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Abstract: This paper proposes a basic thermal model to estimate the temperature in different points of an induction
motor, totally enclosed with external ventilation, for different loads at steady state. This basic model consists simply of a
conductive thermal resistance for each point considered in the machine. Thereafter, the intermediates thermal resistances of
conduction of the model are deduced. This approach is very easy to implement, requiring no geometrical data, or
thermo-physical coefficients, or complex methods of implementation of a thermal model. Indeed, by knowledge of total
losses in the machine, the temperature of the carcass, and the temperature of any point inside of the latter allows to deduct

the equivalent thermal resistance of conduction of the different points and so the corresponding temperature.
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1. Introduction

The thermal performance of an electrical machine are
crucial to guarantee its lifetime and thus to establish periods
of maintenance. The insulation system of the motor and the
lubricant deteriorate, and duration of life is reduced by half
for each increase of temperature of 8 to 12°C [1].

The large number of works that are performed to study
the thermal behavior of electric machines by detailed
thermal models [2-9, 19] and simplified [10-13, 17, 18],
shows the complexity of thermal phenomena come into
play in these machines. These models are based on a nodal
network of various dimensional interconnect by convective,
conductive and radiative thermal resistances. Often to
determine the latter, using semi-empirical relationships
involving dimensionless numbers, especially for convection
coefficients (particularly at the air gap). The difficulty also
lies in the determination of contact resistance stator
iron-frame requiring experimental tests for calibration [14].
All these models require a perfect knowledge of the
geometry and physical properties of all elements
constituting the machine.

On the other hand, the distribution of losses must be
accurately known in the various constituent elements heat

sources of the thermal problem.

Nowadays, iron and additional losses are always news
about their assessment accurately [15, 16] and [9].

In this paper, one frees oneself of all the data needed,
using a thermal model elementary of the motor, simply
represented by a single equivalent conductive resistance.
The total losses constitute the only source of heat in the
machine, and are imposed at the point considered.

S

Figure 1. Circuit diagram of the elementary thermal model of an
asynchronous machine

Figure 1 shows a diagram of the elementary thermal
model where:

T.: carcass temperature

T;: Temperature of the point considered inside of the
machine.

R,;: Equivalent conductive resistance
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Py : Total losses in the machine.
Generally the equation of heat in the thermal network is
represented by the thermal bilan:

(1

where:
P; : Losses in the i part machine
C; : Thermal capacitie
T; : Temperature of the adjacent point considered
R;; : Conductive resistance between the node i and j
The equation of heat to the thermal mode established is
expressed by (1) when j=c and R; = R,;:

T,-T,
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The conduction resistance equivalent in function of the
load of a given point of the machine can be deduced from
two tests: nominal load and empty (or half load). The other
point’s just one test. Subsequently, the conductive resistance
between points (nodes) of the model are easily deduced.

2. Experimental Procedure

The basic test rig consists of a three-phase cage induction
motor of 2.2 kW, 380 V, 5.2 A, A connection, 1420 rpm,
mechanically coupled to a dc machine with separate
excitation. A variable voltage three-phase 50Hz is used to
supply the motor test.

The material used in the tests is shown in Fig.2.

Figure 2. Test rig.

Several tests are carried out on the machine studied. The
temperature measurement at various points in the machine
tested, it is obtained using eight temperature sensors
(thermocouples) placed in strategic locations on the motor.

The machine is loaded until thermal equilibrium is
reached. Then, the final temperature, torque, current, voltage,
the power absorbed and speed are recorded.

2.1. Location of Sensors

At the fixed part of the machine the sensors are placed
more or less easily. From the moment that the machine is
already realized, the sensor slot stator is placed in the space
between the conductors and the insulating spacer closing.

The end winding, iron and of the tooth on the front are

easily installed. At the air gap, we took advantage of the void
left by the slots for the introduction, since the thickness of air
gap is very small.

By cons, in the rotor, the investment is less easy as long as
this part is rotating. The thermocouple is placed in a
corresponding hole on the short-circuit ring. The signal
issued by the latter is achieved through a system of rings and
brushes made. The voltage drop across the sensor, resulting
from the use of this method is systematically corrected. This
drop is easily determined by a test drive of the motor under
test, not powered by a DC motor.

