
Received 17 April 2024; revised 28 June 2024; accepted 22 July 2024. Date of publication 29 July 2024;
date of current version 6 August 2024. The review of this article was arranged by Associate Editor Mauro Di Nardo.

Digital Object Identifier 10.1109/OJIA.2024.3434668

Refinement of Analytical Current Waveform
for Acoustic Noise Reduction in Switched

Reluctance Motor
FARES S. EL-FAOURI (Graduate Student Member, IEEE), YIFEI CAI (Graduate Student Member, IEEE),

AND AKIRA CHIBA (Fellow, IEEE)
Department of Electrical and Electronic Engineering, Tokyo Institute of Technology, Tokyo 152-8550, Japan

CORRESPONDING AUTHOR: FARES S. EL-FAOURI (email: el.f.ab@m.titech.ac.jp)

This article has supplementary downloadable material available at https://doi.org/10.1109/OJIA.2024.3434668, provided by the authors.

ABSTRACT In this article, a refinement algorithm of the current waveform that flattens the radial-force sum
in switched reluctance motors is proposed. Flattening the radial-force sum eliminates the multiples of the
third radial-force component. These components excite the breathing mode vibration, which is typically the
dominant vibration in switched reluctance motors with a high number of poles. The previously proposed
analytical current derivation for flattening the radial-force sum neglects magnetic saturation, limiting its
applicability to low-torque region. Consequently, for high-torque saturation conditions, the previous wave-
form shaping degrades in flattening the radial-force sum. The proposed refinement of the analytical current
waveform addresses this limitation, enabling effective radial-force sum flattening even under high-torque
conditions. Additionally, the proposed current exhibits significantly lower peaks than those of the flattening
methods at high-torque region in the literature, mitigating the need for higher-rated inverters. Finite element
analysis and experimental validation verify the effectiveness of the proposed method.

INDEX TERMS Acoustic noise reduction, mode 0 vibration, radial force sum flattening, switched reluctance
motor (SRM).

I. INTRODUCTION
Advances in motor-drive methods have propelled the adop-
tion of switched reluctance motors (SRMs). Renowned with
high torque density, efficiency, and robustness, SRMs offer
the additional advantage of being free from rare-earth mate-
rials, leading to significant cost reductions. Nevertheless, the
inherent doubly-salient structure and conventional current ex-
citation in SRMs give rise to considerable harmonics in radial
force. These harmonics induce significant stator vibration and
acoustic noise.

The literature has extensively addressed the reduction of
acoustic noise in SRMs from various perspectives. Regarding
the SRM structure, it was reported in [1] that installing stator-
pole bridges resulted in reduction of vibration and acoustic
noise. In terms of rotor structures, curving the rotor poles in
the stack direction led to reductions in both radial force varia-
tion and torque ripple [2]. Proposing a triangular shape in the
middle of the rotor structure is reported to reduce radial-force

variation [3]. Other research endeavors addressed the radial
force and torque ripple issues by optimizing rotor flux barriers
[4], proposing a cylindrical rotor structure [5], introducing
leaf springs onto the stator back yoke [6], engraving windows
into the stator and rotor poles [7], and skewing the stator and
rotor [8].

From the motor drive and inverter operation perspective, it
is reported that SRM vibration and acoustic noise can be re-
duced by two-stage commutation [9], hybrid excitation using
C-dump inverter [10], active vibration cancellation [11], and
smoothening the voltage commutation during the turn-OFF

stage [12]. Furthermore, Guo et al. [13] provided an analyt-
ical derivation for determining the optimal turn-ON angle to
mitigate resonance vibrations.

Radial-force waveform shaping was the subject of several
researches in the literature aiming to reduce the vibration and
acoustic noise of SRMs. In [14], a Gaussian reference was
proposed for radial-force shaping, with parameters tailored to
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mitigate dominant vibration modes. The study primarily fo-
cused on eliminating the vibration modes in a low stator-pole
number SRM. Another research proposed using the logistic
function for shaping the radial force in a high stator-pole num-
ber SRM [15]. However, the method in that research exhibited
a considerable current peak post the unaligned position.

Current waveform shaping for SRM acoustic noise reduc-
tion was approached from numerous studies in the litera-
ture. Radial-force sum flattening, being one of the current-
waveform shaping methods, was first introduced in [16]. This
method involves shaping the current waveform offline through
a mathematical derivation of the current reference. In that
study, the current was defined to have up to the third harmonic
component, assuming zero phase shifts for simplicity. Sub-
sequent work in [17], [18], and [19] incorporated the phase
shifts numerically rather than mathematically, resulting in
minimal torque ripple and rms current waveforms. However,
heavy numerical sweep was required for the determination
of the current parameters. The complete analytical derivation
of the current waveform that flattens the radial-force sum,
including the current phase shifts, was introduced in [20].
Nonetheless, magnetic saturation was not considered in that
derivation. Consequently, the effectiveness of that method in
flattening the radial-force sum at the high-torque region was
limited.

