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ABSTRACT Switched reluctance motor has the advantages of the high efficiency, low cost, strong fault
tolerance, and high reliability. A 5.5 kW, 12/8 pole switched reluctance motor is designed. The novel transient
electromagnetic field-control circuit coupled calculation method of switched reluctance motor is proposed.
The influence of different PWM switching angles, chopping current thresholds, and hysteresis current widths
on flux density and loss of stator core in the switched reluctance motor is studied in detailed by this novel
method. Controller harmonics are considered during this calculation. The change of the flux density and
loss of stator core in the switched reluctance motor is compared and analyzed under the different controller
parameters. The reliability of the calculation method and accuracy of the calculation results are verified by

experimental values.

INDEX TERMS Switched reluctance motor, calculation method, different control parameters, flux density,

loss, stator core.

I. INTRODUCTION

Switched reluctance motor (SRM) has many advantages, such
as the reliable structure, many controllable parameters, and
high efficiency in a wide speed range. There is no winding in
the rotor. They are highly competitive in the field of electrical
drives for the high reliability requirement. The flux density
is non-sinusoidal in the stator core of switched reluctance
motor during the long-time operation. High-power density
switched reluctance motor has the high flux density, stator
core loss, and temperature rise, which could affect the safe
operation and service life of the switched reluctance motor.
Furthermore, the flux density and loss of stator core in the
high-power density switched reluctance motor are closely
related to the SRM control parameters. It is necessary to study
the influence of different controller parameters on the flux
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density and loss of stator core in the switched reluctance
motor.

Extensive studies are performed on the multi-physics field
in the switched reluctance motor. The flux density and losses
of the switched reluctance motor are studied by some schol-
ars. Core loss analysis of the planar switched reluctance
motor is calculated based on the 3-D time-stepping finite
element methods. However, the influence of the controller
harmonics on the loss of planar switched reluctance motor is
not considered in the study [1]. An equivalent circuit-based
determination of iron loss is presented. The existence of an
eddy current is additionally highlighted. The influence of
current chopping parameters on the stator core loss is ignored
in the process of calculation [2]. The influence of the stress
induced by shrink fitting on the quasi-static hysteresis losses
in a switched reluctance motor made of initially isotropic
nonoriented iron-silicon sheets is studied. The design and
manufacture of SRM are important. The SRM needs to be
designed and manufactured reasonably in this paper [3].
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A combined design of experiments and differential evolution
approach is proposed to identify the designs that produce
the target torque with minimum loss and mass. However, the
influence of control parameters on the core loss is not con-
sidered [4]. A comprehensive investigation method for loss
calculation and temperature rise prediction in high-speed and
high-power switched reluctance machines is proposed. Accu-
rate calculation of loss is the basis of the accurate calculation
of temperature distribution in the SRM [5]. The electromag-
netic design aspects of two candidate SRM topologies in a
six-phase context for a pure electric or hybrid electric vehicle
type application are investigated. Reasonable design is the
key of the long-term stable operation of SRM [6]. To evaluate
the effects of different rotor topologies, the electromagnetic
performances of two modular switched reluctance motors
and a conventional SRM with the same basic dimensions
are analyzed and compared. Electromagnetic performance,
losses, and flux density are important evaluation indicators
of SRM [7]. A novel multi-tooth hybrid-excited switched
reluctance motor is proposed. Finite element analysis is
adopted to obtain the static characteristics of the motor in
terms of magnetic flux density, flux linkage, inductance, and
torque profiles. It shows that the finite element method can
accurately calculate the electromagnetic field, flux density,
loss, and torque of SRM [8]. An approach to eliminate the
mutual flux effect on the rotor position estimation of switched
reluctance motor drives without a priori knowledge of mutual
flux is proposed. How to reduce the mutual flux effect and
loss is the key to SRM design [9]. The iron loss of the
doubled-sided linear switched reluctance motor is studied.
However, influence of control parameters on the iron core loss
is ignored in this study [10]. The magnetic equivalent circuit
model of two-phase SRM is proposed. The electromagnetics
torque, flux density, inductance, flux linkage, and peak torque
are evaluated and the performance of SRM is studied. The
accurate calculation of flux density is the foundation of SRM
design [11]. The double stator switched reluctance machine
is proposed. The efficiency, torque ripple, flux density, vibra-
tion and noise, and fault tolerance of this switched reluctance
machine are researched. The flux density and losses are key
design parameters for SRM [12]. The core loss reduction by
the application of a zero-voltage loop period is assessed with
FE modeling and simulation of 12/8 SRM. The core loss
reduction mechanism is clarified by the evaluation of the flux
density at specific points in the SRM core. However, the influ-
ence of the hysteresis current width on the core loss of SRM
is neglected [13]. A novel 12/14 SRM is studied using FEA.
The main characteristics of this SRM including mean and
peak torque, flux density, and torque ripple are compared with
those of conventional SRM. However, influence of control
parameters on flux density and losses is not considered in this
study [14]. Some other experts also studied the multi-physics
field of switched reluctance motor [15], [16], [17], [18], [19],
but very few focused on the influence of different control
parameters on the flux density and loss of the stator core in
the switched reluctance motor.
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In this paper, the novel transient -electromagnetic
field-control circuit coupled calculation method of SRM
is proposed. A 5.5 kW SRM is studied. The influence of
the controller harmonics on the flux density and losses of
switched reluctance motor is not considered in the traditional
calculation method. Controller harmonics are considered
during the calculation in this paper. The speed closed loop
and current closed loop are considered in the transient electro-
magnetic field-control circuit coupled calculation method to
perform system level calculation. The flux density and losses
of switched reluctance motor are calculated by taking into
account the controller harmonics and the actual operation of
the control system. The loss of stator core in the SRM can be
accurately obtained. Based on the transient electromagnetic
field-control circuit coupled calculation method of switched
reluctance motor, the influence of different PWM switching
angles, chopping current thresholds, and hysteresis current
widths on flux density and loss of stator core in the switched
reluctance motor is studied in detailed in this paper. The
change of the flux density and loss of stator core in the SRM is
compared and analyzed under the different controller parame-
ters. The accuracy of the calculation results and the reliability
of the calculation method are verified by experimental values.
It provides a reference for the optimization of design and
controller parameter of SRM.

