
Investigation of the influence of DC-bus voltage on switched
reluctance machines regarding noise and vibrations

Y. Mollet 1,2, F. Chauvicourt 1,2,3, J. Pelletier 2, M. Sarrazin 1, C. Faria 1, H. van der Auweraer 1, J.
Gyselinck 2

1 Siemens Industry Software NV,
Interleuvenlaan 68, 3001 Leuven, Belgium
e-mail: yves.mollet@siemens.com

2 ULB, BEAMS Energy Department,
Avenue Franklin Roosevelt 50 (CP165/52), B-1050, Brussels, Belgium
e-mail: yves.mollet@ulb.ac.be

3 KU Leuven, Department of Mechanical Engineering,
Celestijnenlaan 300 box 2420, B-3001, Heverlee, Belgium

Abstract
Switched reluctance machines (SRMs) benefit from simple and cheap design and inherent fault tolerance,
but still suffer from torque ripple and noise, vibration and harshness (NVH) issues. This paper aims at
experimentally investigating the influence of the DC-bus voltage on NVH aspects of a 15 kW 8/6 SRM.
Spectrograms of current, vibration and acoustic noise, as well as the evolution of loudness and sharpness
are presented for DC-bus-ramp tests. It turns out that a higher DC-bus voltage combined with a hysteresis
control leads to the excitation of higher frequencies and therefore to the generation of a sharper noise. This
trend is essentially remarkable in hard-chopping mode. Furthermore, the sound becomes also louder as the
DC-link voltage increases, probably due to the discrete character of the controller, responsible for overshoots
outside the current-hysteresis band, becoming more important as the switching frequency increases. Finally,
similar trends, but highly different values of loudness are found depending on the position of the microphone.

1 Introduction

In SRMs torque is produced by successively supplying with current the concentrated coils on its salient stator
poles to attract the nearest salient rotor poles. As the torque is produced by the maximum-flux principle,
neither winding nor permanent magnet is present in the rotor, which is only made of stacked soft-iron sheets.
Each of the phase activations in this step-by-step process is called ‘stroke’. SRMs, previously limited to very
specific applications, have gained attention in the last decades, since the development of power converters
allows for their use in various state-of-the-art drive configurations, such as in automotive, [1] aerospace [2]
and energy-conversion applications (high-speed gas turbines) [3].

The main assets of SRMs are the simplicity of their stator construction and their permanent-magnet- and
winding-free rotor, allowing for low-cost production [1, 4, 5, 6], robustness [4, 5, 6, 7] and suitability for
severe environments [2, 7, 8] and high-speed applications [2]. SRMs also benefit from a high torque density
[5] and very suitable torque-speed characteristics for electrical vehicles (EVs). The absence of permanent
magnets also avoids depleting the limited available reserves of rare-earth elements [2, 9]. SRMs are also
inherently tolerant to electrical faults, since the magnetic coupling between phases is negligible [2, 5, 7,
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10], allowing for fault-tolerant operation, when combined with a modular design [11], converter [12] and
optimized control [13].

However, an accurate knowledge of the rotor position (via a hardware or software measurement) is required
for the control of the machine [6, 14] and the fringing effect and the high magnetic saturation level during
operation make control strategies complex [2]. Compared to PMSMs, SRMs are also less efficient, since
they have to be magnetized from the stator and need higher current amplitudes at equal torque [7]. Finally,
the discontinuous character of the currents [7] and the excitation of structural resonance modes of the stator
[9] are the origin of torque ripple and noise, vibration and harshness (NVH) issues [1, 2, 4, 5, 6, 7, 9, 13].
Due to these NVH [15, 16] and control-related issues [17] conventional induction machines and PMSMs are
still generally preferred to SRMs in automotive applications.

