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rir Inner radius of the rotor 
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riy Inner radius of stator yoke 
rm Mean value of the stator yok radius 
ror Outer radius of the rotor 
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to ambient 

R1 Interface gap conduction thermal resistance between the frame and 
the active part of the machine 

R2 Conduction thermal resistance of the upper  half side of the  stator 
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R3 Conduction thermal resistance of the lower  half side of the  stator 
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R4 Conduction thermal resistance of the stator teeth 

R5 Conduction thermal resistance between the stator winding and stator 
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R6 Conduction thermal resistance between the coil side and the end-
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R7 Conduction thermal resistance between the stator winding and the 
frame 

R8 Convection thermal resistances between the stator end-winding and 
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R13 Axial thermal conduction of the shaft 
s Fin space 
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sslot Slot area 
ST Total area of machine housing 
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T  Temperature difference between radiating and absorbing surfaces 
Ta Taylor number 
Ta Temperature of the active part of the winding 
Te Temperature of the end-windings 
teq Equivalent thickness of impregnation 
th Thickness of the motor housing 
Ts Surface temperature 
Tw Average temperature of the winding 
Tw0 Stator winding resistance in the reference temperature 
T0 Fluid temperature 
V Voltage 
v Local fluid velocity 
vr Surface speed of the rotor 
α Channel aspect ratio 
αe Temperature coefficient of the electrical resistivity 
β Coefficient of volume expansion 

γ Reduction coefficient to implement the distance between the outer 
surface of the end winding and the internal part of the housing 

ξ Length of unheated part 
φ Angular span 
ω Rotor angular speed 
ωr Angular frequency of the shaft 
ωs Angular frequency of the supply 
ρ Fluid density 
ρe Electrical resistivity of a material 
ρe0 Electrical resistivity of a material at reference temperature 
ϑ kinematic viscosity 
μ Fluid dynamic viscosity 
μb  Friction coefficient 
ε Relative emissivity 
σ  Stefan-Boltzmann constant 
η Fan efficiency 
τp Pole pitch 
ΔT Temperature difference 
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1 Introduction 
This chapter gives the motivation for the current work and states the importance of 
thermal analysis during the design process of an electrical machine. It provides thermal 
issues in electrical machines and describes the different cooling methods. Finally,  
the main objectives and scientific contribution of research work are presented.   

1.1 Importance of thermal design of the electrical machine 
The negative ecological footprint of combustion engines, global warming and reducing 
CO2 emission as well as fossil fuel shortage have a major impact on the research and 
development of the electrical machine [1].  

The design of the electrical machine is an interdisciplinary process and multiphasic 
problem, which consists of the electromagnetic, thermal and mechanical design as well 
as materials science. The thermal analysis of the electrical machine is one of the most 
important sections in the design process of the electrical machine, which plays a vital 
role in the performance, torque, power density and energy efficiency of the electrical 
machine.  

The objective of any design of an electrical machine is to increase the torque density. 
The general expression of the torque in an electrical machine is defined as [2]: 

 𝑇𝑇 = 𝐾𝐾𝐷𝐷2𝐿𝐿𝑠𝑠𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝐵𝐵𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 , (1.1) 

where K is a constant, D represents the rotor diameter, Ls is the axial length of the 
electrical machine, Aelc is electric loading, and Bgmax is magnetic loading.  

Accordingly, to increase the torque per unit of volume, the electric and magnetic 
loading must be increased. In reality, designers are confronted with some limitations to 
increase the magnetic loading because of the stator iron saturation during high flux 
density. According to the above description, the only flexible way to improve the torque 
is by increasing the electric loading, which can be achieved by increasing the current 
density. However, higher current density leads to higher copper losses and higher 
temperature. As a consequence, to achieve the required torque and performance, the 
thermal analysis of the electrical machine is essential. The main aspects of the thermal 
analysis are described hereafter. 

Winding insulation (Machine life): according to ‘’10 ℃ half-life rule’’  every 10 ℃ 
increase in operating temperature cuts insulation life by half [3]. Accordingly, higher 
current density leads to higher copper losses and higher temperature of the winding 
inside the slot, which reduces the lifetime of winding insulation materials and machine 
Life.  

Figure 1.1 shows the lifespan of different classes of insulation materials via 
temperature. Accordingly, the life aging of the slot insulation materials is inversely 
proportional to the temperature; consequently, by increasing the temperature, the 
lifespan of insulation materials starts to decrease. Finally, the maximum permissible 
operating temperature of each insulation class is illustrated in figure 1.1.    
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Figure 1.1.  Effect of the slot temperature on different insulation classes. 

Copper loss: Because the electrical resistivity of the conductor is temperature 
dependent, the value of copper loss increases by the temperature, which leads to a 
higher amount of the losses in the slot. 

Permanent magnet: The performance of the permanent magnets is temperature 
dependent. Figure 1.2 shows the demagnetization curve of the NdFeB magnet. 
Accordingly, increasing the temperature has a direct effect on the magnetic 
characteristic of NdFeB and reduces its flux density. Besides, due to the overheated 
condition, the magnet operation point will be located in the knee point of the 
demagnetization curve; as a result, the magnet will be irreversibly demagnetized [4]. 

Figure 1.2.  Demagnetization curves for the NdFeB type magnet [5]. 

Thermal and electromagnetic effect of different materials: From a material point of 
view, as Table1.1 shows, by reducing the amount of the alloy content, the price of steels 
also starts to decrease and the thermal conductivity of the steel increases [6]. However, 
the iron loss in the steel with lower alloy content increases, which leads to higher 
temperature [6]. 
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Table 1.1. Comparison between the steel lamination with the same thickness [6] 

Material  grade M235    M250 M300    M330 
k at 22 ℃ (pu) 1.00 1.04 1.15 1.32 
k at 100 ℃ (pu) 1.46 1.55 1.60 1.73 
k at 200 ℃ (pu) 1.63 1.73 1.78 1.85 
Loss (W/kg) 2.35 2.50 3.00 3.30 
% Si+ Al (pu) 1.00 0.91 0.74 0.58 
Price (pu) 1.00 0.89 0.77 0.62 

Elevated temperatures: From the mechanical point of view, at elevated 
temperatures, the electrical machine faces several problems such as the materials 
expansion, which induces mechanical stresses, bearing failure and thermal fatigue failure 
mechanism due to repetitive fluctuations in the temperature of  the materials, which 
finally leads to the cracks in the materials [3]. 

Accordingly, the electromagnetic losses in the electrical machine appear in the form 
of heat, and since some of the machine materials are temperature dependent, the 
electrical machine faces several thermal constraints. To overcome these problems and 
protect the electrical machine from the mentioned failures and ensure reliable 
operation, the thermal design and analysis of the electrical machine during the design 
process for the required performance is essential.  

1.2 Different cooling methods 
Different applications of electrical machines require different cooling methods.  
The electrical machine faces several thermal constraints. These thermal drawbacks are 
modified and moderated by selecting an appropriate cooling method. 

The appropriate cooling method of an electrical machine is selected according to 
several different parameters, e.g., machine application, machine topology, machine 
current density (Table 1.2), speed, the operational environment, cost and machine size 
[3], [7]. 

Table1.2. Different cooling system based on the machine current density  

Cooling System Current Density [A/mm2] 
Totally enclosed non ventilated 1-5 
Open air, fan cooled 5-10 
Forced liquid cooled 10-30 

Common cooling systems in different electrical machines are as follows [3]: 
Totally enclosed non-ventilated (TENV): In this cooling method, most of the heat is 
removed by the passive cooling method (natural convection and radiation) [3], [8].  
The housing provides the main path for the heat transfer from the inner sections of the 
machine to the ambient (figure 1.3) [9]. The amount of heat transfer depends on the 
machine dimensions, the viscous force, and the thermal diffusivity of the fluid [3]. 
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Figure 1.3.  Different models of the housing for the TENV cooling method [8].  

Totally enclosed fan cooled (TEFC): In this method, the external fan is attached to the 
non-driven part of the machine to blow the fluid (mostly air) into the fin channels of the 
housing (figure 1.4). In this approach, the fin channels over the housing are essential  [3]. 

 
Figure 1.4.  Different housing types for TEFC method [8]. 

Through ventilation: In this cooling method, the airflow is passed through the inner parts 
of the machine using three parallel paths (figure 1.5): axial and radial cooling duct in a 
stator, axial and radial cooling ducts in a rotor and air gap. 

 
Figure 1.5.  Through ventilation and different cooling ducts [8], [9]. 

Housing water jackets with axial and circumferential ducts: According to figure 1.6, in 
this method, the liquid cooling channels are located in the conductive frame of the 
machine above the stator laminations. Therefore, the heat generated in the machine is 
transferred by the conduction phenomenon to the machine housing and then it is 
extracted to the ambient by the convection employing the liquid fluid to the ambient [9]. 

 
Figure 1.6.  Housing water jack cooling method [8]. 

Submersible cooling: This cooling method is used for the machines that are working in a 
liquid environment such as a pump [3].  
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Wet rotor and stator: In this method, as figure 1.7 shows, the fluid (oil) is passed from 
the air gap, over the shaft to the end windings of the machine or it can be passed through 
the cooling slot channels inside the stator lamination [9]. 

 
Figure 1.7.  Example of wet stator cooling [9].  

Spray cooling: According to figure 1.8, the target of this cooling approach is to directly 
cool the rotor and end windings by spraying the coolant fluid (oil) from the nozzles.  
This approach has a significant advantage for removing the heat whereas by applying this 
method, the conduction path for the heat generated within the windings decreases [9]. 

 
Figure 1.8.  Spray cooling approach [9]. 

Direct conductor cooling: In this method, the fluid can be passed through the cooling 
tubes located inside the slot or the fluid is completely flowing between the conductors 
(figure 1.9). 

 
Figure 1.9.  Example of direct conductor cooling [10]. 

1.3 Latest trends in the cooling of electric machines 
The manufacturers use different electrical motor topologies, e.g., Toyota, Nissan, BMW, 
and General Motor use permanent magnet synchronous motors; Tesla uses induction 
motors; Punch Power train starts to use switched reluctance motor; Renault uses  
wound-field synchronous motors and ABB starts to do experiments to implement the 
synchronous reluctance motors [9]. Furthermore, they use different cooling methods 
according to motor topologies and their cooling targets. In the following, motor topology 
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and cooling methodology of Nissan LEAF and Tesla Model S will be described in more 
detail. 

 
Figure 1.10.  Nissan LEAF stator and rotor geometry [11]. 

Figure 1.10 shows the Nissan LEAF motor. Accordingly, Nissan Company uses the 48 
slots, eight pole, three-phase brushless interior permanent magnet topology with two 
magnet layers in the form of flat and V shape [12], [11]. According to figure 1.11,  
for cooling purposes, it uses the water jacket cooling technology. For this purpose, three 
circumferential channels in the housing provide main cooling for the motor [12], [11]. 

 

 
Figure 1.11.  Nissan LEAF water jacket channels [12]. 

Tesla uses 60 slots, four poles, 74 rotor bars, two-layer windings, a 3-phase induction 
motor. As figure 1.12 shows, they use two different types of the cooling method: water 
jacket cooling by implementing the circumferential channels in the housing and 
additional rotor liquid cooling due to the rotor bar Joule losses [11]. 

 
Figure 1.12.  Tesla model S cross-section area [11]. 

1.4 Objectives and scope of the thesis 
The objective of the PhD thesis was to enhance knowledge in thermal design and analysis 
of the electrical machine and develop the thermal analysis tools for electrical machines 
with a particular focus on SynRMs. The research focuses on existing challenges and 
problems in ongoing product development. The main objective is to develop scientifically 
sound methods that can be used in the thermal design and analysis of electrical 
machines, and then apply them for a specific machine. To clarify the research topic,  



22 

it mainly focuses on the thermal aspect including passive and active cooling. The passive 
cooling refers to the effectiveness of heat distribution within a machine, which is affected 
by material thermal properties, geometrical design and interfacial thermal resistances 
between machine components. For example, the passive thermal design of a stator slot 
strongly influences the temperature gradient of the coil. The active cooling refers to the 
effects of heat extraction from a machine to the coolant ultimately based on the 
convection phenomenon. 

In this thesis, different thermal models of electrical machines with the focus on SynRM 
have been developed. Choosing the appropriate convective heat transfer cooling 
method has a significant effect on the amount of heat extraction from an electrical 
machine. Accordingly, the industrial motors in the medium power range are cooled by 
the TEFC method. As a result, the TEFC method was selected for cooling of the SynRM. 
In this cooling approach, the outer circumferential of the machine housing consists of the 
fin channels and the fan blades are mounted in the non-driven section of the machine 
shaft.  

As the machine is used for variable speed purposes, most of the heat dissipates from 
the machine to the ambient by the mixture of convection (natural and forced) and 
radiation phenomena. According to the importance of the convection phenomenon in 
the total amount of the heat transfer, in the first step, the convection coefficient from 
different surfaces, e.g., flat plate, fin plate, in vertical and horizontal orientations under 
the natural cooling and air forced cooling condition, has been considered analytically by 
using empirical correlations and experimentally. Then, by the analysis and comparison of 
different analytical results by the experimental one, the appropriate correlation for each 
surface was selected. Finally, the analytical calculation method has been developed to 
find the convection coefficient from the complex shape of the TEFC machine housing 
during the natural and forced cooling.  

The main target of this thesis is to provide analytical LPTN and numerical FE models 
to predict the temperature of the different components of the SynRM. For the analytical 
purpose, the LPTN has been developed to calculate the temperature of the key 
components of the electrical machine.  The advantages of the developed LPTN are: 

• Reducing the complexity of the LPTN of the electrical machine; 
• Saving the accuracy to predict the temperature of the key components of the 

electrical machine; 
• Decreasing the calculation time.  

The thermal analysis of the electrical machine by applying 3D FEA has high setup and 
computation time. This approach is a beneficial method to model the heat distribution 
and conduction in solid materials. To reduce the setup and computation time and to use 
the benefit of the FEA in heat distribution and conduction in solid materials, the hybrid 
thermal model was applied. This method couples 2D FEA of the active part of the 
electrical machine by LPTN of the end region to capture all the key components of the 
electrical machine and provide the main paths of the heat transfer in the machine.  
The advantages of this method are: 

• Using the FEM software without having access to the code itself; 
• Reducing the time of the modeling process of the electrical machine by 

modeling only the active part of the machine whereas the end region of the 
machine is calculated by the LPTN;  

• Using the advantages of the FEA to accurately model the conduction in the 
active part of the machine.  
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1.5 Outline of the thesis 
The thesis is outlined as follows: 
Chapter 2 focuses on the state of the art. In the first part of this chapter, the different 
modern thermal analysis methods, their advantages, and drawbacks are considered in 
detail. In the second part, the various mechanisms of the heat transfer are described, 
and the critical parameters in the thermal modeling of the electrical machine are 
discussed in detail. 
In Chapter 3, the analytical LPTN and the hybrid thermal model for the SynRM are 
developed. Next, the calculation procedures of the thermal components of the models 
are described. The source of losses in SynRM is considered, and the analytical and 
numerical methods are defined. In the final part, the analytical LPTN and the hybrid 
calculation method are described. 
Chapter 4 presents the results of the analytical and numerical calculation of the thermal 
model parameters.  Finally, according to the calculated parameters, the thermal models 
are solved, and the results are presented. 
Chapter 5 contains the validation of the results of the developed models. It is divided 
into two main sections. In the first section, mainly the results of the convection 
coefficient from the basic shapes and machine housing are discussed and validated.  
In the second part, different measurement setups and procedures are described, and the 
accuracy of the thermal models is measured by comparing the thermal model results by 
the experimental results. 
Chapter 6 presents some conclusions and future work related to the thermal analysis of 
electrical machines.   

1.6 Scientific contributions 
Scientific novelty 
The scientific novelty of the doctoral thesis consists of the following: 

• The critical parameters in the thermal modeling of the TEFC SynRM; different 
solutions to overcome these parameters; different equations to model the 
complex heat transfer phenomena.  

• An LPTN for totally enclosed fan cooled electrical machines is proposed. The 
focus is on the critical parts of the SynRM machine, including the interfacial gap, 
the stator slots, end windings and heat transfer from the cooling machine 
system during the passive and active cooling methods.  

• A new hybrid thermal modeling approach to model the heat transfer of the 
machine is proposed. This method benefits from the advantages of both LPTN 
and FEA. Particularly, the LPTN is applied to model the heat transfer of the end 
region of the machine. The proposed LPTN makes it simple to model the heat 
transfer of the end region of the machine and reduce the setup and calculation 
time instead of modeling the complex structure of the end region of the 
machine by FEA, and only the heat transfer and losses distribution of the active 
part of the machine are modeled by FEA method. 

• A simplified method to calculate the radiation coefficient from the housing of 
the TEFC motor was applied. To reduce the complexity of the calculation and to 
save time, this parameter was calculated by using the hypothesis. Accordingly, 
the view factor of the surfaces without a clear view to the ambient is set to zero 
and the other ones with clear view to the ambient to one. 
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• The calculation methods to determine the total heat transfer coefficient from 
the housing of the TEFC machine for passive and active cooling were expanded. 

Practical novelty 
The thesis also has several practical novelties as described below: 

• Created the calorimeter to confine the heat losses from the desired surface; 
• Developed the test bench to consider the convection coefficient from different 

basic shapes during the natural and air forced cooling;  
• Developed the passive and active test bench to validate the thermal models; 
• Developed the test bench to measure the losses of SynRM. 
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2 State of the art 
In this chapter, an overview of different types of thermal design and analysis is 
presented. The objective is to provide the reader with a picture of the state of the art 
regarding different thermal models with their advantages and drawbacks. It describes 
the challenges and provides the solutions to dominate them during thermal modeling of 
an electrical machine.  

The thermal design and heat transfer have the same importance as electromagnetic 
design while it includes higher complexity and nonlinearity due to fluid flow nature [13]. 
Traditionally, the machine designers used DxL equations or method sizing which is not 
the direct thermal analysis method and accordingly, limited the magnetic and current 
loads [3]. In some cases, they referred to the previous experimental results for the design 
of the machine, and in some others, they developed elementary resistance network that 
it could be calculated by hand; in some cases, this resistance network consists of only 
one resistance [3]. At the end of the twentieth century and beginning of the recent 
century, by expanding the role of the computer in the design process of the electrical 
machine, new thermal methods have been introduced, and the complexity of the 
thermal networks has been increased. As a result, it is possible to obtain more accurate 
results within a short computation time. 

2.1 Thermal design and analysis of an electrical machine 
The modern thermal design of an electrical machine is divided into two main categories: 
analytical and numerical methods [14],[15] and [16]. 

2.1.1 Analytical thermal design of the electrical machine 
In the analytical method, the lumped parameter thermal network (LPTN) is developed to 
predict the temperature of the key components of the electrical machine. As the 
electrical engineer is familiar with the electrical circuit concept, the LPTN is better 
understood for them [3]. The LPTN is equivalent to the electrical circuit [3]. 
Consequently, the nodal temperature is akin to voltage, the power loss is analogous to 
the current source, and the thermal resistances are analogous to electrical resistances 
[3]. This method has advantages, e.g., fast computation time [17]. However, in this 
method, thermal resistances are calculated by using semi-empirical correlations 
preparing by some simplification assumptions or experiments may lead to uncertainty 
results [18]. To prevent the LPTN from uncertainty results, the LPTN should be selected 
with care. 
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Figure 2.1.  One of the earlier LPTN [19]. 

