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Lumped parameter thermal model
of the rectangular bar in an induction motor rotor

Abstract. The paper proposes a temperature model with lumped parameters for the rectangular winding bar of a cage induction motor using
Coselica toolbox in Scilab software. An analysis of the cage bar’s heating during a standstill of the motor was carried out. It took into consideration
the heat transfer through the package of teeth for different thicknesses of the air gap between the bar and the sheet package.

Streszczenie. W pracy zaproponowano model temperaturowy o parametrach skupionych dla prostokgtnego preta uzwojenia klatkowego silnika
indukcyjnego z wykorzystaniem biblioteki Coselica w aplikacji Scilab. Przeprowadzono analize nagrzewania sie preta klatki w stanie zwarcia silnika.
Uwzgledniono przejmowanie ciepta przez pakiet zebow dla réznych grubosci szczeliny powietrznej pomiedzy pretem a pakietem blach. (Obwodowy

model cieplny prostokatnego ztobka wirnika silnika indukcyjnego).
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Introduction

The electrodynamic and thermal interactions in the win-
dings of cage induction motors are due to the current flow in
the bars of the cage. Especially in the case of high-power
electric motors, the analysis of these phenomena is impor-
tant at the design stage in ensuring the requirements of mo-
tors during long start-up and increasing their durability [1-5].

The heating analysis of the bars in the motor's cage at
standstill indicates a fast rise of temperature in the region of
the bars, which leads to an increase in mechanical stress in
the cage [1,2,6-10]. The temperature distribution in the bar
depends on the efficiency of heat transfer by the teeth of
the rotor, which is conditioned by the width of the
technological air gap existing between the bar and the
sheet package, as well the effectiveness of the heat transfer
to the motor's air gap.

Temperature field analysis can be done mathematically
with partial differential equations or by using numerical
methods [11]. Analytical methods are difficult to apply due
to the geometry and nonlinearity of the physical properties
of the materials. In numerical methods the FEM, BEM and
equivalent thermal circuits can be distinguished. However,
there is a need to use dedicated software or write one’s
own. Commercial analysis packages which can be used,
are: FLUX, Comsol Multiphysics, ANSYS, OPERA,
QuickField and Matlab. In Open Source or free packages
FEMM, LISA, Elmer and Scilab/Xcos can be listed. In the
case when the temperature distribution in the whole model
is not required, an equivalent circuit model of heat transfer
can be used.

In a lumped parameter thermal model the structure of
the model is simplified and the results of the transient
analysis are obtained much faster [12].

Circuit model of deep slot

In the motor standstill condition the transient analysis
was made of the rectangular bar heating with a heat
transfer in the air gap and the rotor package teeth. The
simplified geometry of the rotor slot is shown in Fig. 1.

The deep slot was modelled as the second order circuit
thermal model. The copper cage and iron teeth were
presented as heat capacitor elements. In the copper cage
the alternating component of stalling current is equal to
7955 A.

This current generates the heat, which is represented by
the fixed heat flow element in the model named Cu_bar
shown in Figure 2.

The iron parts of the rotor are connected through the
thermal conductance Rp_right shown in Figure 3, which
represents the air gap. Uncovered parts of the rotor are
cooled with air, assuming the free convection condition. In
the standstill conditions there is no forced air flow around
the rotor. The convection is represented by the Cu_air_conv
and Fe_air_conv elements shown in Figures 2 and 3.

Fig. 1. Simplified geometry of the rotor slot of an induction motor
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Fig. 2. Part of the model representing the copper cage bar
(Cu_groove) and heat source (Cu_bar)
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Fig. 3. Fragment of the model representing the iron part of the rotor
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The basic equation for heat convection between the
solid and fluid is:

(1) Qconv = Gc '(Tsolid _Tﬂuid)

where: T4, Taua — respective temperatures of solid and
fluid, G, — an input signal to the components Cu_air_conv
and Fe_air_conv, which depends on the cooling conditions.

G, may be calculated according to:
2) G.=A-h
where: A — convection area, h — heat transfer coefficient

The heat transfer coefficient h is calculated from the
properties of the fluid flowing over the solid. In the case of a
standstill of an induction motor the rotor is not moving and
free convection is assumed.
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Fig. 4. Circuit thermal model of the deep bar

In that case the heat transfer coefficient is constant and
equal to:

W

m’K

3) h=12

The above assumptions allow to build a thermal circuit
model of the deep slot. The model was built in a
Scilab/Xcos environment, which is an OpenSource clone of
Matlab. Additionally in an Xcos environment the Coselica
toolbox was installed, implementing the circuit thermal
blocks.

