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ABSTRACT: Because of the high torque ripple of the switched reluctance motor (SRM), a novel
design optimization method is introduced in the present paper for the multi-layer switched reluctance
motor. Using this design optimization method, torque ripple is reduced significantly, and average torque
is increased as well. In the proposed method, the significant reduction of torque ripple is derived from
variation of both the motor geometric structure and the design/control parameters. The most important
design parameters of the SRM that have a significant effect on the torque ripple and average torque
of the motor are stator/rotor pole arcs. The optimal values of these parameters are determined here
using the design of experiments (DOE) algorithm. Having the instantaneous torque waveform of the
motor is necessary for the accurate calculation of torque ripple. In the present paper, this waveform is
predicted using an analysis of the motor based on finite element method (FEM). Applying the introduced
design optimization method to a typical 8/6 multi-layer SRM, simulation results are presented and the
effectiveness of the proposed design optimization method is demonstrated. Since the produced average
torque of the multi-layer SRM is higher than the conventional type of SRM (one-layer), the proposed
design optimization procedure could be utilized appropriately for the construction of a high-power SRM
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1- Introduction

The SRM was introduced for the first time in 1838 but
special attention was paid to it three decades ago with the
development of power electronics and control algorithms [1-
2]. Due to the exclusive merits of this motor such as high
reliability, concentrated winding, simple and rugged structure,
and appropriate operation at high-speed large-temperature
conditions, it is usually selected as an appropriate candidate
for different applications [3-6]. In spite of the above-
mentioned advantages, torque ripple and noise in this motor
are high, and many works are done by researchers to improve
these two issues [7-22].

To reduce torque ripple and increase average torque,
design optimization of the SRM is done in [11] and the
optimum stator/rotor pole arcs are then determined. In [12], the
optimization of an SRM using a multi-objective optimization
method based on a genetic-fuzzy algorithm is proposed. High
efficiency and low torque ripple are the objective functions
of the optimization procedure in this reference. Using
electromagnetic and thermal finite-element analysis (FEA), a
design method of the SRM is introduced in [13] to minimize
the total cost. Based on the Taguchi fractional factorial DOE,
the optimization of geometrical parameters for the SRM
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to maximize torque is presented in [14]. By changing the
geometric structure of the rotor, a different structure of the
2-layer 6/4 SRM is introduced in [15] to decrease torque
ripple. In [16], an optimization design method based on the
genetic algorithm for a two-phase SR compressor drive is
introduced. Using flux-linkage characteristics predicted from
the magnetic equivalent circuit (MEC) method, the dynamic
analysis of the SRM is done in this reference. Multi-objective
design optimization of the SRM for EVs is introduced in [17]
to maximize average torque, average torque per copper loss,
and average torque per motor volume. The stator and rotor
pole arc angles are the optimized variables in this work. The
design of a high-speed 2-phase 4/2 SRM for an air blower
is presented in [18]. The rotor pole shape is optimized in
this reference to reduce torque ripple based on a reiterative
optimization algorithm using FEA.

An optimization method based on the DOE method is
introduced in [19] for SRM to optimize five geometries of
SRM and turn-on and turn-off angles. Based on a combination
of the DOE and particle swarm optimization methods, multi-
objective design optimization of the SRM is done in [20].
The optimal design of SRM for electric vehicles (EVs) is
presented in [21]. Six design criteria including wide speed
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range, high efficiency, good overload capability, small torque
ripple, low cost, and high power density are considered in
this optimization. A constrained multi-objective optimization
procedure for the design and control of a SRM based on a
non-dominated sorting genetic algorithm has been introduced
in [22]. This work optimizes SRM to maximize efficiency
and average torque and minimize torque ripple. The factors
of optimization includes air-gap length, rotor inner diameter,
stator pole arc angle, rotor pole arc angle, stator pole height,
and stator inner diameter as well as turn-on and turn-off
firing angles. Based on the MEC method, the electromagnetic
modeling of the multi-layer SRM is done in [23]. A shape
design procedure is also introduced in this reference for
torque ripple reduction of different types of multi-layer SRM.

