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Abstract

Machine acoustics is an important area of research impacting the quality and comfort of
human life. With increased levels of electrification and the wider use of electric motors,
the contribution of motor drives towards quieter acoustic systems becomes increasingly
important. This paper presents a novel acoustic improvement method involving the use
of acoustic waves generated from High Frequency Injection to perform Active Noise
Control. Although High Frequency Injection has been used widely in the domain of
sensorless motor control, its acoustic generation process has been so far perceived as a
negative by-product. This paper presents the analysis and experimental results from the
application of the proposed method to the Helicopter Electro-Mechanical Actuation
System. Considering the extensive use of motor drives in a number of industries, the
proposed practice of High Frequency Injection Active Noise Control can have a sig-
nificant impact to future applications.

KEYWORDS

1 | INTRODUCTION

The method of active noise control (ANC) was first introduced
by a German physicist and inventor, Paul Lueg in 1936 [1]. The
application proposed by Lueg [1] involved cancelling sinusoidal
acoustic noise by means of introducing an inverted-polarity
sound wave using a speaker. In the 1950s and 1960s, ANC
was advanced further by Lawrence ]. Fogel, introducing a
number of noise cancelling (NC) headphone applications for
helicopter and aircraft cockpits [2]. The designs proposed by
Fogel [2] aimed to improve the communication between the
pilots within a cockpit and reduce the acoustic noise they are
exposed to. With the technological advancement of digital
signal processing (DSP) systems, the method of ANC became
easier to commercialise, leading to publicly available NC
headphones in the 1980s.

In the subsequent decades, intensive research and devel-
opment has taken place in the area of ANC by Academia and
Industry. In the aerospace sector, Ultra commercialised state-
of-the-art ANC systems were used for a number of turbo-

AC motors, acoustic noise, aerospace components

propeller aircrafts (Bombardier, Lockheed Martin, Beechcraft
King Air, and Saab) [3, 4]. The above ANC applications by
Ultra involve the installation of microphones, speakers, and
vibratory devices within the cabin of aircrafts to reduce the
acoustic noise experienced by the passengers.

The marine and submarine transport sectors have been
another active area of ANC. The acoustic stealthiness of
submarines and military vessels is essential for the safety of the
crew enabling them to carry out their defence activities. The
collaboration between the University of Sheffield and BAE
Systems [5, 6] as well as the research performed by the Uni-
versity of Adelaide [7] ate two examples of active noise/vi-
bration control in submarine applications. Other research
efforts in marine ANC include [8] suppressing vibrations from
a marine diesel generator [9, 10], involving the use of piezo-
electric actuators [11], and controlling the rotation of masses
connected to a motor drive. In each of the above methods,
vibratory devices ate installed in the application that produce
anti-phase counteracting vibrations against a primary noise
source to be cancelled.
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A similar trend exists in the automotive and rail transport
sectors. Silentium [12] provides integrated solutions perform-
ing ANC for land vehicles and trains. Their designs involve the
installation of microphones and loudspeaker arrays performing
noise cancellation [12].

One additional topic of research in the area of ANC in-
volves a key implementation algorithm named least mean
square (LMS). A closed-loop ANC system typically samples the
primary noise to be cancelled using what is known in the
research area as a reference microphone producing signal x(n2)
as shown in Figure 1a. A second microphone named error
microphone is placed at the noise cancellation point-of-interest
producing signal e(r). An adaptive filter is then used in
conjunction with a least mean square (ILMS) implementation to
calculate the anti-noise signal y(7) that is fed to a speaker. The
purpose of the LMS algorithm is to continuously adjust the
weight of the adaptive filter's gains and therefore align the
frequency and signal characteristics of the anti-noise y(n) to
that of the primary noise x(n). Upon each LMS calculation
iteration, the weights of the adaptive filtet's gains are updated
as per the following equation:

w(n + 1) = w(n) - px(n)e(n) (1)
where w(n) is the weights of the adaptive filter, p is the learning

step of the LMS algorithm, x(7) is the reference microphone
noise signal, and e() is the signal from the error microphone.
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FIGURE 1 HFI ANC system diagram. (a) Conventional ANC
topology, (b) Proposed HFI ANC system topology. ANC, active noise
control; HFI, high frequency injection.

The LMS algorithm and its variants provide an efficient
implementation for the calculation process of the anti-noise
(7). A number of LMS variants have thus been proposed such
as the Filtered-x LMS, Block LMS, Ajoint LMS, and others
[13-15].

Active noise control has advanced in the past decades in a
number of industries. One motivation for this interest is that
passive acoustic methods tend to reduce but not eliminate
acoustic noise. Ear defenders for instance can only attenuate
the amplitude of the noise reaching a human's ecars. Addi-
tionally, passive insulative strategies at industrial scale usually
add more weight to the target application [106] relative to active
control methods. ANC methods are thus useful providing one
additional defence layer against acoustic noise and are generally
applied in conjunction with passive insulative methods.