Il. NOVEL TRANSIENT ELECTROMAGNETIC
FIELD-CONTROL CIRCUIT COUPLED CALCULATION
METHOD OF SRM

In this paper, 5.5kW SRM is studied. Fig. 1 shows the
two-dimensional finite element model of SRM. The basic
parameters of this 5.5kW SRM are shown in Table 1.

Stator
core

Stator
winding

FIGURE 1. Two-dimensional finite element model of SRM.

The mathematical equations of the two-dimensional elec-
tromagnetic field of the SRM are given as follows:

0 (104, 0 (104, 0A;
Q:— |- + —1— = _Jz +o0o—
dx \  0x dy \u dy at (1)

AZ|F:0

where A, is vector magnetic potential. J; is the source current
density (in A/m?), p is the permeability (in H/m), o is the
conductivity (in S/m).
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TABLE 1. Basic parameters of this 5.5kW SRM.

Parameters Value
Stator outer diameter(mm) 210.7
Stator inner diameter(mm) 116
Rotor outer diameter(mm) 115.2
Rotor inner diameter(mm) 57.6
Stator arc(°) 15
Rotor arc(®) 16
Turns per pole 130
Air gap(mm) 0.4
Stator core length(mm) 130.8
Stator yoke thickness(mm) 17.9

In this paper, speed and current double-closed-loop drive
circuit of SRM includes the speed feedback, current feed-
back, SRM, rotor position detection device, and drive trigger
circuit. Fig. 2 shows the block diagram of the SRM drive
circuit. On the premise of ensuring calculation accuracy, 2D
FE modeling is used to save the calculation time.

Rotor
position
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|

FIGURE 2. Block diagram of the SRM drive circuit.

