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ABSTRACT 
Switched reluctance motors (SRM) are 

attracting much attention because of their 
special advantages. Generated heat by losses 
can reduce the life time of SRMs. Therefore, 
optimal design based on thermal modeling 
helps to improve their performance and 
increase their life time. In this paper, a 
lumped thermal model of SRM based on the 
analogue of conductive and convective 
thermal resistances is proposed. This model 
can be used to design the motor optimally and 
investigate the influences of dimensions upon 
the performance.  

 
1-INTRODUCTION 
Electric motors play an important role in 

industry and domestic application. In recent 
years among  different types of electrical 

motors, Switched Reluctance Motors (SRMs) 
have found many applications due to their 
advantages such as simple and rugged 
construction, hazard-free operation, lower 
cost compared with other motors and ability 
to operate over a wide speed range at constant 
efficiency [1-2]. In these motors, the rotor has 
no permanent magnet or windings [3]. This 
reduces the rotating weight and consequently, 
a precise commutation, leads to higher speed. 
Variable reluctance of the air gap between the 
rotor and stator poles develops torque in SRM 
and its operation in deep magnetic saturation, 
increases the output power of the motor [3,4]. 

Losses in electrical machine generate heat 
and temperatures of different parts rise which 
actually decrease the life time of the motor 
and even it may lead to the failure [5]. The 
high temperature rise can damage the 
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windings insulation and this causes prohibited 
thermal stress, acoustic noise, efficiency 
reduction and even disturb the allowed 
tolerances range. Thus, increasing thermal 
resistance of the motor can decrease the 
temperature rise and the heat dissipates more 
rapidly [6]. So, thermal modeling of the motor 
plays an important role in the optimal design 
of the motor. In addition, any cooling scheme 
such as application of fan as a blower can 
cool some parts of motor and increase its life 
time. However, the required space for the 
maintenance of a fan can not be provided in 
small motors. As another disadvantage the 
cost of motor including ventilation system is 
60% higher than the cost of the corresponding 
motor with no ventilation system [7].  

Paying attention to the aforementioned 
problems some works have been done in 
thermal modeling and optimal design of 
electrical motors. Both, numerical approaches 
such as finite element method as well as 
analytical methods have been so far used. In 
[6, 8], core and copper losses of SR motors 
are estimated. Heat distribution and thermal 
field are studied [5]. In [9-10] an analytical 
model based on thermal resistance circuit is 
obtained for electrical machines and it has 
been extended for analysis of thermal 
transient behavior of switched reluctance 
motors [11]. Recently, thermal analysis and 
optimal design of switched reluctance motors 
have been investigated using finite element 
method [4, 12]. 

Lumped thermal model of SRMs including 
analogue circuit of thermal resistances and 
heat sources are presented in this paper. The 
machine structure is subdivided into simple 
geometrical parts and equivalent circuits of 
different parts connected together to establish 
the whole thermal model of the machine. 
Then the temperatures of all parts are 
obtained through the equivalent circuit 
solution. An optimal design can be obtained 
when influence of dimensions on the 
temperature rise are known. 

 
 
 

2- ESTIMATION OF LOSSES 
Losses of SR motors are divided into three 

parts:  
1- Copper losses: Current passing through 

the stator windings generates the heat and 
temperature rise of the motor. If the current 
waveform of each phase is taken to be a 
rectangular wave, then the copper loss can be 
obtained as follows [11]: 

∑
=

=
m

p
ppcu IRP

1

2   , 
m

I
I p

p =        (1) 

 
In the case of equal current in m  phases, it 

can be written as (with ignoring the influences 
of overlap and non rectangular waveform): 

2
ppcu IRP =                (2) 

 
2– Core losses: Complicated magnetic 

circuit of SRM, makes it difficult to calculate 
the core losses analytically [6, 8, 11]. These 
losses depend on the shape of current 
waveform, angle and period of switching and 
the operation of drive. An experimental 
equation for core losses in SR machines is 
expressed as [11]: 

                  
(3) 

 
For example in the case of   6/4 – 4kW SR 

motor, values of a, b, c are:  
726.1328.101477.0 === cba  

where 84% of these losses are in the stator 
yoke, 8% in the stator teeth, 3.3% in the rotor 
teeth and 4.7% in the rotor core.  