Another aspect of research focused on radial-force sum flat-
tening by control strategies. The triangle-width strategy [21],
direct instantaneous force control [22], and differential evolu-
tion optimization [23] were reported to contribute to flattening
the radial force and reducing the acoustic noise. Investigation
of simultaneous torque and radial-force ripple reduction was
conducted in [24] by numerical sweeping. The radial-force
sum flattening technique has been noted for its effectiveness
in SRMs characterized by a high stator-pole number, notably
traction SRMs [25].

This article introduces a refinement algorithm for the ana-
lytical derivation method outlined in [20], aimed at extending
its effectiveness to the high-torque saturation region. The
proposed refinement has two main advantages. First, it does
not involve numerical sweeping of parameters. Second, the
proposed current waveform exhibits a significantly lower peak
than that in [15], despite the same effectiveness of both
methods in flattening the radial-force sum at high-torque con-
ditions. This reduction in peak current values translates to
potential cost savings by alleviating the need for a larger
inverter.

The rest of this article is organized as follows.
Section II explains the proposed method, Section III presents
the FEA results, Section IV shows the experimental results,
and Section V concludes this article.

II. PROPOSED METHOD
A. SRM RADIAL FORCE AND VIBRATION MODES
Normal operation of SRMs involves the concurrent variation
of radial force in both time and space. The spatial components

dictate the shape of the radial-force distribution [14], [26].
For instance, the spatial order 0 implies that the radial-force
distribution is spatially forming the circular breathing mode.
A spatial order 2 signifies an oval-shaped radial-force distri-
bution, and so forth.

Identifying the dominant spatial vibration modes is fol-
lowed by identifying the temporal radial-force components re-
sponsible for exciting them. Typically, the number of phases,
stator poles, and rotor poles identify the dominant spatial vi-
bration modes and their corresponding temporal components
[26]. In a three-phase 18/12 SRM, the breathing vibration
mode with spatial order 0 is dominant and is excited by the
multiples of the third temporal radial-force component. Con-
versely, in a three-phase 6/10 SRM, the breathing mode is not
problematic; instead, mode 2 poses the issue.

It was shown in [16] that radial-force sum flattening elim-
inates the multiples of the third radial-force component.
Therefore, radial-force sum flattening effectively eliminates
breathing mode vibration in 18/12 SRMs, leading to notable
reductions in acoustic noise. The adopted SRM configuration
in this study is the 18/12 SRM. There are two reasons for
adopting that configuration: First, it was confirmed in [27] that
the 18/12 configuration exhibits the highest torque density.
Second, the radial-force sum flattening is effective on SRMs
with a high number of stator poles [25]. The effectiveness of
radial-force sum flattening on a 36/24 and 18/12 SRMs was
previously verified in [16] and [18], respectively. However, at
low stator-pole number, such as a 6/10 SRM, radial-force sum
flattening was not effective [28]. Since the proposed method
in this article aims to refine the previous radial-force sum
flattening method in [20], the 18/12 SRM configuration was
adopted in this study.

It is worth noting that the radial force is the primary
contributor to vibration and acoustic noise in SRMs [29].
Specifically, the frequency and variation of the radial force
are the key features that generate acoustic noise. When the
radial force frequency matches any of the motor’s natural
frequencies, significant acoustic noise can occur. Additionally,
greater variation in radial force leads to increased acoustic
noise. In SRMs with a high number of stator poles, the focus
is on the variation of the sum of the radial forces [16], which
is characterized by the third harmonic component of the radial
force and its multiples.

B. RADIAL AND TANGENTIAL FORCE CHARACTERISTICS
Let us define the rotor position θ to be 0◦ at the A-phase
aligned position. The mathematical expressions for the tem-
poral radial and tangential forces of A-phase are given in [30]
as follows:

FrA (θ ) = KrA (θ ) iA(θ )2 (1)

FtA (θ ) = KtA (θ ) iA(θ )2 (2)

where i(θ ) represents the instantaneous current value, and
Kr (θ ), Kt (θ ) denote the radial and tangential force factors,
respectively. These factors depend on the SRM specifications,
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FIGURE 1. SRM radial and tangential force characteristics for A-phase at a
specific current value. (a) Radial force characteristics. (b) Tangential force
characteristics.

