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ABSTRACT This article introduces a new technique for reducing the time of calculating radial and tangential
force density waves of switched reluctancemachines (SRMs). Themethod is based on the finite element (FE)
simulation of a fraction of an electrical cycle. The new approach shows that a significant time reduction
is achieved as compared to the time required for stator radial force density and the rotor tangential force
calculation based on the one mechanical cycle simulation method. As the switched reluctance motors
introduce new challenges in aspects such as acoustic noise, vibrations, and torque ripples, the method
introduced in this paper will help reduce the time of the optimization process of switched reluctancemachines
in the design stage to improve the machine performance. The proposed method is applied to radial flux
SRMs. Three different topologies were used to show the effectiveness of this technique in different force
components with minimal error as compared to the benchmark method based on the FE simulation of one
mechanical cycle.

INDEX TERMS Radial force, switched reluctance machine, tangential force, torque ripples.

I. INTRODUCTION
Nowadays the performance improvement of Switch Reluc-
tance Motors (SRMs) is attractive. Due to the continuously
increasing price of rare-earth permanent magnets (PMs),
extensive research focuses on removing or reducing the PMs
from the design of electrical machines. Also, the absence of
the windings and magnets from the rotor enables the SRM
to run at high speed and elevated temperatures [1]. Typically,
concentrated winding is employed for the stator of Switched
Reluctance Motors (SRMs), which have the advantage of
lower costs for machine assembly and upkeep. The concen-
trated winding approach improves the fault-tolerance ability
of the SRMs as it decreases the magnetic coupling between
the machine’s phases [2]. In addition to a simple and sturdy
design, Switched Reluctance Motors (SRMs) offer signifi-
cant advantages such as affordability [1]. The aforementioned
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advantages in SRMs make them a perfect option for vari-
ous applications [3], [4], [5]. Despite the benefits of SRMs,
the double salient structure of the machine presents certain
difficulties, such as excessive acoustic noise, vibrations, and
notable torque ripples in the machine [1].

In the radial flux SRM configurations, the mean torque
is produced by the DC component of the tangential force
density acting on the rotor. The DC component of the tan-
gential force density is the component that has zero temporal
order and zero circumferential order. That component of the
tangential force density wave of a three-phase 6/4 SRM is
indicated by the central red cell in Figure 1. However, The
torque ripples of the machine are generated due to all the
other rotor tangential force density components with zero
circumferential order. These rotor tangential force density
components are shown in Figure 1 with orange colour along
the temporal order axis. The paper proves that the DC com-
ponent is responsible for the mean torque, and all the other
rotor tangential force components with zero circumferential
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FIGURE 1. A graphical representation of a part of the rotor tangential
force density components for a 6/4 SRM.

order are responsible for the torque ripples of the machine.
The other rotor tangential force density components with
temporal orders other than zero (shown in Figure 1 by the
yellow cells) cause the rotor structure’s acoustic noise and
vibration [6].

To improve themachine’s performance, the DC component
of the rotor tangential force density should bemaximized, and
all the other rotor tangential force density components should
beminimized. Themost significant force density components
that significantly affect the torque ripples and acoustic noise
should be selected for the optimization process. The most
significant force density components are the components that
can excite the machine’s different vibration modes and result
in elevated levels of acoustic noise and vibration [7]. The
stator tangential force components of high amplitude can also
excite the natural frequencies of the main tangential stator
modes for the external rotor machine [8].

In the inner rotor SRM configurations, the radial force
acting on the stator is the primary source of the machine’s
acoustic noise and vibrations [9]. In that case, the machine
structure can be optimized to reduce the radial force density
components that have the most impact in exciting the natural
frequencies of main radial stator modes [10], [11]. The radial
force acting on the rotor structure in the external rotor SRMs
configurations also contributes to that configuration’s acous-
tic noise and vibrations [8]. In order to reduce the acoustic
level and vibrations of external rotor SRM configurations,
the radial force density components of the rotor and the
tangential force density components of the stator should be
minimized [8].

One of the ways to reduce the SRMs’ acoustic noise and
vibrations is through structural optimization by shifting the
frequency of the critical circumferential vibration modes to
avoid exciting these vibration modes with the force density
components [13]. Another way is to reduce the amplitude
of the critical force density components that can excite the
vibration modes of the machine structure through electro-
magnetic optimization of the key design parameters of the

machine [14], [15]. Optimizing the control parameters was
used in the literature also to reduce the amplitude of the
critical force density components of the machine for the same
purpose [16], [17]. The reader can refer to [1], [10], and [18]
for more information about the interaction between the force
components and the SRMs circumferential vibration modes.

The optimization process to decrease the acoustic noise
and vibration of SRMs requires evaluating the radial force
and tangential force density components at each iteration of
the optimization process. The evaluation process is usually
based on Finite element analysis (FEA) simulation of one
mechanical cycle to obtain stator and rotor force density wave
components [12]. The study in [10] shows that the stator
force density wave components can be estimated based on the
FEA simulation of one electrical cycle. However, this method
cannot be applied to the rotor force density components as
the FEA simulation of one mechanical cycle is required to
get the accurate rotor force density components. This point is
illustrated throughout this paper.

The geometrical parameters optimization of SRMs for
acoustic noise reduction required multiple evaluations of the
objective function as discussed in [1], [13], [19], and [20].
The drive control parameters are also used in the literature for
the acoustic noise reduction of the SRMs [21], [22], [23], [24]
which also needs multiple calculations of the radial force
and tangential force components of the machine. The
multi-objective optimization of SRMs, such as presented
in [25], makes the optimization process very time-consuming.
In [26], machine learning techniques used for the torque
ripple minimization and the acoustic noise mitigation are
illustrated. The optimization techniques based on machine
learning require a high number of objective function evalua-
tions, and any reduction in the objective function calculation
time will result in a huge reduction in the optimization time.
It is clear that the computational cost of calculating the radial
force, tangential force, and torquewave components is a com-
mon problem between these methods. In this paper, we are
proposing a new technique to reduce the computational time
of calculating the radial force, the tangential force compo-
nents, and the torque wave components to solve this problem.
The new technique is expected to reduce the optimization
time significantly by reducing the force calculation time,
as presented in this paper.

