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Abstract: Double Stator Switched Reluctance Machine (DSSRM) is a novel switched
reluctance machine with limited information about its heat distribution and dissipation.
This paper presents a two dimensional (2-D) thermal analysis of Double Stator Switched
Reluctance Machine (DSSRM) to observe actual heat distribution in the parts of the
machine, using Finite Element Method (FEM). Two topologies for the rotor of DSSRM
are considered, Non-Squirrel Cage Double Stator Switched Reluctance Machine (NSC-
DSSRM) and Squirrel Cage Double Stator Switched Reluctance Machine (SC-DSSRM).
The heat distribution of these two topologies is analyzed, using Computational Fluid Dy-
namics (CFD). Finally the results are presented and compared.
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1. Introduction

The losses in electrical machines generate heat. As a result, temperature of the different
parts of the machine rises [1]. It actually decreases the life time of the machine and may even
lead to the machine failure [2]. Therefore, thermal modeling and analyzing, plays an important
role in the optimal design of electrical machines.

Double Stator Switched Reluctance Machine (DSSRM) is a novel electrical machine with
limited information about heat dissipation which makes thermal analysis an essential stage for
its design. DSSRM is designed to perform at high torque levels. It is a good candidate for in-
dustrial applications operating under harsh environment because it carries the SRM qualities,
combining them with the advantages of the double stator topology [3]. As shown in Fig. 1, this
machine benefits from two stators which are made of laminated ferromagnetic material and
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are equipped with concentrated windings. They are located on the interior and exterior of a cy-
lindrical rotor. The rotor is formed by segments which are hold together using a non-ferro-
magnetic cage. The cross section of a 4-phase 8/6 DSSRM is illustrated in Figures 2 and 3.

©)

Fig. 1. Outer stator (a), inner stator (b), one rotor segment [7] (c)

Outer winding Inner winding

Inner stator

Fig. 2. Squirrel Cage Double Stator Switched Reluctance Machine (SC-DSSRM)

The inner stator of DSSRM is surrounded by the cylindrical rotor and it causes limitation
for heat dissipation of the inner stator windings. So, it is necessary to consider the effect of
rotor topology in the heat transfer of this machine.

There are two ways to connect the rotor to the output shaft of DSSRM. The first method is
implementing a cage. In this method, the rotor segments are placed in a cage and the torque is
transmitted to the output shaft by this cage. This topology is named: Squirrel Cage Double
Stator Switched Reluctance Machine (SC-DSSRM).

In the second method, their rotor segments are connected together without any cage. In
fact, there are two end-plates at either end of the rotor which keeps the rotor segments con-
nected to the shaft. This topology is called: Non-Squirrel Cage Double Stator Switched Reluc-
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tance Machine (NSC-DSSRM). Now the main question is that which of these two topologies
is better in terms of heat transfer for DSSRM.

Inner stator

Fig. 3. Non-Squirrel Cage Double Stator Switched Reluctance Machine (NSC-DSSRM)

(a) Fig. 4. Squirrel cage for the ro-
tor of DSSRM (a), the rotor of
SC-DSSRM (b)

h_—_ﬁ.
(b)
s Fig. 5. Rotor of NSC-DSSRM

In [4], thermal modeling and analysis of a 10 kW DSSRM are presented and the tempera-
ture distribution in different parts of the machine (including the use of water as coolant) is cal-
culated using FEM. In this paper the heat distribution of two different topologies of DSSRM is
studied. The first topology is Non-Squirrel Cage Double Stator Switched Reluctance Machine
(NSC-DSSRM) and the second one is Squirrel Cage Double Stator Switched Reluctance Ma-
chine (SC-DSSRM). The operation principle of NSC-DSSRM is similar to that of SC-DSSRM
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(see Figs. 2-5). The only difference between these two machines is in the design of the rotor.
Implementation of the cage in the rotor of DSSRM may influence the heat distribution of the
machine, which is studied in this paper using Computational Fluid Dynamics (CFD) [5].

In order to have a more accurate model, a lumped parameter thermal model for DSSRM is
proposed in which both modes of heat transfer, conduction and convection are considered. The
geometrical model of DSSRM is built up as a parametric model and the simulation results
obtained from CFD [6] are presented for an 8/6 DSSRM whose specifications are presented
in Table 1.

2. Thermal analysis of Double Stator Switched Reluctance Machine

2.1. Geometrical model

A two dimensional (2-D) model of DSSRM used in this study is shown in Fig. 6. The ma-
chine parameters are given in Table 1. The model consists of two stators, one rotor, two stator
windings and two airgaps. Drawing the geometrical model of the machine can be a time-con-
suming task, especially if various different designs have to be investigated. Therefore, the geo-
metrical model is created as a parametric model and mesh generation is done.

2.2. Heat source

The two main components of electromagnetic losses in DSSRM are core losses in the la-
minations and copper losses in the windings. These losses are the heat source in a thermal ana-
lysis [8]. Core losses in DSSRM machine are relatively low, because it benefits from a short
flux path. The copper loss and core loss for the different parts of DSSRM are calculated when
the rotor speed is 1000 rpm and the phase current is 5 A. The result are presented in Table 2.
Moreover, average torque and torque ripple, stator ampere-turn and efficiency at the operating
point are mentioned in Table 2. The phase current waveform is assumed as illustrated in
Fig. 12 (see Appendix)

| ““ Fig. 6. 2-D Finite element model
of DSSRM

In order to predict the temperature distribution in a stator and windings, the thermal ana-
lysis of DSSRM using FEM is proposed. Both natural and forced convection are considered
for heat transfer through external surface of the machine. Heat transfer from the stator and
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windings to an airgap is modeled by forced convection due to the rotation of the rotor. The
thermal parameters used in the analysis are given in Table 3.