Although various design optimization methods are
reported for the conventional SRM, less attention has
been paid to the design optimization of multi-layer SRM
[15, 23]. The design optimization of the multi-layer SRM
to improve torque ripple and average torque is the main
objective of the present paper. In the following, the design
optimization procedure proposed for the reduction of torque
ripple and increase of average torque is described in section
2. Implementing this procedure to a typical multi-layer 8/6
SRM, simulation results are presented in section 3 and its
effectiveness is evaluated. Finally, the paper is concluded in
section 4.

2- The Proposed Design Optimization Procedure

The design optimization method proposed for the multi-
layer SRM consists of two separate parts which are described
in the following.

2- 1- Optimum Design Parameters

The most important design parameters of the SRM that
have a significant impact on torque ripple and average torque
are stator/rotor pole arcs [11]. To find the optimum values of
these two parameters, it is necessary to carry out a dynamic
analysis of the SRM as explained in [1]. In addition, turn-
on and turn-off angles as the control parameters have a
significant effect on the torque ripple and average torque of
the machine. Using the DOE algorithm and doing dynamic
analysis, optimum values of poles arcs and these control
parameters are determined here to maximize the average
torque and minimize the torque ripple. The current regulation
control mode is considered in this optimization because the
objective is to find the optimum values of design/control
parameters for a constant current (around nominal current).

Design optimization is an important goal in any
research. Different statistical methods for the optimization
of parameters are used and one of them is the DOE method
which is centered on factors, responses, and runs. This method
is a systematic method to determine the relationship between
factors affecting a process and the output of that process.
Some of the most common DOE types are as follows: (1)
one-factor designs, (2) factorial designs which include:
general full factorial designs, two-level full factorial designs,
two-level fractional factorial designs, Plackett-burman
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designs, Taguchi’s orthogonal arrays, (3) response surface
method designs, (4) reliability DOE. In the present paper, the
response surface method (RSM) is used as an optimization
method. The effect of each factor (the factor F) and their
interactions on the response variable can be calculated using
the analysis of means (ANOM). The impact of the change of
the factor F' from the low to the high level at the response R
can be calculated as:

Siert R Yjer R

Ni N

Er(F)=

(1

where F* is the subset of the simulation, ' takes the high
level (+), N, is the size of this subset. Similarly, /= and Nj are
the subset of simulations with F at the low level and the size
of this subset, respectively. The effect of the interaction of the
factors /', and F, is:

ZiE(F,J«*z)+ R; ) ZjE(FLFZ)' R

N, N

Ep(F1.F)= 2)

where (F.F,)" represents the subset of simulation with
the factors F', and F, at the same level. This includes the
simulation when both F, and F, are at the high level as well
as the ones where they are both at the low level. In contrast,
both factors are at different levels for the simulation results
related to (F.F,)".

2- 2- Shape Design Optimization

With regard to Fig. 1, it is seen that the rotors of different
layers are completely aligned for the conventional multi-layer
SRM. In other words, there is no displacement between the
rotors. Since different layers in the conventional multi-layer
SRM have similar performance, they produce the same torque
waveforms. Therefore, the instantaneous torque of the multi-
layer SRM can be easily derived from the torque waveform
of one layer when the amplitude of this predicted waveform is
multiplied by the number of layers. As a result, although the
conventional multi-layer SRM produces more average torque
in comparison to the one-layer SRM, their torque ripple is the
same. Using many simulation results provided for different
types of the multi-layer SRM, we have already demonstrated
in [23] that torque ripple can be decreased significantly when
there is a displacement between different rotors as illustrated
in Fig. lc. For different types of the multi-layer SRM, the
optimum value of a angle is obtained using below equation
[23]:

360°

o=
PerhaseNlayer

3)

where P is the number of rotor poles in each layer, N ase
is the number of phases in each layer and N ier is the number
of layers, respectively.
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Table 1. Motor specifications [25]

Stator outer diameter [mm]
Stator slot-bottom diameter [mm]
Rotor outer diameter [mm]

Rotor slot-bottom diameter [mm]

Air gap length [mm]
Shaft diameter [mm]
Stack length [mm]
Stator pole arc [deg.]
Rotor pole arc [deg.]
Turns per coil

Nominal power [kW]

Nominal coil current [A]

Nominal speed [rpm]

Resistance @ 20° C [Q]