This work introduces a new technique for generating the
stator radial force density wave and the rotor tangential force
density wave based on the FEA simulation of 1/Nph of an
electrical cycle, where Nph is the number of the machine
phases. Themethod can help reduce the force calculation time
and hence the optimization time compared to the classical
ways of calculating the force density waves of SRMs.The
new method is applied to three different SRM configurations
(three-phase 6/4 SRM, three-phase 6/14 SRM, and four-
phase 8/6 SRM). The method shows a considerable time
reduction and low computational effort as compared to the
one mechanical cycle technique of obtaining the SRM force
density waves.
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The rest of the paper is divided as follows. Section II
presents the methods used in the literature to generate the
stator force density waves using one mechanical cycle sim-
ulation and one electrical cycle simulation. Section II also
presents the new fractional of an electrical cycle technique
in generating one repetition of the SRMs stator force density
wave. Section III shows the conventional method used for
obtaining the rotor tangential force density wave based on
the finite element simulation of a complete mechanical cycle.
Section III also presents the new fractional of an electrical
cycle method for generating one repetition of SRMs rotor tan-
gential force densitywave. Sections IV andV show numerical
examples of applying the fraction of the electrical cycle
method to three different case studies for generating the stator
radial force density components and the rotor tangential force
density components and the comparison with the existing
methods.

II. STATOR FORCE DENSITY DECOMPOSITION METHODS
This section reviews the methods of stator force decompo-
sition illustrated in the literature. A newly proposed method
based on the simulation of a fraction of an electrical cycle is
also presented. The new approach reduces the number of FEA
simulation steps needed to calculate the stator force density
wave and hence the time required to calculate the stator force
density components required for the optimization purpose at
the design stage of the machine.

A. STATOR RADIAL FORCE DENSITY COMPONENTS
CALCULATION BASED ON ONE MECHANICAL
CYCLE AND ONE ELECTRICAL CYCLE
The radial force density is usually calculated on the stator
structure of the SRMs to evaluate and reduce the machine’s
acoustic noise and vibration. The radial force density pattern
is given by [6]:{

u = Nr × Nph × j− Nr × k
v =

Ns
Nph

k (1)

where u is the harmonic’s the mechanical temporal order,
v is the harmonic’s circumferential order, Ns is the number of
stator teeth,Nr is the number of rotor teeth,Nph is the number
of the machine phases, and j and k are integer numbers [6].
As indicated in [6], the stator radial force density and the
stator tangential force density components have the same
pattern, which is given by (1). The discussion in this article
will be limited to the stator radial force density decomposi-
tion. However, the same analysis can be used for the stator
tangential force density decomposition.

Based on (1), the greatest common division (GCD) of all
the mechanical temporal orders of the radial force density
acting on the stator structure is Nr as j and k are any integer
numbers. This means that there are Nr radial force wave
repetitions in eachmechanical cycle. As the mechanical cycle
consists of Nr electrical cycles, only one electric cycle is
enough to find all the stator force density components in

TABLE 1. Temporal Order of Part of The Radial Force Density Wave
Components of a Three-Phase 6/14 SRM.

TABLE 2. Temporal Order of Part of The Radial Force Density Wave
Components of a Three-Phase 6/4 SRM.

an electric temporal order. The temporal order of the radial
force density components based on one electrical cycle is then
multiplied byNr (the number of repetitions in onemechanical
cycle) to get the radial force density components represented
in the mechanical temporal order.

Table 1 and Table 2 show part of the radial force density
wave components of a three-phase 6/14 SRM and a three-
phase 6/4 SRM, respectively. As shown in these tables, the
GCD of all the mechanical temporal orders is which means
that only one electrical cycle is required to find all the radial
force density components of SRM if the structure of the
machine is symmetric.

B. FRACTION OF AN ELECTRICAL CYCLE METHOD FOR
STATOR RADIAL FORCE DENSITY WAVE GENERATION
As discussed in the previous subsection, the stator force
density wave based on one electrical cycle of the SRMs FEA
simulation can be used to get the accurate stator force density
components. That leads to a significant amount of simulation
time reduction equal to (Nr − 1) times the computational
time of the force density wave calculation based on the FEA
simulation of one mechanical cycle.

However, by taking a closer look into the stator radial force
density wave, it can be noticed that a further reduction in
the required cycles can be achieved. Figure 2 shows a typical
electromagnetic radial force density waveform acting on the
stator structure of a three-phase 6/4 SRM for one electrical
cycle. The electrical cycle in that Figure is divided into
100 rotor positions and the stator circumference, where the
radial force density is calculated, is divided into 7770 points
for this example. It can be noticed that the waveform is
divided into three symmetrical temporal parts that are shifted
in the circumferential direction (see Figure.2). These three
parts are due to the three-phase machine structure. The num-
ber of the symmetrical temporal but shifted parts is equal
to the number of machine phases. This means that if only
one part is computed, the other two parts can be repro-
duced by shifting the calculated part in the circumferential
direction with a proper shift angle. This assumption is valid
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FIGURE 2. A typical radial force density waveform of a three-phase
6/4 SRM over one electric cycle (100 rotor steps) and the whole stator
inner circumference.

if the machine structure is symmetrical. The symmetry of
the machine is usually the assumption in the machine design
stage, so this technique can be used to reduce the time of the
design and optimization of the machine as a huge amount of
time can be saved.

Figure 3 shows a contour plot of the radial force density
wave shown in Figure 2. It is clear from the contour plot that
the radial force density wave is divided into three parts, and
each part is shifted by a certain mechanical circumferential
angle on the stator circumference. To illustrate that, a graphi-
cal representation of the radial force density for one electrical
cycle of the three-phase 6/4 SRM configuration is presented
in Figure 4. The hatched cells in the Figure represent that
there is a higher value of the force density at that circum-
ferential position compared to the white cells. The number
of hatched cells shown in the Figure indicates the number of
the phase excited at the corresponding rotor position. It can be
concluded from the contour plot in Figure 3 and the graphical
representation in Figure 4 that by moving the excitation from
one phase to another phase, the radial force density waveform
is shifted circumferentially by 60 mechanical degrees on the
stator circumference in the direction of phase excitation or
120 mechanical degrees on the stator circumference in the
direction of rotor rotation.

For a three-phase 6/4 SRM, 1/3 of an electrical cycle is
required to reproduce the radial force density wave, shown
in Figure 5. The other two parts of the radial force density
wave can be reproduced by shifting the calculated part by
60 mechanical degrees on the stator circumference in the
direction of phases excitation or 120 mechanical degrees on
the stator circumference in the direction of rotor rotation,
as illustrated in Figure 6. As shown in Figure 6, any three-
phase six teeth configuration will require the same shift. The
required shift should be changed if the number of stator teeth
changes, as shown in Figure 7 for a three-phase with 12 teeth
SRM.

