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Abstract: This paper presents a comparative evaluation of power electronic control approaches for
vibro-acoustic noise reduction in High Rotor-Pole Switched Reluctance Machines (HR-SRM). It carries
out a fundamental analysis of approaches that can be used to target acoustic noise and vibration
reduction. Based on the comprehensive study, four candidates for control have been identified
and applied to the HR-SRM drive to evaluate their effectiveness and identify challenges. These
four methods include phase advancing, current shaping based on field reconstruction, and random
hysteresis band with and without spectrum shaping. The theoretical background, implementation,
and vibro-acoustic noise reduction performance of each method are presented in detail. Comparative
studies from simulation and experimental measurements have been used to identify the most effective
solution to acoustic noise and vibration reduction in HR-SRM configuration.
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permanent magnets on the rotor, this motor is a simple construction. They are inherently
capable of low-cost manufacturing and a good competitor for high-speed applications.
Furthermore, they can operate in all four quadrants and a wide speed-constant power
range, which points to them as good candidates for traction applications as well.

SRM topologies with a higher number of rotor poles than stator poles, High Rotor-Pole
Switched Reluctance Machines (HR-SRM), were introduced in [1,2]. These topologies offer
improved torque density and quality and reduced the manufacturing cost in comparison to
conventional SRM with a similar number of phases. In spite of these advantages, acoustic
noise and torque ripple are still one of the main challenges of SRMs [3-7]. Addition-
ally, the need for a small airgap due to a single phase excitation can lead to challenges
in manufacturing.

In current literature, studies usually focused on upgrading the machine by either
geometric changes or control methods. In noise, vibration, and harshness (NVH) analysis
from current harmonics to rotor speed, there are several structural and operational details
and parameters, that are needed to be considered. In [8], researchers have presented several
experiments to identify possible acoustic noise sources for the SRM. Two control methods
were proposed by current shaping and randomizing the firing angles, to reduce the acoustic
conditions of the Creative Commons  NOise and vibration. This study concluded that since the current shaping method would
Attribution (CC BY) license (https:// ~ decrease the efficiency, random firing angles should be used instead. In [9] Wu and Pollock
creativecommons.org/ licenses /by / identified sources of acoustic noise and collected time domain data for phase current and
4.0/). vibration. It was concluded that the main source to vibration is during the turn-off process
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where the highest attraction (radial force) between the stator and rotor pole occurs. To
reduce vibration, researchers introduced a two-stage commutation method where they
introduced a zero-voltage loop to make the turn-off process in two-steps. The vibration
that occurs during that process is cancelled by applying a full negative voltage after half a
cycle of the vibration. This cancellation reduces the vibration and acoustic noise. In the
study presented in [10], authors extended the method where a three-stage commutation
at turn-off process was introduced. In a later study [11], authors showed that the active
cancellation technique is weak at lower speeds, which was improved by using a speed
dependent duty-cycle in zero-voltage loop. Researchers in [12] presented a comparative
study by implementing five different switching control methods that have previously
been introduced. Studied methods are random frequency pulse width modulation with
harmonic spectrum shaping, phase advancing with fixed dwell angle, randomizing turn-off
angle, and current-tail profiling. Based on experimental results, researchers concluded
that combining the phase advancing with the current-tail profiling delivers the best perfor-
mance in terms of the reduction of vibration and acoustic noise. It has also been shown
that combining the current-tail profiling with the phase advancing leads to superior perfor-
mance in terms of reduction in vibration and acoustic noise. In [13], authors introduced a
two-phase excitation method for SRMs. By using the proposed approach, the excitation
currents are distributed to refrain from sudden change which reduced the noise caused
by excitation with decent efficiency. In [14], researchers designed a high-performance
controller for the four-phase SRM drive with high power density and low noise. Snubber
circuits coupled with a specific cooling system are used to improve the performance of
the converter.