125

100

63

41

0.35

21

90

21

21

124

1500

0.69

3- Simulation Results

In order to evaluate the effectiveness of the proposed
design optimization procedure, a typical multi-layer 8/6 SRM
is considered and the simulation results are presented in this
section. It should be noted that every layer of the discussed
multi-layer SRM is an 8/6 SRM with specifications given in
Table 1. In addition, each phase of this 8/6 SRM includes
two coils in parallel and the laminations of the stator and
rotor are M800-50A with 0.5 mm thickness. Carrying out 2D
FE transient analysis of the discussed 2-layer 8/6 SRM, the
instantaneous torque of the motor is predicted for the current
regulation control mode. In this analysis, the maximum current
is 12 A, the hysteresis band is 0.1 A, the turn-on angle is 5°,
the turn-off angle is 20°, speed is 1500 rpm, phase voltage
is 500 V. The predicted instantaneous torque is illustrated in
Fig. 2. It should be explained that the ANSY'S finite element
package is used here for the analysis of the motor.

The sequence of implementation of the two procedures
described in sections 2-1 and 2-2 is important and therefore two
different design optimization methods could be considered. In
the first method, the design optimization procedure described
in section 2-1 is applied for one layer, and the optimum values
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of the stator pole arc, the rotor pole arc, and the turn-on angle
are obtained. Considering different layers, the impact of
the design optimization procedure described in section 2-2
is then evaluated. In the second method, different types of
multi-layer SRM (2-layer, 3-layer, 4-layer, ...) are considered
and their optimization is done using the design optimization
procedure described in sections 2-2. For each optimized
motor, the design optimization procedure described in section
2-1 is then applied. In the following, the simulation results
related to these two methods are presented.

3- 1- The First Design Optimization Method

When the discussed 2-layer 8/6 SRM is optimized using
the design optimization procedure described in section 2-1,
the optimum values of the stator pole arc, the rotor pole arc,
and the turn-on angle are 23.7°, 22.5°, and 6.6°, respectively.
For these optimum values when the conduction angle is
15°, instantaneous torque of the motor is predicted and it is
shown in Fig. 3. Comparing Fig. 2 and 3, it is observed that
torque ripple is reduced and average torque is also increased
significantly. Having the predicted instantaneous torque,
average torque, and torque ripple can be calculated and they
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Fig. 1. The structure suggested for multi-layer SRM: (a) stator, (b) rotor of conventional structure, (c) rotor of
suggested structure
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Fig. 2. Instantaneous torque of discussed 2-layer 8/6 SRM

E
Z s} -
]
=
=)
2 4t -
2 F .
0 '] '] '] L '] L
0 1 2 3 4 5 6 7
Time (ms)

Fig. 3. Instantaneous torque of the 2-layer 8/6 SRM when the design optimization algorithm described in section
2-1is implemented only
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Table 2. Simulation results required for the considered DOE

Run Stator pole arc Rotor pole arc Turn on angle Average torque Torque ripple

order [deg.] [deg.] [deg.] [N.m] [%]
1 24 17 9 4 32.6
2 20.5 14.6 7 3.4 60.9
3 20.5 20.5 7 4 32
4 20.5 20.5 7 4 32
5 20.5 20.5 7 4 312
6 17 17 9 3.7 48.1
7 20.5 20.5 7 4 32
8 24 17 5 3.7 50.5
9 24 24 9 3.9 39.9
10 20.5 26.4 7 4.1 35.6
11 26.4 20.5 7 42 343
12 17 24 9 3.9 422
13 17 17 5 2.7 843
14 17 24 5 3.6 54.7
15 24 24 5 4.2 31.8
16 20.5 20.5 7 4 32
17 20.5 20.5 3.6 33 64.6
18 20.5 20.5 7 4 32
19 14.6 20.5 7 33 61.6
20 20.5 20.5 10.4 4.1 40.1

are 7.4 N.m and 49.7 % for Fig. 2 and 8.5 N.m and 32.7 %
for Fig. 3, respectively. It must be added that the following

equation is used for torque ripple calculation.

Torque ripple %=

Tmax'Tmin

T x100

avg.

“4)

100

where 7 and 7  are maximum and minimum torque
and T,, is average torque.