The required shift based on the machine slot/pole configu-
ration can be estimated from the following equation:{

θshift =
360
Ns

in the direction of phase excitation, or

θshift =
360
Ns

(
Nph − 1

)
in the direction of rotation

(2)

FIGURE 3. A contour plot of the radial force density waveform shown in
Figure2.

FIGURE 4. A graphical representation of the radial force density
waveform regions.

In the simulation of the three-phase 6/4 SRM shown in
Figure 2 and Figure 3, the stator inner circumference is
divided into 7770 equal-angle points. That means that in
order to shift the wave 60 degrees on the stator circumfer-
ence (in the direction of phase excitation), the 1/3 electrical
cycle wave should be shifted 1295 points. The simulated
1/3 electrical cycle wave should be shifted by 2590 points
to shift the wave by 120 degrees on the stator circumference.
To ensure an integer number results from the shifting process,
the stator inner circumference, where the stator force is cal-
culated, should be divided into a number of points equal to
Nr × Nph × I , where I is an integer number.
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FIGURE 5. The stator radial force density wave of the three-phase 6/4
SRM over 1/3 electric cycle (37 rotor steps).

FIGURE 6. Amount of shift applied to regenerate the stator force density
for a three-phase with six teeth SRMs configurations (such as 6/14, 6/4
SRMs) Note: phase excitation sequence is (Phase #1, Phase #2, then
Phase #3).

Based on this proposed method, the number of FEA sim-
ulation points required for obtaining the stator radial force
density waves of SRMs is reduced significantly. In general,
the stator radial force density wave of a certain SRM con-
figuration can be reproduced by only simulating 1/Nph of
an electrical cycle of the machine, and the other

(
Nph − 1

)
parts of the stator radial force density wave can be pro-
duced by shifting the calculated part circumferentially with
a shift angle θshift which can be calculated based on (2).
Numerical examples to compare the one mechanical cycle
method, the one electrical cycle method and the proposed
fraction of an electrical cycle method of stator radial force
density wave generation and decomposition are presented
in section IV.

FIGURE 7. Amount of shift applied to regenerate the stator force density
for a three-phase with 12 teeth SRMs configurations (such as 12/8 SRMs)
Note: phase excitation sequence is (Phase #1, Phase #2, then Phase #3).

III. ROTOR TANGENTIAL FORCE DENSITY
CALCULATION DECOMPOSITION
This section discusses the decomposition of the rotor tangen-
tial force density and the conventional method to calculate
the tangential force density wave. A new method based on
a lower number of rotor steps is introduced in this section.
The proposed method reduces the FEA simulation time as
compared to the conventional method based on one com-
plete mechanical cycle. A computer with Intel(R) Core(TM)
i7-8700 CPU @3.20GHz processor and 32.0 GB RAM is
used for all the simulations in order to quantify the time
reduction with the same computational capability.

A. DECOMPOSING THE ROTOR TANGENTIAL FORCE
DENSITY BASED ON ONE FORCE DENSITY WAVEFORM
REPETITION SIMULATION
It is clear from the simulation data of SRMs that the torque
waveform consists of several strokes in each electric cycle
whose number is equal to the number of the machine phases.
For example, for the three-phase 6/14 SRM, the number of
torque strokes in one electric cycle is 3 (equal to the number
of phases), as indicated in Figure 8. If symmetry is considered
in the machine design, only one stroke can give accurate
information about the mean torque, the torque ripple, and
the torque harmonics contents. That means the time of the
machine’s FE simulation to get the torque information(mean
torque, torque ripples) can be decreased 1/Nph as compared
to the time if one electrical cycle is used.

To prove that the rotor tangential force density wave,
which is responsible for the rotor torque production, has
been analyzed. The rotor tangential force density harmonics
pattern was illustrated in detail in [10] and shown in (3).
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FIGURE 8. A torque waveform of a 6/14 SRM for one electrical cycle.

In (3), u is the temporal order and v is the circumferential
order of the force density wave. j and k are integer numbers
that are typically used to swipe between the different radial
force density harmonics [12].{

u = Nr × Nph × j− Ns × k
v =

Ns
Nph

k (3)

Table 3 illustrates the temporal order u, of part of rotor
tangential force density harmonics pattern for the 6 / 14 SRM
configuration based on (3) for different values of j and k .

Based on (3), the torque is calculated for all the wave
components to identify the rotor tangential force density com-
ponents responsible for the torque production. Equation (4) is
used to calculate the torque component for any force density
component, FD, with temporal order u and circumferential
order v [11]:

T (u, v) = r ×

∫ 2π

θ=0
FD(u, v) × r × L × dθ (4)

where r is the rotor radius, L is the rotor stack length,
and dθ is a circumferential increment over the rotor outer
circumference.

As the waveform of any force density component is
expressed as follows [27], [28]:

FD(u, v) = Mu,v cos
(
uωt + vθ + φu,v

)
(5)

where Mu,v is the amplitude of the force density component
ω = 2π fmech is the mechanical angular velocity and φu,v is
the phase shift of the force density harmonic component.

Based on (4) and (5), Only the force density components
with zero circumferential order (v = 0) have a torque com-
ponent. Also, it is clear from these equations that the rotor
tangential force density component FD(u = 0, v = 0) is the
component responsible for the mean torque production and
the radial force density components FD(u ̸= 0, v = 0) are
responsible for the torque ripples.

The components responsible for the torque harmonics and
the mean torque of the 6/14 SRM are the components where
K = 0 in Table 3. It can be noticed that the GCD of these
harmonics is 42, which isNr×Nph. This implies that there are
42 repetitions in each mechanical cycle, and only one of these

TABLE 3. Temporal Order of Part of The Rotor Tangential Force Density
Wave Components of The Three-Phase 6/14 SRM Configuration.

repetitions is enough to get the mean torque and the torque
harmonics for the three-phase 6/14 SRM configuration. This
one repetition is 1/Nph of an electrical cycle. That can be
explained by (3) for any SRM configuration, as the GCD
for all the temporal orders with zero circumferential order,
v = 0, is Nr × Nph. That means there are Nr × Nph of torque
repetitions in one electrical cycle for any SRM configuration.
If the machine symmetry holds, only one of these torque
repetitions can be used to compute the mean torque and the
torque ripple components.