The model, consisting of additional elements of the slot
as well as temperature sensors is shown in Figure 4. It
allows to solve the nonlinear transient heat equations. The
results permit to determine the temperature changes in time
in the Cu deep bar of the motor (middle temperature sensor
in Figure 4). The temperature changes over time are shown
in Figure 5. It can be seen that the temperature of the Cu
bar rises from 20 °C to about 750 °C during standstill.
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Fig. 5. Temperature of the deep bar versus time during standstill

The maximum value is close to that obtained analytically
in [4] (about 720 °C), however there is no information on the
temperature distribution along the height of the copper bar.
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Fig. 6. Simplified geometry of the rotor slot with modified model
sections marked

To overcome this limitation the modified model of deep
groove was introduced. The copper bar and iron slot were
divided into three parts shown in Figure 6. The copper bar
was partitioned into three equal parts. In each part the heat
sources, caused by the standstill current, were assumed
(Q1-Q;). The iron part of the groove was modelled
analogously, although the lower part was created with a

higher value of heat capacitance due to the larger volume of
the middle rotor part.

The dimensions of the simplified model of the rotor slot
and square bar are given in Table 1.

Table 1. Dimensions of simplified model of the rotor slot and square
bar

hs h(;u: hs-dp bCu bs 5p
mm mm mm mm mm
61.75 0.25

62 61.9 4.5 4.5 01

The modified model was introduced in a Scilab/Xcos
environment and is shown in Figure 7.

The model consists of 3 layers, which are represented
by thermal circuit elements analogous to the simplified
model. The connection between the copper parts of the bar
was modelled as thermal conductance, with its value
calculated from Equation (4)

A-A
) Gy = o
where: A — vertical cross-section of the bar, | — 1/3 of bar
height hc,, A — specific thermal conductivity of copper.
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Fig. 7. Modified 3-layer circuit thermal model of the rectangular bar

Due to the three
introducing the thermal

layers of the modified model
conductance of copper was
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necessary for proper circuit connections. This approach is
based on Beuken's models and is also used in other works
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[13]. It can also be noticed that there is no direct vertical
connection between the iron thermal capacitances. The
total value of iron and air capacitances is much higher
compared to copper, and assuming the simplicity of the
model, vertical connections were neglected.

The properties of the materials used during calculations
are shown in Table 2.

Table 2. The materials’ constants and coefficients used in the
calculations

Property Value
specific thermal conductivity of copper Am =372 W/m-K
specific thermal conductivity of laminated A, =56 W/m-K
core
effective thermal conductivity of the air gap Ap = 0,03 W/im-K

specific heat of copper Cm = 419 W-s/kg-K

specific heat of laminated core ¢, =461 W-s/kg-K

heat transfer coefficient of copper aca = 30 W/m? K

heat transfer coefficient of laminated core a, = 20 W/m*.K

density of copper Pcu = 8900kg/m3

density of laminated core p, = 7900kg/m®

volumetric magnetic losses in the tooth g, =0,17 W/m®
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Fig. 8. Simplified geometry of the rotor slot with modified model
sections marked

The temperature changes over time in parts of the Cu
deep bar of the motor (temperature sensors in Figure 7)
were determined and are shown in Figure 8. Decreasing the
equivalent air gap (2.5 times) causes the changes in
temperature distribution. The final temperature value is
lower in the case of a smaller air gap and this value is equal
in corresponding layers (upper, middle, lower) to 586°C,
441°C and 346°C, respectively.

Conclusions

In the standstill and the initial start-up phase of the
induction motor there is a significant temperature increase
in the bars of the cage.

The unequal temperature distribution in the bars causes
mechanical stress in the cage and reduces its durability.

The circuit model allows to implement the heat
calculations in the case of the deep slot of an induction
motor at standstill (in the short circuit conditions).
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It is possible to calculate the changes of the temperature
over time in individual parts of the groove.

An equivalent air gap between the bar and the package
of teeth affects the degree of heat transfer by the package.

Matching the bar and the groove causes the decrease in
temperature of the rectangular bar of an induction motor.

The model takes into account the heat transfer through
the air gap and the packet teeth of the rotor. It may be
useful for the design and performance of cage windings.
Because of its simplicity and accessibility of the Scilab/Xcos
environment it can be widely used.
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