Consequently, the investigation of NVH concerns in SRMs and their resolution are of high importance to al-
low for a more extensive use in various applications. A better understanding of the problem can be completed
using modelling approaches, first with analytical equations [4, 5, 18, 19], then by combining analytical and
FEA models [8] to compute magnetic forces and their resulting vibrations and acoustic noise. Experimen-
tal approaches can also support and strengthen the understanding process. For instance [1] shows a modal
analysis and run-up tests on a 12/8 SRM, and [20] run-ups on a 12/8 and a 8/6 SRMs, as well as on two
PMSMs. Both papers show the influence of speed, geometry (via the generation of forces and the resonance
phenomena) and control on NVH issues and additionally consider sound quality metrics as relevant criteria
for the definition of solutions.

Obviously, geometrical design solutions, such as a larger air gap or a skewed rotor may also be considered,
yet with their drawbacks, i.e. a reduction of torque density and the production of torsional vibrations and
associated noise in larger machines [13]. Manufacture refinements are also proposed in order to reduce
noise of electric machines due to resonances [21]. Nevertheless, these last techniques are only achievable
while the machine is under its first designing phases. On the other hand, when the machine is already
built, control optimization algorithms, using e.g. torque-sharing functions or advanced converter topologies
[13], can be considered and apply on the electronic side of the energy flow chain (from electric energy to
mechanical energy). In particular the DC-bus voltage has an influence on the time derivative of the flux
inside the SRM, as well as on the switching frequency of the converter if hysteresis control is used [22].
This reference investigates the effects of halving the DC-bus voltage through the comparison of run-ups with
the use of soft instead of hard chopping and similar behaviours are observed at medium speed. However,
at low and high speeds the hard chopping technique combined with a halved DC-link voltage results in an
increase and in a reduction of the switching components in current respectively, due to the influence of the
pseudo-electromotive force.

This paper experimentally investigates the effect of the DC-bus voltage of the converter on noise and vibra-
tions in an 8/6 SRM, based on vibration, acoustic noise and current signals. Contrary to the more classical
speed-frequency spectrograms showing run-up condition experiments [1, 20, 22], tests are performed at con-
stant speed with a continuously increasing DC-bus voltage in order to visualize the DC-bus voltage effect on
the vibration and acoustic spectra. Section 2 describes the main characteristics of the investigated SRM and
the main origins of vibrations. The test bench and its measurement set-up, as well as the implementation of
the control are presented in Section 3, while results are shown and discussed in Section 4.

2 Typical waveforms and NVH aspects of the investigated SRM

2.1 Main characteristics and typical waveforms

The rated and peak power, peak torque and peak current of the investigated 8/6 SRM are 15 kW, 30 kW, 200
Nm and 200 A respectively, while its maximum speed is 10 krpm. Further characteristics of the SRM can be
found in [22].
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Figure 1: Asymmetric H-bridge feeding one phase of the SRM: possible current paths. Depending on the
states of both power switches T1 and T2, the applied voltage may be +1, 0 or −1 times the DC-bus voltage
Vdc (cases a, b and c respectively).

The phases of the SRM behave as RL circuits whose inductances highly vary with rotor position and current
due to the saliency of stator and rotor poles, and to magnetic saturation respectively. Therefore, the voltage
equation of each phase can be written as the sum of the ohmic voltage drop and the time derivative of the
flux linkage ψph:

vph = Rphiph +
dψph (iph, θr)

dt
, (1)

with vph the voltage applied to the phase terminals, iph the current, Rph the phase resistance, θr the rotor
position and t the time. If the mutual coupling between phases is neglected, the time derivative of the
flux linkage can be decomposed in two terms related to the variation of stored magnetic energy and to the
production of mechanical power respectively [23]:

dψph (iph, θr)

dt
=
∂ψph
∂iph

diph
dt

+
∂ψph
∂θr

dθr
dt

=

(
Lph(θr, iph) + iph

∂Lph
∂iph

)
diph
dt

+ eph, (2)

with Lph the phase inductance. This last term eph corresponds to a pseudo-electromotive force (pseudo-
EMF), as it contains a small part linked with stored magnetic energy if the machine is saturated [3].

In the frame of this work, one phase is activated at a time, when the nearest rotor pole is approaching (i.e.
when the inductance is increasing) in motor mode. The current reference is set so that the desired torque
is produced in average during the stroke (average-torque control, ATC). This is achieved at low speed by
chopping each phase current by means of a dedicated asymmetrical H-bridge converter, comprising two
insulated-gate bipolar transistors (IGBTs) and two free-wheeling diodes, as shown in Figure 1. A hysteresis
control is here used to keep the current in a desired band ∆i∗ph around the reference i∗ph.