The thermal analysis of different electrical machines by this method has been 
reported in [19], [20], [21], [22] and [23]. One of the first studies in the field of thermal 
design of a totally enclosed fan cooled (TEFC) electrical machine is presented in [22]; 
where in 1991,   Mellor developed the LPTN of the induction machine. To increase the 
accuracy of the model, he developed the LPTN in both axial and radial directions 
(figure2.1) and finally validated it by doing the thermal test on two different induction 
machines in different power ranges from the medium (75-kW) to small power (5.5-kW). 
By calculating several convection heat transfer paths and developing the heat transfer 
paths in different directions, this model provides a very complex thermal network, which 
increases the computing process. In 2003, Boglietti [23] unveiled from his simplified 
thermal model for an induction machine and validated it by testing a 4-kW, 4-pole 
induction motor. By using some hypotheses, he reduced the complexity of the thermal 
model of the induction machine as well as computation time by saving the computation 
accuracy. However, in his model, he did not consider the radiation phenomenon and 
further, he determined some key parameters, e.g., equivalent thermal conductivity of 
slot, the length of the interface gap and natural convection resistance from the housing 
to the ambient by setting up a proper thermal test. Besides, he did not segregate the 
active and end winding parts. 

One of the first to study thermal designs and analysis of permanent magnet 
synchronous machines was  Lindstrom in 1999 [21]. He developed the LPTN for the 
surface mounted permanent magnet machine to analyze the thermal behavior of the 
machine during the steady-state and transient modes. His work contained no modeling 
the convection and radiation from the surface of the machine to the ambient and directly 
connected the thermal model of the machine to the ambient. In [22] El-Refaie developed 
a thermal model for the interior permanent magnet (IPM) synchronous machine based 
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on the proposed thermal model of  Lindstrom.  In 2012, Nategh presented his LPTN in [6] 
for directly cooled PMaSRM. In addition, he proposed a new method to model the heat 
transfer of the stator slot. For this purpose, he assumed that the stator slot consists of a 
number of elliptical impregnation and copper layers and based on this assumption,  
he provided the final correlation for the temperature distribution in the stator slot.  

2.1.2 Numerical thermal design of the electrical machine 
The numerical method for the thermal analysis is divided into two main groups: finite 
element analysis (FEA) and computational fluid dynamics (CFD) [17]. These two 
approaches are applied to model heat transfer in complex structures [9]. In addition, 
these methods can model any geometry and shape. 

The FEA is a suitable method for modeling the heat distribution and conduction heat 
transfer in the solid materials (figure 2.2) [9]. However, the CFD method is the most 
precise method to model heat transfer between two different media [9]. This method is 
employed to model the fluid flow distribution, to determine the coolant flow rate, 
velocity and the heat transfer coefficient (figure 2.3)  [3], [9]. However, a weakness of 
both methods is that they have high setup and computation time [9]. Accordingly, the 
FEA or CFD can be used to analyze a specific part of the machine and for a complete 
analysis of the electrical machine, the coupling is needed [24]. 

 

 
Figure 2.2.  3-D FEA  of the stator section [25]. 

Many publications address the thermal analysis of the electrical machine by using 
these two approaches. For instance, Nair in [26] considered the thermal analysis of an 
induction machine using 3D FEA  method, in [27] the thermal FEA method was applied 
to the surface mounted PM machine. In the thermal analysis of the electrical machine, 
Staton in [3] uses the CFD. In [23] and [28], Nategh presented a limited CFD and Partial 
FEA  and coupled it by the lumped parameter model to reduce the computation and 
setup time of the numerical methods using the advantages of these methods.  

 

 
Figure 2.3.  Thermal analysis of the TEFC machine utilizing the CFD method [14], [29]. 
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2.2 Heat transfer modeling 
The heat transfer mechanism in the machine is divided into three main heat transfer 
phenomena: conduction, convection, and radiation. Depending on the modeling 
method, these phenomena are described by the coefficients used either directly in the 
method or to calculate thermal resistances. Both of the coefficients and the resistances 
are calculated by the heat transfer correlations, which can be found in heat transfer 
literature and textbooks such as [3], [30] and [31]. The three heat transfer mechanisms 
are summarized below. 
1. Conduction heat transfer 
Two mechanisms have been defined for heat transfer by the conduction phenomenon; 
the first one is described according to the molecule vibration and the second one is based 
on free electrons [13]. In the first mechanism, the heat is transferred by the molecule 
interaction, which means that the molecule at a higher temperature with higher energy 
transfers its energy to the adjoining molecule by lattice vibration  [13]. Accordingly,  
the materials with an excellent crystalline structure such as metals have high thermal 
conductivity [3], [13]. These types of materials like aluminum, copper, and steel have a 
high thermal conductivity in the range of 14-400 [W/(m K)] [3]. On the other hand, due 
to their weak crystalline structure, insulation materials, such as resin with the thermal 
conductivity in the range of 0.2-0.6 [W/(m K)], have low thermal conductivity. 

In the second mechanism, the heat transfers between the free electrons. Based on 
this definition, the materials with a higher number of free electrons, such as pure metals, 
have better heat transfer conductivity [13].  Usually, a material with good electrical 
conductivity also has good thermal conductivity.  

The general Fourier expression for heat conduction in a one-dimensional heat flow  
(x coordination) is [32]: 

 𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑘𝑘𝐴𝐴𝑒𝑒𝑐𝑐
𝜕𝜕𝜕𝜕
𝜕𝜕𝑔𝑔
≈  −𝑘𝑘𝐴𝐴𝑒𝑒𝑐𝑐

∆𝜕𝜕
𝑔𝑔

 ,  (2.1) 

where Qcond is the rate of the heat conduction in x coordination [W], ∂T/∂x is the 
temperature gradients in x-direction, k is the thermal conductivity of the material     
[W/(m K)], Acr is the object cross-section area [m2], ΔT is temperature difference across 
the object [K], and x is length [m]. 
2. Convection heat transfer 
Convection occurs between the solid surface and the fluid. This phenomenon is a heat 
transfer process due to fluid motion [8]. In some cases, this process occurs by the 
buoyancy forces due to the difference in the density of hot and cold fluid molecules, 
which is called natural convection or in other cases, the fluid motion is generated by an 
external force, e.g., ventilator, fan, pump and blowers, which is known as the forced 
convection [8]. 

The amount of the heat transferred by the convection is calculated based on Newton’s 
Law: 

 𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 = ℎ𝑒𝑒𝐴𝐴(𝑇𝑇𝑠𝑠 − 𝑇𝑇0),  (2.2) 

where Qconv is the rate of the heat transfer by convection [W], hc is the convection heat 
transfer coefficient [W/(m2K)], A is the surface area [m], Ts is the surface temperature 
[℃], and T0 is the fluid temperature [℃]. 
3. Radiation heat transfer 
Both of the mentioned heat transfer phenomena in two previous sections need a 
medium to transfer the heat. Further, the heat transfer in these two phenomena occur 
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in the negative direction of the temperature gradients; in other words, heat is transferred 
from higher temperature to lower temperature part of the object or the fluid or gas 
medium [32].  

In the third heat transfer phenomenon, its specifications are completely different 
from conduction and convection. Accordingly, it does not need the medium to exchange 
and transfer the heat; it can occur even in the vacuum area [13], [33]. Radiation is an 
electromagnetic phenomenon, and the heat is transferred by the electromagnetic waves 
[13], [33]. The amount of heat that can be emitted by this phenomenon completely 
depends on the absolute temperature of the body [33]. 

The amount of the heat transferred by radiation is calculated based on the  
Stefan-Boltzmann equation as in [32]: 

 𝑄𝑄𝑐𝑐𝑔𝑔𝑐𝑐 = 𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇4 ,  (2.3) 

where Qrad is the amount of heat transferred by radiation [W], ε is the relative emissivity 
(in the range of zero to one), σ is the Stefan-Boltzmann constant equal to                   
5.67×10-8 [W/(m2 K4)], and T is a temperature difference between radiating and 
absorbing surfaces [K]. 

Radiation is the latest heat transfer phenomenon in the thermal design and analysis 
of the electrical machine that has attracted attention of the experts. Information and 
experimental results about radiation in the electrical machine are scarce [17].  Further, 
most of the studies related to the thermal design and analysis of electrical machines have 
neglected the heat transfer by the radiation phenomenon according to the statement 
that the temperature of the stator housing of the motor is not high enough [17], [34]. 
However, this statement can be correct in the electrical machines such as TEFC machine 
cooling by the fan at high motor speed [34]. Nevertheless, in the electrical machine with 
natural cooling or with very low motor speeds, the above statement is incorrect and 
between 20 to 40% of the total heat is extracted by the radiation phenomenon [35], [36]. 

The radiation phenomenon occurs in both inside and outside of the electrical motor. 
However, it is very difficult to determine the radiation coefficient experimentally since it 
is a complex process. The radiation occurs in parallel by the convection, and it is difficult 
to segregate these two phenomena from each other. Accordingly, it is very common that 
thermal designers add the convection and the radiation coefficients together as the total 
heat transfer coefficient in their analysis. However, Boglietti in [34] and [37] has 
determined the radiation coefficient of the electric motor through the experiment.  
For this purpose, the motor was hanged using two thin plastic wires inside the vacuum 
chamber to minimize the conduction and neglect this phenomenon. 

Further, the DC stator test was applied under vacuum condition. Based on his 
experiment, the amount of the radiation coefficient between the stator copper and iron 
laminations is 8.5 [W/(m2K)], between the end-winding and motor housing is 6.9 
[W/(m2K)] and between the house of the motor to the ambient is 5.7 [W/(m2K)].  
The results of these studies can be used as a good starting point for the thermal design 
and analysis of the electrical machine.  

2.3 Critical parameters in the thermal model 
The accuracy of the LPTN is highly dependent upon the accurate determination of the 
parameters. There are several critical parameters in the LPTN, which play an important 
role in the accuracy of the thermal model. In some cases, determining these thermal 



30 

model parameters in the complex part of the electrical machine cannot be calculated by 
the purely mathematical and analytical solution.  

According to the different studies, e.g., [14], [17], [38] and [39],  the critical parameters 
for the TEFC electrical machine are as follows: 

• Winding model 
• Interface gap between the  stator lamination and the housing 
• Air gap heat transfer 
• Convection from the housing  surface  
• End space cooling 

According to the role of these parameters in the accuracy of the thermal model, 
several studies such as [40] and [41] use the sensitivity analysis to clarify the effect of 
each parameter on the nodal temperature of the thermal model. 

2.3.1 The equivalent thermal conductivity of the slot 
The most critical part in the modeling of conduction heat transfer in the electrical 
machine is conduction inside the slot. This region consists of low thermal conductivity 
materials with high thermal sensitivity. In the thermal modeling of the slot, it is 
impossible and not essential to model the position of every single conductor. As figure 
2.4 shows, there are three simplified methods to model the conduction heat transfer 
inside the slot. These methods are as follows [42]: 

• Layer winding method: in this method, the slot is divided into several copper 
layers surrounded by impregnation and insulation [28]. Accordingly, the copper 
with the same temperature located at the same distance from the lamination, 
they lump and construct one layer [39]. Figure 2.4 (a) shows the scheme of this 
model. 

• Cuboidal method: this model is based on the cuboidal winding and presents the 
3-D heat transfer path of the windings [42]. 

• Equivalent insulation: in this approach, copper is located in the middle of the 
slot, and the insulation and impregnation material surrounds the copper as it 
has high thermal conductivity, it is neglected and only the equivalent thermal 
conductivity of the insulation materials is demonstrated, which depends on 
several factors such as the slot filling factor, the quality of the impregnation [42]. 

 

 
Figure 2.4.  Different methods of stator slot modeling in the LPTN: (a) layered, (b) cuboidal, and 

(c) equivalent thermal conductivity [43]. 

2.3.2 Interface gap heat transfer 
There are several different interface gaps in an electrical machine. However, the most 
important one in a TEFC machine is the interface gap between the stator laminations and 
the machine housing, as the total heat should be extracted from this part to the machine 
housing [17]. This gap is created mainly due to the imperfections between the surfaces 
of solid materials [38]. In the LPTN of an electrical machine, the interface gap is modeled 
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using the equivalent air gap.  In this method, it is a challenging task to determine the 
equivalent length of the interface gap and it depends on different factors, e.g., surface 
roughness, material hardness, interface pressure and manufacture process [14]. 

 
Figure 2.5.  Effective air gap. 

Different studies have addressed the problem of the interface gap in electrical 
machines [17]. For instance, Holman in  [44]  has defined the value of thermal resistances 
and conductances for various pressures and roughness; in [45] Miller defines the values 
of the interface gaps between different solid materials at the moderate pressure and 
usual finishes.  Traditionally, in the thermal design of an electrical machine, they just 
evaluate the length of the gap according to the machine housing type and machine 
power [21]. However, several studies such as [39] and [46] show that the interface gap 
depends on the material properties, pressure and roughness surfaces, as well as on the 
manufacturing process that has direct impact on this parameter; consequently, in the 
advanced manufacturing process, the dimension of the interface gap has been reduced. 
Staton in [17] presented the typical values of the interface gap in a wide range of 4-pole 
TEFC induction motors. 

2.3.3 Air gap heat transfer 
The heat is transferred across the air gap by conduction, convection, and radiation [21]. 
As the temperature differences between the rotor surface and the stator surface are 
rather small, the heat transfer by the radiation is neglected [21]. To consider the impact 
of the rotational flow on the total heat transfer in the air gap, a set of empirical 
correlations based on the Taylor dimensionless number (Ta) has been characterized.  
The initial correlations were developed by experiments on the concentrated rotating 
cylinder by Taylor in 1935, and In the following, Gazley in 1958 completed it  [39].  
The Taylor number depends on the air gap length, the rotational speed of the rotor, rotor 
length and the kinematic viscosity. Furthermore, the value of the Taylor number 
determined the flow type (laminar, vortex, or turbulent) [13]. 

2.3.4 Convection from the housing surface 
Most of the heat is transferred to the ambient by the convection phenomenon; 
consequently, accurate calculation of the convection coefficient increases the accuracy 
of the thermal model.  

In a TEFC machine with variable speed drives, at the low-speed performance,  
the natural convection is the dominated cooling method, which is the largest single 
resistance between the winding to the ambient [17] and [8]. The housing structure of the 
TEFC machine is designed for the forced cooling condition, and the fins channels on the 
outer circumferential of the housing provide the flow paths for the airflow. In most of 
the cases, these fin channels do not provide a good airflow into the depth of the fins 
during natural cooling [17].  
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Boglietti in [39] has presented an empirical correlation based on several DC stator 
experiments on different TEFC induction machines with different power ranges. 
However, the most accurate method to determine the natural convection coefficient is 
the area based composite correlation [17]. According to the complex shape of the 
housing of the TEFC machine, no single correlation exists. Consequently, the machine 
housing is segregated to different shapes with the known empirical correlation and then 
the total natural convection coefficient is determined by an area-based average  [8]. 

The TEFC electrical machine is cooled by passing the airflow over spacing between the 
fins of the machine housing.  In comparison to some forced cooling system, such as a 
liquate cooling system, in which the fluid flow speed can be estimated with reasonable 
accuracy, the prediction of the airflow speed from the housing of a TEFC machine is a 
challenging task [39]. 

There are several reasons to explain the above statement. The distribution of the 
airflow, which is produced by the fan, is not uniform in every fin channel [17], [39]. 
According to figure 2.6, due to the air leakage from semi-open fin channels, the airflow 
speed starts to drop in the axial direction [39]. Furthermore, in the housing of TEFC 
machines, some of the fin channels are blocked using the terminal box and bolt  
lugs, which results in the unbalanced distribution of the airflow around the machine 
housing [17].  

 

 
Figure 2.6.  Air leakage flow in the axial direction [47]. 

Figure 2.7 provides a better overview of the typical reduction of the air velocity in the 
axial direction of the fin channels of different TEFC machines [8]. Accordingly, the air 
velocity in the driven part of the machine is lower than in the non-driven part, and the 
effect of this factor on the heat transfer from the machine housing to the surrounding 
must be included in the calculation. Furthermore, the rates of the reduction of the 
velocity versus the distance are different in all the machines and depend on the fan 
characteristics, fin designs, motor size, and rotational speed. 
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Figure 2.7.  Air velocity in the fin channel versus distance from the fan side [8]. 

2.3.5 End space cooling 
The end space cooling is one the most difficult and complex areas of machine cooling 
due to the airflow around the end winding [17]. Several studies have addressed the heat 
transfer in this region, and according to figure 2.8, they have proposed diverse 
correlations in the following format to determine the heat transfer coefficient in the end 
space of the machine[48], [49], [50],[51] and [52]. 

 ℎ𝑒𝑒𝑒𝑒 = 𝑘𝑘1(1 + 𝑘𝑘2𝑣𝑣𝑘𝑘3) ,  (2.4) 

where hew is the total heat transfer coefficient in the end space [W/(m2K)], k1, k2 and k3 

curve fitting coefficients and v is the local velocity [m/s]. The k1 term shows the value of 
the natural convection, and k1×k2×vk3 term presents the forced convection.  
 
 

 
Figure 2.8.  Heat transfer coefficient of end space via inner air velocity [17]. 
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Table 2.1 shows different values of K1, K2 and K3 in these studies. 

Table 2.1.  Different values of K1, K2 and K3 

Name  K1 K2 K3 
Mellor 15.5 0.39 1 
Schubert (1) 15 0.4 0.9 
Schubert (2) 20 0.425 0.7 
Stokum 33.2 0.0445 1 
DiGerlando 40 0.1 1 
Hamdi 10 0.3 1 

 
The turbulent flow in this area depends on several factors, such as shape and length 

of the end winding, fanning effects of internal fans, the number and the dimension of 
Wafters, end-rings and surface finish of the end section of the rotor [8]. 

2.4 Summary of Chapter 2 
Modern thermal analysis methods were addressed and advantages and weakness of 
these methods were analyzed. To achieve the objectives established in Chapter 1,  
the analytical LPTN and the hybrid thermal model were selected as ideal methods to 
analyze the heat transfer of the machine. The basic principles of heat transfer were 
presented. In addition, common correlations, as well as critical parameters in the thermal 
calculation, were demonstrated and summarized and different methods to overcome 
these challenges were proposed. 
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3 Thermal analysis and modeling methods 
This chapter focuses on the development of the thermal models for the TEFC electrical 
machine. The developed thermal models are evaluated on a TEFC SynRM. In addition, 
the parameters of the thermal models, especially the heat transfer coefficient from the 
complex housing of this type of machine, are calculated. A more comprehensive 
explanation about the analytical LPTN and the hybrid thermal model, as well as the 
calculation of their components and the computation methodology are presented in 
papers [I] to [VII]. 

3.1 Synchronous reluctance motor prototype 
For the research purposes, the thermal models described in this study are applied to a 
four poles 10 kW, 400 V, 50 Hz, transverse-laminated radial flux SynRM with ‘F’ insulation 
class.  Figure 3.1 shows a CAD drawing of the machine and its cross section. This machine 
is a totally enclosed fan cooled machine and it uses the air forced cooling method. 
Accordingly, the fin channel design is essential in the outer circumferential of the 
machine housing. 

 
 

Figure 3.1.  Structure and topology of the transverse-laminated SynRM. 
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Detailed information on the geometrical data of the motor is given in Table 3.1, and 
the material properties of the machine are presented in Table 3.2. 

 
Table 3.1. Geometrical data of the transverse- laminated SynRM 

Name Symbol Unit Value 
Stator core length Ls mm 156 
Stator inner diameter Dis mm 136 
Stator outer diameter Dos mm 219 
Number of slots Ns - 36 
Air-gap height Hag mm 0.4 
Rotor inner diameter Dir mm 45 
Rotor outer diameter Dor mm 135.2 
Slot height Hslot mm 21 
Slot filling factor kf - 0.6 
Slot area Slots mm2 130.1 

 
 

Table 3.2.  Material data of transverse- laminated SynRM 

Machine part Material 
Thermal 

conductivity 
symbols 

Thermal 
conductivity 

[W/(mK)] 
Frame Aluminum kal 230 
Laminations M-350-50A kir 28 
Winding Copper kcu 387 
Impregnation Resin kres 0.2 
Air gap Air kair 0.0257 
Shaft  Steel ksh 41 

 

3.2 Lumped parameter thermal modeling 
In this section, the analytical LPTN applied for this research is presented. Due to the risk 
of high temperature inside the slot and damaging the slot insulation, which reduces the 
lifetime of the insulation materials as well as the machine life, precise prediction of the 
temperature distribution in the machine is necessary. To model the steady-state thermal 
behavior of the machine with the LPTN, the different heat transfer paths and power 
losses in the machine are represented using impedances and power sources respectively. 

