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Abstract

The stator and rotor pole structure and power inverters have significant influence on electromagnetic torque
performances and efficiency performances. Many papers have investigated on those design parameters on motor result
[1][2][3] [4]. Inductance and flux linkage will be influenced by rotor and stator pole combination and magnetic circuit.
In this paper, a SRM 12/10 will be modified from 12/8 with the same outer diameter stator and stack length. The paper
figures out some stator and rotor pole arc to get maximum average torque and minimum ripple torque. For commercial
switched reluctance motor, control method is single voltage or current pulse in higher speed not chopping current. The
DC link voltage of power converter of SRM is limited, it is difficult to achieve constant torque in wider range of speed
because the magnetic circuit is saturated condition, and the phase current cannot rise reference value. To improving
average torque at high speed, increasing voltage or rotor poles or winding phases are possible.

Keywords: switched reluctance motor - SRM, pole arcs, torque, Finite element method - FEM.
1. Introduction
Nowadays, Switched Reluctance Motor (SRM) has been chosen as the right candidate to drive this small scale
electric vehicle due to the advantages of simple construction, wide constant power region and effective torque speed
characteristic.
SRMs have been applied in various fields, from automotive vehicles to the aircraf tengine areas[10]. However,
power density and torque density are not as high as permanent magnet motors. The torque and efficiency performance
can be improved by electromagnetic design and power inverter control method. In SRM, the number of stators, rotor
and winding phase must be followed a regular. The number of phases m is calculated with the number of stator poles
N and rotor poles N : [11]
s

r

m=

Ns
Ns − Nr

(1)

The cross-section of a three-phase SRM 6/4 with one phase of its associated power converter. Each phase of the
machine is made up of two coils wound around diametrically opposed stator poles and electrically connected in series
(fig.1). In the SRM, torque is produced by the tendency of the nearest rotor poles to move to a minimum reluctance
position with respect to the excited stator pole pair.

Figure 1. Three –phase SRM geometry and power converter topology
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The pole arcs of the stator and rotor are important variables in the switched reluctance machine design. In this
paper, a three phase 6/4 SRM, the stator and rotor pole arcs are varied for a given current, and their effect on the
average torque developed in the machine is studied to give a clearly identifiable range of practical pole arcs for rotor
poles.

2.Electromagnetic Calculation Of Switched Reluctance Motor
Number of stator poles Ns and the number of rotor poles Nr are determined by special applications and power
converter topology. There are many possible combinations for the number of poles for SRM 6/4 and 12/8. The
advantages and disadvantages have been explored in detail in[13]. This paper focuses on the popular combination of
12 stator poles and 8 and 10 rotor poles to improve torque performances in wide ranger speed.
The stator and rotor pole angle selection form a crucial part of the design process. There are many guidelines to
be followed during the selection process. The standard design normally has the stator pole arc angle βs smaller than
the rotor pole angle βr. The constraints on the values of pole arc angles are as follows: Rotor pole arc (βr) is selected
to be equal or greater than stator pole arc (βs), since the number of rotor pole is less than number of stator pole (βs ≤
βr). βs should be equal or greater than step angle to generate required torque. When βs is selected as smaller than step
angle (βs < ε), none of the phases may not have rising inductance slope, there may be some positions in the machine
from where the machine may not start[13]. Step angle is shown by.

ε=
Where ε is step angle.

4π
N s .N r

(2)

βr ≥ βs ;

Rotor pole angle should be greater than sum of stator and rotor pole arc as follows:

βr + βs <

2π
2π
; min( β r , β s ) ≥
m.N r
Nr

(3)

There are three constraints in determining the poles arc angle. These constraints are shown in the form of a triangle
named Feasible Triangle. According to these restrictions, the ranges can be specified as 15° ≤ βs, βs+βr < 45°, and
15° ≤ βr ≤ 30° for SRM 12/8. Pole embrace of SRM is an important factor to have a good performance of the motor.
Therefore, it should be considered in the motor design. Pole embrace is defined as the ratio of pole arc to pole pitch.
Embrace coefficient of SRM generally affects the rotor and stator tooth widths. It also influences the torque ripple and
average torque. Hence, the selection of pole embrace has a significant importance for the performance of SRM.
To predict the performance characteristics of the SRM the knowledge about the relationship ψ (i, θ) is required.
Flux-linkage of SRM depends on the current and rotor position. Flux linkage is related to the inductance and current
in the electromagnetic circuit of a SRM phase and expressed by:
Ψ k =Ψ (θ , ik ) =Lk (θ , ik ).ik
(4)
Where Lk is the inductance of k phase. Just as literatures mentioned, Lk (θ, ik) can be fit by:
L(θ , ik ) =
Lo (ik ) + L1 (ik ).cos( N rθ + π )
(5)

