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Abstract

The increasing trend of electric propulsion systems in aviation industry demands the de-
velopment of reliable methods for specifying noise and vibration signatures of new compo-
nents, such as the electric motor. However, acoustic sensors (vital for such measurements)
can be susceptible to significant performance degradation due to FElectromagnetic Inter-
ference (EMI) caused by electrified propulsion system. This study is a step towards
investigating the application of acoustic sensors for aeroacoustic and vibroacoustics mea-
surements generated by electric motors in electrified aircraft propulsion systems. The
research focuses on the impact of EMI on the accuracy of these acoustic measurements

obtained through microphones and accelerometers.

The thesis will explore how EMI induces electrical noise in sensor cables and circuits,
and analyze the susceptibility of different sensor types to EMI specific to a 5 kW electric
motor, depending on various conditions. The results indicate that there was not much
impact of EMI on the sensor. The findings indicate minimal EMI effects on sensors for
smaller motors under the specific test conditions. The study concludes that further re-
search is required to explore this phenomena in greater depth, potentially using stronger

motors.

Keywords: electromagnetic interference (EMI), electric-propulsion, acoustic sensors
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Introduction

1.1 Background

The aviation sector is undergoing significant transformation as it struggles with environ-
mental and technological challenges. Currently, aviation is responsible for 2.4 % of total
fuel consumption in the transport sector, contributing to greenhouse gas emissions, global
warming, and air pollution [, which necessitates a significant improvement in propulsion
systems. There are several ongoing projects to tackle these environmental impacts. Elec-
tric propulsion systems are being seriously considered as one of these revolutionary design
concepts. Electric aviation can reduce the environmental footprint of air transport, sup-
porting the EU ACARE Flightpath 2050 emission reduction goals [,

Electric propulsion systems, particularly plug-in hybrid models, demonstrate high effi-
ciency, with mid-cruise electric propulsion achieving up to 84.7 % efficiency, as demon-
strated in the Project EXACTE! The EXACT project by DLR aims to explore sus-
tainable aviation technologies to drastically reduce the climate impact of aviation while
maintaining economic competitiveness. It examines electric aircraft concepts, energy sys-
tems, and air traffic, focusing on designs for 2040 and beyond. The push for sustainable
aviation is driven by regulatory pressures, consumer environmental awareness, and indus-
try stakeholders. Airlines are adopting carbon offset programs and investing in greener
technologies to meet evolving expectations. Furthermore, electric propulsion systems
promise economic benefits, including lower operating and maintenance costs compared to
traditional engines, and potential tax incentives. This transition not only addresses envi-

ronmental and economic concerns but also drives technological advancements in related


https://www.acare4europe.org/wp-content/uploads/2022/02/Time_for_change_FlightPath_2050.pdf
https://exact-dlr.de/project-overview/
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fields such as battery technology, power electronics, and electric motor design.

Additionally, electrification also enables capabilities such as electrical vertical take-off and

landing (e-VTOL)™ and reduced emissions, making it suitable for regional and short-range

aircraft. These electric aircraft can be classified based on their powertrain topology into

turboelectric, hybrid-electric propulsion (HEP), and all-electric systems as summarized

in Table 1.1M15],

Aircraft
Propulsion Hybridization Schematic Diagram
System
One or more gas turbines — oo %
Turbo- drive an elect.rlc generator to
. produce electrical power. AN
Electric . \
No energy storage devices PR OEN —
(batteries)
Uses both gas turbine en-
gines and batteries for propul-
sion.
 In a series-hybrid configura- | === BaTTERY
tion, the gas turbine is decou-
pled from the propeller, and o comeariss %
the propeller shaft is driven
) only by the electric motor. Series Hybrid Configuration
Hybrid- .
. e In a parallel-hybrid config-
Electric . .
uration, the gas turbine en-
gine and the electric motor are N |
TRAIISBLM)I{SSIIJN ’
connected through a mechan- ‘
ical coupling to the propeller, | Come {5, — 0
enabling both powertrains to Parallel Hybrid Configuration
contribute to the propulsion
energy simultaneously or sep-
arately
All-Electric Propulsive powelT is pro- m_,%
duced only by batteries.

Table 1.1: Aircraft Propulsion Systems Comparison

Despite the environmental benefits, the transition to electric propulsion systems intro-

duces significant technological challenges, especially in terms of noise and vibration. The
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6][7]18]

main source of aviation noise is in the engine There are significant sources of noise

in the fan or compressor, combustor, turbine and exhaust jet, explained in figure 1.1.

Fan: Turbine:
* Tonal (A.l L + Tones (High
frequencies) . frequency)
. ‘E?roadba.nd 1?1’0136:. * Broadband Noise
Buzz-Saw’" Noise (High frequency)

Jet:

* Broadband Noise
(Low frequency)
Shock-Cell Noise

Compressor:
Tones (High Combustor:
frequency) + Broadband Noise
» Broadband Noise (Low frequency)

Figure 1.1: Engine noise sources

It is evident from Table 1.1, that all kind of electric propulsion systems have an electric
motor. Electric motors in these systems generate electromagnetic, aerodynamic and me-
chanical noise[”), which add to the existing noise sources in aircraft. Electromagnetic
noise, also known as electrical noise, is primarily caused by the magnetic field interactions
in the air gap between the rotor and the stator of electric motors!'”). This noise is gener-
ally tonal, resulting from the oscillatory behaviour of the rotating components at specific

frequencies.

1.2 Problem Statement

Aviation noise, characterized by both tonal' and broadband? components, can disrupt
communities near airports and negatively impact residents’ health through stress-mediated

disorders such as sleep disturbances and cardiovascular problems!'!]. Therefore, accurately

!Tonal noise is characterized by its periodic nature, with energy concentrated at specific frequencies,
manifesting as a distinct pitch or tone.

2Broadband noise is characterized by its random and continuous distribution across a wide range of
frequencies, arising from turbulent interactions and other random processes.
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measuring noise pollution due to aviation is important because it helps regulatory bodies
enforce noise control measures, supports the development of quieter aircraft technologies,
and ensures compliance with environmental standards, ultimately contributing to more

sustainable and community-friendly aviation.

Electric aviation, while offering significant environmental benefits, introduce a new chal-
lenge in the form of electromagnetic interference (EMI). There are several sources of EMI
in aviation (discussed in section 2.1.1), however, this paper is only focused on the man-
made sources of EMI in aviation, specifically motor-drive systems. While electric motors
generally operate more quietly, the high-frequency noise they generate, particularly from

electromagnetic fields and cooling fans, can create new acoustic challenges.

Acoustic sensors are essential for monitoring and analysing noise sources in aviation.
These sensors, mounted on the fuselage of an aircraft, measure both interior and exte-
rior noise, helping in the design of quieter airplanes and reducing noise pollution around
airports!'?. Different types of sensors are used to capture specific data: unsteady pres-
sure sensors measure acoustic noise levels, while accelerometers measure vibrations. It is
important to note that accelerometers do not measure acoustics directly; instead, they
detect vibrations, which can cause physical damage to structures and generate noise.
However, the performance of these sensors is susceptible to EMI. EMI can distort sensor
signals, reduce sensitivity, cause offset drift, induce crosstalk, or even result in complete
signal loss!'®l. Ensuring electromagnetic compatibility (EMC) is crucial for the reliable
operation of these sensors in the presence of electric propulsion systems.The challenge lies
in the fact that as aircraft become increasingly electrified, the sources and intensity of

EMI grow, potentially compromising the integrity of acoustic measurements.

1.3 Research Objectives

The primary objective of this study is to evaluate how the electromagnetic fields gener-
ated by electric aviation propulsion systems impact the performance of acoustic sensors.
The research focuses on understanding the extent of signal distortion due to EMI. By
analyzing these interactions, the research seeks to identify the extent of EMI’s effects and

its implications for noise monitoring in electric aircraft.

To achieve these objectives, the research was conducted both through theoretical and

experimental measurements at the German Aerospace Center (DLR) Institute of Flight
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Systems in Braunschweig. The study was funded in the scope of the Project LU (FT)?
to comprehend the extent to which acoustic sensors in the vicinity of the electric motor
can perform acoustic measurements. The LU(FT)? 2030 project focuses on sustainable
noise reduction in medium-range aircraft, addressing the issue of aircraft noise. The goal

is to make quieter aircraft designs and apply practical noise mitigation strategies.

1.4 Organization of Report

This report is structured into the following seven chapters:

1. Introduction: Outlines the motivation, problem statement, objectives, and scope
of the study.

2. Fundamentals: Explains EMI, its sources in aviation, measurement and miti-
gation techniques. Additionally, it discusses types of acoustic sensors and their
vulnerabilities to EMI. Various types of signal processing techniques are explained

too.

3. Materials & Methodology: Illustrates the overall process of the study and de-

scribes the experimental setup.

4. Results: Analyses the impact of EMI on acoustic sensor performance and evaluates

mitigation strategies.

5. Conclusion and Outlook: Summarizes findings, proposes guidelines, and suggests

future research directions.


https://www.dlr.de/en/as/research-and-transfer/projects/lu-ft-2-2030-effective-and-sustainable-noise-reduction-on-existing-aircraft
sec:Intro
sec:fundamentals
sec:materials&methodology
sec:results
sec:conclusion

Fundamentals

2.1 EMI

Electromagnetic Interference (EMI) refers to the unwanted noise/disturbance in electric
circuits generated through electromagnetic induction, electrostatic coupling, radiation or
conduction causing signal degradation, data corruption, malfunction of electronic devices
or complete failure in some cases. EMI can be caused by various sources such as power
lines, electric motors, electronic devices (computers or smartphones), radio frequency

transmitters or cosmic radiations (lightning) [,

2.1.1 Classification of EMI

Based on EMI coupling mechanisms

EMI can be categorized based on the coupling mechanism or transmission mode through
which it impacts electrical circuits!6. Figure 2.1 illustrates the various coupling mech-

anisms.

1. Conductive EMI coupling: This coupling occurs through direct physical con-
tact or conductive mediums, such as power supply lines or communication cables.
It is common in situations where electrical noise from one device is transmitted
to another through shared conductive pathways. Conduction can happen in two

modes, 'Y common-mode (CM) and differential-mode (DM) currents.

'DM currents are equal in magnitude but oppositely directed, with equal and opposite phases. CM
currents are equal in magnitude and direction, sharing the same phase relative to ground.
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2. Radiated EMI coupling: This coupling happens when electromagnetic radiation
emitted by one electrical circuit spreads through space and affects nearby circuits.
This type of EMI is common in systems with high-frequency signals, like radio

communications and wireless devices.

Radiated

SOURCE VICTIM

( 4‘.\ Inductive Capacitive‘ -

R

Conductive

Figure 2.1: EMI classification based on coupling mechanism

Based on bandwidth of frequency

Lasylo Tihanyi ' classified the electromagnetic disturbances on basis of their frequency
content. Figure 2.2 illustrates the classification of electromagnetic disturbances by fre-

quency content.

