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Abstract

In this thesis, the acoustic noise emitted by a small electric outrunner motor, such as the ones com-
monly used in unmanned areal vehicles, is analyzed using a multiphysics simulation based on the finite
element method. The simulation covers the electromagnetic, mechanical and acoustic domain. The
electromagnetic simulation is performed in the 2D time domain, the mechanical simulation in the 3D
time domain and frequency domain and the acoustic simulation in the 3D frequency domain. The differ-
ence between results of the time and frequency domain mechanical study is investigated, as well as the
difference between the obtained results and those obtained in other available literature. Furthermore,
the results are compared to acoustic noise measurements performed in the laboratory. Based on the
obtained results, noise reduction methods, specifically focussed on small electric outrunner PMSMs,
are proposed and verified using the developed simulation.
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1
Introduction

As a society, we are constantly searching for ways to automate more and more of our every day or
labor-intensive tasks. Combined with a growing accessibility of electricity due to the energy transition,
electric motors are increasingly more important and frequently used as crucial components in products
like electric appliances, drones and robots. Due to the increasing number of products that are operated
in closed space areas or in the vicinity of humans, the acoustic performance and vibrations cased by
such electric motors are of increasing importance. Although research about vibrations and acoustic
noise caused by electric motors has already been performed, research specifically focussed on the
simulation of small electric permanent magnet synchronous motors is hard to find. In this thesis, it is
investigated how to simulate a small electric outrunner permanent magnet synchronous machine, such
as the ones used in unmanned aerial vehicles or other small electronic equipment where a motor with
a high power density is required. The simulation will be used to obtain the acoustically radiated power
emitted by the motor used as a case study, and should be usable to investigate ways to reduce the
noise emitted by such a motor. Furthermore, the radiation spectrum will be compared to that of larger
electric motors from other literature and to the results of actual measurements done in the laboratory
on a similar motor.

1.1. Background of Acoustic Noise in Electric Motors

As long as electric motors have existed, the vibrations and acoustic noise that they generate have been
important factors in their performance, as they can have a severe impact on the rest of the system or
the people working with the system. When focussing on the acoustic noise emitted by electric motors,
it can be subdivided into separate categories based on the source of the vibration, namely noise with
electromagnetic origin, mechanical origin and aerodynamic origin [1]. Noise with an electromagnetic
origin is caused by forces acting on the structure of the motor due to the electromagnetic field, noise
with a mechanical origin is for example cause by the bearings of the motor and noise with an aero-
dynamic origin is for example caused by the disturbance of the air as a result of surface friction. Of
these categories, electromagnetic and mechanical noise are indirectly transmitted to the air, they first
need to make the structure of the motor vibrate, which in term causes a vibration in the air. Noise
with an aerodynamic source, however, is directly created in the air surrounding the motor [2]. Small
synchronous motors, that are commonly used for aerial applications, are known to emit a significant
amount of acoustic noise. Although a large part of this noise is often for example caused by the aero-
dynamic fluctuations of the propellers driven by the motor, there is also noise generated by the motor
with an electromagnetic source. It has been shown that in certain frequency bands, electromagnetic
effects can even be the dominating source of the acoustic noise emitted by such motors [3]. This has
to do with the fact that these motors are often outrunners, which means that the outer shell of the motor

1



1.2. Goal of the Research and the Research Questions 2

is part of the rotor and rotating. This allows vibrations in the rotor of the motor to directly be radiated
into the surrounded air [3].

Manufacturing a newly designed motor, only to find out during testing that it has a poor acoustic per-
formance, can be very costly. This makes optimizing the acoustic behavior of electric motors a compli-
cated process. Therefore, it is no surprise that previous efforts to simulate the acoustic noise emitted
by electric motors have already been performed. However, research about the simulation of electric
motors seems to have started with a focus on relatively large induction motors [4]. Over time, research
about permanent magnet synchronous machines has also been performed [2], [4], [5], but they are
still mostly focussed on large automotive or industrial applications. Little to non research can be found
about the modelling of small outrunning motors, such as the one studied in this thesis.

1.2. Goal of the Research and the Research Questions

The goal of this thesis is to develop and verify a simulation procedure that provides accurate results
about the acoustic noise radiated by a small electric motor, which can be used to investigate ways
to reduce that noise. The scope of the simulation should cover the electromagnetic forces generated
during the rotation of the motor, the mechanical deformations that occur as a result of these forces and
the acoustic pressure waves that are emitted due to these deformations, so only acoustically radiated
noise with an electromagnetic source. Thismeans that themounting of themotor, the vibrations induced
by the bearings, nor the noise caused by the load that is driven by the motor, are considered. Each
step of the simulation that will be developed should be verified, either by theoretical analysis or actual
laboratory measurements of the motor in the lab.

Running an elaborate multiphysics simulation, may easily become very computational expensive. To
make the simulation useful for testing whether small changes to the motor cause improved acoustic
performance, it should be possible to run the simulation multiple times in a short timespan without re-
quiring a large computational investment. Therefore, extra effort will be taken to make the simulation
computational efficient. Also, in future studies, it might be desirable to extend the simulation to include
modelling of the motor’s drive in the electrical domain or extend the simulation to incorporate noise gen-
erated with a mechanical or aerodynamic source. To make such an addition possible, the multiphysics
simulation will be divided into separate sub simulations with clearly defined in- and outputs.

Based on these goals, the research questions that are going to be answered in this thesis are:

• “How to model the acoustic noise, with an electromagnetic origin, emitted by a small permanent
magnet synchronous outrunner motor?”

• “How do the results of the multiphysics finite element method (FEM) simulation compare to real
world measurements?”

• “What are the difference between the noise emission mechanisms of a small permanent magnet
outrunner motor, compared to the noise emitted by motors already investigated in other litera-
ture?”

• “How can the noise emitted by a small permanent magnet outrunner motor be reduced?”

1.3. Case Study

A case study on a specific motor is performed, to test the simulation that is developed and to verify
the results of this simulation. The simulation developed in this thesis is therefore based on this motor,
however the used methods and derivations are valid for different but similar motors. Physical testing
of the motor is outside the scope of this thesis, however, another project is performed in parallel to
this project based on the same motor model. Therefore, physical measurements of the acoustic noise
emitted by this motor are available and can be used to verify the results of the numerical simulation.
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The Motor Used as Case Study
The motor used as a case study in this thesis is a small, 35 mm in diameter, permanent magnet
synchronous machine (PMSM). In this motor, the outside shell of the motor is rotating, and thus
considered the rotor. Motors such as these are commonly used in drones or other unmanned aerial
vehicles, and called outrunners. Sometimes motors like these are also referred to as brushless
direct current (BLDC) motors. The permanent magnets are fixed to the rotor, which is thus the
outer part of the motor. This rotor is at one side mounted to the axle, which runs through the
stator. A load is typically connected to the other side of the axle. This is also the side where the
stator extends a bit further than the rotor and can therefore be used to mount the motor. Figure
1.1 shows an image of the motor.

Figure 1.1: A photo of the motor that will be studied as a case study in this thesis.

The motor that is used has 14 magnets that are alternatingly aligned, so a total of 7 pole pairs. The
stator consists of 12 slots and has a 3-phase winding. This means that themachine has a fractional
slot winding, with a q-factor of 2

7 slots per pole per phase. A large advantage of a fractional slot
machine is that due to the fact that the magnetic poles and stator slots are never aligned all at
once, there is a significantly lower torque ripple (cogging torque), compared to machines using an
integer slot winding [6].

1.4. Challenges

There are several factors that distinguish the research done in this thesis from the aforementioned and
already available literature, such as the focus on a relatively small motor and that the studied motor
is an outrunner. These also bring with them challenges that need to be tackled to bring this research
to a successful conclusion. Although the size of the motor does not directly pose any challenges, the
outrunner design of the motor does complicate the simulation. In electric motors, the radiated noise
is almost entirely dependent on the vibrations in the outer shell of the motor. This means that usually
only the outer shell of the electric motor needs to be simulated in the mechanical and acoustic domain.
Since in an outrunner motor, the shell is rotating, the mechanical simulation will have to be done in a
rotating reference frame. This means that the results of the simulations will have to be converted back
and forth between these reference frames in time and in frequency domain. Also, some methods or
simplifications made in other literature are not valid for small or outrunner motors.

Another challenge that has to be tackled is to keep the computational cost of the simulation low. A sim-
ulation, that spans multiple physical domains and dimensions, has to deal with a lot of data. Especially
if processing of the data has to be done in different programs, the methods used to read, process and
store data can have a significant impact on the overall length of the simulation. Also, since the simula-
tion itself will likely span multiple minutes or even hours, the testing and debugging of a simulation can
become a time-consuming process. A possible way to overcome this challenge might be to subdivide
the development of the simulation into multiple parts that can be tested and verified independently.
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The last challenge is the time available for the research. Developing, testing, running and verifying a
multiphysics simulation can take a lot of time. Although some processes are simple enough to come
up with, getting used to the software and actually implementing or coding the process in the software
can be complicated and require a lot of debugging. The goal to keep the simulation inputs simple and
well-defined helps in the long-term as it keeps the various steps in simulation versatile, but increases
the time required to implement a simulation in the short term.

1.5. Methodology

The acoustic noise generated by an electric motor has to propagate through the electromagnetic, me-
chanical and acoustic physical domains before it is radiated into the air. Therefore, the simulation proce-
dure will span multiple physics domains, making it a multiphysics simulation. For each type of physics
in a multiphysics simulation, a separate simulation is used, which is referred to as a sub-simulation.
The sub-simulations and their in-/outputs that are used for the simulation of an electric motor in this
thesis are shown in figure 1.2.

Magnetic
Simulation

Mechanical
Simulation

Acoustic
Simulationn

iabc
n

Frotor
ab Ieff

Figure 1.2: The numerical simulation procedure, consisting of four separate one-way coupled simulations.

The input of the simulation will be the current, Iabc, and the angular velocity, n, of the motor. The
electromagnetic simulation will use these inputs to determine the magnetic force acting on the rotor of
the motor, Frotor. In the mechanical simulation, this force will be used to determine the deformation of
the rotor’s structure. The acoustic model is used to determine the pressure and acoustic intensity Ieff
in the air around the motor, based on the acceleration of the outer boundary of the rotor, ab. Based on
the acoustic intensity, the total acoustically transmitted power at each frequency is determined.

1.5.1. Coupling Between the Sub-simulations

An important factor in a multiphysics simulation is the coupling between the sub-simulations. In this
thesis, the coupling between the sub-simulations is direct, i.e. the sub-simulations are performed se-
quentially and are not back-coupled. This means that there is no feedback from the subsequent sub-
simulations to the previous sub-simulations. In the case of an electric motor such as the one simulated
in this thesis, direct coupling is a reasonable approximation of the real world scenario, since the effect
of mechanical deformation of the rotor on the magnetic model is very small. The same is true for the
effect of acoustic pressure on the mechanical deformation.

1.5.2. Stationary, Time and Frequency Domain

Each sub-simulation can either be performed in the stationary, time or frequency domain. Performing
the simulations in each of these domains has its own requirements, assumptions, advantages and
disadvantages. Generally, performing a simulation in the stationary domain is the simplest to implement
but for a dynamic system such as an electric motor also the least accurate. The time domain is more
suitable to simulate dynamic effects, and usually the closest to the real world scenario and most straight
forward to interpret. However, the quality of a time domain simulation is often severely limited by
the available computational power. To obtain meaningful results from a time domain simulation, the
duration for which the model is simulated needs to be of sufficient length. Performing a simulation in
the frequency domain, is generally the fastest option. A frequency domain simulation, however, can
only produce valid results if the physics behave linearly, so the principle of superposition applies. Also,
the results that a frequency simulation produces are generally less intuitive and harder to comprehend.
The domain(s) chosen for each sub-simulation are elaborated on in the subsequent sections.
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Magnetic Simulation
Since the magnetic model will be highly non-linear due to saturation in the steel of the motor,
a frequency domain simulation for the magnetic model is not possible. Computing a stationary
solution for each rotor position would ignore dynamic effects that occur due to the rotation of the
rotor, and therefore produce unreliable results. However, such a solution would still be useful,
for example to find the maximum load in a short circuit or blocked rotor situation. Therefore, the
magnetic simulation will first be implemented to compute stationary results for each rotor position
to get used to the software, but the final magnetic simulation will be performed in time domain.

Mechanical Simulation
In the mechanical simulation, a stationary solution has no use, since static deformation of the
motor’s structure does not cause vibrations in the surrounding air. The mechanical simulation can
however be performed in both the time and frequency domain. The advantage of a simulation
in the time domain is that the results from the magnetic simulation, which is also in time domain,
can directly be mapped to the mechanical simulation. However, the disadvantage is that when the
results of the mechanical simulation are converted to frequency domain, to be used in the acoustic
simulation, leakage will occur in the frequency spectrum based on the length of the mechanical
simulation. Therefore, to achieve results of high quality, the mechanical simulation has to be
preformed for a sufficient duration, which will significantly increase the computational cost of the
simulation in general. That is why performing the mechanical simulation in frequency domain may
be more desirable. However, this complicates the coupling between the sub-simulations and may
therefore result in larger numerical errors. In this thesis, the mechanical simulation is performed
in both the time and frequency domain. This way the implementation, results and computational
cost of both implementations can be compared.

Acoustic Simulation
Acoustics behave linearly and are by nature periodic, since the concept of acoustics is waves
traveling through a medium. Therefore, the acoustic simulation is performed in the frequency
domain. Performing the acoustic simulation in time domain, would be extremely computationally
expensive and is unnecessary to obtain reliable results.

1.6. Thesis Structure

In the next chapter, chapter 2, a more detailed introduction is given into the concept of noise in electric
motors. It covers the basics of acoustic noise, as well as where noise is originated and how it propagates
through electric motors. Following up, chapter 3, 4 and 5 discuss the electromagnetic, mechanic and
acoustic simulation and analysis, respectively. After this, in chapter 6, the results of the simulation are
analyzed and visualized. These results are then in chapter 7 compared to the results of other available
literature and real world measurements. Furthermore, in chapter 8, recommendations to reduce the
noise emitted by small electric motors are provided, explained and tested. Finally, chapter 9 is the
conclusion of this thesis.



2
Sources of Acoustic Noise in Electric

Motors

Since this thesis is working towards the simulating of the acoustic noise emitted by electric motors, it is
important to first clarify what acoustic noise is, how it is defined and how it is parameterized. Section
2.1 elaborates on this. Furthermore, the source of acoustic noise in electric motors and how it propa-
gates through electric motors and the surrounding air is explained in section 2.2 and section 2.3. Both
are important to understand and to interpret the results provided by this thesis correctly, and also, to
understand how the acoustic noise can be reduced based on the these results. How acoustic noise is
perceived by humans and what factors play a role in this is discussed in section 2.4.

2.1. Acoustic Noise Basics

Electric motors are designed to convert power between the electrical and the mechanical domain. In
most cases, mechanical vibrations emitted in this process are unintentional and preferably as low as
possible. Vibrations in a medium, which can be a solid, a liquid or a gas, are the definition of sound [7].
In this thesis, ’acoustic noise’ refers to unintentional sound generated by an electric motor.

For sound to exist, energy has to be stored in different mechanisms alternatingly [8]. Therefore, an
(elastic) medium is required which serves this function. When a sound occurs in a solid, it is referred
to as structure borne and when a sound is present in air it is referred to as airborne. In structure
borne vibrations, the energy is stored by means of the elastic and kinetic energy in the material, while
for airborne vibrations the energy is stored by means of compression and movement of the air. For
electrical motors, the vibrations usually originate in the motor as structure borne vibrations and are
then, via the surface of the motor, transferred to the air as airborne vibrations, i.e., sound.

To describe vibrations in a medium, three parameters are key. The frequency of the oscillations, the
amplitude of the vibrations and the speed at which the wave propagates through the medium. The
frequency describes how often the energy is stored and released per unit of time at a specific point
in space. The amplitude describes the maximum amount of energy that is stored. And the speed at
which the wave propagates through the medium, also known as the speed of sound, depends on the
elasticity or compressibility of the medium and is constant in a homogeneous medium. The speed of
sound is higher in a medium with a lower elasticity or compressibility [9].

6
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2.2. Acoustic Noise Sources in Electric Motors

In electric motors, acoustic noise is generated due to forces acting on the structure of the motor. These
forces can be caused by electromagnetic interactions, torque variations, imbalance and backlash or
play in the structure of the motor [9]. For this thesis, only acoustic noise with an electromagnetic source
is considered. Acoustic noise with a mechanical source would require a more detailed and complicated
mechanical model. And acoustic noise generated by load-torque variations is largely dependent on the
specific use case of the motor.

During normal operation of an electric motor, various electromagnetic forces act on the structure of the
motor. Some of these are intentional and some of these are parasitic. The structure borne vibrations
caused by these forces are transmitted as airborne vibrations on the outer surface of the motor. There-
fore, only the deformation of the outer surface and thus only the forces acting on the outer body are
of relevance for the transmitted airborne acoustic noise [2]. These forces depend on the shape and
magnetic properties of the motor structure, the winding currents and the rotational velocity of the rotor.

2.3. Propagation of Acoustic Noise in Electric Motors

Once a vibration has established in the structure of the motor, due to the aforementioned forces, it
will propagate and cause the entire structure to vibrate. The frequency of this vibration and the corre-
sponding shape in which it vibrates is largely inherent to the structure of the motor and the mechanical
properties of the materials. The frequencies at which the structure tends to vibrate, and the correspond-
ing shapes, are called the eigenfrequencies and the eigenshapes. An eigenshape can also be referred
to as a vibration mode. In this case, the order of the vibration mode depicts how many displacement
periods occur. Figure 2.1 shows an example of some vibrational modes with different orders and their
eigenshapes for a rotationally symmetric shape.

Original shape
Shape at 0° phase
Shape at 180° phase

Mode 0 Mode 1 Mode 2 Mode 4

Figure 2.1: An example of various mode orders and their corresponding vibration shapes.

The vibration of the motor’s outer surface in turn causes pressure variations in the surrounding air and
therefore airborne acoustic noise. The amplitude of the pressure differences, and therefore the sound
level, is dependent on the normal surface acceleration of the rotor’s shell [2].

2.3.1. Airborne Acoustic Noise Transmission for Outrunner Motors

Since the motor that is used as a case study in this thesis is an outrunner, the transmission from the
structure borne vibrations to the airborne vibrations is more complicated. The frequencies that are
transmitted are shifted to a higher frequency by the rotational frequency of the rotor. Furthermore,
additional aerodynamic effects will occur at the surface of the rotor due to skin friction. To simulate
these effects, a skin friction coefficient has to be defined, and the acoustic simulation has to be done
in time domain. This would take too much time to implement and too much computational power, and
is out of the scope of this project.
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2.4. Perception of Acoustic Noise

Humans can perceive both structure borne and airborne vibrations caused by electric motors. Structure
borne vibrations are perceived via the sense of touch, while airborne vibrations are perceived via the
sense of hearing. Most of the time, the sensation of vibrations is undesirable. Therefore, often, a
requirement is set up to minimize or optimize the acoustic noise level that can be perceived.