3- Friction losses: They are results of 
relative motion in bearings as well as the 
viscous flow over the rotor because of its 
rotation. These losses can be written as [11]: 

00001434.00118.0

.. 2

==

+=

ba

rpmbrpmaPfric                   (4) 

 
These losses will be shared between 

different parts of motors as sources of heat 
flow. 
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3- THERMAL RESISTANCES OF 
DIFFERENT PARTS OF SR MOTORS 

The SR motor can be subdivided into 10 
parts (Figure 1): 

1-Frame                           2-Stator yoke 
3-Stator teeth                   4-Windings    
5-Air gap                         6-Ending windings        
7-Endcupping air           8-Rotor teeth    
9-Rotor yoke                  10-Axial shaft 
 

   
 

 
Figure 1- Two views of SR motor showing its various 

parts 
 

Now the thermal resistances of each part 
can be calculated. 

 
3-1- THERMAL MODEL OF 

HOLLOW CYLINDERS  
 Conductive heat transfer in a hollow 

cylinder containing heat source and with axial 
symmetric boundary condition can be 
obtained from Forrier law: 
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By solving this equation considering the 
boundary condition shown in Fig. 2, the 
steady state thermal resistances circuit of this 
cylinder can be expressed as follows (Fig. 3). 
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where ka and kr are conduction coefficients 
in axial and radial directions, respectively. 
They have the same value here. Among all 
parts of SR motor frame, stator yoke and rotor 
core can be considered as hollow cylinders [9, 
10]. Also stator teeth and rotor teeth can be 
considered as partial hollow cylinders where 
in their thermal resistances equation, the 
length of total arc should be used instead of 
π2 . This assumption is valid whereas the 

temperature gradient in circumferential 
direction is considered slight in comparison 
with the temperature gradient in radial or 
axial direction. Previous studies verify this 
assumption [11]. Axial shaft is modeled along 
shaft and its heat transfer is considered one-
dimensional. Finally assume that the slot is 
filled completely, windings number (4, 6) can 
be modeled as partial hollow cylinder and an 
annular plate, respectively. It should be noted 
that because of being laminated all thermal 
resistances against radial heat flux must be 
divided into an improving coefficient such as 
S=0.906 [11]. 

The SR motor has been studied in two 
cases; in the first case the lateral surfaces are 
covered, so air can not pass through the 
motor. In this case, the lids might be modeled 
as annular plates. In the second case, lateral 
surfaces are not closed and air can face the 
rotor and windings. In the recent case, the 
bearings are imagined to be connected to 
outer body by some rectangular fins which 
allow the air to pass through. They might be 
modeled as finite length cubic fins in which [13]: 
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                         (10) 

P  is the periphery of the fin cross section 
and cA  is its area. Also boundary conditions 
are conductive heat transfer from body and 
axial shaft at two ends. 

 
3-2- CONVECTIVE THERMAL 

RESISTANCES  
In convective heat transfer, the thermal 

resistances can be identified as follows: 

hAq
TT

R ambiencesurface
convection

1
=

−
=

&
         (11) 

The convection coefficient (h) is usually 
dimensionless as [14]:         

Pr)(Re,f
k
hLNu

f
L ==                       (12) 

in forced convection it is: 

Pr),(Raf
k
hDNu

f
D ==                       (13) 

in natural convection. In these relations Nu 
is the Nusselt number, Re is the Reynolds 
number, Ra is the Rayleigh number and Pr is 
the Prandtl number [14],   

 In the case of SR motor with closed lateral 
surfaces the body of SR motor is modeled as a 
horizontal cylinder in the air flow. Assuming 
natural convection for the cylindrical surface, 
the Nusselt number can be written as [14]: 