And
Where:

=
Lo (ik ) L(ik ).cos( N rθ + π ) ;

=
Lo (ik )

(6)

Lk max (ik ) + Lk min (ik )
Lk max (ik ) − Lk min (ik )
=
; L1 (ik )
2
2

=
Lk min L=
Lk max
u;

3

∑a i
n =0

(7)

n
n k

Lkmin(ik) is the unaligned position inductance and is assumed to be a constant. The phase torque is given as
literature (3,4,5,6,7) derived:
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=
Tk


− N r .ik2  3 2an n

ik − Lk min (ik )  sin( N rθ ) 
 ∑
4  n = 0 n + 2



(10)

Result of model the complete inductace profile and flux linkage are show in fig 2,3.

Figure 2. Inductance vs rotor position

Figure 3. Flux –link age as a function of current for various rotor positions

3. Analytical Calculation And FEM Simulation Program
Since FEMM was first introduced, this program has been spread widely due to several reasons, particularly due
to opensource code and free license. Unlike other finite element analysis program, FEMM allows the user can edit its
code by themselves, to optimize and improve the calculation accuracy and speed in each problem. By coupling with
Matlab, it has a strong calculation ability with easy to use in structure and programming. Furthermore, the design
model in Simulink automatically with using several circuit topologies is also considered in future work.
The program was developed for the purpose of combining all design process into one program. It allows to
exchange the data between design process and simulation process. This is done by monitoring and active collecting
results from both process when they were executed.
Design program is developed in Matlab environment. The analytical calculation can be used and stored by
MATLAB programming language; the program interface was developed by Matlab GUI. After calculation, the system
can present on screen as well as export drawings in dxf type. All drawings can be development works involve the
integrated environment linking analytical calculation to simulation environment of FEMM.
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This program also has ability to moving part of the motor which allow us to deal with many transient problems.
To do that, it must have a code for the geometrical changes of boundary and the material assignment. Furthermore,
there are many geometrical and magnetic relationships and combination of number of rotor and stator poles to achieve
some electrical parameters This program has functions of sizing, overlapped the rotor slot, changing the size and worse
performance report. The program must find the best choice for both, using regression. Collecting and responding data
concept is also quite simple. There are only some special parameters of the motor to be verified, for example, output
torque or the air gap flux density. The output torque is taken by a block integral of the shaft and the air gap flux density
similarly can be collected by function. All result will be stored in database and used for further comparison. In addition,
results which belonged to calculation progress and resulted in simulation progress are saved separately in 2 files. The
program is divided into three main parts: analytical calculation, exporting drawing and magnetic simulation. There
are also some supporting parts including material library which also associate with FEMM library. Figure 4 shows
program Structure.

Figure 4. Program Structure

The program interface is well defined set of Matlab function to parse, manage and interpole data. There is some
information which was provided in the program, but only some important results will be displayed and to be divided
into tabs.
The interface is written by Matlab GUIDE. There is menu, button, box, and pop-up menu to manipulate, main
parameters and material library must be selected first (fig.5). The calculation progress is not activated without these
parameters, e.g, power, torque, pole numbers…, however, there are default materials for each part of the motor. The
interface links to database, material library as well as calculation results. When the system receives main parameters
for motors, calculations will be executed. The results will be stored in database in file.mat format. Main dimensions
are shown, and the drawing is also plotted.
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Figure 5. Program Interface

Electrical steel material will be defined by specific parameters. The wire library includes the diameter, electrical
conductivity. Electrical steel parameters consist of B-H curve and electrical conductivity (fig.6). In motor core
materials of industrial applications, low iron loss is required for high motor efficiency [3-8], and high magnetic flux
density is required for motor downsizing and high torque. To reduce the iron loss of electrical steel sheets, Si addition
is effective from the viewpoints of increasing resistivity and decreasing magnetic anisotropy, and approximately 3%
Si is added to high grade electrical steel sheets.

