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Abstract
Many industry applications required the use of the induction motors. In such
envirenement the electrical machines are facing of many stressed operating conditions.
One of the critical creteria which decide the choice of the induction motor is the thermal
behaviour under different mode operation. In this paper a study of the thermal behavior
of an induction motor is presented. In order to predict the temperature in the different
machine components, a model based on the lumped parameter thermal network
has been developed. The geometry of the machine and the thermal properties of its
various components are used to express the developed model. The joule and the iron
losses are considering as the inputs. The proposed model is implemented and tested
using MATLAB software. It is a simple model which could predict rapidly the different
temperatures.

Keywords: Induction motor, Thermal analysis, Lumped parameters thermal network,
Modeling, Heat sources

1. Introduction

The induction motor (IM) is one of the most widely used industrial machines. This choice
is justified by its robustness, efficiency, reliability and low cost [1]. The IM recorded almost
64% of industrial electricity consumption [2]. So, it’s extremely useful to study in detail
the different behaviours of this equipment. These machines are usually operating in a
stressed environment with sometimes small space available. Such operating conditions
cause a heat concentration. Actually an increasing in the temperatures can lead to
failures in the machine and a decreasing in the useful lifetime. That’s why, the thermal
behaviour of the IM is considering as a critical criteria based on it the IM is chosen. It
becomes very important to predict the temperature behaviour in critical points of the
IM. Such study could help to judge the control the IM from the thermal point of view [3].

The thermal study is mainly based on the description of the heat paths. Since,
the electric machine is a relatively complex system, such description presents some
difficulty. In the beginning, when the computing systems have been not yet developed,
the first attempts to predict the thermal behaviour of the IM were based on empirical
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formulas derived from experimental measurements [4]. Nowadays, it’s possible to find
several tools and methods at our disposal. In the literature, the thermal analysis can be
studied based on two different types of approaches: analytical methods or numerical
methods. Both approaches are based on the description of a physical phenomenon,
such as heat conduction, heat transfer and heat convection, through a mathematical
relations which are partial differential equations (PDE). For a simple thermal description,
the solution of these equations can be obtained using analytical methods. The provided
solution is an average of the temperature. The analytical method is simple and rapid but
limited in terms of a temperature distribution. However, for more complex issues such
as design issue, the thermal description needs to be solved by a numerical approach.
The numerical analysis can be done using two types of methods: Computational Fluid
Dynamics (CFD) or Fine Element Analysis (FEA) [5]. The main advantage of these
methodologies is the fact that they can deal with a complex geometry [6]. However,
they require a lot of time during the simulations process. In this paper, the analytical
method is used. It is well known as, the Lumped Parameter Thermal Network (LPTN).
The LPTN has been the subject of many works in the literature and it is used for the
thermal analaysis of the IM working in the healthy and faulty mode operations [7-8]. The
basic idea relies on an analogy between the electrical and thermal grids. The electrical
machine is geometrically discretized into a local element, each one interconnected
with its neighbour through thermal resistances. This method is very fast and could be
implemented online. To apply this approach, the analytical model of the IM is in order
to quantify the losses. The different losses presented the inputs of the LPTN model.

2. Induction Motor Modelling

In order to obtain the losses of the IM it is necessary to develop an analytical model
that describes its electromagnetic and mechanical behaviours. This model is based
on the equivalent scheme proposed by the IEEE. The development of a model in the
abc framework presents some difficulty, the d-q0 transform was applied to simplify the
modeling process. So, instead of a three-phase model, a two phases model is sufficient.
This approach simplifies the calculations. The Park transformation will be used in order
to obtain the two phase system model.
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2.1. Electrical description

The stator voltages in the dq0 frame are expressed using the equations (1) and (2) [9].

𝑉𝑑𝑠 = 𝑅𝑠.𝑖𝑑𝑠 +
𝑑Ψ𝑑𝑠
𝑑𝑡 − 𝜔𝑒.Ψ𝑞𝑠 (1)

𝑉𝑞𝑠 = 𝑅𝑠.𝑖𝑞𝑠 +
𝑑Ψ𝑞𝑠
𝑑𝑡 + 𝜔𝑒.Ψ𝑑𝑠 (2)

Where 𝑅𝑠 is the stator resistance. The 𝑖𝑑𝑠, 𝑖𝑞𝑠 are the stator currents and 𝜓𝑑𝑠, 𝜓𝑞𝑠 are the
stator flux linkages.

