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Abstract: To investigate the influence of control and structure parameters on the starting performance
of a switched reluctance motor, a 12/8 pole switched reluctance motor is analyzed in this paper.
The novel field-circuit coupled finite element method of switched reluctance motor is proposed in the
paper. The influence of the controller on the switched reluctance motor is considered. The influence
of rotor initial position angle, starting mode, starting current, and structure parameters on the starting
performance of the switched reluctance motor is studied using the field-circuit coupled finite element
method. The starting performance of the switched reluctance motor is obtained under the different
control and structure parameters. The alternating starting mode of single- and two-phase winding
can improve the starting torque of switched reluctance motor (SRM). As the stator pole arc coefficient
increases, the starting torque of SRM increases. The appropriate reduction of the air gap length
can improve the starting torque of SRM. Experimental results of the prototype are compared with
the calculation results, which verifies the reliability of the calculation method and accuracy of the
calculation results.

Keywords: switched reluctance motor; starting performance; control and structure parameters;
experimental verification

1. Introduction

Switched reluctance motor has the advantages of simple structure, high reliability, small starting
current, and high starting torque. They are suitable for many harsh environments or conditions.
In recent years, they have been widely used in the aerospace, hybrid vehicles, and textiles.

Extensive studies are performed on the multi-physics field in the switched reluctance motor
(SRM). Takeno et al. performed the test result and torque improvement of the 50 kW switched
reluctance motor designed for hybrid electric vehicles [1]. Arbab et al. carried out the thermal modeling
and analysis of a double-stator switched reluctance motor [2]. Ralllabandi et al. focused on the
optimal design of a switched reluctance motor with magnetically disconnected rotor models, using a
design of experiments differential evolution FEA-based method [3]. Ferndndez et al. focused on the
experimental validation of a thermal model for high-speed switched reluctance machines for traction
applications [4]. Oliveira et al. performed the finite element analysis simulation of switched reluctance
motor drive [5]. Santos et al. researched the multiphysics NVH modeling: simulation of a switched
reluctance motor for an electric vehicle [6]. Faiz et al. performed the temperature rise analysis of
switched reluctance motors due to electromagnetic losses [7]. Cao et al. focused on the nonlinear
modeling of electromagnetic forces for the planar-switched reluctance motor [8]. Some other experts
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also studied the multi-physics field of switched reluctance motor [9-14], but very few focused on the
numerical relationship of the starting torque of the switched reluctance motor under the different
control parameters and structure parameters.

Figure 1 shows the prototype of 12/8 pole SRM. Figure 2 shows the schematic of 12/8 pole SRM.
For the 12/8 pole switched reluctance motor, A-phase excitation winding is aligned with the rotor teeth
in Figure 2. If there is current in the B-phase excitation winding at the next moment, the rotor of SRM
rotates counterclockwise. If there is current in the C-phase excitation winding at the next moment,
the rotor of SRM rotates clockwise.

B Sw

(a) Stator (b) Rotor

Figure 1. According to the characteristics of the crane motor, prototype of 12/8 pole switched reluctance
motor (SRM) is designed and manufactured.

Figure 2. Schematic of 12/8 pole SRM is shown. A-phase excitation winding is aligned with the
rotor teeth.

According to the characteristics of the crane motor, SRM is studied to replace the traditional
three-phase induction motor. The prototype of SRM is designed and manufactured. The novelty
of the work is as follows: (1) the novel field-circuit coupled finite element method of switched
reluctance motor is proposed in the paper. The influence of the controller on the switched reluctance
motor is considered. The influence of rotor initial position angle, starting mode, starting current,
and structure parameters on the starting performance of the switched reluctance motor is studied
using the field-circuit coupled finite element method. The corresponding change of starting torque
of the switched reluctance motor is obtained. Experimental results of the prototype are compared
with the calculation results, which verifies the reliability of the calculation method and accuracy
of the calculation results. Since the calculation method in this paper is both correct and reliable,
this calculation method can be generalized for application to all SRMs and provides an important
reference for further narrowing the design choices. This novel calculation method can effectively
overcome the challenges and difficulties faced by designers of SRMs and save a lot of research funding
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and scientific research time. (2) In this paper, the starting performance of switched reluctance motor is
analyzed in detail under the different control parameters and structure parameters. The methods of
improving the starting torque of SRM are given. These methods provide an important reference for the

design of SRM, which can be generalized for application to all SRMs.

