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Abstract—Nowadays, the knowledge of temperatures inside
electrical machines is an important criteria, especially if further
power density enhancements or frame size reductions are aimed
at. Furthermore, temperature estimation in permanent magnets
is an essential part of the design process for electrical machine
due to their affect on the electromagnetic behaviour. In this paper
a particularly fast thermal finite element solver is introduced. By
use of boundary conditions for thin layer geometries and the air
gap, the number of elements can be reduced significantly.

I. INTRODUCTION

NCREASING requirements on power density and reduced

frame sizes lead to new challenges in the design pro-
cess of electrical machines. In particular, the estimation of
temperatures and heat flow inside electrical machines, es-
pecially for permanent magnet synchronous machines is of
main interest. There are various approaches available using
the lumped parameter technique [1], [2], [3] allowing for
a fast prediction of temperatures in prior defined positions.
The calculation is performed by defining a thermal network
of the specific machine, where the machine geometry is
described by thermal resistances and the available losses are
regarded as heat sources. An obvious limitation is, that the
lumped parameter model requires an intensive adaptation for
each new machine by parametrizing the thermal resistances
through prototype measurements. Alternatively, a knowledge
database from prior machine designs can be used to adapt
the lumped parameter model. Another approach is to use
available software packages for a finite element simulation of
the thermal behaviour of the device under study. In this case,
the thin slot insulation between stator lamination and copper
must be modelled leading to a huge number of elements,
which results in high computational costs. In addition, the heat
transfer in the air gap has to be regarded. This can be achieved
by a coupled fluid dynamics analysis which also will lead to a
long computational time. In this paper, a finite element solver
is introduced regarding slot insulations and the air gap by the
use of boundary conditions. This approach reduces the number
of elements significantly. Furthermore, a thermal measurement
is accomplished, to validate and adapt the parameters used for
the boundary conditions.

II. BOUNDARY CONDITIONS

For the thermal simulation of electrical machines, several
boundary conditions must be introduced. They can be divided
in two categories:

« physically motivated boundary conditions.
« model motivated boundary conditions, required due to the
modeling with finite elements.

Natural boundary conditions include convection, radiation and
defined temperature profiles. Artificial boundary conditions
consist of thin thermal transition layers and fluid gaps.

A. Convection

Assuming a heat flow proportional to the temperature dif-
ference between solid and enclosing fluid, the convective heat
transfer can be modelled by the Robin- or Cauchy boundary
condition defined as:

“AVT = h(T — Ts). (1)

The temperature 7T, as well as the heat transfer coefficient h
need to be known. h depends on the surface property of the
solid, the temperature and the form of the flow (turbulent or
laminar).

B. Radiation

For the radiation, the heat flow is proportional to the
temperature difference to the power of four. The mathematical
expression of the radiation is:

“AVT = kye(T* - T2). (2)

By applying the third binomial formula, the following substi-
tution can be made:

by = kpe(T? + T2)(T + Two). (3)

h, is a non-linear heat transfer coefficient including the
Boltzmann constant k; and the emissivity €. Due to the
mathematical transformation, the radiation can be expressed
by the Robin boundary condition [4]:

“AVT = ho(T — Ts).
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Figure 1. Thin layer boundary condition.

C. Thin Layer

For the slot isolation in electrical machines, the approach
introduced in [5] is applied. Describing thin material layers by
a boundary condition, the number of required elements can be
reduced significantly. As indicated in fig. 1, a heat exchange
occurs between area §2; and 2;. Assuming, that the thickness
d is small compared to the other dimensions, the heat flow is
perpendicular to the contact layer and can be conveyed by a
thermal resistance [6]:
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With a known thermal conductivity A of the insulation
material, the resistance coefficient hy can be determined:
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Therewith, the boundary conditions for I'; and I'; are
defined as:

—NVT; = he(T; = Tj), (©)
—\ VT = he(T; — Ty), ©)

D. Air gap

To represent the air gap of a rotating machine, the Taylor
[7] mechanism is assumed. This physical model is examined
in [8], [9], [10] and still used for the nowadays design of
electrical machines in the absence of forced axial flow [11].
By neglecting the slot form and other roughness of rotating
cylinders, a dimensionless coefficient (nusselt number) can be
determined [9]:
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The modified Taylor number % is in indicator for turbulences
(s. Fig. 2). T}, is defined as:
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Figure 2. Rotating Taylor turbulences [8].

where p describes the density of air, w the angular velocity,
7 the middle air gap radius, b the air gap height and p the
viscosity of the air. The geometrical correction factor F, reads:
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Assuming, that there is no heat flow in axial direction and

with Nu = ih?b, the boundary conditions can be expressed
as:

A VT, = h(T, —T) stator sur face

*/\svjﬂs = hc(Te - TT)

rotor sur face

T, and T, represent the mean temperatures in the stator
and the rotor. Therewith, the required boundary conditions for
thermal simulations of electrical machines are defined.

III. SYSTEM MATRIX

The general system of equations for one element €); is
defined as:

(S1 4 S2)0 + MY = B, (10)

where ¢ is a vector representing the temperature in every node.
Furthermore, the following definitions are applied:
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¢ are the element shape functions. The first part of the element
stiffness matrix S; reads:



S, = / ANT N AQ.
Q;

The second part of the element stiffness matrix S, yields:

S, = /hETE dr.
r;

For a transient simulation, the mass matrix M is taken into
account:

M = / pcETZ dQ.
Q;

The load vector B consists of the heat sources ¢, the heat flow
q and the surrounding temperature 7, of the Robin Boundary

condition:
B, = / ¢=T dQ,

Q;

B, = /qET dr,
I;

B; = /hTOO =7dr,
T;
In summary, the load vector B is defined as:

B =B, + B, + Bs.

