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Abstract—The paper evaluates the thermal behavior of an
induction machine based on a coupled electromagnetic-thermal
model using 2D non-linear complex finite element method. The
currents and the temperature distribution in a squirrel cage
induction motor in transient state are investigated and
presented. The convection heat transfer coefficient between the
frame and ambient and the windings are treated with
particular attention. The developed method can be applied to
other electric machines having negligible axial heat flow. The
corroboration of the theoretical/simulated results have been
investigated, experimentally using a 2.2-kW totally enclosed
fan-cooled induction motor. The simulated results and those
obtained from measurements have been critically evaluated
and showed good agreements.
Index Terms—electromagnetic fields, finite element analysis,
heating, induction motors, thermal analysis.

I. INTRODUCTION
Thermal analysis has become an important step in the
design and analysis of electric machines. It is used to predict
the temperature rises of the critical components in order to
provide sufficient optimum safety operation margins. The
lumped parameter model (LPM) [1-11] and the finite
element models (FEM) [12-21] are the most frequently used
in thermal modeling. The LPM is based on a thermal
lumped network and has been the main driver in calculating
the temperature rises in electrical machines. However, it is
well known that this method has some disadvantages such as
it is considered to be less accurate in determining the
temperature rise in the machines. It calculates only the
average temperature in an active part of the motor.
However, the accuracy of LPM is limited by the
appropriateness of how the thermal resistance components
are set and gives no detailed distribution of temperature [23], [17]. Convective heat transfer is still the most complex
issue which needs a better understanding of fluid flow
within the motor. With the increasing demand for high
design accuracy, and accurate prediction of the thermal
performances, it is necessary to apply the finite element
method (FEM) [13-21] to model the machine structure and
to predict the thermal sources as accurately as possible. The
developed numerical techniques have the potential for
advanced thermal designs of electrical machines especially
for induction motors. The temperature distribution in the
machine can be estimated and thus leading to finding the hot

spots in the machine. Therefore a 2D FEM model of
induction motor was used in conjunction with 3D effects for
the stator and rotor circuit equations [21].The distributed
heat sources are calculated using a 2D nonlinear complex
finite element model (NCFEM) where the instantaneous
values of currents in the stator and rotor are calculated.
These thermal sources are used by the thermal model of the
induction motor. The simulations were performed with the
motor running at full load as this represents the state of high
losses in the machine. From the local loss density
distributions and the modeling of the thermal behavior in
transient mode, the spatial and time dependent temperatures
are derived. The convection heat exchange between the
frame and the surrounding environment must be carefully
modeled and evaluated. In this application, it is taken into
account by the implementation of a convective exchange
coefficient in the thermal program implemented under
Matlab environment software.
The contribution of the paper is in addressing for the first
time the convection heat transfer coefficient between the
frame and the ambient. In fact to the best of our knowledge,
we can state that till today no reference is available in the
literature which has addressed this mater. The result is of
course is an improvement of the accuracy of the electrothermal model. This paper is organized as follows, first in
section 2 we start by giving the characteristics of the studied
motor. Section 3 deals with presenting in details the
electromagnetic-thermal model developed. In section 4, the
test rig is presented and the experimental and modeled
results are compared and commented. The paper is ended by
a conclusion.
II. CHARACTERISTICS OF THE CONSIDERED MACHINE
From the electromagnetic point of view, the end-effect on
radial-field squirrel cage induction motor is not very
important, so that a two-dimensional analysis is largely
satisfactory [18], [21-22]. The three-dimensional effect is
reflected by a calculation of the resistance and leakage
reactance of end winding and end ring, based on analytical
formulas. The analysis was performed for a 2.2-kW totally
enclosed fan-cooled induction motor (TEFC) manufactured
by Electro-Industries (Algeria). The geometry of the studied
TEFC motor is represented in Fig. 1 and its parameters are
depicted in Table I. Windings are formed of 64 conductors
per slot made of a 0.75 mm diameter gauge wires.
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TABLE I. MOTOR CHARACTERISTICS
Parameters
Values
Rated power
2.2 kW
Enclosure type
TEFC
Frequency
50 Hz
Rated speed
1416 rpm
Cos φ
0.87
Rated voltage
380 V
Rated current
5.2 A
Rated Torque
15 Nm
Connection
∆
Insulation class
F
Number of poles
4
Outer diameter of stator
145 mm
Inner diameter of stator
88.5 mm
Air-gap length
0.5 mm
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where:
Iir is the current (A) in the bar i of section Sb (m2) and length
l (m). Bs takes into account the current direction in the slot
(1 or -1) to represent forward or return paths. For the rotor
bars this value is equal to 1 [21].
Field and voltage equations should be solved together as a
system of equation as described in [7], [21]:

 K  Az 

t
  Br 

t
  Bs 

 Br   Bs   Az   0 

Cr  0  U r    0 

0 Cs    I s   U s 

(8)

where:
[Az], is the magnetic vector potential, [Is] is vector phase
current and [Ur] is the potential difference vector of rotor
bars as unknown factors.
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Figure 1. Cross-section of proposed induction motor

Figure 2. Stator model, Rph is the stator phase resistance while Lend is the
stator end winding inductance

III. TWO-DIMENSIONAL FINITE-ELEMENT INDUCTIONMOTOR MODEL
A. Electromagnetic modeling of the induction motor
In this paper, a two-dimensional (2D) model is employed.
The magnetic vector potential and the current density are
reduced to the z components Az and Jz respectively. Magneto
dynamic complex formulation of the electromagnetic
problem is used. The transient state electromagnetic
equations, in: stator winding, rotor bars, air gap and outer
surface have the following equations [21]:
curl  curl (A)  J
(1)
A
  GradV  0
t
curl  curl  A   0

curl  curl(A)  

(2)
(3)

A0
(4)
where:
A is the magnetic vector potential (T.m), J is the inductor
current density (A/m2), υ is the reluctivity (H-1.m) and σ is
the electrical conductivity (Ω-1.m-1).
A relation links the current density J to the vector
potential A and to the electric scalar potential V:
A
(5)
J  
  Grad V
t
The 2D field formulas (1) and (2) are coupled with the
circuit equations of the stator windings (6) and rotor bars (7)
of the machine, represented in Figs. 2 and 3 [8], [17], [23].
I
I i
l
U i  R ph Ii  Lew i 
ds
(6)
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Figure 3. Rotor model, Rer and Ler are the resistance and inductance of the
end ring section connecting to the cage bars Rb

Because of the nonlinearity of the core materials, Matrix
[K] is non linear with respect to the vector potential [Az].
Therefore the system of equations (8) must be solved using
the Newton-Raphson (N-R) iteration method. The heat
sources associated with magnetic field are Joule losses
caused by the driving currents and the induced eddy
currents. Iron losses occur in ferromagnetic materials
subject to hysteresis phenomena.
B. Power losses in induction motors: heat sources
modeling
It is well known that the losses generated in an induction
motor are difficult to measure with an experimental
technique and may be expensive and their effectiveness is
often limited to specific types of motors [24]. But these
values are required as the heat sources for the thermal
analysis using the finite element method (FEM). If one
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wants to obtain an exact and precise temperature calculation,
it is, therefore, quite clear to estimate analytically or
numerically power losses in the motor in order to use the
estimates obtained as input parameters for thermal modeling
[25]. In this analysis, these losses are initially estimated
from the copper losses, the hysteresis, and the eddy current
losses using the two-dimensional time harmonic finite
element program using Matlab software.
From the FEM analysis, the vector potential Az and the
induced eddy current density in the rotor slots can be
obtained, and the losses in the rotor bars calculated using
equation (9) [21], [23].

Pedy 

J * J*

rotor bar are determined using the magneto-electric coupling
presented in Fig. 8.

(9)

 al

where:
J * is a complex conjugate of J and  al is the electrical
conductivity of Aluminum.
The losses in the copper windings can, therefore, be
calculated to a certain degree of accuracy using equation
(10) [18], [21].
2
(10)
P
 3R0 1  0.00393 TC  25  I rms
cu1
where:
R0 is the resistance of copper at 25 °C (Ω) while Tc is the
temperature of the copper winding (°C) and Irms is the phase
rms current (A).
The iron loss is comprised of hysteresis losses Ph, eddy
current losses Pc and excess losses Pe, which can be
modeled using the Bertotti-Steinmetz formula, where
different coefficients are used for stator yoke, stator teeth
and rotor regions [21].
Piron  Ph  Pc  Pe
(11)
2

1.5

Piron  Kh fBm  Kc  fBm   Ke  fBm 

Figure 4. Loss density distribution

Figure 5. Flux density distribution (T)

