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Abstract: This paper presents the performance computation of three-phase 6/4 poles Switched Reluctance
Motor (SRM) with amorphous alloy core using transient Finite Element Analysis (FEA) in which the magnetic
field is combined with a driving circuit. In order to minimize torque ripple in SRM, this paper proposes not only
optimal combination of stator pole arc and rotor pole arc but also the turn-on and turn-off angles using
parameterized transient FEA and response surface methodology (RSM). The magnetic fields distribution, the
winding flux linkage, the phase inductance curve, the iron losses and the torque characteristics of the prototype
SRM at low-speed are investigated. All studies show that the prototype SRM is potential to apply in home
appliance applications. Copyright © 2014 IFSA Publishing, S. L.
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1. Introduction

The switched reluctance machines (SRM) have
been extensively investigated and developed in the
past decades by several research organizations [1-3].
There are several advantages in SRMs such as rotor
robustness, low cost and possible operation in high
temperatures or high rotational speeds. Cooling is
easy because most of the heat generation occurs in
the stator. Thanks to the salient rotor structure, a
torque/inertia ratio is high. Thus, fast acceleration
and deceleration can be realized with low load
inertia. SRMs have been used extensively in home
appliances and employed in many different industrial
applications [4-5]. It is recognized that efficiency of
SRM is rather low, in general, compared with the
permanent magnet machines. Improving the motor
efficiency is an important project for promoting
applications of SRM.
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Fig. 1 shows a general efficiency of various
motors with respect to power ratings. The curves IM
and SRM indicate relationships of efficiency and
rated powers of Y2 series high efficiency 4-pole
induction motors [6] and SRM respectively. Note that
efficiency is high in high power motors. In a few kW
motors efficiency is generally less than 80 %.

There are two basic methods to increase a motor’s
efficiency, the one is to decrease the losses in the
motor; the other is to increase the output of
the motor.

The first efficiency improvement method is
achieved by some techniques such as to improve the
manufacturing process and use new materials (Fe-
based amorphous alloys), to develop the optimal
control strategy and optimal voltage waveforms, etc.

On the other hand, more and more functions were
added to products for home appliances, industrial
machines and automotives to meet customer needs,
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which left less space for motors. Therefore, smaller
size is also required for many motor applications. A
motor's output can be defined as the product of
torque and the rotating speed. One typical way to
construct a larger output motor without increasing a
motor's size is to increase a motor's rotational speed.
Recently, home appliances, industrial machines and
automobiles began being developed using motors that
operate at speeds of 5000 r/min or greater in the
actuators [7]. However, high rotational speed means
high frequency electromagnetic fields in the rotor or
stator, which cause larger core losses produced by
magnetic materials. Therefore, the performances of
soft magnetic materials at high frequencies are
expected to improve. The low core loss magnetic
materials, Fe-based amorphous alloys have drawn
attention due to their excellent magnetic properties.
Table 1 provides the characteristics of 0.5 mm Si-Fe
sheet and Fe-based amorphous alloys [8-10].
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Fig. 1. Efficiency versus output of various motors.

Table 1. Characteristics of Si-Fe Sheet and Fe-based
amorphous alloy.

Item Si-Fe sheet Fe-based
(DW360) | amorphous alloy

Density 7.65 g/cm3 | 7.18 g/cm3
Thickness 0.5 mm 0.025 mm
B(9000A/m) 1.72T 1.56 T
Specific Resistance | 0.82 pQ.m | 1.37 uQ.m
Loss (1.45T,50Hz) | 2.8 W/kg |0.22 W/kg
Vickers hardness | 200~300 900

Permeability pmax | 4x104 H/m | 25x104 H/m
Coercivity He 4 A/m 30 A/m

Amorphous alloys, also known as metallic glass,
which has features of extremely low iron losses, high
magnetic permeability, and high fracture toughness.
Compared to silicon steel sheet, they produce less
eddy-current loss when the metal is subjected to an
alternating magnetic field because of their high
resistance. Amorphous alloys also produce low
hysteresis loss due to their disordered atomic
structure. These excellent properties offer great
possibilities to increase motor efficiency using
amorphous alloys [11, 12].
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In this paper a comparison is presented for
constructed sample SRMs with Fe-based amorphous
alloys materials for home appliance applications at
low-speed operation.