Figure 6. Silicon steel B-Ironless curves

Following main parameters and material library, there will be analytical analysis. The analyzing process will be
started by choosing motor length, diameter and height based on motor standard. During the process, there are some
experience coefficients must be defined. All dimensions of motor will be calculated, including stator slot, rotor slot,
airgap. This process is quite like induction motor design. In details, stator slot size is calculated mainly based on stator
winding which depended on power, current and experience coefficients. After analytical results are achieved, all the
dimensions of motor are saved in database in matrix form. When the export command is generated, the drawing
process will be executed. The program was developed by MATLAB DXF library. Unfortunately, the library is quite
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simple, all difficult tasks, such as drawing circle line, rotating object, are achieved by geometrical formulas. To do
this, circle line is made from several line, to draw a line, start point and end point are required. Their coordinates must
be calculated. The algorithm must satisfy both requirement: ensure the shape of these line like desired curve and using
least points as much as possible. Using minimum number of lines will help the system does not have to store a lot of
data, which will result slowing down speed and difficulties when exporting the drawings to another software. In the
other hand, rotating and mirror is also a difficult task in programming. The strategy, using loop function to redraw
several times and using trigonometric function with angle steps, is applied and returns good results. The system will
export 3 drawings: motor, rotor, and stator separately. These drawings can be used in several simulation program and
design and manufacturing progress.

4. SRM 12/8 and 12/10 Calculation
In this study, a SRM 8 and 10 rotor poles 1.2 kW- 5000rpm are carried out and the Electromagnetic analyses are
performed for the reference motor and then two different SRM rotor designs are realized. The SRM 10 rotor poles
alternatives are investigated in detail using FEA and several parametric optimizations are also performed before
finalizing the design. Geometry parameters of SRM 12/8 and 12/10 in table 1.
Table 1. Geometry parameters of SRM 12/8 and 12/10

Parameter

Unit

SRM 12/8

Stator Poles

SRM 12/10

12

12

15

15

Stator Pole Angle

degree

Stator Lam Dia

mm

140

140

Stator Bore

mm

90

90

Stator Pole Depth

mm

15

15

Stator Pole Radius

mm

2

2

Sleeve Thickness

mm

0

0

8

10

Pole Number
Rotor Pole Angle

degree

16

16

Rotor Slot Depth

mm

11

11

Pole Taper Angle

degree

0

0

Rotor Slot Fillet Radius

mm

0

0

Airgap

mm

0.3

0.3

Banding Thickness

mm

0

0

Shaft Dia

mm

25

25

The stator and rotor slot or poles have plotted in dxf file-AutoCAD in fig 7.
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Figure 7. A 2D FEM model

The Analytical Program and FEM analysis is realized to investigate the influence of rotor pole. The
Electromagnetic design results have been summarized in table 2.
Table 2. The Electromagnetic design results.

Wire Slot Fill (Wdg Area)

0.6125

0.6125

Copper Slot Fill (Wdg Area)

0.5304

0.5304

Wire Slot Fill (Slot Area)

0.5816

0.5816

Copper Slot Fill (Slot Area)

0.5036

0.5036

Heavy Build Slot Fill

0.7792

0.7792

Slot Area

mm²

233.5

233.5

Winding Area (+Liner)

mm²

233.5

233.5

Slot Area (FEA)

mm²

232.6

232.6

Wedge Area

mm²

0

0

Slot Opening Area

mm²

0

0

Liner-Lam Imp Area

mm²

-5.68E-14

-5.68E-14

Impreg Area

mm²

85.9

85.9

Liner Area

mm²

11.79

11.79

Coil Divider Area

mm²

0

0

Volume Copper EWdg Front

mm³

2.68E+04

2.68E+04

Volume Copper Active

mm³

1.27E+05

1.27E+05

Volume Copper EWdg Rear

mm³

2.68E+04

2.68E+04

Maximum Torque Possible

Nm

14.116

16.657

Average torque (virtual work)

Nm

3.8411

7.5037

Average torque (loop torque)

