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 The aim of this paper is to estimate the induction motor temperature at both steady and 

transient thermal states under healthy and faulty conditions. The distribution of the 

temperature in the motor is calculated using thermal models based on the 2D Lumped 

Parameter Thermal Network (LPTN). The thermal model takes into account the heat 

sources, convection heat transfer and the thermal resistances in the motor. The heat flow 

generated by the conduction and convection in a three-phase squirrel cage induction 

motor is discussed. The developed model is used to study the motor thermal behavior 

during the opening phase situation. The results obtained by the model developed are 

validated by experimental tests. The tested machine is a standard three-phase, 4-pole, 2.2 

kW, 380 V squirrel cage induction motor of Totally Enclosed Fan Cooled “TEFC” 

design manufactured in Algeria by Electro-Industries company. The simulated 

temperatures so obtained are in good agreement with the measured ones, and the 2D 

Lumped Parameter Thermal Network study seems to be appropriate to characterize the 

heating of the active parts of the machine under different operating conditions. 
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1. INTRODUCTION 

 

Induction motors (IM) are robust and widely used in 

industrial applications because they provide good 

performance as well as high reliability and durability [1, 2]. 

However, its maximum power rating for a given frame size is 

governed predominantly by the temperature rise. A small 

temperature increase beyond the normal operating level 

rapidly deteriorates the properties of the insulation materials 

and drastically decreases the lifetime of the winding.  

Induction motors (IM), can be the subject of several 

potential faults that affect safety, production and profitability 

of the installations, such as the suppression of one or more 

stator phases of the motor, which requires special attention. 

In all three-phase induction machines, when one or more 

phases fail, the motor breaks down or at least cannot deliver 

any significant torque. In the presence of the open phase fault, 

these machines produce more heat on both stator and rotor 

winding; increasing the temperature beyond the 

recommended limits may cause deterioration of the insulators. 

For this reason, the temperature must be kept below the 

contractual limits described in the specifications [3].  

Over the years, several investigations of induction motor 

behavior under an open-phase fault condition have been 

presented [4-10]. The presence of the open-phase fault in 

induction machines creates an unbalance in the temperature 

distribution of the motor, which requires an important need 

for an accurate estimation of the temperature, particularly in 

those hot spots where a risk of adverse thermal conditions 

increases. In order to ensure a good design of electric 

machines, it is necessary to predict with accuracy the 

temperature distribution in the different sensitive parts of the 

machine under different conditions to prevent faults that may 

occur during the rotation of the motor. 

Due to the presence of a certain number of heat transfers 

inside the machine which will have to be identified and 

solved, the thermal study of these electrical machines is a 

very complex problem. For that, two main methods are 

usually used: The Lumped Parameter Thermal Network 

(LPTN) [11-14] method and the Finite Element Analysis 

(FEA) [5, 12]. The disadvantage of using the finite element 

method is in the long computational time. However, the 

problem can be solved by using the Lumped Parameter 

Thermal Network method (LPTN). Its advantages lie in its 

simple mathematical form and easy implementation. Usually, 

a 2D Lumped Parameter Thermal Network (LPTN) is used in 

order to compute the motor temperature in a steady and 

transient state with different operating conditions. It was 

initially developed for the electrical network analysis, and 

was quickly applied successfully to thermal systems. This 

method simplifies the heat transfer mechanism into a thermal 

network with lumped parameters. The main advantage of this 

method is the reduced computation time taken in solving the 

thermal problems of electrical machines and the ease in the 

introduction of the convection heat transfer coefficient in 

natural and forced cases. Previous thermal modeling studies 

were often focused on the machine in normal mode, in which 

the main heat sources are the constant maximum copper, iron 

and mechanical losses [12-14].  

This paper deals with the Lumped Parameter Thermal 

Network model (LPTN). The goal is to design a thermal 

model that can be used as a tool to describe the rising 

temperature during healthy operation and to study the effect 

of the open phase failure on the thermal behavior of the 

motor. 

To check the validity of the theoretical results, an 
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experimental investigation has been conducted on a 2.2-kW 

Totally Enclosed Fan-Cooled induction motor (TEFC). The 

calculated temperatures in steady and transient state and 

those obtained from measurements are compared and showed 

good results. 

 

 

2. THERMAL MODEL FORMULATION 
 

In this paper, we are interested in the contribution of the 

Lumped Parameter Thermal Network (LPTN) method in the 

thermal modeling of the induction motor with the open phase 

fault. This is why we have focused on the method and not to 

the faults present in the machine.  