FIGURE 2. Current-dependence of major frequency components of radial
(solid) and tangential (dashed) forces.

and are determined through FEA. Fig. 1 shows Kr (θ ) and
Kt (θ ) under a specific current excitation. These factors can be
analytically approximated by their Fourier-series expansions,
expressed as follows:

KrA (θ ) = Kr0 + Kr1 cos (θ ) + Kr2 cos (2θ ) (3)

KtA (θ ) = − Kt1 sin (θ ) − Kt2 sin (2θ ) − Kt4 sin (4θ ) . (4)

The analytically approximated curves, depicted in Fig. 1,
demonstrate a close correspondence with the FEA curves. No-
tably, the six coefficients Kr0, Kr1, Kr2, Kt1, Kt2, and Kt4 in (3)
and (4) remain constants in the magnetically-linear region, but
they transition to functions of the current in the magnetically-
saturated region. Appendix I lists these coefficients in the
linear region for the SRM under study. Fig. 2 shows the di-
minishing values of Kr (θ ) and Kt (θ ) coefficients as the current
increases. The solid curves represent the radial-force coeffi-
cients Kr0, Kr1, and Kr2, while the dashed curves represent the
torque coefficients Kt1, Kt2, and Kt4. It is essential to note that
the mathematical current derivation in [20] assumed constant
values for these six coefficients. As depicted in Fig. 2, this

approach resulted in inaccuracies in the high-torque region, as
the reductions in the coefficients with increasing current were
not accounted for. This led to compromising the effectiveness
of flattening the radial-force sum at high torque.
C. LIMITATIONS OF THE ANALYTICAL CURRENT
DERIVATION AT THE HIGH-TORQUE REGION
The complete analytical derivation of the current waveform,
including phase shifts, is introduced in [20] for flattening the
radial-force sum. In [20], the current waveform is provided as
follows:

iA(θ )original = I0 + I1 sin (θ + φ1)

+ I2 sin (2θ + φ2) + I3 sin (3θ + φ3) (5)

where I0, I1, I2, I3, φ1, φ2, and φ3 are the seven current
parameters, and are determined from the offline mathematical
equations detailed in [20]. These parameters are determined
based on two purposes: achieving the target average torque,
and flattening the radial-force sum. For instance, I0 is obtained
in [20] by

I0 =
2

(
−

√
3

8 I2
1 Kt2 + T math

av
3R

)

√
3I1

(
Kt1 − Kr1Kt2

4Kr0

) (6)

where R is the rotor radius, and T math
av is the target average

torque value inputted into the mathematical equations. Similar
to (6), the remaining six current parameters are calculated
in [20] from Kr and Kt coefficients. However, these coeffi-
cients are assumed to be constants in [20], which is only
applicable in the low-torque region, as indicated in Fig. 2.
Consequently, the effectiveness of the method in [20] is lim-
ited in the high-torque saturation region. This article aims to
extend the applicability of the analytically-derived current to
the high-torque saturation region by proposing a refinement
algorithm of iA(θ )original in (5). The mathematical expression
for the third component of the radial-force sum, which is the
largest component, has been derived in [20] and is presented
in AppendixII of this article.

First, it is essential to identify the limitations of the analyt-
ical derivation method outlined in [20] within the high-torque
region. To achieve this, the SRM under investigation is
subjected to two FEA cases using the analytical derivation
method: one within the magnetically-linear region and another
within the heavily saturated region.

Fig. 3(a) illustrates the two A-phase currents derived using
the analytical method outlined in [20] with a low T math

av value
for the linear case, and a high T math

av for the saturated case. For
the linear case, the derived current waveform can generate an
FEA average torque value T FEA

av close to the target average
torque value T math

av because the Kt coefficients are precisely
modeled in the linear case in [20]. On the other hand, since
the decrease of Kt coefficients in the saturation region is not
modeled, the method in [20] lost its accuracy in torque predic-
tion. Notably, Fig. 3(b) compares the waveforms of the ratio
T/T math

av . It is apparent that in the linear region, the calculated
average torque value T math

av closely matched the FEA average
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FIGURE 3. Comparison of the analytical derivation method in [20] at low
and high-torque cases. (a) Current waveforms. (b) Torque waveforms
normalized by T math

av .

FIGURE 4. Comparison of the analytical derivation method in [20] at low
and high-torque cases. (a) Normalized radial-force sum waveforms. (b)
Frequency spectra of the radial-force sum.

torque T FEA
av , whereas in the saturated region, T FEA

av is 20%
lower.

Fig. 4 demonstrates the normalized radial-force sum wave-
forms and spectra. It is evident that the performance of
flattening degraded significantly under the heavily-saturated
condition, since the decrease of Kr coefficients in the satura-
tion region is not modeled in [20]. This degradation is notably
reflected in the increased presence of the multiples of the third
component.

FIGURE 5. (a) Relationship between the average torque value in the
mathematical model in [20] T math

av and the obtained average torque T FEA
av

for the SRM under study. (b) Compensation factor required for matching
T math

av with T FEA
av .

In conclusion, the saturation condition affects the analytical
method described in [20] in two significant ways.

1) Achieving the required torque.
2) Effectiveness of flattening the radial-force sum.

D. REFINEMENT OF THE ANALYTICAL CURRENT
DERIVATION METHOD
The proposed refinement is divided into two stages. The first
stage aims to enhance the analytical derivation method to
achieve the necessary average torque even in magnetically-
saturated conditions. Subsequently, the second stage of refine-
ment focuses on flattening the radial-force sum, particularly
within these magnetically-saturated conditions.