The rotor voltages in the dq0 frame are expressed using the equations (3) and (4)
[9]. The motor under study is a squirrel cage induction motor. Hence the rotor voltages
are nulls.

𝑉𝑑𝑟 = 𝑅𝑟.𝑖𝑑𝑟 +
𝑑Ψ𝑑𝑟
𝑑𝑡 − (𝜔𝑒 − 𝜔𝑟).Ψ𝑞𝑟 (3)

𝑉𝑞𝑟 = 𝑅𝑟.𝑖𝑞𝑟 +
𝑑Ψ𝑞𝑟
𝑑𝑡 + (𝜔𝑒 − 𝜔𝑟).Ψ𝑑𝑟 (4)

Where 𝑖𝑑𝑟 and 𝑖𝑞𝑟 are the rotor currents and 𝜓𝑑𝑟, 𝜓𝑞𝑟 are the rotor flux linkages

2.2. Magnetic model

From the magnetic model the stator and rotor flux linkages are defined based on the
equations (5-8).

Ψ𝑑𝑠 = 𝐿𝑠.𝑖𝑑𝑠 + 𝐿𝑚.𝑖𝑑𝑟 (5)

Ψ𝑞𝑠 = 𝐿𝑠.𝑖𝑞𝑠 + 𝐿𝑚.𝑖𝑞𝑟 (6)

Ψ𝑑𝑟 = 𝐿𝑟.𝑖𝑑𝑟 + 𝐿𝑚.𝑖𝑑𝑠 (7)

Ψ𝑞𝑟 = 𝐿𝑟.𝑖𝑞𝑟 + 𝐿𝑚.𝑖𝑞𝑠 (8)

Where 𝐿𝑠, 𝐿𝑟 are the stator and rotor linkage inductance. 𝐿𝑚 is the mutual magnetizing
inductance.

2.3. Mechanical model

In themechanical model, we define the torque (𝑇 ) and speed (𝜔). The speed is a function
of the calculated torque, the rotor inertia (𝐽 ) and the torque load (𝐶𝑟).

𝑇 = 𝑝𝐿𝑚
𝐿𝑟

(Ψ𝑑𝑟𝑖𝑞𝑠 − Ψ𝑞𝑟𝑖𝑑𝑠) (9)
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𝜔 = ∫
𝑇 − 𝐶𝑟
𝐽 (10)

Where 𝑝 represents the number of pairs poles of the machine.

2.4. Losses

Despite the high efficiency of the asynchronous machine, a part of electrical energy
is converted to useful mechanical energy. The rest of energy is dissipated in a form
of heat. Most of the losses are due to the magnetic fields and currents [8]. The losses
are classified mainly into: Joule losses, iron losses and mechanical losses. During the
operation mode, the different losses which increase the heat affect the efficiency and
performance of the IM. When they exceed the permitted thermal limit, may lead to
decrease the lifetime [1].

2.4.1. Joule losses

Joule losses (𝑃𝐽 ) presents the big part of the total losses. They depend of the stator
and rotor currents. The rotor currents are almost nulls. Hence, the rotor joule losses
are neglected. These losses are computed based on the Joule’s law which states the
relationship between the losses generated by a current flow through a conductor. The
power dissipated by the conductor, in this case, by the windings, is proportional to the
resistance of the conductors and to the square of the current. Actually, the winding
resistance dependents of the temperature, so these losses are also influenced by the
machine’s thermal behaviour. In the present work, we will be considered as a constant.
For three phase systems, these losses are computed using the equation (11).

𝑃𝐽 = 𝑅𝑎𝐼2𝑎 + 𝑅𝑏𝐼2𝑏 + 𝑅𝑐𝐼2𝑐 (11)

Where 𝑅𝑎, 𝑅𝑏, 𝑅𝑐 represent the resistances of the three phase windings and 𝐼𝑎, 𝐼𝑏 and
𝐼𝑐 the currents in each phase.

2.4.2. Iron losses

The iron losses (𝑃𝑓 ), known also as core losses, are generated due to the variation of
the magnetic field which occur in the ferromagnetic materials.