The novel idea proposed in this paper is utilising the me-
chanical infrastructure of a motor drive as an acoustic genet-
ator to achieve ANC. Past research in the area of ANC
involves the installation of vibratory devices such as speakers.
In contrast, the research presented in this paper re-uses the
electrical and mechanical infrastructure used for the spinning
of a motor to achieve ANC. The method therefore adds an
acoustic generation capability to an otherwise conventional
motor drive. To achieve this acoustic capability, a method that
has been used so far for other purposes is deployed. High
frequency injection (HFI) has been used over the past 30 years
in the area of sensorless motor control. It involves supet-
imposing a high frequency (HF) voltage to a salient motor to
identify its rotor angle. One so far identified as a drawback of
this method is the generated acoustic noise. The studies of [17,
18] have attempted to suppress and reduce the perception of
this noise. The research presented in this paper attempts to
harness the vibratory acoustic energy produced by HFI to
achieve ANC.

The hardware platform selected to demonstrate that the
proposed concept is an electric actuator controlling the swash
plate of a helicopter, namely the Helicopter Electro-
Mechanical Actuation System (HEMAS). The proposed
method, however, could be applied to any type of motor drive
and electrical machine.

This paper begins by providing a theoretical background
on HFI and Acoustics. This theoretical background is vital to
understand how the method of HF injection introduces vi-
brations that turn into acoustic noise. It then continues with a
description of the proposed HFI ANC method and finally
presents modelling and experimental results, when the scheme
is applied to the HEMAS motor drive.

2 | HIGH FREQUENCY INJECTION
AND ACOUSTICS

2.1 | High Frequency Injection

High frequency (HF) injection has been used over the past

30 years for a wide range of motor types including permanent
magnet synchronous motors (PMSMs) [19-21], switched
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reluctance motors (SRMs) [22], brushless DC motors (BLDCs)
[23], and induction motors [24]. This family of sensorless al-
gorithms takes advantage of the saliency of an electrical ma-
chine to identify the angle of its rotor. A motor is classified as
salient if the magnetic field of its rotor is characterised by
projecting poles. The saliency of a motor results in its phase
inductance to vary as a function of the rotor angle. By injecting
a HF voltage across the phases of a salient machine, the
amplitude of the resultant HF currents can thus be used to
identify the phase inductance and the rotor angle.

A key equation that forms the basis of saliency methods
defining the relation between voltage injection and phase
current is shown below and is derived from Faraday's law:

dl

There is a rich variety of HFI techniques depending on the
axis that the injection is applied to stationary or synchronous
frames [21, 25], the injection voltage shape (sinusoidal or
square) [20], the injection frequency [17], and demodulation
algorithm variations [17, 22, 23, 26]. Although HF injection
methods provide a practical solution towards rotor angle
estimation, one known drawback is that the generated HF
currents create torque pulsations that in turn produce acoustic
noise [17, 18, 27]. The research presented in this paper pro-
poses to use the generated acoustic noise from HFI to ach-
ieve ANC.

2.2 | Acoustics
Fundamentals of Acoustics: Acoustics is a branch of physics,
and it is naturally divided into four atreas [28]:

® The mechanism of sound generation, that is, the phenom-
enon initiated by the vibration of an object within an elastic
medium.

® The propagation of this vibratory energy through an elastic
medium in the form of sound waves. The molecules of a
medium can be perceived in the context of acoustics as
particles interconnected by springs (bonds between mole-
cules). The initially vibrating object initiates vibration of the
molecules surrounding it, which in turn transfer this vibra-
tion into other surrounding molecules causing a wave of
varying pressure/comptession travelling through an elastic
medium until the energy is dissipated. The medium through
which sound propagates can be a gas, a liquid, or a solid
object.

® The physical reception of this vibratory energy (variation of
pressure) from a receiver using an ear or a microphone.

® The psychological perception of noise, that is, whether a
sound is perceived as pleasant or not by the receiver.

Each of the above areas is of interest with regard to this
research. The acoustic generation process initiated by the

motot's vibration due to HFI, the propagation of this noise, its
interaction with a primary noise, and the resultant acoustic
suppression process are all relevant to the proposed method
and analysed in this paper.

Acoustics from HFI: The HF voltages applied to the
phases of a motor create HF currents that produce torque
pulsations and vibrations within the motor and its connected
mechanical infrastructure. This vibratory energy on the motor
drive initiates vibration of the surrounding air molecules
creating a travelling sound wave perceived by a receiving ear or
microphone.

To characterise the acoustic noise generated from HFI in
more detail, it is necessary to revisit the equivalent mathe-
matical model of the motor of interest. In the case of the
HEMAS platform, the equivalent circuit model of a PMSM in
the synchronous frame is shown in the following equation:

Ry + 4 (Lgiq + ¥r) — Lyt

“? _ dt 6)

.ood . .
R, + Equq + w, (Ldzd + LPf)

where Vzand V, are stator voltages in the synchronous frame,
R, is the stator resistance, 4 and i, are stator currents in d and
q axis, @, is the rotor's electrical angular speed, Ly is the d axis
inductance, L, is the g axis inductance, and ¥ris the rotor flux.