Conducted Radio
Acoustic noise Jrequency disturbance
A A
s \ 4 N\
16Hz 50Hz 125Hz 2kHz 20kHz 150 kHz 30MHz 300MHz 1GHz
N N J - /
T Y Y
Subharmonics ~ Harmonics Radio disturbance

Figure 2.2: EMI classification based on bandwidth of frequency

In [17], electromagnetic signals are differentiated into broadband and narrowband cat-
egories under certain conditions which can be expressed mathematically as well. An
electromagnetic emission is broadband if:

‘2010gM

o(fo)2E, <3, (2.1)
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where a(fy) = % is the amplitude density function

o) = ‘ /oo - f(t)e(‘j“t)dt’, (2.2)

fo = center of the measuring bandwidth

w = 27 fo = angular frequency

B; = bandwidth of signal

Equation 2.1 suggests that if the power density over a certain bandwidth B; is such
that the value of the logarithmic expression is less than 3 dB, the signal is classified
as broadband. This is because broadband signals have relatively flat power distribution
over a wide range of frequencies, leading to the condition where a(f;)?B; remains high in
relation to a(fy), making the logarithmic term smaller. If this condition is not met, the
signal is classified as narrowband. Narrowband signals concentrate their power within a

specific, narrow frequency range, leading to a higher ratio of a(fy) relative to a(fy)?B;.

Based on Parasitics

Parasitics refers to undesirable components or effects that accompany the intended elec-

(18] These parasitic elements arise from the physical properties

trical behavior of a circuit
and layout of components and conductors. The EMI classification based on parasitics is

explained in figure 2.1.

1. Capacitive EMI: Capacitive coupling occurs when signals are transferred through the
capacitance between two closely spaced conductors. Capacitive coupling can induce
unwanted voltages and currents in nearby circuits, leading to erroneous behaviour

and signal distortion.

2. Inductive EMI: Inductive coupling occurs when a current flowing through one con-
ductor induces a voltage in a nearby conductor through its magnetic field. This
type of EMI is often seen in systems with high current flows or strong magnetic

fields, such as in electric motors and transformers.

Sources of EMI in Aviation

In [16][19], the authors mention that the EMI experienced by aerospace vehicles can be
classified into two basic categories namely: natural and man-made which are listed in
Table 2.1
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Natural Sources Man-made Sources

Circuits and

Natural lightning,
thunderstorms

Solar Flares,
Cosmic Radiation

radar, navigation,
electronic warfare,

Terrestrial Celestial Systems
components
Local oscillators,
Communication, switches, motors,

filters, strobe
lights, actuators,

in-flight-
entertainment

latching contacts,
digital circuits,
heaters, pumps

Table 2.1: Natural and man-made sources of EMI with reference to aircraft

EMI in aviation can originate from both internal and external sources, see figure 2.3

1. Internal Sources

(a)

(b)

(e)

Avionics Systems: Systems like radios, transponders, GPS, and Instrument
Landing System (ILS) emit electromagnetic signals that could disrupt other
onboard systems if not properly shielded.

High-Powered Electrical Systems: Engines, auxiliary power units (APUs),
wiring, and motors generate EMI due to high current flows and strong magnetic
fields.

In-Flight Entertainment Systems: Screens, speakers, and wireless communi-
cation systems for passenger use can interfere with avionics if not properly
shielded.

Portable Electronic Devices (PEDs): Devices like laptops, tablets, and smart-
phones emit electromagnetic waves that could pose risks during critical flight

phases.

Environmental Control Systems: Systems such as HVAC and lighting onboard

can also be sources of EMI.

2. External Sources

(a)

(b)

Natural Lightning: Lightning generates intense electromagnetic fields that can

disrupt communication and navigation systems.

Solar Flares and Cosmic Radiation: These phenomena emit significant elec-

tromagnetic radiation that can affect aircraft systems.
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(c) Radar Systems and Communication Towers: Emit strong electromagnetic sig-

nals that may cause unintended interference.

(d) Nearby Aircraft: Electronic systems from nearby aircraft can cause interfer-

ence, especially in congested airspace.

(e) Satellites: Communication and GPS satellites emit electromagnetic waves that

could disrupt aircraft systems.

(f) Electronic Warfare Systems: Military systems designed to disrupt signals can

impact civil aircraft operations.

, . | Lightning | T
L Satellites ) ' [ Airborne

. | .
f ( Electrostatic \ \_Transmitter
‘ ‘__Discharge

~ — . .
| Auxiliary power ‘ &
| units (APUs) Y,

.ll —— Internal Sources
Avionics systems such as / In-flight 1 — External Sources |

communications systems,
| and navigation systems |

|I. Portable Electronic \_ Electrical engines |

| entertainment |
\‘\ systems

Ground
RADAR

‘: Communication L

Transmitter

Figure 2.3: Internal and external sources in Aviation

2.1.2 EMI in motor-drive systems

Maxwell forces, including attraction and repulsion between magnets and Laplace forces
acting on electric currents in external magnetic fields, contribute to EMI in electric motors
by causing vibrations in the windings and core of the motor!!®. DC motors generate
rotational motion, which can be converted to translational motion using gears or belts.
They operate with stationary windings on the stator and rotating coils on the rotor,
where a commutator switches current to the rotor coils, aligning or repelling stator poles.
Carbon brushes contact the commutator, leading to high-frequency arcing due to current

interruptions, which can create radiated emissions in the 200 MHz to 1 GHz range. To
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suppress this, resistors or capacitors may be added. Driver circuits in motors change the
rotation direction and provide paths for common-mode currents through connection wires,
leading to high-frequency spikes that radiate EMI. Common-mode chokes can block these
currents, reducing interferencel'¥. Stepper motors!'¥, despite lacking commutator arc-
ing, face common-mode current issues between driver circuit wires and the motor frame,
which is connected for cooling. AC motors!'¥, with closely spaced inductors in the rotor
and stator, have large parasitic capacitances that cause common-mode currents to couple
from the AC power source to the product frame and vice versa, enhancing radiated or con-

ducted emissions. Common-mode chokes in the attachment leads can block these currents.

The motor drive system used in the experiment, see Chapter 3, is a permanent magnet
synchronous motor (PMSM) driven by a pulse-width modulation (PWM) Inverter.
PMSM are mostly adopted due to their high power density, lower cost and adjustable
speed drive (ASD) system 201 There are lots of parasitic and stray parameters in the
PMSM drive system. Yingzhe Wu et al.?”! stated that the propagation paths of the
conducted EMI are formed by the stray capacitances and inductances present in PMSM,
which can induce CM currents or DM currents to the equipment. High frequency (HF)
impedance characteristic of the motor, including the CM and DM impedances, signifi-
cantly impacts the level of the conducted EMI in the ASD system.

Vijayraghavan et al. 2! explained that the machine whose supply voltages are far from
sinusoidal, use inverter drive systems producing more harmonic distortions. If the frequen-
cies are close to the natural frequencies of the stator, the forces at these values are high
enough to cause considerable electronic noise. EMI can originate from the high-frequency
switching operations in P WM inverters, leading to high levels of conducted and radi-
ated emissions!??. These switching operations generate substantial electromagnetic emis-
sions that can interfere with both the motor and other nearby electronic systems. The
study emphasizes that EMI can cause issues such as increased noise, instability in control
systems, and potential degradation of motor components due to parasitic currents in-
duced in motor bearings. J. Adabi et al.?l explained that increasing switching frequency
in motor drive systems improves the quality of current waveforms but also produces a
high voltage change dV' /dt across the motor terminal due to short switching time. The
study revealed that high dV'/dt and common mode voltage generated by PWM inverter in

high frequency applications can cause leakage currents, conductive and radiated emissions.

C. Jettanasen and others?* analysed conducted EMI noise, which is principally

generated by PWM inverter-fed AC motor drive. The simulations and measurements
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demonstrate that CM conducted noise is the predominant form of EMI in these systems,
exceeding the limits set by standards like DO-160D. This noise is mainly caused by high
dv/dt (voltage) and di/dt (current) from the fast switching of semiconductor devices such
as IGBTs. The presence of parasitic capacitances and inductances across various com-
ponents, such as between the inverter and ground, leads to unintentional EMI emissions

that increase significantly with faster switching and higher parasitic values.

Youpeng Huangfu and others?®® focused on the radiated EMI generated by an ultra-
precision pulsewidth modulation PMSM drive system. The radiated EMI is largely gen-
erated by CM ground currents at the output terminal of the converter, which act as
excitations for the radiated EMI model. High-frequency switching from the PWM in-
verter introduces significant harmonic components in the CM current, contributing to
the radiated EMI. The spectrum of these currents shows a high number of harmonics at
higher frequencies, influencing the EMI radiation in the surrounding environment. The
study analyzed radiated EMI in the frequency range from 100 kHz to 40 MHz, with sig-
nificant interference peaks at certain frequencies caused by the PWM inverter’s switching

operation.

2.1.3 EMI in Cables

/\ Trme 3 G )

around power
lines in U-shape.

Case 3: Coiled

/" Case 1: .Parallel to around power lines
power lines

Case 2: Perpendicular to
power lines

Figure 2.4: Cable Orientations

The orientation of cables relative to sources of EMI is a critical factor in determining the
level of interference experienced by electronic systems. Parallel cable runs are particularly

prone to EMI because they maximize the mutual inductance between the cable and the



2 Fundamentals 13

interfering sourcel?. This coupling can result in significant noise in the signal, especially
in environments with strong electromagnetic fields. U-shaped patterns can sometimes
escalate EMI due to the varying distances and angles between different segments of the
cable and the source of interference. They can increase inductive and capacitive coupling,
leading to higher levels of EMI, particularly in high-frequency environments®®. Orienting
cables perpendicular to the power lines might show lower effects of EMI. Perpendicular
routing can significantly lower the magnitude of induced voltages in the cables, thereby

reducing EMI and improving signal integrity[?%.

J L Kotny et al. explains that the length of the power cable in adjustable speed drives
(ASDs) significantly impacts EMI levelsi?”. Longer cables cause a shift in the resonance
frequency to lower frequency bands, reducing the influence of motor impedance on the
overall EMI. For shorter cables, such as 5 meters, motor impedance has a notable effect,
but with longer cables, like 30 meters, the cable itself becomes the dominant factor in

EMI generation.

2.1.4 EMI Measurement Techniques

Accurate measurement of EMI is crucial for identifying and addressing interference issues
as well as ensuring electromagnetic compatibility (EMC). Key measurement techniques
(figure 2.5) include:

Emission Testing

Emission testing is crucial for identifying unwanted electromagnetic emissions from elec-
tronic instruments, which can be either intentional or unintentional. The equipment
under test (EUT) is evaluated for both radiated and conducted emissions, using various

test setups to measure and analyze these unwanted signals.

1. Radiated Emission: Radiated emissions are measured in an anechoic or semi-

28]

anechoic chamber or at an open area test site (OATS) For commercial and

industrial products, the frequency range of radiated emission measurements goes
from 30 MHz to 6 GHz (CISPR 32) or 30 MHz up to 40 GHz (FCC 47 CFR Part
15)12%], However, the frequency range depends on the industry and may be as wide
as from 10 kHz to 40 GHz for defense and military products (MIL-STD-461G ).