Acoustic vibrations are described by energy which is alternatingly stored as pressure in and the motion
of themedium. The effective value of the pressure occurring in themedium is called the sound pressure,
ps. The effective value of the velocity of the medium is called the sound (vibrational) velocity, vs, (not
to be mistaken for the velocity of sound, which refers to the propagation velocity). The sound intensity,
i, is defined as the product between the sound pressure and the sound velocity, as in equation 2.1 [9].

i = ps · vs [W/m2] (2.1)

Since humans can perceive sound across approximately 6 powers of 10, the sound intensity is usually
described in a logarithmic scale, according to equation 2.2, using the threshold of hearing, I0, as a
reference. I is the RMS value of the sound intensity i. In this equation, L is called the sound level [9].

L = 10 · log
(

I

I0

)
[dB] (2.2)

How a human perceives a fixed sound intensity is different for different frequencies. Figure 2.2 shows
curves that depict what sound levels are perceived as equally loud over the frequency range from 20 Hz
to 20 kHz. To account for how well humans perceive sound at different frequencies, the loudness level,
Ls, is introduced. The loudness level is scaled such that, a value with a fixed loudness is perceived as
equally loud across all frequencies, and that the loudness is equal to the sound level at 1 kHz [9].

0

20

60

80

100

120

20020 50 100 500 1K 2K 5K 10K

140

40

20K

f [Hz] 

L [dB]

O = Reference sound pressure

Threshold of pain
Discomfort level
Threshold of audibility

O

10

20

30

40

50

60

70

80

90

100

110

120

Isophons

Music

Speech

Audible area

Figure 2.2: Curves showing sound levels that are perceived to be of equal loudness [9].

To compare different loudness levels with each other, the perceived loudness, S is used. This is defined
such that it is proportional to how loud a sound is perceived, and is determined as in equation 2.3 [9].

S = 2
(Ls−40)

10 [sone] (2.3)
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2.4.1. Noise Reduction

The reduction of emitted acoustic noise can have two different meanings. Since it concerns the very
core of what this thesis is about, it is important to distinguish between the two. The most obvious way
to reduce the noise level is to reduce the overall noise power that is emitted. To do this, the amplitude
of vibrations generated by the motor has to be reduced, which reduces the power transferred from
the motor’s surface into the surrounding air. This way, the total power, regardless of frequency, which
is transmitted is reduced. The second, slightly less obvious, way of reducing noise is by changing
the frequency distribution of the emitted noise, such that the negative sensation that is caused by
the noise is reduced. For example, frequencies that cause such a sensation can be changed to less
“irritating” frequencies, or shifted to higher frequencies to which humans are less sensitive, without
actually reducing the power. Although this method is generally easier to achieve, the perception of
noise is subjective, and therefore the effectiveness of such methods is hard to verify.



3
Electromagnetic Analysis

This chapter will discuss the electromagnetic analysis of the motor. A magnetic simulation is developed
to determine the electromagnetic forces acting on the rotor of the motor, based on the rotational speed
and phase currents. Furthermore, the spatial and temporal harmonics that are expected to be present
in the air gap flux density and electromagnetic force are analytically determined. The result of this
analysis will be used in chapter 6 to verify the results of the electromagnetic simulation. First, in section
3.1, the structure that is used for the simulation and analysis is defined. Then, section 3.2 elaborates
on the details of the developed electromagnetic simulation. And finally, in section 3.3, the harmonic
analysis on the air gap flux density and electromagnetic force is performed.

3.1. Motor Structure (2D)

For the magnetic simulation, the 2-dimensional (2D) structure of the motor has to be defined. Therefore,
the physical dimensions of the motor have been measured. The measurements have been performed
by hand, so some inaccuracy may be present, but the crucial dimensions have been measured ac-
curately enough to obtain valid simulation results. Also, small motors such as these are usually not
produced to meet extremely high standards, which means it is not guaranteed that a different motor
of the same type would have exactly the same dimensions. This does however also mean that the
tolerances in the design of such motors are generally larger, and thus the effects of inaccuracies in the
measurements are relatively smaller. Figure 3.1 shows the measured dimensions.

Ø35,02

Ø32,76

R14,45

Ø28,07

4,9

5,43
2,4

0,
6

Ø13,3
Ø16,6

Dimensions in mm

Figure 3.1: A cross-section of the motor studied in this thesis, showing the dimensions measured and used for the analysis in
the simulation. All dimensions are measured by hand and depicted in millimeters.

10
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3.2. Magnetic Simulation

The magnetic simulation is a FEM based simulation, implemented in COMSOL Multiphysics. The
magnetic simulation is 2D and performed in the time domain. A 3-dimensional (3D) simulation would
increase the accuracy as fringing and other 3D effects would be taken into account, however this would
take too much computational time to be feasible. Simulating the model in frequency domain would
require it to be a linear problem, which is not the case. Figure 3.2 shows the structure of the motor,
which is used for the magnetic model, and the materials designated to each part of the structure.

Air
Copper
Neodynium
Silicon Steel

Figure 3.2: The 2-dimensional structure used for the magnetic simulation of the motor. The colors indicate what materials are
designated to the domains.

The magnetic model is implemented using the rotating machinery physics module of COMSOL. This
is a derivation from the Magnetic Fields physics and uses Ampère’s Law to solve for the magnetic
field [10]. Once the magnetic field is determined, Maxwell’s Surface Stress Tensor is applied to the
boundary of the rotor, to determine the forces acting on the rotor. The load on the rotor of the motor
and the angular rotational position of the rotor, both as a function of time, are the output of the magnetic
model.

3.2.1. Implementation of the B-H Relationship

For the air and the copper, the B-H relationship between the magnetic flux densityB and magnetic field
strength, H, is implemented according to equation 3.1. Herein, µ0 is the permeability of free space
and µr is the relative permeability of the material to which the relation is applied.

B = µ0µrH (3.1)

For the neodymium permanent magnets, the remanent magnetic flux density, Br, of the permanent
magnets is added to the total magnetic flux density and the recoil permeability, µrec, is used, according
to equation 3.2. Since the remanent flux density in the material is given as a scalar, it is multiplied with
the radial unit vector r̂. This unit vector is alternatingly defined outwards and inwards to account for
the orientation of the permanent magnets. A recoil permeability of 1.05 and remanent flux density of
11.1 T has been used for the magnets.

B = µ0µrecH +Brr̂ (3.2)

Because silicon steel has a non-linear magnetic behavior, the B-H relationship of the silicon steel is
defined using an interpolated B-H curve. Since the exact properties of the silicon steel are not known,
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the BH-curve of a similar non-grain oriented (NGO) laminated silicon steel with a similar lamination
thickness was used [11]. Figure 3.3 shows a plot of the used B-H curve.
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Figure 3.3: The B-H curve used for the silicon steel in the magnetic simulation.

3.2.2. Moving Mesh of the Rotor

The domains of the motor structure that are part of the rotor are rotating around the center over time.
This is implemented in the FEM model using a moving mesh. The mesh of the rotor domains are
rotated, and continuity conditions are applied to the boundaries between the rotating and stationary
domains. There are two continuity boundaries, one in the center of the air gap and one at the outer
boundary of the rotor. Figure 3.4 shows the domains that are stationary, the domain that is rotating and
the boundaries where a continuity condition is applied. As the name suggests, the continuity condition
forces the magnetic flux at both sides of the boundary to be continue, so no jump in magnetic flux can
occur at the boundary.

Stationary domain
Rotating domain
Continuity condition

Figure 3.4: The domains where the moving mesh is (rotating domain) and is not (stationary domain) applied. On the boundary
between the two, a continuity condition is applied. This is shown as a red line.

3.2.3. Winding Configuration

The motor has 12 stator slots and 14 magnetic poles on the rotor. There are multiple possible winding
configurations for such a motor, but the configuration that is used most is the dLRK configuration [12].
For this reason and since it can be seen from visual inspection of the motor, the motor is assumed to
have this configuration. Figure 3.5 shows this configuration in the structure of the motor and how it is
applied in the magnetic model. Note that each letter in figure 3.5 represents a half turn, therefore when
writing out the winding configuration in full coils, it becomes AabBCcaABbcC. Herein, lower case and
upper case letters represent coils that are wound in opposite direction.
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Figure 3.5: The order and directions of the motor’s winding. The letters and colors indicate the phase. Lower case and upper
case letters represent half-turns in opposite direction.

3.2.4. The Electromagnetic Force Acting on the Rotor

The power that is transmitted into the air by a vibrating surface can be estimated using equation 3.3,
in which P0 is the radiated power, Z0 the free-field impedance, S the surface area and vn the normal
velocity of the surface [2]. The acoustic noise emitted by a motor is almost entirely determined by the
deformation of the outer shell of the motor, since this is that part that will experience most vibrations
and can directly transmit these vibrations into the surrounding air. Therefore, only the outer shell of
the motor will be simulated in the mechanical model, and only the forces acting on the outer part of
the motor have to be determined. For an outrunner motor, this means the force acting on the rotor. To
determine the forces acting on the rotor, Maxwell’s Surface Stress Tensor is applied to the boundary of
the solid domains that are part of the rotor.

P0 = Z0 · S · |v2n| (3.3)

3.2.5. Magnetic Simulation Length

During one physical rotation of the motor, multiple symmetries in time and in space can be observed.
To save computation time, it is desired to prevent having to compute anything when it is not absolutely
necessary. Therefore, the duration of the magnetic simulation has to be carefully considered.

Since the rotor magnets are alternatingly north and south aligned, when the rotor has rotated for 4π/p
rad (two times the angular distance between the rotor poles), the same magnetic situation and results
will be repeated. Therefore, simulating from t = 0 to t = 2 · Tmech/p, in which Tmech is the mechanical
period, will be sufficient. If a longer duration is desired, for example for increased FFT resolution, the
result can simply be repeated multiple times. Furthermore, the force is proportional to the flux density
squared, and therefore the direction of the magnetic field (positive or negative) is not important for the
force acting on the rotor. This means that, from a force perspective, the passing of a north-pole aligned
magnet is equal to the passing of a south-aligned magnet. Therefore, when only the force is desired,
simulating half of the previously mentioned duration is sufficient, i.e. simulating until t = Tmech/p.

Next to the temporal symmetries just mentioned, a spatial symmetry can be observed. When a magnet
is exactly aligned with a stator slot, the rotor has to rotate for π/ (pNs) rad (the angular distance between
the rotor poles, divided by the number of stator slots, times the number of poles that are simultaneously
aligned), until the adjacent magnet in the direction of movement is aligned. After this duration, the
situation and therefore the results are the same, but rotated in space by 2π/Ns rad in the opposite
direction of the rotation of the rotor. Using this knowledge, the simulation only has to be simulated until
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t = 2 · Tmech/ (pNs). However, to obtain the results of a full mechanical rotation, the results at different
positions on the rotor have to be appended in time. This means that the mesh nodes on the rotor need
to be rotational symmetric with order p. Figure 3.6 shows an example of how the force at one specific
node is constructed out of segments from different locations. The code in which this is implemented is
added in appendix B.2.3
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Figure 3.6: A visual representation of how the force during a full electrical cycle is constructed based on segments of a shorter
result evaluated at different positions. Each line color represents a different location. The x-axis shows time, normalized to the

time required for one mechanical rotation.

3.3. Spatial and Temporal Harmonics Analysis

The air gap flux density and electromagnetic force in a PMSM consists of spatial and temporal harmon-
ics. The force harmonics that are present in an electric motor can be predicted based on the structure
of the motor. The spatial harmonics that are present in the rotor force indicate what vibration modes
will be excited in the shell of the motor. The temporal harmonics, together with the rotational speed
of the motor, determine the frequencies at which this excitation occurs. The closer the frequencies in
the rotor force are to the eigenfrequencies of the corresponding vibrational modes, the more prominent
the vibration of this mode will be. And therefore, the more acoustic noise will be transmitted at this
eigenfrequency.

Section 3.3.1 clarifies how a 2D FFT is used to decompose the results of the electromagnetic simulation
into spatial and temporal harmonics. This will be used to verify the rotor force obtained from the FEM
simulations. In section 3.3.2 the harmonics that should be present in the rotor force based on the
interaction between the rotor and stator are determined.

3.3.1. 2-Dimensional Fast Fourier Transform

To compare the rotor force resulting from the simulation with analytical predictions, it is characterized by
its spatial and temporal harmonics. The radial rotor force distribution, Fr, can be described using a 2-
dimensional Fourier series, as in equation 3.4. Herein, m is the harmonic over space, also commonly
called the mode, and h is the harmonic in the temporal domain. φ is the angular position and ω is
the base frequency. Amh and θmh are the amplitude and the phase of the complex-valued Fourier
coefficient, corresponding to each spatial and temporal harmonic.

Fr =

∞∑
m

∞∑
h

Amh cos (mφ+ hω + θmh) (3.4)
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To obtain the Fourier coefficients present in the magnetic force, which will result from the magnetic
model, two consecutive fast Fourier transforms (FFTs) are executed. The FFT of a real value signal
will always result in a symmetric spectrum. Since the magnetic force is real-valued, the result of the
first FFT will be symmetric. However, since the result of the first FFT will be complex-valued, the result
of the second FFT will be non-symmetric.

In this report, the first FFT will be performed over the spatial domain and the second FFT will be
performed over the temporal domain. Therefore, when the result of the 2D FFT is plotted, only the
positive spatial harmonics will be plotted, while both the negative and positive temporal harmonics will
be plotted.

3.3.2. Rotor Field and Stator Saliency

In permanent magnet electric machines with stator saliency, such as the one investigated in this thesis,
the interaction between the magnetic field created by the permanent magnets and the saliency of the
stator will cause large variations in the air gap flux density and therefore also in the force. The harmonics
caused by this interaction are expected to be most prominent in the result of the magnetic simulation, as
this is usually the case in permanent magnet machines [6]. Figure 3.7 shows the structure of the rotor
and the stator and the corresponding distribution of the rotors magnetomotive force (MMF) over the
angular position, φ, due to the rotors permanent magnets, as well as the stator reluctance distribution
over φ as a result of the stator slots.

0- +

Rotor

Stator

φ

Rotor
MMF

Stator
Reluctance

Figure 3.7: The rotor and stator structure and the corresponding distribution of the rotor magnetomotive force and the stator
reluctance.

The rotor MMF and stator reluctance distributions will be expressed with infinite Fourier series. The rotor
MMF is a 3-level square wave, which can be seen as two shifted rectangular waves, with a duty cycle of
½, added to each other. This means that the Fourier representation of the rotor MMF will consist of only
odd harmonics, i.e. v = 1, 3, 5, ... . Since the rotor will be rotating, and therefore moving over time, the
Fourier representation also has an ωt part, in which the angular frequency ω is the mechanical angular
velocity multiplied by the mode order, v, and the number of pole pairs, p, resulting in ωv = vpωmech.
There might be a phase shift between the rotor poles and stator slots, which is denoted by θ, however
this phase shift has no effect on the harmonics. Based on these statements, the Fourier representation
of the rotor MMF is given by equation 3.5.

Fr =

∞∑
v

Av cos (vpφ− ωvt+ θ) (3.5)

The stator reluctance is represented by a rectangular wave with a duty cycle not equal to ½. Therefore,
the Fourier representation of the stator reluctance will include all harmonics, i.e. µ = 0, 1, 2, .... The
stator slots will not be moving in time, so there is no ωt part. The phase shift between the rotor MMF
and stator reluctance is already accounted for in equation 3.5, so the Fourier coefficients will be purely
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real valued. Based on this, equation 3.6 is the Fourier representation of the stator reluctance, in which
Ns is the number of stator slots.

Λs =

∞∑
µ

Aµ cos (µNsφ) (3.6)

To determine the harmonics present in the rotor force, it is not necessary to derive the amplitude of the
coefficients of the Fourier representation. The rotor has no saliency and under no-load conditions the
stator will not generate any MMF, therefore the magnetic flux density in the air gap will be proportional
to the product of the rotor MMF and the stator saliency, as in equation 3.7.

Bag ∝ Fr · Λs

∝
∞∑
v

∞∑
µ

AvAµ cos ((vp± kNs)φ− ωvt+ θ) (3.7)

According to Maxwell’s stress tensor, the force acting on the rotor is proportional to the magnetic flux
density squared. By squaring the summation in equation 3.7, the infinite sum in equation 3.8 is obtained.
Herein, v1 and v2 as well as µ1 and µ2 are independently counted versions of v and µ, respectively.

Fr ∝ Bag
2

∝
∞∑
v1

∞∑
v2

∞∑
µ1

∞∑
µ2

Av1Av2Aµ1Aµ2 cos (((v1 ± v2) p± (µ1 ± µ2)Ns)φ− (ωv1 ± ωv2) t+ θ) (3.8)

Based on equation 3.8, the spatial and temporal harmonics present in the rotor force are given by
equation 3.9 and 3.10 respectively. In which v1 and v2 are sets of all positive odd numbers and µ1 and
µ2 are sets of all non-negative integers.

m = (v1 ± v2) p± (µ1 ± µ2)Ns (3.9)

ωm = ωv1 ∓ ωv2 = (v1 ∓ v2) p ωmech (3.10)

Since the sum or difference of two odd numbers will always result in an even number, (v1 ± v2)will result
in a set of all (positive and negative) even numbers, k1. Since the sum or difference between integers
will always result in another integer, the plus-minus sum of two sets of positive integers (µ1 ± µ2) can
be replaced with a set of all (positive and negative) integers, k2. Using this reasoning, the equations
for the spatial harmonics and temporal harmonics are rewritten into equation 3.11 and equation 3.12,
respectively. In which k1 and k2 are given by 3.13.

m = k1p± k2Ns (3.11)

ωm = −k1p ωmech (3.12)
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{
k1 ∈ {...,−4,−2, 0, 2, 4, ...}
k2 ∈ {...,−2,−1, 0, 1, 2, ...} (3.13)

Based on equation 3.11 - 3.13, the harmonics that are expected to be present are calculated and plotted,
resulting in figure 3.8. This figure will be compared to the results of the magnetic simulation.
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Figure 3.8: The spatial and temporal harmonics, m and h respectively, that should be present in the rotor force due to the
interaction between the rotor magnetomotive force and the stator saliency.



4
Mechanical Analysis

This chapter focuses on the implementation of the mechanical sub-simulation. This simulation com-
putes the deformation of the rotor, based on the electromagnetic forces resulting from the magnetic
sub-simulation and the rotational velocity of the rotor. The mechanical study is performed in 3D and
in both the time and frequency domain. This way, the results in time and frequency domain can be
compared, and the advantages and disadvantages of both implementations can be investigated. First
in section 4.1 the 3D structure that is used for the mechanical study is defined. Next, in section 4.2
the implementation of the mechanical model is explained. Section 4.2.3 and 4.2.4 elaborate on the
specifics for the time and frequency domain study, respectively. Finally, section 4.2.5 explains how the
results of the mechanical simulation are converted from the rotor to the stator reference frame.