For the first stage, which involves attaining the necessary
average torque value, a saturation-compensation factor C is
introduced to raise the target mathematical average torque
value T math

av in [20] to account for the torque degradation, as
follows:

C = T math
av

T FEA
av

. (7)

Then, the new compensated target average torque T math∗
av is

set as follows:

T math∗
av = CT math

av . (8)

Fig. 5(a) illustrates the relationship between T math
av and

T FEA
av in the studied SRM. It can be observed that T FEA

av falls
lower than T math

av in the high-torque region. The compensation
factor C calculated from (7) is shown in Fig. 5(b). As shown
in Fig. 5(b), C is nearly 1 in the linear region where the Kt

coefficients are well modeled, and the torque is precisely pre-
dicted. On the other hand, C is larger than 1 and increases as
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FIGURE 6. Proposed refinement algorithm for A-phase. The first
refinement stage incorporates the compensation of the average torque.
The second refinement stage involves flattening the radial-force sum.

the torque value increases in the saturation region, indicating
the increasing torque degradation. The first stage of refine-
ment involves compensating the average torque degradation
by increasing the target average torque value T math

av by the
factor C based on (8).

Fig. 6 depicts the refinement algorithm for the A-phase
current. The currents of A, B, and C-phases undergo identical
refinements, each separated by 120◦ phase shifts. The starting
point of the refinement is Stage 1; obtaining the analytically-
derived current waveform iA(θ )original in (5) after the torque
compensation. The obtained current iA(θ )original will then be
used to estimate the radial-force sum waveform FrSum(θ ), as
shown in the upper-right part of Fig. 6. The estimation of
radial force waveform is essential for the second stage of
refinement. While it is possible to measure radial force using
strain gauges, as demonstrated in [31], this article opts to
estimate radial force using an offline two-dimensional lookup
table of Kr (θ, i). The radial-force characteristics Kr (θ, i) is
computed through FEA prior to applying the proposed re-
finement. In this study, virtual work principle is adopted
in the computation of the radial-force characteristics, which
are then used as a lookup table for the estimation process.
Fig. 7 demonstrates Kr (θ, i) lookup table at several example
current values. Note that Kr (θ, i) remains unchanged in the
magnetically-linear region (2 A up to 13 A) owing to the
constant magnetic permeability in that region. Subsequently,
radial force can be estimated at each rotor position θ and each
current value i by applying (1). The estimated radial-force

FIGURE 7. Radial force characteristics of the SRM under study at various
current values.

sum can then be obtained as follows:

FrSum (θ ) = FrA (θ ) + FrB (θ ) + FrC (θ ) . (9)

Upon completion of one steady-state electrical period 2π ,
the average of (9) is calculated as follows:

F avg
rSum = 1

2π

2π

∫
0

FrSum (θ ) dθ. (10)

Equation (10) represents the dc component of the FrSum(θ )
waveform. The importance of obtaining the F avg

rSum value lies
in its correlation to the desired average torque value. Under
the excitation i(θ )original of the method in [20], each average
torque value corresponds to a unique F avg

rSum value. It should be
emphasized that the previous sentence only holds true under
the same excitation of i(θ )original; any two different current
waveforms with the same average torque are most likely not
sharing the same average radial-force sum. Therefore, F avg

rSum is
set as the target flat value for the radial-force sum at the target
average torque achieved by i(θ )original.

In Stage 2 of Fig. 6, the estimated radial-force sum FrSum(θ )
is compared with F avg

rSum at each timestep. Based on the
comparison result, the excitation current is modified to fi-
nally make FrSum(θ ) = F avg

rSum at every timestep. If FrSum(θ ) =
F avg

rSum, no change of iA(θ )original is required at that timestep,
as shown by the left-bottom block of Stage 2 in Fig. 6. How-
ever, if FrSum(θ ) falls below F avg

rSum, the original current value
iA(θ )original will be increased at that timestep until FrSum(θ )
value increases sufficiently to be equal to F avg

rSum, as shown
by the right-bottom block of Fig. 6. Conversely, if FrSum(θ )
exceeds F avg

rSum, iA(θ )original value at that timestep has to be de-
creased. However, it is crucial to avoid reducing iA(θ )original in
the motoring region represented by the positive KtA(θ ) region
in Fig. 1(b). The positive region of KtA(θ ) spans from 180◦
up to 360◦, as visible in Fig. 1(b). Decreasing the current in
the motoring region can adversely affect achieving the target
average torque, thus compromising the first stage of refine-
ment. Therefore, decreasing iA(θ )original is only permissible
outside of the motoring region. An exception is made for
the last portion of the motoring region, coinciding with the
commutation zone from 336◦ to 360◦, where it is unavoidably
necessary to adjust iA(θ )original to achieve the radial-force
sum flattening. Decreasing the current in this commutation
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zone is allowed for two reasons: First, the impact of current
modification on torque is small because KtA(θ ) is low in this
commutation zone, as shown in Fig. 1(b). Second, KrA(θ )
is the highest in the same commutation zone, as shown in
Figs. 7 and 1(a), indicating that a slight change in current
can significantly improve the shape of radial-force sum. The
extent of the commutation zone can be adequately set as 20%
of the 120◦ overall conduction zone for each phase. This
translates to 24◦ of commutation. To summarize, the reduction
of iA(θ )original is only permitted in two regions: the generat-
ing region where KtA(θ ) is negative (0◦ < θ < 180◦) and the
commutation zone (336◦ < θ < 360◦). Outside of these two
regions, the reduction of iA(θ )original is not permissible, even
if FrSum(θ ) exceeded F avg