2. Conducted Emission: Conducted emissions are measured at cables that are con-

nected to the equipment under test (EUT)P8. The frequency range of the conducted
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emission measurements for commercial and industrial products goes from 150 kHz
to 30 MHz (CISPR 32, FCC 47 CFR Part 15)?!. However, the frequency range
depends on the industry and may be as wide as from 30 Hz to 40 GHz for defense
and military products (MIL-STD-461G)?2).

Immunity Testing

Immunity testing evaluates how well an EUT can withstand electromagnetic disturbances.
It involves exposing the EUT to an electromagnetically hostile environment to observe

any changes in its performance.

1. Continuous Sources: Continuous immunity testing is aimed at determining if
the EUT will function as intended when it is exposed to continuous noise sources
such as the solar radiation, broadcast stations or magnetic fields!*®!. It can be
conducted, radiated or magnetic immunity testing. The frequency range of the
conducted immunity tests for commercial and industrial products goes from 150
kHz to 80 MHz (IEC 61000-4-6)1?. TEC 61000-4-3 and IEC/EN61000-4-8 are the
standards most commonly used for radiated and magnetic field immunity testing

respectively!?®.

2. Transient Sources: Lightning, EM pulses, electrostatic discharge (ESD) and volt-
age fluctuations are some types of transient sources of EMI which can cause catas-
trophic effect on system performancel®!. IEC 61000-4-2 is the internationally ac-
cepted system level standard for immunity testing of an electronic device against
ESD and IEC 61000-4-4 is the standard that specifies the setup and method to carry
out Electrical Fast Transient/Burst (EFT/B) immunity testing?.

EMI Measurement
Techniques

| ‘

[ S

Emission Immunity
Testing Testing

Radiated

Continous
Sources

Conducted

Emission Emission Sources

Transient

Figure 2.5: EMI measurement techniques(2®!
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2.1.5 EMI Mitigation Strategies

Effective EMI mitigation involves various techniques and design considerations to mini-

mize interference 14

o Shielding: It involves enclosing electronic components or systems with conductive
or magnetic materials to block or attenuate electromagnetic fields and prevents
unwanted EMI to interfere with the device. When the an incident wave interferes
on the shield, a major portion is either reflected or absorbed and a small portion
gets transmitted. This phenomena is known as EMI shielding effectiveness (EMI
SE) of the equipment. It is described in equation 2.3M1428)29:

SE = 10log (;?X) dB (2.3)

rx’

where P, is the power intercepted by the receiver in the absence of shield and P,

is the power intercepted by the receiver in presence of shield.

« Filtering: This procedure uses filters to attenuate unwanted electromagnetic sig-
nals while allowing desired signals through. Filters can be passive (using resistors,
capacitors, and inductors), active (utilizing op-amps), or digital (implemented in

B0 To mitigate EMI, low-pass filters are used to block high-

signal processors)
frequency noise from power and signal lines, while common-mode chokes are placed
on cables to suppress noise common to both lines. Ferrite beads are clamped around
cables to absorb high-frequency interference, improving signal integrity and reducing

noise4

. MIL-STD-220 standard specifies a method of measuring the filtering capa-
bilities of passive, low-pass, EMI filters as a function of frequency and considering

the influence of temperature and direct current bias®!.

e Grounding: It allows unwanted currents to safely dissipate by providing a low-
resistance path, thereby reducing EMI. Common methods include earth grounding
using rods or plates, chassis grounding for equipment enclosures, and signal ground-

ing to maintain signal integrity®?.

2.2 Acoustic Sensors

Acoustic sensors are devices that detect sound waves and convert them into electrical

signals. These sensors are essential in a wide range of applications, from consumer elec-
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tronics and healthcare to industrial and environmental monitoring. This section delves

into the fundamental principles, types, and vulnerabilities in acoustic sensor technology.

2.2.1 Unsteady Pressure Sensors for Aeroacoustics Measurements

Unsteady pressure sensors are critical tools for aeroacoustics measurements, which involve
studying the sound generated by turbulent fluid flows and their interaction with solid
boundaries, such as aircraft surfaces. These sensors help in understanding and mitigating
noise pollution caused by aircraft and other aerodynamic systems. They are crucial for
aircraft noise monitoring, particularly during take-off and landing, where capturing the
rapid fluctuations in pressure is essential for understanding and reducing noise pollution.
In wind tunnel testing, these sensors measure the aerodynamic forces and noise generated

by different airfoil shapes and configurations*?34,

Working principle of Unsteady Pressure Sensors

: N

Diaphragm ~

Sound Waves

N /

Figure 2.6: General Working Principle of Microphones

In this study, the unsteady pressure sensors used were microphones. Microphones are
a type of unsteady pressure sensor that extract sound pressure variations and convert
them into electrical signals. They are used in a wide range of applications, including
telecommunications, audio recording, and speech recognition. There are several types
of microphones, including dynamic microphones, condenser microphones, MEMS micro-
phones and piezoelectric microphones®”. All of them have advantages and disadvantages.
However, all of them work on the same basic principle. They include a diaphragm, which
is a thin, flexible membrane that vibrates in response to the changes in pressure caused
by sound waves. The amplitude and frequency of these vibrations correspond to the char-
acteristics of the sound waves. Conversion of these vibrations is done by the transducer

mechanism behind the diaphragm which varies according to the microphone in use.
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1. Piezoelectric Microphones, also known as ceramic or crystal microphones, op-
erate on the basis of the so-called piezoelectric effect. These microphones use a
piezoelectric crystal as a transducer. The crystal is attached to a diaphragm. When
sound waves cause the diaphragm to vibrate, the crystal deforms, generating an
electric chargel®®. Piezoelectric microphones have typical transmission factors in
the range of My =2-20 mV/Pal®l. The output voltage V, is proportional to the

pressure p, as shown in equation 2.4:

v, = (2.4)

where
b, = piezoelectric charge coefficient
S = Surface area

Cy = quiescent capacitance 3 (approx. 1-30 nF)

2. Condenser Microphones, also known as capacitor microphones, use a capacitor
to convert acoustic signals into electrical signals. They consist of a diaphragm
and a backplate (capacitor). When sound waves hit the diaphragm, it vibrates,
changing the distance between the diaphragm and the backplate, thus varying the
capacitance. This change in capacitance leads to a change in voltage at the high-
impedance resistor R. The transmission factor M, for condenser microphones is
comparatively high at typically My > 10 mV/Pal%. The condenser principle is
based on the equation 2.5

Q=CV, (2.5)

where () is the electrical charge on plates, C' is the capacitance and V' is the applied
voltage. The charge is applied either by applying an external polarisation voltage

Vo or by using permanently polarised materials (electrets):
(Qo+Q~) = (Co—C)(Vo + Vo). (2.6)

Here, () is the resting capacitance of capacitor, C. is the change in capacitance, V.
is the voltage change at resistor and (). is the change in capacitor charge. Neglecting

non-linear terms (Cy << C.,Vy << V.)B% the voltage change V. at the resistor is

C. 1
Cg 1-— 1/]CL)RCQ
2The amount of electric charge generated per unit of applied stress.

3The capacitance of a piezoelectric device or capacitor when it is in a state of equilibrium, with no
external mechanical stress or electrical signals applied.

V.=V, (2.7)
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So, the resting capacitance Cy with surface area S, resting distance dy and dielectric

constant epe, is
€0ErS

= 2.
Co == (2.8)
The incoming sound leads to a diaphragm deflection &.
Co
C=——7-, 2.9
1+¢&/dy (2:9)
where C = (Cy — C.)
For small deflections (£ << dy) = C =~ Co(1 —£/dyp).
Thus,
V.=t (2.10)
do

Therefore, equation 2.10 indicates that the output voltage is proportional to the

diaphragm movement (deflection receiver).

3. Dynamic Microphones work on the principle of electromagnetic induction. A
coil of fine wire is attached to a diaphragm placed within the magnetic field of
a permanent magnet, therefore known as moving coil microphones. When sound
waves hit the diaphragm, it vibrates, causing the coil to move within the magnetic
field and generate an electrical signal. The transmission factor is comparatively
low at around 0.5-2.0 mV /Pal®l. The output voltage V, for dynamic microphones
(equation 2.11) is proportional to the magnetic flux density B, the speed v of the

diaphragm movement and length of conductor .

V, = Bl (2.11)

4. Micro-Electro-Mechanical Systems (MEMS) Microphones, also known as
microphone chips or silicon microphones, work on MEMS technology. They consist
of two conductive plates with the top plate (backplate) being fixed and the bottom
plate (diaphragm) able to vibrate when hit by sound waves. This vibration changes
the distance between the plates, varying the capacitance, which is then converted

1(35](37]

into an electrical signa MEMS microphones have a transmission factor in

range 1-2 mV/Pa and can be higher of about 10 mV /Pall,
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Figure 2.7: Some common types of microphones

EMI Vulnerability of Microphones

In the paper ‘Detection of Electromagnetic Interference Attacks on Sensor Systems’®,

Youqgian Zhang and Kasper Rasmussen investigated the susceptibility of sensor systems,
including microphones, to EMI attacks. The study revealed that attackers can inject ma-
licious signals into the analog channels between sensors and microcontrollers, potentially
harming the outcomes. The authors proposed a novel detection method to tackle this
problem that involved the random modulation of the sensor’s power supply, making it

difficult for attackers to predict when the sensor is turned off.

Denis Foo Kune et al.*) addressed the vulnerability of consumer electronics’s micro-
phones to EMI attacks. Their research focused on how low-power EMI can be used
to inject malicious signals into microphones by exploiting inadequate filtering in devices.

This allows attackers to introduce fake audio signals leading to potential security breaches.

Kasmi and Lopes Esteves!*!), explored the sensitivity of smartphone microphones to inten-
tional electromagnetic interference (IEMI) attacks. They demonstrated how headphone
cables, acting as unintended antennas, can capture EMI signals. This allows attackers
to remotely inject commands through the microphone interface without the user’s knowl-

edge, bypassing user authentication and triggering actions.
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The previous researches targeted the electrical circuits of microphone sensors by intention-
ally attacking it with EMI to induce some effects and then provide a mitigation technique.
However, we initially selected the sensors which might be most susceptible to EMI. Piezo-
electric microphones are less impacted by EMI, as their operation is based on mechanical
stress rather than electromagnetic properties, but they can still experience interference
in environments with strong electromagnetic fields. On the other hand, dynamic micro-
phones are generally more resistant to EMI but can still be affected by strong external

magnetic fields!*?.

Among the different types of microphones, condenser microphones are the most vulner-
able to EMI due to their reliance on stable capacitance. This susceptibility makes them
prone to noise and signal distortion in environments with high EMI. MEMS microphones
also face significant challenges with EMI because their small size and integrated circuits

can easily pick up electromagnetic noisel*?.

This inherent sensitivity makes them an ideal
choice for our study, which aims to understand the impact of EMI on the most susceptible
types of microphones. By focusing on condenser microphones, we can gain insights into

how EMI affects these sensitive sensors and explore potential mitigation strategies.