This exploration into the vibration and acoustic noise in SRMs has shown that a com-
prehensive investigation on this issue is needed, which takes into account electromagnetic
and structural behavior of electric machines. At the same time, while several studies
have provided promising results and analysis on conventional SRMs, there is no research
for vibration and acoustic analysis in HR-SRMs, which have several differences in the
electromagnetic behavior from conventional topologies. Therefore, there is a need for a
comprehensive analysis for acoustic noise and vibration profile in HR-SRMs. This paper
presents comparative evaluation of four power electronic control approaches for vibro-
acoustic noise reduction in HR-SRM. The fundamentals of NVH analysis are presented in
Section 2. Section 3 reviews the power electronic control methods for NVH mitigation and
discusses the methods considered in the comparison. Details of the experimental setup
and FEA (Finite Element Analysis) models are presented in Section 4. Finally, the impact of
the considered methods on the NVH performance is discussed in Section 5.

2. Fundamentals of NVH

Sources of acoustic noise in electric machines can be classified as magnetic, mechanical,
electronic and aerodynamic sources. Among these, acoustic noise produced by an SRM
is directly related to the radial magnetic forces which generate radial vibration of the
stator [10]. A Maxwell stress tensor is commonly used to calculate electromagnetic force as
given in Equation (1).

f= %(Bn B, )n + BB )

where B, and B; are the radial and tangential flux density, respectively. The first term
represents the radial force distribution on the enclosing surface. The second term represents
the circumferential component of the force distribution. In the FEA model, radial force
calculation is integrated on the edge of stator pole tips to obtain the total force acting on
each edge. In Figure 1, a radial force map of HR-SRM is provided with respect to rotor
position and current.

The magnetic flux across the air gap produces radial force which excites several
mode shapes. Each mode shape has its own natural frequency which is determined by
the geometry and material of the electric machine [15,16]. Highest vibration and noise
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peaks occur in an SRM when the harmonic components of the radial forces match one of
the natural frequencies of the structure [17]. Authors in [15,16] have also presented an
analytical study of the root causes of the noise and vibration, and a comprehensive research
was provided including both power electronics and structural solutions.
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Figure 1. Normalized radial force map of High Rotor-Pole Switched Reluctance Machines (HR-SRM)
with respect to rotor position and current.

From a vibration perspective, modal analysis is crucial in identifying the critical
modes so that the resonance modes of the machine can be avoided during operation. This
necessitates sources from having drastically large vibration and acoustic peaks specifically
at natural frequencies of the body. Several studies have focused on predicting natural
frequency either analytically as studied in [17-22] or by using experimental verification
with hammer [23] or pulse tests [10]. In a finite element (FE) method, the deformation is
calculated at each node of the meshes. The vibration equation becomes:

[MJ{a(t)} + [CHw(8)} + [K]{x(t)} = {F(t)} 2

where, [M], [C], and [K] are the mass, damping and stiffness matrices, respectively; {x(t)},
{w(t)}, {a(t)} are the displacement, velocity, and acceleration vectors. {F(t)} is the load vector.
Using FEA, harmonic response analysis can be with one model over different time steps
to solve the system with simultaneous equations directly using sparse matrix solver. The
full harmonic method is easy to use and applicable for all types of loads and supports.
Physical preference of mesh property is chosen as mechanical for the vibration mode shape,
with the relevance value set between 0-20. The advanced global sizing function is defined
as curvature, which indicates that the mesh size is created by the curvature in the stator
model. The patch conforming mesh method is used to ensure a high-quality surface mesh
and accuracy.

Acoustic noise can be estimated though either numerical method or analytical method
based on the electromagnetic and structure vibration analysis. The FE method is widely
used though FEA software. [24-26] demonstrated the theories and formulations of the
FE method. An analytical method is easier to implement with lower computational cost
compared with numerical method. [27-29] provided analytical expressions to predict
acoustic noise of SRM. The sound pressure level (SPL) can be evaluated by (3).

SPL = 101log,, an = 10log I+ 120 ®)
re
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where I1 is the radial sound power given by,

A 2
I = poCQ(wmi\ﬁm) O'me (4)

where the reference sound power I, is 10712 W, pg and ¢y are the air density and sound
speed in ambient air, respectively, wy, is angular frequency, A, is the radial vibration
displacement, 0y, is the modal radiation efficiency, and S ris the outer surface of the stator.

