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ABSTRACT

Induction motor usage is increasing drastically due to new entrant of electric vehicle, traction and propulsion
systems at present. Temperature of electric motors are significantly affect its parameters. Since, resistances variation
of stator and rotor winding are depend on temperature, the torque speed characteristics also affects in the induction
motors. In this paper, a innovative approach is proposed to arrive the relation of temperature on torque. Thermal
analysis of 160 L-frame induction motors is carried out using Finite Element Method (FEM) under various load to
obtain temperature. The mathematical relationship between temperature and torque is arrived using curve fitting
technique. The expression arrived in this method is used to predict the torque for a given temperature of SCIM.

Keywords: Finite element analysis (FEA); Squirrel cage induction motor (SCIM); Totally enclosed fan cooled
(TEFC); Temperature; Torque.

INTRODUCTION

Induction motors are the main workhorse of all industry and they are mainly used to operate at constant speed.
The induction motors often used due to its low cost, robust construction, reliable and high-efficiency. The life of
induction motor depends on various factors such as heavy-duty, load, duty cycle, environmental stress, improper
installation, temperature dissipation and manufacture imperfections. The temperature of the motor is causing main
problem and creating for malfunction of an induction motor. Induction motors are widely used in various applications
such as electric vehicles, hybrid electric vehicles, chillers, land and ship, fans, mills, extruders, de-brakers, compressors,
shredders, crushers, blowers, cranes, , (Gao, Z. 2006). The failure ratio of induction motor is 3-5 percent per annum
and for big industries the failure rate is 12 percent per annum (Kylander, G.1995). According to study made in
(Kylander, G.1995), most of this failure occurs due to incessant heating of various parts of the motor while in
operation most. Feature study of thermal effects has shown that most of the motor failures are related either indirectly
or directly to incessant heating of various parts of motor during machine operation (Kylander, G.1995). The overheating
of motor causes stator insulation degradation and deformation of rotor resistance value. The chemical process of
humiliation of stator insulation is governed by Arrhenius equation in (Boglietti et al., 2009).Obtaining an accurate
value for the thermal limit of rotor is quite impractical. Absence of rotor insulation in conductors allowed the rotor to
operate in higher temperature than stator (Bai et al., 2010). In electric vehicle and traction applications, the limit of
temperature in electrical, magnetic and insulation is deciding the continuous operation. Beyond the limit, loss of
dielectric property in insulating material, deterioration of bearing lubricants and mechanical distortion may occur
due to temperature rise (Jebaseeli. 2015).
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Different possibilities of modelling for estimation of thermal robustness of a traction motor is investigated
in (Mezani et al, 2005 & Staton et al, 2005).Finite-element analysis (FEA) is used commonly for electromagnetic
problems (Boglietti et al, 2005).The thermal analysis of the induction motor in different conditions given in
(Yuangjiang, 2000. Boglietti et al, 2008. Cezério et al, 2005. Dutta et al, 2013 & Gao et al, 2005) only can
able to solve conduction heat transfer accurately. The method of motor windings thermal analysis based on
circuit model is characterized in (Mynarek et al, 2011).

Two methods of motor temperature-estimation techniques are proposed in (Popova, 2011). First type
is using a thermal model to estimate inner temperatures. Second type uses the winding resistances and
temperatures relationships to estimate the stator and rotor winding temperatures.

In this research, an attempt is made to find the temperature limit for obtaining operating range of useful
torque. The main scope of the research is as following:

® To determine lower limit of temperature: below which torque developed by an induction motor is
unproductive torque

® To determine upper limit of temperature: above which torque developed by an induction motor can
bedetermined

® To obtain generalized equation of a given frame to find useful torque

DESCRIPTION OF THE SYSTEM

Computation of temperature includes heat transfer in both conduction and convection in all parts of
the motor. The work flow as given in Figure 1.

FEA model of 160L frame
SCIM

Relationship between Plotting family of
torque and temperature Temperature Vs

Temperature Vs Torque using curve fitting Torque curves for
techniques 160L frame SCIM

Mathematical modelling of
Temperature Vs Full load
Torque

Graphical and analytical
validation of maximum
temperature and torque

Figure 1. Work flow representation

The computation is performed using FEA for 160 L-frame. The torque is arrived based on the
temperature obtained from FEA. The computational procedure is repeated for 11 kW, 15kW and 18.5kW
SCIM of 160 L-frame. The work flow is explained in detail in the following sections.



