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A B S T R A C T

This paper presents a hybrid thermal modeling methodology to analyze the temperature per-
formance of radial flux electrical machines. For this purpose, the 2D finite element model of the
active part of the machine is coupled with a lumped parameters thermal circuit of the end-
winding region. A synchronous reluctance machine is used to validate the proposed approach.
The results from the proposed method are compared with the experimental ones, which are
obtained from a prototype machine. The computations show that the 2D FE model under-
estimates the temperature rise in the machine as it does not account for the power losses in the
end-windings. The hybrid model accounts for these losses as well as for the heat dissipation in the
end-winding region.

1. Introduction

According to the efforts to achieve higher torque and power density, higher energy efficiency and cost reduction in the design of
new generation of electrical machines, the thermal design of electrical machine in parallel with the electromagnetic design has
acquired a particular importance [1].

The thermal analysis of an electrical machine is divided into two groups; the lump parameters thermal network (LPTN) and the
finite element analysis (FEA) [1,2]. The LPTN is a common method for thermal analysis of key components of the electrical machine.
There are many reports from the literature on the thermal analysis of different electrical machines, e.g., [3–7]. The main advantage of
this method over the FEA is the short calculation time with acceptable accuracy [2,8]. The FEA needs high setup and computational
time, but it is considered to be more accurate in modeling the loss distribution and thus the temperature rise in the machines [2,8,9].

An electrical machine can be modeled with the FEA in a 2D or 3D approach [9]. Modeling the electrical machine by the 3D FEA is
a very time-consuming process and consist of several complex geometry setups e.g., end-windings. Accordingly, in order to reduce the
computation time and use the benefits of FEA for monitoring the thermal behavior of the electrical machine, the 2D FEA is usually
implemented. There are many reports on the thermal modeling of electrical machines by 2D FEA [9–14], among others. However,
there are some problems in the 2D FEA thermal models of electrical machines. As an example, in [10], the author neglected the axial
heat flow from the end-winding to the active part of the machine and in [11], the paper presents a 2D FEA where the results are
compared with a simplified LPTN which is not including the end-winding thermal effect. Since they applied the simplified assumption
to neglect the heat transfer from the end-windings to the slots, they could not model the hottest spot of the electrical machine and the
whole temperature distribution is underestimated. As a result, these models cannot provide a correct view of the heat transfer and
thermal analysis for an electrical machine. In order to remedy this simplification, as well as using the advantages of the 2D FEA, we
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propose a hybrid thermal model, which consist of coupling 2D FEA with the equivalent thermal circuit. Such an approach is very
common in the electromagnetic analysis of electrical machines, where the end-winding impedance is added in the winding circuit
equations and coupled with the 2D field equations.

The coupling methodology can be divided into two types; direct and indirect coupling. The direct coupling method requires access
to the 2D system matrix assembly routine to add the circuit terms and solve all the equations simultaneously. Such an approach
although fast is not possible to implement in a general purpose software unless one has access to the code. In this paper, we choose
the indirect approach as explained in the methods section. We focus on the application of this method in the steady-state thermal
analysis of a synchronous reluctance motor (SynRM). The temperature of the active part of the machine is modeled by means of a 2D
FEA simulation software and the temperature effect of the end-winding region of the machine is evaluated by an equivalent thermal
circuit. The two models are combined through an iterative procedure.

2. The hybrid thermal model details

Fig. 1 shows an illustration of the axial cross section of an electrical machine. According to this figure, the construction of the
electrical machine is divided into two main sections, the magnetic active part of the machine and the end-winding region. The 2D
FEA can model only the heat transfer within the active part of the machine. It does not take into account the effect of heat transfer
between the end-winding region and these active parts. One possibility to tackle this issue is to include the power losses in the end-
winding in the slot losses while compiling the 2D model of the machine. However, this would result in an overestimation of the
temperatures, as a large part of the end-winding losses is flowing through the end-winding region and not transferred to the active
parts. Yet a better approach is the proposed hybrid model. The hybrid thermal model is constructed by coupling the 2D FEA model of
the active parts and the lumped parameters thermal network model of the end-winding region.

The hybrid thermal model described above is applied to a four poles 11 kW, 400 V, 50 Hz, transverse-laminated radial flux SynRM
with F insulation class. Fig. 2 shows a CAD drawing of the machine and its cross section. Tables 1 and 2 give the geometrical and
material data of the prototype SynRM.