These losses are divided into hysteresis losses (static losses), eddy current losses
(dynamic losses), and high-frequency losses (excess losses). The iron losses occur in
the stator ferromagnetic core laminations and in the rotor. They result from the presence
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of the magnetic flux, and are strongly dependent on the material magnetic properties,
the supply voltage frequency, and the geometry of the machine. The iron losses mainly
occur in the stator magnetic sections, because the frequency of the rotor flux is low, so
the rotor losses are neglected [10]. The Iron losses are usually calculated using empirical
models such as Steinmetz’s model [11] but can also be calculated using mathematical
models like Bertotti’s formula. In this paper approximation formula was used. It gives a
rudimentary value of core losses.

𝑃𝑓 =
3.𝑉 2

𝑅𝑀𝑆
𝑅𝑓𝑒𝑟𝑟𝑜

(12)

2.4.3. Mechanical losses

Mechanical losses occur due ventilation losses and bearing friction. The ventilation
losses result from the friction between the rotor surface and the air in the air gap.
Therefore, the higher the rotor speed, the greater is the friction and consequently the
losses. Moreover, in ventilated motors, the energy required to move the fan is classified
as ventilation losses. The bearing losses result from the friction in the contact areas,
particularly in the rolling elements and raceways, between the rolling elements and the
cage, and between other surfaces [12]. These losses are influenced bymany factors such
as, the machine rotational speed, the bearing type, the lubricant properties, temperature
and other [design rotating machines]. At high rotational speeds ventilation losses are
the predominant component. Friction and ventilation losses are usually determined
experimentally, as in [13].The bearing losses (𝑃𝑏) were calculated based on the SKF
recommendations through the follow expression:

𝑃𝑏 = 0, 5.Ω.𝐹 .𝐷𝑏.𝜇 (13)

This expression is a funcontion of the, Ω which reprsent de angular frequency of the
shaft, 𝐹 that represents the bearing load, 𝐷𝑏, the bearing inner diameter and 𝜇, the
friction coefficient. This coeficiente can be obtained in the manufacter data and usually
assumes a value between 0.001–0.05.

Regarding the ventilation losses, they result from the friction caused by the outer and
the end surfaces of the rotor with the air. The calculation of these losses depends on
certain parametres and is based in [12]. Respecting the friction of the outer surface with
air, can be modultaed through the folow equation:

𝑃𝑊 1 =
1
32𝐾.𝐶𝑀1.𝜋.𝜌.Ω3.𝐷4

𝑟 .𝑙𝑟 (14)
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Where𝐾 is a roughness coefficient of the surface,𝐶𝑀1 a torque coefficient, 𝜌 the density
of air, Ω the angular velocity of the rotor, D𝑟 is the rotor diameter and 𝑙𝑟 the rotor length.
The torque coefficient is a function of the Couette Reynolds (Co) number.

𝐶𝑜 = 𝜌Ω𝐷𝑟𝛿
2𝜇𝑎𝑟

(15)

Where, 𝛿 is the airgap. Once calculated the Couette number it’s possible to know the
torque coefficient.

𝐶𝑀1 = 10(2𝛿/𝐷𝑟)0.3
𝐶𝑜 , 𝐶𝑜 < 64, (16)

𝐶𝑀1 = 1.03(2𝛿/𝐷𝑟)0.3
𝐶𝑜0.6 , 64 < 𝐶𝑜 < 5 × 102 (17)

𝐶𝑀1 = 2(2𝛿/𝐷𝑟)0.3
𝐶𝑜0.5 , 5 × 102 < 𝐶𝑜 < 104 (18)

𝐶𝑀1 = 0.065(2𝛿/𝐷𝑟)0.3
𝐶𝑜0.2 , 104 < 𝐶𝑜 (19)

Regarding the friction at the end surfaces of the rotor with the air, can be obtained by:

𝑃𝑊 2 =
1
64𝐶𝑀2.𝜌.Ω3(𝐷5

𝑟 − 𝐷5
𝑟𝑖) (20)

Where, 𝐷5
𝑟𝑖 is the shaft diameter. In order to calculate the new torque coefficient (𝐶𝑀2),

is necessary to calculate the Reynolds number.