2.2.2 Accelerometers for Vibroacoustic Measurements

Accelerometers are used to study the vibrations of structures and are vital instruments
for vibroacoustic measurements, which involve the study of vibrations and the result-
ing sound radiation from structures. These measurements are crucial in fields such as
structural health monitoring, noise control, and product design. In the aviation industry,
accelerometers are used extensively to monitor the vibrations of aircraft components, en-
suring the structural integrity of wings, fuselage, and engines*¥. They play a critical role
in detecting potential issues such as metal fatigue, structural deformations, and compo-
nent wear and tear, thus enhancing the safety and reliability of aircraft/*. Additionally,
accelerometers contribute to noise reduction efforts by identifying and mitigating sources
of vibration-induced noise within the aircraft cabin, improving passenger comfort and

reducing noise pollution!*®
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Working principle of Accelerometers

A
.
Acceleration,

Figure 2.8: General working Principle of Accelerometers

A conventional accelerometer (mechanical accelerometer) works on a spring-mass system.
The spring is usually suspended inside an outer casing. When the whole device accelerates,
the casing moves off immediately in the same direction. The mass, however, stays at
its position (due to inertia), stretching the spring with a force that corresponds to the

acceleration!*”). Modern accelerometers generate electric or magnetic signals.

1. Piezoelectric Accelerometers: These accelerometers utilize the piezoelectric ef-
fect, where certain materials generate an electric charge in response to mechanical
stress. The sensor contains a piezoelectric crystal bonded to a mass. When the ac-
celerometer experiences acceleration, the mass exerts a force on the crystal, causing
it to deform. This deformation generates an electrical charge proportional to the

applied force, which is then measured to determine the acceleration.

Spring
Spring

Vultai Vultag}

(a) (b)

Figure 2.9: Schematic diagram of piezoelectric accelerometer

2. Capacitive Accelerometers: Capacitive accelerometers measure changes in ca-
pacitance resulting from the relative motion of internal components. They consist
of two conductive plates: one fixed to the sensor body and one attached to a mov-

able mass. When the sensor experiences acceleration, the mass moves relative to
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the fixed plate, changing the distance between the plates and thus varying the ca-
pacitance. This capacitance change is detected and converted into an acceleration

measurement.

Anchor @ — N — @

/ \
Fixed // N ,’ IRIEN N
Electrodes \ ," T r---" d,| |d, d; d,
= I d /7 U
Movable | § ~=—~
Seismic
Mass d=d, d#d,
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@ | 4 I L @ a) No acceleration ~ b) Under acceleration

Figure 2.10: Capacitive Accelerometer: (a) The mass is at its resting position when there
is no external force. (b) The frame accelerates to the right, when an external force is applied.

3. Piezoresistive Accelerometers: Piezoresistive accelerometers rely on changes in
electrical resistance of piezoresistive materials when subjected to mechanical stress.
These sensors typically consist of a mass attached to a flexible cantilever beam
embedded with piezoresistive elements. When the sensor undergoes acceleration,
the mass causes the cantilever beam to bend, inducing stress in the piezoresistive
elements. This stress changes their electrical resistance, which is measured and
converted into an acceleration value. Lets consider a uniformly stressed cantilever
beam of length L, loaded with mass m at its end. A piezoresistive accelerometer
with resistance R is cemented to the top of beam (figure 2.11a). A change of length
of beam produces a change in resistance of accelerometer. The gage factor K * for

the sensor is given by 8 equation 2.12

_ AR/R _ARJR

K_AL/L_ €

(2.12)

where AR is the resistance change due to strain, AL is the change in length and
€ is the strain induced in beam, So, the ratio of output voltage Vj of the circuit to
the input voltage V; is

Vo AR/R

2 K 2.1
% R =€ (2.13)

4. Triaxial Accelerometers: Triaxial accelerometers are designed to measure ac-

celeration along three perpendicular axes (X, Y, and Z). They can be based on

4Tt measures how the electrical resistance of a material changes with mechanical strain.
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Figure 2.11: (a) Piezoresistive Accelerometer (b) Triaxial Accelerometer

various sensing principles, such as piezoelectric, piezoresistive, or capacitive mecha-
nisms. Triaxial accelerometers contain three separate sensing elements, each aligned
with one of the three axes. When the sensor experiences acceleration, each sensing

element independently measures the acceleration along its respective axis.

EMI Vulnerability of Accelerometers

The paper ‘Review of Intentional Electromagnetic Interference on UAV Sensor Modules
and Experimental Study’ by Kim et al.l*”! examines the effects of IEMI on various sensor
modules used in drones, particularly accelerometers and gyroscopes. They used a BiLog
antenna® with a frequency range of 30 MHz-2 GHz and a typical gain of 6 dB in the
chosen frequency range. To increase the effect of IEMI, an amplifier with a gain of 50
dB was used together with the antenna for maximum possible output. The study finds
that no changes in sensor data are observed in accelerometers, owing to the insufficient
amount of coupling onto the circuit. The reason for this low coupling level is the small
dimensions of the target circuit. The researchers addressed this problem by suggesting

the use of high-power signals with a wide range of frequencies.

Lubkowski et al.”!l investigate the impact of high-power electromagnetic (HPEM) pulses
on the sensor systems of unmanned aerial vehicles (UAVs), with a focus on accelerometers.
Their study concludes that while accelerometers are generally resilient to direct distur-
bances from HPEM pulses, their readings can be indirectly affected by rapid variations in
UAV motor speeds caused by the interference. This motor instability results in vibrations

detected by the accelerometers, leading to minor fluctuations in their readings. Although

5The Bilog antenna represents a combination of a biconical antenna and a log-periodic dipole array,
both used in EMI measurements®%.
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these fluctuations do not exceed typical values observed during normal UAV operations,
the findings suggest that while accelerometers are robust against direct HPEM interfer-
ence, they can still be compromised through induced mechanical vibrations, indicating a

potential vulnerability in UAV sensor systems under electromagnetic threats.

Wade A. Smith 523 focused on the contamination of vibration signals with EMI gener-
ated from the pulse-width modulated (PWM) control signals used by variable frequency
drives (VFDs). EMI from PWM-based VFDs can be generated from different mechanisms,
the major one being large line-to-ground current spikes. In the time-domain signal, these
high frequency currents appear in vibration signal as sharp spikes or dropouts spanning
perhaps two or three samples, preceded or followed by sawtooth oscillations (at ~0.4 times

the sampling rate).

Capacitive accelerometers are the most vulnerable to EMI due to their reliance on precise
capacitance measurements. External electromagnetic fields can significantly alter these
measurements, leading to inaccurate readings. MEMS-based triaxial accelerometers are
also prone to EMI, as the integrated circuits used in these devices can pick up electro-
magnetic noisel®. Piezoelectric accelerometers, while generally more resistant to EMI,

can still experience issues in environments with strong electromagnetic fields!®®.

2.3 Signal Processing

Signal processing involves converting or transforming data in a way that allows us to see
things in it that are not possible via direct observation. Signal processing is a field of en-
gineering, mathematics, and computer science that deals with processing, analyzing, and
manipulating analog and digital signals. Some common signal-processing tasks include
filtering, Fourier analysis, noise reduction, compression, and feature extraction. When
analyzing signals or systems, two fundamental domains are often used: the frequency

domain and the time domain.

2.3.1 Signal processing Techniques

Fourier Transform

The Fourier Transform converts a time-domain signal into a frequency-domain represen-

(56]

tation. Consider a continuous time signal x(t)*®. The Fourier transform of the signal in
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frequency-domain is given as:

X(f) = / x(t) e 72t dt (2.14)
1. Discrete Fourier Transform (DFT): For a discrete-time signal z[n], the DFT is
given by:
N-1
X[k] = z[n] e~ I2mkn/ N (2.15)
n=0

where N is the discrete signal samples and k is the frequency index.

2. Fast Fourier Transform (FFT): The DFT as defined in equation 2.15 has a
complexity of N? complex multiplications and N(N — 1) complex additions. By
decomposing the original N-point DF'T into successively smaller DF'Ts, the amount
of computations can be dramatically reduced®”. The resultant algorithms are col-

lectively known as Fast Fourier Transform (FFT).

Magnitude Spectrum Analysis

The magnitude spectrum A(f) is a representation of the magnitude (or absolute value)
of the Fourier transform of a signal, as a function of frequency. It provides information
about the amplitude of different frequency components present in the signal, without

considering their phase. So, the magnitude of FF'T signal can be given as:
A(f) = [X] (2.16)

To obtain the amplitude of spectral components, we must divide the absolute value of
the spectrum by the number of samples N, and multiply by two, as the signal energy is
divided into two mirrored halves. So, the magnitude of a spectral component at index n
is given by equation 2.17. )

Aln] = < lz[n]] (2.17)

Power Spectrum Analysis

The power spectrum of a signal represents the distribution of power into frequency compo-
nents composing that signal. The power spectrum P(f) is the absolute value of spectrum

squared.
P(f) =|X;]” (2.18)
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Power Spectral Density S(f) describes how the power of a signal is distributed across
different frequencies.

S(f) = = lim [X(f)’ (2.19)

Power spectrum gives a direct measure of power at specific frequencies whereas, power
spectral density (PSD) provides a normalized measure of power per unit frequency, which
is useful for understanding how power varies over a range of frequencies, especially in

random signals.

Often, we use logarithmic spectrum, expressed in decibels (dB):

A(f) = 10 logy | ;] (2.20)

P(f)=10- log, |Xf|2 = 201log, |Xf| (2.21)

Coherence

Coherence is used to quantify the degree of linear correlation between two signals. The co-
herence function, denoted typically as C,y(f), is a frequency-domain measure that ranges
between 0 and 1. A coherence value close to 1 indicates a strong linear relationship be-
tween the signal at the frequency , while a value close to 0 suggests little to no correlation.

Coherence is mathematically given by

[Say (I

Coll) = 5. 05) 50T

(2.22)
where

Suy(f) - Cross Spectral Density® of the signals x and y

Sz (f) - Power Spectral Density of the signals z

Syy(f) - Power Spectral Density of the signals y

Spectral Subtraction

The so-called Spectral Subtraction is a technique used in signal processing, to improve the
quality of a signal by estimating and subtracting the noise component from it. It involves
restoration of the power spectrum or the magnitude of a signal through subtraction of an

average noise spectrum from the spectrum of the signal with noisel>81>9.

6Tt provides information on how two signals are correlated as a function of frequency.
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Consider y(t), z(t) and n(t) as the noisy signal, the original signal and the noise in time-
domain, where
y(t) = x(t) + n(t) (2.23)

Assume that all the signals are windowed”. The Fourier transforms of the signals will be
Y(f), X(f) and N(f). Therefore, equation 2.23 can be expressed as:

Y(f) = X(f) + N(f) (2.24)

Hence, the equation describing spectral subtraction can be written as:
X" =Y (I = alN(P (2.25)

where | X (f)|? is an estimate of the original signal spectrum | X (f)|® and [N (f)[? is time-
averaged noise spectra. The parameter « in Equation 2.25 controls the amount of noise
subtracted from the noisy signal. For full noise subtraction, a = 1 and for over-subtraction
a > 168,

1. Magnitude Spectrum Subtraction
For magnitude spectral subtraction, the exponent b = 1. Equation 2.25 for magni-

tude spectrum subtraction can be expressed as:

~ —_

(XN =Y (NI = INUI (2.26)

2. Power Spectrum Subtraction
For power spectral subtraction, the exponent b = 2. Equation 2.25 for power

spectrum subtraction can be expressed as:

XN =Y ()P =INP (2.27)

"In signal processing, the incoming signal is divided into segments of N samples length. Each segment
is windowed, using a Hanning or a Hamming window, and then transformed into NV spectral samples.
The windows alleviate the effects of the discontinuities at the endpoints of each segment.