Nm

3.68

7.4673

Torque Ripple (MsVw)

Nm

2.0125

3.0376

Torque Ripple (MsVw) [%]

%

51.899

40.51

-----
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Electromagnetic Power

Watts

1218.2

2355.7

Input Power

Watts

1270.5

2470.6

Output Power

Watts

1155.1

2177.1

Total Losses (on load)

Watts

115.36

293.49

System Efficiency

%

90.92

88.121

Nm

3.6769

6.93

----Shaft Torque

Figure 8. Stator and Rotor cores
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Average Torque (Nm)

The output torque is calculated, and the best combination of stator and rotor pole embrace can be selected for
optimum analysis. The results on the effect of pole embrace are given in Fig. 9 for different combinations of stator
and rotor pole embraces.
25
20
as = 0.2
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as = 0.3

10

as = 0.4

5
0
-5

as = 0.5
0

0.2

0.4

0.6

0.8

as = 0.6

1

Rotor pole arc/ pole pitch
Figure 9. Average Torque vs rotor embrace

Torque ripple/
average torque

Figure 9,10 shows the average torque and torque ripple vs. embarce stator for various values of embrace rotor.
The average torque is maximum value or on top of curve (as=0.5) at rotor pole arc ar=0.3. With the four rotor poles
and six stator poles SRM, rotor/stator pitches are 90/60 degree, so the rotor embrace (ar=0.3) is 30 mechanical degrees
and the stator embrace (ar=0.5). It means rotor pole angle and stator angle is the same value of 30 degrees.
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Figure 10. Torque ripple/Average Torque rate vs rotor embrace

Average torque will increase with stator pole arc when Rotor embrace/ rotor pitch rate is from 0.5 to 0.7.
Electromagnetic torque is negative value from rotor arc of 0.8. When the embrace stator lies in the range of 0.45 to
0.55 and embrace rotor lies in the range of 0.25 to 0.4, the average torque to get a high value and the low torque ripple.
The guidelines that follow from these observations are that the rotor pole enclosure factor should be in the range of
0.3 to 0.4 and the stator pole enclosure factor in the range of 0.45 to 0.5. So, it is easy to recognize that stator
embrace/pitch rate is 0.5 and rotor embrace/pitch is from 0.25 to 0.4 to get maximum torque and minimum torque
ripple. In order to investiage electromagnetic performance, the SRM 6/4 with as =0.5; ar =0.35 have been shown in
folow results (fig 12,13):
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Figure 11. The Test benches
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Figure 12. Speed curve

Torque vs time
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Figure 13. Torque curve

When a DC current was applied to the phase windings, a torque value was obtained from the torque sensor. The
phase current was kept constant by chopping current control with a small hysteresis current. The static torque curves
were determined from 0 degree to 90 degree of rotor angle with a step of 3 degrees. To reset the rotor at full aligned
position, a DC current of 20A is excited to one phase and then the rotor is coupled with the indexing head. The step
angle can be changed by the indexing head easily in fig 11. The measured static torque characteristics (as represented
in fig 13) were the plots of shaft torque against rotor position at various stator currents. Each static torque curve was
composed of 30 points of data, so it was acceptably smooth. The static torque curves were highly non-linear. The shaft
torque was zero at the aligned and unaligned positions. It is obvious, that the torque curves are flat-top shapes when
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the phase currents are low, and the magnetic circuit is not yet saturated. The simulation and measurement results agree
well. Those results were investigated in three basic rotor positions of switch on 150, conduction 22.50 and switch off
300 angles for static operation. The differences between simulated and measured results may be explained by some
small offsets of torque sensor signals and rotor position angles.

4. CONCLUSION
The article has analyzed stator and rotor poles influenced on average torque and torque ripples by FEM
simulation method. For high speed switched reluctance motor, the control method is single voltage or current pulse
because the magnetic circuit is saturated it is difficult for chopping current to apply and the phase current cannot
reach reference value. So, the electromagnetic design will help to improve torque and current controller. The
practical test bench has been also validated in this paper.