4.1. Motor Structure (3D)

For the magnetic model, the 2D cross-section defined in section 3.1 could directly be imported into
COMSOL and used for the magnetic simulation. The mechanical simulation, however, requires a 3D
model. Since no CAD model of the motor is available and no CAD files can be imported into COMSOL
without the CADmodule, the 3D structures have to be implemented directly in COMSOL using the build
in primitive shapes and boolean operations. For mechanical simulation, only the structure of the rotor
is of relevance, which means no 3D model of the stator is necessary. The 3D model of the rotor that is
developed for the mechanical model is based on an extrusion of the 2D cross-section. The dimensions
of the silicon steel ring and aluminum end cap are measured by hand. In figure 4.1, the structure used
for the mechanical simulation can be seen.

Aluminium
Neodynium
Silicon Steel
Fixed Constraint

Figure 4.1: The geometry implemented in COMSOL, representing the structure of the rotor from the motor that is studied. The
constraint prevents the rotor from moving, where it is fixed to the axle. The different colors represent different materials.
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4.2. Mechanical Simulation

The mechanical simulation is also based on the Finite Element Method and implemented in COMSOL
Multiphysics. Since the acoustic noise generated by the motor almost entirely depends on the vibration
of the outer surface [2], only the outer part of the motor is mechanically simulated. Since the motor that
is analyzed in this thesis is an outrunner, the rotor part of the motor is simulated. For small outrunner
motors, the outer rotor is often only supported on one side. This allows to reach the winding of the stator
via the other side. Due to this asymmetry, it is crucial that the mechanical simulation is performed in
3D. Although a 3D simulation is crucial for accurate results, this does come at the cost of increased
computational costs. Therefore, the mechanical study is implemented in both the time domain and
the frequency domain. This makes it possible to compare a time and frequency domain simulation in
therms of complexity, accuracy and computational efficiency. The specifics of the time domain study
are discussed in 4.2.3 and those of the frequency domain are discussed in 4.2.4.

4.2.1. Motor Geometry, Materials and Constraints

For the mechanical simulation, three materials are used, neodymium for the magnets, silicon steel for
the flux ring and aluminum for the end cap. To fix the rotor in place, a constraint is applied to the slot
where the axle is located. Although the axle is normally able to rotate, for vibrational analysis at the
relevant frequencies, the inertia of the load connected to the axle will prevent it from oscillating together
with the rotor. Therefore, both radial and angular motion is fixed by the constraint. Figure 4.1 shows the
materials used for the mechanical motor, as implemented in COMSOL. The different colors represent
the materials used for the structure. The green surface is where the constraint is applied.

4.2.2. Mechanical Mechanics

The solid mechanics physics node of COMSOL is used to implement the mechanical model. This
module determines the deformation of, and stresses in, the geometry based on the equations of motion
and a constitutive model for linear elastic material [13]. In this model, the material is defined by its
density, Young’s modulus and Poisson’s ratio. The parameters used for the materials are shown in
Table 4.1.

MATERIAL YOUNG'S MODULUS POISSONS RATIO DENSITY

Aluminum 71.7 GPa 0.33 2810 kg/m3

Neodynium 160 Gpa 0.24 7850 kg/m3

Silicon Steel 200 GPa 0.30 7650 kg/m3

Table 4.1: The material properties used for the materials in the mechanical simulation.

Material Dampening
The damping in the rotor material is largely dependent on the amplitude of the deformation [14]
and properties of the material. Since the deformation of the rotor structure will be very low and
because metals have a relatively low damping ratio, the damping within the motor structure will
be low. To prevent oscillations due to transient forces and to prevent singularities in the frequency
analysis, viscous damping is still considered. Both the bulk- and shear viscosity are therefore set
to 0.01 Pa · s.

4.2.3. Time Domain Study

The first study implemented is the time domain study, since it requires the least amount of effort to
implement. For the time domain study, the model is first simulated with coarse dynamically determined
time steps, until it reaches a steady state oscillation. From this point on, the model is solved for fixed
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time steps. The time increment for each time step is chosen to be 10 times lower than the period
corresponding to the maximum frequency of interest. The total number of output times is chosen, such
as to obtain a sufficiently high frequency resolution after the FFT will be performed, while keeping the
simulation time reasonable. However, since the total number of times for which the model can be
solved is limited, spectral leakage in the result of the FFT will be inevitable. The effect of this will be
further investigated by comparing the results of the time-domain and frequency domain studies.

Magnetic Forces
The forces resulting from the 2D magnetic simulation have to be applied to the rotor structure
in the 3D mechanical simulation. The magnetic simulation has to be mapped to the mechanical
simulation in space and in time. In space, the result is extruded in the axle direction, and applied
to the surface of the rotor. In time, the result has to be interpolated, since the output times of the
magnetic model do not match the times at which the mechanical model is computed. Since the
mechanical simulation will span more time than one electrical period, the result of the magnetic
model has to be repeated. This is implemented by using the modulo function, inside the reference
from the mechanical simulation back to the magnetic simulation. Furthermore, every time one
electrical period has passed, the spatial mapping is shifted one pole. This is implemented using
a rotating reference frame, that again uses the modulo function and the simulation time.

Rotating Domain
Naturally, the rotor of the motor is rotating. Making the structure rotate in the simulations, would
require the structure to be re-meshed for every time step, making the simulation unnecessarily
complex. Therefore, the simulation is performed in a rotating reference frame, meaning that the
structure (and mesh) are kept stationary. The forces that result from the rotation of the motor
are applied to the structure, which makes the simulation representable for the real world situation.
Since the axle of the rotor is assumed to be rotating at a constant angular speed, the Euler force
is not implemented. Furthermore, since the displacement of the rotor will be very small, it is not
necessary to account for Coriolis force.

4.2.4. Frequency Domain Study

The mechanical study has also been implemented in the frequency domain. Since the deformation of
the rotor due to the magnetic force is very small, it is valid to assume that the deformation of the struc-
ture is linearly proportional to the force acting on the structure [2]. Since this is the case, the principle
of superposition applies, and a frequency domain simulation is a valid approximation of the real world
situation. Performing the mechanical simulation in the frequency domain makes it less computationally
intensive and allows the sampling time of the electromagnetic simulation to be changed without con-
sequences for the mechanical simulation. Performing the mechanical simulation in frequency domain
does however make the coupling from the electromagnetic simulation and to the acoustic simulation
more complex and more prone to numerical calculation errors.

The frequencies present in the magnetic force have been analyzed in section 3.3, and are therefore
known beforehand. Since there will be no force excitation at other frequencies than those, there will also
be no deformation. Therefore, the mechanical simulation only has to be performed at frequencies that
are present in the rotor force. In the rotor reference frame, this means all multiples of the mechanical
frequency multiplied by the number of poles on the rotor, i.e., equation 4.1.

f = 2πnpωmech for n ∈ {1, 2, 3, ...} . (4.1)

Magnetic Forces
The forces resulting from the 2D magnetic simulation have to be converted to the frequency do-
main and have to be mapped to the 3D mechanical simulation. The conversion from time domain
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to frequency domain is implemented in MATLAB. Since this means that the results have to be
interchanged between COMSOL and MATLAB anyway, the remapping introduced in section 3.2.5
has been implemented, which is now a viable optimization since this can only be implemented in
MATLAB. This reduces the duration for which the magnetic simulation has to be computed by 7
times.
Once the forces acting on the rotor are exported from COMSOL, imported into MATLAB and re-
constructed, the FFT is performed for each position and the result is stored in spreadsheet format.
In this format, the data consists of 7 columns. The first 3 indicate the position in 3D space, and the
next 4 store the real and imaginary part of the force in both the radial and angular direction. In this
format, the results can directly be imported by COMSOL using an interpolation node. The code
in which the reconstruction and conversion to frequency domain is implemented can be found in
appendix B.2.3.

Rotational Forces in the Frequency Domain
The forces that act on the rotor due to the rotation of the rotor, are not changing over time, as long
as the rotational velocity remains constant. Since this is the case, the forces acting on the rotor
due to the rotation do not have to be accounted for in the frequency domain study.

4.2.5. Conversion From Rotor Domain to Stator Domain

Both the time domain and frequency domain studies are performed in the rotor reference frame, to
reduce the temporal and computational cost of the simulation. This does mean, however, that before
the results of the mechanical study can be used in the acoustic simulation, they have to be converted
from the rotor domain to the stator domain.

For the time domain study, switching between both reference frames can be done by shifting the φ-
coordinate of the results with a time dependent quantity. This means that the actual results are not
changed, only the position where the result is applied is changing. This is implemented in COMSOL
using a rotating coordinate system, which is rotating together with the rotor reference frame. Using
the transformation matrix of this coordinate system, the results are converted to the global coordinate
system, which is stationary and therefore the same as the stator reference frame.

In the frequency domain study, switching between both reference frames is more complicated. The
results of the mechanical simulation are defined for every point on the outer surface of the rotor for
each φ-coordinate, Z-coordinates and for each frequency. Since no direct equation could be found
to shift such results with a value that is changing at a constant rate in time, a workaround has been
used. The results of the frequency domain mechanical simulation are first converted from the frequency
domain to the time domain using an inverse fast Fourier transform (IFFT), next they are rotated in time
using a circular shift operator. After the rotation has been performed, the results are converted back to
the frequency domain using a normal FFT. The code in which this process has been implemented can
be found in appendix B.3.3. Figure 4.2 shows a schematic representation of this process.

IFFT
Shift in φ
over time

FFT
ar(φ,z,f) ar(φ,z,t) as(φ,z,t) as(φ,z,f)

Figure 4.2: The process used to convert the frequency domain results of the mechanical simulation from the rotor reference
frame to the stationary reference frame.



5
Acoustic Analysis

The last domain in the simulation is the acoustic domain. In this chapter, the implementation of the
acoustic sub-simulation is discussed. In the acoustic simulation, the pressure variations in the air
around the motor are determined. Since the acoustic simulation is performed in the frequency domain,
this is computed for each frequency. The input of the acoustic simulation is the acceleration of the outer
surface of the motor. The output of the acoustic simulation is the pressure at each node in the domain,
for each frequency. The first section, section 5.1, focuses on the geometry, domain and boundary
conditions used for the acoustic simulation. Next, section 5.2 describes how the mechanics used for
the acoustic simulation are implemented.

5.1. Acoustic Domain and Boundary Conditions

The acoustic noise emitted by an electric motor depends almost entirely on the normal surface accel-
eration of the outer surface of the motor [2]. This means that for the structure, only the outer shell of
the motor has to be implemented, which is a cylinder. The size of the cylinder is based on the size of
the structures used in the previous simulations, namely R = 17.51 mm and L = 17.4 mm.

The domain of the acoustic simulation is the air surrounding the motor. This thesis only focuses on
the sound emitted by the motor, and not on sound effects caused by the surrounding of the motor.
Therefore, no reflections from the boundary should be present in the area of interest. To achieve this,
a spherically radiated wave boundary condition has been applied. This boundary condition makes
sure that outgoing spherical waves, coming from the center of the domain, can leave the domain with
minimal reflections occurring. This means that the domain for which the model has to be solved can
be small, while still providing results as if the motor is spinning in an infinitely large domain. Therefore,
when the sound power within the domain is analyzed, all of this power is guaranteed to directly come
from the motor.

Still, a tradeoff has to be made when deciding on the size of the domain for the acoustic simulation.
The size of the domain has to be large enough to make sure that the waves coming from the motor
have been merged into spherical waves when they arrive at the domain’s boundary. This depends on
the lowest frequency of interest, since this will produce the waves with the longest wavelength. At the
same time, the larger the domain, the more periods are covered within the domain. This increases the
computational cost of the simulation and especially of visualizing the results. Therefore, the domain has
to be small enough that the time required for solving the model and visualizing the result is reasonable,
even at the highest frequencies, since they have the shortest wavelengths. Based on this tradeoff, a
domain with size R = 100 mm has been chosen.

22
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Figure 5.1 shows the geometry used in the acoustic simulation, based on the previously mentioned
dimensions.

Y

X

Z

17,40

35,02 200,00

Dimensions in mm

Figure 5.1: The geometry and dimensions used in the acoustic sub-simulation.

Dynamic Domain Size
A possible way to prevent, or at least narrow down, the previously explained tradeoff that has to
be made to choose a domain size, could be to implement a dynamic domain size. In such a simu-
lation, the size of the domain could be changed for simulating different frequency bands. Although
this does require the geometry to be remeshed every time the domain is updated, the overall time
saved due to the higher computational efficiency at higher frequencies while maintaining the ac-
curacy at lower frequencies, might make such an implementation a feasible method to reduce the
overall computational effort required. In this thesis, however, this has not been implemented, and
a fixed domain size is chosen instead.

5.2. Acoustic Mechanics

As well as the magnetic and mechanical simulation, the acoustic simulation is a FEM based simula-
tion, implemented in COMSOL. The acoustic simulation is implemented using the pressure acoustics
physics module of COMSOL. In this module, the pressure variations are determined based on a linear
elastic fluid model. Herein, the fluid is characterized by its density and the speed of sound within the
fluid.

Outer Surface of the Motor
In the acoustic simulation, the surface normal acceleration resulting from the mechanical simu-
lation is applied to the outer surface of the motor. Both the results from the time domain and
frequency domain mechanical simulation can be used, after they have been converted to the sta-
tionary reference frame, as discussed in 4.2.5.
To apply the results of the time domain mechanical study in the acoustic simulation, they need to
be converted to the frequency domain. This is done by computing the FFT on the results of the
mechanical study, which can directly be implemented in COMSOL. Once the results have been
converted to the frequency domain, they are applied to the acoustic structure using a one to one
mapping.
To apply the results of the frequency domain mechanical study, they first need to be converted
from the rotor reference frame to the stator reference frame, as discussed in 4.2.5. Since for the
frequency domain study, this is done in MATLAB, the results of this conversion have to be imported
into COMSOL once the conversion is done. This is implemented in COMSOL by defining a 3D
interpolation function node, which is defined using the data from MATLAB.
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5.3. Meshing of the Acoustic Domain

Especially in the acoustic simulation, the size of the mesh elements is just as important as the size of
the domain. To keep the error introduced by the mesh size reasonably low, it is recommended to have
at least 5 node elements per wavelength [15]. However, a higher mesh resolution also results in an
increased number of mesh elements and therefore an increase in the computational effort required to
solve the model. Based on this tradeoff, a maximum mesh element size of 5 mm has been chosen.
Since this is a compromise, it should be noted that the results of the acoustic simulation above 14 kHz
may contain some error caused by less than 5 nodes per wavelength.

Just as mentioned for the domain size, it could be considered to implement a dynamic mesh size
for different frequency bands. This way, the number of nodes per wavelength could be kept more
constant, resulting in a better computational efficiency at the cost of having to remesh the domain for
each frequency band. This has not been implemented in this thesis.



6
Investigation and Results of the

Numerical Model

This chapter describes how the previously developed simulation is executed and how the results of
the simulation have to be interpreted. The results of the simulation are preprocessed and visualized in
a way to obtain insight into how the acoustic noise is generated and propagates through the physical
domains. Later on, this acts as a foundation for finding ways to reduce the total emitted noise. Sec-
tions 6.1 to 6.3 elaborate on how the results of the magnetic, mechanical and acoustic simulation are
obtained, processed and visualized. Furthermore, it is discussed what can already be deduced from
the results.

6.1. Magnetic Simulation

The magnetic simulation is performed under no load conditions at a fixed speed of 3000 rpm. To obtain
the results for the time domain mechanical simulation, the simulation period is set to a full electrical
cycle. For determining the force required for the frequency domain mechanical simulation, the duration
of the simulation will be set to the duration determined in section 3.2.5. The time step is set to be at
least 10 times lower than the period of the highest frequency of interest, which is 20 kHz, i.e., 5 µs.

6.1.1. Magnetic Flux Density

The base result of the FEM magnetic simulation is the magnetic flux. The flux density within the motor
is plotted in 2D using a color scale and streamlines. In figure 6.1, the magnetic flux density is plotted at
8 different times within half of an electrical period, with a fixed interval. Since the magnetic flux density
plot does not show the direction of the flux, but only the amplitude, the second half of the electrical
period will be identical and is therefore not plotted.

The magnetic flux density plots are used to verify that the chosen material properties, make sens. This
seems to be the case, since flux density is clearly higher in the silicon steel, but some leakage can be
found within the air and the copper.

In figure 6.1, the effect of the fractional slot winding is very clear. A rotation in the magnetic field can
be seen, and it is noted that this rotation rotates faster, but in the same direction, as the rotor. This
rotation happens due to the fact that the magnets and slots are aligned in succession and not all at the
same time. Furthermore, this verifies that the reasoning in section 3.2.5 is correct, and only 1/84th of

25
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T

(a): t = 0.00 ms (b): t = 0.18 ms (c): t = 0.36 ms (d): t = 0.54 ms

(e): t = 0.71 ms (f): t = 0.89 ms (g): t = 1.07 ms (h): t = 1.25 ms

Figure 6.1: The magnetic flux density resulting from the magnetic simulation over half an electrical period.

a mechanical period needs to be simulated in the magnetic domain, to obtain all result necessary for
the subsequent simulations, if rotating the result in space is possible.

6.1.2. Radial Air Gap Flux

The amplitude of the magnetic flux, in the radially outward direction, in the center of the air gap is also
plotted. This is plotted over the curve where R = 14.25 mm, at t = 0, and is shown in figure 6.2.
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Figure 6.2: The amplitude of the magnetic flux in the center of the air gap in the radially outward direction. Plotted at t = 0,
R = 14.25 mm and over φ, the spatial angular coordinate.

Using the data of the radial flux amplitude in the air gap, it is confirmed that this is a superposition of two
spatially distributed sines with spatial order 7 and 12. These are a result of the permanent magnets
and the stator saliency, respectively. This supports the assumption made in section 3.3.2, that the
harmonics caused by the rotor magnets and stator saliency are the most prominent in the air gap flux.

6.1.3. Magnetic Force

As previously discussed, the magnetic forces acting on the rotor of the motor are calculated using
Maxwell’s stress tensor using the results of the magnetic simulation. To visualize the result of this
calculation, the resulting force is plotted in a 2D arrow plot. This plot is shown in figure 6.3 for t = 0.
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Figure 6.3: A 2D arrow plot of the electromagnetic force acting on the rotor of the motor at t = 0.

In figure 6.3 it can be seen that, as expected, the force acting on the rotor is largest when the permanent
magnets are closest and most aligned to the stator slots. Furthermore, when the permanent magnets
are not aligned to the stator slots, the forces acting on the permanent magnets are pulling them towards
the stator slots. Due to the fact that the number of permanent magnets and stator slots are no multiple
of each other, the total rotational force, i.e., the torque acting on the rotor is small, regardless of how
the magnets are aligned.

6.1.4. Spatial and Temporal Force Harmonics

Based on the plot of the radial air gap flux amplitude and electromagnetic force acting on the rotor, it
is clear that the 7th and 12th spatial harmonic orders are significant. However, to gain a more detailed
understanding of all the harmonics present and to identify the frequencies corresponding to each har-
monic, the 2D FFT of electromagnetic rotor force is computed, according to section 3.3.1. This also
allows verifying the results against the harmonics calculated in section 3.3.