2. Establishment of SRM Field-Circuit Coupling Finite Element Model

Table 1 shows the basic parameters of the 5.5 kW, 12/8 pole switched reluctance motor.

Table 1. Basic parameters of 5.5 kW, 12/8 pole switched reluctance motor are shown.

Parameters Values
Rated power (kW) 55
Rated speed (r/min) 1500
Stator outer diameter (mm) 210.7
Stator inner diameter (mm) 116
Rotor outer diameter (mm) 115.2
Rotor inner diameter (mm) 57.6
Air gap (mm) 04
Core length (mm) 130.8
Coil turns per pole 131
Material of stator and rotor core DW310
Material of coil Copper

In this paper, the starting performance of 12/8 pole switched reluctance motor is studied by the
field-circuit coupled finite element method. The field-circuit coupled finite element model of the
12/8 pole switched reluctance motor is established, as shown in Figure 3. The field-circuit coupled
finite element model includes mainly 12/8 pole SRM, three-phase rectifier, power converter, controller,
and position sensor, etc. Double salient pole structure and concentrated winding are used in the SRM.

Control_» ‘ SRM controller Position
signal
Control 1 Current A 4 Semsor
signal | sensor
i 4‘# iy L‘H iy HH iy
Three- __| } ! E
phase oL ] |
alternating ’7
current
~ K & ‘*% piy 4‘5 piy 4‘5 Fiy

Three-phase
rectifier

Power converter 12/8 pole SRM

Figure 3. Field-circuit coupled finite element model of 12/8 pole switched reluctance motor is shown.
The starting performance of 12/8 pole switched reluctance motor is studied by the field-circuit coupled
finite element method.

Figure 4 shows the meshing map and magnetic density distribution of SRM. Software ANSOFT is
used. The total number of elements is 12,520. Mean element area is 1.80946 x 10~ m2. RMS (root
mean square) edge length is 0.0013 m. It takes 6 h to complete the calculation each time. The computer
has a random-access memory of 32 GB and a 3.60 GHz Intel® Core™ i7-3820 central processing unit.
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(a) Meshing map of SRM. (b) Magnetic density distribution of SRM.

Figure 4. Meshing map and magnetic density distribution of SRM are shown. The total number of
elements is 12,520.

3. Influence of Rotor Initial Position Angle on Starting Torque of SRM

The starting torque of the 12/8 pole SRM is calculated by the field-circuit coupled finite element
method [15-20]. The starting torque of SRM means the blockage torque of SRM in this paper.
The applied starting current is 22 A. The starting torque characteristic curve of SRM is given when the
starting mode of one-phase winding is used, as shown in Figure 5. The results are not obtained from
FEM (finite element method) in Figure 5.

Torque/N'm
B
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Figure 5. Starting torque characteristic curve of SRM is shown when the starting mode of one-phase
winding is used. The results are not obtained from FEM (finite element method).

In this paper, the rotor initial position angles are 0° (centerline between rotor poles coincides with
stator tooth centerline and phase C is on), 3.75° (rotor rotates clockwise by 3.75° on the basis of 0°),
and 12° (rotor rotates clockwise by 12° on the basis of 0° and phase A is on) are selected. The starting
torque of SRM is calculated under the different rotor initial position angles. Figure 6 shows the position
of the rotor when the rotor initial position angle is 0°. Figure 7 shows the starting torque of SRM under
the different rotor initial position angles.

It can be seen from Figure 7 that the starting torque of the SRM is different when the rotor initial
position angle is different. The starting torque of the SRM is 45.32 N-m when rotor initial position
angle is 0°. The starting torque of the SRM is 24.69 N-m when rotor initial position angle is 3.75°.
Starting torque of SRM when rotor initial position angle is 0° is 1.84 times that of SRM when rotor
initial position angle is 3.75°. The starting torque of the SRM is 54.86 N-m when rotor initial position
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angle is 12°. Starting torque of SRM when rotor initial position angle is 12° is 2.22 times that of SRM
when rotor initial position angle is 3.75°.