Sudha.B, Anusha Vadde, Krishnan Manickavasagam and Govind R Kadambi 37

FEA MODEL OF 160L-FRAME SCIM

The procedure involved in prediction of temperature for 11 kW, 15kW and 18.5kW SCIM, 160 L-frame
of motor as follows:

1. Arrive the specifications of TEFC type SCIM

2. Calculate input heat sources in W/m3 from given motor specifications for no load, 1/2 , 3/4th load and
full load

3. Develop FEA model using the heat sources

4. Obtain temperature rise for different parts of the motor

SPECIFICATION OF TEFC INDUCTION MOTOR

Heat sources are computed from the specifications of the 3-phase, 15 kW, TEFC, SCIM as given in
Table 1.The related formulae used are given in Appendix. The formula used for computation is the same for all
ratings of SCIM.

CALCULATION OF HEAT SOURCES

Heat sources are calculated in terms of the power losses per volume for 15 kW SCIM. The losses,
volume and heat source are given in Table 2 which are the inputs of FEA. Similar way the heat sources are
calculated for 11 kW and 18.5 kW.

Table 1. Specifications of the 15 kW type induction motor

Type M2BAX160MLB4 (IE1)
Voltage V 415
Rated current A 28.18
No load current A 11.72
Power kW 15
Pole no 4
Rated speed rpm 1461.8
No load speed rpm 1498
Efficiency 90%
Power factor 0.822
Ambient temperature C"25
Stator temperature rise C*70
Temperature tolerance class B
Insulation class F
Stator resistance per phase 0.2746
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Table 2. Calculation of heat sources for 15 kW SCIM

Motor Components Calculation of Heat Sources
losses (W) (W/m3)
Stator core 247.14 56,795
Rotor core 204.2 71,148.09
Stator windings 734.2 284,205.77
Rotor bar 5.43 10,053.69
Shaft 83.4 79,061.13
Short circuit ring 203.37 342,431.38

PREDETERMINATION OF TEMPERATURE RISE USING FEA

In order to examine and analyze the temperature rise of each part of the motor, FEA is performed on
the mesh model of 15 kW SCIM. Temperature contour plots of the outer frame, shaft, stator windings and
bearing DE at rated load condition are represented in Figure 2, which gives the prediction of the mean temperature
values under steady state condition for the rated load at 298 K ambient temperature. From the temperature
contour, it can be observed that the temperature at the axial center of each part of the motor is high compared to
its driving and non-driving end. This can be observed from the colour of contour and ascending order of
observed temperature as shown in figure 2. Thermal analysis is carried out at various loads under the steady-state
condition of 298 K ambient temperature. The graph shows that temperature rise of various parts of the motor
with respect to motor casing temperature at different loads in Kelvin ‘K’. The stator winding temperature rise is
high with respect to motor casing temperature rise. By knowing the casing temperature rise of the motor, the
temperature distribution outside of the motor may cause effect to the environment particularly in Electric Vehicles.

Figure 2. Distribution of heat in (a)Outer frame (b)Shaft(c)Stator windings(d)Bearing DE
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Figure 3. Prediction of temperature rise in different parts of motor at ambient temperature of 298 K

MATHEMATICAL MODELLING OF TORQUE AND TEMPERATURE

A mathematical equation is arrived from existing equations for determining the relationship between
temperature rise and torque.
By considering torque 'T" of the motor
_ 3 SER 1)
2niNs  RZ+ (SX;)

Where 'T' is Torque

E, is rotor voltage or rated voltage, X, is standstill reactance of rotor

S is slip (it varies for different loads)
R, is rotor resistance
By eliminating constants,

sR

Torque a. 2—22 (2)
R+ (s* X))

By replacing R, in terms of temperature rise

R' =R, (1+0At) 3)
Where, At=t,-t,
t2 is operating temperature of motor and t1 is ambient temperature in °C

Substituting equation (3) in equation (2),

SIR, (1 + 0.AL)]
Torque o @)
[R, (1 + a A + (sX,)
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By simplifying,

Torque a

Torque a

SR, (At )

[R, (A +(sX,)?