To be able to calculate the 2D FFT of the rotor force resulting from the electromagnetic simulation,
some preprocessing of the results is necessary. Since the actual force calculated in the simulation is
located at the surface of the rotor, the distance between the location of each result and the origin is
not the same. Therefore, the results are exported from COMSOL and imported into MATLAB, where
the results are mapped from the 2-dimensional R-φ-domain to a 1-dimensional domain with only φ as
free variable. Since the force is given in N/m2, the results are scaled to correct for the difference in
radius from the original location of the result and the projected radius of the 1-dimensional φ-domain.
Furthermore, the results are converted from the rotor’s reference frame to the stator’s reference frame.
This is done by shifting the results in the φ-domain with a quantity equal to ωmecht. The result of this
remapping can be seen in figure 6.4(a). The MATLAB code used to import the data from COMSOL and
remap the data can be found in appendix B.2.1. The code used to compute the 2D FFT of the rotor
force is added in appendix B.2.2.

In figure 6.4(b) the result of the first FFT over space can be seen, where the y-axis corresponds to
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(a): Remapped results (b): Spatial harmonics

(c): Spatial and temporal harmonics
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Figure 6.4: The remapped force harmonics in the 1-dimensional φ-domain over time on the left. In the middle, the result of the
first FFT over space, showing the spatial harmonics over time. On the right, the result of the 2D FFT, showing the spatial and

corresponding temporal harmonics.

the spatial position, φ. In this figure, it can already be noted that the 12th and 14th spatial orders are
significantly present and that all other non-zero harmonics are multiples of 2. This is due to the effect
that the rotor force is proportional to the flux density squared. Since the flux density is sinusoidally
distributed over space with one period per 2π radials, 2 is the fundamental harmonic order and only
spatial harmonics that are multiples of 2 will be present in the force acting on the rotor.

The bottom figure, 6.4(c), shows the result of the 2D FFT. Herein, the frequencies at which the spatial
harmonics occur can be seen. As expected, from the force in the stationary domain, the 12th harmonics,
caused by the stator slots, occur at 0 Hz, whereas the 14th harmonics, caused by the rotors permanent
magnets, occur at non-zero frequencies. Also, comparing figure 6.4(c) to the analytically predicted
harmonics in figure 3.8, show that the most prominent harmonics resulting from the simulation do
indeed match the predicted harmonics.

6.2. Mechanical Simulation

The mechanical simulation is performed using the results of the magnetic simulation and therefore also
performed under the same conditions. For the time domain mechanical simulation, the modulo function
is used inside COMSOL, to “repeat” the magnetic simulation results in time. For the frequency domain
mechanical simulation, the result of the magnetic study is repeated and remapped according to the
spatial and temporal symmetries determined in section 3.2.5. The MATLAB code used to do this can
be found in appendix B.2.3.
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The base result of the mechanical simulation is the deformation of the rotor, and the result that is of
relevance for the acoustic simulation is the surface normal acceleration. In this section, the results of
both the time and frequency domain simulations are shown. To interpret the frequencies present in the
deformation and acceleration resulting from the mechanical simulation, a modal analysis is performed
to find the eigenshapes corresponding to those frequencies.

6.2.1. Time Domain Results

To inspect the results of the mechanical simulation, the deformation is drawn with an amplification factor
and animated over time. This allows to view the oscillations happening in the structure of the rotor. An
animation, however, can not be added to a report, and drawing the deformation at various points in
time would not give a complete view of how the structure is oscillating.

Therefore, the radial deformation of the outer shell of the rotor at a specific z-coordinate is plotted over
time in a 2D surface plot. Since the deformation of the rotor is largely linear in the z-direction, this gives
a good impression of the oscillation. The z-coordinate chosen for this result is z = 10.2 mm, as this
is the middle of the extruded 2D structure. Figure 6.5(a) shows the result of this, the radial outward
deformation over time and the spatial angular coordinate φ.

(a): Deformation at Z = 10.2 mm (b): Spatial harmonics

(c): Spatial and temporal harmonics
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Figure 6.5: On the top left, the radial outward deformation over the spatial angular coordinate, φ, and time at z = 10.2 mm. On
the top right, the result of the first FFT over space, showing the spatial harmonics over time. At the bottom, the result of the 2D

FFT, showing the spatial and corresponding temporal harmonics.

The first FFT is performed over space, which results in figure 6.5(b), the spatial harmonics present
over time. From this plot, it can be concluded that the 1st and 2nd mode shapes are most present in the
deformation. Furthermore, most mode shapes that are significantly present are multiples of 2, which
is a logical consequence of the fact that this was also the case for the electromagnetic force which
causes the deformation.
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Next, the second FFT is performed over time, resulting in figure 6.5(c). From this figure, the frequencies
corresponding to the harmonics can be seen. The code used to obtain the figures in 6.5 can be found
in appendix B.3.1.

6.2.2. Frequency Domain Results

The mechanical simulation has also been performed in the frequency domain. As explained in section
4.2.4, magnetic excitation only occurs at harmonics of the electrical frequency, i.e. multiples of 14
times the mechanical rotational velocity. This has also been verified using the simulation results of the
electromagnetic simulation in figure 6.3. Since there is no electromagnetic force acting on the rotor at
other frequencies, there will be also no deformation at those frequencies. Therefore, the mechanical
model is only simulated at multiples of the electrical frequency.

The input of the mechanical simulation in the frequency domain is the frequency domain magnetic
force. The script used to construct this force, based on the results of the short time-domain magnetic
simulation, can be found in appendix B.2.3.

Once the force has been processed and imported into COMSOL, the mechanical model is simulated
and the resulting deformation at the center of the rotors outer surface is exported. This allows to com-
pare the result of the frequency domain mechanical simulation to those of the time domain implemen-
tation. The deformation is processed the same as the results in section 6.2.1, however an important
difference is that since the results are already in frequency domain, only the FFT over space has to
be performed. This does however also mean that the FFTs are performed in reversed order, meaning
that the resulting plot is not defined for positive and negative frequencies, but for positive and negative
spatial harmonics. This means that to make the result comparable to the result of the time-domain
mechanical simulation, the result is flipped up/down and left/right (or rotated 180 degrees) and append
to the original result to obtain the full spectrum. The code in which this is performed can be found in
appendix B.3.2. Figure 6.6 shows the result of the mechanical simulation and this preprocessing.
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(a): Temporal harmonics

(b): Spatial and temporal harmonics
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Figure 6.6: On the top, the radial outward deformation over the spatial angular coordinate, φ, and frequency at z = 10.2 mm.
At the bottom, the result of the FFT over space, showing the spatial and corresponding temporal harmonics.



6.2. Mechanical Simulation 31

From the results in figure 6.6(b), it can be seen that most of the peak frequencies are similar to the result
of the time domain mechanical simulation results in figure 6.5(c). A big difference however is that in
the results in 6.5(c), deformation is present at frequencies that are not a multiple of the fundamental
electrical frequency, which is likely an effect of spectral leakage introduced with performing the FFT.
This leakage does not occur when performing the mechanical simulation in the frequency domain.

6.2.3. Eigenfrequency Analysis

To reduce the noise emitted by the motor, the vibrations in the structure of the rotor have to be reduced.
To find ways to reduce these vibrations, however, it is crucial to know the shape of the vibration. From
the results in the previous sections, it is clear that the structure has frequencies at which it tends to
vibrate the most. These are the eigenfrequencies, also called modal frequencies or resonance fre-
quencies. Each eigenfrequency has a corresponding eigenshape. Using an eigenfrequency analysis,
the eigenfrequencies and corresponding eigenshapes can be determined.

In the eigenfrequency analysis, the ARPACK code is used to find eigensolutions to the deformation
analysis of the linear elastic solid model [16] [17]. The results of this analysis are the approximated
eigenshapes and corresponding eigenfrequencies of the 3D structure of the rotor, within a certain fre-
quency region. By matching the resulting eigenfrequencies to the frequencies present in the defor-
mation spectrum resulting from the mechanical simulation, the eigenshapes corresponding to these
deformations can be determined. This means that when finding methods to reduce the acoustic noise
emitted by the motor, based on these results and the result of the acoustic study, the eigenshapes that
cause most emitted noise are already known.

Figures 6.7(a) - 6.7(g) show the results of the eigenfrequency analysis, which is performed in the region
of 0-20 kHz. For a cylindrical shape such as the rotor of the motor, each vibrational mode has two orthog-
onal shapes per vibrational mode. This means, for example, that there are two mode 2 eigenshapes,
however the nodes of the first eigenshape correspond to the anti-nodes of the orthogonal eigenshape,
and vise versa [9]. Since the structure of the rotor, however, is not completely cylindrical symmetric,
the orthogonal eigenfrequencies are close to each other, but not completely equal and not each eigen-
shape has a corresponding orthogonal shape. The results shown are some of the most prominent
eigenfrequencies and shapes. Eigenshapes that are not excited by the electromagnetic force are not
included, since they are not of interest for the analysis in this thesis. Also, of each orthogonal eigen-
shape pair, only one has been included in figure 6.7, however the eigenfrequency of the corresponding
orthogonal eigenshape has been provided in the subscript between brackets.

Since the 0th order spatial mode is commonly significant in electric motors with a high number of poles,
but no such mode resulted from the eigenfrequency analysis, this mode has been separately analyzed.
Figure 6.7(h) shows the result of this analysis. The eigenfrequency corresponding to the 0th order
spatial mode turned out to be 38.456 kHz which explains why it was not present in the results of the
initial eigenfrequency analysis.

The tangential vibrational mode in figure 6.7(a) is excited by variations in the torque delivered by the
motor. Therefore, this mode will be present during operation of the motor, however since the normal
deformation caused by it is relatively small, it will likely not be relevant for the acoustic noise emitted by
the motor. The axial vibrational mode, in figure 6.7(d) will also not cause acoustic noise to be emitted
from the rotor outer surface. This node will however cause noise to be emitted from the back of the
motor (the end cap). Since this mode is however not excited by the electromagnetic field, it is not
relevant for the acoustic noise that is emitted.

The eigenshapes in figure 6.7(a, c, e-h) do cause significant normal deformations. The mode 0 eigen-
shape in figure 6.7(h), has a very high corresponding eigenfrequency, which means the acoustic noise
emitted by this mode is probably very small. Since the frequency at what this mode vibrates is far out-
side the frequency band of interest, the acoustic simulation results can however not be used to verify
this.
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(a): feig = 2389 Hz
(feig = 2390 Hz)

Tangentional Vibration Mode 2 Shape Axial VibrationMode 1 Shape
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(b): feig = 4102 Hz (d): feig = 5616 Hz

(h): feig = 38456 Hz
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Figure 6.7: Some of the most prominent and relevant eigenshapes and corresponding eigenfrequencies resulting from the
eigenfrequency analysis. White/green parts are close to their original position, while blue/purple parts are far from their original

position. This means white/green parts indicate the nodes and the blue/purple parts indicate anti-nodes.

6.3. Acoustic Simulation

The final simulation step that is performed is the acoustic simulation. The acoustic simulation is a
frequency domain simulation in the stationary reference frame. The input of the acoustic simulation
is the normal acceleration of the rotor’s outer surface. This means that the results of the time domain
mechanical study, needs to be converted to the frequency domain and that the result of both the time
and frequency domain mechanical study need to be converted from the rotor reference frame to the
stator reference frame. The conversion from time domain to frequency domain is directly implemented
in COMSOL using an FFT study node. The conversion from rotor domain to stationary domain is
implemented according to section 4.2.5.

Once the acceleration from the mechanical simulation is converted to the stationary frequency domain,
it is applied tho the acoustic simulation. The results of the acoustic simulation is the acoustic pressure
in the area surrounding the motor. First, the total acoustic power emitted by the motor for each fre-
quency is determined. Based on this, the frequency spectrum of the total acoustically radiated power
is plotted. Next, to visualize how the waves are propagating away from the motor, the acoustic pressure
isosurfaces are plotted.

6.3.1. Total Acoustic Radiated Power

To determine the total acoustic radiated power, the sound intensity (in W/m2) is integrated over the
boundary of the acoustic domain for each computed frequency. Based on this, the total power radiated
by the motor at each frequency is plotted. The peaks in the resulting spectrum are analyzed and
compared to the eigenshapes in figure 6.7 and the isosurfaces of the acoustic radiated waves in section
6.3.2. Based on this, the order of the mode shapes, m, that cause the peaks are determined and
annotated. Figure 6.8 shows the result of this when the mechanical simulation is performed in the time
domain, and figure 6.9 shows the results based on the frequency domain mechanical simulation.
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Figure 6.8: The total acoustically radiated power spectrum, based on the time domain mechanical study.

In figure 6.8, it can be seen that the two highest peaks in the acoustic noise spectrum are caused by
mode 2 and mode 4 waves. This is as expected, since the fundamental spatial order of the force acting
on the rotor is 2. Furthermore, no mode 0 acoustic waves are emitted by the rotor, which is in line
with the observations in the modal analysis, which showed that the mode 0 eigenshape of the rotor’s
structure has a corresponding eigenfrequency that is far out of the frequency region of interest.

A more unexpected result, is the occurrence of mode 1 and mode 3 acoustic waves, since these should
theoretically not be excited by a symmetric electromagnetic field, such as the field in the air gap of the
studied motor. Possible explanations for this will be discussed in section 7.4.1.
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Figure 6.9: The total acoustically radiated power spectrum, based on the frequency domain mechanical study.
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The acoustic radiated power based on the frequency domain mechanical simulation, shown in figure
6.9, clearly shows a huge mismatch compared to the result using the time domain mechanical study.
Based on further investigation in chapter 7, it was found that the results based on the time domain
mechanical study are most accurate and therefore these will be used. In section 7.4.3, the cause of
this mismatch will be further investigated and explained.

6.3.2. Acoustic Pressure Isosurfaces

To visualize the 3D acoustic waves propagating through the air surrounding the motor, acoustic iso-
surfaces are plotted. These isosurfaces are surfaces at which the acoustic pressure is at a constant
value. The surfaces are colored to indicate this pressure. A logarithmic scale is used for the coloring
and values of the isosurfaces. Furthermore, to increase visibility of the wave shapes, a clipping plane
is added. Since the results are in the frequency domain, they can be animated over the phase angle,
however, in the report all isosurface plots are exported at a 0◦ phase angle.

The results of the simulation based on the time domain mechanical study are used. The frequencies
at which the isosurfaces are plotted are the four peak frequencies in figure 6.8. The isosurfaces can
be found in figure 6.10.

(a): f = 2450 Hz (b): f = 4950 Hz

Acoustic Isosurfaces Acoustic Isosurfaces

(c): f = 111500 Hz (d): f = 18650 Hz
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Figure 6.10: The acoustic isosurfaces of the acoustic waves radiated by the motor, at the 4 acoustic radiated power peak
frequencies, based on the results of the time domain mechanical study.

Based on the shapes of the waves radiated by the motor, the subfigures of 6.10 can be coupled to
the eigenshapes in 6.7. The relation between these are shown in table 6.1. At no frequency, mode 0
acoustic waves are emitted by the motor in the simulation results.
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ISOSURFACE FIGURE ACOUSTIC FREQUENCY EIGENSHAPE FIGURE EIGENFREQUENCY

6.10 (a) 2450 Hz 6.7 (a) 2389 Hz

6.10 (b) 4950 Hz 6.7 (c) 4880 Hz

- 8800 Hz 6.7 (c) 4880 Hz

6.10 (c) 11150 Hz 6.7 (e) 11282 Hz

- 12200 Hz 6.7 (a) 2389 Hz

- 16700 Hz 6.7 (c) 4880 Hz

6.10 (d) 18650 Hz 6.7 (g) 19218 Hz

Table 6.1: The relation between the eigenshapes in figure 6.7 and the acoustic radiated waves in figure 6.10. The eigenshapes
corresponding to the peak frequencies, but not shown in figure 6.10, are also added.



7
Comparison and Reflection of the

Results

In this chapter, first in section 7.1, the computation duration for the implemented simulation steps are
shown, since computational cost was an important consideration in developing the simulation. Next,
the results of the numerical simulation are compared to real world measurements performed in the
laboratory in section 7.2. Furthermore, in section 7.3, the results are compared to the results obtained
in available literature. Finally, in section 7.4, based on the previous sections, a general reflection on the
results is performed to further investigate and explain discrepancies that are observed in the results.

7.1. Computation Duration of Simulation Steps

An important part of implementing the simulation was to keep the computational costs of the simulation
low. Therefore, the computational power required to perform the simulation is an important result of
the performed analysis. There are various steps required to simulate the motor in the electromagnetic,
mechanical and acoustic physics domains. Two main simulation paths are developed, tested and used
in this thesis. To gain a structured overview of these paths and how long the individual steps take to
compute, a flow chart is depicted in figure 7.1. The solid arrows indicate the paths used in this thesis,
while the dotted arrows indicate paths that could be implemented without much effort, if desired to do
so. The computation times indicated in this graph are indicative and should give a general idea of how
long each step takes, however the actual time per step depends largely on the used hardware.

The main difference between the two implemented simulation paths is whether the mechanical simula-
tion is performed in time domain or in frequency domain. But besides that there are other advantages
and disadvantages for both implementations. The difference in results between the simulations can be
seen in the previous chapter and will be discussed in section 7.4.3.

In the top path in figure 7.1, the mechanical simulation is performed in time domain which takes themost
time. The actual time required for the time domain study does however depend largely on the duration
for which the motor is simulated. Increasing the duration will increase the accuracy and resolution of
the succeeding FFT, however this will also increase the required time. This does however make it a
flexible implementation. Furthermore, since the mechanical study is implemented in the time domain
it is relatively simple to animate the oscillation of the rotor, allowing for a better understanding of how
the vibrations are propagated through the structure. Another advantage of the implementation based
on the time domain mechanical simulation is that all simulations steps are implemented in one stand
alone COMSOL, model. This means MATLAB or a COMSOL LiveLink module is not required.

36
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Figure 7.1: The steps of the two implemented simulation paths. The duration required to compute each step is indicated.

The bottom path, in figure 7.1, shows the implementation based on the frequency domain mechani-
cal study. This implementation is relatively quicker, but also here the number of frequencies at which
the model is analyzed determines the duration of the simulation. Since the results of the magnetic
simulation in this implementation need to be exported to MATLAB to compute the FFT anyway, this
implementation is more suitable to implement the transformation explained in section 3.2.5. This sig-
nificantly reduces the duration of the magnetic time domain simulation, since the duration for which
the motor has to be simulated is 7 times shorter. A disadvantage of the frequency domain mechanical
study implementation is that the result of the mechanical simulation, which is in the frequency domain,
needs to be converted from the rotor reference frame to the stator reference frame. This is relatively
complicated and prone to numerical errors, as it comprises computing the IFFT, translating the results
and computing the FFT successively. Furthermore, since the FFT of the magnetic simulation only re-
sults in excitation at the electrical frequency harmonics, the deformation and emitted noise at all other
frequencies will be zero. This means that the mechanical and acoustic frequency domain simulation
only have to be performed at harmonics of the electrical frequency. This reduces the computation time
by a lot, but also simplifies the results.