When hard chopping is used, both IGBTs are simultaneously turned on and off and the current is maintained
in the defined hysteresis band around its set-point value by applying successively Vdc and−Vdc on the phase,
the current path being represented in Figure 1 a and c respectively. In case of soft chopping, one switch
remains closed during the whole stroke, while the other one is switched to chop the current, its path being
successively represented in Figure 1 a and b. At the end of the stroke both IGBTs are turned off and the
magnetic energy stored in the phase is sent back to the DC-bus through both diodes according to Figure 1 c.

The current waveforms at low and medium speeds are presented along with mechanical angle for soft chop-
ping in Figure 2. Current ripple due to chopping can be seen in both cases, inducing oscillations in the
generated torque. According to equations (1) and (2) the decay slope of the current is much lower in soft
chopping, as a zero voltage is applied to the phase at that time. Combined with hysteresis control, this leads
to an important reduction of the switching frequency, as it is shown in the next section.

At medium speeds the pseudo-EMF partially balances the supply voltage, leading to less sharp rising edges
and fewer switching instants within a stroke, as shown in Figure 2. The turn-on θon and turn-off θoff angles
of the phase also have to be moved forward to ensure the current sufficiently rises at the beginning of the
stroke and has the time to fall down to zero and the end to avoid production of negative torque. Beyond the
base speed the pseudo-EMF overcompensates the supply voltage and no more chopping can be performed;
θon and θoff are then used to control the current, only allowing to maintain the rated power, while the
maximum torque decreases as an inverse function of speed.
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Figure 2: Simulated current waveforms corresponding to one phase of the investigated 8/6 SRM with 10 Nm
load at low and medium speeds in soft chopping. The 0◦ and 60◦ and 30◦ rotor angles correspond to the
unaligned and aligned positions respectively.

2.2 Influence of the DC-bus voltage on the waveforms

As a hysteresis controller is used, the DC-bus voltage is essentially expected to have an influence on the
switching frequency of the converter, as the general waveform of the current is determined by the control
structure. Supposing that the current follows a triangular path between the lower and upper boundary within
a stroke (i.e. neglecting the variation of the time derivative of the current between two switching instants),
as suggested in Figure 2, the instantaneous switching frequency can be computed as the inverse of the sum
of the rising and falling periods trise =

∆i∗ph
diph/dt

and tfall = − ∆i∗ph
diph/dt

respectively.

The slope of the current can be computed according to equations (1) and (2):
(

diph
dt

)
=
vph − eph −Rphiph

∂ψph

∂iph

, (3)

with vph equal to Vdc, 0 and −Vdc for the rising slope in both cases and for the falling slope in soft and hard
chopping respectively.

Neglecting the voltage drop on the phase resistance, approximative expressions of the switching frequency
can then be derived for soft and hard chopping respectively:

fsw,soft =
eph − e2

ph/Vdc
∂ψph

∂iph
∆i∗ph

, (4)

fsw,hard =
Vdc − e2

ph/Vdc

2
∂ψph

∂iph
∆i∗ph

, (5)

According to equations (4) and (5), plotting the switching frequency with respect to DC-bus voltage would
result in a hyperbola with a horizontal and an oblique asymptote in soft and hard chopping respectively.
Comparing both expressions it can also be shown that fsw,soft < fsw,hard for eph < Vdc, i.e. when the
current has to be chopped. However, as eph and ∂ψph

∂iph
fluctuate during the stroke due to the non-linear rela-

tionship between flux linkage and both current and position, the switching frequency is not constant during
the stroke. In consequence, equations (4) and (5) have to be considered as giving trend lines around which
the frequency components are distributed. Furthermore, equations (4) and (5) also show the dependency of
switching frequency on the hysteresis bandwidth ∆i∗ph, and on speed through the pseudo-EMF eph.