With the help of response surface methodology
(RSM) and the parameterized transient finite element
analysis model of the sample SRM, the stator pole
arc [, rotor pole arc £, the turn-on angle &, and
turn-off angle 6 of the sample SRM are optimized
for reducing torque ripple.

The performance is presented for the sample
SRM by using finite element analysis. The magnetic
fields distribution, the torque and the terminal
characteristics of the prototype SRM with same size
at low-speed are presented. The iron losses, the
copper losses and efficiency of amorphous iron SRM
are compared with traditional silicon steel SRM.

2. Iron Material and Motor Targets

Magnetic characteristic of iron cores are
particularly important because SRMs do not have a
permanent magnet. Fig. 2 shows a comparison of B-
H curves. The saturated flux density of conventional
silicon steel DW360 is better than that of Fe-based
amorphous alloy. The permeability at unsaturated
region is better in Fe-based amorphous alloy.
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Fig. 2. B-H curves of silicon steel (DW360) and Fe-based
amorphous alloy.

Fig. 3 shows a comparison of iron loss curves
provided by steel manufactures. Iron loss
characteristic of the Fe-based amorphous alloy is
excellent. When iron loss of DW360 at 1.0T (50 Hz)
is assumed to be 100 % (2.1 W/kg), iron loss of Fe-
based amorphous alloy is about 5 % (0.1 W/kg).
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Fig. 3. Iron losses versus flux density for silicon steel
(DW360) and Fe-based amorphous alloy at 50 Hz.
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We will develop sample SRM (three-phase 6/4
poles) with amorphous alloy core and silicon steel
core at speed 100 r/min respectively. The motors
obtained 100 W output at 100 r/min with a size of
®160xL70, and the rated torque is 10 Nm.

3. Optimal Design of Pole Arcs and
Switching Angles

Designing SRM especially for high performance
motion control systems requires accurate knowledge
of the magnetic fields that relate motor geometry and
motor performance. These relationships can be
investigated through extensive prototyping, which is
impractical and very costly, or by accurate magnetic
field simulations. Magnetic field simulation directly
yields predictions of flux linkages, field energy, and
torque [13, 14].

In order to design the target SRM (three-phase 6/4
SRM) to meet the low torque ripple and large torque
density in home appliance, two design parameters
should be considered, one is geometrically parameter
such as pole arcs (stator pole arc f; and rotor pole arc
), and another is significant electric parameter such
as switching angles (turn-on angle &n and turn-off
angle 6Gr). If the sample SRM is analyzed with the
variation of pole arcs (f; and f.) in the fixed
switching angle, it is hard to obtain good
performance. Therefore, the drive condition,
especially the turn-on angle 6. and turn-off angle o
also should be considered when designing SRM.

Fig. 4 shows excitation scheme considered in this
paper. Inductance profile varies with the combination
of stator and rotor pole arcs, and the torque
performances are influenced by the combination of
inductance characteristic and switching angle.

The condition of @ is that the flat-topped current
has to flow at the starting point of rising-inductance.
The condition of 6y is that the current should be zero
at the starting point of falling-inductance, and the
conduction angle p,~=0fr —on.

If the pole arcs of stator and rotor are smaller and
switching angle 6 coincides with the starting point
of rising-inductance, a large torque ripple will be
periodically generated as shown in Fig. 4(a). It is also
impossible to reduce torque ripple although the phase
current flows ideally. So the case of Fig. 4(a) is not
considered in this paper. The design and switching
schemes in Fig. 4(b) demonstrate that if the
conduction angle p,, is increased, i.e., the switching
angle 6 is decreased, and the pole arcs are widened,
the torque ripple can be minimized. From Fig. 4(b),
we can find that to widen the rotor pole arc f. is
better than to widen the stator pole arc g with
respect of space factor, magneto motive force and
average torque.