7.2. Comparison of the Results with Measured Noise

To verify the developed simulation, the results of the simulation are compared to real world laboratory
measurements. During the measurements, the motor is slowly accelerated to 3000 rpm. At 3000
rpm, the speed is briefly kept steady, before decelerating the motor again to a stop. The switching
frequency of the motor controller is 20 kHz, and the control is performed without a sensor, using sliding
mode control in the alpha-beta-reference frame.

To obtain the frequencies present in the noise emitted by the motor during the entire test, a waterfall
plot is made. For this, the FFT is performed over a moving window with a fixed length. The code used
to perform this analysis is included in B.6.1. The result can be seen in figure 7.2. In this plot, the black
lines indicate the frequencies at which a relatively high amount of noise is emitted. Since these occur
at a constant frequency, they are not dependent on the velocity of the motor. This means, they can
be caused by the natural frequency of the rotor, harmonics in the motor control or other non-velocity
dependent effects. The purple lines indicate harmonics of the fundamental electrical frequency (14
times the mechanical frequency). These are proportional to the rotational velocity of the motor. The
black circles indicate locations where resonance occurs.
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Figure 7.2: The waterfall plot of the acoustic noise emitted by the motor, measured during a complete cycle of accelerating,
steady state and decelerating operation of the motor. The purple lines are the mechanical frequency harmonics. The black
lines indicate noise emitted at constant frequencies, and the black circles indicate the locations where resonance occurs.

In the waterfall plot in figure 7.2, mainly the noise emitted at constant frequencies when the motor’s ve-
locity is constant are of interest, since these can be used to compare the measurements to the results of
the simulation. However, also the non-constant frequencies are of interest. The noise with frequencies
proportional to the rotational velocity of the motor are harmonics of the electrical or mechanical veloc-
ity. In section 3.3.2 the frequency harmonics and corresponding spatial harmonics were analytically
determined. Based on the harmonics resulting from this analysis, the spatial harmonic corresponding
to each purple line in figure 7.2 is known. When a resonance occurs, the force excitation is resonating
with the eigenshape of the rotor structure. This indicates that the eigenshape at this frequency has the
same spatial order as the harmonic causing the resonance.

Based on this logic, the resonance occurring at location 1 (black circle with a 1 next to it), which is
caused by the 96th electrical harmonic, is resonating with the eigen-oscillation of the rotor’s structure at
4512 Hz. Based on the results of the harmonic analysis (figure 6.4), it is known that the 96th harmonic
corresponds to a mode 2 excitation. Since this excitation is causing resonance to happen, it is deduced
that the vibrations in the rotor’s structure at 4512 Hz are mode 2 vibrations. For the same reasons,
the oscillations at 5373 Hz and 5591 Hz are expected to be caused by mode 2, probably orthogonal,
oscillations.

The resonance that occurs at location 3 is not caused by any of the mechanical frequency harmonics.
The oscillations at that frequency (2572 Hz) do however seem to resonate with a lot of other harmonics.
Furthermore, this frequency is close to the mode 1 eigenfrequency of the rotor’s structure determined in
the modal analysis and the acoustic radiated power peak resulting from the acoustic simulation, which
was also confirmed to be caused by mode 1 radiated waves. This all indicates that the oscillations
occurring at 2572 Hz are mode 1 oscillations.

The resonance at location 2 and 4 are also not caused by any of the mechanical frequency harmonics.
The frequencies at which they occur, 915 Hz and 3647 Hz respectively, are also not close to any of
the frequencies resulting from the force analysis, modal analysis or the simulation. It should however
be noted that these frequencies are almost exactly a factor of 4 apart, indicating that the oscillation
at 3647 Hz is a harmonic of the oscillation at 915 Hz. Furthermore, the resonances that do occur are
caused by the 36th, 72th and 108th electrical frequency harmonics, which are multiples of the number
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of stator slots. This indicates that they may be due to the stator current used to drive the motor, which
is not simulated in the no-load simulation, or due to tooth vibrations which are not considered in the
simulation. To investigate this further, the phase currents will be analyzed in section 7.2.1.

Since humans are most sensitive to frequencies below 6 kHz, the waterfall plot added here is drawn
up to this frequency, so that the details are clearly visible. In the full waterfall plot, up to 17 kHz,
which is added in appendix A.2.1, some extra oscillations can be seen to occur around 10.65 kHz.
The harmonics measured at these frequencies are very faint, making it hard to find what harmonics
are resonating with the fixed frequency oscillation, and therefore determining the eigenshape at this
frequency is complicated. However, since the oscillations occur at such a high frequency and is not
very strong, it is not very relevant to reducing the noise emitted by the motor. In the simulation results,
however, a peak can be found near the same frequency, at 11.15 kHz, that is caused by mode 3
vibrations.

Finally, the mode 4 oscillations that are present in the simulation results at 18.65 kHz, can not be verified
using the measurement results that are up to 17 kHz. To verify whether a mode 4 oscillation is actually
present at this frequency would require further investigation. Since this if far outside the frequency
range that most humans can hear, this further investigation has not been performed.

7.2.1. Current Measurements

Since the oscillations at 915 Hz and 3645 Hz, could not be explained using the analytical force har-
monics, modal analysis or simulation results and the current controller has a feedback loop close to
1 kHz, the current used to drive the motor during the measurements has been recorded, to look for a
possible cause of these vibrations. Two phase currents are measured and stored. Based on the two
measured phase currents, the alpha-beta current is determined. For the alpha-beta current, another
waterfall plot has been made using a moving window FFT. Based on the waterfall plot, the harmonics
and frequencies present in the current can be seen. Since the alpha-beta current is consists of both a
real and a complex part, the results of the short time FFTs will be non-symmetric, so both positive and
negative frequencies are plotted. The resulting waterfall plot is shown in figure 7.3. The code used to
generate the waterfall plot can be found in appendix B.6.2.

Iαβ spectrum, -5 kHz to 5 kHz
Rotationional velocity (rpm)

0 1500 3000 1500 0

Figure 7.3: The waterfall plot of alpha-beta current, measured in the laboratory, during the complete cycle of accelerating,
steady state and decelerating operation of the motor.
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In the waterfall plot, the fundamental electrical frequency is very prominent and also the harmonics of
the fundamental electrical frequency are clear. Furthermore, at 5 kHz, which is the switching frequency
of the controller, the pattern is repeated. This is all as expected, and no significant fixed frequency
components are visible. This means that the oscillations at 915 Hz and 3645 Hz are likely not directly
caused by the controller but by another phenomena, such as tooth vibrations.

7.3. Comparison of the Results with Available Research

Next to comparing the results of simulation to laboratory measurements, it is useful to compare the
results of the simulation to the results obtained in already available research. First, the implemented
simulation is compared to implementations used in other literature. Next, the results of the simulation
are compared to simulation results of electric motors in general andmeasurements performed on similar
motors in available literature.

7.3.1. Implementation of the Simulation

An important difference that is found between available research about the simulation of electric motors,
is that most of the research is focussed on large, automotive sized motors [18]–[20]. Furthermore, the
available research that is tailored at small PMSMs, does commonly only consider inrunner motors and
not outrunner motors [21]–[23], such as the ones commonly used in drones or other unmanned aerial
vehicles, where the outside of the motor is spinning. Outrunner motor such as these are a popular
choice for these applications as they provide a relatively high torque and power density [24].

Although the type or size of motor that is studied in other research focussed on simulating the acoustic
noise emitted by electric motors is not the same, generally the same simulation procedure is used as
in this thesis. First, the electromagnetic simulation is performed, then Maxwells stress tensor is used
to determine the forces acting on the rotor, which is used to simulate the mechanical model to obtain
the deformation/acceleration, which is used to perform an acoustic analysis [2], [19], [23].

7.3.2. Vibrational Modes of the Motor

Based on the result of the simulations and the measurements, it is found that the motor that is analyzed
is very susceptible to mode 1 and mode 2 vibrations, while mode 0 and mode 4 vibrations occur at
frequencies that are too high to be of relevance. This is a phenomenon that is generally not present in
larger electric motors, since the eigenfrequencies of larger motors are lower and therefore mostly fall
into the critical frequency range of 0-6 kHz [18], [20]. This is an inherent advantage of small electric
motors, since higher eigenfrequencies reduces the overall vibration level that is transmitted [25].

The simulation results indicated a high susceptibility of the rotors structure to mode 1 oscillations. Theo-
retically, this mode should not be present, as it is not excited by the symmetrically distributed magnetic
field [23]. The measurement result does also show a very significant peak in the measured radiated
acoustic noise at the frequency where mode 1 oscillations are expected according to the modal analysis
and simulation results. Measurements, performed by Henderson et al. in [26], on an almost identical
motor using laser vibrometer probes to directly measure the deformation of the rotor, showed that, es-
pecially at a low rotational velocity, the mode 1 oscillation in the rotor of a small outrunner PMSM can
be very significant and even the most significant mode of vibration. This supports the results obtained
in this thesis, especially since the motor is analyzed at a relatively low rotational velocity, compared to
the velocity for which it is designed based on the KV rating.

Furthermore, it was measured that the mounting of the motor to another structure can increase the
amplitude of the mode 1 acoustic waves, while barely affecting the amplitude of the mode 2 acoustic
waves that are emitted [26]. This makes sense, since a mode 1 oscillation causes the center of gravity
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of the motor to oscillate, whereas a mode 2 oscillation does not affect the center of gravity. When the
center of gravity is oscillating, this will cause the component to which the motor is mounted to oscillate
as well and therefore increase the transmission from the structure borne oscillation to the airborne
oscillations [9].

7.4. Reflection of the Simulation Results

In this section reflects on the results that were found. Unexpected results are explained, and an effort
is made to find an explanation for these results.

7.4.1. Mode 1 Oscillations

Originally, it was not expected to encounter any mode 1 oscillations while analyzing the motor which is
used as a test case in this thesis, as the symmetry in the electromagnetic field will prevent the magnetic
field from exciting a mode 1 vibration. However, in contrast to the expectations, mode 1 vibrations were
encountered in both the simulation results and the measurement results. Both these will be separately
explained.

Mode 1 Oscillations in the Simulation
The mode 1 waves emitted by the motor in the result of the acoustic simulation are caused by
mode 1 oscillations that result from the mechanical time domain simulation. That these mode 1
oscillations are already present in the result of the mechanical simulation can be seen in figure
6.5. Furthermore, when focussing on the 2D FFT results of the magnetic simulation in figure
6.4, it can be noted that also in those results, there is already a small mode 1 force component.
To investigate the source of this mode 1 component, 2D FFT has also been computed over the
electromagnetic force in the rotor reference frame. An interesting observation is that in this case,
thus without converting the force from the rotor domain to the stator reference frame, the mode 1
force excitation is almost completely gone. The results of this rotor reference frame 2D FFT are
added in appendix A.1.
Based on these observations, two possible causes of the mode 1 force acting on the rotor can
be thought of. Either, the mode 1 force excitation can be a result of a combination of the original
harmonics and the rotation of the rotor or themode 1 force excitation is a numerical error introduced
when interpolating the force that acts on the rotor. Further investigation is required to definitively
determine the source of the mode 1 forces. Either way, the observation that a small mode 1
force excitation can cause a relatively large mode 1 deformation, shows that the structure is really
susceptible to mode 1 oscillations.

Mode 1 oscillations in the Measurements
The noise measured in the acoustic measurements at the mode 1 eigenfrequency is more easily
explainable. Although the motor is theoretically perfectly symmetric, each non-ideal motor will
have some sort of imperfections causing imbalance in the rotation of the rotor [9]. Research has
also shown that motors using a fractional slot winding are more likely to be subject to non-balanced
magnetic forces [6]. Possible causes for imbalance could be, a nonuniform radial distribution of
the mass of the rotor, a non-perfectly centered axis, play in the bearings or a difference in strength
between the permanent magnets.
Combined with the susceptibility of the rotors structure to mode 1 oscillations that was observed
in the simulation, these factors can cause mode 1 oscillations. That these oscillations can be very
significant was also shown using laser vibrometric measurements of a similar motor [26]. These
measurements also support that mode 1 oscillation can actually be the most significant form of
oscillation when the motor is rotating relatively slow.
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7.4.2. Comparison of the Results with the Measurements

There are two frequency bands in the measured acoustic noise, namely at 915 Hz and 3647 HZ, that
could not be explained using the simulation results or another form of analysis. Since the higher fre-
quency is almost exactly a multiple of the lower frequency, they likely share the same source. In an
attempt to find the source of these oscillations, the phase current of the motor during operation was
measured. The waterfall plot of the alpha-beta current derived from this did, however, not show any sig-
nificant frequencies that were present. Since this confirms that the oscillations are not induced by the
controller, they must be caused by another phenomenon. This means that there are two possibilities,
either they are caused by the motor due to a phenomenon that was not considered in the simulation,
or they are caused by an external component.

When the frequencies are caused by the motor due to a phenomenon that is not simulated, the first step
into finding the source of the noise would be to determine the spatial order (mode) of the oscillations
in the rotor that emit the waves at these frequencies. Since this could not be determined using the
simulation results, the most effective way would be to measure the spatial order. This could be done by
directly measuring the deformation of the rotor using laser vibrometers or by using array microphones
to determine the spatial distribution of the waves emitted by the motor at these frequencies. Either way,
more investigation is required to find the source of these oscillations.

The noise is not present when the motor is not rotating, so it can not be unrelated background noise,
which means that if the frequencies are generated by an external component, it must be something that
has to do with themeasurement setup. A possible source could be the power supply. A switching power
supply may start to make noise when current starts to be drawn, which would explain the measured
results. However, to either verify or rule out that the noise is generated by an external component,
further investigation of the measurement setup would be required.

7.4.3. Difference Between Time and Frequency Domain Mechanical Study

In section 6.3.1, it has been found that the results of the acoustic simulation using the frequency domain
mechanical simulation are different to the results of the acoustic simulation when the results of the time
domain mechanical simulation are used. Based on further investigation, it has been shown that the
results based on the time domain mechanical simulation do match the measurements quite well, and
therefore there probably is a problem with the results based on the frequency domain mechanical study.

Inherently, as predicted in section 4.2.4, there is a difference between both results, which was confirmed
based on the results of both mechanical simulations in section 6.2.2. The difference between both
results is due to the different locations in the simulation path when the results are converted to the
frequency domain.

When the mechanical simulation is performed in the time domain, the FFT is performed after the
mechanical simulation. Since the mechanical deformation at this point will consist of a combination
between the frequencies excited by the electromagnetic force and eigenfrequencies of the structure.
When performing the FFT on the results containing all these different frequencies, leakage will occur
due to the non-infinite length for which the simulation has been performed. Therefore, the spectrum of
the deformation resulting from this analysis will show spread out peak frequencies.

In contrast, when performing the mechanical simulation in the frequency domain, the FFT is performed
before the mechanical simulation on the electromagnetic force resulting from the electromagnetic sim-
ulation. The electromagnetic force will only contain frequencies that are a multiple of the fundamental
electrical frequency, as predicted in section 3.3.2 and verified in section 6.1.4. This means that when
the FFT is performed over a time which is a multiple of the fundamental electrical period, no leakage
will occur, meaning that only harmonics of the fundamental electrical frequency are excited in the me-
chanical simulation and therefore present in the deformation spectrum resulting from this simulation.
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This difference in the deformation spectra of both implementations was shown in figure 6.5 and figure
6.6. Although there is a difference here in how “spread-out” the spectra are, they still show that the
deformation consist of largely the same spatial and temporal harmonics. This means that the difference
in the acoustic radiated power is likely caused by the conversion of the frequency domain results from
the rotor reference frame to the stator reference frame. As mentioned in section 4.2.5, the process
used for this transformation is very prone to numerical errors, which makes it even more likely that this
is the source of the mismatch between the acoustic results. To verify whether this is indeed the source
of the mismatch, further investigation would be required. The first step in this investigation would be
to find an alternative way of converting the frequency domain deformation from the rotors reference
frame to the stationary reference frame.



8
Noise Reduction Recommendations

The underlying goal of simulating the acoustic noise emitted by the studied electric motor and for de-
veloping the simulation, is to be able to find general design optimizations that can be used to reduce
the overall noise power that is emitted by the motor. In this chapter, three noise reduction methods that
are based on the previously conducted research are proposed and explained in sections 8.1, 8.2 and
8.3. Where possible, the proposed noise reduction methods are verified using a modal analysis and
the simulation that is developed in this thesis.

8.1. Rotor Balancing

Although theoretically, no mode 1 vibrations should be present, since they are ideally not excited by
the electromagnetic force, they still showed up in the simulation and real world measurements. Both
these indicate that rotor structures of small electric motors like this are very susceptible to mode 1
oscillations. This was also verified with other available literature in section 7.3, where measurements
on similar motors also showed significant mode 1 oscillations. Since these modes are theoretically
not excited by the electromagnetic forces acting on the rotor, they may be caused by imbalance of the
rotor’s structure or the bearings fixing the rotor in place. If this is the case, the source of these vibrations
falls outside the scope of this thesis, which only includes acoustic noise with an electromagnetic source.

Nonetheless, since the mode 1 noise in the laboratory shows the highest emitted noise power, it can
not be ignored that balancing the rotor might reduce the mode 1 vibrations and therefore the overall
emitted noise. To balance the rotor, the same procedure as is used to propeller blades might be used.
Using a sensitive measuring device, the imbalance could be determined and decreased by sanding
off some of the rotor’s material. This method does however only work if the vibrations are caused by
imbalance, and not if the bearings induce the vibrations. In this case, the mode 1 vibrations could only
be decreased by using higher grade bearings. Both these methods however will increase the cost of
producing the motor, which means that using them or not is a tradeoff that has to bemade. Furthermore,
the effectiveness of these improvements can not be verified using the developed simulation, but would
require a more detailed mechanical simulation or more laboratory testing.

As discussed in 7.4.1, another source of imbalance in the rotor that may cause mode 1 deviations is
a variation of the magnetic strength between the rotor’s permanent magnets. If this is the case, the
imbalancemay be reduced bymeasuring the strength of each of the permanent magnets, andmounting
them in a configuration that minimizes the single-sided imbalance caused by the difference in magnetic
strength.
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8.2. Improving the End Cap Design

For small outrunner motors such as the one analyzed in this thesis, the rotor is almost always fixed at
one side using an end cap with slots in it. The slots are required to prevent adequate cooling to the
inside of the motor, and they reduce the overall weight of the motor. The places where a slot is located
in the end cap are more susceptible to start oscillating and act as an anti-node in the oscillation of the
motor. This means that using an even number of slots in the end cap makes it more susceptible to
oscillations with an even spatial order.

The motor analyzed in this thesis has a fundamental electromagnetic order of 2 (since this is the least
common divider between the number of stator slots and rotor permanent magnets), and at the same
time uses an end cap with 4 slots. This means that the rotor’s structure is by design extra susceptible to
the oscillations that are expected to be excited by the electromagnetic field, which is really undesirable.
This susceptibility can be reduced by altering the rotors structure to use a number of slots that is not a
multiple of the fundamental magnetic frequency.