rSum. In such an occasion, iA(θ )original

will be kept the same without any change.
It is worth noting that the adjustment of iA(θ )original can

be achieved by fixed increments or decrements, provided the
sampling frequency of the model-based software remains very
high and ideal inverter switches are used. In this scenario,
the exact value of the increment or decrement is not critical
as long as it suffices to reach the desired current value. This
is because the fast sampling allows the controller to instan-
taneously readjust the reference command, while the actual
current changes more slowly and smoothly due to the coil
inductance.

The refined current waveform is then obtained as
iA(θ )refined, and it serves as the reference current for the hys-
teresis current controller in the experiment. This controller
is responsible for driving the SRM inverter by regulating
the measured current iA(θ ) to track the refined reference
iA(θ )refined.

III. FEA RESULTS
A. REFINEMENT OF THE ANALYTICAL DERIVATION
METHOD
The SRM under study is a three-phase 18/12 SRM designed
as a generator for hybrid vehicle applications. The SRM
was initially designed in [32] to be competitive with the
fourth-generation of Toyota Prius’ permanent-magnet gener-
ator. The initial design included an effective water-cooling
system. Table 1 presents the SRM specifications. Note that
the iron-core material is high-silicon 10JNEX900 steel, which
exhibits negligible magnetostriction characteristics [33], [34].
The selection of 10JNEX900 ensures that radial force is the
sole contributor to vibration and acoustic noise.

Fig. 8 shows the FEA results of the current, radial-force
sum, and torque waveforms at 12 Nm before and after refine-
ment. Two cycles are shown in Fig. 8: the first cycle spans
from 0◦ to 360◦, during which the unrefined iA(θ )original from
[20] is applied. The waveforms obtained under the refined
current are shown in the second cycle from 360◦ to 720◦. Ev-
idently, the refined current effectively flattens the radial-force
sum, while at the same time, the average torque, torque ripple,
and rms current were not impacted by the refinement process.
This underscores the effectiveness of the refinement method

TABLE 1. SRM Specifications

FIGURE 8. FEA comparison between the analytically-derived current from
[20] and the proposed refined current in terms of (a) current waveforms,
(b) radial-force sums, and (c) torque waveforms.

in flattening the radial-force sum without compromising the
other crucial performance metrics.

Fig. 9 shows how the operation of refinement in Fig. 8
took place in detail. The estimated radial-force sum FrSum(θ )
resulting from applying the unrefined currents iA,B,C(θ )original

exhibit six peaks, as shown in Fig. 9. Three peaks are above
F avg

rSum, while the other three are below it. For example, the first
peak of FrSum(θ ) occurs after θ = 0◦ up until θ = 50◦. The
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FIGURE 9. Algorithm response to the radial-force sum peaks that exceed
or fall below F avg

rSum. As an example, the response to the first two peaks is
shown.

first peak is exceeding F avg
rSum. At that particular duration of the

first peak, two currents are being provided, namely iA and iB,
while iC is zero. The refinement algorithm dictates reduction
of the current in this situation since FrSum(θ ) > F avg

rSum. How-
ever, iB will not be reduced to prevent loss of torque since that
specific region (0◦ < θ < 50◦) lies in the B-phase motoring
region. Hence, iA will be solely reduced. On the other hand,
from θ = 50◦ up to θ = 100◦, FrSum(θ ) is less than F avg

rSum.
Consequently, the current is increased until FrSum(θ ) = F avg

rSum.
It is noteworthy that the aforementioned current increase does
not occur at the same ratio for all three phases, due to the
varying Kr (θ, i) values for each phase at a given position.

B. PROPOSED METHOD COMPARISON WITH
CONVENTIONAL SQUARE AND RADIAL-FORCE SHAPING
METHODS
The proposed method is compared against the conventional
square current and the previously proposed radial-force shap-
ing method in [15]. This comparison is particularly significant
because the method outlined in [15] was specifically devised
to address the limitation of the analytical derivation method
presented in [20], namely the inability to achieve radial-
force sum flattening at high-torque conditions. However, the
method in [15] has a drawback of requiring a significantly
high peak current value to flatten the radial force sum. Thus,
the comparison with [15] aims to demonstrate the superiority
of the proposed method in this study in reducing the peak
current observed in [15], while successfully flattening the
radial-force sum in the high-torque region. The comparison
point is designated at 7.4 Nm and 500 r/min.