However, if the other circumferential components on the
rotor tangential force density where v ̸= 0 are required, the
simulation of 1/Nph of an electrical cycle is not sufficient.
Based on (3), if all the temporal order harmonics are required
with zero and non-zero circumferential orders, the GCD of
the temporal order is Ns as Ns is a multiplication of the
number of phases

(
Nph

)
. This means that one electrical cycle

(1/Nr of the machine’s mechanical cycle) will always be
too short or too long compared to the repetition cycle of
the machine’s rotor tangential force density wave. So, one
electrical cycle simulation will be insufficient to get the rotor
tangential force density wave components.

For example, for the three-phase 6/14 SRM, the rotor tan-
gential force density wave resulting from the FE simulation
of one electrical cycle is insufficient for calculating the rotor
tangential force density components as 1/6 of the mechanical
cycle is needed to be simulated, which corresponds to 14/6
electric cycles.

Figure 9 shows a graphical representation of the num-
ber of tangential force density repetitions and the number
of electrical cycles within on mechanical cycle for three
different SRM configurations. For example, one mechan-
ical cycle of a three-phase 6/4 SRM has six repetitions
of the rotor tangential forces density wave and has four
electrical cycles. This means that the rotor radial force den-
sity wave decomposition performed on one electrical cycle
may be insufficient for the rotor tangential force spectrum.
Only 2/3 (Nr/Ns) of an electrical cycle is sufficient to
get the force spectrum in a hypothetical temporal order.
The force wave spectrum can be represented after that in
the mechanical temporal by multiplying the hypothetical
temporal orders of the spectrum by 6 (Ns), which is the
number of tangential force density wave repetitions in one
mechanical cycle.

In general, the number of parts of the mechanical cycle
required to get the accurate rotor force density component
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FIGURE 9. A graphical representation of the tangential force repetition
within a complete mechanical cycle for three different configurations:
a) three-phase 6/4SRM, b) three-phase 6/14 SRM, and c) four-phase
8/6 SRM.

can be obtained from the following equation:

Cparts =
1
Ns

, (6)

and the corresponding number of electrical cycles to get the
accurate rotor force density spectrum is given by:

Celec =
Nr
Ns

. (7)

The 2/3 of an electrical cycle of the three-phase 6/4 SRM
represents exciting the machine for 240 degrees electrical
angle. The same results should be obtained if one mechanical
cycle is simulated, but the mechanical order will represent the
temporal order.

A three-phase 6/4 SRMwas simulated for a complete elec-
trical cycle. As shown in Figure 10, only 2/3 of the electrical
cycle (67 rotor steps out of 100 steps) has a complete rotor
tangential force density wave. That cycle can be used to
get the machine’s rotor tangential force density harmonics.
As shown in Figure 11, the rotor tangential force is repeated
after 240 electrical degrees (2/3 of an electrical cycle). If a
complete electrical cycle is used, the force component result-
ing from the FFT decomposition will not be accurate as
compared to the one obtained by one mechanical cycle and
the one tangential density wave repetition.

Applying the same principle on a three-phase 6/14 SRM
and a four-phase 8/6 SRM, the rotor tangential force density
components should be calculated for 840 electrical degrees
and 270 electrical degrees, respectively. Theoretically, this
method can be generalized for any SRM as follows:

θelec = Celec ∗ 360 (8)

where θelec is the rotor position period in electrical degrees
required to be simulated to generate one complete rotor tan-
gential force density on the SRM repetition.

For the four-phase 8/6 SRM, 3/4 of an electrical cycle
is required to get the accurate frequency spectrum of the
machine’s rotor tangential force density wave, as indicated

FIGURE 10. The contour plot of the tangential force density of a 6/4 SRM
rotor over the complete circumference of the rotor and for a complete
electrical cycle.

FIGURE 11. The rotor tangential force of a 6/4 SRM for one electrical
cycle.

in (7) and Figure 9.c. The force spectrum will be in the exact
spatial order of the machine but in a hypothetical temporal
order. The hypothetical temporal order is then multiplied
by Ns, as indicated before, to represent the force spectrum
in the mechanical temporal order. The 3/4 of an electri-
cal cycle simulation of the four-phase 8/6 SRM means the
machine should be simulated for 270 electrical degrees. This
means that one electrical cycle is too long, and if the tan-
gential force density wave of one electrical cycle is used for
the decomposition process, the results will not be accurate
and not represents the actual rotor tangential force density
harmonics.

The case of a three-phase 6/14 SRM is, however, different.
One full electric cycle is too short to get an accurate rotor
tangential force density spectrum, as shown in the graph-
ical representation in Figure 9.b. The 6/14 SRM requires
7/3 electrical cycles to get the correct frequency spectrum
of the rotor force components, as indicated in (7). In other
words, the machine should be simulated for 840 electri-
cal degrees to get the correct rotor tangential force density
spectrum in a hypothetical temporal order. The hypothetical
temporal order should then be multiplied by 6 (the num-
ber of force repetitions in one mechanical cycle, Ns) to get
the force components in the machine’s mechanical temporal
order.
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B. FRACTION OF AN ELECTRICAL CYCLE METHOD
FOR ROTOR TANGENTIAL FORCE DENSITY
WAVE GENERATION
In this subsection, a new method is applied to regenerate a
complete rotor tangential force density cycle based on the
simulation of 1/Nph of an electrical cycle. That means reduc-
ing the force calculation time significantly. For example, the
time required to obtain the rotor tangential force density wave
with the newmethod for a three-phase 6/4SRM is reduced by
half for a three-phase 6/14SRM, the time is reduced by 6/7,
and for a four-phase 8/6 SRM, the time is reduced by 2/3 of
the time used to obtain the rotor tangential force density wave
based on one rotor tangential wave repetition.

In the proposed method, the rotor tangential force density
information is estimated based on the simulation of 1/Nph of
an electrical cycle. Like the reduced data method used for the
stator force density regeneration indicated in section II, the
rotor force density data based on 1/Nph is shifted circumfer-
entially on the rotor circumference with a certain shift angle
to construct the remaining force density parts to complete a
full rotor force density wave.