Many researchers have used the Lumped Parameter 

Thermal Network (LPTN) for solving heat transfer problems 

in electrical machines [11-16]. In order to model the thermal 

behavior of the machine with the open phase fault, its 

geometry is discretized into basic elements in all three 

dimensions using cylindrical coordinates as shown in Figure 

1. This result in the representation of the machine geometry 

of a set of small arc-segment elements with T-network 

illustration as shown in Figure 2, the corresponding thermal 

resistance definition is given in Eqns. (1)-(9) [17]. 

Because of the open phase fault, the heat transfer 

conditions in the three phases’ stator winding are different, so 

it is necessary to represent each of them in separate parts 

(phase A, phase B and phase C). Due to the different losses 

generated in the different phases of the machine, the 

temperature distribution is different. In addition, each phase 

of the stator is considered divided into two parts: the slot 

winding and end-winding, since their thermal condition is 

also different. Finally, according to this theory of the general 

arc-segment element, a whole Lumped Parameter Thermal 

Network (LPTN) under an open phase fault of the induction 

motor is developed and presented in Figure 3. 

 

 
 

Figure 1. Discretization of the machine geometry for thermal 

analysis with 12 arc-segment elements 

 
(a) 

 
(b) 

 

Figure 2. Geometric and T-network illustration of an arc-

segment element [17] 
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where: 

 

𝐾 =
−45

𝛼𝜋𝜆𝑟𝐿𝑎(𝑟2
2 − 𝑟1

2)
 (9) 

 

In this investigation, the circumferential heat flow has 

been considered only in the stator back iron and the 

corresponding thermal resistance’s definition is given by Eq. 

(4) and Eq. (5).  
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In order to evaluate with accuracy the magnitudes of the 

different resistances of the equivalent thermal network, it is 

necessary to know the different conductive heat transfer 

coefficient of the materials constituting the solid elements of 

the machine, and especially calculate the different convective 

heat exchange coefficients between the outer surface of the 

solid elements and the moving fluid inside the machine and 

the ambient. Indeed, the most important convective heat 

transfer coefficients to be evaluated are those between the 

frame and the ambient, the convective heat transfer 

coefficient in the end-cap air and in the air-gap. This is due to 

the fact that in this last location, the parts where the most 

losses are generated are closest together. On the other hand, 

for the first, the temperature rise in the different components 

is very sensitive to the variation of the convective heat 

transfer coefficient of the ambient. In our case the areas 

where forced convection takes place is limited to the air-gap 

and around the end-winding and frame to ambient. 

 

 

3. PARAMETER ESTIMATION AND THE 

EQUIVALENT THERMAL CIRCUIT 

 

3.1 Convection heat transfer coefficient in the frame 

 

Several research papers have been published about the 

calculation of the heat transfer coefficient by convection 

between the frame and ambient of electrical machines [16-

19]. Since the modeling of the convective heat transfer from 

the machine surface to the ambient is more challenging, the 

most reliable way to calculate the convection heat transfer 

coefficient between the ambient and the external surface of 

the machine is to experiment on the machine. Within 

literature, there exist many empirical correlations that are 

suited to the prediction of convection cooling from surface 

shapes typically seen in electrical machines. In this paper, to 

compute the heat transfer coefficient by convection between 

the frame and ambient is enough to know the total losses Ptot 

generated inside the machine, to measure the temperature on 

its external surface and to fix the temperature of the 

environment. Indeed, the measured convection heat transfer 

coefficient between the frame and ambient is given by Eq. 

(10): 

 

ℎ =
𝑃𝑡𝑜𝑡

(𝜃𝑓 − 𝜃𝑎)𝐴𝐹𝑖𝑛

 (10) 

 

where,𝜃𝑓 is the frame temperature (℃), 𝜃𝑎 is the ambient 

temperature (℃), 𝐴𝑓 = (𝐴1 + 𝜂𝐴𝑓)  is the frame effective 

area (m2) with A1 and AFin are the surface of frame casing 

which is directly in contact with the cooling air and surface 

of the fins respectively, 𝜂 is the fin efficiency given in [16-

18]. 