2.3 NVH aspects

The torque delivered by the SRM is produced by the tangential components of the magnetic forces generated
between stator and rotor when activating the phases. These forces have also radial components, which are
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responsible for most of the vibrations in the machine, due to the pulsating character of the attraction between
poles coming from the succession of strokes on the one hand, and from the chopping on the other hand. These
radial components essentially deform the stator yoke and its surrounding pieces [1, 4, 5, 24], leading to the
production of acoustic noise in the surrounding air. As shown in [4], vibrations are essentially produced
during the commutations and their amplitudes increase with the flux present at that time in the activated
poles.

While the successive activation of the phases generates components in the phase currents, air-gap forces and
torque at multiples of the mechanical speed, that is, speed orders, the chopping of the current at low speed
adds supplementary components at the switching frequency [1].

Furthermore, resonance modes of the stator and of other components (e.g. cooling jacket) can be excited
by the radial pulsating forces [1, 4, 20, 24]. The corresponding resonance frequencies can be estimated
in a first approach by considering the circumferential modes of the stator, modelled as a cylindrical shell
without constraints at both ends [24]. For a more accurate computation, the poles, end caps, coils, and the
motor mounting have to be taken into account, as they affect stiffness of the system and thus the modes
and associated frequencies [1, 24]. According to the working principle of the motor, the order m of the
dominant circumferential mode corresponds to the ratio between the number of stator poles and phases [7],
i.e. m = 2 (ovalization mode, as each phase consists of a pair of opposite poles) in the case of the 8/6
SRM. Furthermore, the contribution of phases 1 and 3 to this mode shape are in opposition with each other,
while phases 2 and 4, act similarly on an independent and 45-degree-sifted mode shape, as they are situated
on nodes of the deflection shape related to phases 1 and 3 [25]. Consequently, the mode is excited by odd
multiples of the fundamental frequency of the phases, while the even multiples generate in-phase actions of
phases 1 and 3 and therefore tend to cancel the displacement.

3 Measurement set-up, simulation model and implementation of the
control

3.1 Measurement set-up and AMESim model

This paper investigates the influence of DC-bus-voltage ramps on current, radial vibration and acoustic-
noise spectra of the SRM (in no-load condition and for a 5 Nm load torque). The investigated SRM is
controlled using a home-made dedicated converter and is loaded with a 37 kW DC machine associated with
a commercial double thyristor bridge. A system of pulleys and synchronous belts with a speed ratio of 4
is used as the speed of the DC machine cannot exceed 4000 rpm. The schematic of the bench is presented
in Figure 3 a, comprising the electrical sensors, the speed and torque measurements and the position of
accelerometers and microphones (represented as numbered green and blue squares respectively). The small
dimensions of the SRM compared to its power normally requires water cooling, while air is forced into the
DC machine by an external fan. The short duration of the tests permits, however, not activating the cooling
system of the SRM, while the one of the DC machine is only started for the loaded tests. In that way the
addition to the spectrum of frequencies from other sources than the SRM is avoided when possible.

In order to verify the behaviour of the currents, the investigated SRM, its converter and control have been
modelled in AMESim software. The model with the implementation of soft chopping is presented in Figure
3 b, a constant load torque playing the role of the DC machine.

3.2 Structure and implementation of the control

The SRM is controlled in Matlab/Simulink environment via an 1103 dSPACE fast-prototyping platform.
In the present case average-torque control (ATC) is used, that is, the reference current i∗ph is computed so
that the desired torque T ∗ is produced in average within the stroke by one phase at a time. This reference

VEHICLE NOISE AND VIBRATION (NVH) 4377



A

A

A

V
Variable

DC supply

3x400 V
50 Hz

A SRM

DC machine

A

H

CD

A

V

1

2

3

4

1 3

2

T E

Pulley-belt system

L-shaped support

a.                                                                             b.

1

1 Accelerometer

Microphone

Figure 3: a. General schematic of the SRM test bench. b. Overview of the AMESim model with soft-
chopping implementation.