( )( )2296.05625.0166.0 Pr72111387.06.0 −−++

=

D

cylinder

Ra

Nu
 (14) 

And for vertical circular plates, it can be 
written as: 

( )( )2296.05625.0166.0 Pr671.01387.0825.0 −−++

=

D

plates

Ra

Nu
 (15) 

With the assumption of forced convection 
for the cylindrical surface it can be expressed as:  

( )
( ) 25.0667.0

8.0625.0333.05.0

Pr543.01

Re000392.01PrRe62.03.0
−−+

++

=

D

cylinderNu

 (16) 

And for vertical circular plates, it can be 
obtained as [13]: 

⎩
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≥−=
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In both natural and forced convection cases, 
the total convective thermal resistance for 
body may be written as: 

1)5.0( −+

=

platesfcylinderfb

convection

NuDkNukL

R

ππ  (18) 

However, in the case of SR motor with 
open lateral surfaces, the body of SR motor is 
modeled as a horizontal cylinder in the air 
flow; however because of lack of lateral lids, 
their thermal resistances will not be 
considered. Instead the temperature of internal 
air in the motor (part number 7) will be 
considered equal to ambient temperature. 

The convection heat transfer in air gap due 
to rotation has been modeled as turbulent 
fluid flow between rotating cylinders. In this 
case the axial heat transfer in air gap versus 
the redial heat transfer is ignored. Convective 
heat transfer around rotating cylinder 
including heat source is studied numerically 
and experimentally [16-18]. In [11] based on 
turbulent flow, the air gap fluid is considered 
to have the velocity equal to the rotor's 
velocity. Therefore, the Nusselt number for 
convection between the air gap and stator will 
be as follows: 

333.08.0 PrRe0296.0 DDNu =                     (19) 
As the rotor and air gap fluid have almost 

the same velocity, the heat transfer between 
them is modeled by conduction. Thus, the 
thermal resistance between air gap and rotor 
teeth might be expressed as follows: 

frrr

G
rotorairgap kLAN

L
R

2
=−                    (20) 

Thermal resistance for conduction between 
rotor core or lateral surfaces of rotor teeth and 
air gap might be expressed similarly by taking 
into account the thickness of air gap. Heat 
transfer between the stator teeth or winding 
and air gap, considering turbulent flow and 
the mean of velocity of fluid flow can be 
taken equal to the rotor tip speed. Then the 
convection might be explained as convection 
of external flow over a flat plate. (The 
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thickness of air gap is much smaller than 
radius of stator teeth. So the assumption of 
flat plate can be acceptable for the surface of 
stator teeth). Therefore equation (19) can 
present the value of the Nusselt number. 

In order to model the convective heat 
transfer between the air within machine and 
rotor and stator, both natural and forced 
convection are applied. For the stator yoke, 
windings and body the modeling of natural 
convection around vertical plates, equation 
(15) can be applied; for rotor the modeling of 
forced convection around vertical plates, 
equation (17) can be applied whereas due to 
rotating motion of rotor against the air, the 
Reynolds number and convection coefficient 
are definite as follows: 

µ
ρπ

15
Re

22 rpmR
L = &

R
kNu

h fL

π2
=           (21) 

in which R  is average radius of each part. 
 
3-3- THERMAL CIRCUIT OF THE SR 

MOTOR 
According to the characteristics of a SR 

motor in Table 1. By the calculated thermal 
resistances of each part, the total thermal 
resistances circuit of SR motor can be 
obtained as shown in Fig. 5. The thermal 
resistances for the proposed SR motor are 
summarized as in Table 2. Table 2 shows that 
the convective thermal resistances are larger 
than the conductive thermal resistances except 
two resistances (R12,R14) which are related 
to isolations around windings. By solving a 
system of equations having 16 unknown 
values, temperatures of various parts are 
obtained (Table3):   

 
4- VARIATION OF SOME PARTS 

TEMPERATURES OF SR MOTOR WITH 
ITS GEOMETRIES  

In this section, variations of temperature 
rise in different parts of motor versus various 
parameters such as speed of rotor also frame, 
fins, stator and rotors size are shown. The 
results shown in Fig. 6-15 indicate that: 

1- The high variation of temperature rise 
versus rotor speed occurs in the speed range 
lower than 1000 rpm (Fig. 6). The reason is a 

special form of Nusselt number for convective 
heat transfer between air gap and endcupping 
air and their around surfaces. Nusselt number 
in this case appears as a power product 
including Reynolds number. Appearance of 
Fig. 6 exactly proves this idea. 

