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Abstract – In this paper, a thermal analysis of a high speed induction motor with a PWM voltage 
source was performed by considering harmonic loss components. The electromagnetic analysis of the 
high speed induction motor was conducted using the time-varying finite element method, and its 
thermal characteristics were carried out using the lump-circuit method. Harmonic losses from tests in 
the high frequency region were divided into core loss and conductor loss components using various 
ratios, in order to determine the loss distributions for the thermal analysis. The results from both the 
calculations and experiment were validated using a high speed induction motor prototype operating at 
20,000rpm. 
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1. Introduction 
 
In the field of electric machine design, thermal analysis 

is usually neglected, or is considered in the context of 
current density. That approach is acceptable for small and 
medium sized or low speed machines, but it will not 
provide an exact temperature. In a high speed machine, 
high rotor speeds or high electrical frequencies will lead to 
higher losses in iron and copper, and cause an increase in 
temperature [1]. And with the increasing demand for 
miniaturization, energy efficiency, and cost reduction as 
well as the drive to fully exploit new technologies and 
materials, it has now become necessary to analyze the 
thermal design of a circuit to the same extent as the electro-
magnetic design [2]. 

There are several well-known approaches for such 
thermal analysis, including the finite element method 
(FEM), computational fluid dynamics (CFD) and lumped 
parameter thermal-network (LPTN). The biggest advantage 
of the thermal finite element model is it provides an 
accurate calculation of conducted heat in complex geometric 
shapes. Specifically, FEM can provide a fairly accurate 
picture of temperature distribution in the complex solid 
parts of a machine [3-5]. However, the main shortcoming 
of this approach is the need to make certain assumptions 
about the placements of conductors, and the given 
temperature for any open boundaries [6]. In addition, FEM 
calculations are time-consuming, even when a parametric 
approach is used to define the geometry.  

The CFD approach has been used in a wide range of 
heat exchange analyses, from photovoltaic thermal system 
to concentric-tube heat exchangers, and also high speed 
machine design [7-9]. The main strength of the CFD 
approach is that any new thermal can be analyzed [9] to 
determine coolant flow rate, velocity, and pressure 
distribution in the cooling passages, or around the machine, 
as well as the levels of heat transfer, which can be used in a 
subsequent analysis of temperature in the active material 
and remaining solid structures [2]. 

There are a large number of published studies about the 
LPTN approach, which consider the selection of suitable 
parameters [10-13]. As is well known, it is possible to 
lump together components that have similar temperatures 
and to represent each as a single node in the network. 
Nodes are separated by thermal resistances which represent 
the main heat-transfer paths, such as from the winding 
copper to the stator tooth, from the tooth and stator back 
iron nodes to stator bore and housing interface, etc. [2].  

The critical problem in the thermal analysis of high 
speed machines is separating the harmonic loss components, 
which are difficult to determine because of their dependence 
on frequency and flux density. The required ranges of 
frequency and the flux density needed to calculate core 
losses in rotating machines are very wide [14]. J. V. 
Gragger et al. [15] summarized that under low switching 
frequencies, the biggest parts of the PWM harmonics 
losses are the harmonic rotor copper losses. K. Bradley et 
al. [16] provided a typical experimental separation of a 
harmonic loss curve under a full load, which showed that 
in the high switching frequency region, the percentage of 
core losses over total harmonic losses are increased 
significantly, while conductor losses plummet.  

This paper focuses on the thermal analysis of a high 
speed 20,000rpm, 37kW induction motor under a PWM 
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voltage source using the LPTN approach. The basic loss 
components of a sinusoidal voltage supply were tested 
following the loss segregation method in IEC 60034-2-1, 
and harmonic loss was determined by calculating the 
difference in total loss between a sinusoidal and PWM 
supply, which were separated into components for the 
thermal analysis. Finally, these harmonic loss values were 
applied to the LPTN network to analyze motor temperature. 

In order to validate the analysis results and calculated 
data, temperature measurements of the induction motor 
prototype were performed. 