The current chopper control (CCC) and voltage PWM
control is adopted in the SRM, which can effectively track
the current and reduce current ripple. Current chopper control
is used in the start-up process and the start-up current is
limited by the SRM drive circuit. Fig. 3 shows the speed
and current dual closed-loop drive circuit of SRM. The SRM
drive circuit control strategy is implemented by the current
chopper control and voltage PWM control. The reference
current calculation module consists of blocks GAIN1, REF,
KP, KI and LIMIT. The gain block GAIN1 converts the radian
values into the angular values. The reference speed is set
by block REEF, block KP, and block KI. The signal limiter
module limits the input signal and sets the upper and lower
limit values. The block IA, block IB, and block IC are the
feedback currents. The position detection module consists
of blocks GAIN2, E, CONST and comparator. The block
GAIN2 converts the angular velocity values into the speed
values. The block E establishes the relationship between input
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and output. The block CONST sets the signal source to the
constant value. The double closed-loop drive control method
of the SRM is adopted in this paper. It includes the current
inner loop control and the speed outer loop control.

The influence of the controller harmonics on the loss of
SRM is considered during the calculation. The loss of stator
core in the switched reluctance motor is accurately deter-
mined. Flux density is closely related to loss of stator core.
It is necessary to determine accurately the flux density of
the stator core in the SRM. In order to calculate accurately
the loss of stator core, sample points in the stator core are
selected to analyze the flux density of stator core under the
different controller parameters. Fig. 4 shows the flux dis-
tribution in the SRM. The sample line AB is selected. The
sample point A is located at the top of the stator tooth. The
sample point B is located in the stator yoke. In order to study
the influence of different control parameters on the loss of
the stator core of SRM in detail, the stator core is divided
into some parts. In Fig. 5, zone SY1, zone SY2, zone SY3,
and zone SY4 represent the stator outer yoke, stator inner
yoke, stator tooth body, and stator tooth top, respectively.
Based on the transient electromagnetic field-control circuit
coupled calculation method of switched reluctance motor,
the influence of different PWM switching angles, chopping
current thresholds, and hysteresis current widths on the flux
density and loss of stator core in the SRM is studied in this
paper [20], [21], [22], [23], [24].

Ill. INFLUENCE OF DIFFERENT CONTROL PARAMETERS
ON THE FLUX DENSITY AND LOSS OF THE STATOR CORE
IN THE SRM BASED ON NOVEL CALCULATION METHOD
As can be seen from Table 2, the PWM switching angle,
the chopping current, and the hysteresis current width is
16°, 45A, and 0.2 A in the SRM under the rated operat-
ing condition. Three typical values are selected from the
PWM switching angle, chopping current, and hysteresis cur-
rent width, respectively. The influence of the typical PWM
switching angles, chopping current thresholds, and hysteresis
current widths on flux density and loss of stator core in the
switched reluctance motor is studied in detailed by the novel
calculation method. 14°, 15°, and 16° are three typical values
of PWM switching angle. When the PWM switching angle
is greater than 16°, it will widen the commutation overlap
area of SRM. The total current increases in the commutation
overlapping area. The torque is generated in each commu-
tation overlapping area of SRM, which leads to significant
torque ripple during the operation. When the PWM switch-
ing angle is less than 14°, it will lead to a decrease in the
efficiency of SRM. 40A, 45A, and 50A are three typical
values of chopping current. When the chopping current is
greater than 50A, it may cause damage to electronic devices.
When the chopping current is less than 40A, it will result in
a slower increase in rotor speed during the starting process
of the SRM. 0.1A, 0.2A, and 0.3A are three typical values of
hysteresis current width. When the hysteresis current width
is greater than 0.3A, it will cause current fluctuations. When
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FIGURE 4. Flux distribution in the SRM.

FIGURE 5. Location of sample points in the stator core.

the hysteresis current width is less than 0.1A, this will cause
a high switching frequency of the switch transistor. It reduces
the service life of the switch transistor. The influence of
the typical PWM switching angles, chopping currents, and
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TABLE 2. Basic parameters in the control circuit.

Basic parameters

Inductance (mH) 0.173934
Resistance () 0.788297
PWM switching angle (°) 16
Chopping current (A) 45
Hysteresis current width (A) 0.2

hysteresis current widths on flux density and loss of stator
core in the SRM is obtained.

A. INFLUENCE OF PWM SWITCHING ANGLE ON FLUX
DENSITY AND LOSS OF STATOR CORE

Fig. 6 shows the radial and tangential flux density of the
stator core at point A and point B when PWM switching
angle is 16°, 15°, and 14°, respectively. In Fig. 6 (a), it can
be seen that the radial flux density distribution is related to
PWM switching angle at point A and point B. Table 3 gives
the average values of the radial and tangential flux density
at point A and point B under the different PWM switching
angles.