3. Power Electronic Control and NVH in SRMs

Vibration and acoustic noise of SRM can be mitigated by mechanical and electrical
method. Authors in [30] explored the principles of noise reduction while mounting and
identified effective noise control methods for specific noises source in electric motor. Studies
have shown that the vibration and acoustic noise of SRM can be reduced by skewing
the stator and/or rotor tooth [31-35] and reshaping the structure of the motor [36,37].
Compared with geometry optimization, power electric control is easier to achieve without
increasing industry cost.

In literature, several publications have addressed the issue of acoustic noise and
vibration in SRM drives [38-50]. Researchers in [38] introduced a method to minimize
vibration due to radial forces while keeping the torque within acceptable limits. The
optimum turn-off angle has been selected to minimize the radial force, while the turn-on
angle is selected to maximize the minimum torque. While the method does not affect
the average torque and efficiency, the selection of proper turn-on angle could lead to
a minor reduction in the generated torque since the turn-off has been fixed. In [39], a
different method for noise reduction of SRM is proposed. It uses an optimal trajectory
based on the variation of control current angles, which was achieved through a first
order sliding mode controller. Even though it shows promising results on reducing the
vibration, it does not take into account any other objectives as average torque or efficiency.
Researchers in [40] presented an improved control method of variable turn-off angle
based on vibration property. The control strategy is coupled with the electromagnetic and
mechanical modeling to further mitigate the vibration of SRM. Results show substantial
reduction in vibration energy. Nevertheless, this method was introduced with a pulse
width modulated (PWM) technique only; there is not enough information to say if the
method itself is successful without the PWM control. The paper [41] created an analytical
method to optimize the turn-off angle on-line. The reduction of torque ripple led to a
subsequent decrease in acoustic noise. The concept is applicable to the full wave mode
and the chopping mode. Results show a decrease in noise; however, this method only
considers torque ripple minimization. This research also did not present any information
on the effect on radial forces and audible motor noise. Fuzzy logic methods were proposed
for turn-off angle compensation to reduce torque ripple [42]. The turn-off angle was varied
as a function of speed and current. Satisfying results on torque ripple minimization are
achieved. Unfortunately, it is useful only for low-speed applications, where promising
results on torque ripple minimization was accomplished. This research does not present any
information or foresight for high-speed applications and effects on radial forces. Strategies
for random change of switching angles were evaluated in [43]. The impact on noise
behavior is evaluated by the surface normal velocity and the psychoacoustic indicators.
Random change of turn-on angle and constant conduction angle showed decrease in
surface normal velocity. However, surface normal velocity is used as measure of success,
radial forces and acoustic sound pressure needs to be provided in order to validate its
effectiveness in reducing acoustic noise.

This section presents an evaluation of four key power electronics switching methods,
including phase advancing, current shaping based on field reconstruction, and random
hysteresis band with and without spectrum shaping.
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3.1. Phase Advancing Approach

A phase advancing approach relies on the advance shifting of turn-on and turn-off
angle to decrease the high radial attractive force (f,) that occurs at the aligned position.
A multi-optimization approach can be implemented such that, optimum search looks for
the firing angle pair that minimizes the radial force, while keeping the average torque
various in a small range. The optimization routine is presented in Figure 2; the angle is
updated by 1° at each step to provide programmable results for hardware implementation.
First turn-off angle (6,7¢) was fixed and by initializing a turn-on angle (6,,) by degree,
optimization was carried out for turn-on angle to achieve the desired torque (7*). Once
optimum 6,, was found, it was fixed at that value and search for optimum 6,  starts
for minimum radial force. Highest vibration occurs at the commutation; therefore, in the
proposed method, optimum turn-off angle is selected to minimize the radial force, while
turn-on angle is selected to maximize the minimum torque.

START

L

A

Initialize 6,

No
Update 6,,

Yes

A

Initialize Goff

N
° Update Oy

Yes

Optimized
eon & 60 fr

Figure 2. Flowchart for implemented phase advancing method.

This method has an advantage, providing multi-objective optimization, maintaining
the desired power level; however, it also has shortcomings, such as high torque ripple.

3.2. Current Shaping Based on Field Reconstruction Approach

The field reconstruction method (FRM) is an approach that uses a set of electromag-
netic field solutions to construct basis functions for obtaining the magnetic flux densities.
After determining the basic functions, the electromagnetic flux density for any condition
of rotor position or excitation can be reconstructed [44]. FRM has been developed for
several types of machines, including permanent magnet synchronous machines (PMSM),
induction machines (IM), and SRM. This technique has showed successful results in torque
ripple minimization and electromagnetic vibration calculation [45].