Materials and Methodology

3.1 Research Design

3.1.1 Purpose

The primary purpose of this study is to investigate the impact of EMI on the performance
of acoustic sensors used in electric aviation propulsion systems. Specifically, the research
aims to evaluate how EMI influences the measurement accuracy and reliability of various
vibro-acoustic sensors, including condenser microphones and triaxial accelerometers. By
understanding these effects, the study seeks to provide insights into the sensor behavior
under real-world conditions and identify potential challenges or limitations that may affect
sensor performance in electrified aircraft propulsion systems. This knowledge is crucial for
optimizing sensor design and ensuring accurate monitoring and control in future electric

aviation technologies.

3.1.2 Approach

The experiment was conducted at the German Aerospace Centre (DLR) Institute of Flight
Systems in Braunschweig. By varying key parameters (explained in section 3.2.3), the
study aims to assess the impact of EMI on sensor performance. Data collected from these
experiments are analyzed to evaluate changes in sensor readings and identify patterns
or anomalies associated with EMI. In this study, immunity testing (Section 2.1.4) of
acoustic sensors against both conducted and radiated emissions by the electric motor has

been investigated. For radiated and conducted immunity testing, the cables of all sensors
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have been kept close to the power lines of the motor to induce EMI into the sensors. Also,
accelerometers were placed on the motor to analyse the effect of conducted EMI. These
tests, explained in Chapter 4, allowed us to comprehensively analyse the impact of EMI

o1 sensor performance.

3.2 Materials & Equipment

3.2.1 Instruments Used

The experimental setup involved eight condenser microphones (section 2.2.1), selected
based on their shielding characteristics and sensitivity. Four of these microphones were
from the GRAS 46BL series) offering a frequency range from 4 Hz to 20 kHz, with
dynamic range of 24 dB(A) to 146 dB and have a sensitivity of approximately 20 mV /Pa.
The remaining four microphones were from the Microtech Gefell M380 series!®!, which
cover a frequency range of 20 Hz to 20 kHz, with dynamic range of 21 dB(A) to 135 dB
and have a sensitivity of around 37.5 mV/Pa. The division into better shielded and
less shielded types allowed for a comparative analysis of how shielding and sensitivity
affect measurement accuracy. Two IEPE (Integrated Electronics Piezo-Electric) triaxial
accelerometers (section 2.2.2) from Kistler Type 87648 2 with a sensitivity of 100
mV /g! at 100 Hz were used. It has a center hole mounting permitting flexibility for 360°

orientation.

For the experiment, the cables used in this experiment were sourced from Manufacturer
HUBER+SUHNER. The cables of different shielding quality were used for different
sensors to have a comparative study about how much EMI effect could be seen between
the sensors with mitigation (section 2.1.5) and the ones without it. High-quality coaxial
cable RG188 A /UIl(d = 2.6 mm, L = 5 m), with a shielding effectiveness (see section
2.1.5) of 39 dB (upto 1 Ghz) and velocity factor? of v; = 0.69 was used for GRAS sensors.
For Microtech Gefell microphones, the RG174 U (d = 2.55 mm, L = 10 m), with
shielding effectiveness of 40 dB (upto 1 Ghz) and vy = 0.66 was employed.

The DLR, Braunschweig had a custom-built radial-flux, permanent magnet synchronous

motor (PMSM) with a maximum power rating of 5.67 kW and 8.5 Nm maximum torque

g =9.80m/s?
2Tt describes the ratio of the speed at which an electrical signal propagates through a cable (or other
transmission medium) compared to the speed of light in a vacuum.
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driven by PWM inverter. The setup included a motor and a load mounted to it, which
imitates the operation of a propeller on an electric engine. Additionally, a speaker was

used to generate a reference audio signal.

DEWESoft data acquisition (DAQ) system, SIRTUS® X with 16 channels was used 67,
as shown in Figure 3.1. The DEWESoft DAQ system provides a user-friendly interface
that allows for real-time monitoring and analysis of the data collected from all sensors.
The interface allows for easy setup and calibration, ensuring that all sensors are correctly

configured before the start of the experiments.

Channel 8

Channel 6 Channel 10

Channel 4
Channel 12

Channel 14

Channel 2

Channel 16

Channel 15

Channel 1

Channel 3 Channel 5

Figure 3.1: DEWESoft DAQ System

The DAQ system is set to a high sampling rate of 100,000 Hz, which allows to accurately
capture signals up to a specific frequency limit. This limit is determined by the Nyquist
theorem, which states that to accurately sample and reconstruct a signal without aliasing?,
the sampling rate must be at least twice the highest frequency present in the signal. This
means that the DEWESoft DAQ system can accurately resolve and reconstruct signals
with frequencies up to 50 kHz. Any signal component with a frequency higher than 50
kHz could lead to aliasing, where higher frequency signals are incorrectly interpreted as
lower frequency signals due to insufficient sampling. By setting the sampling rate at 100
kHz, the DAQ system ensures that even rapid changes in the signal, which might occur

at frequencies up to 50 kHz, are accurately recorded and analyzed.

The channel setup for the DEWESoft system is detailed in Table 3.1. Channel 1 is

connected to the speaker via a signal generator. The signal generator produced a stepped

3 Aliasing is the overlapping of frequency components resulting from a sample rate below the Nyquist
rate.


https://dewesoft.com/products/sirius-x
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sine waves* at specific frequencies of 250 Hz, 500 Hz, 1000 Hz, ..., 16,000 Hz for a duration
of 4 seconds each. By generating a stepped sine wave, the speaker is excited at various
specific frequencies. This stepped approach is employed to systematically cover a broad
frequency spectrum and identify specific frequencies that might be more susceptible to
EMI. Channels 2 to 10 were allocated to the microphones, excluding Channel 6, captured
data from the microphones in Pascals (Pa). Channels 11 to 13 recorded vibrational data
from the accelerometers on the load in meters per second squared (m/s?), while Channels

14 to 16 captured vibrational data from the accelerometers on the motor.

Channel No. Channel Name Unit
Al1 Speaker \Y
Al 2 Gras 581878 Pa
Al 3 MG 275 Pa
Al 4 Gras 581525 Pa
Al 5 MG 277 Pa
Al 6 Unused
AlT7 MG 285 Pa
AT S Gras 581511 Pa
AT 9 MG 283 Pa
AT 10 Gras 581516 Pa
Al 11 6299421 x m/s?
AT 12 6299421 y m/s?
AT 13 6299421 z m/s?
Al 14 6299419 x m /s
Al 15 6299419 y m/s?
AT 16 6299419 z m/s?

Table 3.1: DEWESoft Channel Setup

Figure 3.2 display the frequency content of signals captured by G.R.A.S. and MG mi-
crophones z3 with speaker at position D. A spectrogram is a visual representation of the
spectrum of frequencies in a signal as it varies over time. It displays time on one axis and
frequency on another, with the intensity of each frequency at a given time shown using
color or brightness. Notably, distinct horizontal lines (red regions) at specific frequencies
around 2 kHz, 4 kHz, 8 kHz, 12 kHz, and 16 kHz are observed. These correspond to the

frequencies generated by the signal generator.

4A sinusoidal signal whose frequency changes in discrete steps over time.
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Spectrograms for microphones at X3 for speaker position D without load signal
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Figure 3.2: Spectrogram

3.2.2 Test Setup

The microphones and accelerometers were strategically placed to ensure comprehensive
data collection. According to Figure 3.3, four microphone positions were decided, each
with a pair of microphones: one shielded and one regular. The microphones were posi-
tioned at specific distances from the electric motor: z3 at 0.17 meters, x5 at 0.87 meters,
x1 at 1.90 meters, and zy at 3.27 meters. These distances were chosen to capture the
acoustic signals at various distances, enabling a thorough analysis of the EMI effects

across different locations.

The accelerometers were attached directly to the electric motor and the load using ad-
hesive materials to ensure firm attachment and accurate vibration measurement. One
accelerometer was mounted on the electric motor to measure its vibrational characteris-
tics, while the second accelerometer was mounted on the load to capture the vibrations

transmitted to the load through the motor.

In addition to the sensor placements, the speaker was positioned at four distinct relative
motor locations throughout the measurement area. The speaker positions are as follows:
Position A at 4.75 m, Position B at 3.30 m, Position C at 1.95 m, and Position D at 0.93
m from the electric motor. These speaker positions were chosen to provide a consistent
reference sound from different distances, facilitating a comprehensive evaluation of how

EMI could affect acoustic measurements at various configurations.
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Figure 3.3: Measurement Setup with different speaker positions (black and red represent
different types of microphones)
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In the experimental setup, the orientation of the microphone cables relative to the power
lines was a crucial variable. Different orientations can significantly influence the level of
EMI experienced by the acoustic sensors, as explained in section 2.1.3. Initially, three
distinct cable orientations were planned: parallel, perpendicular, and coiled in U-shaped
pattern around the power lines (Figure 2.4). However, only two orientations were tested:
parallel and U-shaped (Figure 3.4). These orientations were specifically selected to rep-
resent the extremes of cable positioning that might result in the highest and lowest levels
of EML.

%Q,«

(a) Setup-U-shaped Orientation (b) Setup-Parallel Orientation

Figure 3.4: Different types of cable orientations

3.2.3 Experimental Procedure

Calibration of sensors

Before any equipment was turned on, the microphones were calibrated using a GRAS
42AG calibratorl®!. This calibration process involved placing the calibrator over the
microphones to generate a known sound pressure level, typically 114 dB at 1 kHz. The
acceleration sensors were tested for functionality using the Kistler Type 8501 A7 mo-

bile vibration calibrator.