&(ooAt)

S

Torque o
R, oAt

2

S

The relationship between torque and temperature rise is arrived.

MATHEMATICAL FUNCTION OF TORQUE VERSUS TEMPERATURE RISE

©)

(6)

)

Mathematical equation (1) gives the relation of torque and temperature rise. From the equation (6), it can
be observed that the effect of temperature rise only dependent on rotor temperature. Temperature from FEA substituted
in equation (1) in terms of resistance to get torque which are displayed in Table 3. The values of slip is calculated
based on speed and slip relation as given in Appendix , equation (13). Rotor resistance and reactance parameters are
calculated as given Appendix equation number (19) & (22). Graph between rotor temperature rise versus torque is
plotted in figure 4. Figure 4 shows variation of torque with respect to rotor temperature rise obtained from FEA.
Since under no load, the temperature rise is approximately equal to ambient temperature only. To observe the
complete performance of 15 kW SCIM from lower temperature rise to maximum temperature rise a suitable relation

should be identified.
Table 3. Rotor temperature rise and torque for 15 kW SCIM
Loads Slip Rotor temperature rise (°C) Torque (N-m)
Half load 0.01273 348 24.0845
3/4th load 0.01909 48.45 34.3569
Full load 0.02546 66.413 43.043
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Figure 4. Temperature Vs Torque graph at different loads for 15 kW SCIM

In this work, Gaussian curve and sum of sine curve are chosen due to the closeness of plot given in Figure 5.

Figure 5, indicates graphs between rotor temperature rise and torque using Gaussian curve fitting technique in
MATLAB and the expression obtained in equation number (8) as follows:

2

y= aXe [‘(X-cl:l)] ®)

where al is the amplitude, b1 is the centroid (location), c1 is related to the peak width. As per minima and
maxima theory first derivative of equation (9) is giving temperature as 72°C. Using equation (1) the value full load
torque is calculated as 44.3418 N-m by substituting 15 kW SCIM parameters given in Appendix. Sum of Sine curve
fitting technique in MATLAB and the expression obtained in equation number (9) as follows:

y=a, xsin(b, xx+c))
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Figure 5. A 15 kW SCIM Gaussian curve and Sum of Sine curve
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where al and b1 are the row vectors for the amplitude and frequency of sine wave and c1 is row vector for time. From
figure 5 it is observed that the temperature and full load torque is 70°C and 43.53 N-m for Gaussian curve respectively.
Similarly the temperature and full load torque is 70°C and 43.99 N-m for sum of sine respectively. All theoretical and graphical
observations are listed in Table. 4

Table 4. Comparison of rotor temperature rise and torque

Analytical Calculations Graphical Observation
Gaussian Sum of Sine Gaussian Sum of Sine
Rotor 72°C 45.14°C 70 °C 70°C
Temperature rise
443418 N-m 443418 N-m 43.53 N-m 43.99 N-m
Full load Torque . ;
(using eq 1) (usingeq 1)

From Table 4 it is noted that analytical calculations of sum of sine is not matching with graphical result and analytical
calculations of Gaussian is matching with graphical result. So Gaussian expression is used to analyze the performance of 11
kW and 18.5 kW SCIM. The temperature obtained from FEA of 11 kW and 18.5 kW of SCIM is in terms of resistance is
substituted in equation (1) and torque is calculated. The graph between rotor temperature rise and torque are plotted for 160L
frame i.e 11 kW, 15 kW and 18.5 kW as presented in Figure 6. Gaussian expression is used to analyze the performance of
11kW and 18.5kW SCIM. The temperature obtained from FEA is used to get the torque.
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Figure 6. Graph between rotor temperature rise and torque are plotted for 160L frame i.e 11 kW, 15kW and 18.5 kW SCIM