𝑅𝑒 = 𝜌Ω𝐷2
𝑟

4𝜇𝑎𝑟
(21)

𝐶𝑀2 =
3.87
𝑅𝑒0.5 , 𝑅𝑒 < 3 × 105 (22)

𝐶𝑀2 =
0.146
𝑅𝑒0.2 , 𝑅𝑒 > 3 × 105 (23)

Once obtained all the components of the ventilation and bearing losses, it’s possible
to achieve the value of the mechanical losses (𝑃𝑚):

𝑃𝑚 = 𝑃𝑏 + 𝑃𝑊 1 + 𝑃𝑊 2 (24)

3. Thermal Modelling Based on Lumped Parameters Ther-
mal Network

In this method, the thermal model of the machine is represented by a networks formed
by nodes, resistances, capacitors and heat sources. Based on the operator objective,
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the network is able to describe the three necessary forms of heat transfer [1]. Different
steps are required to built the thermal model. First step consists in discretising the
machine or a part into different elements. Each one of these elements is presented
by a node in the grid. It is interconnected with its neighbour through thermal resistors.
The heat sources indicate the heat production process and they are associated to the
losses of that’s element. When the study takes into account transient state analysis, the
thermal capacitors are added to the heat sources in order to present the variation of
energy over time [14]. It is extremely important to mention that the level of discretization
(number of nodes) must be well defined. Actually, a complex grid takes a lot of time
in simulation; however simple grid leads to imprecise thermal analysis. Over the last
few years several LPTN models of electric machines have been developed such as the
model of Mellor and Turner [15].

3.1. Motivation

Some applications such as the aeronautic and nuclear context require the control online
of the IM temperature with an acceptable accuracy. There are a hardware solution which
consists in the inter thermal sensors with the data acquisition system. This solution is
the most rapid and it provides a high precision measurements. However, it is a costly
procedure. The keywill be a new LPTNwhich presents a compromise between simplicity
(small number of nodes), accuracy and rapidity.

3.2. Thermal model: LPTN model

The model used in this paper is illustrated in the figure.1. This model takes in considera-
tion the heat transfers occurred in the machine and allows obtaining the temperature of
the follow components: stator teeth (𝑇𝑡ℎ), stator windings (𝑇𝑤𝑖𝑛), insulation (𝑇𝑖𝑛𝑠), contact
surface between insulation and stator core (𝑇𝑖𝑛𝑠−𝑐𝑜), stator core (𝑇𝑐𝑜), contact surface
between stator core and frame(𝑇𝑐𝑜−𝑓𝑟) and frame (𝑇𝑓𝑟𝑎). Applying the equation of heat
for a hollow cylinder with the boundary respective to each case, it’s possible to obtain
the thermal resistances of the several components.

𝑅𝑡ℎ =
1

4.𝜋.𝑙𝑟.𝜆𝑡ℎ [
1 − 2

(
𝑟21

𝑟22 − 𝑟21)
𝑙𝑛(

𝑟2
𝑟1)]

(25)

𝑅𝑤𝑖𝑛 =
1

4.𝜋.𝑙𝑟.𝜆𝑤𝑖𝑛 [
1 − 2

(
𝑟22

𝑟23 − 𝑟22)
𝑙𝑛(

𝑟3
𝑟2)]

(26)
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𝑅𝑖𝑛𝑠 =
ln(

𝑟4
𝑟3)

2.𝜋.𝑙𝑟.𝜆𝑖𝑛𝑠
(27)

𝑅𝑖𝑛𝑠−𝑐𝑜 =
𝑟5

2.𝜋.𝑙𝑟.𝑟4
(28)

𝑅𝑐𝑜 =
1

4.𝜋.𝑙𝑟.𝜆𝑐𝑜 [
1 − 2

(
𝑟25

𝑟26 − 𝑟25)
ln(

𝑟6
𝑟5)]

(29)

𝑅𝑐𝑜−𝑓𝑟𝑎 =
𝑟7

2.𝜋.𝑙𝑟.𝑟6
(30)

𝑅𝑓𝑟𝑎 =
𝑙𝑛 (

𝑟8
𝑟7)

2.𝜋.𝑙𝑟.𝜆𝑓𝑟
(31)

Figure 1: IM thermal model, based on the LPTN.

Once the thermal resistances are computed it becomes possible to calculate the
temperatures in the steady state.