It can be seen from Table 3 that the average value of the
radial flux density at point A is the highest under the different
PWM switching angles. The average value of the radial flux
density decreases with the decrease of the PWM switching
angle at point A. The average value of the tangential flux
density increases with the decrease of the PWM switching
angle at point A. The average value of the radial flux density
is almost constant at point B when the PWM switching
angles are 15° and 14°, respectively. The average value of
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FIGURE 6. Radial and tangential flux density of the stator core at point A
and point B when PWM switching angle is 16°, 15°, and 14°, respectively.
(a) Radial flux density at point A. (b) Tangential flux density at point A.
(c) Radial flux density at point B. (d) Tangential flux density at point B.

the tangential flux density increases with the decrease of the
PWM switching angle at point B.
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TABLE 3. Average values of the radial and tangential flux density at point
A and point B under the different PWM switching angles.

Flux density (T) 12§VM SWitclhsi?g angle (10 4)1°
Radial flux density at point A 0.3943 0.3490 0.3001
Tangential flux density at point A -0.0316 -0.0306 -0.0292
Radial flux density at point B 0.2139 0.2199 0.2198
Tangential flux density at point B -0.3929 -0.3732 -0.3517

TABLE 4. Loss of stator core at different zones under the different PWM
switching angles.

Losses of different regions (W)

RWM Stator Stator Stator Stator Total
switching .

angle (°) tooth tooth inner outer stator

top body yoke yoke core

16° 6.75 43.51 24.55 13.71 88.52

15° 6.32 40.03 22.98 12.40 81.73

14° 6.07 38.34 21.87 10.19 77.11

Table 4 shows the loss of stator core at different zones
under the different PWM switching angles. It can be seen
from Table 4 that the total loss of stator core is 88.52W,
81.73W, and 77.11W when the PWM switching angle is 16°,
15°, and 14° under the rated operating condition. The losses
of stator tooth top, stator tooth body, stator inner yoke, and
stator outer yoke when PWM switching angle is 15° are 6.4%,
8%, 6.4%, and 9.6% lower than those of stator tooth top,
stator tooth body, stator inner yoke, and stator outer yoke
when PWM switching angle is 16°. It can be seen that the
loss change of the stator outer yoke is obvious. The losses
of stator tooth top, stator tooth body, stator inner yoke, and
stator outer yoke when PWM switching angle is 14° are 4%,
4.2%, 4.8%, and 9.6% lower than those of stator tooth top,
stator tooth body, stator inner yoke, and stator outer yoke
when PWM switching angle is 15°. The total loss of stator
core when PWM switching angle is 14° are 5.7% lower than
that of stator core when PWM switching angle is 15°.

B. INFLUENCE OF CHOPPING CURRENT THRESHOLD ON
FLUX DENSITY AND LOSS OF STATOR CORE

The starting current is limited by the control circuit in the
start-up process. The chopping current threshold is the key
parameter. If the chopping current is changed, the flux density
is affected in the SRM. Fig. 7 shows the radial and tangential
flux density of the stator core at point A and point B when
the chopping current thresholds are 50A, 45A, and 40A,
respectively.

It can be seen from Fig. 7 (a) that the radial flux density is
related to the chopping current threshold at point A. When the
chopping current threshold is 45 A, the peak value of radial
flux density is higher at point A. Table 5 shows the average
values of the radial and tangential flux density at point A and
point B under the different chopping current thresholds. It can
be seen from Table 5 that the difference of the radial flux
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FIGURE 7. Radial and tangential flux density of the stator core at point A
and point B when the chopping current thresholds are 50A, 45A, and 40A,
respectively. (a) Radial flux density at point A. (b) Tangential flux density
at point A. (c) Radial flux density at point B. (d) Tangential flux density at
point B.

density at point A is obvious under the different chopping
current thresholds. Radial flux density and tangential flux
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TABLE 5. Average values of the radial and tangential flux density at point
A and point B under the different chopping current thresholds.