(12)

where:
Kh, Kc and Ke are loss coefficients for hysteresis, eddy
current and excess losses respectively, and Bm is the peak
magnetic flux density (T) and β is the Steinmetz constant, all
of which depend on the lamination material. These constants
can be obtained by curve fitting from manufacturer’s data.
C. Electromagnetic field analysis
Electromagnetic model was used to calculate the motor
losses: the copper loss of stator and rotor bars, the core loss
of the stator and the rotor lamination. Fig. 4 shows the motor
loss density (W/m3) and Fig. 5 shows the flux density B
distribution for a given position. This will be used to
determine the iron losses in the machine given by equation
12 and the higher degree of magnetic saturation can be
observed around the stator teeth.
The current density of the rotor bar is obtained through
the magnetic calculation based on FEM during the full load
operation.
Fig. 6 shows the flux lines distribution of the motor at no
load, from which, we can see that the distribution of the
magnetic field is symmetrical and the current density
distribution is shown in Fig. 7 which represents the rotor
Joule loss density given by equation 9. These distributions
are considered as input to the thermal model analysis
program. The potential differences between both ends of one

Figure 6. Flux lines of the magnetic field at no load
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Figure 7. Current density distribution in the rotor bars (A/m2)
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equation as follow [27-28]:
([K]+αΔt[M])T n-1 =([K]-(1-α)Δt[M])T n

-3

1.5

x 10

Potential differences between both ends of one rotor bar
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1

+Δt((1-α)Fn +αFn-1 )
Using backward difference method, we obtain:
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n =([K]+Δt[M])-1 Fn  [M][Tn ]

(17)

T n  T n 1   n t

(18)

Figure 8. Potential differences in one rotor bar

D. Thermal modeling of the induction motor
For TEFC induction motor, there is no cooling system
inside motor and some assumptions can be made such as:
the heat flowing in the axial direction is ignored, thermal
conductivity is constant over a linear element, loss density if
present is also constant within an element, the temperature
and loss density distribution are independent of rotor
position, there is no heat flow from rotor core to the shaft,
radiation heat transfer is ignored and the initial temperature
was set to 25 (°C) [14], [18], [22]. Therefore, the 2D thermal
analysis is well accepted for this type of motor. A contact
resistance between the stator iron and the frame is taken into
account [15], [22]. Heat transfer through the gap is
essentially by conduction.
The 2D transient heat diffusion equation in Cartesian
coordinates is given with the boundary conditions by:



 2T
2

 2T



2

 q  C
v

T
t

(13)

x
y
where:
T is the temperature (°C), C is the heat capacity (J/°C), λ is
the heat conductivity coefficient (W/m.°C), ρ is the density
(Kg/m3) and qν is the heat sources per unit volume (W/m3).
In the outer surface of frame, heat is mainly transferred by
convection and the boundary condition is:
T
(14)

 h T T  0
a
n
where:
h and hr are the heat transfer coefficients (W/m2.°C) by
convection and radiation respectively, n is the vector normal
to the outer surface and Ta is the ambient temperature (25
°C).
The finite element model of the heat conduction problem
with mixed boundary conditions (convection, radiation) and
thermal sources is given by the following matrix equation
[18], [26]:
 T 
(15)
  M T    F 
K 
t
where:
[K]: thermal capacity matrix, [M]: thermal conductivity
matrix, [F]: heating sources vector.
M  M e  M  ; F  Fe  F
K ij   C p  N i N j d  ; M ij    N i  j d 









M ij   h  hr   N i N j d  ; Fi  qv  N i d 




Fi    h  hr   N iTa d 


where: Ni and Nj are the shape function.
By applying the finite difference approximations and the
backward difference method, we can obtain a general
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Figure 9. Coupled problem computation flow chart

The general procedure consists in solving the
electromagnetic problem where the Joule and iron losses are
estimated through the evolution of the stator and rotor
currents as shown in Figs. 7 and 8 and the thermal problem
was solved. To solve this 2D finite element problem, a
program using Matlab software was developed. In the
calculation of the temperature field, the heat source, heat
conductivity coefficients, and heat transfer coefficients are
determined based on electromagnetic and fluid analyses.
The accurate calculation of these parameters is essential to
obtain a realistic temperature map in the machine. In order
to predict dynamic temperature distribution of the induction
motor, an analysis procedure is developed and shown in Fig.
9.
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E. Calculation of thermal parameters
E.1. Modeling of the air gap
The air gap problem should be specially treated when
calculating the stator-rotor coupled thermal field. Because of
the rotation, the air flow in the air gap is turbulent. Research
in this field has shown that heat transfer in the air gap is
mainly by convection. Thus the analysis of heat transfer in
the air gap is very difficult and complicated. The difficulty
in calculating the motor thermal field is increased greatly. In
order to alleviate the problem and to simplify the
calculation, the effective thermal conductivity coefficient is
used and could be determined [20], [29]: Thus the rotation
of the rotor and the air flow in the air gap can be assimilated
as stationary and thus the heat transfer by convection is
replaced by an equivalent conduction in the air gap [30].
0.4614Ln 3.33361 