 
 

2. Loss Analysis and Test of High Speed  
Motor 

 
2.1 Specification of the motor 

 
The specifications of the studied motor are listed in 

Table 1, and the basic design of the induction motor is 

described in Fig. 1. The motor is composed of a centrifugal 
casting copper rotor, a core made of electric steel and a 
water jacket for the cooling system, which should be 
considered as an important factor. Fig. 2 presents the 
relationship between the output power and torque versus 
rotating speed. It can be clearly seen that at a given 
torque value, the output power linearly increases with the 
rated speed and reaches the rated power of 37kW at 
20,000 rpm.  

 
2.2 Design of the motor 

 
An overview of the high speed induction motor is 

provided in Fig. 3. The designed motor is composed of a 
rotor with 28 copper bars and stator with 24 slots. Both the 
stator and rotor core are made of electric steel 35PN250 
from POSCO company [17]. The winding is designed with 
a 3 phase delta connection and 2 parallel conductors per 
slot. Also, water was selected for the cooling system. For 
the analysis, under operating conditions, the rated speed 
was controlled at 20,000rpm, and line-line input voltage 
was 380V.  

The details of the geometry are presented in Table 2. 
 

2.3 PWM voltage supply 
 
The PWM waveform depends on the control unit and the 

Table 1. Specification of the high speed motor 

Items Unit Rated Maximum 
Power kW 37  

Rated line voltage V 380  
Rated frequency Hz 334  

Rated speed RPM 20,000  
Cooling condition Water cooling 

 

Fig. 1. Basic design of the 37kW high speed induction 
motor 

Fig. 2. Rated performance vs speed 

 
Table 2. Design of the high speed motor 

Items Unit Value 
Outer diameter of stator mm 191 
Inner diameter of stator mm 83 

Airgap mm 1 
Stacking length mm 100 

Number of phase 3 
Number of pole 2 

Number of stator/rotor slot 24/28 
Winding connection Delta 

Core material 35PN250 
Rotor conductor material Copper 

 

Φ35 Φ81

Φ19
1

 
Fig. 3. Overview of high the speed induction motor 
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converter topology. In this study, the space vector PWM 
was applied, which is the most commonly used PWM 
method. 

 
2.4 Prototype assembling process 

 
Fig. 5 shows the process assembling prototype. The rotor 

bars were made by centrifugal copper casting. 
 

2.5 Loss analysis and test results 
 
The basic losses, such as copper loss and iron loss, 

were calculated using a 2D electro-magnetic FEM with 
sinusoidal voltage. 

Fig. 6 shows the flux density distribution of the designed 
models when excited by a sinusoidal waveform. The 
maximum values of the stator yoke and teeth flux density 
were 1.4[T] and 1.8[T], respectively. 

The stator winding and rotor bar temperature were set on 
90oC and 150oC. The stray loss was calculated to be about 
1.0% of the output power, and the mechanical loss was 
calculated by using Takeuchi’s formula [29]. 

Tests of the prototype using a sinusoidal supply were 
conducted by following IEC 60034-2-1, the loss segregation 

method by means of output power. The PWM supply test 
was performed with an input-output method, and only total 
losses, including harmonic loss, were evaluated, as shown 
in Table 3. It can be calculated by using the difference 
(1350W) between the total losses for the sinusoidal and 
PWM voltage supply. 

Investigations of harmonic loss components have been 
carried out in several studied cases. Two of the harmonic 
loss components, representing low-frequency and high 
frequency components, are primarily associated with 
conductor and core losses, respectively [13-16]. 

In the Table 4, harmonic losses are separated into copper 
loss and core loss using assumed ratios (harmonic copper 
loss/total harmonic loss) of 50%, 30%, 15% and 10%. 
The distribution of harmonic rotor copper loss over total 
harmonic copper loss, and harmonic rotor iron loss over 
total harmonic iron loss, were assumed of 20% and 52%. 
Each of the harmonic loss components in Table 4 were 
applied to the LPTN in the thermal analysis with sinusoidal 
losses, as shown in Table 3 in Chapter 3.  

