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Abstract: - A thermal model based on the lumped parameters for a high-speed solid-rotor induction motor with
a slitted rotor is presented. The motor geometry is divided into 14 parts where the thermal resistances as well
as different loss components, i.e. electromagnetic, gas flow and friction losses are computed. The model takes
into account the heat transfer both in axial and radial directions of the motor. The evaluation of different loss

components is discussed in detail.
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1 Introduction

In electrical machines, the design of heat transfer is
of equal importance as the electromagnetic design of
the machine, since the thermal rise of the machine
eventually decides the output power of the machine.
As a matter of fact, the command of heat and mass
transfer in an electric machine is far more difficult
and complicated than the conventional electromag-
netic design of an electric machine.

The problem of temperature raise is twofold:
first, in most motors, adequate heat removal is
ensured with the thermal convection of air, thermal
conduction through the fastening of the machine,
and thermal radiation. In machines with high power
density, also direct cooling methods can be applied.
In these cases the cooling fluid flows through the
machine removing heat from the interior parts of the
machine. Second, in addition to the question of heat
removal also the distribution of heat sources, i.e.
losses, in different parts of the machine has to be
considered. The distribution of the heat in the
machine can be evaluated, when the distribution of
the losses in different parts of the machine as well as
the heat removal power are exactly known.

The traditional way to design the main
dimensions of the electrical machine is to use the
utilization factors reported e.g. in [1]. The method
usually gives satisfactory results: the motor achieves
the desired performance, and temperature limits are
not exceeded. However, if the designer wants to
improve the performance of the motor, reduce the
dimensions, vary the construction, test new cooling
methods or try cheaper materials then effective loss-
calculation and thermal-analysis tools are required.

Many researchers have developed thermal-
analysis methods for electrical machines. The most

common approach is to utilize lumped parameters,
i.e. thermal resistance networks, presented e.g. in
[2]-[4]. In these models both radial and axial heat
transfer inside the machine was taken into account
and an accurate enough thermal analysis for
everyday design purposes was achieved with only a
fraction of computation effort. A totally FEM based
combined magneto-thermal analysis is shown in [5],
but it is more suitable to the applications where the
main heat-transfer path inside the machine is in the
radial direction. Furthermore, the computation time
needed is much longer compared to the thermal
network analysis.

In this paper a lumped parameter thermal model
for a gas cooled, high-speed solid-rotor induction
motor with axially slitted rotor is presented. The
model utilizes T-equivalent circuits as elementary
components to model different parts of the machine.
Convection heat transfer and contact transitions are
also modeled using thermal resistances. The gas
flow and friction losses of the machine are evaluated
using analytical equations. The electromagnetic
losses of the machine are calculated using finite
element method.

2 Description of the Thermal Model

The developed thermal model consists of a gas flow
model of the cooling fluid and a thermal resistance
model of the machine. The gas flow model is used to
compute the mass flow rate of the cooling fluid
needed at a given temperature rise of the cooling
fluid as well as the fluid velocity and convection
coefficients at different parts of the machine. In the
thermal resistance model the motor geometry is
divided into a number of lumped components, each
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component having a heat source and interconnec- of the
tions to neighboring components through a linear
mesh of thermal resistances. Each component is
modeled in terms of a thermal node [6], approximat-
ing the mean temperature within the corresponding
component. All the heat generation, i.e. losses, are
introduced as a point source at this node.

A one half of the geometry of a high-speed solid
rotor induction motor with a slitted solid rotor is
shown in Fig. 1. The geometry is divided into 14
components. The lumped parameters of the motor
are, in case of a conduction heat transfer, evaluated
from the dimensional information of the machine
and the thermal properties of the corresponding
materials. The lumped parameters describing the T (i
convective heat transfer are evaluated from the |
geometry and convection coefficients obtained from
the fluid flow model. However, the thermal contact
resistances due to the contact transitions e.g.
between the stator core and the frame are obtained
from the experimental data presented in [3] - [4].

mean temperature node. The losses
component are injected there as well.
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Fig. 1. The geometry of the high-speed solid rotor
induction motor.

2.1 Conduction heat transfer

The thermal resistances describing the conduction
heat transfer of all the components having a
cylindrical form are obtained using the equations
developed to a general cylindrical component,
shown in Fig. 2. As it is described in [2], it is
assumed that the heat flow in the radial and axial
directions are independent, a single mean
temperature describes the heat flow both in the
radial and axial directions, no circumferential heat
flow exists, and the heat generation is uniformly
distributed inside the cylinder. As a solution of the
heat conduction equations in both axial and radial
directions, the separate three-terminal networks,
shown in Fig. 3, are obtained. In each network, two
of the terminals represent the appropriate surface
temperatures of the component and the third
terminal represents the mean temperature of the
component. The two networks are connected in the

The values of the thermal resistances in Fig. 3 are
given in terms of the dimensions of the cylinder and
the axial and radial thermal conductivities Auxial, Aradial
of the material as
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Due to the rotor slitting the rotor teeth are
trapezoidal. The axial thermal network of the rotor
teeth can be evaluated using the equations presented
for the general cylindrical component.

b
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Fig. 4. The geometry of the rotor tooth.