PI
Ω*

Ω

I*

I

+-

+-
T*

θe compa-

rison

with θon

& θoff

θon

θoff

I*, θon

& θoff

LUTs

θe

&

Inverter
+

SRM

θe compu-

tation

d/dt

θPhase

states

4

4

4

4

T1

4

T2

4

Soft / hard chopping selection bit

Δiph*

Simulink + dSPACE interface

Figure 4: SRM test-bench control structure. The T1 and T2 inputs of the ‘Inverter + SRM’ block refer to the
gate signals of the upper and lower power switches in Figure 1.

current, as well as the turn-on and turn-off angles of the phases (θon and θoff ), are computed from the actual
speed and set-point torque by means of look-up tables, as shown in Figure 4. A comparison between the
measured electrical rotor angle θe, computed as the remainder from the division of the mechanical angle θ
by the number of rotor poles, and the turn-on and turn-off angles permits sending the reference current to
the active phase, while the hysteresis controller maintains the actual current in the defined band ∆i∗ph. Hard
or soft chopping are selected, using a Boolean variable, resulting in synchronizing both gate signals T1 and
T2 and in maintaining T2 at one for the whole stroke respectively. Finally, a classical (proportional-integral)
speed controller sets the torque reference. This control structure runs at a 30 kHz sampling frequency. The
DC machine is controlled with a four-quadrant commercial rectifier (Alstom WNTC).

The same control structure is modelled in AMESim: the look-up tables are implemented together with the
comparison between electrical angle and turn-on and -off angles in the ”ATC” block in Figure 3. For the
soft-chopping implementation, the top IGBTs of the converter are controlled through a hysteresis block,
while the bottom IGBTs are closed as soon as the reference current of the corresponding phase is non-zero.
The classical speed PI controller is also visible in the bottom left of Figure 3 b. A variable-step solver is used
for the simulations and the sampling frequency of the hysteresis control is not limited to 30 kHz in this case.
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4 Experimental and simulation results

Before the main results are shown, the current, vibration and acoustic-noise spectra are presented for a
run-up test to allow distinguishing the main different frequency components (depending or not on speed)
that appear in the plots and exciting a large range of frequencies [1]. The global impact of the DC-bus
voltage on current waveforms, vibration and acoustic noise is then investigated in a similar way by measuring
these quantities while performing DC-bus-voltage ramps while the SRM is running. In all tests the SRM is
speed controlled with a constant hysteresis bandwidth of 2.5 A, while the load torque is imposed by the DC
machine. Simulation results are stored with the same sampling frequency as measurements, i.e. 40.96 kHz.

4.1 Run-up test and general observations

Current, vibration and acoustic noise are measured in the present case while the speed reference of the
SRM is linearly increased from 150 to 3000 rpm and the load torque of the DC machine is set to 10 Nm.
Soft-chopping mode is used for the present test.

Using a sliding window, the measured signals from the sensors represented in Figure 3 are decomposed into
a succession of short-time ones on each of which an FFT is performed, similarly to [26]. The quarter of
the window length is used as time shift between two consecutive windows and each obtained spectrum is
associated to the time and speed at the middle point of its corresponding window.

Due to possible speed oscillations present in the original signal, these results are, in practice, sorted by
increasing speed and interpolated according to a regularly growing speed profile. The processed data are
presented as spectrograms in Figure 5 for the simulated current and in Figures 6 and 7 for experimental
results regarding different sensors of Figure 3. The frequency and speed resolutions of the spectrograms are
10 Hz and 1 rpm respectively. RMS values are considered for the computation of the decibels.

In this kind of figure speed orders appear as oblique lines with their origin at {0 Hz, 0 rpm}, while structural
resonances and other speed-independent frequency content have the form of vertical lines. On the spectro-
gram of simulated currents in Figure 5, speed orders multiple of 6 (crossing multiples of 100 Hz at 1000
rpm) appear, since the successive activation of the SRM phases has to be repeated six time per revolution
due to the presence of six poles in the rotor. Below 1500 rpm it can further be noted that the amplitudes of
orders multiple of 24 (corresponding to frequencies multiple of 400 Hz at 1000 rpm) are reduced. A simple
Fourier analysis of a square signal with a fundamental being six times the rotation frequency and with a 0.25
duty-cycle, i.e. close to the blue current waveform presented in Figure 2, effectively results in the absence of
harmonics multiple of 4. From about 3 to 6 kHz, a series of inverted-C shapes can also be remarked. These
zones of relative higher amplitude have to be related to the switching frequency as already attested in [1]. As
shown in equation (4), the switching frequency in soft-chopping mode follows a quadratic trend with respect
to speed and eph. At low speeds, when the pseudo-EMF is low, the quadratic term of equation (4) can be
neglected and the switching frequency grows linearly with speed. However, at medium and high speeds,
this quadratic terms grows up to completely cancelling the linear terms, such that the switching frequency
goes through a maximum before decreasing back to zero at the base speed, i.e. when the pseudo-EMF
compensates the supply voltage.