Fig. 10 shows the comparison of the A-phase current wave-
forms between the conventional square current, the current
outlined in [15], and the proposed current. Particularly note-
worthy is the 25.3% reduction in the peak current observed
with the proposed current compared to that in [15]. This
significant reduction of the peak current allows for the use
of smaller inverters. Additionally, a 2.6% reduction in rms
current is observed compared with the current in [15].

Fig. 11 illustrates the comparison of the radial-force sum,
showcasing both waveforms and spectra. Both the method

FIGURE 10. FEA comparison of A-phase current waveforms between the
conventional square method, radial-force shaping method in [15], and the
proposed method.

FIGURE 11. FEA comparison of radial-force sums between the
conventional square method, radial-force shaping method in [15], and the
proposed method. (a) Waveforms. (b) Frequency spectra.

proposed in [15] and the proposed method effectively flat-
tened the radial-force sum, resulting in a significant reduction
in the multiples of the third radial-force component. In
Fig. 11(b), it is worth noting that a 30-dB reduction corre-
sponds to a 99.9% reduction. Although the current in [15]
reduces the force components more than the proposed current
does, the reduction effect is considered the same in practice
because reductions of 30 dB (99.9%) and 40 dB (99.99%) are
not distinguishable in experimental vibration measurements.
For instance, the method in [15] reduced the 21st component
by 55 dB (99.9997%), which is more than the reduction of
34 dB (99.96%) achieved by the proposed method. However,
these two reduction values will not result in experimental
distinction.

Fig. 12 presents a comparison of the torque waveforms.
Compared with the method in [15], the proposed method
exhibited a 15 percentile-point reduction in torque ripple.
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FIGURE 12. FEA comparison of torque waveforms at 7.4 Nm between the
conventional square method, radial-force shaping method in [15], and the
proposed method.

Moreover, due to the refinement algorithm preventing current
reduction in the motoring region, the proposed method main-
tains the average torque intact.

C. EFFECTIVENESS OF PROPOSED METHOD IN
FLATTENING THE RADIAL-FORCE SUM AT MAXIMUM
CURRENT OPERATION
The effectiveness of the proposed method becomes more pro-
nounced as the operation delves deeper into the magnetically-
saturated region. Therefore, in this subsection, radial-force
sum flattening is compared at the maximum operating phase
rms current of the SRM, which is 25 A.

Fig. 13(a) illustrates the comparison at 15 Nm, 500 r/min
between the unrefined original current iA(θ )original and the
proposed refined current at the maximum rms current opera-
tion of 25 A. As shown in Fig. 13(b), the resultant radial-force
sum with the proposed method is flat even at the maxi-
mum current operation. The variation of the radial-force sum
was reduced by 32 percentile points. Additionally, the FFT
frequency spectra in Fig. 13(c) reveal that all multiples of
the third radial-force sum component have been effectively
decreased, with some reductions reaching up to 39 dB.

IV. EXPERIMENTAL RESULTS
Fig. 14 shows the experimental setup utilized in this study.
The SRM is coupled to an interior permanent-magnet syn-
chronous motor (IPMSM) through a torque detector. The
rotational speed of the system is controlled by the inverter
driving the IPMSM. The detected rotor position and currents
are fed into the control system (Myway Plus PE-EXPERT
4) which generates the gate signals for the SRM inverter. The
SRM housing contains three windows that reveal the stator
core underneath. The windows are spaced 120 mechanical
degrees apart, as shown in Fig. 14(b). Accelerometers (Ono
Sokki NP-3000) were installed directly on the stator core
through the windows for vibration measurement. Specifically,
three accelerometers were positioned in the middle of each of
the three windows. Additionally, a sound pressure level (SPL)
microphone (RION UC-59) was employed to detect SPL vari-
ations. The measured signals from both the accelerometers

FIGURE 13. FEA comparison of the original unrefined current iA(θ)original

and the proposed refined current at the maximum rms current operation
of 25 A. (a) A-phase current waveforms. (b) Radial-force sums.
(c) Frequency spectra of the radial-force sums.

FIGURE 14. Experiment setup. (a) Testbed and microphone.
(b) Accelerometers installed on the SRM windows.
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TABLE 2. Comparison Between Experimental and FEA Average Torque
Values at Various Square-Current Excitations

and the microphone were directed to the sound and vibra-
tion analysis system (O-Solution DS-5000), which provides
detailed frequency spectra analyses of acceleration and sound
pressure level. The torque and mechanical rotational speed
were set at 6.8 Nm and 500 r/min.

The current is controlled by a hysteresis current controller.
The built-in current sensors in the SRM inverter are used to
measure the current and provide feedback to the controller. A
hysteresis band of 0.1 A was used. The measured current is
compared with the upper and lower hysteresis bands of the
provided reference current. Accordingly, the references of the
proposed current, as well as the previously proposed currents
in [15] and [20] can be tracked. The switching frequency of
the IGBT inverter is 20 kHz.