An electrical machine consists of complex geometries; to model the temperature 
distribution inside the machine with high accuracy and resolution, a large thermal 
network to involve all thermal paths is needed. However, the large thermal network with 
a high number of nodes enhances the computation time and the complexity of the 
model. Furthermore, some variable parameters such as convection coefficients require 
a complicated calculation process due to complex geometries and the unknown flow 
condition. As a result, during the design process of an electrical machine, a fast and 
compact model, which predicts the temperature of the key components of the electrical 
machine, is needed. Consequently, it is necessary to implement the geometrical 
symmetries and some hypothesis such as a uniform distribution of losses inside the 
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machine; focus of the heat transfer in the axial direction is on the shaft and the stator 
windings, uniform distribution of the temperature in the machine housing. The effect of 
these symmetries and hypotheses on the model is in reducing the number of thermal 
paths and nodes, calculating the conduction resistances to model the heat paths in the 
machine lamination easily by hollow cylinder correlation, and reducing the order and 
complexity of the LPTN 

Figure 3.2 presents the steady-state LPTN developed for the machine under 
investigation. The model consists of six nodes that feature all the key thermal parameters 
and temperature rises. Node 1 is used to model the heat transfer between the machine 
housing and the cooling medium. 

Further, two nodes (nodes 2 and 3) are used to model the stator yoke and teeth 
respectively.  The most important component in SynRM electrical machines is the stator 
windings; major portion of the heat is generated inside the slot. The end-windings are 
usually the hottest parts of the machine. As a result, an accurate prediction of the 
temperature of the stator windings is of great importance. Accordingly, nodes 4 and 5 
are defined in the thermal network to predict the temperatures of the active part of the 
stator windings and the stator end windings respectively. The rotor of the SynRM consists 
of the iron lamination and does not contain materials with high thermal sensitivity. 
Accordingly, it is modeled by one node only (node 6).  In addition, among the different 
nodes, there are thermal resistances to model the heat transfer paths as well as heat 
sources to model the losses in the machine. In total, there are 14 thermal resistances and 
4 heat sources.  Table 3.3 gives the definitions of these resistances and sources. 

Figure 3.2.  The developed LPTN model of SynRM. 
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Table 3.3. Definitions of the thermal model components 
 

Component Description 

R0 Forced convection and radiation thermal resistance from the frame 
surface to ambient 

R1 Conduction thermal resistance of the Interface gap between the frame 
and the active part of the machine 

R2 Conduction thermal resistance of the upper  half side of the  stator 
yoke 

R3 Conduction thermal resistance of the lower  half side of the  stator 
yoke 

R4 Conduction thermal resistance of the stator teeth 

R5 Conduction thermal resistance between the stator winding and the 
stator teeth  

R6 Conduction thermal resistance between the coil side and the  
end-windings 

R7 Conduction thermal resistance between the stator winding and the 
frame 

R8 Convection thermal resistance between the stator end-winding and the 
inner air of the end region 

R9 Convection thermal resistance between the inner air and the end cap  

R10 Convection thermal resistance of the air gap 

R11 Conduction thermal resistance of  the upper half side of the rotor 

R12 Conduction thermal resistance of the lower half part of the rotor 

R13 Axial thermal conduction of the shaft 

Pir Stator  iron losses 

PJa Joule losses in the active part 

PJe Joule losses in the end –winding 

Peddy Rotor iron losses 

3.3 Calculation of the LPTN components 
In the LPTN analysis, the thermal resistances that are present in the conduction, 
convection and radiation phenomenon are determined. In this section, the computing 
methods of the thermal network resistances by using analytical and empirical 
correlations are described. For these purposes, some geometry simplifications are 
implemented, which are discussed below. The SynRM has the same stator structure as 
an induction machine. Accordingly, the stator thermal resistances can be evaluated by 
the same correlations as presented in [20]. First, this section focuses on the calculation 
of the conductive resistances in the stator and the rotor. Then, the radiation resistance 
is calculated, and finally, the calculation of the convection resistances from different 
machine surfaces is described. 
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3.3.1 Conduction lumped parameter resistance 
In the equivalent thermal circuit, the purely conductive paths are represented using the 
conduction resistance. The conduction resistance according to the shape and direction 
of the heat flow transfer in an electrical machine is divided into conduction resistance 
for the plane slab (axial direction) and radial conduction resistance in hollow cylinder 
layers [32]. 

Figure 3.3 shows the calculation of the conduction resistance for the plane slab shape 
or the heat transfer in the axial direction in the electrical machine[32]: 

 𝑅𝑅𝑡𝑡ℎ = 𝐿𝐿
𝑘𝑘𝐴𝐴𝑐𝑐𝑐𝑐

 . (3.1) 

 

 
Figure 3.3.  Conduction heat transfer in the axial direction.  

According to (3.1), the conduction resistance depends on the thermal conductivity of 
the material and the dimension of the conduction path. For a high amount of the heat 
transfer by the conduction, the value of this resistance should be small. Accordingly, it 
occurs when the thermal conductivity of the material is high, or the ratio of the length to 
the cross-section path is minimized [3]. 

According to figure 3.4, the general equation for the calculation of the conduction 
resistance from the radial direction of the hollow cylinder is [30]: 

 𝑅𝑅𝑡𝑡ℎ =
ln (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑐𝑐𝑖𝑖𝑖𝑖

)

2𝜋𝜋𝑘𝑘𝐿𝐿
 ,  (3.2) 

or a cylindrical section that occurs in a machine (2.3) is converted to [22]: 

 𝑅𝑅𝑡𝑡ℎ =
ln (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑐𝑐𝑖𝑖𝑖𝑖

)

2𝜋𝜋𝑘𝑘𝐿𝐿𝜋𝜋
 ,  (3.3) 

where rout is the outer radius [m], rin is the inner radius [m], and φ is the angular span [rad]. 

 
Figure 3.4.  Conduction heat transfer in the radial direction. 
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By using equations (3.1), (3.2) and (3.3) and relevant geometric and thermal data 
represented in Tables 3.1 and 3.2, the values of conductive resistances in the thermal 
network in figure 3.2 are hereafter calculated and summarized. 
Interface gap conduction resistance (R1): 
The interface gap occurs during the assembling process of packing the stator to the 
housing and it is evaluated as [20]: 

𝑅𝑅1 =
𝑒𝑒𝑖𝑖𝑖𝑖

𝑘𝑘𝑎𝑎𝑖𝑖𝑐𝑐𝜋𝜋𝐷𝐷𝑜𝑜𝑜𝑜𝐿𝐿𝑜𝑜
 , (3.4) 

where lig is the interface gap between the stator and the motor housing [m], which is 
selected according to [39]. 
Stator yoke conduction resistances (R2 and R3): 

Figure 3.5.  The stator core radial dimensions. 

According to figure 3.5, the stator yoke is divided into two sections and the value of 
the radial conduction resistance of each part is evaluated by using (3.2) as follows [20]: 

𝑅𝑅2 =
ln (𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑚𝑚

)

2𝜋𝜋𝑘𝑘𝑖𝑖𝑐𝑐𝐿𝐿𝑜𝑜
 , (3.5) 

𝑅𝑅3 =
ln (𝑐𝑐𝑚𝑚𝑐𝑐𝑖𝑖𝑖𝑖

)

2𝜋𝜋𝑘𝑘𝑖𝑖𝑐𝑐𝐿𝐿𝑜𝑜
 ,  (3.6) 

where rm is the mean value of the stator yoke radius [m], roy is the outer radius of the 
stator and riy is the inner radius of the stator yoke [m]. 
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Stator teeth conduction resistance (R4): 
To evaluate the equivalent thermal resistance of the stator teeth, the geometry of this 
motor portion is assumed as a cylinder. To reduce the slots section and evaluate the 
value of the thermal resistance of the teeth, one reduction factor (pth), which equals the 
percentage of teeth volume iron to the total volume of the teeth and slots is applied to 
the formula [20] 

𝑅𝑅4 =
𝑒𝑒𝑐𝑐 (

𝑐𝑐𝑖𝑖𝑖𝑖
𝑐𝑐𝑖𝑖𝑜𝑜

)

2𝜋𝜋𝑘𝑘𝑖𝑖𝑐𝑐𝐿𝐿𝑜𝑜𝑝𝑝𝑜𝑜ℎ
 , (3.7) 

where ris is the inner stator radius [m]. 
Conduction thermal resistance from stator windings (R5 and R6) 
The stator winding is the most important section of thermal modeling. A major part of 
the heat is produced there. This section consists of several different materials with high 
thermal sensitivity, which increases the importance of accurate modeling of this part.  

Heat fluxes in the slot are released in axial, radial and circumferential directions. 
The axial path presents the heat flow movement from end windings to the active part of 
slots or vice versa. Radial and circumferential paths represent the heat flow paths to 
coolant medium by means of the stator core. Consequently, the stator winding is divided 
into resistances R5 and R6 to model the circumferential and the axial heat transfer 
respectively. 

R5 presents the conduction paths for the heat flow in the radial and circumferential 
part of the stator slot and is evaluated as in [20]: 

𝑅𝑅5 = 𝑡𝑡𝑒𝑒𝑒𝑒
𝑘𝑘𝑖𝑖𝑖𝑖𝑜𝑜𝐴𝐴𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜

 , (3.8) 

where teq is the equivalent thickness of impregnation insulation materials in the stator 
slot [m], kins is the equivalent thermal conductivity of insulation materials in the stator 
slot [W/(mK)], and Aslot is the interior slot surface [m2]. 

The thickness of air and insulation materials in the stator slot is calculated as: 

𝑡𝑡𝑒𝑒𝑒𝑒 = 𝑆𝑆𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜−𝑆𝑆𝑐𝑐𝑜𝑜
𝑒𝑒𝑜𝑜𝑏𝑏

, (3.9) 

where scu is the copper section in the stator slot [m2], and lsb is the perimeter of the stator 
slot [m]. 

The equivalent thermal conductivity of the slot can be calculated by three methods: 
layer winding, cuboidal and equivalent insulation. In this thesis, the equivalent insulation 
method is applied to find the equivalent conductivity of the slot. This method is a fast 
calculation method and can be easily used by knowing the slot-filling factor. Based on 
this method, Copper has high thermal conductivity and low conduction thermal 
resistance. Consequently, the copper thermal resistance can be neglected in the 
analytical model of the stator winding in the circumferential and radial direction. 
Figure 3.6 shows a simplified assumption to model the equivalent insulation method in 
the active part of the slot. As a result, the equivalent thermal conductivity of the 
insulation kins is calculated by using a liner empirical correlation as in [39]: 

𝑘𝑘𝑖𝑖𝑐𝑐𝑠𝑠 = 0.1076𝑘𝑘𝑓𝑓 + 0.029967 .  (3.10) 
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Figure 3.6.  Equivalent insulation method in the stator slot [42]. 

R6 presents the thermal conduction path from the end winding to the active part, and 
it is computed as in [21]: 

𝑅𝑅6 = 𝑒𝑒𝑎𝑎𝑎𝑎
6 𝑁𝑁𝑜𝑜𝑘𝑘𝑐𝑐𝑜𝑜𝑆𝑆𝑐𝑐𝑜𝑜

 . (3.11) 

where lav is average conductor length of half a turn [m]. 
Conduction thermal resistance between the end windings and the motor frame (R7): 
The distance between the outer surface of the end winding and the internal part of the 
machine housing is low; accordingly, the air speed in this region is very low, and the heat 
transfer from the end winding to the internal part of the housing is assumed as 
conduction and is calculated as: 

𝑅𝑅7 =
ln ( 𝑐𝑐𝑜𝑜𝑜𝑜

𝑐𝑐𝑜𝑜𝑜𝑜−𝛾𝛾𝐻𝐻𝑖𝑖
)

2𝜋𝜋𝑘𝑘𝑎𝑎𝑖𝑖𝑐𝑐(𝐿𝐿𝑒𝑒𝑐𝑐−𝐿𝐿𝑜𝑜)
 , (3.12) 

Hy is the stator yoke height [m], γ is the reduction coefficient to implement the distance 
between the outer surface of the end winding, and the internal part of the housing and 
Lec is the motor housing length [m].  

The value of α for ordinary induction machines with single layer windings is defined in 
the range of 0.4 to 0.7 [20]. However, this value for the machine by the double layer 
windings decreases to the range of 0.25 to 0.4.  
Conduction thermal resistances of the rotor (R11 and R12): 
Figure 3.7 shows the geometry of a half a pole of the rotor of SynRM. The rotor 
construction consists of the iron laminations, which makes the magnetic flux paths and 
air gaps in the laminations that are the magnetic flux barriers. Making the hypothesis 
that the heat transfer inside the flux barriers is carried out through natural convection 
according to the high thermal conductivity of the rotor iron laminations, the majority of 
the heat is transferred by the conduction phenomenon. Consequently, the heat transfer 
by the natural convection phenomenon from magnetic flux barriers can be neglected. As 
a result, the total heat fluxes inside the rotor are transferred through the iron 
laminations. 
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Figure 3.7.  Cross section of 1/8 of the rotor. 

Figure 3.8 shows the equivalent thermal circuit for the rotor by implementing the 
above simplified hypothesis. According to figure 3.8, the total value of the rotor 
resistance equals Rr, which consists of the series-parallel combinations of thermal 
resistances.  To implement the rotor losses to the LPTN, Rr is divided into two equal 
resistances R11 and R12 illustrated in figure 3.7 and the LPTN of the SynRM.  

R1r

R2r R3r

R4r R5r

R6r R7r

R8r R9r

R10r

R11r   R12r R13r R14r   R15r

shaft

Rr

 
Figure 3.8.  The equivalent thermal circuit of the rotor. 
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The value of the thermal resistances presented in figure 3.8 is calculated by (3.1) and 
(3.3).  The values of R1r and R11r to R15r are calculated by (3.3), and the rest are evaluated 
by (3.1). Tables 3.4 and 3.5 provide a better overview of the calculation of the thermal 
resistances. 

Table 3.4. Calculation of the radial thermal resistance by (3.3) 

Resistance rout rin k φ 
R1r rir+s rir kir π/4 
R11r ror ror-1 kir Φ1 
R12r ror ror-1 kir Φ2 
R13r ror ror-1 kir Φ3 
R14r ror ror-1 kir Φ4 
R15r ror ror-1 kir Φ5 

 
 

Table 3.5. Calculation of the thermal resistances by (3.1) 

Resistance L k A 
R2r lr2 kir A2r 
R3r L kir A3r 
R4r lr4 kir A4r 
R5r L kir A5r 
R6r lr6 kir A6r 
R7r L kir A7r 
R8r lr8 kir A8r 
R9r L kir A9r 
R10r lr10 kir A10r 

 
Finally, the value of Rr is calculated by using the series-parallel resistances law in the 

electrical circuit. Further, R11 and R12 are defined as: 

 𝑅𝑅11 = 𝑅𝑅12 = 𝑅𝑅𝑐𝑐
2

 .  (3.13) 

Axial conduction thermal resistance of the shaft (R13): 
According to the hypothesis, the axial heat transfer in the rotor is considered in the shaft 
and by using the simplified assumption that the temperature distribution along the shaft 
is uniform, R13 is calculated as [20]: 

 𝑅𝑅13 = 1
4
� 0.5𝐿𝐿𝑜𝑜
𝑘𝑘𝑖𝑖𝑐𝑐𝜋𝜋𝑐𝑐𝑖𝑖𝑐𝑐

2 � + 1
2
�
0.5(𝐿𝐿𝑜𝑜ℎ𝑎𝑎𝑎𝑎𝑜𝑜−𝐿𝐿𝑜𝑜)

𝑘𝑘𝑖𝑖𝑐𝑐𝜋𝜋𝑐𝑐𝑖𝑖𝑐𝑐
2 �.  (3.14) 

where Lshaft is the length of the shaft [m] and rir is the inner radius of the rotor [m]. 

3.3.2 Radiation lumped parameter resistance 
The radiation resistance Rrad [K/W] is calculated as [13], [33]: 

 𝑅𝑅𝑐𝑐𝑔𝑔𝑐𝑐 = 𝜕𝜕1−𝜕𝜕2
𝜀𝜀𝜀𝜀𝜀𝜀(𝜕𝜕14−𝜕𝜕24)𝐴𝐴

= 1
ℎ𝑐𝑐𝐴𝐴

 ,  (3.15) 

where F is the view factor; the value of this variable ranges from zero to one and indicates 
the quality of the view between the radiating and absorbing surfaces. In addition, hr is 
the radiation coefficient [W/(m2K)] and calculated as in [53],[33] and [54]: 
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 ℎ𝑐𝑐 = 𝐴𝐴𝐴𝐴𝜀𝜀 𝜕𝜕14−𝜕𝜕24

𝜕𝜕1−𝜕𝜕2
= 𝐴𝐴𝐴𝐴𝜀𝜀(𝑇𝑇1 + 𝑇𝑇2)(𝑇𝑇12 + 𝑇𝑇22).  (3.16) 

Table 3.6 shows the emissivity of different materials. 

Table 3.6. Total emissivity of various materials [33] 

Material Emissivity Material Emissivity 
Aluminum Iron 
Black anodised 0.86 Polished 0.07-0.38 
Polished 0.03-0.1 oxidised 0.31-0.61 
Heavily oxidised 0.2-0.3 Nickel 0.21 
Sandblasted 0.41 Paints 
Alumina 0.2-0.5 White 0.80-0.95 
Asbestos 0.96 Grey 0.84-0.91 
Carbon 0.77-0.84 Black lacquer 0.96-0.98 
Ceramic 0.58 Quartz, fused 0.93 
Copper Rubber 0.94 
Polished 0.02 Silver, polished 0.02-0.03 
Heavily oxidized 0.78 Stainless steel 0.07 
Glass 0.95 Tin, bright 0.04 

The radiation resistance can be calculated by (3.15). However, the radiation 
calculation of the fins housing of the electrical machine is more complicated and difficult 
than that of the smooth electrical machine housings. In particular, the calculation of the 
view factor is a challenging part of the calculation of the radiation coefficient (hr) [17].  
To reduce the complexity of the radiation calculation, a simplified assumption is used. 
Staton has applied this assumption in his software Motor-CAD [47]. Accordingly, the 
whole surface with a clear view of the ambient such as fin base, end caps, and fin tips 
has a view factor equal to one and the other with no clear view of the ambient such as 
fin sides has the view factor equal to zero [47].  According to this assumption, the heat 
can be transferred to the ambient by radiation phenomenon only from the fin base, fin 
tips, and end caps. In this thesis, the same assumption was used to calculate the radiation 
coefficient from the machine housing. 

3.3.3 Convection lumped parameter resistances 
The challenging parameter in the calculation of the convection heat transfer is the 
accuracy of the calculation of the convection coefficient hc. This parameter depends on 
several different factors, e.g., surface temperature, fluid properties, and materials, 
different cooling methods, shape and size of surfaces. The convection heat transfer 
coefficient for both natural and forced cases is often calculated by using the empirical 
correlations. These empirical correlations have been developed by using the dimensionless 
number, e.g., Rayleigh (Ra), Grashof (Gr), Prandtl (Pr) and Reynold (Re) numbers [9].  