To find the above-mentioned optimum parameters,
the required simulation results of DOE are given in Table
2. It must be indicated that the DOE method has been
implemented here using the Minitab software. As indicated
in [11], one phase of the 8/6 SRM will ideally be excited
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Pareto Chart of the Standardized Effects
(response is Average torque, o = 0.05)
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Fig. 4. Residual histograms, (a) the average torque, (b) torque ripple

for 15° only. Therefore, it is enough to concentrate on the
turn-on angle as a variable parameter in the discussed design
optimization. This is because the turn-off angle can be then
derived from the turn-on angle (the difference between them
is 15°). The residual plots related to the average torque and
the torque ripple depicted in Fig. 4 can be used to verify these
results. The residual plot is a graph that is used to examine
the goodness-of-fit in regression and analysis of variance.
Examining residual plots helps us determine whether the
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ordinary least squares assumptions are being met. As clear
from this figure, the shape of the residual histogram has a
normal distribution. This shows that the experiment’s results
are around their estimated values. A straight line for the
points means that the residuals are distributed normally. In
order to see that there is a constant variance for the residuals,
the residual histogram, the residuals versus order/fits plots,
and the normal plot of residuals are usually used.
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Pareto Chart of the Standardized Effects
(response is Average torque, o = 0.05)
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Fig. 5. Standardized effect, (a) the average torque, (b) torque ripple

The main effects of the factors including stator pole
arc, rotor pole arc, and turn-on angle on the average torque
and torque ripple are shown in Fig. 5 and it is clear that the
effect of stator pole arc is greatest. The Pareto chart is used
to indicate the magnitude and the importance of the effects.
The reference line in the Pareto chart is used to indicate
which effects are statistically significant. The reference line
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for statistical significance depends on the significance level
(denoted by a). Bars of the Pareto chart, which cross the
reference line, are important. In the depicted Pareto chart, the
bars that represent all factors cross the reference line that is
at 2.23. These factors are statistically significant at the 0.05
level with the current model terms.
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Fig. 6. Instantaneous torque of the discussed 2-layer 8/6 SRM when it is optimized by the second
optimization design method

When the second part of the proposed design optimization
procedure described in section 2-2 is also applied, a
displacement by 7.5° between two adjacent rotors should be
considered for the optimum motor where stator pole arc, rotor
pole arc, turn-on angle, and turn-off angle are 23.7°, 22.5°,
6.6°, and 21.6°, respectively. In this case, the instantaneous
torque of the discussed 2-layer 8/6 SRM is predicted and it
is shown in Fig. 6. For this torque waveform, average torque
and torque ripple are 8.5 N.m and 20.7 %, respectively.
Comparing Fig. 2 and 6 shows that a significant reduction of
torque ripple and increase of torque average can result using
the design optimization procedure introduced in section 2.

When the number of layers in the multi-layer SRM is
increased, we have a larger average torque which is the product
of the average torque calculated for the one-layer SRM and
the number of layers [23]. With the increase of the number of
layers for the discussed multi-layer 8/6 SRM, the simulation
results of different designs derived from the first method
(presented separately in Figs. 2, 3, and 6 for the discussed
2-layer 8/6 SRM) are compared in Figs. 7-8 for the 3-layer
8/6 SRM and the 4-layer 8/6 SRM, respectively. The average
torque and torque ripple values related to different designs
are summarized in Table 3. It is added that design 1 indicates
to initial design of the motor. When the multi-layer 8/6 SRM
is optimized only using the design optimization procedure
described in section 2-1, design 2 is resulted. Finally, design 3
is obtained when the motor is optimized using the first design

optimization method. The comparison done in Figs. 7-8 and
Table 3 show well that the first design optimization method
proposed for the multi-layer SRM is much more effective
when the number of layers is also increased.

3- 2- The Second Design Optimization Method

As indicated above, another possibility for optimization is
that the design optimization procedure described in sections
2-2 is applied at first for different types of multi-layer SRM
(2-layer, 3-layer, 4-layer, and ...). For each optimized motor,
the design optimization procedure described in section 2-1 is
then used and the optimum values of the design parameters
including stator pole arc, rotor pole arc, and turn-on angle are
obtained. The related simulation results are presented here.