Assuming the HFI method is applied to the estimated
d axis—a method that is commonly used in PMSMs [20, 21]—
then a portion of the HF voltage is deposited to the d axis and
the remaining portion to the g axis as per Equations (4) and (5)
below:

Vi tir = Vearsier * (cOS @ct) * cos Oeyy (4)

Vq_HF = Viasrier * (cos a)ct) % sin O, (5)

Assuming that the voltage drop due to the motot's resis-
tance Ry and R, and due to the Back Electro Motive
Force is negligible relative to the voltage drop due to the
motort's inductance, Equation (3) becomes

d
Ly~ (1)
I/d—HF _ I/vcarrier * (COS CUc[) * COS eerr dt
Vynr] | Veusier * (cos @ct) # sin Oy, 4
Lg *—1,

dt
(6)

Based on Equations (4), (5), and (6), a sinusoidal HF
voltage V; pr and V,_pr applied to the d and g axis, will
create sinusoidal currents of the same frequency in the two
synchronous axis frames. To calculate the resultant torque
from these HF currents, the formula for a PMSM is given
below:
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Tomsm = (3/2) = (P/2) = (ﬁm * I+ (Ld — Lq) * 1y % iq)
(7)

whete P is the numbet of poles, 4,,, is the flux linkage, L, and
L, is the d and g axis motor inductance, and 7, and iz are the
d and ¢ axis motor current.

Considering Equations (6) and (7), when a HF voltage of n
kHz is applied to a PMSM, the resultant HF currents (¢ and Z,)
and torque pulsations experienced by the motor are also cen-
tred at the same frequency. As the motot's mechanical struc-
ture vibrates due to HFI, it initiates the vibration of its
surrounding air molecules at this frequency. This vibration of
the air molecules at 7 kHz travelling in the air is what is
perceived as acoustic noise centred at this frequency. The claim
on this correlation between the frequency of HFI and the
frequency of the generated acoustic noise is validated experi-
mentally in Section 5 of this paper.

Simple Harmonic Motion modelling: To appreciate the
propagation and interaction of acoustic waves in an elastic
medium, it is useful to consider the model of a Simple Har-
monic Motion (SHM) system as shown in Figure 2. Consider a
spring is attached on one end of a stationaty position and an
object of mass m is attached on the other end. Assume the
object is oscillating around an equilibrium point based on the
equation of linear displacement x:

x=A * sin wt (8)

whete x is the displacement from the point of equilibrium, A4 is
the amplitude of the oscillation, and sinwt expresses the fre-
quency of this vibratory movement.

Using Newton's second law of motion, the force that
produces this motion is:

F=-m+*A*aw’

* sin wt 9)

As a result of Equation (9), when the object is displaced
towards the right, there is a force attempting to restore it to the
equilibrium point towards the left and so on initiating an
oscillation of the object around the equilibrium point. When an
elastic body, such as a gas, a liquid, or solid, is subjected to

Molecules of an elastic body modelled
as a series of SHM systems

\

X = A*sinmt

ey

T

Equilibrium
point

FIGURE 2 Analysis based on simple harmonic motion.

strain in the form of vibration or displacement, it can be shown
[28] that the molecules of this body exhibit the behaviour of a
series of SHM systems (See Figure 2).

In the context of Acoustics and under the proposed HFI
ANC method, the motot's mechanical infrastructure oscillating
at 7 kHz due to HFI can be seen as the stationary spring of
Figure 2. The vibration of the motor being in direct contact with
air initiates the displacement and vibration of the immediately
surrounding air molecules. The motion of these air molecules
exhibits the same characteristics of the motion of the original
source [28] as shown in Equation (8). Considering the spring-
like interconnection of an elastic medium, the initially
vibrating air molecules transfer their movement to their sur-
rounding molecules creating a wave of travelling condensations
and rarefactions [28]. This vibratory energy travels through the
air at the speed of sound. Based on the SHM modelling method
[28], the spring-like behaviour of the medium's patticle in-
terconnections enforces the motion of the medium molecules
to follow the motion of the initially vibrating object with a phase
retardation associated with the speed of sound.

The above modelling method of SHM can also be used to
understand the ANC process. When the travelling vibratory
energy from two noise sources arrives at a point-of-interest, if
this oscillatory movement from the two waves is synchronised
and in-phase, the air molecules at this point will be subjected to
an additive vectorial force. The increased force will initiate the
air molecules behaving as an SHM model to oscillate with
higher displacement, causing increased vibration and a louder
acoustic noise. If on the other hand, the two waves are in anti-
phase, the force from the two travelling waves will oppose each
other restraining the molecules of the point-of-interest from
vibration and reducing acoustic noise.

Fluid dynamics and acoustic modelling: The mecha-
nism of sound generation and propagation in an elastic me-
dium relates to this medium behaving as a fluid [29, 30]. A
number of modelling methods in the scientific area of fluid
dynamics are thus commonly used to analyse Acoustics. The
Navier—Stokes Equations (10), (11) that govern Fluid Dy-
namics are thus fundamental in complex Acoustics ana-
lyses [29]:

op  Opv;
— =0 10
ot 0x; ( )

0v; Ov; 1 81,7
= = B; 11
ot K ox; p Ox; + 5 (11)

where p is the density of the fluid, ¢ is time, v; is the total
velocity of the fluid in the ith direction, x; is the direction of
the component, 7;; is the stress component, and B; is the body
force that is applied to the fluid (e.g gravity). The above
Navier—Stoke equations are essentially based on the Newton's
second law applied to fluids, that is, the acceleration of a mass
of fluid is proportional to the force applied to it.