2- Variation of temperature rise versus rotor 
speed in natural and forced convection, 
especially in natural convection, around the 
frame with lids is higher than that of the 
natural and forced convection around the 
frame without lids (Fig. 7). 

3- Some dimensions such as radius of 
frame, stator outer radius, also rotor and stator 
stack length do not play an essential role in 
temperature rises. Others play not great role 
in temperature rises but especially in the case 
of motor without lids, increase of radius or 
length of parts causes increase in convective 
thermal resistances with ambient and 
consequently causes reduction of parts 
temperature. An exception is where decrease 
of stator yoke inner radius or increase of 
stator teeth radius. This reduces the contact 
surface between the windings as the most 
dominant part in heat generation and avoids 
heat transfer from windings. Therefore slots 
are recommended to be wide and isolations 
are recommended to be thin. (Figs. 7-12). 

4- Numbers and height of fins are dominant 
in temperature rise and should be of great 
concern in the optimal design (Figs. 13, 14).  

5- As shown in Figs. 15-17, core loss 
decreases with the rotor speed while the 
friction loss increases. The result is that the 
total loss has a minimum around the speed of 
1100 rpm for different parts of the 
aforementioned geometries.  

6-The analysis results show that the 
magnitude of convective resistances and their 
influence on the temperature rise of various 
parts of SR motor is much more than those of 
conductive resistances. The most significant 
resistance is the convective resistance 
between the frame and ambient (R1) including 
the effect of fins. Indeed, the magnitude of 
convective resistance due to the air gap and 
endcupping air e.g. (R16-R19, R22, R24-R26, 
R37) may be larger than (R1) however the less 
magnitude of R1 (Table 2) causes the more 
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total heat transfer. Consequently, in a motor 
with smaller internal thermal resistance, a 
large external resistance (R1) may cause a 
little amount of heat transfer. It can obviously 
express the importance of fins indicates that 
the conductive resistances are many times less 
than the convective resistances. Therefore 
they can be easily ignored compared to the 
convective resistances. This is equivalent to 
lumped mass assumption in conductive heat 
transfer [13, 14]. This simplified assumption 
is also applied to SR motor in [12]. In order 
words considering variation of temperature in 
metal parts of motor does not play an 
important role in the thermal analysis of the 
motor. 

7- Such a complicated heat transfer problem 
strongly demands experimental verification. 
However, validation of the equivalent thermal 
circuit is verified many times in previous 
work by experimental results [10,11]. In this 
work the thermal resistances are calculated 
more accurate using advanced convection 
formula which can be utilized more reliably in 
parametric optimal design process. 

8- All data are based on the geometries of 
the laboratory prototype in control lab of 
university of Tehran. The other geometries 
and characteristics of motor and its drive have 
been optimized in other research processes.    

5- CONCLUSIONS 
In this paper a thermal model analysis of 

switched reluctance motors based on 
equivalent thermal resistance circuit was 
proposed which could be used in the process 
of optimal design of the motor. It was found 
that conductive resistances can be ignored 
compared to the convective resistances, as the 
metal parts of motor can be assumed thermal 
lumped masses. Also, it has been shown that 
the influence of the external convective 
resistance is dominant. Therefore, an efficient 
design of fins is the most significant stage of 
thermal optimal design of SRMs. 
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Figures and Tables: 
 

 
Figure 2- Thermal boundary conditions on hollow 

cylinder 

 
Figure 3- Conductive resistance circuit of hollow 

cylinder 
 

 
 