The same comments can be made for the experimental current plot of Figure 6, except that the inverted C-
shape is not present, due to the limited (30 kHz) sampling frequency of the hysteresis controller implemented
in dSPACE. As the switching instant cannot take place within a sampling period, the switching process is
highly affected as delays between the crossing of the hysteresis-band limits and the reaction of the controller
are generated, causing reduced and more random sampling frequencies and overshoots of the current outside
the hysteresis band [27].

Speed orders are also found in the acoustic-noise and vibration plots in Figures 6 and 7 respectively, since the
radial forces generated by the current act as vibration sources. The amplitude of these orders are, however,
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Figure 5: Phase current (run-up simulation, soft chopping, 10 Nm load). The 0 dB reference is 1 A.

Figure 6: Phase current and acoustic-noise frequency content measured by the three microphones represented
in Figure 3 (run-up test, soft chopping, 10 Nm load). The 0 dB references are 1 A and 20 µPa respectively.

modulated by the activation of specific structural resonances of the SRM, and particularly the dominant oval-
ization (second circumferential) mode close to 1375 Hz [8, 22], resulting from the activation at each stroke
of two opposite poles. This process may also excite in a lesser extent the zero (breathing) and fourth (square)
circumferential modes of the SRM. According to different analytical methods and FE results gathered in
[22], the eigenfrequencies associated to the square (without bending of the poles) and breathing modes are
situated between 5.5 and 7.5 kHz and between 7 and 8 kHz respectively. This suggests that the relatively
higher vibration amplitudes appearing in the spectrograms of the three first accelerometers (glued on the
SRM) in Figure 7 around 6550 Hz and 7100 Hz may correspond to the square and breathing modes. On
the contrary, no straightforward explanation can be given regarding the vertical lines between 2.5 kHz and 4
kHz. Possible explanations may be the excitation of other eigenmodes of the SRM or of its accessories.

Regarding the acoustic noise, the spectrograms coming from the three microphones presented in Figure 6
show rather different frequency contents. Much more content seems to be caught by microphone 2, posi-
tioned at a few tens of centimetres from the bench. On the contrary, both other microphones are placed very
close to some parts of the bench, which can act as shields and prevent sound coming from other bench parts
to reach the microphone. This is especially the case for microphone 1, positioned near the end plate of the
SRM and whose corresponding graph shows low amplitudes, except for the dominant ovalization mode.
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Figure 7: Frequency content of the radial vibration measured by accelerometers 1, 2 and 3 and vertical
vibration from accelerometer 4 (run-up test, soft chopping, 10 Nm load). The 0 dB reference is 1 m/s2.

4.2 DC-bus-voltage ramp tests in soft and hard chopping

The DC-bus-voltage ramp tests are performed for both hard- and soft-chopping cases at no-load and at load.
Each time the SRM is maintained at 1000 rpm while the DC-bus voltage is progressively increased from 150
to 450 V by applying a 2.5 V/s ramp on the programmable DC-power supply feeding the SRM converter.
The plots are obtained using the same technique as for run-ups, except that the FFTs are neither sorted nor
interpolated, since they are plotted in function of the voltage reference of the DC-power supply, which is
directly proportional to time. The resulting frequency and DC-link-voltage resolutions of the spectrograms
are 10 Hz and 0.0625 V respectively.