Chopping current threshold (A)

Flux density (T)

50A 45A 40A
Radial ﬂu);densny at point 03508 03843 03402
Tangenngl flux density at -0.0300 200316 -0.0306
point A
Radial ﬂu);densny at point 02175 02139 02199
Tangentlgl flux density at 0.3685 0.3929 03733
point B

TABLE 6. Loss of stator core at different zones under the different
chopping current thresholds.

Losses of different regions (W)

Chopping current  Stator ~ Stator ~ Stator ~ Stator  Total loss
threshold (A) tooth tooth inner outer of stator
top body yoke yoke core
50A 6.72 43.27 24.41 13.61 88.01
45A 6.75 43.51 24.55 13.71 88.52
40A 6.65 44.19 24.33 13.60 88.77

density at point A are the largest when the chopping current

threshold is 45A.
The loss of the stator core is calculated as follows.

Pe = kfBy, + ke *B, + kef B, @

where kj, is hysteresis coefficient. k. is classical eddy current
coefficient. k, is excess eddy current coefficient. By, is ampli-
tude of the flux density. f is frequency.

Table 6 shows the loss of stator core at different zones
under the different chopping current thresholds. It can be
seen from Table 6 that the influence of the chopping current
threshold on the stator core loss is not obvious. As the chop-
ping current threshold decreases, the total loss of stator core
increases. The loss of stator tooth body when the chopping
current threshold is 40A are 1.6% higher than that of stator
tooth body when the chopping current threshold is 45A.

C. INFLUENCE OF HYSTERESIS CURRENT WIDTH ON FLUX
DENSITY AND LOSS OF STATOR CORE

The hysteresis current width can affect the loss of stator core.
Fig. 8 shows the radial and tangential flux density of the stator
core at point A and point B when the hysteresis current width
is 0.1A, 0.2A, and 0.3A, respectively. It can be seen from
Fig. 8(a) that the radial flux density is relatively high at point
A when the hysteresis current width is 0.1A.

Table 7 shows the average values of the radial and tangen-
tial flux density at point A and point B under the different
hysteresis current widths. When the hysteresis current widths
change from 0.1A to 0.2A, the changes of the average value
of radial flux density are small at point A and point B. When
the hysteresis current width changes from 0.2A to 0.3A, the
change of tangential flux density is obvious at point B.
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FIGURE 8. Radial and tangential flux density of the stator core at point A
and point B when the hysteresis current width is 0.1A, 0.2A, and 0.3A,
respectively. (a) Radial flux density at point A. (b) Tangential flux density
at point A. (c) Radial flux density at point B. (d) Tangential flux density at
point B.

Table 8 shows the loss of stator core at different zones
at different chopping current thresholds. The change of the
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TABLE 7. Average values of the radial and tangential flux density at point
A and point B under the different hysteresis current widths.

Hysteresis current width (A)

Flux density (T)
0.1A 0.2A 0.3A
Radial flux density at point A 0.3830  0.3843  0.3539
Tangential flux density at point A -0.0366  -0.0316  -0.0306
Radial flux density at point B 0.2211 0.2139  0.2146
-0.4382  -0.3929  -0.3528

Tangential flux density at point B

TABLE 8. Loss of stator core at different zones under the different
hysteresis current widths.

Losses of different regions (W)

Stator

Stator

Stator

Stator

Hysteresis current Total |
widths (A) tooth tooth inner outer otal loss
of stator core
top body yoke yoke
0.1A 6.69 42.99 23.57 13.01 86.26
0.2A 6.75 43,51 24.55 13.71 88.52
0.3A 6.80 44.32 25.02 13.98 90.12

gusT1 io0G% FEEIV

FIGURE 9. Prototype and experimental instruments. A. SRM prototype. B.
Torque-speed measuring instrument. C. Magnetic powder brake. D. Wave
recorder. E. Torque-speed indicator.

hysteresis current width has little effect on the loss of stator
core. As the hysteresis current width increases, the total loss
of stator core increases. The total loss of stator core when
the hysteresis current width is 0.2A are 2.26W higher than
that of stator core when the hysteresis current width is 0.1A.
The total loss of stator core when the hysteresis current width
is 0.3A are 1.6W higher than that of stator core when the
hysteresis current width is 0.2A. The loss of the stator inner
yoke changes obviously under the different hysteresis current

widths.