Verifying that the proposed change in the design can reduce the overall emitter acoustic noise power
can be done using the developed simulation by altering the structure of themotor used in themechanical
simulation. Figure 8.1 shows the original rotor structure and the same structure using 5 slots. For a fair
comparison, the width of the slots in the 5-slot design is decreased by 20%, such that approximately the
same amount of material is used and the same air flow through the inside of the motor is achievable.

Rotor End Cap Designs

(a): Original design (b): Proposed 5-slot design

Figure 8.1: The original end cap design on the left and the proposed end cap design, which should reduce the emitted
acoustic noise, on the right.

The mechanical and acoustic simulation are performed again using the updated structure, and the
acoustic radiated power of both the original and the 5-slot design is plotted. Figure 8.2 shows both
plots in the same graph, making it easy to compare the two.

The simulation results show that the two highest peaks at 4.9 kHz and 18.65 kHz, which corresponds
to mode 2 and mode 4 oscillations, are lowered by 2.43 dB and 2.24 dB respectively. At the same time,
especially at the peak at 4.9 kHz, it is interesting to note that although the peak value decreased, the
value of the very close peak, at 4.25 kHz, which corresponds to the orthogonal vibration, did increase.
This happens, because the change in number of slots decreases the susceptibility of one eigenshape,
at the cost of increasing the susceptibility of its orthogonal eigenshape. Therefore, it makes sense
that the reduction in vibrations are compensated by an increase in orthogonal vibrations. So, the
actual overall emitted noise power does not change significantly, but its distribution over the frequency
spectrum becomes more even, which is in general an improvement.
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Figure 8.2: The original acoustic radiated power (same as in figure 6.8, and the acoustic radiated power using the proposed
5-slot end cap design.

At the same time, it is visible that the acoustic peak at 11.15 kHz, caused by mode 3 oscillations, is
barely affected by the change. This supports the proposed theory that the noise reduction is a result
of the fact that the number of slots is changed to a non-multiple of 2 and 4, since in this case mode 3
oscillations should not be altered, since 3 is not a multiple of 4 nor 5.

Another interesting observation, is that of the two mode 1 peaks that are present in the acoustic sim-
ulation result, the peak at 2450 Hz barely changed at all, while the peak at 12.2 kHz shows a large
reduction in amplitude. By looking at the eigenshapes resulting from the modal analysis, this effect
can be explained. In the mode 1 eigenshape oscillation with eigenfrequency 2389 Hz, the end cap is
largely stationary and the front (positive Z side) of the motor is oscillating. In the “reversed” mode 1
eigenshape, with eigenfrequency 12546 Hz, the front of the motor is stationary and the back of the mo-
tor (negative Z side) is oscillating, which means that the end cap has to undergo large deformations for
this mode to exist. This clarifies why oscillations of this mode are reduced by the end cap improvement,
while the mode 1 oscillations at 2450 Hz are barely altered.

8.3. Two Side Rotor Support

The third optimization that is proposed to reduce the noise of the rotor is to fix the rotor at two sides.
This would severely restrict susceptibility of the rotor’s structure to mode 1 oscillations and also largely
that to other mode shapes. Furthermore, it will increase the eigenfrequencies of the motors structure,
shifting the eigenfrequency corresponding to the mode 2 eigenshape out of the frequency region to
which humans are most sensitive.

Although, supporting the rotor at two sides is likely the most effective improvement, it is also the most
difficult and costly to implement. Outrunner motors, such as the one analyzed in this thesis, are almost
always supported at one side, since the other side is used to provide access to the stator to mount
the motor and connect the stator winding. However, using a large inner diameter bearing, might allow
passing the winding connections through the bearing and provide enough space to mount the stator.
An 3D printed outrunner motor that is constructed this way has already been made as a hobby project
[27], showing that such an implementation is possible and might be a feasible optimization.
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To verify the effectiveness of this improvement, the developed simulation can again be used. For this, a
possible front cap that could be used for such an improvement has been designed and implemented in
themechanical model. The proposed front cap uses a similar structure as the end cap, however a larger
diameter has been used for the bearing hole, allowing for a bearing through which the winding can be
connected, and the stator can be mounted. This forced the slots to be shifted outwards, decreasing the
usable cooling throughput, which means more slots have to be added. Tomake use of the improvement
proposed in the previous section, it was chosen to use a total of 7 slots, which is not a multiple of all
expected eigenshape orders. The material used for the front cap is the same aluminum as the end cap.
The proposed structure can be seen in figure 8.3.

Aluminium
Neodynium
Silicon Steel
Fixed Constraint

Figure 8.3: The mechanical structure with the added proposed front cap. The colors indicate the used materials, and the green
boundaries indicated where the fixed constrained is applied.

First, the modal analysis is performed using the new structure, to verify the eigenshapes and corre-
sponding eigenfrequencies of the new structure. Figure 8.4 shows the eigenshapes and correspond-
ing eigenfrequencies that result from the modal analysis. The frequencies between brackets are the
eigenfrequencies corresponding to the orthogonal eigenshape of the eigenshape in that subfigure.

(a): feig = 7151 Hz (b): feig = 8161 Hz (c): feig = 11555 Hz
(feig = 11558 Hz)

(d): feig = 13785 Hz
(feig = 13793 Hz)

(e): feig = 14669 Hz
(feig = 15343 Hz)

Mode 2 ShapeX-Axial ShapeMode 1 ShapeTangential VibrationAxial Vibration

Figure 8.4: The eigenshapes and corresponding eigenfrequencies resulting from the modal analysis using the proposed front
cap. The white/green parts indicate oscillation nodes (little deformation), whereas the purple/blue parts indicate antinodes

(large deformation). The frequencies between brackets are the eigenfrequencies corresponding to the orthogonal eigenshape.

From the modal analysis results, it can already be seen that adding the front cap makes the rotor’s
structure less susceptible to mode 1 oscillations. Furthermore, it is confirmed that the eigenfrequencies
of the mode shapes are shifted towards higher frequencies, out of the frequency range to which humans
are most sensitive.

The next step is to run the simulation using the updated structure. The time domain mechanical sim-
ulation path has been chosen for this. All the simulation settings are kept the same as for the original
mechanical design. Figure 8.5 shows the acoustic radiated power resulting from the simulation using
the updated structure, together with the original acoustic radiated power. The peaks of the new results
are annotated with the mode shape of the acoustic waves emitted by the motor at that frequency. This
is determined using the acoustic isosurface plots, which are not discussed here further, but added in
appendix A.3 for completeness.
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Figure 8.5: The acoustic radiated power of the original design, in blue, and the design with added front cap, in orange. The
spatial orders (modes) of the acoustic waves emitted by the motor at the peak frequencies are added.

The results in figure 8.5 immediately show that, as predicted, the noise emitted by the motor in the spec-
trum to which humans are most sensitive (0 - 6 kHz) has been significantly reduced. The concequence
is that the noise in the frequency range from 7 - 16 kHz has been increased. This is due to the shifting
of the eigenfrequencies to higher values. An interesting observation is the change in spatial orders
of the waves that are emitted by the rotor compared to the original spatial orders that were emitted.
The acoustic noise power is more equally distributed over the different spatial orders, as a result of
the reduced susceptibility to any specific eigenshape. The mode 2 oscillations are an exception to this,
and are still higher than the other modes, which makes sense, since the fundamental spatial order of
the magnetic field is 2 as well, so this spatial mode has a significantly higher excitation force. Even a
mode 0 oscillation is now present, although this mode was not observed in the modal analysis.

In the end, the total acoustic noise power is lower, emitted at higher frequencies and more evenly dis-
tributed. This makes the acoustic emitted noise power of the design with added front cap, a significant
improvement over the original design. It should however be noted that the improvement that is pro-
posed will make the production of the motor more complicated, and the increased size of the second
bearing may increase the vibrations induced by the bearings. Although these aspects fall outside the
scope of this thesis, they need to be carefully considered and require further investigation to make sure
that this would be an improvement over the original design. Of course, it also depends on the other
requirements, besides the acoustic radiated noise power, whether such an optimization is viable.
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Conclusion

In this thesis, acoustic noise with an electromagnetic source in electric motors has been analyzed.
First, an analytical prediction was made, to determine the most prominent harmonics present in the air
gap magnetic field. A simulation was then developed, covering the electromagnetic, mechanical and
acoustic domain, to simulate the creation, propagation and emission of vibrations in a small permanent
magnet synchronous outrunner motor. Two different simulation paths were implemented, based on the
time domain and frequency domain mechanical simulation. The simulation based on the frequency do-
main mechanical simulation proved to require more investigation to obtain reliable results. The results
of the simulation based on the time domain mechanical simulation was found to compare well to avail-
able literature and measurements performed in the laboratory, although two related frequency bands
in the measurements could not be explained. Based on the results, it was found that small motors
such as the one studied in this thesis are, in contrast to what was expected, very susceptible to mode
1 oscillations and that these vibrations account for a large part of the noise emitted by these motors.
Furthermore, it was found that although these motors have a large number of poles, mode 0 vibrations
are not significant as the mode 0 eigenfrequency of the motor’s structure is above the frequency range
of interest. Based on the results, general recommendations were proposed and explained to reduce
the acoustic noise emitted by motors such as the one studied in this thesis. Two of these recommen-
dations could be tested using the developed simulations, showing a small and a large reduction in the
acoustic radiated noise power.

9.1. The Simulation

To investigate the source of acoustic noise emitted by electric motors, a finite elementmethod simulation
has been developed. The simulation covers all domains from the magnetic field in the electromagnetic
domain, the oscillations this causes in the mechanical domain, to the waves that are emitted in the
acoustic domain. The electromagnetic, mechanical and acoustic FEM simulations were mostly imple-
mented in COMSOL Multiphysics. Some of the processes that could not be performed in COMSOL
directly were implemented in MATLAB. The electromagnetic simulation is performed in 2D, while the
mechanical and acoustic simulations are performed in 3D. Two different simulation paths have been
implemented, one based on the mechanical simulation in the time domain and the other based on the
mechanical simulation in the frequency domain. In both versions, the electromagnetic simulation is
performed in the time domain and the acoustic simulation in the frequency domain.

The first simulation path (based on the time domain mechanical study) is completely implemented
in COMSOL, and does therefore not require MATLAB. The results of this simulation were validated
using measurements and a comparison to other available research. An effort was made to keep the
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computational cost of the simulation low. The duration of each of the simulation steps was therefore
measured, to get an understanding of how computational expensive each simulation step was. In this
implementation, especially the acoustic simulation took a relatively long time to solve.

The implementation based on the frequency domain mechanical study was implemented using COM-
SOL LiveLink, such that certain processes could be performed in MATLAB. This allowed for a shorter
electromagnetic simulation, since the rotational symmetries in the motor could be exploited to only
simulate part of the fundamental electrical period. Furthermore, performing the FFT in MATLAB was
significantly faster, since the FFT only has to be performed of the results that are actually used in the
next simulation step. The frequency domain conversion from the rotor reference frame to the stator ref-
erence frame was found to introduce a significant error in the model, so further investigation is required
for this implementation to produce reliable results. If this problem is solved, however, the reduction in
computational cost will be well worth the effort.

9.2. Results of the Simulation

The results of the simulations were used to analyze the mechanisms that cause the acoustic noise
emitted by the small outrunner permanent magnet synchronous machine. An analysis of the air gap
magnetic field and air gap force was performed, which was used to verify the results of the magnetic
simulation. From this, it was found that the fundamental spatial order of the force acting on the rotor
was 2. Based on this, the expectation was that mode 2 vibrations would be most significant in the rotor
of the motor, and thus also in the acoustic waves transmitted into the surrounding air.

The simulation results did however also show that mode 1 vibrations and emitted acoustic waves were
present. Further analysis showed that these are likely caused by very small mode 1 components,
that were present in the force excitation as a result of the interpolation required to map the results of
the magnetic simulation to the mechanical simulation. That these small mode 1 components caused
such a relatively large mode 1 vibration in the rotor’s structure, indicates a high susceptibility of the
structure to mode 1 vibrations. That mode 1 vibrations are significant in the studied motor was also
verified based on the acoustic measurements that were performed. Also, measurements performed in
available literature with laser vibrometers on a similar motor, confirmed that mode 1 vibrations in such
motors are high and can even be the most prominent vibrational mode.

Although there is a significant mode 0 force excitation, no mode 0 vibrations or emitted acoustic waves
resulted from the simulation. This is due to the high eigenfrequency corresponding to the mode 0
eigenshape. With an eigenfrequency above 30 kHz, the mode 0 vibrations caused by motors as small
as the one studied in this thesis are not relevant for the acoustically emitted noise.

9.3. Noise Reduction Methods

Based on the performed analysis of the source and propagation of the vibrations that cause acoustic
noise, three noise reduction recommendations are proposed. The three proposed methods vary in
implementation complexity and effectiveness, but whether they are feasible optimizations depends on
the specific requirement and use of the motor.

Since mode 1 oscillations were found to be the most prominent source of the acoustically emitted noise,
based on the simulation and measurement results, it is clear that balancing of the rotor is of crucial
importance for silent operation of the motor. Sources of imbalance could be caused by an imbalance in
the mass of the rotor, leniency in the bearings or a difference between magnetic field strength between
the magnets. This imbalance could be reduced by balancing the rotor, using lower tolerance bearings
or measuring the magnetic strength of each magnet before mounting them. How feasible and effective
these optimizations are requires further (practical) investigation.
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Another improvement that was proposed was to change the number of slots in the end cap to a value
that is not a multiple of the fundamental spatial order of the force that excites the vibrations. The effect
of this change was investigated using the developed simulation, which showed that the acoustic noise
did decrease, although by a relatively small amount. An effect of this change is that the oscillations are
more equally distributed between orthogonal eigenshapes, since one eigenshape is not preferred over
the other anymore as a result of the shape of the end cap. Although the effect of this improvement
is small, changing the shape of the end cap is a relatively easy improvement that could be used as a
guideline when designing the motor.

The third, most complex improvement to implement, that is proposed, is to add a “front cap”. The
proposal is to support the rotor on two sides, although to mount and connect the stator of the motor
which is on the inside, a relatively large inner diameter bearing should be used. The theory is that
supporting the rotor on two sides will restrict the mode 1 movement of the rotor and increase the
eigenfrequencies so that they fall outside the frequency band to which humans are most sensitive.
That this is indeed the case was verified using the simulation. Based on this, it was shown that the
acoustic noise emitted by the motor would be drastically decreased. Whether this implementation is
feasible, depends on the actual situation, since it makes the production of the motor more complicated
and therefore more costly.

9.4. Future Work

Although all the research questions were answered, there are still a few things that could be investigated
further, to improve the simulation and increase the understanding of how the noise is generated inside
the motor.

The Source of Mode 1 Oscillations

Since it has been found that, in contrast to the expectations, mode 1 oscillations account for a large
part of the acoustically emitted noise, it would be interesting to further investigate what the source of
these mode 1 oscillations actually is. Multiple possible causes of imbalance in the motor’s structure
have been proposed, however, how significant these effects are in reality can only be determined using
more experimentation. The simulation could be altered to incorporate an unbalanced mass distribution
or add a difference in strength between the permanent magnets. The most effective way to find the
source of the imbalance, however, would be to perform more real world measurements on the motor.

Conversion From the Rotor to Stationary Reference Frame

It was found that the frequency domain conversion from the rotor’s reference frame to the station-
ary reference frame, required to couple the frequency domain mechanical simulation to the acoustic
simulation, most likely caused the results of the second implementation of the simulation to be un-
reliable. Since it was found that this implementation does however significantly reduce the required
computational effort required to simulate the motor, further investigation into this conversion could be
a worthwhile investment.

Analysis of the Measurement Results

Two, likely related, frequencies that were present in the acoustic measurements could not be explained
based on the simulation or another form of analysis. Also, measurements on the current did not eluci-
date the source of these frequencies. Since these frequencies may be caused by an important effect
that is not considered in the simulation, it would be good for completeness to find the source of the noise
at these frequencies. The first step in finding the source would be to determine whether the noise is
caused by the motor or by any other components connected to the motor.
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A
More Simulation, Analysis and

Measurement Results

In this appendix some results of the simulation or the analysis that are performed in this thesis, but
too large or not relevant enough, are added. These results are not crucial to the understanding of the
thesis, but are added for completeness.

A.1. Rotor Reference Frame Force Harmonics

The following figure shows the result of performing a 2D FFT on the result of the magnetic study, when
the results are not converted to the stationary reference frame.

(a): Unremapped results
(rotor reference frame)

(b): Spatial harmonics (c): Spatial and temporal harmonics

Figure A.1: The harmonics present in the force when the 2D FFT is performed on the results in the rotor reference frame

A.2. Full Measurement Results

Since humans are most sensitive to noise below 6 kHz, it was chosen to only add waterfall plots up to
this frequency in the report, so that the details in the range of 0 - 6 kHz aremore clear. For completeness,
the full range waterfall plots (up to 17 kHz) are added in this section.

54
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A.2.1. Acoustic Emitted Noise Waterfall Plot
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Figure A.2: The waterfall plot of the measured acoustic radiated power, for the full range of the microphone, up to 17 kHz.
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A.2.2. Measured Alpha-Beta Current Waterfall Plot

Figure A.3: The waterfall plot of the measured alpha-beta current from -17 kHz to 17 kHz.
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A.3. Acoustic Isosurfaces with Proposed Front Cap

This section shows the isosurfaces of the acoustic radiated waves resulting from the simulation, when
the motor has been simulated with an added front cap as proposed in section 8.3. Based on these iso-
surfaces the spatial order of the waves emitted at the peak frequencies are determined. An interesting
observation is that there are no high power mode 1 waves emitted anymore. However, interestingly
enough, mode 0 waves are emitted by the newly proposed design.

(a): f = 2450 Hz (b): (c):f = 8150 Hz f = 9950 Hz
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(d): f = 11250 Hz (e): (f):f = 14850 Hz f = 19050 Hz
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Figure A.4: The acoustic isosurfaces of the acoustic waves emitted at the peak frequencies, determined using the
implemented simulation based on the design including the proposed front cap.



B
MATLAB Code Used for Analysis and

Processing of the Data

In this appendix, the MATLAB code that is written and used for the simulation is added. Although far
from all code written for this project is added here, this should be all the code necessary for running
the simulation and repeating the performed analysis.

B.1. Ploting of Analytical Force Harmonics

The following short script is used to plot the image depicting the harmonics that should be present in
the force acting on the rotor, due to the interaction between the stator slots and permanent magnets on
the rotor. The equations for these harmonics are based on the analytical analysis performed in section
3.3.2.