Due to the non-linear nature of Navier—Stoke equations
and their associated complexity, simplified versions of these
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equations are more commonly encountered in Acoustics
including the “Reynolds-Averaged Navier—Stokes” (RANS),
large eddy simulation (LES), and direct numerical simulation
(DNS) [31-33].

Another type of fluid dynamics equations that can be
encountered is the linearised Euler equations (LEE) [29] that
are closely related to the Navier—Stokes equations mentioned
above but do not take into account the fluid viscosity.

Acoustic analysis for some applications can be simplified
using tools such as Matlab and not necessarily needing to apply
fluid dynamic equations. The acoustic analysis presented in this
paper uses Matlab and Matlab's k-wave, simulating how waves
interact in the elastic medium with these results being validated
in the hardware testing section.

Geometric spreading of sound waves and losses: A
widely used strategy for the analysis of geometric sound
propagation involves the assumption of a point source where
the sound is considered to be born and then a spherical
expansion of this vibratory energy takes place within a ho-
mogeneous medium in the three-dimensional space [34, 35].
The sound intensity on each direction based on this acoustic
model and assuming a lossless propagation is governed by the
following equation:

I=— (12)

where I[W ~7] is the sound intensity at a distance or 7 metres
from the point soutrce of Power P[W].

The sound attenuation expressed in Equation (12) can be
appreciated considering that as the sound propagates in three-
dimensional space, the initial energy is divided to all directions
in a spherical manner.

Represented in logarithmic scale, sound pressure can be
expressed in the equation below also known as the inverse
square law for point sources [34]:

Lp =Ly —201log(r) — 11 dB (13)

whete Lp is the sound pressure located at distance 7 from the
point source versus the power at the source Ly Based on
Equation (13), the sound pressure reduces by 6 dB as the
distance from the soutrce doubles [34, 30].

While Equations (12) and (13) hold for cases where the
acoustic noise expands equally on all directions in a spherical
manner, many acoustic sources have a tendency to direct the
majority of their vibratory energy on one direction. Consider
for instance a speaker or a human's voice which will produce
sound that is more audible for observers located at the front of
them. Equation (13) is therefore re-written as per ref. [34]:

Lp=Ly +DI—20log(r) — 11 dB (14)

whete Lp is the sound pressure located at distance 7 from the
point source versus the powet at the source Ly and directivity
index is the DI. The DI in Equation (14) is a variable defining
how directed is the sound emission in the three-dimensional

space. With sound being directed on one direction as per
Equation (14), the intensity does not disperse on all directions
and can remain higher on the direction of interest.

While Equations (12) to (14) define how the vibratory
sound energy is expanded in space in a lossless medium, in
practice, a part of the travelling vibratory energy will be
dissipated in the atmosphere in the form of heat as it travels
through the air [34], a phenomenon also known as atmospheric
absorption. The cause of this lossy attenuation of sound is due
to heat conduction, shear viscosity, and molecular relaxation
issues [37]. The formula that governs atmospheric absorption
is given below:

p=poe ™/’ (15)

where p is the sound pressure at distance x from a position
where the pressure is py and a is the absorption coefficient for
a given elastic medium dependent on humidity temperature
and pressure [34].

In the case of the research presented in this paper, the
acoustic waves from HFT are modelled to propagate uniformly
in the three-dimensional space excluding atmospheric losses.
Despite this simplification in the modelling process, the
simulation results are supported and validated by the hardware
testing section.

Effect of reflections and wind: Other than the sound
attenuation due to geometric propagation and atmospheric
absorption, the complexity of sound propagation increases
further when the acoustic waves interact with their surround-
ing objects or when exposed to wind [29, 34, 38]. Sound waves
can bounce and change direction and characteristics when
interacting with their surrounding objects. This interaction
results in the originally travelling wave to change many of its
characteristics.

Reflections in the laboratory where the HFI ANC was
applied to the HEMAS platform were not considered in sim-
ulations; however, this simplified acoustic modelling was vali-
dated and supported by means of hardware testing;

This section of the paper attempted to provide an analyt-
ical background of sound generation and propagation. The
proposed method of ANC by means of HF injection will be
introduced, simulated, and tested in subsequent sections.

3 | CONVENTIONAL ANC METHODS

ANC is the method of introducing an acoustic waveform,
termed anti-noise, that is in anti-phase relation to an existing
primary noise source within a system. The two waves, primary
noise and anti-noise, interact in the medium cancelling each
other out resulting in a quieter acoustic system (See Figure 1a).
An ANC system would typically be composed of a set of
microphones capturing the existing noise, a DSP system ana-
lysing the captured sound and a speaker producing anti-noise.