The spectrogram of the simulated phase current and the ones of experimental phase current, radial vibration
and acoustic noise corresponding to a DC-bus-voltage ramp in soft-chopping mode with 5 Nm load are
presented in Figures 8 and 9. Since the speed is now constant during the test, the corresponding orders
become vertical lines and the detection of the resonance frequencies is less obvious. Similar comments as
above can be formulated concerning the orders multiple of 6 and 24.

In Figure 8 the switching frequency seems to globally follow the trend specified by equation 4 with respect
to DC-bus voltage, i.e. hyperbolas tending to constant frequency values. In the measured current these
hyperbolas do not appear due to the limited sampling frequency of dSPACE, but a general rise of amplitudes
(orders and background) is observed in the current spectrogram, especially between 2 kHz and 4 kHz, as the
voltage increases from 150 to 450 V.

This general rise of amplitudes and frequencies with DC-link voltage can also be observed in the acoustic-
noise plot and especially in the vibration one, exciting also more and more the main eigenmodes of the
SRM.

The spectrogram of the simulated phase current and the ones of experimental phase current, radial vibration
and acoustic noise corresponding to the same test as before, but in hard-chopping mode are presented in
Figures 10 and 11.
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Figure 8: Phase current (simulation of DC-bus-voltage-ramp, soft chopping, 5 Nm load). The 0 dB corre-
sponds to 1 A.

Figure 9: Phase current, radial vibration and acoustic-noise frequency content (DC-bus-voltage-ramp test,
soft chopping, 5 Nm load). The 0 dB references are 1 A, 1 m/s2 and 20 µPa respectively.

In Figure 10 the switching frequency seem to follow a much more linear trend than in Figure 8 and therefore
reach higher frequencies. This corroborates equation (5), as the hyperbola tends to a linear behaviour for high
DC-bus voltages. In practice, with the reduced sampling frequency of the controller, similar observations to
the ones of the soft-chopping case can be made, but the effect of the ramp is more visible due to increased
ripple amplitude and shifted to higher frequencies. Nearly no change in amplitude with DC-bus voltage is
observed below 2 kHz, while a fast grow rate in the dB values is observable on an oblique line from {2 kHz,
150 V} to {5 kHz, 450 V}.
The effect of the rise of amplitudes and frequencies in the current on vibration and acoustic-noise is also
more visible than in soft chopping. Due to the globally higher switching frequency similar and much higher
amplitudes are observed below and above 2 kHz respectively. The ovalization mode even seems less excited
with hard chopping, while the opposite can be said for the other modes.

4.3 Sound quality measurements

The evolution of sound quality with DC-bus voltage is presented in the next figures, based on the mea-
surements from the three different microphones. This allows showing the impact of the location of the
microphone on the computation of these psychoacoustic indices. The loudness and sharpness computed
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Figure 10: Phase current (simulation of DC-bus-voltage-ramp, hard chopping, 5 Nm load). The 0 dB corre-
sponds to 1 A.

Figure 11: Phase current, radial vibration and acoustic-noise frequency content (DC-bus-voltage-ramp test,
hard chopping, 5 Nm load). The 0 dB references are 1 A, 1 m/s2 and 20 µPa respectively.

from microphone 1 in Figure 3 are plotted in Figure 12 as a function of DC-bus voltage for both soft and
hard chopping cases, with and without load.

The loudness appears to increase relatively linearly with DC-bus voltage, a higher rate being observed in
no-load case. Furthermore, the loudness increases less rapidly for high values of the DC-link voltage. The
relative linear increase of loudness with voltage corroborates [4], which shows that the vibrations that are
produced in the SRM are proportional to the time rate of change of power fed to the phase in unsaturated
conditions. Consequently, the most important vibration are produced at switching instants when the flux (or
the current) is non-zero in the phase. As the reference current is constant in the present test, the vibration
amplitude, and therefore the loudness are effectively expected to grow with DC-bus voltage. As also men-
tioned in [4], magnetic saturation tends to mitigate vibrations; this could explain the observed reduced slopes
for load compared to no-load cases.