 

3.2 Convection heat transfer coefficient in the air-gap 

 

It is known that the calculation of heat transfer coefficient 

by convection hgap (W/m2.℃) is very difficult. Because of the 

rotation, the air flow in the air gap is turbulent and the heat 

transfer problem is more complicated. The effective thermal 

conductivity coefficient 𝜆𝑒𝑓𝑓  (W/m.℃) is used and could be 

determined as [18]: 

 

𝜆𝑒𝑓𝑓 = 0.0019𝜂−2.9084𝑅𝑒
0.4614.𝐿𝑛(3.33361𝜂)

 (11) 

 

where, 𝜂 =
𝑟0

𝑟𝑖
, ri and ro are the stator inner diameter and rotor 

outer diameter (m), respectively, 𝑅𝑒 =
𝑟0𝜔𝑒𝑑

𝜐
, 𝜔𝑒 is the 

circular velocity of the rotor (m/s), d is the length of the air 

gap (m) and ν is the cinematic viscosity of the air (m2/s). 

 

3.3 Heat transfer between end-windings and end-cap air 

 

In the end-cap region, the end-winding space presents a 

particular problem because the flow conditions are not 

clearly defined since the air is turbulent in the enclosed space 

and there are no smooth or flat surfaces [20].  

Due to the forced convection in the region of the end-caps, 

the thermal resistance between winding and end-caps can be 

evaluated by the convection thermal resistances for a given 

surface as follows: 

 

𝑅 =
1

ℎ𝐶𝐴
 (12) 

 

Again, the value of hc is not simple to define. For totally 

enclosed machines, the value of hc can be evaluated by Eq. 

(13) as a function of the air speed inside the motor end-caps 

[20]. 

 

ℎ𝑐 = 6.22𝑣 (13) 

 

In addition, it can be evaluated by Eq. (14) to account for 

combined natural and forced convection [20]. 

 

ℎ = 41.4 + 6.22𝑣 (14) 

 

Other similar formulas are available in the bibliography 

and lead to the same results [18, 21]. 

 

3.4 The equivalent thermal circuit 

 

In this study, the machine structure has been divided into 

18 elementary components as reported in Table 1: 

 

Table 1. Components of the motor 

 
Components Nodes 

Slot winding of phase A, B and C 

End winding of phase A, B and C 

Stator yoke of phase A, B and C 

Stator teeth of phase A, B and C 

Rotor bars 

Yoke 

Air-gap 

End-cap air 

Shaft 

Frame 

1, 2 and 3 

4, 5 and 6 

7, 8 and 9 

10, 11 and 12 

13 

14 

15 

16 

17 

18 

 

For each component, a network such as that of Figure 2(b) 

is carried out. Then, the total network is obtained connecting 

together all the single component networks, and the number 

of each component in Table 1, refers to the corresponding 

node of the total network in Figure 3. Once the total network 

is obtained, the motor temperature in transient state is 

computed as a solution of the dynamic system and expressed 

as follows [13]. 
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𝑑𝑇𝑖
𝑑𝑡

= [𝐶𝑡]
−1[𝑃𝑡] − [𝐶𝑡]

−1([𝐺𝑡] + [𝐺𝑓𝑙𝑢𝑖𝑑])[𝑇𝑖] (15) 

 

where, 𝐶𝑡  is the thermal capacitance matrix (J/℃), 𝑃𝑡  is the 

heat loss matrix (W), 𝑇𝑖  is the temperature rise matrix (℃), G 

is the thermal conductance matrix (W/℃) and 𝐺𝑓𝑙𝑢𝑖𝑑  is the 

cooling fluid matrix.  
 

 
 

Figure 3. A Lumped Parameter Thermal Network (LPTN) of 

a three-phase induction motor under open phase fault 
 

Table 2. Thermal conductivities and film coefficients used in 

the thermal network 
 

Regions 

Thermal conductivity 

𝝀𝒙(𝒙) 𝝀𝒚(𝒚)⁄ ,  

(W/m.℃) 

Film coefficient 

 (W/m2.℃) 

Shaft steel 

Lamination 

Aluminium 

Copper 

Winding insulation 

Frame-ambient 

Stator iron-frame 

Air-gap 

End-cap air 

40 

1.98/45 

204 

386 

0.15 

- 

- 

- 

- 

- 

- 

- 

- 

- 

123 

467 

207 

27 

Once the whole network obtained, the temperature rises in 

different elements under healthy and faulty operation are 

computed using Matlab/Simulink developed code, where the 

different heat capacities of different element of the machine 

are considered in the analysis of the transient operations. 