One disadvantage of the conventional topology of the
above-mentioned ANC systems involves the installation of
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microphones, speakers, and vibration-generating devices. The
proposed HFI ANC method does not necessitate the instal-
lation of speakers and attempts instead to utilise the existing
mechanical infrastructure of a motor drive instead.

4 | THE HFI ANC METHOD

4.1 | The proposed method

The HFI ANC method proposed in this paper involves
superimposing a HF voltage and controlling its frequency and
phase so as to be in anti-phase relation and cancel an existing
noise source within a system (See Figure 3, Figure 1b,
Figure 4).

There are cases where the residing acoustic noise to be
cancelled has a predictable pattern and the ANC can be applied
in an open loop manner [39]. An example of such a predictable
noise is that from an electric compressor that experiences load
and acoustic pulses at predefined mechanical angle. In such
cases, the HFI ANC method can be applied without the need
of a microphone using a feed forward open-loop method. In
cases that the acoustic noise is more random in nature, the HFI
ANC method is best applied in conjunction with a
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microphone. The motor controller in that case along with
managing the spinning of the motor would also process the
captured audio and inject anti-phase sound waves using HFI.

4.2 | Merits of the method

The advantages versus a conventional ANC method can be
summatised below:

® Hardware re-use: the method re-uses the already available
torque producing infrastructure of a motor drive to generate
sound without the need for installation of speakers. It
therefore adds a noise cancellation capability to an otherwise
conventional motor drive. The proposed method can be
useful, for example, to upgrade the DSP code of an existing
motor drive to optimise its acoustics.

® ANC at the source of the noise: being able to create anti-
noise within the motot's infrastructure can cancel acoustic
noise at its source rather than at a distance. An example
application taking advantage of this feature is the propeller
HFI ANC application presented below.

4.3 | Possible applications of the method
Although this paper attempts to prove the main concept of the
proposed HFI ANC method, the ANC approach can be
expanded into a number of example applications presented
below and shown diagrammatically in Figure 5:

® Propeller Noise (Figure 5a): propeller noise is of special
interest as it is an upcoming hurdle for electric/hybrid
aircraft propulsion and a known problem in submarine
propulsion. Research efforts [40] and commercial products
by Ultra [3] are two existing examples of aircraft propeller
ANC while ref. [5] is an example of submarine propeller
ANC. However, the above methods involve the use of
speakers to create anti-noise rather than the proposed
application of HFI. It is worth noting that the noise
generated from a propeller has both tonal and wideband
noise frequency elements due to phenomena named thick-
ness and loading noise [41, 42]. With tonal noise being a
dominant part of propeller noise [42], the experiments in
Section 5 of this paper focus on tonal noise cancellation.

® Pair of sensorless motor drives (Figure 5b): the HFT ANC
method may have in some applications dual function. Firstly,
towards conventional sensorless position calculation and
secondly, for noise cancellation purposes. Under this
example of applications, HFI is used by two sensorless
motor drives and their injection voltage is of the same fre-
quency but of anti-phase relation resulting in the acoustic
noise of each motor drive, cancelling each other without the
need of a microphone.

o ANC of external subsystem (Figure 5c): under this
example, the acoustic noise to be cancelled by the method
originates from an external source. For example, it may be
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known that an external subsystem will pollute the system
with a tonal or wideband noise, and therefore, HFI is
applied to create anti-noise.

5 | EXPERIMENTAL RESULTS ON THE
HEMAS PLATFORM

51 | The HEMAS drive

The rotor of a helicopter and specifically the rotation of the
rotor blades are used to establish the necessary lift for
the helicopter to become airborne [43]. In order to control the
direction, altitude, and speed of flying, the angle of the rotor
blades needs to be adjusted. The pilot is able to control the
angle of the blades using a device known as swashplate. The
swashplate is situated below the rotor blades as shown in
Figure 6 and can change the angle of the blades individually or
collectively as they revolve. Primary control systems including
the swashplate have been in the past decades controlled using
hydraulics. In alignhment with the more electric aircraft (MEA)
initiative, the HEMAS was developed to control the swashplate
using a set of PMSMs [43]. The HEMAS actuation system was
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developed more than a decade ago as part of the European
Clean Sky JTT Research Programme in collaboration between
EADS-IW, Eurocopter, Liebherr-Aerospace, and Agusta
Westland. The research presented in this paper uses the
HEMAS test rig illustrated in Figure 7 to demonstrate the HFI
ANC method. The parameters of the HEMAS electrical ma-
chine are listed in Table 1 [43].

5.2 | Experimental setup

Aiming to analyse the relationship between HFI and acoustics,
the test set up is based on the storage and analysis of two types
of data, DSP and Acoustic Data (see Figure 8). DSP data in-
volves a 1000-element array internal to the DSP registers
storing HFI voltage, motor phase currents, and rotor angle.
DSP data is sampled at the Pulse Width Modulation (PWM)
frequency of 10 kHz. Acoustic data is produced by the
capturing of the acoustic noise using a microphone at a sam-
pling rate of 48 kHz and 256 kbps quality. Both types of data
are imported in Matlab for analytical purposes. This side-to-
side analysis of DSP and audio data provides clarity on the
correlation between HFI and acoustics investigated in this
paper. Note that a microphone was used instead of a sound

FIGURE 7 The helicopter electro-mechanical actuation system
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FIGURE 5 Example applications of the high frequency injection
active noise control method, (a) propeller noise, (b) pair of sensorless
motor drives, (c) ANC of external subsystem.

