convection 

takes place in the end–winding region as well as the flow is turbulent in nature. Thus, the 

following empirical equation for mixed convection for turbulent flow proposed by Metais 

can be used to calculate the Nusselt number which is the key parameter to calculate 

combined convection coefficient [11]. 

𝑁𝑢 = 4.69 × 𝑅𝑒0.27 × 𝑃𝑟0.21 × 𝐺𝑟0.07 × (𝑑
𝐿⁄ )

0.36

       (4.17) 

where, Nu is the Nusselt number, Re is the Reynolds number, Pr is the Prandlt number, Gr 

is the Grashof number, d is the average diameter of stator end–winding and L is the axial 

length of end–winding. Reynolds number is defined as the ratio of inertia force to viscous 

force acting on a fluid flow. It is determined as follows 

𝑅𝑒 =
ρ×𝑣𝑖𝑎𝑖𝑟×𝑑

μ
        (4.18) 

where ρ is the density of air, viair is the air velocity and µ is the dynamic viscosity of air. 

Prandtl number is defined as the ratio of momentum diffusivity to thermal diffusivity of 

the fluid, and it is determined as follows 

𝑃𝑟 =
μ×𝑐𝑝

𝑘
       (4.19) 

where cp is the specific heat capacity of air and k is the thermal conductivity of air.  
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Grashof number is the ratio of buoyancy force to viscous force acting on a fluid, and it is 

found from the following equation. 

𝐺𝑟 =
ρ2×𝑔×β×(𝑇𝑒𝑛𝑑−𝑤𝑑𝑔−𝑇𝑖𝑎𝑖𝑟)×𝑑3

μ2
       (4.20) 

where g is the gravity, β is the reciprocal of inner air Tiair and Tend–wdg is the end–winding 

temperature.    

From the mathematical solution using equations (4.17)–(4.20), Nusselt number was 

calculated and combined convection coefficient was calculated from (15). Steady state 

temperatures of Tiair and Tend–wdg were measured from no load experiments on the CRIM 

test motor. Table 4.7 shows calculated results of Nusselt number and convection 

coefficients for different air velocity. The value of Gr/Re2 is also tabulated in the Table 4.7, 

which is the indication of the existence of natural convection and forced heat transfer in 

the end–winding region of the CRIM test motor. 

Combined convection coefficient results are plotted related to rotor peripheral speed as 

shown in Figure 4.14. The equations for graphs are displayed. If the line in the graph is 

extended towards left, it will intersect the y–axis (hcombined) at a value of 13.633 W/m2.oC 

and the rotor speed or peripheral rotor speed is zero. This clearly determines that the 

combined convection coefficient is:  

hcombined = 0.4072 a rp + b 13.633     (4.21) 

where a = 0.4072 J/m3.°C, rp is the rotor peripheral speed in m/s, and b = 13.633 W/m2.°C. 

Table 4.7. Combined Natural and Forced Convection Heat Transfer Coefficients at 

Different Rotor RPM 

Rotor RPM 

Inner air 

velocity, Viair 

(m/s) 

Nusselt 

Number (Nu) 

Combined 

Convection 

coefficient 

(W/m2.oC) 

Gr/Re2 

200 0.1 123.56 14.97 0.040 

600 0.2 147.26 17.49 0.13 

1200 0.4 178.68 21.48 0.79 
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where, hcombined is the combined convection coefficient, complete natural convection 

coefficient is 13.633 W/m2.oC and forced convection coefficient is 0.4072rp. Forced 

convection coefficient is a function of rotor peripheral speed of rp. This combined 

convection coefficient is compared with the findings from the past researchers which is 

shown in Figure 4.15. The comparison in Figure 4.15 clearly determines the differences in 

the values of natural and forced convection coefficients between the published and the one 

calculated in this work. This difference is caused due to the rotor geometry with or without 

fins on its end–rings. In Figure 4.15, all the published ones are convection coefficients for 

induction motor with aluminum rotor that has fins on its rotor end rings and hcombined found 

in this paper for CRIM that has smooth rotor ends. It is critical to note that both natural and 

forced convection coefficients for CRIM have lower values compared to aluminum rotor 

induction motor as expected due to smooth rotor end of CRIM. 

 
Figure 4.14.  Combined convection coefficient with rotor peripheral speed (m/s). 

 

Figure 4.15.  Comparison of proposed correlation for convection coefficient with the 

published ones by other models. 
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Figure 4.16.  Convection coefficient in the end–winding of the motor that has no fins on 

its end–rings. 