Table 2, gives some typical values for the thermal 

conductivity of solid materials and heat transfer coefficients 

used in the thermal investigation applied to the induction 

motor. 

 

 

4. EXPERIMENTAL INVESTIGATION AND 

RESULTS ANALYSIS 

 

In order to verify the proposed Lumped Parameter 

Thermal network (LPTN) model, a load testing platform is 

established. The platform mainly includes a 2.2 kW three-

phase squirrel cage induction motor, which characteristic 

information is shown in Table 3: 

 

Table 3. Specification of test motor 

 
Parameters Values 

Rated power 

Enclosure type 

Frequency 

Rated speed 

Rated voltage 

Rated current 

Rated Torque 

Connection 

Insulation class 

Number of poles 

Outer diameter of stator 

Inner diameter of stator 

Air-gap length 

2.2 kW 

TEFC 

50 Hz 

1420 rpm 

380 V 

5.2 A 

15 Nm 

∆ 

F 

4 

145 mm 

88.5 mm 

0.5 mm 

 

In this experimental procedure we will impose two 

different loads: 5.4 Nm and 9.1 Nm respectively. If the motor 

is fed from the load of 5.4 Nm, the rms value of motor 

current is about 2.1 A. But, when the phase A is opened, we 

noted that the new rms stator currents 𝐼1 , 𝐼2  and 𝐼3  become 

1.9 A, 3.35 A and 1.9 A, as shown in Figure 4 [22]. The 

second test performed with a load of 9.1 Nm is the same as 

that of 5.4 Nm. The value of the current measured before the 

apparition of the defect is about 2.3 A, on the other hand the 

open-phase fault causes an imbalance of the currents 

similarly with the above test which become 2.2 A, 4.3 A and 

2.2 A. 

In this study, most power losses are calculated with the 

expressions of the balanced system. Indeed, the current 

obtained are used to calculate the losses in the stator winding 

with and without the open phase fault. Thus, their waveforms 

are introduced into a finite element model to determine the 

maximum flux density of the motor, as shown in Figure 5. 

Then, this maximum value was introduced into the 

expression of the Steinmentz equation [23], used to calculate 

core losses per unit volume in magnetic materials. The 

variation of B is not sinusoidal as is shown in Figure 6. A fast 

Fourier transform must be performed to separate the 

contribution of different frequency harmonics. 

 

𝐵𝑖(𝜃) =∑𝐵𝑖,𝑛𝑐𝑜𝑠(𝑛𝜃 + 𝜑𝑖,𝑛)

𝑚

𝑖=1

 (16) 
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The power loss per volume unit for each harmonic is 

obtained for the 𝐾𝑡ℎ element from the classical expression. 

 

𝑃𝑖,𝑛 = 𝐾ℎ𝑓𝑛𝐵𝑖,𝑛
𝛽
+ 𝐾𝑒𝑓𝑛

2𝐵𝑖,𝑛
2  (17) 

 

where, 𝐾ℎ is the hysteresis loss coefficient, 𝑓𝑛 is the harmonic 

frequency, 𝛽  is the hysteresis loss exponent, and 𝐾𝑒 is the 

eddy current loss coefficient. These values are calculated 

from manufacturer data sheets. The iron loss density is then 

computed as the sum of the density contribution of the 

different harmonics by: 

 

𝑃𝑖 =∑𝑃𝑖,𝑛 (18) 

 

Iron losses are estimated and assigned separately for stator 

back iron and teeth to nodes (7, 8, 9) and (10, 11, 12) 

respectively. The contribution of these harmonics increases 

the size of these losses. 

 

 
(a) Current 𝐼1 waveform 

 

 
(b) Current 𝐼2 waveform 

 

 
(c) Current 𝐼3 waveform 

 

Figure 4. The waveforms of currents with a load of 5.4 Nm 

for healthy and faulty operating conditions [22] 

 
 

(a) A load of 5.4 Nm with healthy mode 

 

 
 

(b) A load of 5.4 Nm with the open phase fault 

 

 
 

(c) A load of 9.1 Nm with healthy mode 

 

 
 

(d) A load of 9.1 Nm with the open phase fault 

 

Figure 5. Flux density distribution 

 

The phase 1 opened 

𝑰𝟏 

The phase 1 opened 

𝑰𝟐 

𝑰𝟑 

The phase 1 opened 
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Figure 6. Flux density distribution in stator Back iron and its 

FFT 

 

 