1 % F.C.B.Pacilly - 23/01/2023 - R2022b
2 % This simple script is used to plot the harmonics that should be present
3 % in the air-gap force based on the analytical interaction between the
4 % stator slots and rotor permanent magnets.
5

6 %% Define the range of harmonics to calculate/plot:
7 harm = -100:100; % normalized to base mode
8 freq = -200:200; % nomalized to f_m
9

10 %% Machine parameters:
11 p = 7;
12 Ns = 12;
13

14 %% Stator slots and Rotor PM Induced harmonics:
15 grid = ones(length(harm), length(freq), 3);
16

17 % for each value for k1 and k2, determine the spatial and temporal
18 % harmonics resulting from the derived equations. Then in the defined grid,
19 % set the pixel corresponding to this harmonic to red:
20 for k1 = -20:2:20
21 for k2 = -20:20
22 a = (length(harm)+1)/2 +(k1*p + k2*Ns);
23 b = (length(freq)+1)/2 -k1*p;
24 if a > 0 && a <= length(harm) && b > 0 && b <= length(freq)
25 grid(a, b, :) = [1, 0, 0];
26 end
27 end
28 end
29

58



B.2. Processing of the Rotor Force 59

30 image(freq, harm, grid);
31 xlim([-126 126]); ylim([-0.5 16]);
32 set(gcf,'Position',[100 100 1000 250]);
33 xticks(-140:14:140);
34 yticks(-200:4:200);
35 set(gca,'YDir','normal');
36 title('Estimated Radial Rotor Force Harmonics');
37 xlabel('Temporal harmonic'); ylabel('Spatial harmonic');

B.2. Processing of the Rotor Force

This section includes the code used to obtain the rotor force from COMSOL and process the force for
harmonic analysis or for further use in the mechanical frequency domain simulation.

B.2.1. Exporting the Rotor Force from COMSOL

The following function is used to export the force acting on the rotor from COMSOL. Although the
function exports the force acting on the rotor, it is called getStatorForce(), since it obtains the force in
the stator reference frame. The inputs of the function are a handle to the COMSOL LiveLink model, the
times for which the force should be exported, the angular velocity of the motor (necessary for converting
the force to the stator domain) and the resolution used for the 1-dimensional phi-domain to which the
force is mapped. This function is only used for the harmonic analysis and not for preprocessing the
results for the mechanical simulation.

1 function [rotorForce, phi] = getStatorForce(model, times, angularVelocity, resolution)
2 % F.C.B.Pacilly - 27/03/2023
3 % Exports force from MultiComponentModel.mph in the stator reference frame
4 projectedRadius = 16.38; % [mm] radius to which the force is projected
5

6 boundaries = model.result("pg15").selection.entities;
7 boundaries = flip(boundaries);
8 numberOfTimes = length(times);
9 model.result('pg36').set('interp', sprintf("range(%.99g, %.99g, %.99g)", ...

10 times(1), times(2)-times(1), times(end)));
11 numberOfBoundaries = length(boundaries);
12 phi = 1/resolution-pi:2*pi/resolution:pi;
13 rotorForce = zeros(numberOfTimes, resolution);
14 fprintf('\t\tImported boundary (%3d/%3d)\n', 0, length(boundaries));
15 %% Export force data from COMSOL to MATLAB
16 for j = 1:numberOfBoundaries
17 % Import boundary force data into MATLAB:
18 model.result('pg36').feature('lngr1').selection.set(boundaries(j));
19 model.result.export('plot2').set('plot', 'lngr1');
20 model.result.export('plot2').run;
21 fileID = fopen('tmp.txt', 'r');
22 data = fscanf(fileID, '%f\t%f', [1 Inf]);
23 fclose(fileID);
24 data = reshape(data, 2, []);
25 th = reshape(data(1,:), [], length(times));
26 F = reshape(data(2,:), [], length(times));
27

28 % Import boundary 'r' data into MATLAB:
29 model.result('pg36').feature('lngr2').selection.set(boundaries(j));
30 model.result.export('plot2').set('plot', 'lngr2');
31 model.result.export('plot2').run;
32 fileID = fopen('tmp.txt', 'r');
33 data = fscanf(fileID, '%f\t%f', [2 Inf]);
34 fclose(fileID);
35 thr = reshape(data(1,:), [], length(times));
36 r = reshape(data(2,:), [], length(times));
37

38 % Shift to stator frame
39 mechanicalAngle = times*angularVelocity;
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40 th = th + mechanicalAngle;
41 thr = thr + mechanicalAngle;
42

43 % Constrain results to -pi, pi and move the branche cut if
44 % neccesary:
45 if abs(th(1, 1)) > pi/2
46 th = mod(th, 2*pi) - pi;
47 thr = mod(thr, 2*pi) - pi;
48 offset = resolution/2;
49 else
50 offset = 0;
51 end
52

53 for i = 1:length(times)
54 % Sort the data, such that theta is increasing. This is neccary
55 % for correct interpolation:
56 [th(:, i), I] = sort(th(:,i));
57 F(:, i) = F(I, i);
58 [thr(:, i), I] = sort(thr(:,i));
59 r(:, i) = r(I, i);
60

61 % Interpolate the data to the new phi axis and add to the
62 % previous segments. This way the complete force distribution
63 % is constructed:
64 ri = interp1(thr(:, i), r(:, i), phi, 'linear', 1);
65 Fi = interp1(th(:, i), F(:, i), phi, 'linear', 0);
66

67 % Correct for difference in distance from origin, this is
68 % important since the force is given in N/m^2 and as the
69 % distance from the origin increases, so does the length over
70 % which the force is described:
71 Fi = projectedRadius ./ ri .* Fi;
72

73 % Add the force to the final result:
74 rotorForce(i, :) = rotorForce(i, :) + circshift(Fi, offset);
75 end
76 fprintf('\b\b\b\b\b\b\b\b\b\b(%3d/%3d)\n', j, numberOfBoundaries);
77 image(phi, times, -rotorForce, 'CDataMapping','scaled');
78 title('Radial Rotor Force (N/m^2)');
79 subtitle("Imported boundary ("+j+"/"+numberOfBoundaries+")");
80 xlabel('Stator referenced spatial position (rad)'); ylabel('Time (s)');
81 colorbar;
82 set(gca,'YDir','normal');
83 drawnow;
84 end
85 end

B.2.2. Rotor Force Harmonic Analysis (2D FFT)

The following code performs the FFT first over space and then over time and plots the resulting har-
monics. This script is only used for analysis and not for converting the force to frequency domain for
the mechanical frequency domain simulation.

1 % F.C.B.Pacilly - 05/03/2023
2 % Calculates FFT over space and time of the radial rotor force
3

4 % first run "mphopen('component3D_v3.5.4.mph');" (or the corresponding command
5 % for another version) to launch the model and obtain the model handle
6 % use "mphlaunch Model" to also open the model in the GUI
7

8 import com.comsol.model.*
9 import com.comsol.model.util.*

10 %ModelUtil.showProgress(true);
11

12 %% open/read the force distribution:
13 angularVelocity = 2*pi*3000/60;
14 maxFrequency = 20e3;
15 p = 7;
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16 ttime = 2*pi/angularVelocity/p/2;
17 ntimes = 2*p*ceil(ttime*20*maxFrequency/p/2);
18 times = linspace(0, ttime, ntimes);
19

20 if(exist('StatorRotorForce.mat', 'file'))
21 load('StatorRotorForce.mat');
22 else
23 rotorForce = getStatorForce(model, times, angularVelocity, 2016);
24 save('StatorRotorForce.mat', 'rotorForce');
25 end
26 resolution = size(rotorForce, 2);
27 phi = 1/resolution-pi:2*pi/resolution:pi;
28

29 %% plot image:
30 image(times, phi, -rotorForce.', 'CDataMapping','scaled');
31 title('Radial Rotor Force (N/m^2)');
32 xlabel('Time (s)'); ylabel('Spatial position (rad)');
33 colorbar;
34 set(gca,'YDir','normal');
35 storePlot('RadialRotorForce');
36

37 %% Repeat result to increase resolution to 1 temporal harmonic
38 segmentLength = size(rotorForce, 1);
39 shiftAmount = 0;
40 numberOfRepeats = 14;
41

42 rotorForce = rotorForce(1:segmentLength, :);
43 for i = 1:numberOfRepeats -1
44 rotorForce(end+1:end+segmentLength, :) = circshift(rotorForce(1:segmentLength, :), i*

shiftAmount, 2);
45 end
46

47 %% plot image:
48 image(phi, times, -rotorForce, 'CDataMapping','scaled');
49 title('Radial Rotor Force (N/m^2)');
50 xlabel('Spatial position (rad)'); ylabel('Time (s)');
51 colorbar;
52

53 %% perform fft over space:
54 spaceFFT = fftshift(fft(rotorForce, size(rotorForce ,2), 2), 2);
55 sHarm = -size(rotorForce, 2)/2:1:size(rotorForce, 2)/2-1;
56

57 %% plot image:
58 image(times, sHarm, abs(spaceFFT).', 'CDataMapping','scaled');
59 title('Radial Rotor Force');
60 xlabel('Time (s)'); ylabel('Spatial harmonic');
61 yticks(-200:8:200);
62 ylim([-0.5 100]);
63 colorbar;
64 set(gca,'YDir','normal');
65 set(gca,'ColorScale','log');
66

67 %% perform fft over time:
68 %window = repmat(hann(size(spaceFFT ,2)).', size(spaceFFT ,1), 1);
69 %windowedSpaceFFT = spaceFFT .* window;
70 FFT = fftshift(fft(spaceFFT, size(spaceFFT ,1), 1), 1); % Original
71 %FFT = fftshift(fft(spaceFFT, 2^14, 1), 1); % Zero padded
72 freq = (-0.5:1/size(FFT,1):0.5-1/size(FFT,1))/(times(2)-times(1));
73 tHarm = 2*pi*freq./angularVelocity;
74

75 %% plot image:
76 image(tHarm, sHarm, abs(FFT).', 'CDataMapping','scaled');
77 title('Radial Rotor Force');
78 xlabel('Temporal harmonic'); ylabel('Spatial harmonic');
79 xlim([-50 50]); ylim([-0.5 40]);
80 xticks(-140:14:140);
81 yticks(-200:4:200);
82 colorbar;
83 set(gca,'YDir','normal');
84 set(gca,'ColorScale','log');
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B.2.3. Conversion from Time Domain to Frequency Domain

This is the code used to preprocess the results of the magnetic simulation before they can be used in
the frequency domain mechanical simulation. The results of the magnetic study are imported from a
file saved by COMSOL. Next, the result is remapped and repeated according to section 3.2.5, to obtain
the result of a full electrical cycle. Next, the result is repeated, and the FFT is performed to obtain the
frequency domain force acting on the rotor. This result is then stored in a format that can directly be
imported into COMSOL.

1 % F.C.B.Pacilly - 05/04/2023
2 % Imports the rotor force from a COMSOL export by "ModalComponent3D.mph",
3 % converts the force from time to frequency domain and stores the force in
4 % a COMSOL compatible format. (grid text format)
5

6 %% Import the data exported by COMSOL:
7 clear all;
8 data = readmatrix('RotorForce-Time.txt');
9

10 % read the x and y data from the first two columns
11 xy = [data(:, 1), data(:, 2)].';
12

13 % From the succeding colums, take the time and force data. The last three
14 % colums are skipped, since they wil overlap with the first 3 (in time):
15 t = data(1, 3:3:end-3);
16 Fr = data(:, 4:3:end-3).'; % radial component of the force
17 Fp = data(:, 5:3:end-3).'; % phi component of the force
18 clear data;
19

20 % Get the time steps and check that the time steps are equal:
21 t = t-t(1);
22 dt = t(2:end) - t(1:end-1);
23 if max(dt) - min(dt) > 1e-9
24 error('The timesteps from the magnetic simulation are not equally distributed!')
25 end
26 dt = dt(1);
27

28 %% Construct repeated force from one 7th of an electrical period:
29 a = -360/14; % degrees to rotate section
30 R = [cosd(a), -sind(a); % rotation matrix
31 sind(a), cosd(a)];
32

33 close all;
34 %plot(xy(1, :), xy(2, :), 'o');
35 % hold on
36 Tm = 1/(3000/60);
37

38 timepoints = size(Fr, 1);
39 spacepoints = size(Fr, 2);
40

41 xyn = xy;
42 Frn = zeros(7*timepoints, spacepoints);
43 Fpn = zeros(7*timepoints, spacepoints);
44 for p = 1:7
45 % Find the points corresponding to each other and plot the data
46 for k = 100%:spacepoints
47 index = find(sum(abs(xy-xyn(:, k)))<1e-3); % where the new coordinates are placed in

the original array
48 if length(index) == 2
49 index = index(1); % If there is found a duplicate point,

use the first one
50 end
51 Frn((p-1)*timepoints+1:p*timepoints, k) = Fr(:, index);
52 Fpn((p-1)*timepoints+1:p*timepoints, k) = Fp(:, index);
53 plot((t+dt*length(t)*(p-1))./Tm, Fr(:, index));
54 hold on;
55 %plot(xy(1, index), xy(2, index), 'ro');
56 %hold on
57 end
58 % Rotate the coordinates and the xy force data around the z axis using
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59 % the defined rotation matrix:
60 xyn = R*xyn;
61 end
62

63 title("Radial force at node 100");
64 ylabel("Force (N/m^2)")
65 xlabel("Time / Mechanical period")
66 ylim([2.5e5 3.7e5]);
67 %%
68 Fr = repmat(Frn, [20, 1]);
69 Fp = repmat(Fpn, [20, 1]);
70 time = 0 : dt : dt*(size(Fr, 1)-1);
71

72 %plot(time, Fp(:, 102))
73

74 %% Perform FFT of the force data:
75

76 FR = fft(Fr);
77 FP = fft(Fp);
78 freq = 0:1/dt/size(FR,1):1/dt-1/dt/size(FR,1);
79

80 %% Shorten the FFT result, since we're not intrested in the super high frequencies:
81 freqpoints = spacepoints;
82 FR = FR(1:freqpoints, :);
83 FP = FP(1:freqpoints, :);
84 freq = freq(1:freqpoints);
85

86 %% store the result for COMSOL import (spreadsheet):
87 data = zeros(7, spacepoints*freqpoints);
88 data(1:2, :) = repmat(xy, [1, freqpoints]);
89 data(3, :) = kron(freq, ones(1, spacepoints));
90 data(4, :) = reshape(real(FR).', 1, []);
91 data(5, :) = reshape(imag(FR).', 1, []);
92 data(6, :) = reshape(real(FP).', 1, []);
93 data(7, :) = reshape(imag(FP).', 1, []);
94 writematrix(data.', "RotorForce-Frequency.txt")

B.3. Processing the Mechanical Simulation Results

In this section, the code used to analyze and preprocess the results of the mechanical simulation is
added.

B.3.1. Rotor Deformation Harmonic Analysis (2D FFT) - Time Domain Study

This is the code used for the harmonic analysis of the rotor’s deformation resulting from the time domain
mechanical study. The data is imported from a file stored by COMSOL.

1 % F.C.B.Pacilly - 21/02/2023
2 % Calculates FFT over space and time of the radial rotor deformation.
3

4 %% open/read the radial displacement:
5 % the times corresponding to each column:
6 angularVelocity = 2*pi*3000/60;
7 maxFrequency = 20e3;
8 t = 0.1/maxFrequency*(0:1:2^11-1);
9

10 fileID = fopen('radial_displacement_time.txt', 'r');
11 data = fscanf(fileID, '%f\t%f', [length(t)+1 Inf]);
12 fclose(fileID);
13

14 phi = data(1, :);
15 displacement = data(2:end, :);
16

17 %% plot image:
18 image(t, phi, displacement.', 'CDataMapping','scaled');
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19 title('Rotor Radial Surface Displacement (mm)');
20 xlabel('Time (s)');
21 ylabel('Rotor referenced spatial position (rad)');
22 colorbar;
23 set(gca,'YDir','normal');
24

25 %% perform fft over space:
26 spaceFFT = fftshift(fft(displacement, size(displacement ,2), 2), 2)./size(displacement, 2);
27 %spaceFFT = spaceFFT(:, 1:end/2); %% remove second half
28 sHarm = -size(displacement, 2)/2:1:size(displacement, 2)/2-1;
29

30 %% plot image:
31 image(t, sHarm, abs(spaceFFT).', 'CDataMapping','scaled');
32 title('Rotor Radial Surface Displacement');
33 xlabel('Time (s)');
34 ylabel('Spatial harmonic');
35 ylim([-0.5 30]);
36 colorbar;
37 set(gca,'YDir','normal');
38 set(gca,'ColorScale','log');
39

40 %% perform fft over time:
41 %window = repmat(hann(size(spaceFFT ,2)).', size(spaceFFT ,1), 1);
42 %windowedSpaceFFT = spaceFFT .* window;
43 FFT = fftshift(fft(spaceFFT, size(spaceFFT ,1), 1), 1)./size(spaceFFT, 1); % Original
44 %FFT = fftshift(fft(spaceFFT, 2^14, 1), 1); % Zero padded
45 freq = linspace(-1/(t(2)-t(1))/2, 1/(t(2)-t(1))/2, size(FFT, 1));
46 tHarm = 2*pi*freq./angularVelocity;
47

48 %% plot image:
49 image(freq, sHarm, abs(FFT).', 'CDataMapping','scaled');
50 title('Rotor Radial Surface Displacement');
51 xlabel('Frequency (Hz)');
52 ylabel('Spatial harmonic');
53 xlim([-maxFrequency maxFrequency]); ylim([-0.5 30]);
54 colorbar;
55 set(gca,'YDir','normal');
56 set(gca,'ColorScale','log');

B.3.2. Rotor Deformation Harmonic Analysis (2D FFT) - Frequency Domain Study

In this section the code is included which is used to perform the same analysis as in the previous
section, however for the result of the frequency domain mechanical study. The process of obtaining
the 2D FFT in the desired form is significantly different, since the results are already provided in the
frequency domain. This also means that both the real and imaginary part of the frequency domain
deformation have to be separately imported from COMSOL to MATLAB.