Based on (7), The minimum number of electrical cycles
required to decompose the rotor tangential force density of an
SRM is Nr/Ns electrical cycles. It was found by simulation
that each rotor tangential force density repetition cycle con-
sists of anNph number of identical but shifted parts. As shown
in Figure 10 and Figure 11, the one rotor tangential force
density waveform ( 2/3 of an electrical cycle) of the three-
phase 6/4 SRM consists of two identical but circumferentially
shifted parts. This implies that each complete rotor tangential
force repetition consists of Nph ∗ Nr/Ns identical but shifted
parts. So, if only one of these parts is simulated and the
proper circumferential shift angle is applied, the other parts
can be regenerated, and the simulation time will be reduced
significantly. This condition holds only if the design of the
machine is symmetrical.

The rotor tangential force density of different SRM con-
figurations is simulated, and graphical representations that
show the tangential force density distribution on the rotor
circumference are illustrated in this section. As shown in
Figure 12, For the three-phase 6/14SRM, if 1/Nph of the
electrical cycle is simulated, the full wave tangential force
density could be regenerated by post-processing of the FEA
simulation results by shifting the generated waveform by
77.1429 degrees mechanical on the circumferential direction
opposite to the direction of rotation. The number of cells in
one column of Figure 12 indicates the number of rotor teeth.
Seven columns represent the number of identical but shifted
parts in one repetition cycle of the machine’s rotor tangential
force density wave. The hatched cells in Figure 12 indicate
where the rotor tangential force has a larger value than white
cells. They correspond to rotor teeth facing excited stator
teeth. Only one part is simulated, and the other six parts of the
tangential force density wave can be regenerated by shifting.
That means the method can be used to reduce the simulation
time required to obtain the rotor tangential force density wave

FIGURE 12. An illustrative diagram showing the regeneration process of a
complete rotor tangential force density cycle of a three-phase 6/14 based
on 1/3 electrical cycle FEA simulation.

by 6/7 times the time required for the one repetition method
introduced in this section.

As shown in the illustrative diagram in Figure 13, For a
three-phase 12/16 SRM, only 1/3

(
1/Nph

)
of the electrical

cycle is required to be simulated to regenerate the rest of the
tangential force density wave parts. The simulation data show
that for the three-phase 12/16 SRM the circumferential shift
angle to generate the full rotor tangential force density wave
out of 1/3 of an electrical cycle is 67.5 mechanical degrees
in the circumferential direction opposite to the direction of
rotation. Equation (9) is developed to calculate the circumfer-
ential shift angle needed to generate the full rotor tangential
force density based on the simulation of 1/Nph of an electrical
cycle for an Ns/Nr SRM configuration with Nph number of
phases:

θshift = roundup
(
Nr
Ns

∗
θexcitation

360/Ns

)
∗
360
Nr

(9)

where θexcitation is the mechanical angle between two suc-
cessive excited phases in the opposite direction of the rotor
rotation. For example, θexcitation = 60◦ for the three-phase
6/14 SRM configuration. The number of rotor tangential
force density parts needed to be regenerated after the FEA
simulation of 1/Nph of an electrical cycle is given as follows:

Rparts =

(
NrNph
Ns

− 1
)

(10)

The circumferential shift angle to generate the full rotor
tangential force density of a three-phase 12/8 SRM, a five-
phase 10/14 SRM, a four-phase 8/6 SRM, and a three-phase
6/4 SRM configurations are shown in Figure 14, Figure 15,
and Figure 16, respectively. The circumferential shift angle
and the number of parts needed to be generated for all of the
mentioned configurations are summarized in Table 4.
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FIGURE 13. An illustrative diagram showing the regeneration process of a
complete rotor tangential force density cycle of a Three-phase 12/16
based on 1/3 electrical cycle FEA simulation.

FIGURE 14. An illustrative diagram showing the regeneration process of a
complete rotor tangential force density cycle of a Three-phase 12/8 based
on 1/3 electrical cycle FEA simulation.

The method results in a considerable time reduction as
compared to the time required for obtaining one cycle of
the rotor tangential force with the one repetition method
illustrated before in this section. The time saved by using a
fraction of an electrical cycle method compared to the one
tangential force density wave repetition method depends on
the machine number of rotor teeth, stator teeth and phases.
In general, the percentage of time reduction using this method
compared to the one tangential force density repetition is
given by the formula:

Time reduction %

=

(
NrNph − GCD

(
NrNph,Ns

)
NrNph

)
∗ 100% (11)

FIGURE 15. An illustrative diagram showing the regeneration process of a
complete rotor tangential force density cycle of a five-phase 10/14 based
on 1/5 electrical cycle FEA simulation.

FIGURE 16. An illustrative diagram showing the regeneration process of a
complete rotor tangential force density cycle of two SRMs configurations:
a) a four-phase 8/6 SRM configuration and b) a three-phase 6/4.

IV. NUMERICAL EXAMPLES OF STATOR RADIAL FORCE
DENSITY WAVES GENERATION AND
DECOMPOSITION METHODS
In this section, the complete radial force density wave is sim-
ulated for one mechanical cycle and one electrical cycle and
regenerated using a fraction of an electrical cycle method by
the FE simulation of 1/Nph of an electrical cycle. The radial
force density waves of three different SRM configurations are
obtained based on the three methods and then decomposed
with a two-dimensional fast Fourier transform (2D FFT) to
calculate the stator radial force density harmonic spectrum.
The harmonic spectrum based on one electrical cycle and the
reduced data method introduced in this paper is compared
to the harmonic spectrum based on the simulation of one
mechanical cycle as a benchmark method.

A. NUMERICAL EXAMPLES OF USING ONE ELECTRICAL
CYCLE AND ONE MECHANICAL CYCLE
The radial force density waves for three different configura-
tions of SRMs, three-phase 6/4 SRM, three-phase 6/14 SRM,
and four-phase 8/6 SRM, are calculated based on the
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TABLE 4. Example of the FEA simulation period, the mechanical shift,
and the number of regenerated parts of the rotor tangential force density
wave required for different SRMs configurations.

simulation of one complete mechanical cycle and one com-
plete electrical cycle to evaluate the effectiveness of using
one electrical cycle to get all the radial force density wave
components.