2.1. The FEA thermal model

As mentioned, in the hybrid thermal calculation method, the active parts of the machine are modeled by using a 2D FEA software.
In order to model the heat transfer of the active part of the machine, the FEMM package software is selected. This software has some
advantages, e.g., free license software whit a Matlab toolbox called OctaveFEMM to provide a way for operating the FEMM solver via
Matlab functions [15].

The main challenges with the FEA are how to define the thermal conductivity of the composite materials inside the slots such as
the copper conductors, the conductor insulation, the impregnation material and the slot insulation [1]; and how to implement the
convection and radiation phenomena.

The slot area consists of different materials with different thermal conductivities. Due to the small dimensions of the materials
layer in the slot, it is not practical to model each material separately. To solve this problem, an equivalent thermal conductivity ke of
the slot area is defined as in [16]:

=
+ + −
− + +

k k
f k f k
f k f k

(1 ) (1 )
(1 ) (1 )

,e 2
1 1 1 2

1 1 1 2 (1)

where k1 is the thermal conductivity of the copper conductors, k2 is the thermal conductivity of the slot impregnation, f1 is the volume
fraction of the conductor in the slot and f2 is the volume fraction of the impregnation in the slot (with f1+f2=1). The other insulation
materials are assumed equivalent to the impregnation material, which is a well-justified assumption as explained in [16].

The heat is transferred from the exterior surface of the electrical machine to the ambient by the convection and radiation phe-
nomena. These phenomena are implemented into the 2D FE model by defining the boundary condition on the outer surface of the
model to describe the quality of the heat transfer from the outer surface of the machine to the ambient. In an actual machine, the
outer surface consists of axial cooling fins, which can be modeled in the FEA analysis but this will result in a very dense mesh and thus

Fig. 1. The axial cross-section of the electrical machine.
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Fig. 2. Structure and Topology of transverse-laminated SynRM analyzed in this paper.

Table 1
Geometrical data of the transverse- laminated SynRM.

Name Symbol Unit Value

Stator core length Ls mm 156
Stator inner diameter Dis mm 136
Stator outer diameter Dos mm 219
Number of slots Ns – 36
Air-gap height hag mm 0.4
Rotor inner diameter Dir mm 45
Rotor outer diameter Dor mm 135.2
Slot height h1 mm 21
Slot filling factor kf – 0.6
Slot area Ss mm2 130.1

Table 2
Material data of transverse- laminated SynRM.

Machine part Material Thermal conductivity symbols Thermal conductivity (W/mK)

Frame Aluminum kal 230
Laminations Electric steel kir 28
Winding Copper kcu 387
Impregnation Resin k2 0.2
Air gap Air kair 0.0257
Shaft Steel ksh 41
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very slow computations. In order to reduce the model size, a modified smooth outer surface is used and the effect of the cooling fins is
accounted for through an equivalent heat transfer coefficient h′, which is calculated as in [14]:

′ =
′

h s
s

h, (2)

where h is the actual heat coefficient, s=0.4m2 is the actual outer surface of the active part of the machine including the fins and
s′=0.11m2 is the simplified outer surface.

2.2. Lumped parameters thermal network

Since the 2D FEA does not take into account the effect of heat transfer through the end-winding region of the electrical machine a
lumped parameters thermal network of these parts of the machine is developed and coupled with the FEA.

The developed lumped parameters thermal network is valid for the steady-state operation. It consists of thermal resistances and
power sources as shown in Fig. 3. The main assumption for this construction is the fact that the power losses distribution is assumed
uniform in the end-windings, which are represented as a toroidal structure. Yet another assumption is that the heat flux distribution
in both end regions of the machine are analogous. This later assumption could be removed if one makes separate thermal models for
each end-winding.

The variables in the LPTN of Fig. 3 are Ta and Te, which represent the average temperatures of the slots and the end-windings
respectively. The model consists of two nodes and five thermal resistances as well as the end winding copper losses as a heat source.
Table 3 describes the definition of the thermal model components of Fig. 3.

The value of the thermal resistances of Table 3 are computed with an acceptable accuracy by the following analytical equations:

=R l
N k s6

,av

s cu cu
1 (3)

= + + ′l L τ l1.2 ,a s p (4)

where lav =0.321m is the average conductor length of half a turn, Ns is the number of the stator slots, kcu is the thermal conductivity
of the copper, scu =7.8× 10−5 m is the total copper conductor cross-section area, τp =0.096m is the pole pitch, and l′=0.05m is
an empirically determined constant, depending on the size of the machine [4].
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where Lf =0.222m is the frame length, Ls is the stator core length, roy is the outer stator yoke radius, tsy is the stator radius height and
kair is the air conductivity [8].