 

Fig. 4. Terminal voltage waveform (PWM) 
 

Fig. 5. Assembling prototype 

Table 3. Test and FEM results 

Copper loss 
(W) Supply

Stator Rotor

Core loss 
(W) 

Stray loss 
(W) 

Mechanical 
loss (W)

Total 
loss (W)

FEM 
(Sin.) 462 318 395 370 351 1896 

TEST
(Sin.) 390 460 452 300 140 1742 

TEST
(PWM) 3092 (Total Loss) 

 
Table 4. Harmonic loss separation cases taken from 

experimental data for the thermal analysis 

Core loss (W) Copper loss (W) 
Supply 

Stator Rotor Stator Rotor 
Case 1 538 137 325 350 
Case 2 750 190 195 215 
Case 3 915 230 98 107 

PWM 

Case 4 970 245 65 70 

 

Fig. 6. Flux density distribution 
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3. Parameter Calculations 
 

3.1 Lumped parameter thermal network (LPTN) 
method 

 
The LPTN method has been successfully used for 

thermal analysis of electric motors using commercial 
software as shown in [18]. All of the thermal parameters, 
such as conduction (Rc ), radiation (Rr), convection thermal 
resistances (Rcv ) and flow resistance (Rf ) in the case of 
forced convection heat transfer are calculated by the 
program, while considering the cooling system as shown in 
Eqs. (3)~(6) [2]. 

 

 c
LR
kA

=   (3) 

 
1

r
R

R
h A

=   (4) 

 
1

cv
C

R
h A

=   (5) 

 22f
kR
A
ρ=   (6) 

 
where L is the path length, A is the path or surface area, k is 
the thermal conductivity, hR is the heat-transfer coefficient, 
hC is the convection-heat-transfer coefficient and ρ is the 
air or fluid density depending on the temperature. 

 
3.2 Analysis of forced convection (water jacket)  

 
In this study, a water jacket liquid cooling method was 

used, as shown in Fig. 6. In a forced convection system, 
if the fluid velocity is large, the turbulence is induced. 
The magnitude of Re (Reynolds number) in Eq. (7) is 
used when there is laminar or turbulent flow in a forced 
convection system [19~23]. Re was calculated to be 
13,140 in this model. For a fully developed turbulent 
flow (3,000 < Re <106), the Nu (Nusselt number) and 
heat transfer coefficient are calculated by Eqs. (9) and 
(10) [24]. 

 
 /Re v Lρ μ= ⋅ ⋅   (7) 

 /pPr c kμ= ⋅   (8) 

 
( )

( ) ( )0.5 2/3

1000
8 1 12.7 / 8 1

Re PrfNu
f Pr

− ⋅
= ⋅

+ ⋅ ⋅ −   (9) 

 Nu /h L k= ⋅   (10) 
 

where Pr is the Prandtl number, v is the fluid velocity [m/s], 
cp is the fluid specific heat capacity [kJ/(kg ⋅℃)], µ is the 

fluid dynamic viscosity [kg/m/s], and f is the friction factor 
[19]. 

 
3.3 Analysis of forced convection (Air Gap) 

 
The traditional method of accounting for heat transfer 

across an air gap is to use the dimensionless convection 
correlations developed by Tayler by testing on smooth 
concentric rotating cylinders [19, 25]. In order to determine 
whether the flow in the air gap is laminar, vortex or 
turbulent, the Taylor number (Ta) has to be calculated 
using Eq. (11). The flow is laminar if Ta < 41. If 41 < Ta < 
100 (our model: 79.5), the flow takes on a vertex form and 
Eq. (12) has to be used to calculate Nu [19].  

 

 ( )0.5
/g rTa Re l R= ⋅  (11) 

 
where lg is the air gap radial thickness, Rr is the rotor outer 
radius, and Re = lg∙v/µ  

 
 ( ) ( )0.63 0.270.202Nu Ta Pr= ⋅ ⋅   (12) 

 
3.4 Critical parameters 

 
The accuracy of the thermal networks is dependent on 

several parameters for which reliable data may be difficult 
to find. These include, for example, the interface gap 
between components and the thermal conductivity of the 
important materials used in the electrical motors [26]. It is 
difficult to find appropriate thermal data for electrical steel, 
insulation and impregnation materials. Table 5 shows the 
thermal conductivity values of these materials used in 
this thermal analysis. It was assumed that electrical steel 
contains 1.5% silicon because that value is not released by 
manufacturer. 

The accuracy of a prediction of a motor’s thermal 
performance is also dependent on the estimates of the 
many thermal contact resistances within the machine 
(stator lamination to housing, slot-liner to lamination, etc) 
[27]. 