Applying the proposed current involves ensuring corre-
spondence between the FEA model and the SRM under test.
If good correspondence is present, the FEA current can be
used as the reference current in the experiment. Otherwise,
new lookup tables of the compensation factor C, radial and
tangential-force characteristics Kr (θ, i), Kt (θ, i) need to be
obtained experimentally rather than through FEA. These new
tables can then be used to apply the proposed method.

Table 2 demonstrates a torque comparison conducted be-
tween the experiment and the FEA to validate their correspon-
dence. The comparison involved eight points of square current
excitation, ranging from 1 Nm (average torque) to 8 Nm. The
sampling frequency, speed, turn-ON angle, and turn-OFF angle
were unified between the experiment and FEA at 20 kHz,
1000 r/min, 230◦, and 340◦ (for A-phase), respectively. The
dc bus voltage and the square current reference value at each
torque point were also unified between the experiment and
FEA. Table 2 lists the obtained comparison results between
the FEA model and the test SRM, which exhibit good corre-
spondence at all torque values. Therefore, the FEA-computed
compensation factor C and estimated radial force can be ap-
plied to the experiment.

A. PROPOSED METHOD COMPARISON WITH
CONVENTIONAL SQUARE AND RADIAL-FORCE SHAPING
METHODS
Fig. 15 illustrates the comparison of the A-phase currents
obtained experimentally. Three currents are compared: the
conventional square current, the previously proposed current
in [15], and the proposed refined current at 6.8 Nm. Notably,

FIGURE 15. Experimental comparison of A-phase current waveforms
between the conventional square method, radial-force shaping method in
[15], and the proposed method.

FIGURE 16. Experimental comparison of stator acceleration spectra
between the conventional square method, radial-force shaping method in
[15], and the proposed method at the centers of windows (a) 1, (b) 2, and
(c) 3.

the peak of the proposed current waveform is observed to
be 22% lower than that of the [15] current. Additionally, the
proposed current exhibits a 2.7% less rms current compared
with the current in [15].

Fig. 16 displays the experimentally obtained frequency
spectra of the stator core acceleration from the three ac-
celerometers. Both the method in [15] and the proposed
method exhibited notable reductions in the dominant acceler-
ation peaks. For instance, accelerometers 1, 2, and 3 exhibit
reductions of the ninth component by 12, 14, and 26 dB,
respectively, under the proposed current. The highest acceler-
ation peaks are concentrated in the region between the 54th
and the 72nd frequency orders, corresponding to 5400 and
7200 Hz. This frequency range contains the mode-0 reso-
nance frequency, hence the high acceleration peaks. The three
accelerometers show reductions of the 63rd component, the
highest component, by 17, 16, and 17 dB, respectively.

Fig. 17 shows the experimental SPL spectra. The most
dominant SPL peaks were significantly mitigated. The 63rd
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FIGURE 17. Experimental comparison of sound pressure level spectra
between the conventional square method, radial-force shaping method in
[15], and the proposed method.

and 66th components were reduced by 19 dB (98.7% re-
duction) and 23 dB (99.5% reduction), respectively. Other
dominant peaks such as the sixth and 21st were remarkably
reduced by the method in [15] and the proposed method. It
is noteworthy that both methods are radial-force sum flatten-
ing methods, thus mainly targeting the multiples of the third
component, which is responsible for exciting mode 0. It is
observed from Figs. 16 and 17 both methods significantly
reduced the multiples of the third component. Moreover, some
of the nonmultiples of the third component were also reduced
unintentionally.

B. PROPOSED METHOD COMPARISON WITH THE
UNREFINED ANALYTICALLY-DERIVED METHOD
To verify the advantage of the proposed refinement method
over that in [20], an experimental comparison is carried out in
this subsection.

Fig. 18(a) shows the experimental comparison between the
proposed refined current and the original analytically-derived
current in [20] at 6.8 Nm. In Fig. 18(b) and (c), it is observed
that the proposed method succeeded in significantly reducing
the multiples of the third component in vibration and SPL. The
majority of the multiples of the third are no longer among the
dominant remaining peaks. In comparison with the original
unrefined current in [20], the refined current resulted in even
lower vibration and SPL, indicating the effectiveness of the
refinement. Remarkably, the acceleration peaks at the third,
sixth, and ninth harmonic orders are lower by 10 dB (90%),
2 dB (36.9%), and 5 dB (68.4%), respectively. Moreover, the
acceleration peaks in the mode-0 resonance frequency region
were reduced by 11 dB (92.1% reduction) and 10 dB (90%
reduction), while the corresponding SPL peaks were reduced
by 12 dB (93.7% reduction) and 14 dB (96% reduction),
respectively. The calculated overall acceleration and sound
pressure levels were 102.9 and 92.7 dB, respectively, for the
method in [20], compared with 100.8 and 90.1 dB for the
proposed method. From these experimental results obtained
under a moderate saturation region, it can be concluded that
the proposed refinement results in more reduction in the vibra-
tion and SPL than that resulting from the method in [20]. This
advantage will be more significant in highly-saturated regions.