FRM depends on recreating machine behaviors by using flux snapshots of the machine.
Along the circular contour defined in the middle of the airgap, a flux density component
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is calculated by the FEA method in both radial (B;) and tangential (B;) directions. Since
symmetrical lamination is assumed, the flux density and force component in the axial
direction are zero (B; = 0; F; = 0). Once the flux density components are available, the
force density on the contour in the middle of the airgap can be calculated by the MST
method. By using Equation (5), radial (f,) and tangential (f;) force densities can be obtained,
where p1 is the permeability of air.

B2 — B2 BB
s = 2t ®)

fr= 2ug Ho

The formulation of the basis function of FRM for the local region is a critical step [44,45]
towards predicting magnetic fields for any stator excitation at any position over a circular
contour located in the middle of airgap, which uses magnetic snapshots. For SRM, radial
and tangential basis functions #, (i, ) and h(i, 0) are defined as follows for any arbitrary
current (i) and rotor position (g) [29].

B:(i,q)
Bi(i,q)

he(iq) - i

The computation of basic functions depends on a truncated Fourier series expansion
for each point discretized on the contour. Higher resolution can be obtained with discretiz-
ing more points. The simulation process of the conventional field-based methods such as
FEA is time consuming and has higher requirements on computer performance. Limited
number of FEA magnetic field solutions are used to create the complete a magnetic model
of the SRM for implementing FRM, which makes analysis more efficient, especially for the
optimization process. The flowchart of optimizing current profile with FRM is shown in
Figure 3. Since the model is semi-analytical, it can greatly save the computational cost for
simulation, especially for electric machine optimization.

( START )

A 4

.| Analytical model
based on FRM

I

Current profile
optimizition

Optimized phase
currents

END

Figure 3. Flowchart of the implemented current shaping method based on field reconstruction
method (FRM).
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3.3. Switching with Random Hysteresis Band (RHB)

In literature dealing with NVH, several methods for randomizing switching frequency
or hysteresis band have been proposed. [46] introduced an acoustic noise mitigation control
of a PMSM drive which the front-end switch mode rectifiers were applied and coupled with
random switching technique. Acoustic noise profiles and reductions were presented for low
frequency and high frequency operations. Further, the random switching techniques that
reduces the vibration with no additional switching loss were developed and discussed [47].
The discrete switching frequencies are selected based on continuous RPWM within a
uniform range of the normal switching frequency. The switching frequency harmonics
is less than the conventional RPWM since fewer frequencies are chosen. Therefore, the
acoustic noise generated by the inverter and randomization of the pulse position are
improved. It shows a better performance on mitigating the peak noise compared with
the traditional RPWM techniques. Noise and vibration due to PWM harmonic currents
were considered in [48], where a variable switching frequency was used to mitigate the
vibration. Active cancellation methods were proposed in [49], where a vibration mode was
mitigated using an anti-phase vibration. Most researchers have focused on PMSM drives;
a few random switching frequency studies have been conducted for SRM, but no literature
has considered implementation the technology for an HRSRM.

In this approach, the uniform current harmonic spectrum is disturbed for HRSRM to
reduces the stator vibration and speed ripple which causes acoustic noise. Figure 4 provides
examples of current waveforms with different bandwidths, where i* is the reference current,
i’ is the output current. The hysteresis band (1) is determined by the mean value of random
signal (n;) which various with time () [50].

o+ : % i
h i i hO l [’ h

CRANAAAAAA A AR AN A DB BDEB DA,
VNN N_N_NV NV

/_‘v,_y_,\/__y__ﬁ‘\ _________ .
> > >

[

(a)

(b) (0)

Figure 4. Excitation profiles with random hysteresis band method: (a) ns(t) = 75, h = 1; (b) ns(t) = 0, h = hy; (c)

ns(t) =ns, h=h.

The band limitation is determined by considering the acceptable switching loss and
the low frequency component in the dynamic system.