The radial thermal network of the rotor teeth is
obtained using the equations [7]
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2.2 Convective heat transfer

The convection heat transfer between solid surfaces
and cooling gas is modeled using a single thermal
resistance Reopvection defined as

R -1 ©)

convection {

where « is the convection coefficient and 4 is the
surface area. The thermal contact resistances due to

the contact transitions are modeled in a similar
manner by substituting the convection coefficient
with the contact heat transfer coefficient.

The most important convection coefficients to be
evaluated are the convection coefficients between
the stator and the air-gap as well as between the
rotating rotor and the air-gap. This is due to the fact
that in these locations, the two main parts where the
losses are generated are closest together. The
convective heat transfer in the air-gap region of the
high-speed electric machine is calculated using the
following set of equations [§]

0.66
Nu = 0.0214(Re** 100 )P4 1+ (%] . (10)
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where Nu is the Nusselt number, Re is the Reynolds
number, Pr is the Prandl number, d, is the hydraulic
diameter, L is the axial length of the air-gap, Jis the
radial length of the air-gap, p is the mass density of
the cooling fluid, # is the dynamic viscosity of the
fluid, wq is the reduced velocity in the helical
direction in the air-gap, @ is the angular velocity of
the rotor, R is the outer radius of the rotor and v,
is the axial velocity of the cooling fluid.

3 Losses

The internal heat losses in electrical machines can
be divided into electrical, friction and gas-flow
losses. In this paper the losses due to the ventilators
are not taken into account, because they do not act
as an internal heat source but turn into heat in the
ventilator thus heating the cooling fluid before it
enters the electrical machine.

The friction and gas-flow losses are calculated
using analytical methods, but the electromagnetic
losses, i.e. iron losses in the stator and the rotor core
as well as the Joule losses in the stator windings are



calculated using a two-dimensional finite element
analysis. A FEM based electromagnetic analysis was
chosen because the iron losses of the motor can be
calculated more accurately than it would be the case
using the analytical methods.

3.1 Friction losses

In high-speed machines the losses due to the gas
friction are of significant importance. The rotating
rotor gives a tangential velocity component for the
air-gap gas. In addition, the gas has also an axial
velocity component if the cooling gas is blown
through the air-gap. Both the tangential and axial
velocities affect the friction torque of the machine
thus generating friction losses. The friction losses
occur in the air-gap, rotor ends and shaft. A
comprehensive analysis on the friction losses of
high-speed machines is reported in [4].

The friction losses in the air-gap and rotor ends
can be estimated by the equations derived for
rotating cylinders in enclosures or in free space. The
friction power Py associated with the resisting drag
torque of a rotating cylinder can be written as [4]

By = klch”a’3’”4l ) (15)

where Cr is the torque coefficient, p is the mass
density of the fluid, w is the angular velocity, 7 is the
radius, / is the length of the cylinder and k; is the
roughness coefficient the value of which is 1.0 for
smooth surfaces and typically 2...4 for axially
slotted surfaces. Because of the very complicated
nature of the gas flow in a slotted rotor surface the
torque coefficient must usually be determined by
measurements.

When a cylinder is rotating in free space i.e.
without the stator, one way to determine the nature
of the tangential gas flow exerted by the rotating
cylinder is to use the tip Reynolds number that
determines the ratio of between the inertia and
viscous forces

2
Re :ﬂ’ (16)

ow

where u is the dynamic viscosity of the fluid.

In order to take the effect of the enclosure, i.e.
the stator, into account, the radial air-gap length has
to be included in the Reynolds number. This is done
in the Coquette Reynolds number, defined as
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Re, =242 (17)
U

where 0 is the radial air-gap length and u is the
peripheral speed of the rotor. According to the
measurements reported in [9] the torque coefficients
equations within the different flow regimes are

gl

Cr =015 (500 < Re; <10*), (18)
3
(5)03
r
Cr =0.0325 4 (10* <Re; ). (19)
o

Equations (18) and (19) have been tested with
cylinders having relative air-gap lengths from 0.07
to 1, and the experimental data was within £9 % the
calculated curve. When the relative radial air-gap
increases, at some point the tangential flow is not
affected by the stationary outer cylinder any more,
and the equations for free cylinders have to be used
[4].