FIGURE 18. Experimental comparison between the analytically-derived
current method from [20] and the proposed method (a) A-phase current
waveforms, (b) acceleration spectra, and (c) sound pressure level spectra.

FIGURE 19. A-phase reference and measured currents at 6.8 Nm of the
square, proposed, [20], and [15] methods at (a) 500 r/min and (b) 1900
r/min.
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FIGURE 20. Experimental waterfall diagrams from accelerometer 1 for the
proposed, square, and [15] methods at 6.8 Nm.

C. IMPACT OF SWITCHING FREQUENCY AND SRM SPEED
ON THE PROPOSED METHOD
This subsection presents the experimental investigation of the
impact of speed on the performance of the proposed method
at the high torque value of 6.8 Nm, across the speed range of
200–1900 r/min.

It is noteworthy that at higher speeds, the switching fre-
quency of the inverter imposes some limitations. As a result,
the hysteresis current controller may not achieve a narrow
hysteresis band at high speeds, leading to increased current
ripple and distortions in the desired current waveform. The
switching frequency of the SRM inverter adopted in this study
is 20 kHz.

Fig. 19 illustrates the reference and measured currents at
the high torque of 6.8 Nm for the square, proposed [20],
and [15] methods at (a) 500 r/min and (b) 1900 r/min. It
can be observed that at the lower speed of 500 r/min, all

the measured currents follow the references excellently. How-
ever, at the higher speed of 1900 r/min, distortions appear in
the current waveforms. The proposed [20] and [15] currents
exhibit ripples and deviations from their references at 1900
r/min. These current deviations can affect the reduction of the
higher-order components of the radial force and vibration. To
address this issue, employing Silicon-Carbide inverters, which
can provide higher switching frequencies up to 100 kHz, is
a recommended approach. It should be noted that the square
currents in Fig. 19 are not ideal square currents as they return
to zero after the aligned position of 360◦.

Fig. 20 depicts the experimental waterfall diagrams cap-
tured from the stator accelerometer 1. It includes three
diagrams representing the proposed method, the conventional
square method, and the method in [15]. These diagrams are
based on a torque setting of 6.8 Nm, while the speed of the
SRM varies from 200 to 1900 r/min.

From the experimental waterfall diagrams in Fig. 20, it is
evident that both the proposed method and the method in [15]
achieved a reduction in the multiples of the third component
compared with the square current method, with this reduc-
tion observed across the entire speed range. Additionally, the
vibration in the mode-0 natural frequency spectrum, ranging
from 5.5 to 6.5 kHz, was effectively reduced throughout the
studied speed range. When comparing the proposed method to
that in [15], the latter demonstrates slightly better performance
in vibration reduction around the mode-0 natural frequency,
but exhibits higher vibration in the low-frequency region.

V. CONCLUSION
This article introduces a refinement approach to the
analytically-derived current waveform for vibration and
acoustic noise reduction in SRMs. While the previously
proposed analytically-derived current waveform in [20] ef-
fectively addressed acoustic noise in the low-torque region,
its performance was limited in higher torque scenarios. The
proposed refinement method overcomes this limitation, ex-
tending the applicability of the analytical derivation to include
the high-torque region. Importantly, the refinement method
achieves this without the need for numerical sweeping, main-
taining the advantage provided by the analytical derivation
approach. At 6.8 Nm, the proposed method achieved reduc-
tions of 19 and 23 dB of the highest two SPL peaks compared
with the conventional square current. The highest two SPL
peaks were also reduced by 12 and 14 dB compared with the
method in [20]. As for the vibration highest two peaks, they
were reduced by 17 and 26 dB when comparing the proposed
method with the square current, and by 10 and 11 dB when
comparing the proposed method with the method in [20].

Furthermore, the proposed refinement method is compared
with another radial-force shaping method from the literature
designed for the high-torque region. Both methods success-
fully flatten the radial-force sum in this region, indicated
by the reduction of the highest vibration peak by 17 dB
when comparing both methods to the square current, but the
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proposed refinement method achieves this with notable advan-
tages. Specifically, it demonstrates a 22% reduction in peak
current and a 2.7% reduction in rms current compared with
the method from the literature. This reduction in peak current
alleviates the need for higher-rated inverters, providing addi-
tional cost savings. The effectiveness of the proposed method
is validated across the speed range of 200–1900 r/min, where
it was verified that the multiples of the third component were
effectively reduced throughout the speed range. The vibration
at the mode-0 natural frequency spectrum was significantly
reduced as well.

APPENDIX I
SRM RADIAL AND TANGENTIAL CHARACTERISTICS IN
THE MAGNETICALLY-LINEAR REGION

APPENDIX II
THIRD-COMPONENT TERMS OF RADIAL-FORCE SUM
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