Figure 6. Position of the rotor is shown. Centerline between rotor poles coincides with stator tooth

centerline when the rotor initial position angle is 0°.
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(a) Rotor initial position angle is 0°.
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(b) Rotor initial position angle is 3.75°.
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(c) Rotor initial position angle is 12°.

Figure 7. Starting torque of SRM is shown when rotor initial position angle is 0°, 3.75° and
12°, respectively.
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4. Influence of Starting Mode on Starting Torque of SRM

The rotor pole pitch angle of 12/8 pole SRM rotor is 45°. Starting mode of one-phase winding
is a situation that there is the current in the only one stator winding and 1/3 rotor pole pitch angle
continues for this phase winding. The conduction interval of phase A is 3.75°-18.75°. The conduction
interval of phase B is 18.75°-33.75°. The conduction interval of phase C is 0°-3.75° and 33.75°—45°.
Alternating the starting mode of single- and two-phase winding is a situation that CA-A-AB-B-BC-C
stator windings are alternately fed with current in the rotor pole pitch angle of 12/8 pole SRM rotor.
The torque characteristic is shown in Figure 8. The results are not obtained from FEM in Figure 8.
The conduction interval of phase A is 0°-22.5°. The conduction interval of phase B is 15°-37.5°.
The conduction interval of phase C is 0°-7.5° and 30°—45°. Comparing Figure 5 with Figure 8, it can be
seen that the torque ripple is smaller when the alternating starting mode of single- and two-phase
winding is used.

Torque/N'm
<

IIIIIIIII»
0 5 10 15 20 25 30 35 40 45

Rotor position angle/°

Figure 8. Starting torque characteristic curve of SRM is shown when the alternating starting mode of
single- and two-phase winding is used. The results are not obtained from FEM.

The electromagnetic torque expression of SRM is given,

T = Z T, (6,1) 1)
x=1

TX(Qr Z) =

I L(O,)idi i :
fo (0,1)i 1:j0‘ a(L(G,l))idi<x:1,2,3,...) @

a9 a0

where L(0,1) is phase inductance. m is the phase number.

The rotor position angle 0; is 3.75°. The starting torque of SRM is obtained when both stator
winding A and stator winding C are fed with current, as shown in Figure 9a. The starting torque of
SRM is obtained when stator winding C is fed with current, as shown in Figure 9b.

The average starting torque of SRM is 34.23 N-m, when both stator winding A and stator winding
C are fed with current. The average starting torque of SRM is 24.69 N-m when stator winding C is fed
with current. The average starting torque of SRM when both stator winding A and stator winding C
are fed with current is 1.39 times that of SRM when stator winding C is fed with current.

When the electromagnetic torque is generated in the 12/8 pole SRM, two stator windings can
be fed with current at most. If the conduction angle is too big, brake torque will be generated. It is
necessary to set reasonably the conduction angle in the SRM. Figure 10 shows the starting torque of
SRM when the starting mode of one-phase winding and the alternating starting mode of single- and
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two-phase winding are used, respectively. The results are obtained from FEM in Figure 10. In Figure 10,
starting mode I means starting mode of one-phase winding. Starting mode II means alternating the
starting mode of single- and two-phase winding.

40
35
30
25
20
15
10

Torque/N'm

0 05 1 15 2 25 3 35 4 45 5
Time/ms

(a) Starting torque when both stator winding A and stator winding C are fed with current
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(b) Starting torque when stator winding C is fed with current.
Figure 9. Starting torque of SRM is shown when different stator windings are fed with current.
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Figure 10. Starting torque of SRM is shown under the different starting modes. The results are obtained
from FEM.

It can be seen from Figure 10 that the starting torque of SRM is different when the two kinds
of starting modes are used. The maximum starting torques of SRM are basically the same when
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the starting mode of one-phase winding and the alternating starting mode of single- and two-phase
winding are used, respectively. The minimum starting torque of SRM is 24.69 N-m when the starting
mode of one-phase winding is used. The minimum starting torque of SRM is 34.23 N-m when the
alternating starting mode of single- and two-phase winding is used. The minimum starting torque of
SRM when starting mode of one-phase winding is used is 1.39 times that of SRM when the alternating
starting mode of single- and two-phase winding is used. The average starting torques of SRM are
42.75 N'm and 45.58 N'm, when the starting mode of one-phase winding and the alternating starting
mode of single- and two-phase winding are used, respectively. The average starting torque of SRM
when the starting mode of one-phase winding is used is 1.07 times that of SRM when the alternating
starting mode of single- and two-phase winding is used.