INFERENCE OF OBTAINED GENERALISED EXPRESSION

The operation of motor depends on ambient temperature rather than temperature rise for real time scenario, so the
equation (8) is modified to get the inference of ambient temperature. The productive and unproductive region of torque with
respect to ambient temperature is obtained using equation (8) for 15 kW SCIM. Temperature rise ‘x’ is calculated from the
difference between the operating temperature of rotor at full load and ambient temperature. To determine the influence of
ambient temperature on torque, ambient temperature is varied from -25°C to +50°C and graph is plotted between ambient
temperature versus torque as shown in figure 7. From the graph it can be observed that unproductive region lies between -5°C
to 25°C, 25°C to 50°C and -25°C to -5°C are productive regions. In productive region, full load torque developed by the motor
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decreases when the ambient temperature increases from the maximum value. Since the rotor resistance depending on the
ambient temperature as per equation (3), increase in ambient temperature causes reduction in full load torque in productive
region. From equation (8), when ‘x’is ‘b’ then ‘y’is ‘a’ and which is equal to 43.62 N-m as in Figure 7.The torque developed
is depends on ambient temperature as well as temperature co efficient of material. Torque is not sufficient to drive the load in
unproductive region due to equation (3).To study the impact of negative ambient temperature, full load torque is computed
using equation (8) in negative region. The similar impact is observed on the negative region also.
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Figure 7. Graphical representation of productive and unproductive torque region with respect to ambient temperature

VALIDATION OF THE RESULTS

First derivative of the equation (9), by implication of maxima and minima theory gives

dtorque  d [_(“*m_l""’L)z] ~0 (10)
dtemp  dtemp (& X¢© '

Where co-efficients of a_1=43.62,b_1=72.15, c_1=48.43 obtained from Gaussian in curve fitting technique. The value
of temperature rise obtained using equation (11) is 72.15°C. From figure 5, the observed value of maximum temperature rise is
70°C. The torque is computed from equation (9) is 44.3418 N-m and from figure 5 the observed value of torque is 43.53 N-m
as mentioned in Table 4.

CONCLUSION

In this work, 15 kW TEFC type SCIM model is implemented using FEA. Heat source are calculated and given as input
to the developed model of SCIM. The temperature obtained is substituted in the arrived mathematical expression of torque-temperature.
Using MATLAB curve fitting technique Gaussian and sum of sine expressions are identified and compared. Gaussian
expression is selected for plotting 160L frame torque versus temperature curves. The results are validated with analytical
method. The arrived Gaussian expression will give the value of torque for any given temperature. This will help to predict the
torque of the motor used in industrial and electric vehicle applications.
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APPENDIX

CALCULATION OF SPEED, ROTOR RESISTANCE AND ROTOR REACTANCE

Synchronous speed N_s is given by,
N = 120*f = 1500 rpm
p
w, = (2*7*N))
60
Slip S is calculated by,

N = (1)* N
Srated= (Ng - N) =2546%
TS
S(no load): (N; - N) 20133%
N

s

Stator Cu loss is given by,

Stator Cu loss = 3* (I, )2 r=6542W
Rotor input power P, is given by
P,=w*T=1547745W

Rotor Al loss is given by,

Rotor Al loss = 3* (I', )2 r,=409.7W

Rotor resistance (R)) is given by:

R,= Rotor Copper losses / (3*square of rated current)

R,= 4097 =0.1719Q
3%(28.18)2

Where R1 is stator resistance in Q

The transformation constant (K) is calculated as:

R =R +R,
K2

0.7076 =0.2746 + 0.1719 =>K =0.6301

KZ
The rotor reactance (X2) is given by:

X, =X, = Xy = 1.6696 = 0.8348 Q => X,'= X,

2 2

an

(12)

(13)

(14)

(15)

(16)

7)

(18)

19)

(20)

21

(22)
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X,=K*X'=(0.6301)>* 0.8348 = 0.3314 Q

The stator reactance (X1) is given by:

X =X+ X, (23)
K2

1.6696 = X +0.3314 => X_1=0.8349 Q
0.63017

I = stator current, I,'= rotor current referred to the stator, N = speed in rpm, T = torque in Nm, r = stator

resistance perphase in ohm, r,'= rotor resistance per phase referred to stator in ohm,

Calculations of TF with rotor temperature

The full load torque calculation for half load and insulation temperature at full load is given by, From
equation number (3),
R,'=R, (1+a.At)
R, =0.1719 {1 + (0.004308) [130°-25°]} = 0.24965

T -3 SECR, 3 5 _0:02546X(15.097)?X0.24965
FT2aN, T RM(SXD)  2mX25 © (0.24965)? + (0.02546X0.3314)?

3 1448676y e

T 2mX25 © 0.062396
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