The radial force density wave of a 6/4 SRM is obtained
based on one mechanical cycle and one electrical cycle. The
two radial force density waves based on the two methods
are then decomposed to the wave components with 2D FFT
decomposition. After obtaining the radial force density spec-
trum based on the one electrical cycle method, the temporal
order of the spectrum is multiplied by 6 (the number of rotor
teeth) to represent the spectrum in the mechanical temporal
order, as illustrated in section II. The stator radial force den-
sity waves harmonics spectrum for the one mechanical cycle
method and the one electrical cycle method are presented in
Figure 17 and Figure 18, respectively.
The relative error of the stator radial force density har-

monics spectrum calculated based on the one electrical cycle
method with respect to the spectrum calculated based on the
one mechanical cycle method is shown in Figure 19. It can be
noticed that one electrical cycle can be effectively used for the
decomposition of the radial force density components of the
6/4 SRM to get its harmonics spectrum with a reduced sim-
ulation time and simulation effort. Figure 19 shows that the
maximum error between the two methods for the displayed
spectrum is less than 1%.

Figure 20 shows the stator radial force density harmonics
spectrum of a three-phase 6/14 SRM calculated based on the
FEA simulation of one mechanical cycle. The one electrical
cycle method is then used to obtain the radial force density

FIGURE 17. The radial force density of a 6/4 SRM based on a complete
mechanical cycle.

FIGURE 18. The radial force density on the stator of a 6/4 SRM based on
a complete electrical cycle.

FIGURE 19. The error of stator radial force density spectrum calculated
based on the one electrical cycle method with respect to the spectrum
calculated based on the one mechanical cycle method for the case study
three-phase 6/4 SRM.

spectrum of that machine. The error of the stator radial force
density harmonics spectrum calculated based on the one elec-
trical cycle method with respect to the spectrum calculated
based on the one mechanical cycle method is then calculated
(see Figure 21). As shown in Figure 21, the maximum error
of the radial force density based on the one electric cycle
method with respect to one mechanical cycle method for the
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FIGURE 20. The stator radial force density components of a 6/14 SRM
based on a complete mechanical cycle.

FIGURE 21. The error of stator radial force density spectrum calculated
based on the one electrical cycle method with respect to the spectrum
calculated based on the one mechanical cycle method for the case study
three-phase 6/14 SRM.

case study three-phase 6/14 SRM on the displayed spectrum
is about 1.8%.

The stator radial force density waveform is obtained for
a third case study, four-phase 8/6 SRM, based on the sim-
ulation of one mechanical cycle and then the waveform is
decomposed to the harmonic spectrum as shown in Figure 22.
Using the one electrical cycle method, the stator radial force
density harmonics spectrum is calculated. The error of the
stator radial force density harmonics spectrum calculated
based on the one electrical cycle method with respect to
the spectrum calculated based on the one mechanical cycle
method is then calculated as presented in Figure 23. As shown
in Figure 23, the maximum error of the radial force density
spectrum calculated based on the case study four-phase 8/6
SRM is less than 0.6%.

B. USING THE PROPOSED APPROACH FOR STATOR
RADIAL FORCE DENSITY REGENERATION
AND DECOMPOSITION
The stator radial force density waves for the three case studies
SRM configurations mentioned before are regenerated based

FIGURE 22. The stator radial force density components of a four-phase
8/6 SRM based on a complete mechanical cycle.

FIGURE 23. The error of stator radial force density spectrum calculated
based on the one electrical cycle method with respect to the spectrum
calculated based on the one mechanical cycle method for the case study
four-phase 8/6 SRM.

on the fractional of an electrical cycle method introduced in
section II. The regenerated stator radial force density waves
for the three configurations are then decomposed into the
radial force density harmonics spectrum, and the error is cal-
culated with respect to the stator radial force density spectrum
calculated based on the one mechanical cycle benchmark
method.

A faction of an electrical cycle method is used to regen-
erate the stator radial force density wave for a three-phase
6/4 SRM. As indicated in section II, for the three-phase
6/4 SRM, only 1/3 of an electrical cycle is sufficient to
generate one repetition of the stator radial force density
wave. The three-phase 6/4 SRM is simulated for 1/3 of an
electrical cycle (37 rotor steps are used in the simulation),
as shown in Figure 5. Then, one electrical cycle of the stator
radial force density of the machine is generated based on
the simulated part of the stator radial force density wave by
shifting that part of the wave (see Figure 5) two times by
60 degrees mechanically on the stator circumference in the
opposite direction to the rotor rotation. The regenerated wave
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FIGURE 24. The radial force density on the stator of a 6/4 SRM based on
the data of 1/3 of an electrical cycle.

TABLE 5. A comparison of the simulation time required and the
maximum error for obtaining the stator radial force density wave
spectrum of the case study three-phase 6/4 SRM for the three methods
discussed in the paper.

represents one electrical cycle of the stator radial force den-
sity wave. The wave is then decomposed using 2D FFT, and
the error is calculated for the stator radial force density spec-
trum estimated based on the proposed method with respect
to the spectrum obtained by the benchmark one mechanical
cycle method shown in Figure 17. As indicated in Figure 24,
the maximum error of the displayed force spectrum for a
fraction of an electrical cycle method for the three-phase 6/4
SRM is less than 3.5%.

For the three-phase 6/4 SRM, the fractional of an electrical
cycle method requires simulating the machine for 1/3 of an
electrical cycle; however, the electrical cycle method requires
the simulation of one electrical cycle, and the one mechanical
cycle method requires the simulation of 4 electrical cycles.
For the fractional cycle method, the machine is simulated
for 34 rotor steps; however, the machine is simulated for
100 rotor positions for the one electrical cycle method and
397 rotor positions for the one mechanical cycle method.
So, it is also clear that the calculation time required for
the proposed method is 1/12 the time required for the one
mechanical cycle method and 1/3 the time required for one
electrical cycle method. Table 5 summarizes the comparison

FIGURE 25. The radial force density on the stator of a 6/14 SRM based on
the data of 1/3 of an electrical cycle.

TABLE 6. A comparison of the simulation time required and the
maximum error for obtaining the stator radial force density wave
spectrum of the case study three-phase 6/14 SRM for the three methods
discussed in the paper.

of the three methods for obtaining the stator radial force
density wave components for the case study three-phase
6/4 SRM. The table shows the FEA simulation time and the
maximum error in the displayed spectrum with respect to the
one mechanical cycle benchmark method.

The proposed method is used to generate the stator radial
force density wave for the case study three-phase 6/14 SRM.
For the case study three-phase 6/14 SRM, the maximum
error of the method of fractional of an electrical cycle is less
than 2.5% compared to the one mechanical cycle benchmark
method, as illustrated in Figure 25.