1: Iron-frame, 2: stator tooth, 3: Frame, 4: end winding, 5: air gap, 6: slot
winding, 7: stator yoke, 8: short-circuit ring rotor.

Figure 3. Location of sensors.

3. Estimation of Equivalent Conductive
Resistance

Total losses (Ps) of the motor can be easily deduced from
the difference between power input (P;,) and power output
(P out)-
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Figure 4. Total losses as a function of load current.

The Fig. 4 above shows the total losses according to the
load current of the motor. The experimental points are
extrapolated by a polynomial function cut the ordinate axis
by a point-coordinated (no load current, total losses to
empty) Fig. 4.

The temperature difference between the frame and a
point considered inside the machine is shown in Fig. 5. The
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experimental points are extrapolated, for a given point, by a
polynomial function of second order.
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Figure 5. (Ti —1¢) as a function of load current.

On Figure 6 and 7 are shown the equivalent thermal
resistance of the stator winding based on total losses and
current load, respectively, where the experimental points are
extrapolated by a polynomial function.
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Figure 6. The equivalent conductive resistance of the end winding
according to the total losses.
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Figure 7. The equivalent conductive resistance of the end winding
according to the load current.

The conductive resistance equivalent to the other points

are deducted by a single heating test (half load test for
example). This allows us to have the gap conductive
resistance between points and considered the reference
point in thermal regime established. These differences in
absolute values are respectively:

Table 1. Difference Between Equivalent Conduction Resistance of Different
Points in the machine compared of that End winding.

Equivalent

Point considered Difference [°C/W] conductive resistance
[°C/W]

Rotor (8) 0.0287 0.0858

Stator yoke (7) 0.0305 0.0266

Iron-frame (1) 0.0518 0.0053

Air gap (5) 0.0289 0.0283

Al f (1) 0.0000 0.0571

(reference)

Slot winding (6) 0.0111 0.0461

Stator tooth (2) 0.0194 0.0377

The equivalent of the conduction resistance of

experimental point of reference (end winding (4)) is:
R,;=0.0571 ° C/ W, the motor operating half load.

It can be seen in Table I, the equivalent conduction
resistance of the rotor is the most important. This
corresponds to reality where the rotor temperature is the
most important in a cage induction machine (Fig. 5). By
cons, that of the stator-frame interface is lowest (Fig. 5).
This is certainly due to the proximity of the interface of the
stator frame.

Are then obtained parallel lines (Figure 8) to the line
shown in Figure 6 with the differences in Table 1.
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Figure 8. Equivalent conductive resistance according to total losses.

Knowing the conduction resistance of the equivalent
points (1,2, 4, 5, 6,7, 8) Figure 8, from the point situated on
the carcass, one can obtain the equivalent resistance of
conduction between the different points on using the
following equations:

R7;3=R; TR ;3 4
Rs3=Rs;TR7+R ;3 Q)]
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Ry3=RytR7 TR ;5 (©)
R53=Rs6tRs7+R7 R 5 )

or
Rs3=Rs5;TR;7tR;+R 5 (®)
R;3=R T Rs7HR; R 5 ©)
Rg;=Rgs+tRss+Rs+R,+R 5 (10)

or
Rg3=Rgs+Rsp+Ry7+R7 +R 3 (11)

Where:

R73, R63, R23, R53, R43, R83: Equivalent conductive
resistance between considered node and the frame.

R71, R13, R27, R55, R57, R52, R46, R85: the intermediate
equivalent conductive resistance.

The reference point (end windings) Ry; is fully known.
Knowing the gap of thermal conduction resistances
equivalent of the various points (Table I), relative to that of
the end winding, it is deduced the value of resistance easily
intermediate heat.

Then we deduce the overall thermal elementary model
with the thermal conductive resistances of interconnection
between different nodes shown in Figure 9.

Figure 9. An thermal elementary model decomposed of cage induction
machine.

The value of these resistances is given in the following
table 2.

All of these intermediate thermal resistances are constant,
except R;; is given by the following equation:

R5=Ry45TAR 5 (12)

Where:

AR;3: represents the difference of the value of the thermal
resistance of the interface (iron-carcass) to the end winding.

In our case: 4R;3=0.0518 °C/W.