However, when comparing soft and hard chopping, the former technique turns out to be louder than the latter,
even with a halved voltage rate of change at switching instants. This has to be related to the lower switching
frequency of soft chopping, which excites much more the ovalization mode of the SRM, which is particularly
dominant in the spectrum acquired with microphone 1 as shown in Figure 6. As the switching frequency also
increases with DC-link voltage, the less important excitation of the ovalization mode and of other relatively
dominant frequencies in the spectrum may explain the reduction of the increasing rate of loudness at high
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Figure 12: Loudness and sharpness computed from microphone 1 in function of the DC-bus voltage for
no-load and load cases with both soft and hard chopping.

Figure 13: Loudness and sharpness computed from microphone 2 in function of the DC-bus voltage for
no-load and load cases with both soft and hard chopping.

DC-bus voltages.

Regarding sharpness, only a little increase can be observed in Figure 12 for hard chopping at high DC-link
voltage, while values are always higher than in soft chopping mode. The explanation is the higher switching
frequency (and the reduced excitation of the ovalization mode) in hard chopping and its higher dependence
on DC-link voltage as it can be remarked comparing Figures 9 and 11. The comparable or higher sharpness
for no-load case can also be explained by a higher proportion of switching harmonics compared to speed
orders coming from the strokes, as the current amplitude is higher in load case.

Similarly to microphone 1, the loudness and sharpness computed from microphone 2 in Figure 3 are plotted
in Figure 13 as a function of DC-bus voltage for both soft and hard chopping cases, with and without load.
Results are similar to the ones presented in Figure 12, except a much higher loudness, as expected from the
comparison of spectrograms in Figure 6. Some other little differences can also be observed, essentially in the
sharpness plot, where an increasing sharpness is also visible in soft-chopping mode at no-load. The probable
reason is the much more important high-frequency content observed in the case of microphone 2 compared
to microphone 1 in Figure 6. This second microphone, placed a bit further from the bench can then receive
sounds (related to vibrations) from most of the parts of the bench, contrary to the first one, which is situated
on the end plate of the SRM, acting as a shield.

Finally, the loudness and sharpness computed from microphone 3 in Figure 3 are plotted in Figure 14 in
the same way as for the other microphones. Once again, results are similar to both previous figures, with
an intermediate value of loudness, as expected from Figure 6. The evolution of sharpness with DC-bus
voltage is also intermediate comparing with Figures 12 and 13, with only a little increase of the sharpness in
soft-chopping mode at no-load. The last microphone is effectively situated just on the top of the support of
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Figure 14: Loudness and sharpness computed from microphone 3 in function of the DC-bus voltage for
no-load and load cases with both soft and hard chopping.

the SRM, resulting in a less ideal location compared to microphone 2 (but better than for microphone 1) to
receive sounds from most of the parts of the bench.

5 Conclusion

This paper has investigated the effect of DC-bus voltage on current frequency components as well as on noise
and vibration aspects in an 8/6 SRM. Experimental results have been compared with simulated currents and
derived expressions of switching frequency. Spectrograms of current, vibration and acoustic noise have first
been presented for a run up to explain the origin of the various frequency components. Similar plots, as
well as the computed loudness and sharpness have then been shown for DC-bus voltage ramps, in order to
highlight the impact of this voltage on the spectra and on the quality of the sound produced by the SRM. The
influence of the position of the microphone on the measurement has also been briefly discussed.

It turns out that increasing the DC-link voltage globally increases the switching frequency, especially in
hard chopping, as a hysteresis controller is used to chop the current. The production of vibrations at higher
frequencies is then the origin of a sharper acoustic noise, considered as less pleasant. The noise becomes
also louder, probably because of increasing overshoots of the current outside the predefined hysteresis band
linked to the discrete character of the hysteresis controller. However, the higher frequencies generated in
case of hard chopping may limit the excitation of the main resonance mode of the SRM around 1375 Hz.

Furthermore, it has to be noted that, even if the general trend of loudness and sharpness hardly depends on
the used microphone, important differences in loudness from one microphone to another can be mentioned,
probably due to the distances between the microphones and the various noise sources (e.g. parts vibrating at
their eigenfrequencies, etc.) and the orientation of the microphones with respect to these sources.
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