eff  0.0019 2.9084 Re


From Newton's convection law, the heat transfer
convection coefficient h is calculated knowing the total
losses Ф of the machine and the outside temperature of the
frame with the ambient temperature. The outside
temperature of the housing is measured experimentally with
the aid of a more accurate infrared camera as shown in Fig.
11 [9].

(19)

r0
Ri

(20)

Re   1 1

(21)

where:
r0 and Ri are respectively the stator inner diameter and rotor
outer diameter (m),  1 is the velocity of the rotor (m/s), δ
is the length of air gap (m) and ν is the cinematic viscosity
of the air (m2/s).
E.2. Modeling of the convection in the housing surface
Several empirical correlations can characterize the
cooling of the external surfaces in electric machines [22],
[29].

A
A’
Figure 10. Fins and frame cross-section

However, the irregular geometry and the disturbed flow
along the housing make its modeling difficult [22]. The
realistic cross section of the frame with and without fins is
shown in Fig. 10. The real surface of frame with fins is
replaced by the cylindrical surface A’ of the frame without
fins having an equivalent heat transfer coefficient h’ as:
A
h'  h '
(22)
A
where:
h was calculated using the Newton’s law for convection is
as follow:
  h  S Ts  Ta 
(23)
Ф is the losses generated in the motor (W), Ts and Ta are
the temperature frame surface and the ambient temperature
(°C), respectively, h is termed the convection heat transfer
coefficient (W/m2.°C).

Figure 11. The frame temperature obtained by an infrared camera

The values of the thermal conductivity coefficients of the
different motor regions, the heat transfer coefficient of the
outer surface and the Thermo physical properties of the
various components of the machine are given respectively in
Table II and Table III.
TABLE II. THERMAL CONDUCTIVITIES AND FILM COEFFICIENTS USED IN
THE THERMAL MODEL
Thermal
Film
Region
conductivity
coefficient
(W/m.°C)
(W/m2.°C)
Frame-ambient air
220
Shaft (steel)
50
Lamination
35
Frame, rotor cage (aluminum)
204
Stator slot
0.55
Stator iron-frame boundary
0.023
416
Air gap
0.055
150
TABLE III. THERMOPHYSICAL PROPERTIES OF THE MACHINE
Kg
Cp ( J ° )
( 3 )
Kg.C
Material
m
Stator and rotor iron
Slot liner
Housing (aluminium)
Squirrel cage (aluminium)
Shaft (steel)
Copper

7850
1200
2750
2707
7800
8933

460
1250
940
896
460
383

E.3. Modeling of winding
The winding of the machine is a heterogeneous element
of complex structure. It consists of enameled copper wires
impregnated with resin that dissipate heat by the Joule
effect. This component requires careful modeling, since it is
the hottest point of the machine. Therefore, its thermal
behavior must be reproduced as accurately as possible. The
winding is considered as an equivalent homogeneous
material, and the focus was on determining the values of the
equivalent thermal conductivity and heat capacity. Recent
work based on a four zone model using homogenization
methods [18], had led to the expression (24):
1
 1 


(24)

eq

c

a
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where:
λa represents the conductivity of the air surrounding the
insulated conductors of thermal conductivities λc and α is the
fill factors of bundles conductors in a slot. The application
of the various methods to our configuration gives an
equivalent conductivity for the winding of 0.55 (W/m.°C)
for a filling rate value of 45 %. Fig. 12 shows the evolution
of the homogenized thermal conductivity of the winding and
the rise in temperature as a function of the filling factor.
The temperature rise within a slot decreases with an
increase of the filling factor, which shows that from thermal
point of view, to increase this coefficient.

filling factors γ and 1-γ, the equivalent heat capacity is given
as [18], [21]:

Figure 12. Evolution of the homogenized thermal conductivity of the
winding and the temperature rise as a function of the filling factor in the
slot

Figure 13. Test bench for the temperature measurement: (1) Motor, (2) DC
machine, (3) Data logger, (4) Power supply