3.4. Random Hysteresis Band with Spectrum Shaping (RHB-SS)

Based on the random hysteresis band, coupling with spectrum shaping can further
improve the NVH behaviors of electric machines. Spectrum shaping method is based
on eliminating the effect of major vibration frequency. Researchers in [50,51] developed
a random band hysteresis current control method with harmonic spectrum control. To
suppress the major vibration mode frequency, an estimated current (i;) is extracted by a
bandpass filter (Hpp), as given in Equation (7). W is compensation command to make robust
compensation for i¢ to be within the frequency range around major vibration frequency,
where W = 0.99. A harmonic spectrum shaping via designing a bandpass filter as given in
the following equation.

B 3.15 x 10%s
"~ s243.15 x 1035 + 39.69 x 106

Hpgp(s) @)

The deviation (¢) passes through the random-band hysteresis comparator to generate
the switching control signal (S). Major identified the major vibration frequency as 1.43 kHz
and designed the bandpass filter with the center frequency of 1.43 kHz, quality factor
Q =1.428 and bandwidth 1.0 kHz (center frequency/Q). The current control diagram is
shown Figure 5.
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Figure 5. Diagram of current loop with spectrum shaping.

Based on the evaluation of this approach on torque and efficiency, the effect of hystere-
sis band limitations and harmonic spectrum shaping at major vibration frequencies can be
analyzed. By avoiding the major vibration frequencies, the acoustic noise can be decreased.

4. Experimental Setup and Validation

The target HR-SRM included a three-phase 6/10 pole configuration with a cast iron
frame, the parameters are shown in Table 1. The voltage source is 480 VDC. The power
electronic control strategies were implemented by using Asymmetric bridge power con-
verters. The converter was controlled using a TMS320F28335DSP Peripheral Explorer Kit.
An interface board including analog signal conditioning circuits, overrating protection
circuits and encoder interface was designed to handle the necessary interface between the
converter and the microprocessor. The vibration of the stator was measured by placing a
PCB Piezotronics ICP accelerometer, Model 353B15, with an output sensitivity of 10 mV/g,
placed behind the stator pole. A calibrated microphone PCB Piezotronics 377B02 was
used to measure the emitted acoustic noise. The microphone was mounted radially at a
radial distance of 1 m from the center of the machine. The outputs from the accelerometer
and the microphone were recorded and analyzed by LabView interface. Figure 6 shows
the HR-SRM control flow as implemented on the hardware set-up. Figure 7 shows the
experimental setup used in the current study for NVH measurement.

Magnetic flux across the air gap in an electric machine develops radial force, which
generates specific mode shapes, which have their own natural mode frequencies and
primarily depends on machine geometry and material properties [15,16]. The highest
vibration and peak noise in an SRM is observed when harmonics of the radial force
coincide with natural mode frequencies to create resonance [17]. Figure 8 shows the
experimental results of the vibration mode shapes and compared with the simulation
results from Ansys FEA model. This experiment was done to compare the mode shapes of
the experimental test with those from modal analysis generated from FEA for the same
bandwidth. In this test, hammer impact test was conducted to find the natural frequencies
of the test motor for bandwidth of 0-2000 Hz. Two tri-axial accelerometers were roved
across 21 different points with one reference point to excite all nodes. The test was setup
with fixed boundary conditions by bolting feet of the motor on test table. Supervisory
control and data acquisition (SCADA) system by Siemens was used for data acquisition
and LMS TestLab for data analysis and post processing. After acquiring all the Frequency
Response Functions (FRFs) for all 21 selected points, the sum of all the functions was
analyzed to find the natural frequencies. FRF is the ratio of output and input. In our case
FRF = X/F, where x is displacement and f denote impact force. The peaks in this function
denote natural frequencies. For every peak there is a specific mode shape associated with
it. PolyMax module in TestLab was used to calculate the mode shapes to calibrate our FEA
model. Mode shapes for the target motor up to a frequency of 2000 Hz is shown in Figure
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8. This set of results was used in this study to identify frequencies that could coincide with
natural mode frequencies to create resonance.

Table 1. Data sheet of HR-SRM.