𝑇𝑡ℎ = (𝑅𝑤𝑖𝑛×(𝑃𝑓 + 𝑃𝑚)) + 𝑇𝑤𝑖𝑛 (32)

𝑇𝑤𝑖𝑛 = 𝑅𝑖𝑛𝑠×(𝑃𝑡) + 𝑇𝑖𝑛𝑠 (33)

𝑇𝑖𝑛𝑠 = 𝑅𝑖𝑛𝑠−𝑐𝑜 × 𝑃𝑡 + 𝑇𝑖𝑛𝑠−𝑠𝑐 (34)
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TABLE 1: Thermal resistances

Thermal resistances Definition Value [K/W]

𝑅𝑒𝑥𝑡 Environment 0.6200

𝑅𝑓𝑟𝑎 Frame 0.0048

𝑅𝑐𝑜−𝑓𝑟𝑎 Contact resistance: stator coreframe 1.1020e-04

𝑅𝑐𝑜 stator core 0.1023

𝑅𝑖𝑛𝑠−𝑐𝑜 Contact resistance: insulatorstator core 0.0024

𝑅𝑖𝑛𝑠 Insulator 0.2385

𝑅𝑤𝑖𝑛 Windings 4.1062e-04

𝑅𝑡ℎ Teeth 0.1903

𝑇𝑖𝑛𝑠−𝑠𝑐 = (𝑅𝑐𝑜 × (𝑃𝑗 + 𝑃𝑓 )) + 𝑇𝑠𝑐 (35)

𝑇𝑠𝑐 = (𝑅𝑐𝑜−𝑓𝑟 × (𝑃𝑗 + 𝑃𝑓 )) + 𝑇𝑠𝑐−𝑓𝑟𝑎 (36)

𝑇𝑠𝑐−𝑓𝑟𝑎 = (𝑅𝑓𝑟𝑎 × 𝑃𝑡) + 𝑇𝑓𝑟𝑎 (37)

𝑇𝑓𝑟𝑎 = (𝑅𝑒𝑥𝑡 × 𝑃𝑡) + 𝑇𝑒𝑥𝑡 (38)

Where 𝑃𝑡 represents the total losses occurred in the machine. The table 1 presents
the differents values of the thermal resistances.

4. Simulation Results of Healthy Mode Operation

The motor under study is an IM with a rated power equal to 1.5 kW. The different
parameters are shown in the table 2.

Figure. 2 and 3 shows the three phase currents in the stator and rotor. Although,
the currents decrease with time and reach the steady state at 0.5s. The stator currents
stabilize at about 4 A and the rotor currents at 0 A as it is expected.

The stator and rotor fluxes as the other characteristics stabilize at 0.5s. The stator
flux has a magnitude slightly bigger than rotor, but both are close to the maximum 1 Wb.

Figure. 6, shows that the motor reach is maximum speed in about 0.5 s. For a two-
pole machine fed by a 50 Hz frequency the synchronous speed is 3000 rpm, which is
corroborated with the obtained graphic. In figure.7 it’s possible to analyze the torque
behavior, which stabilizes in 0 at 0.5s. The torque of the machine is zero since the
resistave torque is null.

Analysing the temperatures reached by the machine, it’s possible to realise that the
component with higher temperature was the stator teeth and the insulation. That can
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TABLE 2: IM parameters.

Parameters Values

Rated power 1.5 kW

Stator resistance 3.8 Ω

Rotor resistance 4.85 Ω

Stator inductance 0.258 H

Rotor inductance 0.258 H

Mutual inductance 0.258 H

Number of pole pairs 2

Moment of inertia 0.031 kg/m2

Figure 2: transient and steady state behavior of the stator current in function of time.

TABLE 3: Temperature results

Temperatures Value [°C]

T𝑒𝑥𝑡 20

T𝑓𝑟 48.3870

T𝑐𝑜−𝑓𝑟 48.6068

T𝑐𝑜 34.7881

T𝑖𝑛𝑠−𝑐𝑜 41.2169

T𝑖𝑛𝑠 41.3268

T𝑤𝑖𝑛 52.2466

T𝑡ℎ 52.2588

be explained by his proximity to the zones where are heat generation. The frame was
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Figure 3: IM rotor current in function of time.

Figure 4: IM Stator flux linkage in function of time.

the component which reached the lower temperature because it is in contact with the
environment.
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Figure 5: IM rotor flux linkage in function of time.

Figure 6: IM rotational speed in function of time.

5. Conclusion

In the paper, a simple thermal model of the IM has been presented. The temperatures
of the machine were obtained through the application of the heat diffusion equation
in a cylinder. The developed model is based on dimensional data and physical and
thermal constants of the materials. The simulations results achieved are in agreement
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Figure 7: IM torque in function of time.

with other thermal analysis realized in similar motors. Although, for more precise results,
the level of discretization of the model must be improved.
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