In order to further study the difference between the two starting modes, the concept of starting
dead zone is proposed in this paper. The starting dead zone refers to the rotor position where SRM
cannot start successfully. This is because the starting torque is smaller than the rated load. In Figure 10,
it refers to the position below the starting boundary. The red dotted line means the rated load (starting
boundary) in Figure 10. If the starting torque is bigger than the rated load, SRM can start successfully.
The starting torque of SRM is different when the two starting modes are used. It can be seen from
Figure 10 that the starting dead zone when the starting mode of one-phase winding is used is larger
than that when the alternating starting mode of single- and two-phase winding is used. In order to
start smoothly and quickly, it is recommended to choose the alternating starting mode of single- and
two-phase winding. The alternating starting mode of single- and two-phase winding can improve the
obviously starting torque of SRM. Therefore, alternating the starting mode of single- and two-phase
winding is used in this prototype of SRM.

5. Influence of Starting Current on Starting Torque of SRM

Alternating starting mode of single- and two-phase winding is used. The starting torque of SRM
is calculated when the starting currentis 22 A, 34 A, 44 A, and 54 A, respectively, as shown in Figure 11.
It can be seen from Figure 11 that starting torque increases with the increase of starting current under
the same rotor position. The average starting torques of SRM are 112.02 N-m, 95.073 N-'m, 74.5 N-m,
and 45.58 N-m, when the starting currents are 54 A, 44 A, 34 A, and 22 A, respectively. The average
starting torque of SRM when the starting current is 34 A is 1.63 times that of SRM when the starting
current is 22 A. The average starting torque of SRM when the starting current is 54 A is 1.18 times
that of SRM when the starting current is 44 A. The magnetic densities of the stator core teeth of SRM
are different under the different starting currents. When the starting currents are 22 A, 34 A, 44 A,
and 54 A, the average magnetic densities of the stator core teeth are 1.73 T, 1.82 T, 1.87, and 1.91 T,
for the conducting phase winding, respectively. The average magnetic densities of the stator core teeth
are 0.073 T, 0.12 T, 0.16 T, and 0.21 T for the non-conducting phase winding, respectively. Since the
peak value of the rated current of SRM is 22 A, the peak value of the starting current is twice the peak
value of rated current. The starting current is selected as 44 A. In addition, the starting torque exceeds
twice the rated torque when the starting current is selected as 44 A. These meet the requirement of the
crane motor.
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Figure 11. Starting torque of SRM is shown when the starting current is 22 A, 34 A, 44 A, and
54 A, respectively.

6. Influence of Structure Parameters on Starting Torque of SRM

6.1. Influence of Stator and Rotor Pole arc Coefficient on Starting Torque of SRM

In order to study the influence of stator and rotor pole arc coefficient on the starting torque of
SRM, different cases of stator and rotor pole arc coefficient are studied. Different cases of the stator and
rotor pole arc coefficient are shown in Table 2.

Table 2. Different cases are selected to study the influence of stator and rotor pole arc coefficient on the

starting torque of SRM.
Casel Case II Case III Case IV Case V Case VI  Case VII
Stator pole arc coefficient 0.45 0.45 0.45 0.55 0.55 0.55 0.49
Rotor pole arc coefficient 0.35 0.4 0.45 0.35 0.4 0.45 0.38