Blades

FIGURE 6 Helicopter swash plate.

test rig.

TABLE 1 HEMAS Motor parameters.

Parameter description Notation Value

No. of pole pairs P 5

Maximum speed Minax 5200 [rpm]
Rated current I, 4.7 [A]

Peak current yA. 34 [A]

Peak power P 2.6 [kW]
Efficiency s 98.8 []
Phase resistance Rg 0.23 [Q]
Phase inductance L 1.193 [mH]
Voltage constant Kg 0.092 [V/rads|
Torque constant KT 0.142 [Nm/A]
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8
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FIGURE 8 Helicopter electro-mechanical actuation system high
frequency injection active noise control test set up.

level metre as it was found useful to perform analysis in the
time and frequency domain of the resulting sound waves. In
future testing, the use of a sound level metre is also planned to

be included.

5.3 | Sound waves from HFI
The first experiment performed on the HEMAS platform in-
tends to characterise the acoustic noise that originates from
HFT and compare these findings with the theoretical analysis of
Section 2.2. In this experiment, 1.4, 1.5, 1.7, and 2 kHz HFI
voltage is applied to the HEMAS motor as per Figures 9-12.
For simplicity, equal HF voltage is applied to both d and ¢ axis.
Figures 9a—12a illustrate the injection voltage to the d/g axis
and Figures 9b,c—12b,c display the resultant HF currents on
the synchronous frames. Figures 9d—12d display the FFT of the
injection voltage, and Figures 9e—12e display the FFT of
resultant currents. Finally, Figures 9f—12f show the acoustic
noise from HFIL

From Figures 9a,d-12a,d, it can be seen that HF voltage of
n kHz (where n = 1.4, 1.5, 1.7, 3) results in the HF current of
the same frequency along with lower amplitude harmonics. As
torque is proportional to current and the vibration of the
motor at 7 kHz excites the surrounding air molecules, the
frequency of the generated acoustic noise (Figures 9f—12f) is
also centred at 7 kHz along with lower amplitude harmonics.
These acoustic harmonics exist for a number of reasons,
namely the selected PWM switching frequency, device non-
linearities, and the acoustic sampling process. As the PWM
switching frequency of 10 kHz is close to the HF injection
frequency, the voltage demand steps cannot construct a perfect
sinusoid, and the resultant currents are non-sinusoidal
appearing as harmonics. In a similar manner, the current be-
comes distorted due to inverter non-linearities. Finally, the
sampled audio goes through a further small distortion process
during the digitisation process by the microphone and
Analogue-to-Digital Converter. Observing the FFT shape of
Figures 9d,e—12d,e, there appears to exist some frequency
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FIGURE 9 Digital signal processing logged data and acoustics from
high frequency injection 1.4 kHz.

leakage. This visual artefact is primarily related to the limitation
on the number of data samples within the DSP. Analysing the
overall results from Figures 9—12, one conclusion that can be
made is by controlling the injection frequency of HFI; it is
possible to control the frequency of the acoustic noise,
therefore validating the analysis of Section 2.2.

5.4 | ANC by means of HFI

Having validated the relationship between HFI and acoustics, it
is now possible to harvest these findings and use the sound-
waves from HFI towards ANC. To illustrate the effectiveness
of the proposed method, this experiment is conducted by
contaminating the system with a tonal noise from speakers.
The acoustic noise from HFI is then used to perform ANC
while monitoring the resultant acoustic noise using a micro-
phone. The set up for this experiment is shown in Figure 8. A
Matlab-generated sinusoidal waveform of frequency fipeaer is
therefore played back using a speaker at close proximity to the
HEMAS rig, and HFTI is enabled at frequency fHFl to initiate
ANC and cancel the speaker noise. The desired relation of the
two waveforms for the noise cancellation to take place is
fspcakcr = furr and the two waveforms to be in anti-phase (180°
phase offset to each other). Aiming to illustrate how the noise
and anti-noise waveforms interact in the air, 2 more intuitive
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FIGURE 10 Digital signal processing logged data and acoustics from
high frequency injection 1.5 kHz.