2.3. Winding model

It is well known that the majority of electrical machines with wound-wire windings have
random wire disposition inside the slots, so it is not possible or desirable to model the position
of each individual conductor when carrying out thermal analysis. One approach to simplify the
model is to use the equivalent thermal conductivity of the system windings and insulation
which can be obtained by various methods such as analytical approach, FEM or experiments.
Using the numerical and analytical methods an equivalent thermal conductivity of 0.80 W/m/°C
is considered for the windings in the proposed thermal analysis.

3. Simulation result analysis

Considering a value of 4 m/s for the air velocity over a frame, the forced convection co-
efficient over this surface is 30 W/m?°C. It is noted that since the convection coefficients are
rather low, heat transfer by radiation might be important when only natural convection for the
external surfaces of the machine is considered in the thermal analysis. For example, it is
30 W/m*°C, when the air velocity is 4 m/s. When the inside air temperature rise obtained for
h =30 W/m® C is considered in the 2-D thermal analysis of the 8/6 DSSRM. For all thermal
simulation results in the following external surface of the motor (frame) is 30 W/m?*°C.

The ambient temperature is set as 20°C and thermal analysis was carried out. In the ther-
mal analysis, the temperature increases and reaches the maximum temperature of 65.62°C, at
1000 rpm. The different boundary conditions are shown in Fig. 7. The numeric solution for the
thermal analysis is obtained over 140 hours using 8 processors on a Linux cluster with
2.2 GHz. In [10] the thermal analysis of DSSRM is presented in details.

Ambient temperature Natural and forced convection surfaces
/

Fig. 7. Machine geometrical model in
thermal analysis and different types of
boundary conditions

3.1. Analysis result of Squirrel Cage DSSRM (SC-DSSRM)

Figures 8 and Fig. 9 represent the results of thermal analysis of SC-DSSRM. Figure § illu-
strates temperature distribution in the machine and Fig. 9 represents the temperature rise in
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different parts of the machine at 1000 rpm and 5 A. It is clear that the maximum temperature

of 65.5°C occurs in the inner windings.

6.55¢+01
6402401
6.26+01
6.12e+01
5.97e+01
5.83+01
5.60e+01
5546401
540401
5.26e+01
511401
4.97e+01
4832401
4682401
4548401
4408401
4250401
4118401
3.96e+01
3.82¢+01
3.68e+01

Fig. 8. Temperature distribution
at 1000 rpm for SC-DSSRM
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Fig. 9. Temperature-time curve for SC-DSSRM: air gaps (a), rotor (b), stators (c¢), windings (d)
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3.2. Analysis result of Non-Squirrel Cage DSSRM (NSC-DSSRM)

Figures 10 and 11 represent the results of thermal analysis of SC-DSSRM. Figure 10 illu-
strates temperature distribution in the machine at 1000 rpm and 5 A. Fig. 11 shows the tempe-
rature rise in different parts of the machine. It is clear that the maximum temperature of
69.5°C occurs in the inner windings.
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Fig. 11. Temperature-time curve for NSC-DSSRM: air gap (a), rotor (b), stators (c), windings (d)
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4. Conclusion

In this paper, the thermal analysis of Double Stator Switched Reluctance Machine (DSSRM)
was done, using Finite Element Method (FEM). Two topologies for the rotor of DSSRM were
considered: Non-Squirrel Cage Double Stator Switched Reluctance Machine (NSC-DSSRM)
and Squirrel Cage Double Stator Switched Reluctance Machine (SC-DSSRM). The heat
distribution of these two topologies was analyzed, using Computational Fluid Dynamics
(CFD). It was shown that the temperature rise in SC-DSSRM is less, compared to NSC-
DSSRM. It can be concluded that the aluminum cage plays an important role in heat transfer

of the inner stator winding.

Appendix

Table 1. Specifications of 8/6 DSSRM [3]

No. of phases 4
No. of stator/rotor poles 8/6
Outer radius of outer stator [mm] 72.0
Outer radius of inner stator [mm] 43.9
Rotor segment thickness [mm] 9.0
Airgap 1.0
Stack length [mm] 115.0
Arc of the rotor [deg.] 47
Turns per coil 50
Resistance @ 20°C [Q] 0.78
Rated speed of motor [rpm] 1000

Table 2. Operating point characteristics of DSSRM

Stator ampere-turn 750
Avarage torque 4.76 Nm
Torque ripple 1.29 Nm
Speed 1000 rpm
Outer stator copper loss 10.21 W
Inner stator copper loss 9.82 W
Outer stator core loss 3.76 W
Inner stator core loss 343 W
Rotor core loss 221 W
Rotor cage loss 9.63 W

Efficiency (NSC-DSSRM)| 94.41%
Efficiency (SC-DSSRM) | 92.71%
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Table 3. Thermal parameters [9]

Thermal Specific .
. Density
conductivity heat (k /m3)
(w/m/°C) J/kg/°C) &
Stator lamination (iron) 20 438 7650
Copper 401 385 8933
Slot liner 0.076 1172 2150
Air 0.0263 1007 1.16
Frame (aluminum) 177 875 2770
Slot wedge 0.29 1172 2150
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Fig. 12. Phase current waveform of DSSRM
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