Design Variable Value
Rated power 3 HP
Rated torque 23 Nm
Rated speed 900 RPM
Efficiency >90% at rated speed
ASyMM et1iC | m—
AC Bridge | =] HR-SRM
DC Bus Conver ter
Gate
Driver

DSP/Microprosessor k

Figure 6. Diagram of HR-SRM control.

480 VDC .
Mic

Dynamometer
Y Torque Sensor

0
- =

Figure 7. Experimental set-up for power electronic control and noise, vibration, and harshness
(N'VH) testing.

The Frequency Response Function (FRF) acquired from the test were compared with
the fitted curve for validation, which showed over 99% correlation among all the functions.
Figure 9 shows one comparison plot for an arbitrarily chosen point. As the results show,
the results of the experimental setup match results from the FEA model in ANSYS with a
high degree of accuracy.
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Mode 1- 87.89 Hz
(Rigid Body Mode 1)

Mode 2- 144.886 Hz (Ri- Mode 3- 275.7560 Hz Mode 4- 437.9410 Hz
gid Body Mode 2) (Rigid Body Mode 3) (Torsional mode)

Mode 5- 1389.5801 Hz Mode 6- 1494.0674 Hz Mode 7- 1568.0536 Hz Mode 8- 2026.4393 Hz

(Elliptical mode 1)

(Elliptical mode 2) (Elliptical mode 3) (Elliptical mode 4)

Figure 8. Experimentally measured mode shapes of HRSRM.

Output: Input: Correlation: Error:
[Housingntr:ex | [HammerHammer-Z] ss 026 |%

0.06

T_T T TIT1IT1

FRF Housing:hf1:+X/Hammer:Hammer:-Z
0203 o : 3 . | . . . . |

Figure 9. Experimental Frequency Response Function vs Curve Fitting for NVH testing.

5. Results, Analysis, and Discussion

The four power electronic approaches were tested on the experimental setup described
in Section 4 at 400 and 1000 rpm. Comparative results are provided to show the impact of
the power electronic methods on the NVH performance of motor followed by a dedicated
section discussing the results obtained.

5.1. Phase Advancing Approach

Based on the approach described in previous sections, optimized firing angles were
imported to a look-up table in the experimental setup and programmed to the DSP, as
shown in Figure 10. Vibration measurement from the accelerometer on the motor for time
domain and frequency domain are shown in Figure 11a,b, respectively. Waveforms for
sound pressure level is shown in Figure 11c and compared with results obtained from
conventional excitation.

This methodology is easy to implement and does not cause further switching losses.
However, a lookup table for optimum firing angles is required to extend this approach to
industrial applications.
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5.2. Field Reconstruction Method (FRM) Approach

Similar to the phase advancing method, a look-up table was created for the optimized
current waveforms that Figure 12 shows and programmed to the DSP. The NVH profiles
for this test at 400 pm and 1000 rpm are shown in Figure 13.
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A1.345ms A320.0mA
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10.0ms 1.00MS/s o
@ 500mA By W-+v-300.0000ps 100k points  —10.0mA
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& Mean 158maA 158m 158m 158m 0.00 6 Feb 2019
@ Mean 339mA 339m 339m 339m 0.00 00:12:27
Couplin Termination Invert i

[l Baggmldth @ Libel Nﬁe
[oc] ac  [me] soe  on  [off] 2 |

Figure 10. Excitation current waveforms for phase advancing method.

For complex profiles of the optimum current waveforms, the current tracking ability in
this method was found to be limited to lower speeds owing to the available DC link voltage.
This method also showed higher switching losses as compared to other methods considered.
In addition, it was observed that current shaping caused a reduction in average torque.

5.3. Random Hysteresis Band (RHB) Approach

From the experiments conducted, the RHB approach showed best results when the
hysteresis band width was set as 5%. In this case, peak noise was reduced 11.5% more
than the 10% bandwidth and 14% more than the condition when the bandwidth is 50%.
Figure 14 shows the excitation current for RHB method and the NVH profiles shows in
Figure 15.

This approach can be simply implemented to any operation points, but similar to many
power electronic switching methods, reduction in noise by hysteresis band modulation
also comes with a trade-off on output torque production.