The friction losses increase if there is an axial gas
flow through the air-gap. The rotor forces the
cooling gas into a tangential movement and some
power is needed for this acceleration. If the radial
air-gap length is small compared to the rotor radius,
the power loss can be approximated with

P,

fra — kzqmu2 s (20)
where k, is the velocity factor and ¢, is the mass
flow rate of the cooling gas. The velocity factor
depends on whether the flow is laminar or turbulent
and the roughness of the air-gap surfaces. According
to [10], the theoretical velocity factor gets a value of
0.48 in turbulent flow. However, the real value for
the velocity factor can be expected to be much
lower. According to the results reported in [11], the
velocity factor, in case of a smooth rotor surface,
gets a value of 0.18 for a smooth stator surface and
0.15 for a rough, i.e. slotted stator surface. Thereby,
the stator slotting decreases the losses associated
with the cooling gas flow through the air-gap. If the
rotor surface is rough, the velocity factor can be
expected to be close to the theoretical value of 0.48
[12].

The ends of the rotor do also have friction losses.
The nature of the tangential flow is determined with



the tip Reynolds number. The power needed to
rotate an end is

1
Py =56pr3(r§ —7) @1)

where 7, and r| are the outer and inner radius of the
end, respectively. In electrical machines the free
space for the rotor ends in the end-winding area is
typically large, and the rotor end acts like a
centrifugal pump. When the rotor end is assumed to
rotate in free space, the torque coefficient is [13]

Cp =237 (Re, <3-10°), (22)
Re,
C; =% (3-10° <Re,). (23)

T

3.2 Electromagnetic losses

A two-dimensional, non-linear, time-stepping finite
element method was utilized to the electromagnetic
analysis of the high-speed solid-rotor induction
motor. The electromagnetic field of the motor in the
Cartesian plane can be described in terms of
magnetic vector potential 4 as

yoa%Jer(iVxAj:yoJ, 24)
ot Hy

where 1 is the magnetic permeability of free space,
o is electric conductivity, ¢ is time, yu, is relative
magnetic permeability and J is current density. In
order to model the power supply of the motor (24)
was combined with the circuit equations.

The eddy-current losses Peady-current @t €ach of the
rotor regions, i.e. rotor teeth and rotor core are
calculated by integrating the eddy-current loss
density over the volume of the region using equation

J 2
])cddy—currcm = J.% . (25)

\%

Iron losses of the stator core can be calculated by
the loss separation method presented e.g. in [14].
According to the loss separation model the total iron
loss is a sum of hysteresis, classical and excess
losses. In FEM the iron loss density pj., in the stator
core is computed over one complete period using
equation
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where B, is the maximum flux density at the node
concerned, f is the frequency, d is the lamination
sheet thickness, 4, is hysteresis loss coefficient, k. is
excess loss coefficient and k¢ is stacking factor. The
coefficients k;, and k. can be calculated for studied
electrical steel using the method presented in [15].
The total iron losses in the stator core are calculated
by integrating iron loss density over the volume of
the stator core. The hysteresis losses of the solid
rotor volume can also be calculated using (26).

(26)

4 Computation of node temperatures
For steady-state analysis, the temperature rise of the
each node of the thermal network relative to the
reference temperature is calculated using the matrix
equation

AT =G'P, (27)

where P is the power loss vector containing the
losses at each node and AT is the temperature rise
vector. In the developed thermal model the thermal
resistances of different parts of the machine are used
to generate a 14 x 14 thermal conductance matrix G
defined as

LIS S
i=1 Rl,i R1,2 R1,14
LR T S
G= Rz,l i=1 Rz,i R2,14 ’ (28)
L B
R14,1 R14,2 i=1 R14,i

where the nth diagonal element is the sum of the
network conductances connected to node n, and
G(i, j) is the thermal conductance connecting the
node-points i and j.

5 Application example

The developed thermal analysis model was tested in
the thermal analysis of a 140 Hz, two-pole, three
phase, 250 kW, solid rotor induction motor. The



number of the stator slots was 48 and the number of
the rotor slits was 34. The geometry of the studied
motor was shown earlier in Fig. 1. Because of the
axial symmetry of the motor, only a half of the
motor geometry was modeled in the thermal
analysis. The motor is air cooled, i.e. the cooling air
enters the radial cooling duct of the motor, flows
through the air-gap and finally exits through the
holes in end plates of the motor.

The temperatures at different parts of the motor
were evaluated at the nominal point, i.e. the slip was
1.5 %. The inlet temperature of the cooling air was
20 °C. Calculated temperatures at the main locations
of the machine are shown in Table 1.

Table 1.
Calculated temperatures of the test motor.
| Motor location Temperature (°C) |
Stator yoke 87.0
Stator teeth 95.2
Stator winding 98.9
Stator end-winding | 110.4
Rotor teeth 111.6
Rotor yoke 111.5

Calculated temperatures in the stator windings and
in the stator end-windings were compared to the
results obtained from the measurements. The
measured values were 100 °C in the stator windings
and 112 °C in the stator end-windings. The
computed and measured temperatures correlate very
well in these two locations.

6 Conclusions

A thermal model based on the lumped parameters
for a high-speed solid-rotor induction motor with a
slitted rotor was presented. The geometry was
divided into 14 parts where the lumped parameters
as well as different loss components were evaluated.
The calculated results from the test motor showed
good correlation with the values obtained from the
measurements.
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