To find the optimum values of the above-mentioned
design parameters for the discussed 2-layer SRM with the
suggested structure introduced in section 2-2 (a=7.5°), the
related DOE simulation results are summarized in Table 4.
When the design optimization procedure described in sections
2-1 is applied to this motor, the stator pole arc, rotor pole arc,
and turn-on angle are optimized and they are 24.2°, 21.9°,
and 7.1°, respectively. For these optimum values when the
conduction angle is 15°, instantaneous torque of the motor
is predicted. The predicted instantaneous torque, average
torque, and torque ripple can be calculated and they are 8.41
N.m and 21.69 %, respectively.
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Fig. 7. Instantaneous torque of the 3-layer 8/6 SRM
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Fig. 8. Instantaneous torque of the 4-layer 8/6 SRM
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Table 3. Simulation results related to the first method

Design | Design 2 Design 3
Average torque
7.4 8.5 8.5
2-layer SRM [N.m]
Torque ripple [%] 49.7 32.7 20.7
Average torque
11.12 12.8 12.8
3-layer SRM [N.m]
Torque ripple [%] 49.73 32.7 17.7
Average torque
14.83 17.1 17.1
4-layer SRM [N.m]
Torque ripple [%] 49.73 32.7 12.9

Similarly, the DOE simulation results required for 3-layer
and 4-layer 8/6 SRM with the suggested structure described
in section 2-2 are given in Tables 5 and 6, respectively. For
the discussed 3-layer 8/6 SRM optimized with the design
optimization procedure described in section 2-2 (a=5°),
the optimal values of the stator pole arc, rotor pole arc, and
turn-on angle are 26.4°, 23.8°, and 4.6°, respectively. These
values are also 25.8°, 17.5° and 8.3° for the discussed 4-layer
8/6 SRM optimized with the design optimization procedure
described in section 2-2 (a=3.75°).

The simulation results of different designs derived from
the second design optimization method are compared in Figs.
9-11 for the 2-layer 8/6 SRM, the 3-layer 8/6 SRM, and the
4-layer 8/6 SRM, respectively. For better comparison, the
values of average torque and torque ripple related to different
designs are also given in Table 7. It should be explained that
design 1 indicates the initial design of the motor without
any optimization as defined in Table 3. When the design
optimization procedure described in sections 2-2 is applied
only, the design 4 is resulted. Finally, design 5 is obtained
when the motor is optimized using the second design
optimization method.

Another important type of SRM which is mostly utilized
for different applications is the three-phase 6/4 SRM.
To demonstrate the effectiveness of the proposed design
optimization method, it is also applied to the multi-layer
6/4 SRM described in [23]. All design specifications of this
motor except stator/rotor pole arcs are similar to those for
the discussed one-layer 8/6 SRM given in Table 1. Similar
to the discussed multi-layer 8/6 SRM, the stator pole arc
and rotor pole arc are the same in the multi-layer 6/4 SRM
and they are 28°. Applying the first design optimization
method described in section 3-1 to this multi-layer 6/4 SRM,
the related simulation results are obtained and they are
summarized in Table 8. As explained in section 2-1, a part
of the proposed design optimization method is to find the
optimal values of stator pole arc, rotor pole arc, turn-on angle,
and turn-off angle. For the considered multi-layer 6/4 SRM,
optimal values of these parameters derived from the DOE
are 34°, 34°, 8.6° and 38.6°, respectively. Comparing Table 3
and Table 8, it is seen that the proposed design optimization
method is effective for other types of multi-layer SRM.
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Table 4. The DOE simulation results for 2-layer 8/6 SRM with 0=7.5°

Run Stator pole arc Rotor pole arc Turn on angle Average torque Torque ripple
order [deg.] [deg.] [deg.] [N.m] [%]
1 24 17 9 8.4 21
2 20.5 14.6 7 6.7 353
3 20.5 20.5 7 8.1 21.4
4 20.5 20.5 7 8.1 21.4
5 20.5 20.5 7 8.1 21.4
6 17 17 9 7.5 27.7
7 20.5 20.5 7 8.1 21.4
8 24 17 5 7.5 29.6
9 24 24 9 7.9 25.7
10 20.5 26.4 7 8.1 23.8
11 26.4 20.5 7 8.5 21.2
12 17 24 9 7.9 24.1
13 17 17 5 5.5 33.7
14 17 24 5 7.1 30.3
15 24 24 5 8.4 20.7
16 20.5 20.5 7 8.1 21.4
17 20.5 20.5 3.6 6.7 36.9
18 20.5 20.5 7 8.1 21.4
19 14.6 20.5 7 6.6 33.5
20 20.5 20.5 10.4 8.2 26.1
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Table 5. The DOE simulation results for 3-layer 8/6 SRM with a=5°