REFERENCES

M. A. Raj and A. Kavitha, “Effect of Rotor Geometry on Peak and Average Torque of External-Rotor Synchronous
Reluctance Motor in Comparison With Switched Reluctance Motor for Low-Speed Direct-Drive Domestic
Application,” IEEE Transactions on Magnetics, vol. 53, no. 11, pp. 1–9, 2017, doi:
10.1109/TMAG.2017.2710191.
J. Han, B. Ge, K. Zhang, Y. Wang, and C. Wang, “Influence of control and structure parameters on the starting
performance of a 12/8 pole switched reluctance motor,” Energies, vol. 13, no. 14, 2020, doi:
10.3390/en13143744.
N. K. Sheth and K. R. Rajagopal, “Optimum Pole Arcs for a Switched Reluctance Motor for Higher Torque with
Reduced Ripple,” IEEE Transactions on Magnetics, vol. 39, no. 5 II, pp. 3214–3216, 2003, doi:
10.1109/TMAG.2003.816151.
M. Yildirim and H. Kurum, “Influence of Poles Embrace on In-Wheel Switched Reluctance Motor Design,”
Proceedings - 2018 IEEE 18th International Conference on Power Electronics and Motion Control, PEMC
2018, pp. 562–567, 2018, doi: 10.1109/EPEPEMC.2018.8521859.
A. Tap, L. Xheladini, T. Asan, M. Imeryuz, M. Yilmaz, and L. T. Ergene, “Effects of the rotor design parameters on
the torque production of a PMaSynRM for washing machine applications,” Proceedings - 2017 International
Conference on Optimization of Electrical and Electronic Equipment, OPTIM 2017 and 2017 Intl Aegean
Conference on Electrical Machines and Power Electronics, ACEMP 2017, pp. 370–375, 2017, doi:
10.1109/OPTIM.2017.7974998.
A. Siadatan, M. Roohisankestani, and S. Farhangian, “Design and Simulation of a new Switched Reluctance Motor
with changes in the shape of stator and rotor in order to reduce torque ripple and comparison with the
conventional motor,” SPEEDAM 2018 - Proceedings: International Symposium on Power Electronics,
Electrical Drives, Automation and Motion, pp. 353–358, 2018, doi: 10.1109/SPEEDAM.2018.8445245.
V. Rallabandi, J. Wu, P. Zhou, D. G. Dorrell, and D. M. Ionel, “Optimal Design of a Switched Reluctance Motor
with Magnetically Disconnected Rotor Modules Using a Design of Experiments Differential Evolution FEABased Method,” IEEE Transactions on Magnetics, vol. 54, no. 11, pp. 1–5, 2018, doi:
10.1109/TMAG.2018.2850744.
[8] A. Siadatan, N. Fatahi, and M. Sedaghat, “Optimum Designed Multilayer Switched Reluctance Motors for use
in Electric Vehicles to Increase Efficiency,” SPEEDAM 2018 - Proceedings: International Symposium on
Power Electronics, Electrical Drives, Automation and Motion, pp. 304–308, 2018, doi:
10.1109/SPEEDAM.2018.8445215.
Z. Yueying, Y. Chuantian, Y. Yuan, W. Weiyan, and Z. Chengwen, “Design and optimisation of an In-wheel
switched reluctance motor for electric vehicles,” IET Intelligent Transport Systems, vol. 13, no. 1, pp. 175–182,
2019, doi: 10.1049/iet-its.2018.5097.
M. D. Bui, S. Schneider, S. Arnaout, and U. Schaefer, “Torque maximization of a high-speed switched reluctance
starter in acceleration test,” 2013 15th European Conference on Power Electronics and Applications, EPE

© IEOM Society International

4350

Proceedings of the 11th Annual International Conference on Industrial Engineering and Operations Management
Singapore, March 7-11, 2021
2013, no. 1, pp. 1–5, 2013, doi: 10.1109/EPE.2013.6631908.
T. Wichert, “Design and construction modifications of switched reluctance machines,” p. 161, 2008.
P. Vijayraghavan, “Design of Switched Reluctance Motors and Development of a Universal Controller for Switched
Reluctance and Permanent Magnet Brushless DC Motor Drives Design of Switched Reluctance Motors and
Development of a Universal Controller for Switched Reluctance an,” PhD Proposal, 2001.
R. Krishnan, Switched reluctance motor drives: Modeling, simulation, analysis, design, and applications. 2017.

© IEOM Society International

4351