Figure 12 shows the starting torque of SRM under the different stator and rotor pole arc coefficient.
Figure 13 shows the average value and RMS value of starting torque under the different stator and
rotor pole arc coefficient. Figure 14 shows the starting torque ripple coefficient under the different
stator and rotor pole arc coefficient. The average starting torque of SRM is 43.12 N'm, 40.41 N-m,
41.31 N'm, 49.38 N'm, 50.32 N-m, 45.89 N-m, and 45.61 N-m when case I, case II, case III, case IV, case
V, case VI and case VII are used, respectively. The starting torque ripple coefficient of SRM is 70.5%,
66.6%, 64.2%, 36.7%, 35.6%, 34.7%, and 38.7% when case I, case II, case III, case IV, case V, case VI
and case VII are used, respectively. RMS value of starting torque is 44.53 N-m, 41.82 N-m, 42.72 N'm,
49.70 N-m, 50.86 N-m, 46.25 N-m, and 46.16 N-m when case I, case II, case III, case IV, case V, case VI
and case VII are used, respectively. When the stator pole arc coefficient is constant, the starting torque
ripple coefficient of the SRM decrease with the increase of rotor pole arc coefficient. When the rotor
pole arc coefficient is constant, the starting torque ripple coefficient of the SRM decreases with the
increase of stator pole arc coefficient. However, the average starting torque of the SRM increases with
the increase of stator pole arc coefficient. In order to improve the starting torque of SRM, the rotor
pole arc coefficient can be appropriately reduced and stator pole arc coefficient can be appropriately
increased. The starting torque of SRM can be effectively improved when the stator pole arc coefficient
is 0.49 and the rotor pole arc coefficient is 0.38. Case VIl is used in this prototype of SRM.
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Figure 12. Starting torque of SRM is shown under the different stator and rotor pole arc coefficient.
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Figure 13. Average value and RMS (root mean square) value of starting torque of SRM are shown
under the different stator and rotor pole arc coefficient.

= E =
= = =
= E =
= = =

Case | Case Il Case III Case IV Case V Case VI Case VII

80%

[l

50%

(5]
o
(&)
2
Qo
(=%
S
()
>
S 30%
o
8
(@]
o
—
L
[+
8
o

I
I

Figure 14. Starting torque ripple coefficient of SRM is shown under the different stator and rotor pole
arc coefficient.

6.2. Influence of Air Gap Length on Starting Torque of SRM

In order to study the influence of the air gap length on the starting torque of the SRM, the air gap
length between the inner diameter of stator core and the top of the rotor salient pole tooth is selected
as 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, and 0.6 mm, respectively. Figure 15 shows the starting torque of
SRM under the different air gap lengths.
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Figure 15. Starting torque of SRM is shown when the air gap length between the inner diameter of
stator core and the top of the rotor salient pole tooth is 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, and 0.6
mm, respectively.

It can be seen from Figure 15 that the average starting torque of SRM is 52.22 N'm, 48.81 N-m,
45.61 N'm, 42.52 N-m and 39.74 N-m when the air gap length between the inner diameter of stator
core and the top of the rotor salient pole tooth is 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, and 0.6 mm,
respectively. The maximum starting torque of SRM is 64.29 N-m, 59.09 N-m, 54.73 N-m, 50.26 N-m,
and 48.24 N-m when the air gap length between the inner diameter of stator core and the top of the
rotor salient pole tooth is 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, and 0.6 mm, respectively. The starting
torque ripple coefficient of SRM is 47.4%, 44.2%, 41.7%, 36.8%, and 37.7%, when the air gap length
between the inner diameter of stator core and the top of the rotor salient pole tooth is 0.2 mm, 0.3 mm,
0.4 mm, 0.5 mm, and 0.6 mm, respectively. The air gap length between the inner diameter of stator
core and the top of the rotor salient pole tooth has an obvious effect on the starting torque of the SRM.
The starting torque and the torque ripple coefficient of the SRM decrease with the increase of air gap
length. The applied starting current is 22 A. When the air gap length between the inner diameter of
stator core and the top of the rotor salient pole tooth is 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, and 0.6 mm,
the average magnetic densities of the stator core teeth are 1.76 T, 1.75 T, 1.73 T, 1.71 T, and 1.69 T for
the conducting phase winding, respectively. The average magnetic densities of the stator core teeth
are 0.084 T, 0.078 T, 0.073 T, 0.07 T, and 0.068 T for the non-conducting phase winding, respectively.
The appropriate decrease of the air gap length between the inner diameter of stator core and the top of
the rotor salient pole tooth can improve the starting torque of SRM. Based on the calculation result and
actual craft process, the air gap length between the inner diameter of stator core and the top of the
rotor salient pole tooth is selected as 0.4 mm in this prototype of SRM.