Run Stator pole arc Rotor pole arc Turn on angle Average torque Torque ripple

order [deg.] [deg.] [deg.] [N.m] [%]
1 24 17 9 12.6 17.9
2 20.5 14.6 7 10.1 20.4
3 20.5 20.5 7 12.1 18.1
4 20.5 20.5 7 12.1 18.1
5 20.5 20.5 7 12.1 18.1
6 17 17 9 11.2 18.7
7 20.5 20.5 7 12.1 18.1
8 24 17 5 11.2 21.7
9 24 24 9 11.9 21.1
10 20.5 26.4 7 12.2 20
11 26.4 20.5 7 12.7 17.9
12 17 24 9 11.8 16.7
13 17 17 5 8.2 26.6
14 17 24 5 10.7 18.5
15 24 24 5 12.6 15.8
16 20.5 20.5 7 12.1 18.1
17 20.5 20.5 3.6 10 19.6
18 20.5 20.5 7 12.1 18.1
19 14.6 20.5 7 9.9 17.1
20 20.5 20.5 10.4 12.3 19.4
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Table 6. The DOE simulation results for 4-layer 8/6 SRM with a=3.75°

Run Stator pole arc Rotor pole arc Turn on angle Average torque Torque ripple

order [deg.] [deg.] [deg.] [N.m] [%]
1 24 17 9 16.7 12.3
2 20.5 14.6 7 13.5 13.3
3 20.5 20.5 7 16.2 12.2
4 20.5 20.5 7 16.2 12.2
5 20.5 20.5 7 16.2 12.2
6 17 17 9 15 14.3
7 20.5 20.5 7 16.2 12.2
8 24 17 5 15 12
9 24 24 9 15.8 14.2
10 20.5 26.4 7 16.2 13.2
11 26.4 20.5 7 17 14.1
12 17 24 9 15.7 15.7
13 17 17 5 10.9 18
14 17 24 5 14.4 14.7
15 24 24 5 16.8 15.8
16 20.5 20.5 7 16.2 12.2
17 20.5 20.5 3.6 13.3 18.4
18 20.5 20.5 7 16.2 12.2
19 14.6 20.5 7 13.2 17.3
20 20.5 20.5 10.4 16.4 15.4
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Fig. 11. Instantaneous torque of the 4-layer 8/6 SRM

Table 7. Simulation results for the second method

Design 1 Design 4 Design 5
Average torque
7.4 7.4 8.4
2-layer SRM [N.m]
Torque ripple [%] 49.7 26.5 21.7
Average torque
11.1 11.1 12.9
3-layer SRM [N.m]
Torque ripple [%] 49.7 19.7 15
Average torque
14.8 14.8 16.6
4-layer SRM [N.m]
Torque ripple [%] 49.7 14.6 14.2
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Table 8. Simulation results when the first method is applied to the considered multi-layer 6/4 SRM

Design 1 Design 2 Design 3
Average torque
7.1 8.2 8.2
2-layer SRM [N.m]
Torque ripple [%] 76.1 30.6 19.4
Average torque
10.6 12.3 12.3
3-layer SRM [N.m]
Torque ripple [%] 76.1 30.6 15.9
Average torque
14.2 16.4 16.4
4-layer SRM [N.m]
Torque ripple [%] 76.1 30.6 14.5

4- Conclusion

By changing the geometric structure and determining
the optimum values of some design/control parameters using
the DOE algorithm, an effective design optimization method
was introduced for the multi-layer SRM by which torque
ripple is reduced significantly and average torque is also
increased. Depending on the sequence of implementation of
the two above-mentioned design optimization procedures,
two different design optimization methods were introduced.
Applying these two methods to a multi-layer 8/6 SRM with
different numbers of layers, many simulation results based
on the 2D finite element method using the ANSYS finite
element package were presented. These simulation results
showed a significant reduction of torque ripple while average
torque was increased. One of the main drawbacks of the SRM
is the high torque ripple. As a result, the proposed design
optimization method can be considered as an effective design
method for torque ripple reduction. Since average torque is
also increased for the multi-layer SRM with a higher number
of layers, this point can be utilized for the construction of a
high-power SRM with minimum torque ripple.
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