Measurement Matrix

The measurements followed the systematic approach as outlined in Table 3.2. Initial sen-
sor testing was conducted without the presence of EMI, i.e. when everything is turned
off (background noise) to establish a baseline for comparison. After recording the back-
ground noise, only the motor signal at three different load conditions was recorded. The

load conditions applied to the motor are enlisted in Table 3.3.


https://www.grasacoustics.com/?eID=1709645390&product=539
https://www.grasacoustics.com/?eID=1709645390&product=539
https://assets.kistler.com.cn/SAPCommerce_Download_original/003-600e.pdf#:~:text=e%20calibration%20of%20acceleration%20sensors.%20Easy-to-understand%20and%20user-friendly
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Each measurement involved four different speaker positions (A, B, C, and D), with each
position being tested under three load conditions (Ly, Lo, and L3) and repeated for each
cable orientation (parallel and coiled around the power lines). After background noise was
recorded, measurements were initially conducted with only the motor turned on at the
three different load conditions (L, Lo, and L3). This was followed by measurements with

only the speaker turned on to provide a reference audio signal. Finally, three additional

S.No. | Measurement type | Speaker Distance (m) | Motor load (W)

1 Background Noise - -

2 Only motor - Ly

3 Only motor - L,

4 Only motor - Ls

5 Only speaker A -

6 speaker and motor A Ly

7 speaker and motor A L,

8 speaker and motor A Ls

9 Only speaker B -

10 speaker and motor B Ly

11 speaker and motor B Lo

12 speaker and motor B Ls

13 Only speaker C -

14 speaker and motor C Ly

15 speaker and motor C Lo

16 speaker and motor C Ls

17 Only speaker D -

18 speaker and motor D Ly

19 speaker and motor D Lo

20 speaker and motor D Ls

Table 3.2: Measurement Matrix
Load Condition | RPM | Frequency (Hz) | Torque (Nm) | Power (W)

Ly 1125 18.75 14.00 1649.34
Lo 5700 95.00 7.90 4715.53
Ls 8000 133.33 4.83 4049.16

Table 3.3: Motor Specifications

measurements were performed with both the speaker and the motor turned on at the

three different load conditions.
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Setup data
Microphone position (m)
X0 3.27
X1 1.90
Xo 0.87
X3 0.17
Accelerometer position
a At motor
a9 At load
Speaker Distance (m)
A 4.75
B 3.30
C 1.95
D 0.93

Table 3.4: Setup Data

This procedure ensured that a comprehensive set of data was collected to analyse the
possible impact of EMI on the sensors as well as the speaker under various configurations
and operational states. By systematically varying the load conditions and cable orienta-
tions, the study aimed to capture the full extent of EMI effects on the device under test,

providing a robust dataset for subsequent analysis.

3.3 Data Analysis

3.3.1 Data Collection & Extraction

Time-signal data was collected from sensors using DEWESoft. The DAQ system recorded
signals and stored the data in .dxzd files. After data collection, the raw data was extracted

in .csv format for ease of processing and analysis.

3.3.2 Signal Processing

After extracting the data, it was imported into Python using the pandas library, for
further analysis. These signals are then preprocessed by removing their mean, which
centers the signal around zero, and applying a Hanning® window to reduce spectral

leakage during the Fourier Transform. After preprocessing, the signals are divided into

®The Hanning windowing function helps to smooth the signal, reducing the amplitude of discontinu-
ities at the beginning and end of the data set.
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smaller chunks, and an FF'T is applied to each chunk to convert the signals from the time
domain to the frequency domain. The resulting frequency-domain data is averaged across
chunks to smooth the spectrum. The spectra are then converted into decibel (dB) scale

(equation 2.21) using a reference pressure level to facilitate acoustic analysis.

Various FF'T analysis techniques, as described in the section 2.3.1, were performed. These
included magnitude spectrum analysis, power spectrum analysis and coherence analysis.
These techniques provided a comprehensive understanding of the frequency-domain char-

acteristics of the signals, crucial for addressing the research objectives.

Additionally, spectral subtraction analysis for the noisy signal was studied. According to

equation 2.27, it can be expressed as:

A

IX(AI; =Y (HE, = NP, (3.1)

where | X (f)|? is Estimated power spectrum for only speaker signals, |V (f)[? is Power
spectrum for signals when both motor and speaker is ON and |N(f)|? is Averaged power

spectrum for only motor signals.

In equation 3.1, index i refers to load conditions (Lj, Lo, and L3) and index j indicates
speaker positions (A, B, CandD). The |X(f)[?> obtained was plotted against the power
spectrum of original recorded speaker signal | X (f)|? to assess whether EMI had affected
the speaker signal. This comparison provided insights into the extent of EMI’s impact on

the signal and its effect on signal clarity.

*Please refer Appendix A for the algorithm used to compute spectral subtraction for

power spectrum signals for this experiment.



Results

In this chapter, we delve into the analysis of the experimental data collected during the
study. The discussion that follows focuses on the general trends observed across all cases
mentioned in Section 3, with particular emphasis on extreme case scenarios that might
show some EMI effects. The extreme conditions considered for analysis are: microphones

at x3, with U-shaped cable orientation, speaker at D, and Ls load condition.

The analysis was conducted by comparing the sound pressure levels (SPL) in dB of the
recorded microphone signals. This method allows for the identification and quantification
of frequency components that may reveal the presence of EMI or other noise sources. The
SPL is directly related to the amplitude of the sound waves generated by the mechanical

vibrations in the system and can be expressed as:
B p
SPL = 20log,, (—) dB (4.1)
Po

where p is the sound pressure caused by the vibrations, and pg is the reference sound
pressure (20 pPa in air)l. For accelerometer, the magnitude spectrum is analysed in

m/s>.

4.1 Acoustic characteristics of the motor

For this analysis, the microphones farthest from the motor (zy) are chosen as the baseline
measurement, because this positioning presumably minimizes the impact of EMI, pro-
viding a cleaner reference for analysis. This analysis is performed for only motor signals

from the microphones with parallel configuration of cables in frequency range of 0-20 kHz,
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as it corresponds to the audible frequency range. Changing the load conditions of the
motor helps to see how different levels of stress on the motor affect the noise it produces.
This variation can impact both the electromagnetic interference and the acoustic noise

generated by the motor.

Magnitude spectrum of microphones at X with different load conditions
(a) G.R.A.S. Microphones max amplitudes: (b) MG Microphones max amplitudes:

56.9dB (L1), 63.9dB (L) and 58.2 dB (L3) 48.5 dB (L1), 58.3 dB (L) and 54.8 dB (L3)
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Figure 4.1: Magnitude Spectrum for microphones at xy with different load conditions

Figure 4.1 depicts the SPL of the microphones at xy during load condition L, Ly and Ls.
The magnitude spectra of G.R.A.S. and MG microphones under different load conditions
reveal distinct behaviors across frequency ranges. In the lower frequency range (0-20
kHz), both microphone types exhibit the highest SPL values under load condition Lo, with
G.R.A.S. microphones reaching a peak of 63.9 dB, which is higher than MG microphones
peaking at 58.3 dB. This implies that the motor or system generates more noise as the
load increases. The SPL under L; remains consistently lower in both microphone types,
while Lj follows a mid-range profile. In the higher frequency range (20-50 kHz), the SPL
levels drop significantly across all loads, with none exceeding 30 dB. However, Lo still

shows a comparatively higher response in both types of microphones.

The observed trend in the microphone data, where higher load conditions result in in-
creased amplitudes and broader frequency content, can be primarily explained by the
relationship between load and Sound Pressure Level (SPL) (equation 4.1). As the me-
chanical load increases, the motor experiences more intense vibrations, which transfer to
the surrounding air, increasing the sound pressure p. This results in higher SPL values
detected by the microphones. Higher loads also cause more complex vibrational behav-

ior, leading to the generation of a broader range of frequencies. With greater vibrational
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energy, more harmonics and resonant frequencies are excited, leading to the additional

peaks observed at key frequencies.

The dominant frequency peaks are around 6 kHz, 8 kHz and 10-11 kHz for all load condi-
tions, indicating tonal noise peaks and increased broadband noise at higher frequencies.
The shift in dominant peak frequencies between Lo (11 kHz) and L; (10 kHz) can be
explained by the differences in the motor operating conditions, particularly RPM, torque,
and power (Table 3.3). Under L, the motor runs at a much higher RPM (5700) com-
pared to Ly (1125), leading to a higher excitation frequency (95 Hz vs. 18.75 Hz), which
likely shifts the resonance to a higher frequency (11 kHz). Load condition L3 had the
maximum RPM of 8000, but lowest Torque of 4.83 Nm, which causes the SPL levels to

drop compared to load condition L, with a torque of 7.9 Nm.

Having analyzed all load conditions, the subsequent sections will focus exclusively on
higher load condition (Ls) to further investigate the effects of increased motor load on
the acoustic measurements. Although the frequency response range of the microphones
is limited to 20 kHz, the analysis is extended to 50 kHz to detect potential EMI in higher

frequency ranges.

4.2 Effect of Microphone distance relative to motor

In figure 4.2, the magnitude spectra of microphones at x3 (closer to the motor) and
(farther from the motor) at load condition L, and parallel configuration of cables are
compared, based on reducing the microphone distance from the noise source. For this
analysis, the speaker is turned OFF. Adjusting the microphone distance from the motor

allows you to observe how noise levels change with proximity.

As expected, for the microphone positions (xy and x3), the x3 position consistently shows
higher amplitudes across all frequencies compared to x(, particularly in the higher fre-
quency range (above 20 kHz). This suggests that position xj introduces more noise
or interference for both the microphones, though the effect is more pronounced for the
G.R.A.S. microphone. Peaks in the SPL are observed around 6 kHz, 8 kHz kHz and
11 kHz for x3, suggesting resonances in the system that are more pronounced at closer
distances. The higher SPL at z3 (66.1 dB for G.R.A.S. and 63.1 dB for MG) compared
to 2o (63.9 dB and 58.3 dB, respectively) indicates that closer proximity leads to better
detection of high-frequency content and resonant behavior in the system. No additional

peaks or unusual noise characteristics were observed in either microphone, which could be
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attributed to EMI, indicating that both responded similarly to the overall acoustic and
mechanical noise, with the closer position z3 capturing more intense and detailed noise

components compared to the farther position ().

Magnitude spectrum of microphones with different positions

(a) G.RA.S. Microphones max amplitudes: 66.1 dB (X3) and 63.9 dB (Xo)
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Figure 4.2: Magnitude Spectrum for microphones with different locations relative to the
motor

The trends observed in the magnitude spectra for the variation of microphone distance
relative to the motor can be explained by inverse square law of sound propagation(®?. Ac-
cording to this law, sound pressure decreases proportionally to the square of the distance

from the source. Mathematically, this is expressed in equation 4.2:

SPL(r) = SPLy — 20 logy, (rﬁ) , (4.2)
0

where SPL(r) is the sound pressure level at a distance r, SPLy is the reference sound
pressure level at a distance ry and r is the distance from the sound source.

Microphones positioned closer to the motor (x3) exhibit higher amplitudes due to their

proximity to the mechanical noise and sound sources. The closer the microphones are to
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these sound sources, the higher the acoustic pressure, resulting in increased signal ampli-
tudes. In this case, the distance between the source and the microphones changes, with

shorter distances leading to higher recorded noise levels.
After exploring all microphone positions, the following sections will focus solely on the

closest microphones to examine their responses in detail, as no significant effects were

observed in the furthest microphones.