In the natural convection, the typical form of the Nusselt number is defined as [8]: 

 Nu = 𝑎𝑎(GrPr)𝑏𝑏,  (3.17)  

where a and b are constants, Gr and Pr are calculated respectively as [8]: 

 Gr = 𝛽𝛽𝑔𝑔∆𝜕𝜕𝜌𝜌2𝐿𝐿3

𝜇𝜇2
 ,  (3.18)  

 Pr = 𝑒𝑒𝑝𝑝𝜇𝜇
𝑘𝑘

 , (3.19) 
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where β is the coefficient of cubical expansion [1/K], g is the gravitational acceleration 
[m/s2], ΔT is the temperature difference between the surface and the fluid [℃], ρ is fluid 
density [kg/m3], L is the characteristic length of the surface [m], μ is the fluid dynamic 
viscosity [kg/(s .m)], cp is fluid specific heat capacity [kJ/(kg℃ )], and k is fluid thermal 
conductivity [W/(m℃)]. 

The typical form of the Nusselt number for the forced convection is defined as [8]: 

 Nu = 𝑎𝑎(Re)𝑏𝑏(Pr)𝑒𝑒,  (3.20) 

where a, b and c are constants, and Re is calculated as [8]: 

 Re = 𝜌𝜌∙𝑐𝑐∙𝐿𝐿
𝜇𝜇

  ,  (3.21) 

where v is fluid velocity [m/s]. 
Finally, the correlation between the convection coefficient hc and the Nusselt 

number (Nu) is defined as [8]: 
 ℎ𝑒𝑒 = Nu.𝑘𝑘

𝐿𝐿
 .  (3.22) 

The value of the convection resistance Rconv [K/W] is calculated as: 

 𝑅𝑅𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 = 1
ℎ𝑐𝑐𝐴𝐴

 , (3.23) 

 
Convection resistance from the machine housing to the ambient (R0) 
A significant part of the heat in the TEFC machine is dissipated from the machine surface 
to the ambient by the convection phenomenon. Accordingly, the accurate prediction of 
the convection coefficient leads to the higher accuracy of the analytical LPTN and the FEA 
thermal model of the electrical machine.  

There are several empirical correlations for the basic shapes and geometries for both 
natural and forced convection. In the first step, the various empirical correlations for 
natural and air forced cooling for different basic geometries are considered and then 
extended to the real frame of a TEFC electrical machine. For the next step, to validate 
the result and find an appropriate empirical correlation from among the numerous 
correlations, a test bench for some basic geometries like flat surface and fin surface was 
developed and by comparing experimental and theoretical results, appropriate empirical 
correlations were selected. In the final section, the natural and forced convection from 
the surface of the TEFC SynRM is studied in detail. 

Analytical background of convection from basic shapes 

1. Natural convection from a flat plate 
As figure 3.9 shows, the simplest housing of the TENV electrical machine consists of 
smooth blocks. The natural convection coefficients from these housing types are 
calculated by using empirical dimensionless correlations for flat plates [17].  Fortunately, 
there are different correlations for the convection heat transfer over the flat plate 
surface in the horizontal and the vertical orientations, which are considered in detail in 
the following. 
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Figure 3.9.  The TENV servo motor. 

A. Flat plate in the horizontal direction 
As figure 3.10 shows, the empirical correlations for the flat plate in the horizontal 
direction according to the hot plate statue are divided into two main categories: upper 
face and lower face [31]. 

 

 
Figure 3.10.  Natural convection on the horizontal flat a) hot surface facing up and b) hot 

surface facing down. 

The empirical correlations for the upper face hot surface in the laminar and turbulent 
mode  are respectively  as [31]: 

 Nu = 0.54(GrPr)0.25 , (3.24) 
 
 Nu = 0.15(GrPr)0.33  . (3.25) 

The empirical correlation for the lower hot surface is: 

 Nu = 0.27(GrPr)0.25,   (3.26) 

The characteristic length for the horizontal surface is calculated as [31]: 

 𝐿𝐿 = 𝐴𝐴
𝑃𝑃

  ,  (3.27) 

where P is the perimeter of the surface [m]. 
B. Flat plate in the vertical direction 

There are different empirical correlations for the calculation of the average Nusselt 
number for the vertical flat plate. One of the first correlations to calculate the Nusselt 
number which covers laminar and turbulent mode was introduced by Mc Adams in 1954 
[55]: 

 Nu = 0.59(GrPr)0.25,  (3.28) 
 
 Nu = 0.10(GrPr)0.33 , (3.29) 
However, in 1975, Churchill and Chu found a new correlation, which can be applied to 

an entire range of Ra [55]: 
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 Nu = �0.825 + 0.387(GrPr)1/6

�1+(0.492/Pr)9/16�
8/27�

2

,  (3.30) 

Moreover, they recommended the correlation for the laminar mode as follows [55]: 

 Nu = 0.68 + 0.67(GrPr)1/4

�1+(0.492/Pr)9/16�
4/9  ,    (3.31) 

In this manner, the characteristic length is defined as the height of the vertical flat 
plate. 

1. Natural convection from a rectangular isothermal fins plate 
The extended surface, which is called a fin, is the preferred cooling method in the natural 
convection mode. Rectangular cross-section shaped plate fins on a flat base are the most 
common types of fins used in different electrical devices. In the natural convection mode, 
the characteristics of fins, e.g., length, height, and spacing between the fins, play an 
important role in the maximum heat transfer rate. There are many empirical correlations 
for the rectangular fin arrangement with a flat base. In this section, the empirical 
correlations based on the scientific research of Jones and Smith [56], Van Del Pol and 
Tierney [57] and Tari [58], [59] are discussed.  

A. Rectangular isothermal fins on the horizontal surface 
In 1970, Jones and Smith derived an empirical correlation to determine the natural heat 
transfer from horizontal fins [56]. Based on their assumption, the fins on the horizontal 
orientation areas have U-shape horizontal channels. In this case, they defined the fin 
space (S) [m] as the characteristic length. According to (3.32), the Nusselt number is 
determined without considering the fins size. 

 Nu = 0.00067 ∙ Gr ∙ Pr ∙ �1 − 𝑒𝑒(−7640 Gr∙Pr� )0.44
� 1.7   .  (3.32) 

In [58], Tari and Mehrtash defined an empirical correlation for the natural heat 
transfer from upward horizontal plate-fin heat sinks according to the fin characteristics. 
For this purpose, they defined a modified Grashof number (Gr') as: 

 Gr′ = Gr ∙ �𝐻𝐻
𝐿𝐿𝑎𝑎
�
0.5
∙ �𝑆𝑆

𝐻𝐻
�
0.3

,  (3.33) 

where H [m] and Lf [m] are respectively the fin height and length. The Nusselt number is 
then expressed as: 

 Nu = 0.0915 ∙ (Gr′ ∙ Pr)0.436. (3.34) 

B. Rectangular isothermal fins on the vertical surface 
The rectangular isothermal fins on the vertical base plate are the common heat sink 
configuration. Many studies have addressed the calculation of the natural heat transfer 
from this configuration. One of the earliest studies about this configuration is by              
Van De Pol dated from 1973. In [57], he also described the vertical fin configuration as a 
U-shape vertical channel. In this case, the Nusselt number was defined as: 

 Nu =
𝐿𝐿𝑎𝑎
𝐻𝐻
∙ Gr∙Pr
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, (3.35) 
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where Z was defined as: 
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,  (3.36) 
where α is the channel aspect ratio. 

In [59], Tari and Mehrtash introduced a new empirical correlation for the calculation 
of the Nusselt number from a vertical heat sink. They defined a new modified Grashof 
number as: 

 Gr′ = Gr ∙ �𝐻𝐻
𝐿𝐿𝑎𝑎
�
0.5
∙ �𝑆𝑆

𝐻𝐻
�,  (3.37) 

and based on the modified Grashof number, they defined the Nusselt number as: 
 
 Nu = 0.0929 ∙ (Gr′ ∙ Pr)0.5 for Gr'. Pr < 250,        (3.38) 
 Nu = 0.2413 ∙ (Gr′ ∙ Pr)1/3 for 250<Gr’. Pr <106.   (3.39) 
 

2. Air forced convection  
One of the common methods to remove the heat from the electric motor is forced air-
cooling, which is provided by adding a fan to the end part of the machine to provide the 
airflow over the motor housing. 

A. Forced convection from the flat plate 
Figure 3.11 shows a PMDC motor with smooth surface cools by the air-forced cooling 
system. According to the flow mode, whether turbulent or laminar, the following well-
known correlations for forced convection over the flat plate are applied to calculate the 
convection coefficient over the smooth surface of the motor [8].  

 
Figure 3.11.  PMDC motor by air forced cooling system [60]. 

In the laminar mode (Re< 5 ×105), the Nusselt number is calculated as in [30]: 

 Nu = 0.664 ∙ Re0.5 ∙ Pr0.33 .  (3.40) 

For the turbulent mode (Re> 5 ×105), the Nusselt number correlation is defined as [30]: 

 Nu = (0.037 ∙ Re0.8 − 871) ∙ Pr0.33.  (3.41) 

B.  Forced convection from a flat plate with an unheated starting part 
The descriptions above involve a plate (horizontal cylinder) heated over the whole 
length. In many situations, the flat plates involve an unheated part (my case study)       
0<x< ξ, as shown in figure 3.12.  This part consists of an insulating material, and there is 
no heat generation beneath it.  In such a case, the velocity boundary layer starts to 
develop from x=0, but the thermal boundary layer starts to develop from x=ξ  [31], [61]. 
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Figure 3.12.  Illustration of the coolant flows over a flat plate with an unheated part. 

In this situation, the Nusselt number for the laminar flow mode is calculated as follows 
[61]: 

 Nu𝑔𝑔 = 0.332∙Re𝑥𝑥0.5∙Pr 
1
3

�1−�𝜉𝜉𝑥𝑥�
3
4�

1
3

 ,  (3.42) 

and for the turbulent mode it is calculated as in [61]: 

 Nu𝑔𝑔 = 0.0296∙Re𝑥𝑥0.8∙Pr
1
 3

�1−�𝜉𝜉𝑥𝑥�
9
10�

1
9

 ,  (3.43) 

According to the above correlations, the average convection coefficient is calculated 
for the laminar and turbulent mode respectively as [61]: 

 ℎ = 2 ∙
1−�𝜉𝜉𝐿𝐿�

3/4

1−�𝜉𝜉𝐿𝐿�
∙ ℎ𝑔𝑔=𝐿𝐿,  (3.44) 

 ℎ = 1.25 ∙
1−�𝜉𝜉𝐿𝐿�

9/10

1−�𝜉𝜉𝐿𝐿�
∙ ℎ𝑔𝑔=𝐿𝐿.  (3.45) 

C.  Forced convection from a flat plate with an unheated starting part inside a 
wind tunnel 

In this manner, the model consists of the combination of the internal and external forced 
convection. The internal forced convection is defined as the fluid flows inside a confined 
space, e.g., a cylinder, tube or duct. In this case, the coolant fluid is completely bounded 
by the inner surface, and the boundary layer cannot expand freely [31], [30].  

In this situation, the Reynolds number is defined as: 

Re = 𝑐𝑐∙𝐷𝐷ℎ
𝜗𝜗

 ,  (3.46) 

where Dh is the hydraulic diameter of the internal flow [m] and ϑ is the kinematic viscosity 
of the fluid [m2/s] [31]. 

In this manner, the range of Re to determine the laminar and turbulent modes of the 
flow is  defined as [31], [30] : 
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�
Re <  2300  laminar mode

2300 ≤ Re ≤  104  transient mode
104 < Re   turbulent  mode

 

while the convection from the flat plate side of the coil module represents the external 
forced convection. 
Convection heat transfer from the housing surface of the TEFC electrical machine  
1. Natural convection 
In the totally enclosed non-ventilated (TENV) or totally enclosed fan-cooled electrical 
machine working at low speed or close to the stall, the natural convection heat transfer 
is dominating the cooling phenomenon [17]. In this manner, generally, the thermal 
resistance from the housing of the electrical machine to the ambient is the largest 
thermal resistance from the stator winding to the ambient [17]. Accordingly, determining 
this thermal resistance with higher accuracy leads to an increase in the accuracy of the 
thermal model network to predict the temperature of the key components of an 
electrical machine. The mentioned thermal resistance is defined as: 

 𝑅𝑅0 = 1
𝑆𝑆𝑇𝑇ℎ0

 , (3.47) 

where ST is the machine-housing area [m2] and h0 is the heat transfer coefficient from the 
housing to the ambient, which consists of the effect of the radiation and the natural 
convection phenomena [W/ (m2K)]. 

Determining h0 is a challenging task, especially for TEFC machines, which consist of 
complex shapes of the machine housing. In addition, the fins structure is not constructed 
for the natural convection purpose to provide effective natural cooling [39], [38].  
To overcome the complex shape of the TEFC housing, the area-based composite 
correlations method is used to calculate the natural convection coefficient [17], [39]. 
Accordingly, the machine’s housing is divided into several basic shapes with known 
empirical correlation to calculate the natural convection coefficient, and finally, the total 
amount of the natural convection heat transfer coefficient is calculated according to the 
average area occupied by each shape [8]. A positive aspect of using this method is that 
the total natural convection coefficient is more similar to the natural convection 
coefficient of the shape, which is dominated by the housing of the electrical machine 
surface [17]. 
2. Forced convection 
There are different ways to determine the forced convection coefficient from the  
semi-open fin housing of the TEFC electrical machine, e.g., CFD, flow network analysis 
and empirical correlation [17]. Since the estimation of the forced convection coefficient 
by using the CFD and flow network analysis is a complex process, consisting of 
sophisticated computing, an empirical correlation is used to compute the forced 
convection coefficient. The common empirical correlation to calculate the amount of the 
forced convection coefficient from the semi-open fin housing was presented by Heiles 
[8]. This correlation is developed based on different experiments on the actual housing 
of induction motors. He used some hypothesis to develop his correlation. Based on his 
assumption, the airflow is always in a turbulent mode [8]. The correlation is defined as: 

 ℎ = 𝜌𝜌 𝑒𝑒𝑝𝑝𝐷𝐷ℎ 𝑐𝑐 
4𝐿𝐿

 (1 − 𝑒𝑒−𝑔𝑔) ,  (3.48) 

 𝑚𝑚 = 0.1448 
𝐿𝐿𝑎𝑎
0.946

Dℎ
1.16 ( 𝑘𝑘

𝜌𝜌 𝑒𝑒𝑝𝑝𝑐𝑐
)0.214 ,  (3.49) 
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where Dh is the hydraulic diameter [m], v is the air cooling speed [m/s], and Lf is the axial 
length of the fin channel [m]. According to Heiles’s suggestion, the amount of the 
convection coefficient, which is calculated from (3.35), should multiply to a correction 
factor between 1.7 to 1.9 [8]. 
Convection thermal resistance between the stator end windings and the inner air (R8): 
R8 presents the thermal path from the end winding to the inner air by the convection and 
is calculated as: 

 𝑅𝑅8 = 1
𝐴𝐴𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑒𝑒

 ,  (3.50) 

where Aew is the total surface of the end winding in contact with the inner air [m2] and 
hew is the convection coefficient between the end windings and the inner air [W/ (m2K)]. 

Since the inner section of the end winding is in contact with the inner air; Aew is 
calculated as: 

 𝐴𝐴𝑒𝑒𝑒𝑒 = (𝐿𝐿𝑒𝑒𝑒𝑒 − 𝐿𝐿𝑠𝑠)2𝜋𝜋𝑟𝑟𝑖𝑖𝑠𝑠,  (3.51) 

There are several different empirical correlations to calculate the convection 
coefficient of the end winding to the end region of the machine. According to [52], the 
best correlation that is in good agreement with the experimental results is : 

 ℎ𝑒𝑒𝑒𝑒 = 41.4 + 6.6 𝑣𝑣 ,  (3.52) 

where v is defined as: 
 𝑣𝑣 = 𝑟𝑟𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔 ,  (3.53) 

where ror is the outer radius of the rotor [m], ω is the rotor angular speed [rad/s], and η 
is the fan efficiency and in most of the cases equals 0.5. 
Convection thermal resistance between the inner air and the end cap (R9): 

R9 presents the thermal convection resistance between the inner air and the end cap 
and is evaluated as in [20] : 

 𝑅𝑅9 = 1
𝐴𝐴𝑒𝑒𝑐𝑐ℎ𝑒𝑒𝑐𝑐

 ,  (3.54) 

where Aec is the external area of the end cap [m2] and hec is the heat transfer coefficient 
between the inner air and the end cap [W/ (m2K)] and equals the value of hew. 

The motor consists of the two end caps, and for a simpler calculation, these parts are 
assumed to be circular. Accordingly, Aec is defined as [20]: 

 𝐴𝐴𝑒𝑒𝑒𝑒 = 2𝜋𝜋(𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑡𝑡ℎ),  (3.55) 

where th is the thickness of the motor housing [m]. 
Convection thermal resistance of the air gap (R10): 

To model the heat transfer in the air gap of the motor by the LPTN, the traditional 
empirical correlation based on the Taylor number (Ta) is implemented as [39]: 

 Ta = Re�
𝑒𝑒𝑖𝑖
𝑐𝑐𝑜𝑜𝑐𝑐

 ,  (3.56) 

where lg is the radial thickness of the air gap [m]. 
The flow condition in the air gap (laminar or turbulent) and the Nusselt number are 

evaluated according to the range of the Taylor number (Ta) as [39]: 

 �
Nu = 2                                               Ta <  41              laminar mode
Nu = 0.212 Ta0.63Pr0.27     41 ≤ Ta ≤  100            vortex mode
Nu = 0.386 Ta0.5Pr0.27                Ta > 100         turbulent  mode

 .      (3.57) 
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According to several experiments on different induction machines in the range of           
4 [kW] to 55 [kW], the value of the Ta is always located in the laminar mode; also in this 
study, the value of Ta is located in the same mode [20]. In this condition, the heat transfer 
in the air gap occurs by the conduction phenomenon, and R10 is calculated as [20]: 

 𝑅𝑅10 =
𝑒𝑒𝑐𝑐 (

𝑐𝑐𝑖𝑖𝑜𝑜
𝑐𝑐𝑜𝑜𝑐𝑐

)

2𝜋𝜋𝑘𝑘𝑎𝑎𝑖𝑖𝑐𝑐𝐿𝐿𝑜𝑜
 .  (3.58) 

 

3.4 Hybrid thermal model 
An electrical machine can be modeled with the FEA in a 2D or 3D approach [62].  
Modeling the electrical machine by the 3D FEA is a very time-consuming process, 
consisting of several complex geometry setups, e.g., end-windings. Accordingly, to 
reduce the computation time and use the benefits of the FEA for monitoring the thermal 
behavior of the electrical machine, the 2D FEA is usually implemented. Many studies 
focus on the thermal modeling of electrical machines by 2D FEA [18], [62], [63], [64], [65] 
and [66] among others. However, there are some problems in the 2D FEA thermal models 
of electrical machines. For example, in [63], the author neglected the axial heat flow from 
the end-winding to the active part of the machine, and in [64],  a 2D FEA is presented 
where the results are compared with a simplified LPTN that does not include the end-
winding thermal effect. Since they applied the simplified assumption to neglect the heat 
transfer from the end-windings to the slots, they could not model the hottest spot of the 
electrical machine, and the whole temperature distribution is underestimated. As a 
result, these models cannot provide a correct view of the heat transfer and thermal 
analysis for an electrical machine. To remedy this simplification, as well as use the 
advantages of the 2D FEA, a hybrid thermal model is proposed. This approach consists of 
coupling the 2D FEA with the equivalent thermal circuit. Such an approach is very 
common in the electromagnetic analysis of electrical machines, where the end-winding 
impedance is added in the winding circuit equations and coupled with the 2D field 
equations. 

The coupling methodology can be divided into two types: direct and indirect coupling. 
The direct coupling method requires access to the 2D system matrix assembly routine to 
add the circuit terms and solve all the equations simultaneously. Although fast, it is not 
possible to implement the approach in a general purpose software unless one has access 
to the code. In this research project, the indirect approach was selected, as explained in 
the methods section. My focus is on the application of this method in the steady-state 
thermal analysis of a SynRM. The temperature of the active part of the machine is 
modeled using a 2D FEA simulation software, and the temperature effect of the  
end-winding region of the machine is evaluated by an LPTN. The two models are coupled 
through an iterative procedure. The next paragraph explains the idea in more detail. 
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Figure 3.13.  The axial cross-section of the electrical machine. 