It is also important to note that the natural convection coefficient component from (4.21) 

which is 13.633 W/m2oC compares very close to the value of the natural convection 

coefficient of 15.08 W/m2oC in Table 4.3 that was determined from the proposed LPTN 

model solution technique. This comparison further confirms that the combined convection 

coefficient hcombined found for CRIM is accurate enough to be used in stator winding 

temperature prediction. In order to calculate convection coefficient in the end–winding for 

any size of the motor, the relationship between motor speed and combined convection 

coefficient has been determined based on the findings in this work as shown in the Figure 

4.16. From this relationship, the convection coefficient can be found with respect to speed 

of the motor and d/L ratio, where d is the average diameter of the end–winding and L is the 

axial length of the end–winding. For the prototype test motor that is used in this research, 

d = 205 mm and L = 70, so d/L = 2.9. As a result, the convection coefficient hcombined = 22 

W/m2.oC at 1,200 rpm.  

4.4. Conclusion 

In this chapter, a simplified LPTN and CFD hybrid technique has been proposed to 

determine the end–winding convection coefficient. This is a critical thermal parameter to 

accurately predict stator winding temperature to ensure proper overload thermal protection 

for an electric motor that has smooth rotor geometry such as CRIM. The key objectives 

that are met in this work are as follows: 

 Natural convection coefficient in the end–winding was found using a simplified LPTN 

model and DC thermal tests.    

 Air flow characteristics in the end–winding region have been determined. 

 Combined natural and forced convection coefficient for end–winding has been found 
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by analytical solution using empirical heat transfer equations and air flow 

characteristics from 2D and 3D CFD simulations.  

 A novel relationship between end–winding convection coefficient and motor rpm has 

been found and it is applicable to any size of copper rotor induction motor. 

 The final finding of the chapter is that the convection coefficient in the end–winding 

region can be found for any size of copper rotor induction motor by using the 

corresponding diameter to length ration in the proposed equations.  

Hence, these findings of convection coefficient in the end–winding region for CRIM that 

has smooth rotor ends is critically important to determine the stator winding temperature 

accurately for motor thermal protection. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

5.1. Conclusion 

This thesis proposed LPTN thermal modeling that can dynamically predict the motor 

temperature by providing optimum liquid cooling requirements. 

Chapter 1 was an introduction to the research topic and discussed why this research is 

important and relevant to the industry applications. It clearly states the objectives and 

explained the novelty of this research work. 

Chapter 2 was a review study of thermal modeling for traction motors. LPTN model was 

found to be more efficient for thermal analysis of electric motors in electric vehicle 

applications. It was recommended that LPTN modeling must include complete heat 

dynamics that take place in all the major motor parts while it is operation in order to predict 

motor temperature accurately.  

A simplified LPTN modeling with liquid cooling was proposed in Chapter 3 to predict 

motor temperature under different vehicle driving conditions. The required amount of heat 

removal from the motor was determined from the LPTN in order to keep the motor 

temperature with in the safe limit under varying motor driving conditions. The LPTN 

model was developed and created using MATLAB Simulink software. A carefully 

designed cooling block was implemented in the LPTN modeling in order to be able to 

regulate the required flow rate of the coolant. The findings that are found in this research 

work can be potentially used in electric vehicles to predict dynamically motor temperature 

by providing adequate liquid cooling.  An optimum coolant flow rate was determined from 

the proposed heat transfer solution in LPTN modeling, which will eventually lead to further 

development of a motor protection algorithm in an electric vehicle. 

A hybrid technique of LPTN modeling and CFD analysis for determining end–winding 

convection coefficient was demonstrated in Chapter 4. A novel mathematical relationship 

was established between rotor speed and convection coefficients in the end–winding 

region. This relationship will be used for determining the convection coefficient in the 
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motors that has smooth rotor ends and until now estimation of end–winding convection 

coefficient is an open problem in LPTN thermal model analysis to predict motor 

temperature accurately.  

5.2. Future Work 

The proposed LPTN model with liquid cooling design can be implemented in the software 

program for dynamic temperature prediction under different EV drive cycles. It can be an 

algorithm for motor thermal protection in dynamic conditions. As the required flow rate is 

determined from the predicted temperature, the cooling effect will be adequate to keep the 

motor within the safe temperature limit. This will help in predicting motor thermal health 

for different EV drive cycles satisfying longer driving ranges. 

The future work as a continuation of this research will be as follows: 

1. Dynamic motor temperature prediction tool will be developed for a full–scale 

IPMSM prototype by coupling the LPTN thermal modeling with an 

electromagnetic motor model. 

2. Optimum cooling solution will be determined from the proposed LPTN model with 

a full–scale IPMSM.  

3. Mechanical optimization of cooling channel design will be performed using CFD 

techniques. 

4. Experiments will be conducted on a full–scale motor with active liquid cooling in 

the CHRAGE lab to validate the proposed LPTN model. 

5. The LPTN modeling will further be extended and modified for online temperature 

prediction of different types of traction motors designed and prototyped in the 

CHARGE lab. 
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APPENDIX 

Permissions for using the previously published works are given below:  
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