=R
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1 ,
ew ew
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where sew =0.03m2 is the total surface of the end-windings in contact with the inner air and hew=15.5W/(m2K) is the convection

Fig. 3. The equivalent thermal circuit of the end-windings.

Table 3
Definition and the values of the thermal model components.

Component Value Unit Description

R1 0.05 K/W Conduction thermal resistance between the midpoint of end-winding and the midpoint of coil side
R2 10.7 K/W Conduction thermal resistance between the stator winding and the frame
R3 2.3 K/W Convection thermal resistances between the stator end-winding and inner air of the end region
R4 0.8 K/W Convection thermal resistance between the inner air and the end cap
R5 0.6 K/W Total heat extraction thermal resistance from the frame to the ambient
PJe 98.3 W Stator end-winding Joule losses
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coefficient for the air between the end-windings and the inner air, which are calculated as follow [4,8]:

= −s L L πr( )2 ,ew f s is (7)

Fig. 4. The final equivalent thermal circuit after lumping R2 to R5 into Re.

Fig. 5. The flow chart of hybrid model calculation.
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= +h ν15.5(0.29 1)ew (8)

=v r ωη,or (9)

where ris is the inner stator radius,v is the inner air speed, ror is the outer rotor radius; ω is the rotor angular speed and η is the fan
efficiency and according to [3] it is equal to 0.5.
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1 ,
ec ec
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where sec =0.08m2 is the external surface of the two machine end-caps and hec is the convection coefficient between the inner air
gap and the end-cap, which it is equal to the value of hew [4].
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1 ,
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where se =0.22m2 is the lateral outer surface of the SynRM and he=7.1W/(m2K) is the total heat extraction coefficient from the
outer surface, which consists of the sum of the radiation and convection coefficients.

2.3. Hybrid model calculation

The LPTN of Fig. 3 is further simplified by combining the thermal resistances R2 to R5 in a single equivalent resistance Re as:

=
+ ×
+ +

+R R R R
R R R

R( ) .e
4 3 2
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5 (12)

Fig. 4 shows the final LPNT used in the hybrid thermal model.
The end-windings and slot copper loss are evaluated from the total copper loss based on the volumes of the copper conductors in

the slots and in the end-windings. The temperature of the end-windings Te, and the amount of heat transfer from the end-windings to
slots Pex, are evaluated by applying the Kirchhoff current rule as follow:
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where the temperature of the active parts Ta is evaluated by the FEA and Pex is the amount of losses added to the slot losses in the FEA
at each iteration. Note that Pex can be negative in some cases.

Fig. 5 shows the flowchart of the hybrid model calculation. After the construction of the FE model and the definition of the
materials, the copper power losses are inserted in the model. In the first iteration step, the FEA calculates the temperature of the
active part of the machine and predicts the average value of the slot temperature Ta. Te and Pex are then calculated by (13) and (14)
respectively. In the next iteration, Pex is added to the active copper losses in the FE model. This iteration process will continue until
the difference between the previous Te and the new one is smaller than an arbitrary defined accuracy Ɛ, which was 0.01 K in our case.

The FE model requires some parameters, such as the losses and the radiation and convection heat transfer coefficients at the outer
surface. These parameters have been evaluated experimentally as explained in the following section.

Fig. 6. Test setup.
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3. Experimental methodology

The objective of the experimental work is to determine the heat extraction coefficient and the copper losses. The accuracy of the
calculation based on the hybrid model is also evaluated by comparing the computation and measurement results.

The total heat extraction coefficient for the natural cooling is evaluated by using the DC stator test. In this test, the losses of the
machine are confined to the Joule loss of the stator windings where the electric power can be easily measured. In the calculations, we
accounted for the variations in the winding electrical resistance, as the winding resistivity is temperature dependent [7,17]. During
the experiments, the DC power applied to the motor is measured as well as the surface temperature of the motor at different locations.
Four K-type thermocouples are installed by means of adhesive material in various locations on the frame surface of the motor. The
ambient temperature is also measured by means of a K-type thermocouple. For the purpose of increasing the accuracy of the tem-
perature measurement and minimizing the contact resistance between the thermocouples and the frame surface of the motor, we used
thermal paste. The average temperature of these four thermocouples is assumed to be the mean temperature of the motor frame
surface. During the experiments, all the temperature data are collected by means of a Graphtec GL200 logger. The experiment has
been carried in the thermal steady-state condition. The total heat extraction coefficient he is calculated as [18]:

=
−

h P
T T S( )

,e
s 0 (15)

where Ts is the frame surface temperature, T0 is the ambient temperature, S =0.69m2 is the total surface area of the frame and P is
the input electric DC power.