Figure 3.13 shows an illustration of the axial cross-section of an electrical machine. 
According to this figure, the construction of the electrical machine is divided into two 
main sections, the magnetic active part of the machine and the end-windings region.  
The 2D FEA can model only the heat transfer within the active part of the machine.  
It does not take into account the effect of heat transfer between the end-windings region 
and these active parts. One possibility to tackle this issue is to include the power losses 
in the end-windings in the slot losses while compiling the 2D model of the machine. 
However, this would result in an overestimation of the temperatures, as a part of the 
end-winding losses is flowing through the end-winding region and not transferred to the 
active parts. The proposed hybrid model is a better approach. According to figure 3.14, 
the hybrid thermal model is constructed by coupling the 2D FEA model of the active parts 
and the lumped parameters thermal network of the end-winding region. 

 

 
Figure 3.14.  Construction of the hybrid thermal model. 

 
The FEA thermal model 
In the hybrid thermal calculation method, the active parts of the machine are modeled 
by using a 2D FEA software. To model the heat transfer of the active part of the machine, 
the FEMM software was selected.  This software has some advantages, e.g., free license 
software with a Matlab toolbox called OctaveFEMM to provide for operating the FEMM 
solver via Matlab functions [67]. This was a very important point in my selection, as the 
LPTN is also constructed in Matlab; thus, it is easy to operate and couple the two models 
from the same software. 
LPTN of the end-winding 
To implement the effects of the end-windings on the total heat transfer of the machine 
and predict the temperature of its different parts, the LPTN of the end winding was 
developed in parallel to the 2D FE model. Figure 3.15 shows the steady-state LPTN of the 
end winding. This model consists of two nodes, five thermal resistances, and one loss 
source, which capture all the key thermal parameters and temperature rise as well as the 
main thermal heat transfer paths in the end regions of the machine.  
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Figure 3.15.  LPTN of the end winding. 

The variables in the LPTN of figure 3.15 are Ta and Te, which represent the average 
temperatures of the slots and the end windings respectively. Table 3.7 describes the 
definition of the thermal model components of the above LPTN. Accordingly, R1h provides 
the axial conduction paths from the end winding to the active part of the slot and couples 
the 2D FE model with the LPTN of the end region of the machine. R2h models the heat 
transfer by the conduction from the top side of the end windings to the machine housing. 
Also, R3h and R4h model the heat transfer by the convection mechanism to the inner air 
region in the end part of the machine; finally, the heat is extracted to the ambient by the 
convection using R5h. The calculation methods of the components of the LPTN of the 
machine’s end regions are described in detail in papers [I] and [III].  

Table 3.7. Definition of thermal model components 

Component Description 

R1h Conduction thermal resistance between the midpoint of the  
end-winding and the midpoint of coil side 

R2h Conduction thermal resistance between the stator winding and the 
frame 

R3h Convection thermal resistances between the stator end-winding and 
inner air of the end region 

R4h Convection thermal resistance between the inner air and the end 
cap 

R5h Total heat extraction thermal resistance from the frame to the 
ambient 

PJe Stator end-winding  Joule losses 

3.5 Determination of the components of the hybrid model 
FEA parameters 
The main challenges with the FEA are how to define the thermal conductivity of the 
composite materials inside the slots such as the copper conductors, the conductor 
insulation, the impregnation material and the slot insulation; and how to implement the 
convection and radiation phenomena. 

The slot area consists of different materials with different thermal conductivities. Due 
to the small dimensions of the materials layer in the slot, it is not practical to model each 
material separately. To solve this problem, an equivalent thermal conductivity of the slot 
area ke is defined as in [4] : 
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 𝑘𝑘𝑒𝑒 = 𝑘𝑘2
(1+𝑓𝑓1)𝑘𝑘cu+(1−𝑓𝑓1)𝑘𝑘ins
(1−𝑓𝑓1)𝑘𝑘cu+(1+𝑓𝑓1)𝑘𝑘ins

  ,  (3.59) 

where f1 is the volume fraction of the conductor in the slot and f2 is the volume fraction 
of the impregnation in the slot (with  f1+f2=1). The other insulation materials are assumed 
equivalent to the impregnation material, which is a well-justified assumption,  
as explained in [4]. 

The heat is transferred from the exterior surface of the electrical machine to the 
ambient by the convection and radiation. These phenomena are implemented into the 
2D FE model by defining the boundary condition on the outer surface of the model to 
describe the quality of the heat transfer from the outer surface of the machine to the 
ambient. In an actual machine, the outer surface consists of axial cooling fins, which can 
be modeled in the FEA analysis but this will result in a very dense mesh and thus very 
slow computations. According to figure 3.16, to reduce the model size, a modified 
smooth outer surface is used, and the effect of the cooling fins is accounted for through 
an equivalent heat transfer coefficient h', which is calculated as in  [66]: 

 ℎ′ = 𝐴𝐴𝑎𝑎𝑐𝑐𝑜𝑜
𝐴𝐴′𝑎𝑎𝑐𝑐𝑜𝑜

ℎ,  (3.60) 

where h is the actual heat transfer coefficient,  Aact is the actual outer surface of the active 
part of the machine including the fins [m2] and A'act  is the simplified outer surface [m2]. 

 
Figure 3.16.  Simplified assumption to define the boundary layer in the 2D FE model. 

 
LPTN of the end winding 
The parameters of the LPTN of the end windings are calculated by using the same formula 
presented in the LPTN parameters calculation in section 3.3 and are not described here  

3.6 Computation of power losses 
The losses in an electrical machine appear in the form of heat and cause an increase in 
the temperature of various parts of an electrical machine. Therefore, the amount of heat 
generated in the electrical machine depends on the amount of power losses. Accordingly, 
the accurate evaluation of power losses of the prototype understudy plays an important 
role in the accuracy of the LPTN and the FEA to predict the final temperature of machine 
components. As figure 3.17 shows, the power losses in the SynRM are composed of: 

 
• resistive losses in the stator windings  
• iron losses 
• mechanical losses 
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Figure 3.17.  Power losses in a SynRM. 

3.6.1 Resistive losses 
Resistive losses or winding copper losses (Pcu) are the major sources of losses in a SynRM. 
These types of losses are the function of the current (I) and winding resistance (R) and 
for m phase machine are calculated as in [13]: 

 𝑃𝑃𝑒𝑒𝑐𝑐 = 𝑚𝑚 𝑅𝑅𝐼𝐼2 ,  (3.61) 

Further, the resistance of each phase is calculated as in [13]: 

 𝑅𝑅 = 𝑘𝑘𝑅𝑅𝜌𝜌𝑒𝑒
2𝑁𝑁𝑒𝑒𝑎𝑎𝑎𝑎
𝐴𝐴𝑐𝑐

 ,  (3.62) 

where kR is the skin effect factor for the resistance equation, ρe the electrical resistivity 
of the conductor material [Ω.m], N the number of turns and Ac the cross section area of 
the conductor [m2]. 

The average length of the half turn lav is calculated as [21]: 

 𝑙𝑙𝑔𝑔𝑐𝑐 = 𝐿𝐿𝑠𝑠 + 1.2𝜏𝜏𝑝𝑝 + 𝑙𝑙′,  (3.63) 

where τp is the pole pitch [m] and l' is an empirically determined constant [m], depending 
on the size of the machine.  

The winding copper losses are temperature dependent and their value increases by 
increasing the temperature [68]. The reason for the variability of these losses by 
temperature is due to the temperature dependency of the electrical resistivity of the 
conductor material. The value of the electrical resistivity of the material with the 
temperature is evaluated as in [68]: 

 𝜌𝜌𝑒𝑒 = 𝜌𝜌𝑒𝑒0(1 + 𝛼𝛼𝑒𝑒∆𝑇𝑇),  (3.64) 

where ρe0 is the electrical resistivity of the conductor material at reference temperature 
T=20 [℃], and αe is the temperature coefficient of the electrical resistivity. As an example 
for the copper conductor ρe0 =1.724 ×10-8 [Ωm] and αe = 0.00393 [K-1].  Accordingly,  
if the temperature increases to 50 [℃] or 140 [℃] the value of the resistance increases 
respectively 20% or 50% [3]. 

3.6.2 Iron losses 
The iron losses occur due to the magnetic field and include the hysteresis (static) losses 
and eddy current (dynamic) losses [3]. Iron losses have been considered for several 
decades and still have not reached a definitive conclusion [3]. The accurate calculation 
of the iron loss is the key point for the optimization and development of the electrical 
motors for high-speed application as these motors can operate up to high frequency in 
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the range of 500 Hz [69]. Further, the power electronic devices such as electrical machine 
drives and frequency converters are applied to supply the electrical motors, which leads 
to the higher value of losses in the electrical machine due to non-sinusoidal (pulse width 
modulator) voltage waveform [3]. 

Figure 3.18 provides an overview of the different approaches to evaluate the iron 
losses in the electrical machine. 

 
Figure 3.18.  Different existing models for determining the iron losses in an electrical machine 

[70] and [71]. 

The first empirical correlation to model the iron loss was introduced by Steinmetz in 
1894 [71]. According to his model, the core loss has an exponential function and depends 
on the peak flux density and frequency [70] and [71]. However, one of the best 
approaches to calculate the iron losses has been presented by a physical based model, 
called the segregation model [3]. Accordingly, the iron loss is segregated to static 
(hysteresis) and dynamic (eddy current) losses [3]. Further, Bertotti improved this model 
by adding the term called excess loss component into the original formula as follows [69]: 

 𝑃𝑃𝜀𝜀𝑒𝑒 = 𝑃𝑃ℎ𝑦𝑦𝑠𝑠𝑡𝑡 + 𝑃𝑃𝑒𝑒𝑒𝑒 + 𝑃𝑃𝑒𝑒𝑔𝑔𝑒𝑒 = 𝑘𝑘ℎ𝑦𝑦𝑠𝑠𝑡𝑡𝑓𝑓𝐵𝐵�2 + 𝑘𝑘𝑒𝑒𝑒𝑒𝑓𝑓2𝐵𝐵�2+𝑘𝑘𝑒𝑒𝑔𝑔𝑒𝑒𝑓𝑓1.5𝐵𝐵�1.5 ,  (3.65) 

where PFe is the  total iron loss [W/kg], Physt is the hysteresis loss [W/kg], Pec is the dynamic 
eddy current loss [W/kg], Pexc is the excess loss [W/kg],  f is the frequency [Hz], and 𝐵𝐵�  is 
the peak flux density [Tesla]. khyst, ked and kexc are the hysteresis coefficient , eddy current 
coefficient and excess losses coefficient respectively. These coefficients are usually 
obtained from the measurements at a given frequency and the peak value of a 
unidirectional sinusoidal flux density [72]. 

This equation is valid for a sinusoidal variation of B and can calculate the iron losses 
for one frequency only. There are several extensions of this equation for the distorted 
waveforms; the most popular is to develop the flux density waveform into the Fourier 
series and apply the equation to each harmonic separately. The same principle can also 
be used with the two components method used in this thesis. The FEM software uses the 
frequency separation method to compute the iron losses in the electrical machine from 
the time stepping electromagnetic simulations. Accordingly, the software divides the 
machine surface into the small size mesh elements and applies the Fourier 
Transformation (FT) to determine the flux density related to each frequency [70]. After 
the FT, all the Fourier components of the magnetic flux density are calculated at the 
element level [73]. Finally, the value of the eddy current losses  and hysteresis losses are 
integrated over the whole iron core  respectively as in [73]: 

 𝑃𝑃𝑒𝑒𝑒𝑒 = ∫�∑ 𝐶𝐶𝐸𝐸𝑐𝑐(𝑛𝑛𝜔𝜔𝑠𝑠)𝐵𝐵𝑐𝑐2
𝑁𝑁ℎ
𝑐𝑐=1 �𝑑𝑑𝑑𝑑,  (3.66) 
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 𝑃𝑃ℎ𝑦𝑦𝑠𝑠𝑡𝑡 = ∫�∑ 𝐶𝐶𝐻𝐻𝑐𝑐(𝑛𝑛𝜔𝜔𝑠𝑠)2𝐵𝐵𝑐𝑐2
𝑁𝑁ℎ
𝑐𝑐=1 �𝑑𝑑𝑑𝑑,  (3.67) 

where Bn  is the magnetic flux density at the frequency order n after FT, Nh is the number 
of harmonics taken into account, ωs is the angular frequency of the supply [rad/s] and 
CEn and CHn are the loss coefficients related to eddy current and hysteresis respectively. 
The integration is carried out over the elements that belong to the iron core. 

3.6.3 Mechanical losses 
The mechanical losses contain the bearing friction losses and the windage losses [13]. 
These types of losses have not been widely addressed in the thermal design and analysis 
of electric machines [68]. Whereas these losses have the complex mechanism and there 
are no reliable computation approaches, they have been neglected or evaluated by some 
empirical correlations (based on the experiment) in most of relevant sources [68]. 

There are different bearings used in the electrical machine, e.g., ball bearing, magnet 
bearing and air bearings [68]. The ball bearing is used in the construction of the machine 
under study. Therefore, this section mainly describes the losses and empirical 
correlations for this specific type. 

The bearing losses have a direct relation with the shaft speed, bearing types,  
the property of lubricant and the load on the bearing [13]. One of the most used 
empirical correlations to compute these losses was presented by SKF in 1994 as [13]: 

 𝑃𝑃𝐵𝐵𝑒𝑒𝑔𝑔𝑐𝑐𝑖𝑖𝑐𝑐𝑔𝑔 = 0.5 𝜔𝜔𝑐𝑐μ𝑏𝑏𝜀𝜀𝑏𝑏𝐷𝐷𝑏𝑏,  (3.68) 

where ωr is the angular frequency of the shaft [rad/s] supported by a bearing, μb is the 
friction coefficient in the range of 0.001to 0.005, Fb is the bearing load, and Db is the inner 
diameter of bearing. 

The windage losses are directly proportional to the rotational speed of the machine, 
which are more significant in the high-speed machine [13]. These losses result from 
friction between the surface of the rotational section of the rotor and the air around it 
[13]. There are several semi-empirical correlations with different accuracy to calculate 
these losses [13], [68], [74]. For a normal speed machine, the windage and ventilator 
losses are evaluated by the Schuisky empirical correlation as follows [13]: 

 𝑃𝑃𝜌𝜌 = 𝑘𝑘𝜌𝜌𝐷𝐷𝑐𝑐(𝑙𝑙𝑐𝑐 + 0.6𝜏𝜏𝑝𝑝)𝑣𝑣𝑐𝑐2   ,  (3.69) 

where kρ is an experimental factor (Table 3.8), Dr is the rotor diameter, lr is the rotor 
length, τp is the pole pitch, and vr is the surface speed of the rotor.  

Table 3.8.  The value of kρ for the calculation of windage losses 

Cooling method kρ 

TEFC motors (small and medium-size machines) 15 
Open-circuit cooling (small and medium-size machines) 10 
Large machines  8 
Air-cooled turbogenerators  5 

3.7 Steady-state thermal analysis of LPTN 
For the steady-state thermal analysis, the final nodal temperatures of the LPTN can be 
calculated by the matrix inversion theory. Accordingly, the nodal temperatures of the 
proposed thermal model are calculated as follows:   

 [T] = [G]−1[P],  (3.70) 
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where [T] is the temperature column vector, [P] is the power column vector, which contains 
the losses at each node, and  [G] is the thermal conductance square matrix defined as: 

 G =

⎣
⎢
⎢
⎢
⎢
⎡∑

1
𝑅𝑅1,𝑖𝑖

𝑐𝑐
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⎥
⎥
⎥
⎥
⎤

 ,  (3.71) 

The Gi,i components in the main diagonal of the thermal conductance matrix are 
defined as the sum of the conductances connected to the ith node and Gi,j is defined as 
the negative thermal conductances between nodes i and j. 

3.8 Hybrid model analysis 
In the hybrid thermal method, the temperature distribution and the heat transfer are 
modeled by the LPTN of the end region. The thermal network of the end region 
presented in figure 3.15 is further simplified, as shown in figure 3.19,  by combining the 
thermal resistances R2h to R5h in a single equivalent resistance Re as: 

 𝑅𝑅𝑒𝑒 = (𝑅𝑅4ℎ+𝑅𝑅3ℎ)𝑅𝑅2ℎ
𝑅𝑅2ℎ+𝑅𝑅3ℎ+𝑅𝑅4ℎ

+ 𝑅𝑅5ℎ .  (3.72) 

 

 
Figure 3.19.  The final equivalent thermal circuit after lumping R2h to R5h into Re. 

The end-windings and slot copper loss are evaluated from the total copper loss based 
on the length of the copper conductors in the slots and the end-windings.  
The temperature of the end-windings Te and the amount of heat transfer from the  
end-windings to slots Pex are evaluated by applying the Kirchhoff current rule as follows: 

 𝑇𝑇𝑒𝑒 = �𝑃𝑃𝐽𝐽𝑒𝑒 + 𝜕𝜕0
𝑅𝑅𝑒𝑒

+ 𝜕𝜕𝑎𝑎
𝑅𝑅1ℎ
� (𝑅𝑅1ℎ + 𝑅𝑅𝑒𝑒),  (3.73) 

 𝑃𝑃𝑒𝑒𝑔𝑔 = 𝜕𝜕𝑒𝑒−𝜕𝜕𝑎𝑎
𝑅𝑅1ℎ

 .  (3.74) 

where the temperature of the active parts Ta is evaluated by the FEA and Pex is the 
amount of losses added to the slot losses in the FEA at each iteration. Note that Pex can 
be negative in some cases. 

Figure 3.20 shows the flowchart of the hybrid model calculation. After the 
construction of the FE model and the definition of the materials, the copper losses are 
inserted in the model. In the first iteration step, the FEA calculates the temperature of 
the active part of the machine and predicts the average value of the slot temperature Ta. 
Te and Pex are then calculated by (3.73) and (3.74) respectively. In the next iteration,  
Pex is added to the active copper losses in the FE model. This iteration process will 
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continue until the difference between the previous Te and the new one is smaller than 
an arbitrary defined accuracy Ɛ, which was 0.01 [K] in our case.  

 

Input Data

Start 

Generate  the active part 
model in FEMM

and define the material

Define the copper losses 
in the slots and 
Caluclate the Ta

by 2D FEA

Calculate Te by using 
equivalent thermal circuit 

and  Ta 

Te_new-Te_old< Ɛ 

Show the results 

End

N

Y

 
Figure 3.20.  The flow chart of the hybrid model calculation. 

3.9 Summary of Chapter 3 
The principles of lumped parameter thermal networks and hybrid thermal models of the 
SynRM were presented in this chapter. Different empirical correlations to calculate the 
convection coefficients from several basic shapes in different directions during the 
natural and air forced cooling were considered. The area-based composite correlations 
method to determine the natural and forced convection coefficients from the machine-
housing surface is presented in detail. 

The simplified method to calculate the radiation coefficient from the complex surface 
of TEFC machine is described. Well-proven formulations were employed to calculate the 
critical parameters of the LPTN. The different sources of losses in this machine type were 
addressed. 



62 

4 Analytical and Numerical Results 
The analytical and numerical analyses are presented in this chapter. This chapter describes 
the results obtained. A more comprehensive explanation of the analytical and numerical 
results and their analysis can be found in papers [I] to [VII] 

4.1 Analytical data of convection from different basic shapes 
Figure 4.1 shows the actual shape of the coil module used in the analytical calculations 
to investigate the convection coefficient from basic shapes. This coil module consists of 
six different faces. In this study, two sides with the largest cross-section areas with and 
without fins are used to consider the convection coefficient from flat plate and fin surface 
in different directions. The width of the coils module is W=222 [mm] and its length 
Lcoil=419 [mm]. The fin side is divided into two sections: the fin section and the flat plate 
surface. The fin side of the module consists of two fins spaced by S=86 [mm]. The fin’s 
height is H=62.7 [mm], its thickness is Dfin=10 [mm], and its length is Lfin=265 [mm].  
The width of the L-shaped plate on top of the fin is WL=38 [mm].  