Ry;=a*Pstb (13)

with:

a, b: are constants (in our case:

a=7.100813E-05 °C/W?, b =0.023265036 °C/W) and,
P> total losses in induction machine.

Table 2. The Intermediate Thermal Resistances of Conduction of The
Thermal Model

The intermediate thermal

i (o]
resistances of conduction Values in [°C/W]

Ry 0.0213
Re7 0.0195
R7 0.0111
Rss -0.0178
Rs; -0.0094
Rys 0.0111
Rss 0.0576
4. Results

Figures 10, 11 and 12 represent the temperature of the
carcass, at the thermal regime established for different loads,
depending on the temperature of the point considered,
respectively of the end winding , of the stator yoke, the rotor,
the iron-frame, of the air gap, the stator slot and finally the
stator tooth. In these figures, are shown the theoretical
curves and experimental points with an offset for certain
points not exceeding 5 © C, as shown in Table III. The
accuracy of the results depends mainly on test conditions
and measurements. Specifically, measurement of total losses
and temperatures.

100
95r 4
90 4
— 85r 4
O
o,
o 80F 4
E
5
2 75¢ g
]
2
% 70+ )
2
=}
O 65t / 4
601 Y Experimental end winding temperature |
/E/ Theoretical end winding temperature
550 O Experimental stator tooth temperature |
/D/ Theoretical stator tooth temperature
50 { f . . . . .

50 60 70 80 90 100 110 120 130 140 150
End winding and stator tooth temperature [°C]

Figure 10. The frame temperature according to the end winding and the
stator tooth temperature.

The ambient temperature is taken into account by the
theoretical model as a given. In this case it is equal to 30 °
C.

The following table shows the comparison in results
obtained by test and those by the thermal elementary
model.
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Figure 11. The frame temperature according to the rotor, interface
iron-carcass and air gap temperature.
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Figure 12. The frame Temperature according to the slot and the stator
yoke temperature.

Table 3. Comparison of Theoretical and Practical Temperatures at No-load
and Full load at Steady State

Temperature of the  Practice [°C] Theoretical[°C]
p01.nt consn.dered No-load Full load No-load Full load
Point considered

Rotor (8) 75.23 122.9 75.85 120.86
Stator yoke (7) 60.10 95.10 58.90 95.07
Iron-frame (1) 53.00 80.60 51.60 83.94
Air gap (5) 61.15 98.70 60.23 97.09
End winding (4) 70.00 114 69.20 110.74
Slot winding (6) 66.90 110 65.88 105.69
Stator tooth (2) 61.70 100.60 60.57 97.60
Frame (3) 51.60 76.10 51.25 76.85

These results show an acceptable agreement between the
points of experimental measurements and theoretical curves,
as shown in Table III, in number, for the heating test at
no-load and full load at steady state.

Therefore the thermal elementary model presented in this
paper can be validated and applied to the permanent

thermal regime for different charge of the induction
machine studied.

The model thermal, shown on Figure 9, shows that for an
asynchronous machine of given materials construction, the
contact conductive resistance is a very important factor in
heat transfer.

Finally, the application of this thermal elementary model
allows us to deduce the temperature of the internal parts of
the machine with sufficient accuracy, by the knowledge of
the carcass temperature, load current (total losses) and
ambient temperature.

The temperature of the carcass can also be easily
obtained by an infrared camera Fig. 13.
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Figure 13. The frame Temperature obtained by an infrared camera.

5. Conclusion

In this paper, a thermal elementary model of an
asynchronous machine with self-ventilated cage is
presented.

This model is characterized by single equivalent
conduction resistance and whose determination is very easy.
Indeed two heating runs suffice for identifying for one a
given point.

This method allows us to overcome the knowledge of the
loss distribution in the different materials. This is because
the total losses are introduced in a concentrated manner at
the point considered. It also does not require geometric data
and thermo-physical factors, the various constituents’
material of machine. It is shown in this paper that for a
given material of construction for an asynchronous
machine, the contact resistance iron-carcass is a major
factor in heat transfer.

The results show a maximum of about 5 ° C difference
for some points, between the theoretical curves and
experimental points. This difference can certainly be
reduced by more accurate measurements of total losses and
temperatures.

Finally, this model can be easily applied to a series of
asynchronous machine to provide the temperature inside of
the machine at the points considered.
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