approach is followed. The two frequencies fspcakcr and fiypy are
slightly different from each other by such a degree that one
waveform naturally slides versus the other within a predefined
amount of time. This approach is also beneficial as the relation
between noise and anti-noise in an equal frequency test may
not hold, therefore introducing inaccuracies of the optimal
noise cancellation that can be achieved. Specifically, if
fspeaker = 1499.9 Hz and fHFI = 1500.0 Hz, then the two
waveforms are in anti-phase relationship once every 10 s while
for the rest of the time they slowly slide against each other.
Similarly, if fipeaker = 1499.8 Hz and fiypr = 1500.0 Hz, this
sliding behaviour takes place once every 5 s. The full list of
frequency pairs (fpeaker 20d fiirr) to be tested in this experi-
ment is presented in Table 2. Preliminary visual sound prop-
agation analysis was performed using Matlab's k-Wave as
shown in Figure 13. A simple Matlab simulation illustrating the
sliding behaviour for each of the frequency pairs was then
performed and is shown in Figures 14-21. Following this
analysis, the experiment was conducted for each of the selected
frequency pairs of Table 2. The experiment was conducted
firstly by enabling only the motor's HFI, followed by only the
speaker tonal noise, and finally both noise sources (speaker and
HFI) allowing the ANC process to take place as shown in
Figures 22-29. This sequence was adopted so as to calibrate
the amplitude of the two acoustic waveforms.
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FIGURE 11 Digital signal processing logged data and acoustics from
high frequency injection 1.7 kHz.

The first observation from Figures 22-29 is that the
resultant noise increases and decreases over time as per Matlab
simulations shown in Figures 14-21, therefore, confirming that
the noise cancellation is taking place. Note that although it
might appear at first sight that the resultant noise at certain
points is higher than the original noise to be suppressed, the
point in time-of-interest used in analysis is when the two sound
waves are in anti-phase that results in maximum noise
reduction.

The noise improvement from each HFI ANC test is
summarised in Table 3 and is shown diagrammatically for one
test in Figure 30. Note that a varying degree of acoustic noise
reduction is observed ranging between 39% and 68%. This
variation is primarily because the tuning of the amplitude of
the two waveforms (HFI/speaker) was manual. If the two
waveforms were matched in an automated manner, the
cancellation process would be more effective and results would
improve considerably.

The physical acoustic observation of a human witnessing
the above experiment is that every few seconds the noise in-
creases and decreases over time in a periodic manner. One of
the audio captures is provided to the reader for the physical
evaluation of the method from the frequency pair of
1699.8 Hz/1700 Hz shown in Figure 27. The audio sample is
located at https://youtu.be/35lna]2w33Q. One key difference
between simulations shown in Figures 14-21 and hardware
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FIGURE 12 Digital signal processing logged data and acoustics from
high frequency injection 2 kHz.

TABLE 2 HFI ANC sliding frequency test table.

fipearer(HZ) fapr(Hz) ANC period
1399.9 1400 10 s

1399.8 1400 5s

1499.9 1500 10 s

1499.8 1500 5s

1699.9 1700 10 s

1699.8 1700 5s

1999.9 2000 10 s

1999.8 2000 5s

testing shown in Figures 22-29 is that the resultant acoustic
noise does not attenuate completely down to 0. This is firstly
because there is some ambient environmental noise within the
lab and secondly because HFI produces some low amplitude
harmonics. However, despite this harmonic generation, the
overall noise is reduced. The effectiveness of the method can
be improved by reducing these harmonics if the PWM fre-
quency was to be increased from the current setting of 10 kHz.

Analysing the acoustic levels of noise and anti-noise, it can
be observed that the sound amplitude levels do not match that
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FIGURE 15 Summation simulation 1399.8 Hz 1400 Hz.
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FIGURE 16 Summation simulation 1499.9 Hz 1500 Hz.

of an aircraft. Additionally, the test method is performed in
open-loop manner rather than synchronising to an incoming
audio signal. If the method was to be applied in a product, the
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HFI only Speaker only
T \ \ T T

L i dias 1
[ AL bbb,
| N I 1 M
oo S (SN !

[— Ny 0@y @000

Speaker + HFI
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FIGURE 28 Active noise control helicopter electro-mechanical
actuation system, fspcakcr = 1999.9 Hz fHFI = 2000 Hz.
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FIGURE 29 Active noise control helicopter electro-mechanical
actuation system, fspeaker = 1999.8 Hz fHH = 2000 Hz.

TABLE 3 HFI ANC Noise reduction analysis.

Noise reduction
using the

Test frequency pair HFI ANC method

1399.9/1400 Hz 68%
1399.8/1400 Hz 61%
1499.9/1500 Hz 53%
1499.8/1500 Hz 39%
1699.9/1700 Hz 52%
1699.8/1700 Hz 44%
1999.9/2000 Hz 60%
1999.8/2000 Hz 56%
Minimum amplitude of resultant noise after ANC

Amplitude of

original signal
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FIGURE 30 Helicopter electro-mechanical actuation system testing
active noise control gain illustration.

method would function in a closed-loop manner. The
controller would process the sampled audio noise to be sup-
pressed and calculate not only the frequency but also the phase
of the anti-noise taking into account propagation delays. The
purpose of the experiment however, was to illustrate the
concept of HFI ANC and not to demonstrate the function of a
complete commercial product. The method can be scaled up in
terms of amplitude and upgraded to closed-loop functionality
to match the expected anti-phase noise characteristics. From
the data in Figures 22-29, one additional observation is that
the sliding period is slightly higher than the expected 10 s and
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5 s of Matlab simulations as shown in Figures 14-21. This
additional delay is consistent with the playback laptop and the
HEMAS hardware being relatively misaligned on measuring
time by an error of about 8 ns per sinusoidal cycle. This delay is
due to oscillator/Phase Locked Loop drift of the two acoustic
systems (HEMAS/laptop). Such a frequency drift is typically
encountered on oscillator components upon ageing [44] or
upon exposure to temperature variations. However, this fre-
quency deviation would have an exceptionally small impact on
the ANC process as 8 ns error over a HFI sinusoidal period of
666,667 ns for the 1.5 kHz experiment is negligible.