E.4. Modeling of the contact interfaces
The accuracy of motors thermal performance prediction is
dependent upon the estimation of the thermal contact
resistances within the machine, such as the stator lamination
to housing. A contact resistance is due to imperfections in
the surfaces. In fact, this is a complex function material
hardness, interface pressure, smoothness of the surfaces, and
air pressure [22]. In an electrical machine, there are four
parts assembled which can present a thermal contact
conductance: contact between rotor and shaft, contact
between shaft and cap ends and roll bearings, contact
between rotor bars and rotor magnetic core, contact between
stator magnetic core and motor carcass.
Because of the compactness of the rotor structure (shaft,
magnetic core and rotor bars) where a good thermal contact
exists between laminations and squirrel cage, we take into
account just the contact between stator magnetic core and
motor carcass. And since the calculation is based on 2D
two-dimensional FEM in radial direction, we neglected the
contact between shaft and cap ends and roll bearings; the
contact film coefficient hc for stator magnetic core and
motor frame is about 416 (W/m2.°C) as shown in Table II.

The electromagnetic field of an induction motor was
analyzed by numerical method, and the distribution of
current density in the cage bar at certain time could be
obtained, which was shown in Fig. 7. The iron losses as well
as the losses in the rotor bars are deducted which served as a
source of heat in the thermal model as shown in Fig. 4. Fig.
14 shows the isothermal lines and the 2D global temperature
distribution in the induction motor at rated load (s=0.05).
Table IV shows the comparison between the predicted and
measured steady state temperatures when the machine is on
full load.
The hottest spots (120 °C) are at the rotor, we noted the
considerable temperature gradient between the stator and the
rotor part. The evolution of temperature in different parts of
the machine is shown in Fig. 15. Our numerical calculation
agrees well with our experimental result and confirms that
the forced convection heat transfer coefficient between
frame and ambient for the motor is nearly 220 (W/m2.°C).

E.5. Heat capacity
For homogeneous parts of the machine (carcass, rotor bar,
air gap or shaft), the values of ρCp are given either by the
manufacturer or by the material data. However, it is
necessary to take into account the variation of these
parameters for temperature rise studies. For composite
materials such as slot winding, it is necessary to calculate
the properties of an equivalent homogeneous material
According to the homogenization theories, for a material
composed of two elements A and B with the respective

38

 C p eq    C p  A  1-    C p B

(25)

IV. EXPERIMENTAL INVESTIGATIONS AND RESULTS
ANALYSIS
In order to verify the validity of the model, a test bench
has been realized. The test rig consists of a 2.2 (kW), 3phase, squirrel-cage induction motor, mechanically coupled
to a separately excited DC machine, which represents the
load as shown in Fig. 13.

(a)
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(b)
(b)

(c)
(c)
Figure 14. (a) Isothermal lines in the induction motor, (b) Zoom of field
temperature at rated load, (c) Temperature distribution in the induction
motor at rated load (s=0.05)
TABLE IV. COMPARISON OF MEASURED AND CALCULATED
TEMPERATURES AT FULL LOAD AT STEADY STATE
Finite element
Measured
calculated
Model component
temperature (°C)
temperature (°C)
Frame
56.56
57
Stator back iron
80.4
80
Stator teeth
89.9
90.19
Stator slot
104
103.8

(d)
Figure 15. The temperature in different parts of the machine at rated load
(a-Frame surface temperature, b-Stator yoke temperature, c-Stator teeth
temperature, c-Slot winding temperature)

V. CONCLUSION

(a)

This paper presents a numerical analysis of the thermal
transient behavior of an induction motor using 2D electrothermal nonlinear complex finite element method and the
3D effect is included through the stator and rotor circuit
equation under full load transient-state condition. Nonlinear
complex finite element method is used to solve the
electromagnetic problem and then this is coupled to the time
transient thermal system. Also, in this work we introduce a
new approach to take into account the convection heat
transfer between the external housing and the ambient for
thermal analysis. Heat transfer by convection is taken into
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account by calculating the convection heat exchange
coefficients in different points between the frame and the
environment and introduced in the thermal model. The
temperature jumps are introduced at the surfaces with a
thermal contact conductance.
Results illustrate in a good manner the calculation of heat
transfer coefficient by convection between frame and
environment and can, therefore, be considered as the main
tool in determining the temperature distribution in the
motor. The results obtained by the thermal FEM model are
finally validated by the experimental tests. The predicted
temperatures using the coupled electro-thermal method is in
close agreement with the measured ones, obtained by means
of thermistor sensors of the test motor as shown in Table IV.
The electromagnetic-thermal model can be extended for
other motors applications.
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