In this paper, the parameterized transient finite
element analysis model of the sample SRM is
developed to sweep the pole arcs and switching
angles, aiming to minimize the torque ripple. There

are totally three design parameters {p}={f, - pw} to
sweep for the design analysis, the mentioned pole
arcs f and f. and the conduction angles p,, in SRM
are optimized efficiently with the help of response
surface methodology (RSM). As an accepted
effective approach, RSM is usually applied for
searching the optimal design of electrical devices in
order to improve machine performances. It is a set of
statistical and mathematical techniques to find the
“best fitted” response of the physical system through
simulation [8].

According to [15], the relationship between £ and
- can be expressed as:

B, =(0.3~0.42) x90deg ree
B, =(09~14)x B degree (M

>

The relationship between stator pole width b; and
rotor pole width b, can be written as:

b, =2x(D,/2)xsin(f, /2) mm
b =2x(D,/2)xsin(f,/2) mm )

where Dy; is the inner diameter of the stator, D, is the
outer diameter of the rotor, and in the sample SRM,
D,; =83 mm, D, =82 mm.
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Fig. 4. Torque generation with pole arcs and switching
angle combinations.
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Therefore, in the sample motor, the range of
and by are 27 degree < f; =< 37.8 degree and
1938 mm < b, = 26.38 mm respectively. And
accordingly, the range of £ and b, can be obtained
according to Eq. 1 and Eq. 2. The range of pw is 30
degree= p,, < 39 degree.

The torque performance of SRM is also
influenced by the inductance profile, i.e. the rotor
position 6. (Fig. 4). A parameterized transient finite
element analysis model of the sample SRM is built to
compute the torque curves when by, b,, p,, and 6. are
changing. For all the parameters in the sweeping
analysis, uniform steps are used to solve for the
optimal design such that 1mm for parameters b, and
b,, 1 degree for p,, and 1.2 degree for & as shown in
Table 2, so there are totally 8x7x10x28=15680 times
FEM computations. In our FEA parameter sweeping
computation, it takes around 15 hours to obtain all
the solutions.

15680 sample points are computed using FEM,
and the torque as a function of the parameters {b;, b,
Pw, O} 1s reconstructed by the response surface
method with multi-quadratics basis function.

Table 2. Variable Range.

Parameters Range Step
fs ((degree) 27.01~37.06 1
bs(mm) 19.38~26.38 1
pw (degree) 30~39 1
G(degree) 0~33.6 1.2

Torque versus the parameters {b,, pw, O} is
shown in Fig. 5; and torque versus the parameters
{bs, b+, 6,} is shown in Fig. 6.

Then, by using response surface methodology
(RSM), the optimal by, b, and py of the sample SRM
is determined: stator pole width b, =20.38 mm, rotor
pole width b, =22.10 mm, conduction angle p,, =31
degree, accordingly, the optimal S and S of
the sample SRM are 28.43 degree and 31.27
degree respectively.

Fig. 7 shows the cross section of sample SRM.

. 30 9
Rotor position(Mec.degreé

Fig. 5. Torque versus by, pwand 6.
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Fig. 6. Torque versus bs, b-and 6.
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Fig. 7. The shape of iron cores.

4. Finite Element Analysis of Sample
SRM

In order to obtain an accurate motor design, the
2D finite element analysis (FEA) was used to
compute the performances of sample SRM with
Fe-based amorphous alloy material.

4.1. Winding Flux Linkages

In SRM, when a stator pole is opposite a rotor
pole is defined as the aligned position such that the
reluctance of the motor magnetic structure is
minimum. This location is assumed to be as 90
electrical degrees for the rotor position in the motors
performance plots. The unaligned position (zero
electrical degree) is defined as that when the rotor
pole is in opposite the stator slot such that the
reluctance of the motor magnetic structure is at its
maximum. In the analysis the rotor moves from
unaligned to aligned positions.

The reluctance variation of SRM has an important
role on its performance; hence an accurate knowledge
of the flux linkage of the motor for different
excitation currents and rotor positions is essential for
the prediction of motor performance.