7. Establishment of the Static Electromagnetic Field Model of SRM

Figure 16 gives the static electromagnetic field model of SRM. The starting torque from the
calculation of static electromagnetic field and starting torque from the calculation of transient field-circuit
coupled finite element method are compared in detail at the different relative positions of the stator
and rotor. The calculation results of starting torque are basically the same by the two kinds of
calculation method. The difference of calculation results is within 1%, which verifies the reliability of
the field-circuit coupled finite element method.
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Figure 16. Static electromagnetic field model is established to study the starting torque of SRM.

8. Comparison of Measured Values and Calculation Results

In order to verify the reliability of the calculation method and the accuracy of the calculation
results, the test platform of 5.5 kW, 12/8 pole switched reluctance motor is shown in Figure 17. The test
platform mainly includes SRM prototype, torque-speed measuring instrument, magnetic powder
brake, wave recorder, and torque-speed indicator. Figure 18 shows the stator and rotor of 12/8 pole
SRM. This SRM is a prototype.

aooo0 @0000 a0000

Figure 17. Test platform of 12/8 pole SRM is established, to verify the reliability of the calculation
method and the accuracy of the calculation results.

Figure 18. Stator and rotor of 12/8 pole SRM is shown. This SRM is a prototype.
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Figure 19 shows the measured voltage waveform and current waveform of prototype under
the rated operating condition. The peak value of the stator winding phase current is 22 A by the
measurement. The peak value of the stator winding phase current is 22.96 A by the calculation.
The measured value agrees well with the calculated result.

Figure 19. Voltage waveform and current waveform of prototype are measured to verify the calculated
result. Curve A is the voltage waveform (250 V/grid) and curve C is the current waveform (20 A/grid).

In order to verify the accuracy of the calculation results of the SRM starting torque, the measured
values and the calculated results of the starting torque are compared when the starting current is 44 A
in Figure 20. The rotor of SRM was blocked in the process of experiment. The rotor position angle
was adjusted from 0° to 45°. The starting torque was measured at the different rotor position angles.
The experimental results of the prototype are compared with the calculation results, which verifies the
reliability of the calculation method and accuracy of the calculation results. Alternating the starting
mode of single- and two-phase winding is used in the experiment. When the starting current is
44 A, the calculated average starting torque is 94.81 N-m and the measured average starting torque is
95.07 N-m. It shows that this calculation method is reliable and the calculation results are accurate.

Measured Calculated
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140 o
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Figure 20. Measured values and calculated results of starting torque of SRM are compared when the
starting current is 44 A.

9. Conclusions

In this paper, the influence of rotor initial position angle, starting mode, starting current,
and structure parameters on the starting performance of the switched reluctance motor is studied.
The reliability of the calculation method is verified by experimental results. The main conclusions are
as follows.
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(1). Therotor initial position angle has an obvious effect on the starting torque of the SRM. The starting
torques of the SRM are 45.32 N-m, 24.69 N-m, and 54.86 N-m when rotor initial position angle is
0°,3.75°, and 12°, respectively. The maximum starting torques of SRM are basically the same
when the starting mode of one-phase winding and the alternating starting mode of single- and
two-phase winding are used, respectively.

(2). Starting torque increases with the increase of starting current under the same rotor position.
The average starting torques of SRM are 112.02 N-m, 95.073 N'm, 74.5 N-m, and 45.58 N-m, when
the starting currents are 54 A, 44 A, 34 A, and 22 A, respectively. The average starting torque of
SRM when the starting current is 34 A is 1.63 times that of SRM when the starting current is 22 A.

(3). When the stator pole arc coefficient is constant, the starting torque ripple coefficient of the SRM
decreases with the increase of the rotor pole arc coefficient. When the rotor pole arc coefficient is
constant, the starting torque ripple coefficient of the SRM decreases with the increase of stator
pole arc coefficient. However, the average starting torque of the SRM increases with the increase
of the stator pole arc coefficient. The air gap length between the inner diameter of stator core
and the top of the rotor salient pole tooth has an obvious effect on the starting torque of the SRM.
The starting torque and the torque ripple coefficient of the SRM decreases with the increase of air
gap length.
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Nomenclature

SRM Switched reluctance motor
RMS Root mean square

T Torque (N'm)

m Phase number

0 Rotor position angle ()
i Phase current (A)
L(6,1) Phase inductance (H)
ia A-phase current (A)

ip B-phase current (A)

ic C-phase current (A)
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