D. PROTOTYPE EXPERIMENT AND VERIFICATION

In this paper, a prototype of 5.5kW SRM is manufactured
and tested. The prototype and experimental instruments
are shown in Fig. 9. In Fig. 9, Letter A-Letter E repre-
sent SRM prototype, torque-speed measuring instrument,
magnetic powder brake, wave recorder, and torque-speed
indicator. The speed, torque, voltage, and current of SRM
is measured under the rated operating condition. Fig. 10
shows the rotor and stator of this SRM. Fig. 11 shows the
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FIGURE 11. Measured and calculated current waveform of SRM under the
rated operating condition. (a) Measured current waveform of prototype
(20A/grid). (b) Calculated current waveform.

measured and calculated current waveform of SRM under the
rated operating condition. The measured values are close to
calculated results. Fig. 12 show the measured and calculated
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FIGURE 12. Measured and calculated voltage waveform of SRM under the
rated operating condition. (a) Measured voltage and current waveform of
prototype. (Curve A is the voltage waveform, 250V/grid; Curve C is the
current waveform, 20A/grid). (b) Calculated voltage waveform.

TABLE 9. Measured values and calculated results of SRM.

Torque Voltage peak Current peak
/N'm value /V value /A
Measured values 34.90 513.85 21.02
Calculated results 34.99 512.69 20.97

voltage waveform of SRM under the rated operating condi-
tion. The measured values are also close to calculated results.
Table 9 gives the measured values and calculated results of
SRM under the rated operating condition. The error of the
measured values and calculated results is within 3%. It proves
that the calculated results and calculation method are accurate
and reliable.

The actual measured core loss of the prototype is deter-
mined as follows.

According to the measured input voltage, input current,
measured output speed, measured output torque, copper loss
formula, mechanical loss formula, and stray loss formula,
Py, P3, Py, Py, and P; are obtained. Py is 6358.9W, P; is
5431.4W, P, is 593.6W, Py, is 126.3W, and Py is 55.65W.
The actual measured core loss of the prototype is 151.95W.
The calculated core loss is 138.9W. The calculated results
conform with the experimental values, which verifies the
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reliability of the calculation method and the accuracy of the
calculation results.

IV. CONCLUSION

In this paper, the novel transient electromagnetic field-control
circuit coupled calculation method of SRM is proposed. The
influence of different PWM switching angles, chopping cur-
rent thresholds, and hysteresis current widths on the flux
density and loss of stator core in the switched reluctance
motor is researched in detail. The main conclusions are as
follows.

1) The average value of the tangential flux density
increases with the decrease of the PWM switching angle at
point A. The total loss of stator core is 88.52W, 81.73W,
and 77.11W when the PWM switching angle is 16°, 15°, and
14° under the rated operating condition. The losses of stator
tooth top, stator tooth body, stator inner yoke, and stator outer
yoke when PWM switching angle is 15° are 6.4%, 8%, 6.4%,
and 9.6% lower than those of stator tooth top, stator tooth
body, stator inner yoke, and stator outer yoke when PWM
switching angle is 16°. The total loss of stator core when
PWM switching angle is 14° are 5.7% lower than that of stator
core when PWM switching angle is 15°.

2) Radial flux density and tangential flux density are the
largest at point A when the chopping current threshold is 45A.
As the chopping current threshold decreases, the total loss of
stator core increases. The loss of stator tooth body when the
chopping current threshold is 40A are 1.6% higher than that
of stator tooth body when the chopping current threshold is
45A.

3) When the hysteresis current width changes from 0.2A
to 0.3A, the change of tangential flux density is obvious
at point B. The total loss of stator core when the hystere-
sis current width is 0.2A are 2.26W higher than that of
stator core when the hysteresis current width is 0.1A. The
total loss of stator core when the hysteresis current width
is 0.3A are 1.6W higher than that of stator core when the
hysteresis current width is 0.2A. The loss of the stator inner
yoke changes obviously under the different hysteresis current
widths. The prototype of 5.5kW SRM is manufactured and
tested. The reliability of the calculation method and accuracy
of the calculation results are verified by experiment values.
The calculated results conform with the measured values.
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