5.4. Random Hysteresis Band (RHB) Approach with Spectrum Shaping (RHB-SS)

Low frequency harmonics can be further reduced without increasing switching losses
by coupling the spectrum shaping to the RHB approach. This vibration can be reduced
by reducing current harmonics close to the dominant vibration frequency. The excitation
current waveform is shown in Figure 16 for one operating condition, and the NVH plots
are shown in Figure 17.

The maximum peak noise data are shown in Table 2 with a normalized value for
each condition. Overall, all of the presented methods have mitigated the vibration and
significantly reduced the acoustic noise.
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Figure 11. NVH plots for phase advancing method; (a) Vibration profile (Time domain); (b) Vibration profile (Frequency
domain); (c) Acoustic noise (Frequency domain).
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Figure 13. NVH plots for FRM current shaping; (a) Vibration profile (Time domain); (b) Vibration profile (Frequency

domain); (c) Acoustic noise (Frequency domain).
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Table 2. Maximum peak noise with normalized values (dBA).

Phase Advancing FRM RHB RHB-SS
400 rpm 1 0.8960 0.8221 0.7142
1000 rpm 1 0.8900 0.8298 0.07583

6. Discussion

Using the validated model described in Section 4, the FEA model was developed
in Ansys and excited by current from the four power electronic control methods. The
excitation current profiles for each method were the same as the experimental test. Figure 18
shows the comparison of acoustic noise profiles for each approach with the conventional
excitation. A comparison of FEA results with experimental measurement confirms good
accuracy for different operating conditions. This correlation between experimental and
simulation results is shown in Table 3.
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Figure 18. Acoustic noise profile from simulation at 400 rpm (a) phase advancing method; (b) FRM
current shaping showing; (c) random hysteresis band; (d) RHB+SS excitation.

Table 3. Experimental results correlation to simulation results.

Phase Advancing FRM RHB RHB-SS
400 rpm 88% 90% 92% 92%
1000 rpm 93% 89% 93% 94%

From this study, a random hysteresis band with spectrum shaping showed the best
performance in reducing vibro-acoustic noise as we can see from Figures 19 and 20. The
phase advancing method showed high potential for reducing vibration and acoustic noise;
however, it was limited in its ability to maintain the same output torque. This can be
improved by adding current shaping to it, where in current shaping method based on field
reconstruction provides higher reduction in noise. In order to replicate similar issues with
experiments, the same output torque level was maintained during simulations. It must be
noted that owing to this approximation, for further reduction or under different operation
switching methodologies, performance could show further variation.

The reductions of vibration and acoustic noise for the four power electronic methods
are shown in Table 4. From the vibration perspective, the phase advancing method is more
effective at higher speed, and RHB method is more suitable for low-speed application.
This led to the conclusion that in terms of acoustic noise, RHB-SS is the best choice for the
target motor.
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Table 4. NVH reduction with power electronic methods compared to conventional excitation.

Vibration
Phase advancing FRM RHB RHB-SS
400 rpm 16% 24% 38% 31%
1000 rpm 28% 21% 23% 26%
Acoustic Noise
400 rpm 11% 28% 34% 38%
1000 rpm 19% 26% 30% 34%

7. Conclusions

This paper analyzes and compares the effectiveness of power electronic control ap-
proaches towards reducing vibration and acoustic noise in high-rotor pole SRMs. Each
approach considered in this study has specific pros and cons. The phase advancing
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approach is easy to implement and does not require any additional hardware, but this
approach is limited in its range and flexibility. Current shaping can be very effective
and target-oriented methods and approaches such as Field Reconstruction can be very
effective, but these methods tend to be significantly analytical and can require additional
computational capacity. A Random Hysteresis Band approach is also easy to implement
with no additional need for hardware. Since it spreads the frequencies, it is also limited
in the range and flexibility in control. Based on this study, random hysteresis band with
spectrum shaping method was found to be most effective, since it specifically targets the
dominant vibration mode for the given system. For the target motor, this approach showed
a reduction of over 25% in both vibration and acoustic noise levels with minimal modifica-
tion in its hardware implementation, unlike other current shaping methods. An important
point to consider is that since normal and tangential flux densities have an influence on
tangential and radial forces, any effort to reduce one will have consequential effect on the
other. In other words, reducing radial forces would lead to a corresponding impact on
generated torque as well and should be considered in any implementation.
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