5. RESULTS AND DISCUSSION 

 

Table 4. Steady state temperature comparison, with a load of 

5.4 Nm 

 

Modes Tests Frame 
Stator 

teeth 

Slot 

winding 

End 

winding 

cooled 

side 

Healthy Measured 38.1 50.8 52.2 52.1 

mode Simulated 37.2 51.7 51 55.1 

 Error % 2.36 1.77 2.87 5.75 

      

Phase 1 Measured 46.9 65.9 75.1 75.1 

opened Simulated 46.6 66.1 72.8 76 

 Error % 0.63 0.3 3 1.19 

      

Phase 2 Measured 46.5 68.5 65.6 65.6 

opened Simulated 46.6 65.5 67.8 68.7 

 Error % 0.21 4.37 3.35 4.72 

      

Phase 3 Measured 45.1 64.4 64.2 64.2 

opened Simulated 46.6 65.5 67.8 68.7 

 Error % 3.32 1.7 5.6 7 

 

Table 5. Steady state temperature comparison, with a load of 

9.1 Nm 

 

Modes Tests Frame 
Stator 

teeth 

Slot 

winding 

End 

winding 

cooled 

side 

Healthy Measured 41.1 57.2 59.2 59.9 

mode Simulated 40.6 57.4 60.3 61.7 

 Error % 1.21 0.34 1.85 3 

      

Phase 1 Measured 63.6 95.3 113.5 119 

opened Simulated 63.6 93.4 108.4 114.6 

 Error % 0 1.99 4.49 3.69 

      

Phase 2 Measured 61.9 99.2 92.4 91.5 

opened Simulated 63.6 92.4 97 98.5 

 Error % 2.74 6.85 4.97 7.65 

      

Phase 3 Measured 62.5 95.2 95.2 92.3 

opened Simulated 63.6 92.4 97 98.5 

 Error % 1.76 2.94 1.89 6.71 

 

 

 

In Figures 7 and 8, the measured temperatures have been 

compared with the simulation results for healthy and faulty 

operations in the frame, stator teeth, slot winding and end 

winding cooled side, for both transient and steady state 

conditions. In addition, a comparison between measured and 

simulated temperatures at steady state is illustrated in Tables 

4 and 5. Indeed, when the steady state is reached, we note 

that the worst discrepancy between the measured and the 

simulated temperatures is lower than 5.76% for healthy 

operation and 7.65% for faulty condition, which are 

acceptable in this investigation. It can be seen that the open 

phase defect of the induction motor results in a temperature 

increase up to 50% depending on the phase affected by the 

defect. According to the results obtained, we noted that the 

end winding cooled side reached a temperature of 75.1℃ 

with a load of 5.4 Nm and 119℃ with a load of 9.1 Nm, 

therefore with a rise of 43.9℃ for a difference of 3.7 Nm. 

Since the rated load of the induction motor is about 15 Nm 

with class F insulation, it is clear that the open phase at full 

load becomes impossible. 
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Figure 7. Induction motor temperatures with a load of 5.4 

Nm for healthy and faulty operations 

 

 

 

 

 
 

Figure 8. Induction motor temperatures with a load of 9.1 

Nm for healthy and faulty operations 

 

 

6. CONCLUSIONS 

 

In this paper a Lumped Parameter Thermal Network 

(LPTN) model for squirrel cage induction motor of Totally 

Enclosed Fan Cooled “TEFC” is developed and validated by 

measurement results at both healthy and with the open phase 

fault. Focusing on the thermal behavior under fault operating 

conditions, the electromagnetic problem gives the image of 

the magnetic flux distribution in full defect for two different 

loads as well as the evolution of the current waveforms 

during faults. The temperature curves for different elements 

show that the proposed thermal model seems to be 

appropriate to characterize the heating of the active parts of 

the machine under different operating conditions. 

Although the Lumped Parameter Thermal Network (LPTN) 

method is very old, it has proven its efficiency and accuracy 

in determining the temperature in the different parts of the 

machine, in particular in the end winding. The 2D thermal 

finite element method does not take into account the end 

winding temperature distribution. It underestimates the actual 

temperature in the motor. However, the problem can be 

solved by using the Lumped Parameter Thermal Network 

(LPTN) method which gives a real picture of the temperature 

rise inside the machine especially in the end winding. It is 

useful to note that the circuit of the Figure 3, can also be used 

for a balanced three-phase supply with equal losses in each 

phase stator winding. 
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