 
Figure 4.1.  Illustration of the actual coil module setup. 

Natural convection from the flat plate 
The natural convection coefficient over the flat surface was calculated using correlations 
presented in paper [V] for both the horizontal upper side and the vertical orientations 
respectively. 
1. Horizontal flat plate 
Table 4.1 shows theoretical results based on the empirical correlations. According to 
Table 4.1, by increasing the surface temperature, the amount of the convection heat 
transfer starts to increase by increasing the temperature. 
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Table 4 .1. Analytical results for the horizontal flat plate 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

10 40 23 9.22 3.53 5.37 
12 46.6 23 9.78 3.63 5.80 
15 60.3 23 10.70 3.73 6.44 
17 71.6 24 11.30 3.83 6.79 
18 77.3 24 11.58 4.03 6.94 

 
2. Vertical flat plate 
Tables 4.2, 4.3, and 4.4 show the analytical data for the vertical case for the calculation 
of the natural convection coefficients based on Mac Adams, Churchill I and II empirical 
correlations respectively. 
 

Table 4 .2. Analytical results for the vertical flat plate based on Mac Adams correlation 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

10 42.3 24 8.42 3.91 4.45 
12 49.6 24 8.90 4.05 4.86 
15 62.4 24 9.67 4.32 5.35 
17 74.3 24 10.25 4.58 5.67 
18 81.0 25 10.54 4.75 5.79 

 
 

Table 4.3. Analytical results for the vertical flat plate based on Churchill I correlation 

I 
(A) 

Ts 
[℃] 

Ta 
[℃] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

10 42.3 24 8.22 3.91 4.31 
12 49.6 24 8.76 4.05 4.71 
15 62.4 24 9.55 4.32 5.23 
17 74.3 24 10.16 4.58 5.58 
18 81.0 25 10.45 4.75 5.70 

 
 

Table 4 .4. Analytical results for the vertical flat plate based on Churchill II correlation 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

10 42.3 24 8.17 3.91 4.26 
12 49.6 24 8.66 4.05 4.60 
15 62.4 24 9.36 4.32 5.04 
17 74.3 24 9.92 4.58 5.34 
18 81.0 25 10.20 4.75 5.45 

 
 



64 

Natural convection from rectangular isothermal fins 
Figure 4.2 shows the modified shape used in the theoretical calculations. It should be 
noted that the actual setup consists of L-shaped fins. However, the upper part of the fin 
is for mechanical support only. The effect of this part on the heat convection coefficient 
was estimated through 2D finite element computations. It turns out that this part 
participated in the heat transfer, as it dissipated 13.8% of the total heat on average, 
resulting in a temperature difference of 3.7%. Therefore, this shape was replaced in the 
experimental calculations by an equivalent increased length of the fins, so that the same 
amount of heat is dissipated through the additional length. However, this change in the 
length affected very little the calculation of the heat transfer coefficient (less than 1% 
difference, which is lower than the measurement uncertainty). 

 
 Figure 4.2.  The simplified format of the coil module. 

The actual fin is divided into two sections: the fin section and the flat plate surface. 
Therefore, the convection coefficient for each section is calculated separately and finally, 
the equivalent convection coefficient was calculated according to the area of each 
section as follows: 

 ℎ𝑒𝑒 =
ℎ𝑎𝑎𝑖𝑖𝑖𝑖∙𝐴𝐴𝑎𝑎𝑖𝑖𝑖𝑖+ℎ𝑝𝑝𝑠𝑠𝑎𝑎𝑜𝑜𝑒𝑒∙𝐴𝐴𝑝𝑝𝑠𝑠𝑎𝑎𝑜𝑜𝑒𝑒

𝐴𝐴𝑇𝑇
  ,  (4.1) 

where hfin [W/(m2K)] is the convection coefficient from fin section, hplate [W/(m2K)] is the 
convection coefficient from the flat section, Afin [m2]  is the surface area of the fin 
sections, and Aplate [m2] is the surface area of the flat plate. AT [m2] is the total surface 
area. 
1. Rectangular isothermal fins on the horizontal surface 
Tables 4.5 and 4.6 show the analytical data for the horizontal case for which the natural 
convection coefficients for the fin section were calculated based on Jones and Tari 
empirical correlations respectively presented in paper [II]. According to the tables, by 
increasing the temperature, the amount of the convection and radiation coefficient 
started  to increase. However, the value of the radiation coefficient slightly increased, as 
the temperature difference was not high. 
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Table 4 .5. Analytical results for the horizontal orientation based on the Jones empirical 
correlation 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

10 27.7 18.2 8.87 3.53 5.34 
12 32.4 18.9 9.47 3.63 5.84 
15 38.6 18.2 10.16 3.73 6.43 
17 43.9 18.3 10.66 3.83 6.83 
20 53.4 19 11.36 4.03 7.33 

 
 

Table 4.6. Analytical results for the horizontal orientation based on the Tari empirical 
correlation 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

10 27.7 18.2 10.07 3.53 6.54 
12 32.4 18.9 11.02 3.63 7.39 
15 38.6 18.2 12.15 3.73 8.42 
17 43.9 18.3 12.96 3.83 9.13 
20 53.4 19 14.05 4.03 10.03 

 
2. Rectangular isothermal fins on the vertical surface 
Tables 4.7 and 4.8 show the analytical data for the vertical case for which the natural 
convection coefficients h1 for the fin section were calculated based on Van De Pol and 
Tari respectively. 

Table 4 .7. Analytical results for the vertical orientation based on the Van De Pol correlation 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

10 28.6 19 7.12 3.56 3.56 
12 33.1 19.3 7.56 3.65 3.91 
15 40.7 19.2 8.17 3.79 4.38 
17 45.9 18.4 8.54 3.87 4.67 
20 55.4 18.6 9.08 4.07 5.01 

 
 

Table 4.8. Analytical results for the vertical orientation based on the Tari correlation 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

10 28.6 19 8.02 3.56 4.46 
12 33.1 19.3 8.63 3.65 4.98 
15 40.7 19.2 9.47 3.79 5.68 
17 45.9 18.4 10.00 3.87 6.13 
20 55.4 18.6 10.71 4.07 6.64 

 



66 

Forced convection over the flat plate with an unheated starting part inside the wind 
tunnel 
The objective of this section is to consider the effect of airflow speed over the flat plate 
on the estimation of the forced convection coefficient. More explanations can be found 
in paper [VI]. 

For the analytical calculation, flat plate side of the coil module with an unheated 
starting part was located inside the wind tunnel; its boundary layers did not extend such 
as the free stream mode and the characteristic of the wind tunnel directly affects the 
fluid flow mode over the plate.  Accordingly, the critical Reynold number for this case 
study was defined based on the critical Reynolds number in the internal flow. As a result, 
the fluid was in turbulent mode. 

Table 4.9 shows the analytical calculation based on mentioned correlations for the 
forced convection coefficient over the flat plate with the unheated part in a combination 
of the external and internal forced convection mode. However, Table 4.10 shows the 
analytical result based on the external forced convection flow mode calculation. 

Table 4 .9. Analytical results based on the combination of external and internal forced 
convection 

v 
[m/s] 

Ts 
[℃] 

Ta 
[℃] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

4.1 63 18.0 26.97 4.22 21.95 
6.1 52 18.0 34.64 4.01 30.63 
7.1 50 18.0 38.62 3.97 34.65 
8.2 47 18.0 45.91 3.90 42.01 

10.5 43 18.0 49.98 3.83 46.15 
 
 

Table 4 .10. Analytical results based on external convection flow mode boundary 

v 
[m/s] 

Ts 
[℃] 

Ta 
[℃] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

4.1 63 18.0 18.16 4.22 13.94 
6.1 52 18.0 21.08 4.01 17.07 
7.1 50 18.0 22.39 3.97 18.42 
8.2 47 18.0 23.72 3.90 19.82 

10.5 43 18.0 25.37 3.83 22.45 

4.2 Convection heat transfer from the housing surface of the TEFC 
machine  
For this case study, the machine was installed in the horizontal direction. As the axial 
length of the fins, spaces between the fins and the height of the fins are different, the 
mean value of fins parameters for each side of the housing was calculated. Table 4.11 
shows the characteristic data of the fin section of the machine housing at the axial length 
of 222.5 [mm] and a diameter of 230 [mm]. 
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Table 4.11. Characteristic data of the fin section 

 Mean fin’s 
length 
[mm] 

Mean fin’s 
height 
[mm] 

Mean fin’s 
spacing 
[mm] 

Number 
of fins 

Fins on top of the housing 34.38 24.37 11.86 12 
Fins on the underside of the 
housing 184.25 24.37 11.86 12 

Fins on the sides of the housing 180.75 24.83 9.70 30 
 
1. Natural cooling  
According to the area-based composite method, machine housing is divided into several 
different basic shapes: the cylinder shape for the fin channel base, horizontal U-shape 
channel for fins on the top and underside of the housing and a horizontal flat plate with 
a hot plate on top or bottom for fins mounted on the side of the housing and the vertical 
flat plate to model the end cap of the housing.   

Table 4.12 shows the segregation of the machine housing under study according to 
the area-based composite correlations method. Accordingly, the natural convection 
coefficient from each section was calculated by using the relevant empirical correlation 
for convection. The radiation coefficient was calculated by using the simplification 
assumption presented in Chapter 3. 

Table 4.12. Segregation of the housing of the TEFC electrical machine 

Component Convection Correlation Emissivity View 
Factor Area [m2] 

Fin base Horizontal cylinder 0.8 1 0.0918 

Fins on top of the 
housing Horizontal fin channel 0.8 0 0.0201 

Fins on undersides 
of  the housing Horizontal fin channel 0.8 0 0.1078 

Fins on the sides 
of the housing 

Horizontal flat plate 
(upper face and lower 
face) 

0.8 0 0.2692 

Fin tips Horizontal and vertical  
flat plate 0.8 1 0.0209 

End caps Vertical flat plate 0.8 1 0.0831 

 
After the calculation of the natural convection and the radiation coefficient of each 

segregated shape of the machine housing, the total heat transfer coefficient (h0) is 
calculated as: 

 ℎ0 = ℎ1𝑆𝑆1+ℎ2𝑆𝑆2+⋯
𝑆𝑆𝑇𝑇

 ,  (4.2) 

where h1 is the heat transfer coefficient from basic shape one [W/ (m2K)], S1 is the area 
occupied by basic shape one [m2], h2 is the heat transfer coefficient from basic shape two 
[W/ (m2K)], and S2 is the area occupied by basic shape two [m2]. 
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Table 4.13 shows the analytical calculation of the natural convection, radiation, and 
heat transfer coefficient. 

Table 4.13. Analytical results 

V 
[V] 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

h0 
[W/(m2K)] 

15 6.45 42 20.5 6.91 
17 7.12 47 21.6 7.14 
19 7.79 51.5 20.8 7.39 
22 8.71 61 21.6 7.78 
25 9.57 64.5 21.2 7.93 

2. Air forced cooling
A. Air cooling speed 

According to (3.48), the only unknown parameter with the highest effect on the 
calculation of the forced convection coefficient is the airflow speed along the semi-open 
fin channels. To use the empirical correlation, accurate estimation of the speed of the 
cooling airflow in each fin is necessary. Accordingly, the amount of the speed of the 
cooling air is measured using a digital hot wire anemometer.   

According to figure 4.3, to evaluate the mean speed of an air-cooling flow in the 
circumference of the machine housing, the air flow speed was measured in three 
different positions along the axial direction of the cooling fins: at the beginning, in the 
middle and at the end of the fins. 

Figure 4.3.  Different locations of the air-cooling speed measurement. 

Figures 4.4 and 4.5 show the air-cooling speed for five different fan rotational 
speeds from 600 rpm to 1800 rpm. As expected and according to figure 4.5, by 
increasing the distance from the fan, the air-cooling speed starts to decrease due 
to the leakage. The average amount of the reduction in the air-cooling speed is 
around 0.4% of the inlet velocity. 
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Figure 4.4.  Air velocity along the axial direction versus the fan speed in the fan and shaft sides. 
 

 
 

Figure 4.5.  Air velocity along the axial direction versus the distance from the fan. 

B. Analytical calculation  
To calculate the forced convection coefficient from the housing surface of the TEFC 
electrical machine by using the empirical correlations and applying the leakage effect on 
the air-cooling speed during the computation process, the housing of the machine is 
divided into three main sections: rear section near the fan, active part, and front section. 
Then, the amount of the force convection coefficient is calculated based on the 
appropriate empirical correlation. Furthermore, the amount of radiation is calculated by 
using the same method discussed in the previous chapter. Table 4.14 shows the 
segmentation of the machine housing and related empirical correlation for calculating 
the value of the forced convection coefficient and the radiation phenomenon.  
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Table 4.14. Segmentation of the housing of the TEFC for the forced convection coefficient 

Component Empirical Correlation 
Air 

velocity 
[p.u] 

Emissivity View 
Factor 

Area 
[m2] 

End cap (rear) Flat plate 1 0.8 1 0.0415 
Fins base (rear) Fin channel 1 0.8 1 0.0128 
Fin side (rear) Horizontal fin channel 1 0.8 0 0.0585 
Fin tips (rear) Flat plate 1 0.8 1 0.0031 
Fins base (active) Fin channel 0.8 0.8 1 0.0908 
Fin side (active) Horizontal fin channel 0.8 0.8 0 0.4150 
Fin tips (active) Flat plate 0.8 0.8 1 0.0219 
Fins base (front) Fin channel 0.6 0.8 1 0.0128 
Fin side (front) Horizontal fin channel 0.6 0.8 0 0.0128 
Fin tips (front) Flat plate 0.6 0.8 1 0.0031 
End cap (front) Flat plate 0.5 0.8 1 0.0415 

To apply the effect of fin blockage in the calculation of the forced convection 
coefficient, the blockage factor is defined based on  the total number of fins (Ntotal) and 
the number of block fins (Nblock) as in [39]: 

 
 𝑵𝑵𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕−𝑵𝑵𝒃𝒃𝒕𝒕𝒕𝒕𝒃𝒃𝒃𝒃

𝑵𝑵𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕
 ,  (4.3) 

Finally, the amount of the total heat transfer coefficient is calculated by using (4.2). 
Table 4.15 shows the analytical data of the total heat transfer coefficient from the 

housing of the TEFC electrical machine. 

Table 4 .15. Analytical data for the air forced cooling 

Shaft 
speed 
[rpm] 

Inlet 
speed 
[m/s] 

Ts 
[℃] 

Ta 
[℃] 

he 

[W/(m2K)] 

600 3.5 32.3 22.3 20.3 
900 5.5 29 21.2 27.9 

1200 7.6 29.1 22.3 35.4 
1500 9.7 28.4 22.2 41.9 
1800 12.2 27.3 21.8 49.8 

4.3 Experimental estimation of losses in SynRM 
This section presents the measurement results of losses on the three-phase SynRM. 

Copper losses are calculated from the value of the DC resistance of the stator windings 
[13]. The amount of stator winding resistance is measured by the DC resistance test at a 
specified temperature [13]. For these purposes, the amount of the stator winding 
resistance of each phase was measured by performing the DC test. Accordingly, the DC 
current was applied to the stator windings of each phase separately, and the voltage and 
current of the stator winding of each phase were measured (figure 4.6).  This process 
continued for several different currents in the range of 1 to 2.5 [A] by step of 0.5 [A]. 
Then the value of the resistance of the stator winding was simply calculated by using the 
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Ohm’s law. Finally, the winding resistance will be equal to the average value of the 
resistances calculated by Ohm's law in different input currents. 

 
Figure 4.6.  The schematic of measuring the phase resistance of the stator winding. 

Table 4.16 shows the average value of the resistance of each phase. Accordingly,  
the value of resistance is 0.665 Ω. 

Table 4.16. The value of the resistance of each phase 

Phase Rph [Ω] 
U 0.669 
V 0.663 
W 0.663 

 
The no-load test is a common method for measuring the iron losses in an electrical 

machine. For this purpose, the electrical machine was operated in the rated voltage and 
frequency until it reached its thermal steady state mode (According to the standard when 
the temperature varies less than one Kelvin when measured during the two successive 
60-minute intervals). Since the machine under study is the SynRM, it needs the external 
prime mover to accelerate the rotor of the motor to reach the synchronous speed. In this 
manner, it takes into account that the rotational direction of the rotor should be the 
same as the direction of rotating the magnetic field of the stator; in other words, the 
prime mover and the SynRM should have the same phase sequences. After the SynRM 
reaches the synchronous speed, simultaneously, the prime mover should be separated 
from the SynRM, and the rated voltage should be applied to it. According to figure 4.7, 
an induction machine is operated as the prime mover. It is coupled to the SynRM by a 
belt, and the frequency converter is controlling the speed of the induction machine. 
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Figure 4.7.  No-load experiment. 

After separating the prime mover from the SynRM, the motor operates with the rated 
voltage and frequency until its steady-state mode. When the motor reaches a thermal 
state of equilibrium, the measurement process is started. In this step, the measurement 
occurs based on the voltage step in the range of 20% to 110% of the rated voltage in the 
descending order. Accordingly, the values of three-phase stator currents, stator voltages, 
power factors, and the motor input power, as well as the stator windings temperature, 
were measured. 

Since the machine operated in no-load, the mechanical power was zero; therefore, 
the total input power equals the total losses generated inside the machine. The amount 
of the stator winding losses was evaluated by using the measured value of the stator 
winding resistance and current by using (3.61). As mentioned, the winding 
resistance starts to increase by increasing the temperature; therefore, the new value 
of the slot winding resistance was determined as in [43]: 

𝑅𝑅𝜕𝜕 =  𝑅𝑅𝜕𝜕0
𝐵𝐵+𝜕𝜕𝑒𝑒
𝐵𝐵+𝜕𝜕w0

 , (4.4) 

where RT is the actual average electrical resistance of the stator winding [Ω], Tw is the 
average temperature of the winding [℃], Tw0 is the initial temperature [℃], RT0 is the 
stator winding resistance in the reference temperature [Ω] and B is the reverse thermal 
coefficient of the electrical resistivity of copper at 0 [℃]. 
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Figure 4.8.  The measured value of the total input losses and winding losses vs. supply voltage. 

Figure 4.8 shows the total input losses (P0) and the stator winding losses (Pcu). As 
mentioned, the losses in SynRM consist of winding copper losses, iron losses, and 
mechanical losses. The sum of iron losses (PFe) and mechanical losses (Pm) is called 
constant losses (Pc). According to (4.5), the value of the constant losses Pc is evaluated by 
subtracting the stator winding losses from the total input power.  

 𝑃𝑃𝑒𝑒 = 𝑃𝑃𝜀𝜀𝑒𝑒 + 𝑃𝑃𝑔𝑔 = 𝑃𝑃0 − 𝑃𝑃𝑒𝑒𝑐𝑐 .  (4.5) 

 

 
Figure 4.9.  Constant power loss via voltage squared. 

Figure 4.9 shows the constant power losses via voltage squared. To determine the 
mechanical losses from constant losses, the linear behavior appeared in the area without 
saturation is selected. In this mode, the point of the intersection of the liner region with 
the vertical axis in zero voltage is defined as mechanical losses. Finally, the iron losses 
(figure 4.10) are computed from subtracting the mechanical losses from the constant 
losses.  
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Figure 4.10.  Iron losses via voltage. 

Table 4.17 shows the value of losses for the rated voltage and frequency. In addition, 
these values will be used as the losses sources in the LPTN and thermal analysis of the 
machines. 