4.3 Contribution of cable orientation

Magnitude spectrum of microphones at X3 with different cable orientation

(a) G.R.A.S. Microphones max amplitudes: 66.1 dB (parallel) and 69.9 dB (U-shaped)
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Figure 4.3: Magnitude Spectrum for microphones with different cable orientations

As discussed in section 2.1.3, most EMI occurs in cable which prompted the study with dif-
ferent cable orientations. Figure 4.3 compares the magnitude spectrum of signals recorded
by both the G.R.A.S. and MG microphones closest to the motor (z3) for two different

cable orientations (section 3.2.2) at load condition Ly with speaker turned OFF.
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The magnitude spectra of microphones at position x3, comparing parallel and U-shaped
cable orientations, show that both the configurations follow similar pattern overall. In the
G.R.A.S. microphones, the maximum SPLs are 66.1 dB (parallel) and 69.9 dB (U-shaped),
with noticeable differences around 8 kHz and 11 kHz, where the U-shaped orientation
produces higher values. Similarly, the MG microphones exhibit maximum SPLs of 63.1
dB (parallel) and 66.6 dB (U-shaped), with the U-shaped configuration again showing
elevated levels at key frequencies such as 8 kHz. The U-shaped cable orientation might
exhibit higher peaks at certain frequencies due to the influence of mechanical noise caused
by the motor. Since the cables were directly coiled around the motor, they were more
susceptible to vibrations generated by the motor’s mechanical components, particularly

at higher frequencies.

Alternatively the increased noise might be due to EMI because this configuration of
cables is more susceptible to EMI and can act like antenna (section 2.1.3). Possible EMI
frequencies can be estimated by considering the cable length. Using the velocity factor vy
for both cables (see section 3.2.1), we calculated the frequencies at which the cables may

act as antennas based on the quarter-wavelength resonance formulal™:

f=-1 (4.3)

where ¢ = 3 x 10® m/s is speed of light and L is the cable length. For the G.R.A.S. micro-
phone, the resonant frequency is 10.35 MHz, and for the MG microphone, the resonant
frequency is 4.95 MHz (see section 3.2.1 for cables specifications). These frequencies are
far higher than the 50 kHz range observed in the plots, which means the cables would
not act as antennas at the frequencies of interest in this experiment. Therefore, the peaks
observed are more likely due to mechanical noise and vibrations rather than radiated EMI

from the cables acting as antennas.

However, higher order harmonics of these frequencies can fold back into the first Nquist
zone' due to aliasing[™. Hence, it is important to check aliased frequency (fa) for both

the microphones. Equation 4.4 explains the calculation of aliased frequency.
fs = |closest integer multiple of fs X fs — f| < fn (4.4)

where f, is the sampling frequency, f is the signal frequency (here, resonant frequency of

microphones) and fy = f/2.
For G.R.A.S. microphone, the closest multiple of f, is round f/fs = 103.5 ~ 104. So,

Frequencies between 0 and fy (the Nyquist frequency).
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fa=lo.1n x 10° — 10.35 x 10%| < 50 x 10® Hz. For n = 104, f, = 50 kHz.

Similarly, for MG microphone, the closest multiple of f; is round f/fs; = 49.5 ~ 50. So,
fa = lo.1n x 105 — 4.95 x 10°| =< 50 x 10% Hz. For n = 50, f, = 50 kHz.

Hence, no aliasing effect will be seen within the range 0-49.99 kHz. At 50 kHz, both
aliased signals will appear. This might cause borderline effect, but no aliasing will occur

below 50 kHz.

The U-shaped cable orientation was utilized only for the closest microphones without
speaker signals. To ensure a continuous flow in the investigation, the parallel cable con-

figuration was chosen for studying signals with both speaker and motor signals.

4.4 Role of Microphone type

Examining different microphone types is important because each has varying sensitivities
and noise rejection capabilities, which can affect how accurately motor noise and EMI are
measured. The magnitude spectrum of signals from different type of microphones at x3
are analysed in figure 4.4 with parallel configuration of cables at load condition Ly and
no speaker signal.

Magnitude Spectrum of different type of Microphones at X3
Max amplitudes: 66.1 dB (G.R.A.S.) and 63.1 dB (MG)
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Figure 4.4: Magnitude Spectrum of different type of microphones at z3

The G.R.A.S. microphone consistently exhibits higher sound pressure levels (SPL) than
the MG microphone across the frequency range. The G.R.A.S. microphone reaches a
maximum SPL of 66.1 dB, compared to 63.1 dB for the MG microphone. In the 0-20 kHz
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range, G.R.A.S. microphone demonstrates more prominent peaks, particularly around 6
kHz, 8 kHz, 11 kHz, and 16 kHz, while both microphones follow similar general trends
with tonal peaks. In the 20-50 kHz range, the differences become more pronounced, with

broadband noise .

The higher SPL peaks observed with the G.R.A.S. microphone compared to the MG
microphone could be attributed to several factors. Cable grounding and environmental
factors, such as proximity to noise sources, room reflections or microphone directivity?
may amplify these differences. Additionally, differences in diaphragm design, build qual-
ity, and material might also contribute. It is also important to consider that certain peaks
might arise from unexplained behavior of microphones or experimental inaccuracies. For
instance, foam around the microphone (figure 3.4a) could be blocking or attenuating cer-
tain signals, affecting the overall measurement. Moreover, the placement difference of
microphones for higher frequencies (see figure 3.4a) might cause an evident difference, as
the placement distance represents a large phaseshift for small wavelengths. Furthermore,
noise from the motor at specific angles of directivity could contribute to variability in
the recorded SPL peaks. Therefore, a comprehensive evaluation of these aspects is essen-

tial to accurately interpret the differences in SPL measurements between the microphones.

Given that the G.R.A.S. microphones exhibited unusually higher SPL in the previous
sections, but no evident effect of EMI, the signals from these microphones were compared

with both speaker and motor noise.

4.5 Influence of Speaker position

For this analysis, the speaker was turned ON alongside the motor to assess how the motor’s
noise interferes with the speaker’s sound. Figure 4.5 explains the magnitude spectrum
trend between signals from the G.R.A.S. microphones nearest to motor (x3), while chang-
ing speaker positions relative to the motor (A to D). Both the analysis are conducted on

higher load condition L, and all the microphones have parallel cable orientation.

Position D, consistently produces higher sound pressure levels (SPL) than position A
across the spectrum. The maximum SPL for position D is 68.8 dB, compared to 64.9
dB for position A. The noise peaks observed while speaker is at position D are more

pronounced when speaker is at position A. For higher frequency range (20-50 kHz), both

2Microphone directivity refers to the sensitivity of a microphone to sound coming from different
directions, determining how well it captures or rejects sound based on its angle of incidence.
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signals have almost identical spectra of broadband characteristic.

Magnitude Spectrum of G.R.A.S. Microphone at x3 with different speaker position
Max amplitudes: 64.9 dB (4) and 68.8 dB (D)
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Figure 4.5: Magnitude Spectrum for microphones with different speaker positions relative
to the motor

As already explained in section 4.2, the closer the noise source is, the higher the SPL
(equation 4.2). Therefore, position D, being closer to the motor, should induce maximum
noise or EMI into the speaker due to small distance from motor. Hence, the microphone
results in higher SPL values due to shortest the distance between microphone and speaker.

However, the comparison of the spectra reveals negligible EMI impact.

To further assess the potential impact of electromagnetic field on the speaker, spectral
subtraction was used (see section 3.3.2). This technique involves subtracting the motor
noise spectrum, recorded with no speaker excitation, from the motor noise spectrum when
the speaker is active. Specifically, we subtract the power spectrum of the motor-only signal
from the power spectrum of the motor-plus-speaker signal to obtain an estimated power

spectrum of speaker-only signal.

Figure 4.6 illustrates the spectral subtraction process analysis across different load con-
ditions for the G.R.A.S. microphones at x3. The plots reveal that at low frequencies
and particularly under load condition L; (low RPM), the spectral subtraction method
isolates the speaker signal from the motor noise. All speaker signal peaks are visible.
Notably, small peaks observed in the original signal correspond to the first harmonics of

our excitation frequencies.
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Spectral Subtraction of G.R.A.S. Microphone at X3 with speaker position D at Different Load Conditions
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Figure 4.6: Spectral subtraction of microphones closest to the motor

However, as the speaker frequency or the load conditions increase, spectral subtraction
becomes less accurate. Additional peaks appear in the spectra of the estimated power
compared to the original signal. Acoustic analysis of the motor (section 4.1), along with
the assumptions in the spectral subtraction method namely, the assumption of constant
motor noise characteristics and accurate alignment of the subtraction process, suggest
that these additional peaks are likely due to errors in the spectral subtraction rather than
EMI.

Furthermore, the strong directivity of the speaker at high frequencies may contribute to
these errors. The microphones might not have captured sufficient energy from the speaker
at these high frequencies, resulting in lower amplitude speaker signals compared to the
motor noise. Consequently, while not entirely definitive, this analysis suggests that EMI

is unlikely to be present in the speaker signal.
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4.6 Acceleration Sensors

Since no EMI is found in the microphones, a correlation between the data recorded by
the microphones and the accelerometers can be used to evaluate the acceleration sensors
regarding possible EMI. According to theory Structural vibrations of the motor represent
the dominant tonal noise. Thus, in case a low correlation between dominant noise events
and spectrum of acceleration is observed, the acceleration sensor might be under EMI.
By comparing the noise spectrum captured by the microphones with the vibrational data
recorded by the accelerometers, it is possible to determine which components of the noise
are attributed to mechanical sources and which are the result of airborne noise or EMI.
This approach provides a more detailed characterization of the motor’s noise behavior,
allowing for the identification and separation of vibration-induced noise from acoustic
emissions, thereby enhancing the understanding of the motor’s operational noise profile.
Figure 4.7 illustrates the acceleration axes of accelerometers, with the z-axis perpendicular
to the motor. The x and y axes lie in the horizontal plane relative to the motor, with the

x-axis directed towards the microphone setup.
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Figure 4.7: Directions
of axis relative to motor Figure 4.8: Acceleration of motor in time-domain

As discussed in section 2.2.2, the high-frequency distortions due to EMI might appear
as sharp spikes or dropouts in time-domain signal of vibration. Therefore, figure 4.8
illustrates the analysis conducted to investigate this phenomena. The plot shows only a
10-second segment of the recording to highlight any distinct peaks or anomalies that may
occur over milliseconds. Despite this focused view, the analysis across the full signal length
reveals that all axes display clear periodic behavior with consistent peaks, indicating stable
oscillatory motion over time. The signals are sinusoidal, with consistent amplitude and
frequency, suggesting smooth and regular operation of the underlying system. Overall, no

significant disturbances or anomalies are apparent in the peaks, reinforcing the observation
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of regular, periodic motion. The time data analysis indicates no EMI effects.

In figure 4.9, the magnitude spectrum of accelerometers at load and motor, normalized to
their respective maximum amplitudes, is compared in all three axis with load condition Ls.
The plot shows that much more significant vibrations are found on the motor for all axes,
but the larger amplitudes for x and y are found for the load, with maximum amplitudes
of 7.2 m/s? (x-axis) and 5.5 m/s? (y-axis). In contrast, the motor shows smaller peaks of
2.1 m/s? (x-axis) and 2.1 m/s? (y-axis), suggesting less intense vibrations in these axes.
However, in the z-axis, the motor dominates with significantly higher vibrations, peaking
at 13.8 m/s* and displaying strong activity in the 10-15 kHz range, whereas the load is
much weaker, with a maximum amplitude of 3.5 m/s?. This indicates that the load is
more affected by vibrations in the x and y axes, while the motor experiences substantial
vibrations along the z-axis at higher frequencies.