1 % F.C.B.Pacilly - 04/06/2023 - R2022b
2 % Calculates FFT over space of the frequency domain radial rotor deformation.
3

4 %% open/read the radial displacement:
5 angularVelocity = 2*pi*3000/60;
6 freqStep = 600;
7 maxFrequency = 20e3;
8 f = 0:freqStep:maxFrequency; % The frequencies corresponding to each column.
9

10 % import real part:
11 fileID = fopen('radial_displacement_frequency -real.txt', 'r');
12 data = fscanf(fileID, '%f\t%f', [length(f)+1 Inf]);
13 fclose(fileID);
14

15 phi = data(1, :);
16 displacement_real = data(2:end, :);
17

18 % import imaginary part, and check that phi-coordinates are equal:
19 fileID = fopen('radial_displacement_frequency -imag.txt', 'r');
20 data = fscanf(fileID, '%f\t%f', [length(f)+1 Inf]);
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21 fclose(fileID);
22

23 if sum(abs(data(1,:) - phi)) > 1e-10
24 error("Phi-coordinates not equal!");
25 end
26 displacement_imag = data(2:end, :);
27

28 %combine:
29 displacement = displacement_real + 1i*displacement_imag;
30

31 %% Add zeros (run only once!):
32 % The frequency domain results are only defined at harmonics of the
33 % electrical frequency, since the deformation at all other frequencies will
34 % be 0. For plotting the data, the 0 do need to be added, otherwise the
35 % resulting plots will give a destorted view of the simulation results.
36 grow = 6;
37

38 freqStep = freqStep/grow;
39 maxFrequency = grow*freqStep*size(displacement, 1) - freqStep;
40 f = 0:freqStep:maxFrequency;
41

42 growed_displacement = zeros(grow*size(displacement, 1), size(displacement, 2));
43 growed_displacement(1:grow:end, :) = displacement;
44 displacement = growed_displacement;
45

46 %% plot image:
47 image(f, phi, abs(displacement).', 'CDataMapping','scaled');
48 title('Rotor Radial Surface Displacement');
49 xlabel('Frequency (Hz)');
50 ylabel('Rotor referenced spatial position (rad)');
51 colorbar;
52 set(gca,'YDir','normal');
53 set(gca,'ColorScale','log');
54

55 %% perform fft over space:
56 FFT = fftshift(fft(displacement, size(displacement ,2), 2), 2)./size(displacement, 2);
57 harm = -size(displacement, 2)/2:1:size(displacement, 2)/2-1;
58

59

60 %% plot image:
61 image(f, harm, abs(FFT).', 'CDataMapping','scaled');
62 title('Rotor Radial Surface Displacement');
63 xlabel('Frequency (Hz)');
64 ylabel('Spatial harmonic');
65 xlim([0 15e3]); ylim([-16 16]);
66 colorbar;
67 set(gca,'YDir','normal');
68 set(gca,'ColorScale','log');
69 %storePlot('RadialSurfaceDisplacement -ModalFrequency ');
70

71 %% For comparability, get the full plot and flip the image bounds:
72 fullFFT = zeros(2*size(displacement ,1)-1, size(displacement, 2));
73 fullFFT(1:end/2+1, :) = circshift(rot90(FFT, 2), 1, 2);
74 fullFFT(end/2:end, :) = FFT;
75 fFreq = [-fliplr(f) f(2:end)];
76

77 %% plot image:
78 image(fFreq, harm, abs(fullFFT).', 'CDataMapping','scaled');
79 title('Rotor Radial Surface Displacement');
80 xlabel('Frequency (Hz)');
81 ylabel('Spatial harmonic');
82 xlim([-15e3 15e3]); ylim([0 16]);
83 colorbar;
84 set(gca,'YDir','normal');
85 set(gca,'ColorScale','log');
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B.3.3. Rotor to Stator Reference Frame Conversion

This is the code used to convert the acceleration resulting from the frequency domain mechanical
simulation from the rotor reference frame to the stator reference frame.

1 % F.C.B.Pacilly - 07/05/2023
2 % Imports the rotor surface acceleration and converts the acceleration from
3 % the rotor reference frame to the stationary reference frame. This is done
4 % by performing the IFFT over time, then shifting rotatating the result and
5 % then performing the FFT to obtain the shifted result.
6 clear all;
7

8 %% Determine points to where to evaluate the acceleration:
9 PhiLength = 240;

10 ZLength = 100;
11

12 R = 35.02/2; %% Lengths specified in mm
13 Z = linspace(0, 17.43, ZLength);
14 Phi = -pi:2*pi/PhiLength:pi-2*pi/PhiLength;
15

16 X = R.*cos(Phi);
17 Y = R.*sin(Phi);
18

19 points = zeros(3, length(X)*length(Z));
20 points(1:2, :) = repmat([X; Y], [1 length(Z)]);
21 points(3, :) = kron(Z, ones(1, length(X)));
22

23 plot3(points(1, :), points(2, :), points(3, :), "o");
24 writematrix(points.', "SurfacePoints.txt")
25

26 %% EXPORT DATA IN COMSOL (HAS TO BE DONE MANUALLY)
27

28 %% Import the data exported by COMSOL:
29 data = readmatrix('RotorAcceleration-RotorFrame.txt');
30

31 %% Read the data and convert to R-phi domain:
32 Xs = data(:, 1);
33 Ys = data(:, 2);
34 Phi_s = atan2(Ys, Xs);
35 Zs = data(:, 3);
36 A_s = data(:, 4:end);
37

38 %plot3(Xs, Ys, Zs, 'o');
39 plot3(Phi_s, Zs, real(A_s(:, 2)), 'o');
40 title(sprintf("Normal Outward Acceleration (f=600Hz)"))
41 xlabel("Phi (rad)")
42 ylabel("Z (mm)")
43 zlabel("Acceleration (mm/s)")
44

45 Phi = Phi_s(1:PhiLength);
46 Z = Zs(1:PhiLength:length(Zs));
47 image(Phi_s, Zs, real(reshape(A_s(:, 2), [PhiLength, ZLength]).'), 'CDataMapping','scaled');
48 title(sprintf("Normal Outward Acceleration (f=600Hz)"))
49 xlabel("Phi (rad)")
50 ylabel("Z (mm)")
51

52 %% Perform inverse FFT
53 freqStep = 600;
54 maxFreq = 20e3;
55

56 f = 0:freqStep:maxFreq;
57 a_s = ifft(A_s, [], 2, 'nonsymmetric');
58 t = 0:1/freqStep:(floor(maxFreq/freqStep))/freqStep;
59

60 %% Rotate the acceleration in time:
61 omega = 2*pi*3000/60;
62 alpha = omega.*t;
63 shift = -round(PhiLength/2/pi .* alpha); % the round should only remove
64 % numerical errors if PhiLength
65 % is correctly chosen
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66

67 a_n = zeros(PhiLength* ZLength, length(t));
68 for i = 1:length(t)
69 a_n(:, i) = reshape(circshift(reshape(a_s(:, i), [PhiLength, ZLength]), shift(i)), [1,

PhiLength*ZLength]);
70 end
71

72 %% Perform the FFT on the rotated data:
73 A_n = fft(a_n, [], 2);
74

75 plot3(Phi_s, Zs, real(A_n(:, 2)), 'o');
76 title(sprintf("Normal Outward Acceleration (Stator frame)(f=600Hz)"))
77 xlabel("Phi (rad)")
78 ylabel("Z (mm)")
79 zlabel("Acceleration (mm/s)")
80

81 image(Phi_s, Zs, real(reshape(A_n(:, 2), [PhiLength, ZLength]).'), 'CDataMapping','scaled');
82 title(sprintf("Normal Outward Acceleration (f=600Hz)"))
83 xlabel("Phi (rad)")
84 ylabel("Z (mm)")
85

86 %% Store the data to read into COMSOL:
87 odata(:, 1) = repmat(Phi_s, [length(f), 1]);
88 odata(:, 2) = repmat(Zs, [length(f), 1]);
89 odata(:, 3) = kron(f, ones(1, length(Phi_s)));
90 odata(:, 4) = real(reshape(A_n, [size(A_n, 1)*size(A_n, 2), 1]));
91 odata(:, 5) = imag(reshape(A_n, [size(A_n, 1)*size(A_n, 2), 1]));
92

93 writematrix(odata, "RotorAcceleration-StatorFrame.txt")

B.4. Eigenshape Oscillation Animation Export

This code is used to automatically export and convert the oscillation animations resulting from the
eigenfrequency simulation. The script uses FFMPEG to convert the simulation to GIF files, so make
sure ffmpeg.exe is downloaded and added in the folder, or comment line 36 and 37.

1 % F.C.B.Pacilly - 05/04/2023
2 % Automatically exports the eigenshape oscillarion animation for multiple
3 % frequencies. The animation is also converted to low and high resolution
4 % GIF files using FFMPEG.
5

6 % The COMSOL model has been computed and the results should have been
7 % stored.
8

9 %% Open model and get the eigenfrequencies:
10 import com.comsol.model.*
11 import com.comsol.model.util.*
12

13 ModelUtil.showProgress(true);
14 if ~exist('model', 'var')
15 mphopen('FinalModalAnalysis_v2.3.mph');
16 end
17 model.result().evaluationGroup("std1EvgFrq").run;
18 eigenFrequencies = model.result().evaluationGroup("std1EvgFrq").getReal;
19 eigenFrequencies = eigenFrequencies(:, 1);
20

21 %% Export animations for the eigenfrequencies closest to the target frequencies:
22 %targetFrequencies = [3886 4380 9200 9268 9750 13745 14312 19270 2160 2164 3177 3845];
23 targetFrequencies = eigenFrequencies;
24

25 if ~exist('ModeShapes', 'dir')
26 mkdir('ModeShapes');
27 end
28

29 fprintf('\t\tExported Animation (%2d/%2d)\n', 0, length(targetFrequencies));
30 for f = 1:length(targetFrequencies)
31 % get looplevel and filename
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32 [~, i] = min(abs(eigenFrequencies - targetFrequencies(f)));
33 filename = sprintf("./ModeShapes/ModeShape-%uHz", round(eigenFrequencies(i)));
34

35 % export animation from COMSOL
36 model.result("pg16").set('looplevel', sprintf('%d', i));
37 model.result().export("anim1").set("avifilename", filename+'.avi');
38 model.result().export("anim1").run();
39

40 % convert to small and original sized GIF animations
41 [~,~] = system(sprintf('ffmpeg.exe -i "%s.avi"  -loop 0 "%s.gif" -y', filename, filename)

);
42 [~,~] = system(sprintf('ffmpeg.exe -i "%s.avi" -vf scale=480:-1 -loop 0 "%s-small.gif" -y

', filename, filename));
43 fprintf('\b\b\b\b\b\b\b\b(%2d/%2d)\n', f, length(targetFrequencies));
44 end

B.5. Acoustic Isosurfaces Animation Export

The following code can be used to automatically export multiple acoustic isosurface animation. Since
the exporting of these animations, especially at higher frequencies, can take a lot of time, this code can
be useful to make this process run automatically overnight. Keep in mind that the frequencies have to
be defined such that they match the frequencies at which the acoustic simulation is performed.

1 % F.C.B.Pacilly - 06/03/2023 - R2022b
2 % Automatically exports the acoustic isospheric animation from
3 % "FinalTimeDomainModel_v4.x.mph" for multiple frequencies. Make sure the
4 % frequencies array is correct, otherwise the wrong frequencies will be
5 % exported (and their name will be incorrect).
6

7 % The COMSOL model has been computed and the results should have been
8 % stored. Then run "mphopen('FinalTimeDomainModel_v4.x.mph');", before
9 % exectuting this script. The command "mphlaunch('Model')" can be used to

10 % open the GUI for the model.
11

12 import com.comsol.model.*
13 import com.comsol.model.util.*
14

15 ModelUtil.showProgress(true);
16

17 maxFrequency = 20e3;
18 angularVelocity = 2*pi*3000/60;
19 frequencies = angularVelocity/2/pi:angularVelocity/2/pi:maxFrequency; %HAS TO BE CORRECT
20

21 %targets = [400, 850, 1650, 2450, 3150, 3500, 4150, 4950, 5700, 6050, 6650, 7250, 7900, 8800,
9550, 11150, 12200, 13500, 14650, 15350, 16700, 17850, 18650, 19350];

22 targets = [400, 2450, 4950, 8800, 11150, 12200, 16700, 18650];
23 fprintf('\t\tExported Animation (%2d/%2d)\n', 0, length(targets));
24 for f = 1:length(targets)
25 [~, i] = min(abs(frequencies - targets(f)));
26 model.result("pg3").set('looplevel', sprintf('%d', i));
27 model.result().export("anim3").set("avifilename", sprintf("AcousticIsosurfaceLogarithmic -

%uHz.avi", round(frequencies(i))));
28 model.result().export("anim3").run();
29 fprintf('\b\b\b\b\b\b\b\b\b\b(%2d/%2d)\n', f, length(targets));
30 end
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B.6. Processing of Laboratory Measurements

In this section, the code used to preprocess the measurements performed in the laboratory is included.
Thanks to Dr. Jianning Dong, my supervisor, for providing most of the code in this section.

B.6.1. Acoustic Noise Analysis

The code in this section is used to plot the waterfall plot of the measured acoustic noise. This is done
by computing the FFT over a moving window.

1 % Dr. Jianning Dong - 06/06/2023
2 % Changed by:
3 % - F.C.B. Pacilly
4 %
5 % In this script the acoustic laboratory measurements are used to compute
6 % the FFT over a moving window to obtain a waterfall plot of the acoustic
7 % noise emitted by the motor while slowly accelerating and decelerating.
8 % Furthermore the FFT is performed over the acoustic measurements during
9 % the steady state rotation of the motor at 3000 rpm.

10

11

12 %% Read recorded data:
13 noise_temp_data = audioread('motor_noise_20230609_slow.m4a');
14 %noise = noise_temp_data(:,1); % left
15 noise = noise_temp_data(:,2); % right
16 noise_info = audioinfo('motor_noise_20230609_slow.m4a');
17

18 f_samp = noise_info.SampleRate; % sampling time
19 t_samp = 1/f_samp.*(0:(length(noise)-1));
20

21 plot(t_samp, noise)
22 xlabel('Time (s)')
23 ylabel('Normalized noise')
24

25 %% Short time fourier transform:
26 fft_len = 2^nextpow2(floor(f_samp));
27 noise_len = floor(length(noise)/fft_len)*fft_len;
28

29 overlap = 1-1/4;
30

31 mid_ind = fft_len/2:(1-overlap)*fft_len:(noise_len-fft_len/2);
32 mid_tim = mid_ind/f_samp; % index of the mid time of each segment
33

34 base_freq = 1/(fft_len/f_samp);
35 max_freq = fft_len/2*base_freq; % shannon freq, f_samp/2
36 freq_ind = 0:base_freq:max_freq;
37

38 spec_mat = zeros(fft_len/2+1,length(mid_ind));
39

40 for ind = mid_ind
41 noise_seg = noise(ind-fft_len/2+1:ind+fft_len/2);
42 noise_wind = hann(fft_len, "periodic");
43 noise_seg = noise_wind.*noise_seg;
44 noise_fft = fft(noise_seg);
45 fft_res = abs(noise_fft(1:fft_len/2+1))/fft_len;
46 fft_res(2:end-1) = 2*fft_res(2:end-1);
47 spec_mat(:,ind==mid_ind) = fft_res;
48 end
49

50 close all;
51 im = image(mid_tim, freq_ind(freq_ind <=20e3 ), 20.*log10(spec_mat(freq_ind <=20e3,:)), '

CDataMapping','scaled');
52 set(gca,'YDir','normal');
53 clim([-130 -50])
54 colormap(jet);
55 hcb = colorbar;
56 hcb.Title.String = 'Normialized dB';
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57 xlim([0, 210])
58 xlabel('Time (s)')
59 title('Acoustic Noise, 0-6 kHz')
60 ylim([0 6e3])
61 ylabel('Frequency (Hz)')
62

63 %% Get spectrum for 3000 rmp:
64 mid_tim(289)
65

66 noise_3000_seg = noise(mid_ind(289)-fft_len/2+1:mid_ind(289)+fft_len/2);
67 %noise_wind = hann(fft_len, "periodic");
68 %noise_3000_seg = noise_wind.*noise_3000_seg;
69 %noise_3000_seg = noise_3000_seg;
70 noise_fft = fft(noise_3000_seg);
71 fft_3000_res = abs(noise_fft(1:fft_len/2+1))/fft_len;
72 fft_3000_res(2:end-1) = 2*fft_3000_res(2:end-1);
73

74 close all;
75 plot(20*log10(fft_3000_res))
76 xlabel('Frequency (Hz)')
77 title('Measured Acoustic Noise Spectrum, 3000 rpm')
78 ylabel('Normalized noise (dB)')
79 xlim([0 10e3])

B.6.2. Measured Current Analysis

This following code is used to analyze the motor current during the acoustic measurements. Two phase
currents are measured and used to calculate the alpha-beta-current. Next, the FFT is performed over
a moving window to obtain the waterfall plot.

1 % Dr. Jianning Dong - 23/06/2023
2 % Changed by:
3 % - F.C.B. Pacilly
4 %
5 % In this script the current measurements are used to determine the
6 % alpha-beta current and compute compute the moving window FFT over it to
7 % plot a waterfall plot, showing the frequencies present in the current.
8

9 % To run the model the WDFAcces MATLAB App should be downloaded from
10 % Yokogawa, and the MATLAB support for MinGW Compiler AddOn should be
11 % installed.
12

13 matlab.apputil.run('WDFAccess')
14

15 %% Read measurement data
16 Ia = ytmWdfGetData('DATA001.wdf', 2, 1);
17 Ib = ytmWdfGetData('DATA001.wdf', 1, 1);
18 Ia = Ia(189552:end)'-mean(Ia(189552:end));
19 Ib = Ib(189552:end)'-mean(Ib(189552:end));
20 h_samp = ytmWdfGetHResolution('DATA001.wdf', 1, 1);
21 f_samp = 1/h_samp;
22 t_samp = h_samp.*(0:(length(Ia)-1));
23

24 %% Plot current over time
25 plot(t_samp,Ia)
26 hold on
27 plot(t_samp, Ib)
28 xlabel('Time (s)')
29 ylabel('Current (A)')
30

31 %% Calculate and plot alpha-beta-current
32 Ic = 0 - Ia - Ib;
33 I_albe = 2/3*(Ia + Ib*exp(1j*2*pi/3)+Ic*exp(-1j*2*pi/3));
34 plot(real(I_albe), imag(I_albe))
35 xlabel('$I_\alpha$', 'interpreter', 'latex')
36 ylabel('$I_\beta$', 'interpreter', 'latex')
37

38 %% Perform moving window FFT
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39 fft_len = 2^nextpow2(floor(f_samp));
40 ialbe_len = floor(length(I_albe)/fft_len)*fft_len;
41

42 overlap = 1-1/8;
43

44 mid_ind = fft_len/2:(1-overlap)*fft_len:(ialbe_len-fft_len/2);
45 mid_tim = mid_ind/f_samp; % index of the mid time of each segment
46

47 base_freq = 1/(fft_len/f_samp);
48 % max_freq = fft_len/2*base_freq; % shannon freq, f_samp/2
49 % freq_ind = 0:base_freq:max_freq;
50 freq_ind = (-fft_len/2:fft_len/2-1)*(f_samp/fft_len);
51

52 spec_mat = zeros(fft_len,length(mid_ind));
53

54 for ind = mid_ind
55 ialbe_seg = I_albe(ind-fft_len/2+1:ind+fft_len/2);
56 %ialbe_wind = hann(fft_len, "periodic"); %% uncomment if you would like to apply the

windwow
57 %ialbe_seg = ialbe_wind.*ialbe_seg; %% uncomment if you would like to apply the

windwow
58 ialbe_fft = fft(ialbe_seg);
59 fft_res = abs(fftshift(ialbe_fft))./fft_len;
60 spec_mat(:,ind==mid_ind) = fft_res;
61 end
62

63 %% Plot alpha-beta-current spectrum
64 close all;
65 max_freq = 5e3;
66 im = image(mid_tim, freq_ind, 20.*log10(spec_mat), 'CDataMapping','scaled');
67 set(gca,'YDir','normal');
68 clim([-80 -0])
69 colormap(jet);
70 hcb = colorbar;
71 hcb.Title.String = 'dBuA';
72 xlabel('Time (s)')
73 title('��I__ spectrum, -5 kHz to 5 kHz')
74 ylim([-max_freq max_freq])
75 ylabel('Frequency (Hz)')
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