Table 4.17.  Experimental results of losses at the rated voltage and frequency 
Name Symbol Unite Value 
Stator winding losses Pcu [W] 68.50 
Iron losses PFe [W] 125.98 
Mechanical losses Pm [W] 33.47 

4.4 Steady-state temperature results of LPTN 
Table 4.18 shows the value of the thermal resistances of the LPTN during the active 
cooling test. These values were applied to model the heat transfer and predict the nodal 
temperature of the LPTN by using the matrix inversion method. Accordingly, the value of 
the R0 consists of the effect of forced convection and radiation during the nominal speed 
of the machine. 

Table 4.18. Thermal resistances of the model during the air forced cooling 

Thermal resistances  Value [K/W] 
R0 0.0231 
R1 0.0272 
R2 0.0036 
R3 0.0040 
R4 0.0196 
R5 0.0415 
R6 0.0492 
R7 10.694 
R8 0.4558 
R9 0.1617 
R10 0.2342 
R11 0.0790 
R12 0.0790 
R13 1.3221 
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To consider the accuracy and performance of the LPTN, it was run under passive  
(DC test) and active cooling (AC test). The passive cooling refers to the effectiveness of 
heat spreading within a machine, which is affected by the thermal properties of the 
material, geometrical design and interfacial thermal resistances between the machine 
components. The active cooling refers to the effects of heat removal from a machine to 
the coolant ultimately based on the convection phenomenon. 
      Table 4.19 shows the analytical results for the passive cooling and active cooling. 
During the passive cooling, the machine is in stall mode, and the only source of losses is 
the stator copper losses equal to 191.16 [W], and R0 equals 0.2056 [℃/W]. 

Table 4.19. Analytical LPTN results 

Machine components Passive cooling Active cooling 
Frame surface [℃] 59.4 25.9 
Winding [℃] 70.8 33.2 
End winding [℃] 76.7 33.7 

4.5 Results of the hybrid thermal model  
To consider the performance of the hybrid model, it was run to model the heat transfer 
in different parts of the machine during the passive and active cooling condition.  
For these purposes, the different parameters of the hybrid thermal model were 
calculated according to the cooling method. 
Table 4.20 shows the values of the LPTN components of the end region of the machine 
for the passive cooling condition. Furthermore, the modified total heat extraction 
coefficient, the equivalent thermal conductivity of the slot and copper losses produced 
in the slots implemented in the FE 2D parts of the hybrid model are 27 [W/(Km2)],   
0.79 [W/(Km)] and 92.8 [W] respectively.  

Table 4.20.  The values of the thermal model components of the end region during the passive 
cooling 

Component Value Unit 
R1h 0.05 [K/W] 
R2h 10.7 [K/W] 
R3h 2.3 [K/W] 
R4h 0.8 [K/W] 
R5h 0.6 [K/W] 
PJe 98.3 [W] 

 
For the active cooling, the parameters of the LPTN of the end-winding are presented 

in Table 4.21. In addition, the values of the modified heat transfer coefficient, equivalent 
thermal conductivity of the slot and active copper losses implemented in the FE parts of 
the hybrid model are 171.6 [W/(Km2)],  0.79 [W/(Km)] and 33.26 [W] respectively.  
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Table 4.21.  The values of the thermal model components of the end region during the active cooling 

Component Value Unit 
R1h 0.05 [K/W] 
R2h 10.7 [K/W] 
R3h 0.46 [K/W] 
R4h 0.16 [K/W] 
R5h 0.08 [K/W] 
PJe 35.24 [W] 

 
Table 4.22 shows the steady-state temperature results of SynRM by the hybrid 

thermal model in the passive and active cooling mode. Further, figures 4.11 and 4.12 
show the temperature distribution in the active part of the machine computed with the 
hybrid thermal model during the passive and active cooling respectively. 

Table 4.22.  Results of temperature calculated by the hybrid thermal model during the passive 
and active cooling 

Machine components Passive cooling Active cooling 
Frame surface [℃] 68.6 29.1 
Winding [℃] 72.9 33.2 
End winding [℃] 78.5 33.7 

 
 
 

 
Figure 4.11.  Temperature distribution in the active part of the machine by using the hybrid 

model during passive cooling. 
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Figure 4.12.  Temperature distribution in the active part of the machine by using the hybrid 

model during active cooling. 

4.6 Summary of Chapter 4 
According to the effect of the correct prediction of the heat transfer coefficient on the 
accuracy of the thermal model, in the first section of this chapter, the analytical 
calculation of the heat transfer coefficient from several basic shapes was considered in 
different directions during the natural and forced cooling by using various empirical 
correlations. Then the analytical calculations were expanded to determine the heat 
transfer coefficient from the TEFC housing during the passive and active cooling. 
During the passive cooling, heat is transferred from the machine housing to the 
surrounded area by natural convection and radiation. The value of the heat transfer 
coefficient was calculated by using the area-based composite method. During the active 
cooling in the TEFC machine, the correct prediction or measuring of the airflow speed 
around the machine housing plays an important part in the accuracy of the calculation 
of the heat transfer coefficient. Accordingly, the airflow speed was measured in different 
locations for several fan rotational speeds, and the value of the heat transfer coefficient 
was calculated by using the Heiles correlation. 
In the next step, the machine losses were determined experimentally, and different 
parameters of the LPTN and the hybrid model were calculated and presented. Finally, 
the results of the analytical LPTN and the hybrid thermal model during the passive and 
active cooling are presented. 
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5 Validation and Discussion  
The validations and experimental methodology were conducted to select the precise 
empirical correlation from among the several varieties of these correlations for different 
basic shapes and to validate the calculation method of the heat transfer coefficient from 
the machine housing as well as the thermal models. In this chapter, the experimental 
procedures and validation of the results are divided into two sections, in the first section, 
the experimental procedure and validation for the convection coefficient from different 
surfaces are described, and in the second part, the experimental procedures and 
validation of the thermal methods of the SynRM are provided. A more comprehensive 
explanation about the experimental methodology and the validation results and their 
analysis can be found in papers [I] to [VII]. 

5.1 Experimental validation of the convection coefficient 
5.1.1 Convection coefficient from basic shapes 
To effectively consider the performance of different empirical correlations for predicting 
the convection coefficient from different surfaces and gain the most accurate correlation 
for use in the determination of the convection coefficient from the TEFC machine 
housing, several experimental verifications were carried out. 
Experimental methodology  
For experimental purposes, a stator coil of the permanent magnet generator was 
selected. According to figure 5.1, the stator coil used in this investigation consists of six 
different faces. To consider the convection from the flat side or fins side, the heat flux 
flow should be confined only to the desired surface. To achieve this, an insulation box 
according to the dimensions of the coil was created using foam insulation boards with a 
thickness of 10 [cm]. Since the foam insulation material has low thermal conductivity         
k =0.3 [W/(mK)], the thermal flux flow is restricted to the open surface. Therefore,  
the box is operating as a closed calorimeter. Another important point about the box is 
the temperature operation point; as the foam insulation board can handle temperatures 
up to 90 [℃], during the experiments, the coil temperature should not exceed that 
temperature. 
 

 
Figure 5.1.  The coil module used in the experimental work. 

Figure 5.2 depicts the experimental setup to consider the forced convection over the 
flat side of the stator coil.  A wind tunnel was constructed of a cylindrical steel pipe with 
the length of 300 [cm] and the diameter of 80 [cm].  A four pole 7.5 [kW] squirrel cage 
induction motor was connected to the fan blades as the fan section. It was placed in front 
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of the wind tunnel to blow the air through the tunnel and provide airflow at different 
speed ranges. The induction motor is controlled with a frequency converter to regulate 
the coolant flow. Further, the coil insulation box was used as a calorimeter, and a DC 
power source was used to heat the coil. The system is protected with the temperature 
controller sensor to limit the temperature to the 90 ̊C. In addition, the airflow velocity 
was measured by hot wire anemometer.  

Figure 5.2.  Schematic diagram of the main part of the experimental setup during the forced 
cooling. 

The DC test is a common experimental method to evaluate the convection coefficient 
[54]. In this test, the loss of the coil is confined to the joule loss of the coil winding and 
the power can be easily calculated from the measured electric quantities. In the 
calculations, I accounted for the variations in the winding electrical resistance, as the 
winding resistivity is temperature dependent. 

The total heat produced in the coil is equal to the total input power. Thus, the total 
heat in Watts [W] is defined as: 

𝑄𝑄𝜕𝜕 = 𝑑𝑑 ∙ 𝐼𝐼, (5.1) 

where V [V] is the input voltage and I [A] the input current. 
Accordingly, the total heat is extracted using the convection and radiation 

phenomena. Thus, the total heat can be described as: 

𝑄𝑄𝜕𝜕 = 𝑄𝑄𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑄𝑄𝑐𝑐𝑔𝑔𝑐𝑐,  (5.2) 

where Qconv [W] is the amount of heat extracted by convection and Qrad [W] is the amount 
of heat extracted by radiation. 

According to  [54] and [53], the heat transfer coefficient he is calculated as: 

ℎ𝑒𝑒 = 𝑄𝑄𝑇𝑇
(𝜕𝜕𝑜𝑜−𝜕𝜕𝑎𝑎)𝐴𝐴

 , (5.3) 

where Ts [℃] is the mean surface temperature, Ta [℃] is the ambient temperature, and 
A [m2] is the surface area. 

The heat transfer coefficient is defined as the sum of the convection (hc) and radiation 
(hr) coefficients, whereas the radiation coefficient is calculated by (3.16): 

ℎ𝑒𝑒 = ℎ𝑒𝑒 + ℎ𝑐𝑐.  (5.4) 

Validation and analysis of convection results 
The validation of the empirical correlations for different basic surfaces was made by 
comparing experimental data for different configurations.  
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1.  Natural convection from a flat plate  
Figure 5.3 shows the flat side of the stator coil module inside the coil box, which was 
used for the experiment. Accordingly, to study the effect of natural convection from a 
flat plate, the heat flux flow was confined to the flat side of the stator coil. 

 

 
Figure 5.3.  The used configuration for the flat plate experiment. 

 
Table 5.1 shows the experimental results based on the DC test for five different DC 

input currents. 

Table 5.1. Experimental results for the horizontal flat plate 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

QT 

[W] 
he 

[W/(m2K)] 
hr 

[W/(m2K)] 
hc 

[W/(m2K)] 
10 40 23 15.76 10.09 3.53 6.56 
12 46.6 23 23.47 10.37 3.63 6.74 
15 60.3 23 38.64 11.07 3.73 7.34 
17 71.6 24 51.68 11.58 3.83 7.75 
18 77.3 24 59.33 12.44 4.03 8.41 

Figure 5.4 shows the variation of the heat transfer coefficient he with the temperature 
difference for five different input currents in the horizontal configuration. The analytical 
and experimental data were found to have an average relative difference of 6%, and the 
maximum relative difference based on this correlation is 9%. According to figure 5.4, it is 
clearly shown that by increasing the temperature, the relative difference of the analytical 
data compared with the experimental data decreases. 
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Figure 5.4.  Variation of the heat transfer coefficient with the temperature difference for the 

horizontal direction. 

Table 5.2 shows the experimental data for the vertical configuration. 

Table 5.2. Experimental results for the vertical flat plate 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

QT 

[W] 
he 

[W/(m2K)] 
hr 

[W/(m2K)] 
hc 

[W/(m2K)] 
10 42.3 24 15.89 8.81 3.91 5.48 
12 49.6 24 23.62 9.98 4.05 5.93 
15 62.4 24 38.90 10.94 4.32 6.62 
17 74.3 24 52.21 11.22 4.58 6.64 
18 81.0 25 59.78 11.54 4.75 6.79 

Figure 5.5 shows the variation of the heat transfer coefficient (he) with the 
temperature difference for five different input currents in a vertical orientation. 
Significant differences were found between the analytical data based on the Churchill II 
correlation and the experimental data. The mean relative difference of this empirical 
correlation is about 12%, and the maximum one is 14%. However, the amount of the 
mean difference of the analytical results based on the Mac Adams correlation is less than 
the analytical results based on the Churchill I correlation. The average relative differences 
based on the mentioned correlations are 9% and 10% respectively. 
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Figure 5.5.  Variation of the heat transfer coefficient with the temperature difference for the 

vertical direction. 
 

2. Natural convection from a rectangular isothermal fins plate 
Figure 5.6 shows the coil box and the fins side of the coil in the vertical and the horizontal 
configurations. Accordingly, to consider the natural convection from the fin’s side, the 
heat flux flow was confined to the fin side stator coil module.  

 
Figure 5.6.  The used configurations in the experiment: a) Coil module inside the coil box in a 

horizontal position b) Coil module inside the coil box in a vertical position. 
 

Table 5.3 shows the experimental data for the horizontal configuration by using the 
long term DC test. 

Table 5.3. Experimental results for the horizontal configuration 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

QT 

[W] 
he 

[W/(m2K)] 
hr 

[W/(m2K)] 
hc 

[W/(m2K)] 
10 27.7 18.2 15.23 10.09 3.53 6.56 
12 32.4 18.9 22.38 10.37 3.63 6.74 
15 38.6 18.2 35.97 11.07 3.73 7.34 
17 43.9 18.3 47.34 11.58 3.83 7.75 
20 53.4 19 68.16 12.44 4.03 8.41 
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Figure 5.7 shows the variation of the heat transfer coefficient he with the temperature 
difference for five different input currents in the horizontal configuration. The average 
relative difference of the analytical data based on the Tari correlation in comparison with 
the experimental data is 8.1%, and the maximum relative difference based on this 
correlation is 12.9%. The average relative difference for the analytical data based on the 
Jones empirical correlation is 9.1%, and the maximum relative difference for these data 
is 12.1%. Accordingly, it is clearly shown that by increasing the temperature, the relative 
difference of the analytical data based on the Jones correlation compared with the 
experimental data decreases. For the temperature difference of 34.4 [℃], the relative 
difference is 9.5% with the Jones correlation while in the same situation it is 11.5% with 
the Tari correlation. Furthermore, figure 5.7 shows that by increasing the temperature, 
the analytical data curve based on Tari’s correlation diverges from the experimental 
curve. It is interesting to note that the Jones empirical correlation has been developed 
without any dependence on the physical fin array’s properties, e.g., fin’s height (H) and 
fin’s length (Lfin).   

 
Figure 5.7.  Variation of the heat transfer coefficient with the temperature difference for the 

horizontal orientation. 
 
Table 5.4 shows the experimental data for the vertical configuration. 

Table 5.4. Experimental results for the vertical configuration 

I 
[A] 

Ts 
[ ℃] 

Ta 
[ ℃] 

QT 

[W] 
he 

[W/(m2K)] 
hr 

[W/(m2K)] 
hc 

[W/(m2K)] 
10 28.6 19 15.31 9.97 3.56 6.41 
12 33.1 19.3 22.44 10.20 3.65 6.55 
15 40.7 19.2 36.28 10.60 3.79 6.81 
17 45.9 18.4 47.65 10.88 3.87 7.00 
20 55.4 18.6 68.66 11.70 4.07 7.63 

 
Figure 5.8 shows the variation of the heat extraction coefficient (he) with the 

temperature difference in the vertical orientation. Significant differences were found 
between the analytical data based on Van Del Pol correlation and the experimental data. 
The mean relative difference of this empirical correlation is about 24%, and the 
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maximum one is 29%. The main reasons for this difference can be explained by the 
defined range for this correlation as well as by the fact that Van De Pol equations were 
derived for a periodical channel whereas Tari’s equation is valid for a single channel too. 
According to [57] and [75], this correlation is fitted for rectangular fins in the range of 
0.33 <H/S<4 and 42<Lfin/S<10.6. This case study is not located within these ranges. 
However, as Figure 5.8 shows, the difference between the analytical data based on Tari’s 
correlation and the experimental data is significant at lower temperatures, but as the 
temperature difference increases, the analytical data curve converges toward the 
experimental one. Thus, the appropriateness of this correlation is better at high 
temperatures. The mean relative difference for this correlation is 12%. The maximum 
relative difference occurred at the low-temperature rise, amounting to 29%. 

 
Figure 5.8.  Variation of the heat transfer coefficient with the temperature difference for the 

vertical orientation. 

3. Forced convection over the flat plate with the unheated starting part 
Figure 5.9 shows the experimental setup where the flat side of the stator coil module 
inside the coil box is located inside the wind tunnel to study the effect of different 
airflows on the heat transfer coefficient. 

 
 Figure 5.9.  Coil box inside the wind tunnel. 
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Table 5.5 shows the experimental results for the flat side of the coil module under a 
fixed current with five different wind speeds. 

Table 5.5. Experimental results 

v 
[m/s] 

Ts 
 [ ℃] 

Ta 
[ ℃] 

QT 

[W] 

he 
[W/(m2K)] 

hr 
[W/(m2K)] 

hc 
[W/(m2K)] 

4.1 62.7 18.6 137.4 33.70 4.22 29.48 
6.1 52,4 18.5 133.0 42.36 4.01 38.36 
7.1 50.5 18.7 131.7 44.80 3.97 40.83 
8.2 47.2 18.3 130.2 48.96 3.90 45.05 

10.5 43.5 18.3 128.4 55.09 3.83 51.26 

Figure 5.10 shows the variations of the forced convection heat transfer via the airflow 
speed based on the experimental and analytical data. Accordingly, it is apparent that the 
convection coefficient heat transfer is proportional to the wind speed and it increases by 
increasing the speed. Furthermore, the graph proves the importance of accurate 
comprehension of the fluid flow mode during the calculation of the forced convection 
heat transfer. As expected, the fluid flow was in the turbulent mode. One interesting 
finding based on the analytical data is the linear correlation between the convection 
coefficient and the wind speed. Another important finding is that the convection 
coefficient at zero speed is not zero, which can be attributed to the natural convection. 
Finally, it shows that by increasing the wind speed, the experimental data converge 
toward turbulent analytical results. Thus, it can be expected that the precision of an 
analytical calculation is enhanced at high wind speed with high turbulent flow. However, 
in the calculation of the forced convection coefficient, 15% difference between the 
analytical and the experimental data is an acceptable relative difference [30]. 
 

 
Figure 5.10.  Convection heat transfer coefficient according to the wind speed. 

5.1.2 Natural heat transfer from the housing of the TEFC electrical machine  
To validate the performance of analytical methods for predicting the convection 
coefficient from the housing of the TEFC electrical machine during the natural cooling 
conditions, experimental verifications were conducted. 
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Experimental methodology 
A common experimental method to determine the total heat transfer coefficient of the 
machine housing during natural cooling is the DC stator test [76]. In this test, the losses 
of the machine are confined to the Joule loss of the stator windings where the electric 
power can be easily measured [40]. However, this is a long-term test and it takes several 
hours to reach a steady state condition. 

For the DC test, the stator windings of the machine are connected in series, and during 
the experiment, the DC power applied to the motor and the surface temperature of the 
motor at different locations are measured. As shown in figure 5.11, four K-type 
thermocouples were installed by means of adhesive material in various locations on the 
frame surface of the motor. The ambient temperature was also measured by means of a 
K-type thermocouple. The average temperature of these four thermocouples assumed is 
the mean temperature of the motor frame surface. The experiment was carried out for 
each current input until the system reached its steady state condition. The experimental 
procedure was repeated for five different current inputs. The total heat transfer 
coefficient (h0) was calculated by (5.3), which is presented in below. 

 
Figure 5.11.  Test setup. 

Analysis and validation 
Table 5.6 shows the experimental data for the horizontal configuration by using the long 
term DC test. 