54.1 | Limitations of the HFI ANC method
Although the proposed method is shown in the above section
to achieve ANC, there are some limitations when it is applied
to a motor drive application.

The first limitation involves the reduction of the motot's
efficiency as a portion of the power consumed is invested on
spinning producing torque and a portion is invested on HF
vibrations resulting in the generation of acoustic waves.

An additional limitation of HFI methods is HF losses that
in turn result in an increase of the motot's temperature [45, 46].
To understand the thermal effects of HFL, it is necessary to
first identify the different types of HF losses. Core and copper
losses of the windings are the main heat source for PMSM
drives [45]. Considering a sinusoidal magnetic field, iron losses
can be decomposed to hysteresis, eddy currents, and excess
losses as shown in Equation (16):

Piron = Physt + Pcddy + chc (16)

where Py, Peddys Pexc are hysteresis, classical eddy, and excess
losses, respectively.

Providing a more detailed calculation for each type of
losses Equation (16) becomes

Piron - /ehyscfﬂBb + kcdd}fZBZ + keXQfZBZ (17)

whete f and B are frequency and peak flux density, /ehySt /eeddy,
and k... are constant coefficients, while 2 and b exponents
represent material constants.

HF copper losses are due to the power dissipated to the
windings resistance as shown in Equation (18):

Pc, = ml; Rt (18)

whete m is the number of motor phases, [y is the HF curtent,
and Ry is the phase resistance at temperature 7.

Core and copper losses are proportional to the amplitude
of the HF voltage [46]. Under the proposed HFI ANC
method, the higher the amplitude of an acoustic wave needed
for acoustic purposes, the higher the resultant losses and
temperature induced to the motor drive. As a result of this
limitation, additional thermal analysis and some temperature

monitoring needs to be put in place to compensate for this
shortcoming,

Additionally, upon high loading conditions, the available
power and DC Link voltage as well as the motot's temperature
may necessitate the power invested on acoustics to be reduced
so as to accommodate the speed, voltage demands, and ther-
mal limitations of the motor drive. A management scheme is
therefore needed to limit the power consumption of the
acoustic generation function and prioritise power invested on
spinning when needed.

Despite the above limitations of the method on efficiency,
system losses, and thermal performance, there are certain ap-
plications where the gains of the HFI ANC method outweigh
its drawbacks. For instance, when an aircraft is landing or
taking off in a residential area, it can enter an increased acoustic
suppression mode to comply with regulations and improve the
quality-of-life for nearby residents. Similarly, these limitations
can be acceptable if the method is applied to reduce the
acoustic signature of a submarine or of a military vessel.

5.5 | Acoustic versatility evaluation
Section 5.4 showed that the HFI ANC method can be used
towards reducing the acoustic noise within a system. However,
one possible question that could be posed is whether a motor
drive is versatile enough to generate acoustic waves. Aiming to
demonstrate the acoustic flexibility of the method in a creative
manner, HFI is set up so that the HEMAS platform acts as a
musical instrument. A sequence of musical notes from a rec-
ognisable classical masterpiece, namely “Eine Kleine Nacht-
music” by Mozart, is produced by means of HFI. The
implementation code of the motor's digital controller was
therefore updated with an array of HFI notes and durations so
as to synthesise the selected classical song,

The acoustic capture of the song produced by HFI applied
to the HEMAS drive can be listened by following the link given
below: HFI E. Kleine Octave4:

https://youtu.be/Y2mP2A00CtA

Listening to the song produced by the HEMAS drive and
taking into consideration that the machine was never designed
to produce acoustic waves, it is of significant interest appre-
ciating the acoustic capabilities over a range of frequencies.

6 | CONCLUSION

This paper has presented the method of Acoustic Noise
Control using HF injection. The HFI ANC process uses the
existing electrical and mechanical infrastructure of a motor
drive to cancel existing noise residing within the system. It
presented the theoretical framework of the method, followed
by analysis and experimental testing on the HEMAS. The re-
sults shown in Section 5.3 illustrated that it is possible to
control the frequency of the generated acoustic noise by
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controlling the frequency of the HFI. Section 5.4 showed that
acoustic improvements can be obtained from the proposed
ANC method, noise  39%—68%. This
improvement is considered substantial taking into consider-
ation that the PWM switching frequency is set to 10 kHz, and
the digital/analog technology used is more than a decade old.
Additionally, the method could be expanded to cancel wide-
band noise using a closed loop approach. The results shown in
Section 5.5 illustrated the versatility of the method producing
sound waves over a wide range of musical frequencies.

reducing  tonal

Considering the increased levels of electrification in the aero-
space, land, and marine sectors [47], the proposed method
could have a significant impact on the acoustics of systems
deploying motor drives.
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