In Fig. 8, the flux linkage of one phase is
represented as a function of excitation current for the
extreme position, unaligned and aligned position.
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In silicon steel motor, the amount of flux linkage
of one phase is increased compared with the
amorphous alloy motor at high current in aligned
position, but in unaligned position, owing to the
magnetic circuit is linear; the flux linkage of silicon
steel SRM is same as that of Fe-based amorphous
alloy SRM.
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Fig. 8. The phase flux as a function of current (DW360,
Fe-based amorphous alloy).

4.2. Phase Inductance Curves

The inductance (L) has been defined as the ratio
of each phase flux linkages to the exciting current.
Values based on this definition for sample SRM with
Fe-based amorphous alloy material are presented
in Fig. 9.

In Fig. 9, zero degree is considered to be as the
unaligned case. In the aligned position the inductance
is greatest at low values of excitation current and
decreases as the motor goes into unaligned position.
This inductance reduction is due to the fact that the
reluctance of the motor magnetic circuit increases as
the rotor moves into the unaligned position. At higher

current levels the inductance variation is less
sensitive to the rotor position.
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Fig. 9. The phase inductances as a function
of rotor position.

4.3. Magnetic Field Distribution

For all motors the field solutions are obtained at
the aligned and unaligned positions. The motor is
highly saturated under normal operating conditions.
The plots of magnetic flux density throughout the
motors have been obtained and are shown in Fig. 10.
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Fig. 10. Flux distribution when one phase is excited
for Fe-based amorphous alloy.

4.4. Torque Capability

As the magnetic coupling between phases is
negligible, one considers that the self-inductance
variation is the only origin of torques. Indeed, in
switched reluctance motor, the electromagnetic
torque is obtained by deriving self-inductance and
multiplying by square of current.

L 0L(6,.1)
T =i == 3)

”

where T is the electromagnetic torque, L is the phase
self-inductance, 6, is the rotor position and i is the
phase current.

So, comparing the self-inductances variations
versus rotor position is indispensable.
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The figure shows the variations of these
inductances as a function of the position (in electrical
degrees) for both motors. To see the influence of
saturation, several current values are considered.

At low current, in absence of magnetic saturation
the inductance variation is conditioned mainly by the
magnetic geometry of the structure.

The nonlinear variation of inductance in the
SRMs induces probably some additional torque
ripples. This nonlinearity (due to the geometry and
saturation) makes also its analytical modeling
more difficult.

To compare the electromechanical conversion,
one considers electromagnetic torques developed
when the given supply voltage is 190 V. The shapes
of transient torques are shown in the Fig. 11.
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Fig. 11. Torque versus time.

The SRMs torque is directly linked to the
derivatives of inductances, not directly to the
inductance shape. So, any dissimilitude in this
derivative shape (even though this dissimilitude is
small) induces some difference in the torques shapes.

The average torque is calculated. The average
torque of the silicon steel motor is 49.47 Nm while
the average torque of the amorphous alloy motor is
37.8 Nm. For a given supply voltage, the silicon steel
motor develop a greater average torque than the
amorphous alloy one.

4.5. Core Losses

A comparison of iron losses curves provided in
Fig. 12. The iron loss of the amorphous alloy motor
is much less than that of the silicon steel one.

80 ——DW360

70 | _ Amorphous alloy
60 -~~~ T

50
40
30
20" """""""f-——""""""-
10 I ]

0 L
0(degree
30 ( 4%r ) 60 75 90

g. 12. Iron losses versus time at 50 Hz.
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The rms core losses are calculated. The rms core
loss of the silicon steel motor is about 18.76 W while
the rms core loss of the amorphous alloy motor is
about 197.44 uW. For a given supply voltage, the
silicon steel motor develop a much smaller rms core
losses than the amorphous alloy one.

5. Conclusions

This paper focuses on the performance analysis of
a prototype amorphous alloys core SRM
(100 W/100 rpm) for home appliance applications.
With the help of response surface methodology
(RSM) and the parameterized transient finite element
analysis model of the sample SRM, the stator pole
arc f, rotor pole arc f., the turn-on angle 6, and
turn-off angle 6, of the sample SRM are optimized
for reducing torque ripple. The magnetic fields
distribution, the torque characteristics of the
prototype machine are presented by using finite
element analysis. The studies show that the
amorphous alloys core SRM is potential to achieve
high efficiency.
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