Normalised Magnitude spectrum plots of accelerometers (load condition 2) at different location
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Figure 4.9: Normalized Magnitude spectrum of accelerometers at different location

The frequency range of accelerometers is 15 kHz, therefore the behavior above this range
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is undefined by manufacturer. Moreover, in higher frequency range (above 30 kHz),
motor experiences high peaks in all the axes, particularly x and z-axis. Looking back
at the plots in section 4.1-4.5, there is sudden increase of SPL in the frequency range
30-35 kHz. The vibrations caused by the motor in x and z-direction might influence this

increase in magnitude. Therefore, considering those peaks as an effect of EMI would not

be necessarily true.

Normalized Magnitude spectrum comparison of microphones and vibration in x-axis
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Figure 4.10: Normalized Magnitude spectrum comparison of microphones at xs and vibra-

tion in x & z-axis

Figure 4.10 presents a detailed comparative analysis of the microphone signals alongside
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the vibrations detected along both the x and z-axis with load condition L,. These axes
were selected because the x-axis aligns with the direction of the microphone setup, directly
influencing the acoustic signals. The z-axis, being perpendicular to the motor, captures
the primary vertical vibrations essential for understanding the motor’s mechanical activity.
The y-axis was not chosen as it lies perpendicular to the main direction of interest and
does not significantly contribute to the correlation between motor vibrations and the

acoustic signals recorded by the microphones.

According to figure 4.9, it is quite evident that the motor has a peak acceleration in all
axes at 8 kHz and 11 kHz. Hence, causing vibrations in surrounding air in y-axis which
leads microphones at x3 to capture a peak at 8 kHz. The strongest correlation between
the microphones and y-axis vibration is around 11 kHz for the G.R.A.S. microphone and
at 8 kHz for the MG microphone, where both the accelerometer and microphones show
high magnitude peaks. This suggests that the motor’s y-axis vibrations are effectively
coupling with the air, producing acoustic waves at these frequencies. Additionally, the
motor’s vibrations along the z-axis at 8 kHz and 11 kHz with higher magnitude than
x & y-axis (section 4.6) were transmitted through the ground, causing the microphones
to pick up these vibrations. In the z-axis comparison plot (figure 4.10b), both G.R.A.S.
and MG microphones again show peaks at key frequencies, particularly at 11 kHz, which

closely aligns with the microphone data.
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Coherence between microphones at X3 and vibration in x & z-axis
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Figure 4.11: Coherence of microphone signals at x3 and vibrations in x & z-axis

The coherence plots (figure 4.11) for both G.R.A.S. and MG microphones in y & z-axis
show a strong correlation between microphone signals and vibration at specific frequency
bands, particularly in the ranges of 2-8 kHz, 11-13 kHz, and 17-19 kHz, with both mi-
crophones exhibiting peaks in coherence. Both types show a similar overall pattern and
maximum coherence occurs around 11 kHz, which can be agreed based on the magnitude
spectrum peak of accelerometers and microphones. This consistency in coherence across
both microphones supports the argument that the significant frequency information cap-
tured by the microphones is of acoustic nature, specifically noise emitted by the motor,
rather than being due to EMI. The coherence plots effectively reinforce this argument and

complement the observations made in the figure 4.10.

4.7 Discussion of the results

The findings of this study suggest that EMI had minimal impact on the performance of

the acoustic sensors used in this experiment. Instead, the primary factor influencing the
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sensor readings was mechanical vibrations from the motor. These vibrations produced
tonal noise at distinct frequencies in the spectrum, as illustrated in figure 4.10 by peaks

observed in both G.R.A.S. and MG microphones, particularly along the z-axis.

The variations in load conditions highlighted that increased mechanical load led to stronger
vibrations, which were detected by the sensors as additional noise in the frequency spec-
trum. This reinforces the conclusion that mechanical vibrations, rather than EMI, were
the dominant source of interference in the acoustic measurements. Coherence analysis
between microphone signals and motor vibrations further confirmed a close relationship,
with higher coherence observed in frequency ranges corresponding to the motor’s opera-

tional characteristics.

Additionally, the motor vibrations caused the cables to move, thereby inducing extra me-
chanical noise into the data. The comparison of different cable orientations revealed that
the U-shaped configuration, which is more susceptible to cable movement, exhibited higher
noise levels. This suggests that the mechanical vibrations from the motor contributed to
additional noise in the cables, mainly at the dominant structural resonance, which can
mimic EMI effects but is actually a result of the mechanical interference. The parallel
cable orientation, less affected by such movements, showed reduced noise levels, further

supporting the idea that EMI did not significantly alter the acoustic measurements.

Reducing microphone distance from the motor resulted in higher SPL, but there were
no additional peaks observed in the spectrum of closest microphones. Similarly, varying
the speaker distance also provided results that agree theoretical definitions. The closest
position of speaker resulted in higher amplitudes. This is expected, as the proximity of

microphone from the sound source is shortest.

Use of different type of microphones resulted in similar behavior for lower frequency range.
However, at higher frequency the microphones had a difference of ~10 dB. This might be
because of several factors such as sensitivity, shielding factor, environmental factors and
so on. Anyhow, the spectra followed a similar pattern at higher frequencies despite the

difference in absolute level.

The correlation between the signals from microphones and accelerometers further sug-
gest that the unexplained peaks observed in the spectra of microphones were due to the

vibrations caused by the motor in x & z-axis.

In summary, the results indicate that EMI was not a major contributor to the observed
sensor responses. It had almost negligible presence. Instead, mechanical noise from the
motor and its vibrations played a significantly more prominent role in influencing the

sensor signals.
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4.8 Limitations

Accelerometer Placement Limitation

The accelerometers were attached to the motor using duct tape because initially using
mounting wax proved ineffective; the heat generated by the motor caused the wax to
soften and the sensors to detach. Although duct tape provided a temporary solution, it
may not have ensured the most secure attachment, potentially leading to slight move-
ments or detachment of the sensors during data collection. Screwing the sensors into
the motor was not a feasible option during the experiment. To enhance the reliability of
vibration measurements in future studies, alternative methods should be explored, such
as using high-temperature adhesives or custom mounting brackets, to ensure stable sensor

positioning and accurate data collection.

Motor Power Limitation

The motor used in this study had a power rating of 5 kW, which is significantly lower than
the power levels of motors typically used in electric aviation systems (Project LU (F'T)?).
As a result, the EMI generated by this motor may not fully reflect the intensity of EMI
that would be produced by higher-powered motors in real-world aviation applications.
This limitation could lead to an underestimation of EMI effects in environments where
larger motors are used. Future research should aim to replicate these experiments with
more powerful motors to provide a better understanding of the true EMI impacts on

acoustic sensors.

Uncontrolled Environment

The experiments were conducted in a uncontrolled environment, which may have intro-
duced uncontrolled variables such as ambient noise, environmental noise and acoustic
room reflections. These factors could influence the accuracy of the measurements. Con-
ducted and radiated EMI could not be quantified. Performing the experiments in a
controlled environment, such as an anechoic or reverberation chamber, would eliminate

these external factors and provide more reliable data.


https://www.dlr.de/en/as/research-and-transfer/projects/lu-ft-2-2030-effective-and-sustainable-noise-reduction-on-existing-aircraft

Conclusion and Outlook

5.1 Conclusion

This study investigated the effects of electromagnetic interference (EMI) on the perfor-
mance of acoustic sensors used in electric aviation propulsion systems, specifically exam-
ining the influence of a 5 kW motor. The results showed that electromagnetic interference
had no visible impact on the sensor readings under the given conditions. This suggests
that electromagnetic interference may not be a critical concern for lower-power motors in
electric propulsion systems. Although various sensor configurations, shielding techniques,
and cable orientations were tested, the interference levels remained low, and no significant

degradation in sensor performance was observed.

The data analysis showed that different cable orientations, such as U-shaped versus par-
allel alignment relative to the power lines, did not cause any evident effect to the sensors.
Proximity of sensors and speaker to the electric motor was another variable considered,
with sensors placed at various distances. As expected, sensors closer to the motor expe-
rienced higher levels of noise but no exceptional behavior was observed in the spectra of

signals which could be linked with electromagnetic interference.

The study also examined the impact of varying load conditions on the motor. Higher loads
were associated with slightly increased noise sound pressure levels, particularly in the
microphones closer to the motor. Nevertheless, nothing conclusive related to distortions

caused by electromagnetic interference.

Additionally, acoustic signals captured by microphones were correlated to the vibrations

recorded by accelerometers, which suggested that the additional peaks observed in micro-
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phone signals was nothing else but the mechanical noise and vibrations by the motor.

The primary objective was to speculate some distortions related to electromagnetic in-
terference in acoustic measurements. However, the study highlighted the dominant role
of mechanical noise and vibrations, which were found to have a more significant effect on

the accuracy of the sensor data.

5.2 Outlook

Looking ahead, further research is needed to explore the effects of electromagnetic in-
terference in environments with higher-powered motors, such as those commonly used in
commercial electric aviation, which range from 50 kW to 100 kW. These motors are likely
to generate stronger electromagnetic fields, potentially amplifying the effects of electro-
magnetic interference on sensor performance. Conducting similar experiments with larger
motors will provide a more comprehensive understanding of how electromagnetic inter-

ference impacts sensors in real-world electric propulsion systems.

In conclusion, while this study has provided valuable insights into the effects of electro-
magnetic interference on acoustic sensors, it has also highlighted the need for continued
research and innovation in this area. By addressing the limitations identified in this study
and exploring new avenues for improvement, future research can contribute to the devel-
opment of more robust and reliable sensor systems for the electric aviation industry. This
will be essential to ensuring that the transition to electric propulsion systems does not
compromise the ability to accurately monitor and manage noise and vibrations, thereby

supporting the broader goals of sustainable and efficient aviation.
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Code Snippets

from scipy.signal import
P_ref = 2e-5
# Function to plot PSD and highlight maximum PSD value
def plot_psd(ax, signall, signal2, signal3, xlim):
# Compute PSD for the first microphone
freq_noisy, psd_noisy = (signall, fs=sampling_rate, nperseg=2048,
noverlap=1024)
psd_dB_noisy = 10 * np.loglO0((psd_noisy) / (P_ref*x2))

freq_noise, psd_noise = (signal2, fs=sampling_rate, nperseg=2048,
noverlap=1024)
psd_dB_noise = 10 * np.loglO0((psd_noise) / (P_ref*x2))

avg_psd_noise = np.mean(psd_dB_noise)
enhanced_signal = (psd_dB_noisy - avg_psd_noise)
freq_clean, psd_clean = (signal3, fs=sampling_rate, nperseg=1024,

noverlap=712)
psd_dB_clean = 10 * np.loglO0((psd_clean) / (P_ref*x2))

# Plot PSD for the first microphone
ax.plot(freq_noisy, enhanced_signal, linewidth=2, color='crimson',

label='Estimated')

# Plot PSD for the second microphone
ax.plot(freq_clean, psd_dB_clean, linewidth=2, <color='darkgreen',

label='0Original')
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