Figure 4- Rectangular fin with Tbase for the base 
temperature and Tamb for ambient temperature 
 

 

 
 

Nominal Power 5.5 hp Inner Stator Yoke Radius 6.95 cm 
Nominal speed 3000 rpm Outer Stator Yoke Radius 8.5 cm 

Supplying Voltage 510 volt Rotor Teeth Arc (βr) 46 degree 
Phase Current (ip) 20 ampere Stator Teeth Arc  (βs) 38 degree 

Stator Teeth Numbers (Ns) 6 Phase Winding Resistance (Rst) 0.5 ohm 
Rotor Teeth Numbers (Nr) 4 Outer Body Yoke Radius 10 cm 

Axial Shaft Radius 1.9 cm Rotor Length (Lr) 11.4 cm 
Rotor Yoke Radius 3.45 cm Stator Length  (Ls) 10.8 cm 
Rotor Teeth Radius 4.5 cm Body Length (Lb) 30 cm 

Air Gap Thickness (LG) 0.03 cm Conduction Coefficient of Al 237 )/( 2 okmW  
Lateral Body Thickness 1 cm Conduction Coefficient of  Fe 80.2 )/( 2 okmW  

Wire Diameter 0.5 mm Conduction Coefficient of Cu 401 )/( 2 okmW  
Table 1- Characteristics of the SR motor as the case study 
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Figure 5- Thermal resistance circuit of SR motor 

 
R1 0.2162 R11 0.0144 R21 0.0581 R31 0.0036 
R2 0.0004 R12 0.8437 R22 4.7526 R32 0.0092 
R3 0.0298 R13 0.0139 R23 6.3484 R33 0.0137 
R4 0.0014 R14 0.8965 R24 6.4868 R34 0.0909 
R5 0.0038 R15 0.0050 R25 54.9804 R35 0.0103 
R6 0.0044 R16 5.2567 R26 34.6406 R36 0.0135 
R7 0.0402 R17 9.0798 R27 0.0466 R37 0.0100 
R8 0.0329 R18 0.3102 R28 0.0089   
R9 0.0041 R19  14.4272 R29 0.0106   

R10 0.0108 R20 0.0581 R30 0.1826   
Table 2- Thermal resistance for the studied SR motor 

 
Parts of 
Motor 

Natural 
Convection 

Forced Convection 
(External air speed: v=1 m/s) 

Forced Convection 
(External air speed: v=10 m/s) 

1 80.5239 56.6594 14.3331 
2 82.1495 58.2850 15.9587 
3 85.3072 61.4428 19.1164 
4 99.8286 75.9642 33.6379 
5 83.7967 59.9323 17.6059 
6 99.0917 75.2272 32.9009 
7 85.8680 62.0036 19.6772 
8 81.9284 58.0640 15.7377 
9 81.4054 57.5410 15.2146 

10 80.8292 56.9647 14.6384 
Table 3- Temperature rise of various parts of SR motor in different convection situations 
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Figure 6- Temperature f winding, air gap and rotor yoke 

versus speed of motor 
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Figure 7 – Temperature of winding versus speed of 
motor in various convection situations  
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Figure 8 – Temperature of winding versus stator iron 
outer radius in convection situations 
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 Figure 9 – Temperature of winding versus frame 

 radius in various convection situations  
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Figure 10- Temperature of winding versus stator iron 

 inner radius in various convection situations 
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Figure 11- Temperature of winding versus stator and  
rotor teeth radius in various convection situations 
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Figure 12 – Temperature of winding versus frame length 
in various situations for convection 
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Figure 13 – Temperature rise of winding versus numbers 
of fins on frame in various situations for convection 
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Figure 14 – Temperature rise of winding versus height of 
fins on frame in various situations for convection 
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Figure 15 – Total losses versus speed of motor 
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Figure 16 – Core losses versus speed of motor 
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Figure 17 – Friction losses versus speed of motor 
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