The proposed method for calculating the stator radial force
density wave and its components reduces the calculation FEA
simulation computational burden and time to (1/42) of the
time required for the complete mechanical cycle method with
a maximum error of less than 2.5%. Also, the method reduces
the FEA simulation time and computational burden require-
ments to (1/3) of that of the one electrical cycle method. The
summary of the FEA simulation time and the maximum error
for each method with respect to the benchmark one mechani-
cal cycle method in the displayed spectrum is summarized in
Table 6.
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FIGURE 26. The radial force density on the stator of a four-phase 8/6
SRM based on the data of 1/4 of an electrical cycle.

The method is also used to generate the stator radial force
density wave for the case study four-phase 8/6 SRM. For the
case study machine, the maximum error of the method of
fractional of an electrical cycle is less than 0.6% compared to
the one mechanical cycle benchmark method, as illustrated in
Figure 26.

As indicated in section II, the proposed method only
required the machine to be simulated for 1/4 of an electrical
cycle for the four-phase 8/6 SRM. The FEA simulation time
and the maximum error for each method with respect to the
benchmark one mechanical cycle method in the displayed
spectrum are summarized in Table 7.

V. NUMERICAL EXAMPLES OF ROTOR TANGENTIAL
FORCE DENSITY WAVES GENERATION AND
DECOMPOSITION METHODS
The rotor tangential force density wave of three differ-
ent SRM configurations, three-phase 6/4 SRM, three-phase
6/14 SRM, and four-phase 8/6 SRM, are obtained based on
the three different methods mentioned in this paper and then
decomposed with 2D FFT to the rotor tangential force density
harmonic spectrum for comparison. The harmonic spectrum
based on the one-rotor tangential force repetition method and
the reduced data method introduced in this paper is compared
to the harmonic spectrum based on one mechanical cycle as
a benchmark.

The error of the force calculation should be as minimum
as possible. If the error of the force calculation is relatively
high, this will possibly lead to the convergence to a non-
optimal solution during the optimization process. It can be
seen in the paper that the new proposed method results in a
higher calculation error compared to the one electrical cycle
method; however, the increase in the error is not significant
as shown in Table 5, Table 6, and Table 7. The new method
has the advantage of reducing the calculation time of the force

TABLE 7. A comparison of the simulation time required and the
maximum error for obtaining the stator radial force density wave
spectrum of the case study four-phase 8/6 SRM for the three methods
discussed in the paper.

density wave at the cost of a small increase in the calculation
error.

A. NUMERICAL EXAMPLES OF USING ONE TANGENTIAL
FORCE REPETITION AND ONE MECHANICAL
CYCLE METHODS
The rotor tangential force density wave of the case study
6/4 SRM is obtained based on the FEA simulation of one
mechanical cycle of the machine. The rotor tangential force
density wave is then decomposed to the wave components
based on the 2D FFT as presented in Figure 27. The rotor
tangential force density wave is then obtained by only simu-
lating the machine for 2/3 of an electrical cycle (240 electrical
degrees) as illustrated in section III and presented in the
contour plot in Figure 10 and the force density wave in
Figure 11. The rotor tangential force density wave simulated
based on the one tangential force repetition method is then
decomposed to its components as presented in Figure 28.

The one mechanical cycle method is considered to be
the benchmark for the calculation of the error for the pro-
posedmethods for obtaining the rotor tangential force density
components. The error is calculated for the rotor tangential
force density wave harmonics spectrum obtained by using
the tangential force repetition cycle method with respect to
the spectrum obtained by using the one mechanical cycle
method. As presented in Figure 29, the maximum error of
the one tangential force repetition method is less than 4%
for the displayed spectrum.

The one mechanical cycle method is used to obtain the
rotor tangential force density wave of a case study three
phase 6/14 SRM. The rotor tangential force density wave
is then decomposed to the wave components using 2D FFT
analysis. The rotor tangential force density wave components
based on the one mechanical cycle method are presented in
Figure 30. The one mechanical cycle method required the FE
simulation of the machine for 14 electrical cycles. The one-
rotor tangential force repetition is then used to obtain the
rotor tangential force density components. According to the
method introduced in the paper and using (7), the machine is
simulated for a 7/3 electrical cycle. The rotor tangential force
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FIGURE 27. The rotor tangential force density components of 6/4 SRM
based on the force information of one mechanical cycle.

FIGURE 28. The rotor tangential force density components of the case
study three-phase 6/4 SRM based on the force information of one rotor
tangential force repetition method.

density wave obtained by the method is then decomposed
by 2D FFT analysis to the rotor tangential force density
components. The error is calculated for the rotor tangential
force density wave harmonics spectrum obtained using the
rotor tangential force repetition method with respect to the
spectrum obtained using the one mechanical cycle method.
As presented in Figure 31, the maximum error of the one
tangential force repetition method is about 0.458% for the
displayed spectrum.

The one mechanical cycle method is used to obtain the
rotor tangential force density wave of a third case study
machine, a four-phase 8/6 SRM. The obtained waveform
is then decomposed using 2D FFT to get the rotor tangen-
tial force density components (see Figure 32). The method
required the FE simulation of the machine for six electric
cycles. However, the rotor tangential force density repetition
cycle method requires the machine to be simulated for 6/8 of
an electrical cycle (270 degrees electrically), as given by (7).
The machine is simulated for 6/8 of an electrical cycle, and
the resulting rotor tangential waveform is decomposed to its
components. The error is calculated for the tangential force
density waveform harmonics spectrum calculated based on
the one rotor tangential force density repetition method with
respect to the spectrum calculated based on the one mechan-
ical cycle method as presented in Figure 33. As illustrated
in Figure 33, the maximum error of using the one rotor

FIGURE 29. The percentage error spectrum of the rotor tangential force
density wave obtained by the one tangential force repetition method with
respect to the spectrum obtained by the one mechanical cycle method for
the case study three-phase 6/4 SRM.

FIGURE 30. The rotor tangential force density components of the case
study three-phase 6/14 SRM based on the one mechanical cycle method.

tangential force wave repetition method is about 0.963%.
That shows the effectiveness of using the one-rotor tangen-
tial force repetition method for the tangential force density
evaluation and saving computational time and effort with the
proposed method.