The data given by Mills [28] can be converted to 
equivalent air gaps by using a thermal conductivity value 
for air of 0.026 W/m/C. For the typical material 
interfaces found in electrical machines, the values of an 
interface gap for aluminum-aluminum are in the range 

Table 5. Thermal conductivity of important materials 

Material Thermal Conductivity 
[W/m/℃] Remarks 

Electrical steel 33 Silicon 1.5 % 
Epoxy 1.02 Molding of windings 

Nomex 410 0.14 Slot liner 
Aluminum 168 Housing 
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0.0005 to 0.0025 mm and for aluminum-iron of 0.0006 to 
0.006 mm [28]. The gap between the lamination and 
housing is a function of how well the rough laminated 
outer surface of the stator has been prepared before the 
housing is fitted. This study used 0.01mm as the gap 
between the lamination and aluminum housing considering 
the roughness of the lamination. 

 
 

4. Thermal Analysis and Test Results 
 

4.1 Parameters for the thermal analysis 
 
Table 6 shows the heat transfer coefficients of the 

important parts, and the thermal resistances determined 
by commercial software using the theory presented in 
Chapter 3. 

In this study, because the high speed motor is a water 
cooling type, the heat transfer coefficients of the water 

jacket channel and the interface between the stator core and 
frame are dominant.  

 
4.2 Analysis results and comparison with test results 

 
The calculated temperature of the end winding was 

determined by applying loss data from the four different 
cases in Chapter 2.5 and the thermal parameters from 
Chapter 3 into Motor CAD, a commercial software for 
the LPTN method. In Table 7, the comparison between 
the simulated and experimental data verifies the proposed 
assumption that under high frequency operation, the 
majority loss component is iron loss, while copper loss just 
account for a relatively small percentage. If the harmonic 
copper loss is assumed to be 50%, the accuracy is around 
85.3%. The accuracy of the temperature analysis increases 
significantly to over 98% when harmonic copper losses 
ratio is assumed to be 10%.  

Fig. 7 shows the temperature distribution as determined 
by the thermal analysis results for case 4 using the LPTN 
method. The test results for the motor temperature are 
from the temperature saturation test of Fig. 8, using the 
60kW Dynamo system shown in Fig. 9.  

The difference between stator and rotor temperature is 
high, over 100oC, which is why this model is a housing 
water cooling type (as per the cooling water condition in 
Table 1). 
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Fig. 8. Temperature saturation test 

 

Fig. 9. Dynamo system used for testing 

 
Table 6. Heat transfer coefficient of important parts 

Components Heat tran. coef. 
 [W/m2/℃] Remarks 

Air gap 128.1 Convection 
Water jacket channel 6,997 Convection 

From end coil to inner air 133 Convection 
From end ring to inner air 210 Convection 
From housing to outer air 8.3 Conv.+Rad. 

Between stator core and frame 2,600 Interface gap 

 
Table 7. Comparison between simulation and experiment  

 End winding temperature (℃)  
Voltage supply Experiment Simulation Accuracy (%)

Sinusoidal 74.20 73.50 99.06 
Case 1 101.5 116.4 85.32 
Case 2 101.5 112.5 89.16 
Case 3 101.5 109.6 92.02 

PWM 

Case 4 101.5 102.7 98.82 

 

Fig. 7. Temperature distribution (Test losses) 
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If harmonic losses are separated accurately by loss 
segregation test and the interface gap between the housing 
and lamination or the equivalent thermal conductivity 
between the winding and lamination is adjusted, the 
winding temperature in the slot can be calculated 
accurately. 

 
 

5. Conclusion 
 
This paper studied the use of estimated loss components, 

obtained from simulations and experimental data and 
several assumptions, for the thermal analysis of an 
electric machine. The thermal analysis of a water cooling 
type, high speed induction motor under a PWM voltage 
supply, using the analytical lumped-circuit method, is 
shown in [18]. In addition to critical parameters such as 
the interface gap between the materials and the thermal 
conductivity of important materials, loss components 
were important factors for accurately calculating the 
temperature distribution of a high speed induction motor 
using a PWM supply and the LPTN method. The 
validation of the thermal analysis confirmed its excellent 
accuracy, as the copper loss component of the harmonic 
losses was found to be relatively small. In next step, 
harmonic loss distributions will be defined accurately by 
loss segregation test following IEC-60034-2-3, the results 
can be applied to thermal analysis. 
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