Table 5.6. Experimental results 

V 
[V] 

I 
[A] 

Ts 
[℃] 

Ta 
[℃] 

QT 

[W] 
h0 

[W/(m2K)] 
15 6.45 42 20.5 96.75 6.37 
17 7.12 47 21.6 121.04 6.76 
19 7.79 51.5 20.8 148.01 6.93 
22 8.71 61 21.6 191.62 7.47 
25 9.57 64.5 21.2 239.25 7.65 

 
Figure 5.12 shows the variation of the total heat extraction coefficient (h0) via the 

temperature difference for experimental and analytical data. Accordingly, the relative 
difference between the analytical and the experimental data is about 5.5%, and the 
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maximum value is 8.2%.  Figure 5.12 shows that by increasing the temperature,  
the accuracy of the analytical calculation increases. 

Figure 5.12.  Variation of the heat transfer coefficient with the temperature difference. 

5.1.3 Forced heat transfer from the housing of the TEFC electrical machine  
The objective of the experimental work was to assess the total heat transfer coefficient 
from the housing of the TEFC electrical machine during air force cooling with different 
fan speeds. Another objective was to compare the analytical data to the experimental 
data for finding and verifying the accuracy of the analytical calculation.  
Experimental methodology 
Figure 5.13 shows the diagram of the test setup. Accordingly, to rotate the cooling fan, 
the shaft of SynRM was coupled to the shaft of an induction motor. For producing, 
different fan rotational speeds, the speed of the induction motor was adjusted by a 
frequency converter.  

 
Figure 5.13.   The diagram of the experimental setup. 
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To better identify convection phenomenon, it is important to define the system only 
based on the stator joule losses; accordingly, as shown in figure 5.14, the rotor of the 
SynRM machine was replaced by a shaft. Then the cooling fan was assembled at the end 
part of the shaft.  

 
Figure 5.14.  Replacement of the rotor of SynRM with the shaft. 

Figure 5.15 shows the experimental setup. As mentioned, the DC stator test is a 
common experimental method for determining the convection coefficient. For this 
purpose, the three-phase stator windings of the SynRM were connected in series and 
were supplied through a digitally controlled DC power supply. During the experiments, 
in addition to the power input to the stator windings, the temperature of the machine 
housing and the air-cooling speed were measured at different locations. During the 
experiments, all the temperature data were collected using a Key sight logger.  
The experiment was carried out for each air-cooling speed until the system reached its 
steady state condition. The experimental procedure was repeated for five different fan 
rotational speeds: 600, 900, 1200, 1500 and 1800 rpm. 

 

 
Figure 5.15.   Experiment setup. 

 
Analysis and validation 
Table 5.7 shows the experimental data of the heat transfer coefficient from the housing 
of the TEFC electrical machine. The heat transfer coefficient was calculated by using (5.3). 
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Table 5.7. Experimental data for the air forced cooling 

Shaft 
speed 
[rpm] 

Inlet 
speed 
[m/s] 

Ts 
[℃] 

Ta 
[℃] 

QT 

[W] 
he 

[W/(m2K)] 

600 3.5 32.3 22.3 189.3 26.6 
900 5.5 29 21.2 190.6 34.3 

1200 7.6 29.1 22.3 190.7 39.3 
1500 9.7 28.4 22.2 192 43.5 
1800 12.2 27.3 21.8 192.2 49 

 
Figure 5.16 shows the variation of the total heat transfer coefficient (he) versus the 

fan rotational speed. According to the variation of the experimental value of he versus 
the fan rotational speed, it clearly shows the point when the flow is in turbulent mode. 
At 1500 rpm and after this point, a rapid increase occurred in the amount of the heat 
transfer coefficient.  Also, according to the analytical data, by increasing the speed,  
the amount of the relative difference between the analytical and experimental data 
starts to decrease, and when the flow is in the turbulent mode, the analytical data merge 
to the experimental one. The amount of the relative mean difference between the 
experimental and analytical data is about 11%. 

 
Figure 5.16.   Variation of the heat extraction coefficient via the fan’s rotational speed. 

5.2 Experimental validation of thermal models 
To effectively validate and evaluate the performance of the created SynRM LPTN and the 
hybrid thermal model and to gain details about the accuracy of the method in the 
prediction of temperature distribution across the machine’s most important sections,  
an experimental verification stage was carried out. The experiments conducted for the 
validation of the model are described in brief hereafter. 
DC thermal test: 
In this test, the machine loss was confined to the stator joule losses. The windings of 
stator phases were connected in series. As the motor is in stall condition, the air-cooling 
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to protect the machine from over-temperature condition and damage, the current 
applied to the machine is set to 40% of the rated current. In the steady state condition, 
the input power and the temperature of different parts of the machine, e.g., windings, 
end windings and the housing of the machine were measured. For measuring the 
temperature of the machine winding and the end-winding, thermal sensors (PT 100) 
were installed inside slots and the end windings of each phase. Furthermore, the mean 
temperature of the housing was evaluated by measuring the temperature of several 
locations of the machine housing. 

Figure 5.17 shows the temperature comparison obtained using the LPTN, the hybrid 
thermal model and the measurements during the DC test. In the graph, the end winding, 
the winding, and housing temperatures are represented. The graph shows good 
agreement between the predicted and measured temperatures, but the only difference 
is in the housing temperature of the hybrid model and the experimental results. In the 
hybrid model, the housing temperature is defined as the mean frame temperature. 
 

  
Figure 5.17.  Temperature comparisons during the DC test. 

AC thermal test: 
For the AC experimental test, the SynRM is operated under no load condition. For this 
purpose, the SynRM is synchronized to the grid with an induction machine, which is 
disconnected from the SynRM after synchronization. The purpose is to operate the 
SynRM under sinusoidal grid supply as to conserve the same voltage and thus the same 
iron losses. 

Figure 4.7 shows the experimental setup. During the experiment, the active power, 
the RMS value of the current and voltage, temperature and power factor of each phase 
were measured with a data acquisition system (Dewetron). The SynRM was equipped 
with six PT100 thermal sensors. Three sensors were located in the end winding section 
of each phase, and the other three were installed inside the slots. The motor surface 
temperature was measured by an infrared laser digital thermometer. During the 
experiment, when the machine reached its steady-state mode, the outer frame surface 
and ambient temperatures and total input power were measured.  

Figure 5.18 shows the temperature comparison obtained using the LPTN, the hybrid 
thermal model and measurements during the AC test. The relative difference of the LPTN 
results for the surface temperature, slot winding, and end-winding are 3%, 3.3%, and 
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6.8% respectively. These difference in the LPTN arise from the hypothesis of the uniform 
distribution of losses in the machine as well as from the fact that the LPTN model predicts 
the mean temperature of the machine component while in the experimental part,  
the thermocouples show the temperatures at given positions. This fact is illustrated in    
Figure 5.19, which shows the temperature distribution over the frame surface of the 
SynRM in the steady-state mode. The figure gives a good overview of the temperature 
differences on the frame surface of the SynRM. The relative difference of the same 
components by the hybrid thermal model is 9%, 0.6%, and 0.3% respectively. The relative 
difference in the surface temperature arises from the assumption that the mean 
temperature of the active part of the frame is assumed as the surface temperature. 

 
Figure 5.18.  Temperature comparisons during the AC test. 

 

 
Figure 5.19.  Temperature distribution over the frame surface. 

 
The comparison of the LPTN results with the hybrid model indicates that the accuracy 
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5.3 Summary of Chapter 5 
In the first section of this chapter, the experimental procedures for measuring the heat 
transfer coefficient from basic shapes are presented. Next, the appropriate empirical 
correlation for each basic shape was selected by comparison with measurement results. 
Then the selected empirical correlations were used to calculate the heat transfer 
coefficient from the complex shape of the TEFC housing in the natural cooling. Finally, by 
measuring the airflow speed in different locations of the housing, the average airflow 
speed was evaluated, and the heat transfer coefficient of the machine via different 
cooling speed was determined. 

In the second part, the experimental DC and AC tests constructed for the thermal 
analysis of the SynRM are described, followed by the thermal steady state results used 
to validate the LPTN and the hybrid thermal models presented in Chapter 3.  
The comparison shows close agreement between the thermal models and the 
measurements data, with a mean difference around 4 %. 
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6 Conclusion and Future Work 
This chapter concludes the research during this scientific work and summarizes the 
research done for this study. Finally, this chapter presents some recommendations and 
a vision for future work. 

6.1 Conclusion and summary of work 
This research work has addressed different thermal issues during the design process of 
an electrical machine. Further, it has described the latest trends in the cooling of electric 
machines. In the following, different modern methods in the thermal analysis of the 
electrical machine and their advantages and drawbacks as well as the evolutionary 
history of the thermal analysis methods have been summarized. In addition, different 
heat transfer mechanisms in an electrical machine have been described, and several 
critical parameters in the thermal modeling of an electrical machine have been 
demonstrated, and several remedies were proposed to dominate these problems.  

As established at the start of the thesis, the main objective of this study was to develop 
scientifically sound methods that can be applied in the thermal design and analysis of 
electrical machines and to implement them for a specific machine. For these purposes, 
the analytical LPTN and the hybrid thermal model were selected to model the heat 
transfer of the SynRM. As most of the heat is transferred from the machine to the 
ambient by the convection phenomenon and the importance of the convection heat 
transfer on the accuracy of the model, a great deal of this study was devoted to ensuring 
the accurate calculation of the convection coefficient from the machine surfaces. As the 
TEFC machine has a complex housing structure, the area based composite correlation 
method was implemented to determine the heat transfer from the machine housing 
during the passive cooling. Accordingly, the machine structure is segregated into several 
basic shapes with known empirical correlations to calculate the convection coefficient as 
there are several different empirical correlations to calculate the heat transfer coefficient 
from the basic shapes. First, the experimental setup was developed, and the 
experimental results and theoretical results from a variety of empirical correlations were 
compared for each basic shape. Finally, the most accurate correlation for each shape was 
selected. In the next step, according to the selected correlations, the convection 
coefficient of machine housing was calculated using the area based composite 
correlation. This thesis also provides a simplified method to calculate the radiation 
coefficient from the complex shape of the machine housing. 

The Heiles correlation was applied to determine the heat transfer coefficient from the 
housing of the machine for the forced cooling method. Accordingly, the most important 
factor in determining the heat transfer coefficient from the machine surface is the airflow 
velocity. The measurement method was applied to determine the airflow velocity over 
the machine-housing surface and among the fin channels. In addition, the amount of 
leaking airflow from the semi-open fin channels was evaluated. Finally, to validate the 
methods the analytical results of the heat transfer coefficient from the machine housing 
during the active and passive cooling were compared to the experimental ones, which 
showed good agreement. 

For the analytical thermal analysis of the electrical machine, the LPTN of the machine 
was developed and different components and how to calculate them were presented in 
details. For the numerical analysis, the hybrid thermal model of the machine was 
proposed. In this method, the active part of the machine was modeled by using 2D FEA, 
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and the heat transfer in the end region of the machine was modeled by the LPTN. Finally, 
these two methods were coupled to provide the heat transfer of the machine.  

To validate the thermal models, the passive and active tests were conducted and the 
results were compared with the analytical and numerical results. Overall, the results 
provided by the LPTN and the hybrid thermal model were found in very good agreement 
with the experimental data. The analytical and numerical results are clearly within a 
mean difference of 4% for the steady state condition.  

6.2 Future work 
Several additional investigations can be addressed in the future work. Accordingly, one 
of the challenging parameters in the thermal modeling of electrical machines is modeling 
the heat transfer of the end windings of an electrical machine. In this study, this 
parameter was calculated using an empirical correlation.  However, this parameter 
depends on several different factors such as the number of the Wafter, size of the 
Wafter, etc. For further study, the end winding heat transfer model should be considered 
by using the CFD method to determine the effect of these factors on the heat transfer of 
the end windings. Furthermore, this study has provided the research only for the 
stranded winding. Therefore, the modeling of heat transfer for the hairpin windings and 
formed winding should be considered. 

 In the LPTN and the hybrid thermal model, the convection coefficient was determined 
by the empirical correlations. To enhance accuracy, it is required to develop the tools to 
coupling the CFD method to the LPTN and the hybrid thermal models to determine the 
heat transfer coefficient. 

In this study, the hybrid thermal model was implemented for the TEFC cooling 
method. However, the possibility of modeling of other cooling methods by the hybrid 
thermal model should be investigated.  

In the LPTN, it was assumed that the heat is distributed uniformly. To enhance the 
accuracy of the analytical thermal model, the iron loss distribution in different parts of 
laminations should be analyzed by applying the electromagnetic numerical method. 
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Abstract 
Development of Thermal Analysis Tools for Synchronous 
Reluctance Motors 
The purpose of this thesis was to investigate the thermal behavior of the synchronous 
reluctance motors used in variable speed drive applications. The aim was to develop 
analytical and numerical thermal analysis tools to model the thermal behavior of the 
machine and apply them for design and optimization purposes. 

There are various critical parameters in the thermal analysis of electrical machines, 
which affect the accuracy of the thermal models; most of them cannot be calculated by 
pure analytical or mathematical models. Consequently, in this thesis, the different critical 
parameters in the thermal analysis of the motor were considered, and the best solutions 
to overcome these problems are proposed.  

An enormous part of heat is extracted by the convection phenomenon, the accurate 
determination of this factor during thermal analysis leads to higher accuracy of the 
thermal model. Accordingly, in the second part of this thesis, the different empirical 
correlations to evaluate the heat transfer coefficient from the different basic shapes 
during the active and passive cooling have been developed, and the most precise one 
was selected for each shape. The analytical calculation of the convection coefficient for 
the complex housing structure of the motor during the natural and forced cooling is 
described in detail based on the area-based composite correlation method. 

In the next part of the thesis, the development of an analytical thermal analysis tool 
by using a lumped parameter thermal network is described in detail. Accordingly, all the 
heat transfer paths in the machine are modelled by using the thermal resistances, which 
represent conduction, convection, and radiation and the heat sources are presented as 
the current sources. 

For the numerical part, the hybrid thermal model is proposed. This method consists 
of coupling the 2D finite element model of the active part of the machine with the 
lumped parameters thermal network of the end region of the machine to capture all the 
heat transfer paths in the machine by using the advantage of the finite element method 
and reducing the setup and computation time. 

To validate and measure the accuracy of the analytical and numerical thermal tools,   
different experiments on a prototype synchronous reluctance motor were performed. 
The validation tests showed that the analytical, numerical, and experimental results are 
in good agreement, which proves the accuracy of the developed models. 

The thesis research showed the importance of the thermal analysis for the estimation 
of the performance, efficiency, and reliability of the machine. The necessity of advanced 
future works on the topic is discussed and some tasks to develop the different options in 
the thermal analysis tools have been proposed. 
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Kokkuvõte 
Soojusanalüüsi töövahendi väljaarendus sünkroon-
reluktantsmootorile 
Käesoleva töö eesmärgiks on uurida muutuva kiirusega ajamisüsteemides kasutatavate 
sünkroon-reluktantsmootorite soojuslikku käitumist. Eesmärgiks oli välja töötada 
analüütilistel ja numbrilistel meetoditel põhinevad temperatuuriarvutuse töövahendid, 
mille abil oleks võimalik modelleerida masina soojuslikke protsess ning rakendada neid 
projekteerimise ja optimeerimise eesmärgil.  

Elektrimasinate soojuslikes arvutustes esineb mitmeid kriitilisi parameetreid, mis 
mõjutavad soojuslikku mudeli täpsust ning enamikku neist ei saa määrata täpselt ainult 
analüütiliste või numbriliste arvutustega. Sellest lähtuvalt uuriti antud töös erinevaid 
kriitilisi elektrimasina soojuslikke parameetreid ning pakuti välja parimad lahendused, 
kuidas vajalikud väärtused leida.  

Elektrimasina jahutamine toimub konvektsiooni ja soojuslikku kiirguse teel, mis 
tähendab, et ka antud parameetrite tegurite täpne määramine on oluline suure 
täpsusega soojuslikke arvutuste jaoks. Nende tegurite täpset määramist käsitletakse töö 
teises peatükis, kus uuritakse erinevaid olemasolevaid empiirilisi arvutusmeetodeid 
mainitud tegurite jaoks. Antud jahutustegureid uuritakse nii aktiiv- kui ka passiivjahutuse 
korral ning nende muutust vastavalt erinevatele põhipindadele. Vastavalt saadud 
tulemustele valiti välja kõige täpsemad arvutusmeetodid lähtudes jahutustingimustest 
ning põhipinnast. Lõpuks antakse keerulise kujuga elektrimootori korpuse pinna jaoks 
detailne kirjeldus konvektsiooniteguri analüütilisest arvutusest, lähtudes pindade liit-
korrelatsiooni meetodist. 

Töö järgmises osas töötatakse välja ning antakse detailne kirjeldus analüütilisest 
soojusarvutuse töövahendist, mis põhineb koondparameetrilisel soojusarvutusmeetodil. 
Vastavalt antud meetodile koostatakse aseskeem, mis koosneb soojuslikkest takistitest, 
mis omakorda kirjeldavad soojusjuhtivust, soojuslikku konvektsiooni ja soojuslikku 
kiirgust, ning soojusallikatest, mis esitatakse kui vooluallikad.   

Numbriliste meetodite osas pakutakse välja hübriidne soojusarvutusmeetod. Antud 
meetod põhineb 2D lõplike elementide arvutusmeetodi ja koondparameetrilise 
soojusarvutusmeetodi kombineerimisel. 2D lõplike elementide arvutusmeetodit 
kasutatakse masina aktiivosa modelleerimiseks ning koondparameetrilist arvutusi 
kasutatakse laupühenduste modelleerimiseks. Antud hübriidmeetod võimaldab ära 
kasutada mõlema alam-meetodi tugevaid külgi ning suurendab oluliselt elektrimasina 
soojuslikke arvutuste kiirust. 

Kontrollimaks ning määramaks väljatöötatud temperatuuri tööriistade täpsused, viidi 
läbi erinevad katsed sünkroon-reluktantsmootori prototüübil. Valideerimiskatsed 
näitasid, et nii väljatöötatud  analüütilised kui ka numbrilised arvutusmeetodid annavad 
hea tulemuse, mis tõestab väljatöötatud temperatuuriarvutustööriistade piisavat 
täpsust.  

Lõputöö näitas soojuslikke arvutuste vajalikkust määramaks elektrimasina jõudlust, 
efektiivust ja töökindlust. Töös on väljatoodud ka antud teemaga seotud olulised 
sammud, mis oleks vaja tulevikus teha ning on pakutud välja mõningad soovitused antud 
tööriistade edasiarendamiseks.  
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Publication I 

P. Shams Ghahfarokhi, A. Belahcen, A. Kallaste, T. Vaimann, L. Gerokov, and  
A. Rassolkin, “Thermal Analysis of a SynRM Using a Thermal Network and a Hybrid 
Model,” in 2018 XIII International Conference on Electrical Machines (ICEM), 2018, 
pp. 2682–2688. 
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P. Shams Ghahfarokhi, A. Kallaste, T. Vaimann, A. Rassolkin, and A. Belahcen, 
“Determination of natural convection heat transfer coefficient over the fin side of a 
coil system,” Int. J. Heat Mass Transf., vol. 126, pp. 677–682, Nov. 2018.  
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Publication VI 

P. Shams Ghahfarokhi, A. Kallaste, T. Vaimann, A. Rassolkin, and A. Belahcen, 
“Determination of forced convection coefficient over a flat side of coil,” in 2017 IEEE 
58th International Scientific Conference on Power and Electrical Engineering of Riga 
Technical University (RTUCON), 2017, pp. 1–4.  
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Publication VII 

P. Shams Ghahfarokhi, A. Kallaste, A. Belahcen, and T. Vaimann, “Steady state and 
transient thermal analysis of the stator coil of a permanent magnet generator,” in 
2017 18th International Scientific Conference on Electric Power Engineering (EPE), 
2017, pp. 1–5.  
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“Review of thermal analysis of permanent magnet assisted synchronous reluctance 
machines,” in 2016 Electric Power Quality and Supply Reliability (PQ), 2016,  
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of electromagnetic levitation coil,” in 2016 17th International Scientific Conference 
on Electric Power Engineering (EPE), 2016, pp. 1–5. 
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