For solving the system of equation and to regard non-linearities
as well as the time dependency, the Newton-Raphson and
Euler methods [12] are applied.

IV. VALIDATION

First, the model motivated boundary conditions, taking the
slot insulation and the air gap into account, are verified.
Afterwards, an induction machine is measured and simulated
and the results are compared.

A. Thin layer boundary condition
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Figure 3. Copper bar embedded in steel.

To verify the thin layer boundary condition (q. v. II-C), a
two-dimensional geometry is introduced, representing a copper

(a) W/o insulation (354 elements). (b) With insulation (4870 elements).

Figure 4. Used finite element models.
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Figure 5. Comparison of the calculated temperatures on the cutting line.

bar embedded in steel (s. Fig. 3). An insulation material is
placed between the copper and the steel. For the verification,
two finite element models are built, one using the boundary
condition for thin layers, the second with a modelled insulation
(s. Fig. 4). To compare the simulation results of both models,
the temperature along the cutting line is plotted (s. Fig. 5).
The relative deviation is illustrated in a logarithmic scale. If the
insulation is modeled by the boundary condition, the deviation
increases around the insulation, because of the discontinuity
between copper and steel. It can be confirmed, that thin
layer boundary conditions can be applied, if the temperature
inside the insulation is of no interest. Thereby, the number
of elements can be reduced significantly resulting in a time
optimized simulation.

B. Air gap

The implemented boundary condition (q. v. II-D) regarding
the air gap of electrical machines is verified by a test arrange-
ment, illustrated in Fig. 6. It consists of two solids, separated
by a gap of thickness d. The gap represents a fluid with the
thermal conductivity A . For this test arrangement, two models
are created, one with a discretized fluid, the other one using the
artificial boundary condition. The relation between the thermal
conductivity Ay of the modelled fluid and the equivalent heat
flow coefficient hy of the boundary condition is given by:

A
hy =21,
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Figure 6. Test arrangement to verify the air gap boundary condition.
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Figure 7. Temperature distribution on the cutting line of the test arrangement.

The simulation result is shown in Fig. 7. As expected, a
continuous temperature distribution along the cutting line is
calculated, showing a well agreement of the modelled fluid gap
and the boundary condition. In Fig. 8, the result around the air
gap is pointed out. Inside the air gap, the relative deviation is
1, because of using the boundary condition. This means, that
the temperature in the air gap is not calculated. Outside the air
gap, the relative deviation is 1076, Therefore, both modelling
approaches achieve equivalent results. The advantage of using
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Figure 9. Position of the thermal sensors in the stator.

the boundary condition is a significant reduction of necessary
finite elements and a reduced computation time.

C. Induction machine

For the validation and parametrization of the presented
solver, an induction machine is measured. As illustrated in
figure 9, thermal sensors are placed in the stator teeth (pos.
4), the copper windings (pos. 3), between slot insulation and
copper (pos. 2) and between stator sheet and slot insulation
(pos. 1). Furthermore, thermal sensors are attached to the rotor
surface. To transfer the data from the rotating measuring points
on the rotor surface, data loggers, equipped with infrared ports,
are used (see fig. 10). Additionally, the ambient temperatures
above and below the machine are detected as well as the frame
temperature, which is observed by a thermal imaging camera.
The experimental setup of the induction machine is illustrated
in fig. 11. For the numeric simulation, a two-dimensional finite
element model is used, discretized by 12150 elements. The
computation on a 2 Ghz Processor is completed in 10 seconds.
The calculated and measured temperatures (in ¢ Celsius,
ambient temperature 26°C) are listed in table I, whereas the

Figure 10. Data loggers attached to the rotor.



Figure 11. Experimental measurement setup.
| measured | simulated |
frame 101 102
stator sheet - slot insulation (pos. 1) 139 138
slot insulation - copper (pos. 2) 146 147
inside copper (pos. 3) 151 147
stator teeth (pos. 4) 135 139
rotor surface 120 117

Table T
COMPARISON OF MEASURED AND SIMULATED TEMPERATURES.

thermal conductivities, used for the numerical simulation, are
shown in table II. The slot insulation causes a temperature
decline from 146°C on the copper side to 139°C on the
stator sheet side. Setting the heat flow coefficient for the thin
layer boundary condition to 30% achieves this temperature
decline in the simulation. Comparing the temperatures between

Material Thermal conductivity W
mK
Aluminium (Frame) 230
Lamination Sheet 15
Copper 380
Air 0,0024

Table II
USED THERMAL CONDUCTIVITIES.

stator and rotor yield a temperature difference of 15°C. In
the simulation this difference can be achieved by adapting
the heat flow coefficient of the air gap boundary condition
to 1, 82%. Finally a result of the thermal imaging camera,
showing the temperature distribution on the frame is illustrated
in fig. 12.

V. CONCLUSIONS

In this paper a thermal finite element solver is introduced
using boundary conditions to take slot insulation and the
air gap into account. Thereby, the computation time can be
reduced significantly. The values for the heat flow coefficients,
necessary to parametrize the boundary conditions, are deter-
mined by measurements. By use of this adapted heat flow
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Figure 12. Picture of the thermal imaging camera.

coefficients, very accurate simulation results can be achieved.
In future studies, the applied heat flow coefficients and thermal
conductivities need to be validated with new machines.
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