Fig. 6 shows the experimental setup and the different location of the surface frame K type thermocouples. In addition to the
surface temperature, the temperature inside the machine was also measured. For this purpose, six different RTD PT100 have been
installed inside the end-windings and slots of the stator. These measured temperatures are used to validate the hybrid thermal model
results.

3.1. Uncertainty analysis of experimental results

In this sub section, we determined the total accuracy of experimental data according to the accuracy of the measurement in-
struments. During the experiment, the voltage and current are measured with the TTi QPX1200S. The accuracy of the voltage and
current readings are 0.1% and 0.3% respectively. Furthermore, the standard accuracy of the K-type thermocouple is 0.75%.
According to [19], the power uncertainty is evaluated as:
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where ωQT, ωV and ωI are the uncertainties in the total input power, voltage and current.
This leads to the uncertainty for the computed convection coefficient as:
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where ωT is the uncertainty in the temperature measurement.
It should be noted that the maximum uncertainty in the computed convection coefficients is 6.2%.

4. Results and discussion

The hybrid model is applied for the same operating condition as in the experiment, i.e. DC test. The comparison is carried out for
the hybrid model, the experimental results, and a simple 2D model that does not account for the end-windings.

As Fig. 6 shows, each sensor is marked with a number. Accordingly, Table 4 shows the measured temperature by the thermo-
couples which have been install on the outer surface of the SynRM.

The experimental test resulted in a frame surface mean temperature of 61.2℃ for a DC input power of 191.1W, while the ambient
temperature was 21.8℃. The standard deviation of the frame temperature as calculated from the four sensors was± 2.2 °C. Fig. 7
shows the temperature distribution around the frame surface. From these values, the total heat extraction coefficient calculated by
(15) is 7.1W/Km2. The equivalent thermal conductivity of the slot and its modified total heat extraction coefficient, calculated by (1)
and (2) respectively, are 0.79W/(Km) and 27W/(Km2). The evaluated copper losses produced in the slots and end-windings are
92.8W and 98.3W respectively. These values were used in the FE part of the hybrid model.

Table 4
surface temperature of the SynRM.

1 (℃) 2 (℃) 3 (℃) 4 (℃)

Surface temperature of the SynRM 61.7 64.4 58.7 60.3
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Table 5 shows the steady-state temperature results of the end-windings and slots from the three methods;
According to Table 5, there is a significant difference in the predicted temperature between the hybrid thermal model and the

simple 2D FE model, around 21 °C. Furthermore, the hybrid thermal model results are in a good agreement with the experimental
ones. This proves that the proposed method can be implemented to predict the temperatures of the machine with a high accuracy.

Figs. 8 and 9 show the temperature distribution in the active part of the machine computed with the hybrid thermal model and 2D
FEA respectively. The hottest parts of the machine's active part are the slots as would be expected. The two distributions look alike,
except that the results from the hybrid model are around 21 °C higher than for the FE Model. This is due to the fact that part of the
end-winding heat is flowing to the slots.

The results of this study indicate that the 2D FEA cannot be used alone for heat transfer modeling unless additional considerations
are given to the end-windings and possibly to the shaft. The computations with the hybrid model show that a considerable amount of
heat (61.98% of the end-windings losses) is transferred from the end-windings to the slots.

Fig. 7. Temperature distribution over the frame surface.

Table 5
Measured and calculated temperatures.

Hybrid Model (°C) 2D FEA (°C) Experimental (°C)

Slot 72.9 51.9 74 ± 2.2
End-winding 78.5 – 78 ± 0.15

Fig. 8. Temperature distribution in the active part of the machine by using the hybrid model.
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5. Conclusion

The focus of this paper has been to develop a hybrid thermal model, which consists of a 2D FE model for the active part of the
machine and a Lumped Parameters Thermal Network for the end-region section. This model makes it possible to predict the tem-
perature rise of the different sections of the electrical machine e.g., end-windings, slots, rotor, stator teeth, and yoke, with a higher
accuracy than the simple 2D FE model alone. This hybrid model is a good alternative to the 3D FE models, which require high and
unaffordable computation time. The accuracy of the model is still good as the results of the model are in good agreement with the
experimental setup.
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