B. NUMERICAL EXAMPLES OF USING ONE FRACTIONAL
OF AN ELECTRICAL CYCLE METHOD FOR ROTOR FORCE
GENERATION AND DECOMPOSITION
The proposed method in section III is used to generate a
one-rotor tangential force density repetition of the case study
three-phase 6/4 SRM. The machine is simulated for 1/3 of
an electrical cycle, and the resultant rotor tangential force
density wave is shifted one time by 90 mechanical degrees
in the opposite direction of rotor rotation, as indicated in
Figure 16.b. The one-repetition rotor force density wave
resulting from this process is then decomposed into the force
density components. The error of the rotor force density
wave components obtained based on the fractional of an
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FIGURE 31. The rotor tangential force density components of a 6/14 SRM
based on one radial force repetition (840 electrical degrees) represented
in the mechanical temporal order.

FIGURE 32. Rotor tangential force density components of a four-phase
8/6 SRM based on one mechanical cycle simulation (2160 electrical
degrees) represented in the mechanical temporal order.

electrical cycle method is calculated with respect to rotor
force density components of the machine obtained based on
the one mechanical cycle method (see Figure 34). As shown
in Figure 34, the maximum error of the fractional of an
electrical cycle method with respect to the one mechanical
cycle method for obtaining the rotor tangential force density
components of the case study three-phase 6/4 SRM is less
than 4%. Table 8 shows a comparison between FE simulation
time and themaximum error for the threemethods used in this
paper to obtain the rotor tangential force density components.
The error is calculated with respect to the results of the one
mechanical cycle method. As indicated by the table, the
proposed rotor tangential force repetition method reduced the
calculation time by five times, and the proposed fractional of
an electrical cycle method reduced the calculation time by ten
times compared to the time required for the one mechanical
cycle method. Themaximum error observed for the displayed
spectrum of rotor tangential force density of the case study
three-phase 6/4 SRM configuration is less than 4% for both

FIGURE 33. The rotor tangential force density components of a
four-phase 8/6 SRM based on one radial force repetition (270 electrical
degrees) represented in the mechanical temporal order.

FIGURE 34. The rotor tangential force density components of the 6/4
SRM based on the reproduced force information for one force repetition.

proposed methods compared to the one mechanical cycle
method.

The fractional of an electrical cycle method is used to
generate the rotor tangential force density wave of the case
study three-phase 6/14 SRM. As indicated in Figure 12, only
1/3 of an electrical cycle can be simulated, and the produced
rotor tangential force density wave can be shifted six times
in the opposite direction of rotation with 77.1429 mechanical
degrees on the rotor circumference at each shift. By doing
that, the generated wave represents a one-rotor tangential
force density wave repetition cycle. The force density wave
cycle is then decomposed by a 2D FFT decomposition tool
to the rotor tangential force density harmonic spectrum. The
error of the rotor tangential force density wave spectrum
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TABLE 8. The simulation time and the maximum error observed for the
three methods for calculating the rotor tangential force density wave
components of the case study three-phase 6/4 SRM.

FIGURE 35. The error rotor tangential force density components obtained
by the fractional of an electrical cycle method with respect to the
components obtained by the one mechanical cycle method of the
case-study 6/14 SRM.

obtained based on the fractional of an electrical cycle method
is calculated with respect to the spectrum obtained based on
the one mechanical cycle method (see Figure 35).

As shown in Figure 35, themaximum error observed for the
method with respect to the one mechanical cycle method is
about 0.49%. A comparison between the FE simulation time
and the maximum error between the two proposed methods
in this paper with respect to the one mechanical cycle method
is summarized in Table 9.

The method is also used to generate the rotor tangential
force density wave for the case study four-phase 8/6 SRM.
As shown in Figure 16.b, the machine is needed to be simu-
lated only for 1/4 of an electrical cycle. The rotor tangential
force density wave results from the simulation of the machine
for 1/4 of an electrical cycle is then shifted two times with
60 mechanical degrees on the rotor circumference opposite
to the direction of rotor rotation at each shift. The generated
wave from this process represents one rotor tangential force
repetition. The rotor tangential force density wave is then
decomposed with 2D FFT to the wave harmonics spectrum.

TABLE 9. The simulation time and the maximum error observed for the
three methods for calculating the rotor tangential force density wave
components of the case study three-phase 6/14 SRM.

FIGURE 36. Rotor tangential force density components represented in the
mechanical temporal order of a 8/6 SRM based on one radial force
repetition generated ( 90 electrical degrees simulation).

The error is calculated for the rotor tangential force density
harmonics obtained by the fractional of an electrical cycle
method with respect to the tangential force density harmonics
calculated based on the one mechanical cycle (see Figure 36).
As indicated in Figure 36, the maximum error for the frac-
tional of an electrical cycle method with respect to the one
mechanical cycle method is about 1%. Table 9 summarizes
the comparison of the three methods used for the calculation
of tangential force density wave components.

As indicated from the case studies, the one rotor tan-
gential force density wave repetition method significantly
reduced the computational effort and time required for the
rotor tangential force density wave spectrum calculation
based on reducing the number of electrical cycles required.
As indicated in this section, the amount of time reduc-
tion and the maximum error observed compared to the one
mechanical cycle method depend on the machine’s number
of phases, stator teeth, and rotor teeth. The case studies also
show the effectiveness of using the factional of an electrical
cycle method for the generation of the rotor tangential force
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TABLE 10. The simulation time and the maximum error observed for the
three methods for calculating the rotor tangential force density wave
components of the case study four-phase 8/6 SRM.

density waves. The method reduces the number of electrical
cycles required for the rotor tangential force generation of any
SRM configuration to 1/Nph, as indicated in section III and
proved by the three case studies.

VI. CONCLUSION
This work presented a new fast method of generating the
stator radial force density wave and the rotor tangential force
density of switched reluctance motors. The method generates
the full stator radial force density wave and the full rotor tan-
gential force density wave by shifting the fractional electrical
cycle radial force density wave data based on FE simula-
tion of 1/Nph of an electrical cycle. By simulating 1/Nph
of an electrical cycle, the stator radial force density wave
and the rotor tangential force density wave can be estimated
by using the proper shift angle and the proper circumferen-
tial number shifts of the regenerated parts, as illustrated in
this paper. This results in a considerable computational cost
reduction as compared to the existing method of using one
electrical cycle or one mechanical cycle simulation. Three
different SRMs configuration were simulated using different
methods to demonstrate the effectiveness of the new method
in reducing the required computational time for the radial
and tangential force calculation. The proposed method also
reduces the optimization time for geometry and topology
optimizations of SRMs that target the mitigation of the stator
radial force density, the torque ripples, and the rotor tangential
force density.
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