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Abstract

Electric motors are one of the most crucial components in today’s industrial land-
scape. With the introduction of new components and the inherent challenges
posed by range limitations in electric mobility, performance parameters like en-
ergy consumption have become even more critical. Electric motor manufacturers
increasingly recognize that energy efficiency must be complemented by acoustic
performance. Integrating sound quality markers into optimization objectives is es-
sential for designing higher-quality electric machines. Although the noise produced
by electric drives is generally less than their Internal Combustion Engines (ICEs)
counterparts, it often features high tonal components that significantly compromise
sound quality. Additionally, structural resonances can exacerbate these effects,
further impacting the overall acoustic performance.

This work focuses on the vibroacoustic response of a Permanent Magnet Syn-
chronous Motor (PMSM), an electric motor designed by the Electrical Engineering
Department at Universitat Politécnica de Catalunya (UPC), and kindly made
available for this analysis. The e-motor is characterized by five pairs of magnetic
poles, internal permanent magnets and is powered by three-phase currents. These
currents are provided by an inverter and the modulation technique is the Pulse
Width Modulation (PWM).

The Noise Vibration and Harshness (NVH) problem is based on the presence
of harmonics in the electromagnetic (EM) forces that are generated in the motor.
These harmonics are linked to the topology of the machine and the presence of
current ripples which respectively cause low and high frequency harmonics. The
topology of the machine is responsible for the so-called “slotting effect” while
the current ripples are a direct consequence of the modulation of the currents,
performed by the inverter.

A digital framework that combines different simulation environments is modeled
to recreate the vibroacoustic behavior of the PMSM. A high-frequency, linear, 1D
model of the electric drive unit is designed to estimate the phase currents and the
rotor’s angular position in the time domain. These results are employed in a 2D
electromagnetic FE model to estimate the air gap’s magnetic forces. While the
conventional workflow included a complete section of the electric motor as the 2D
electromagnetic model, for this analysis these results are employed in a partial
one, consisting of only an angular sector. The comparison between this reduced
model and the complete one highlights a significant gain in computational time
and results size.
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A complete structural FE model is then built to obtain the structural modes
of the stator of the motor. Finally, the vibroacoustic simulation based on a 3D
model of the stator is matched to the structural modes and the EM forces from the
2D simulation in order to obtain the sound pressure level at a microphone point
outside the stator.

The results obtained from the digital framework, referred to as the "Finite
Element framework", are then compared to those from an alternative simulation
framework. A State Space framework is developed with the goal of producing
results more quickly and with lower computational demands. This data-driven
State Space model is derived from a series of frequency response functions.
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1. Introduction

The growing concern about climate change and the race to design more energy-
efficient propulsion systems led to the increased use of PWM-fed permanent magnet
synchronous motor. Electric motor manufacturers are increasingly realizing that
this must be complemented by including acoustic behavior. Indeed, incorporating
sound quality markers into optimization objectives is useful in order to design more
high-quality electric machines.

In the acoustic analysis of electric machines, electromagnetic noise is the most
significant component, with mechanical and aerodynamic effects generally being
neglected [1]. EM noise is caused by the excitation of the machine’s active elements
through magnetostriction and reluctance forces. Since the magnetostriction effect
on noise generation can typically be ignored [2], the primary contributors are the
reluctance forces originating from the air gap. These forces’ radial components are
absorbed by the rotor and stator, resulting in elastic deformation and subsequent
vibrations [3].

The harmonics that compose the stresses have high-pitch components directly
resulting from the use of PWM [4]. This affects the acoustic behavior because
the stresses lead to structural vibrations, which finally produce a pressure field
radiated from the stator’s outer surface to the surroundings. As a consequence, the
sound quality is then compromised due to the high tonal nature of the generated
noise [1]. This effect can be aggravated by the presence of structural resonances.
Vibro-acoustic simulation and analysis must be performed early in the design
process to prevent these issues from happening [4].

This work focuses on the vibroacoustic response of a PMSM, an electric motor
designed by the Electrical Engineering Department at Universitat Politecnica de
Catalunya, and kindly made available for this analysis. The e-motor is characterized
by five pairs of magnetic poles, internal permanent magnets and is powered by
three-phase currents. The project has been carried out in Siemens Industry Software
research headquarters in Leuven, Belgium. The simulations were conducted using
proprietary software from the company, including Simcenter 3D and Simcenter
Amesim.
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In order to simulate accurately the Noise, Vibration and Harshness behaviour of
the electric machine, a multiphysics simulation framework is built. Four different
numerical models are employed in the framework.

A 1D functional model of an electric drive unit is developed to simulate the
power electronics of the electric motor, aiming to estimate the phase currents and
the rotor’s angular position in the time domain. The model incorporates parameters
specific to the power electronics, such as the carrier frequency. Initially, the model
is configured to be linear, with constant physical parameters. However, to enhance
the accuracy of the results, it is later refined to include spatially-dependent physical
features. This represents the first major modification aimed at optimizing the
simulation framework.

The electric drive unit model results are fed to the 2D Finite Element electro-
magnetic model of the section of the motor. The novelty of this work consists
of the EM model being a partial one, consisting of an angular sector of 1/5 of
the complete section of the motor. An in-depth analysis is performed focusing on
the gains in terms of computational time compared to a complete model, without
compromising accuracy. The electromagnetic model computes the EM stresses
applied on the internal surface of the stator.

The EM stresses are the excitation input of the 3D complete FE model of the
motor’s stator [3], which performs the vibroacoustic simulation. An external point,
positioned radially to the stator, is set as a target for the results, working as a
virtual microphone point.

The fourth model implemented in the framework is the structural one, built
to compute the modal analysis of the stator. The structural modes of the stator
are then also fed to the 3D vibroacoustic model in order to obtain the acoustic
pressure level considering the structural behavior of the stator itself.

The 1D functional model, the 2D electromagnetic model, and the two 3D
vibroacoustic and structural models together constitute the "FE framework". The
1D model generates results that include phase currents and the rotor’s angular
position in the time domain. Initially, the simulation approach involved setting
time limits based on a single electrical cycle, as the 2D model simulates 1/5 of
a full rotor revolution, which corresponds to one electrical cycle. However, after
further analysis, it was decided to extend the simulation time to cover multiple
electric cycles. This adjustment was made to achieve more accurate results and
further optimize the simulation framework. The output of the 2D electromagnetic
model is the electromagnetic nodal force densities that originate in the air gap
and act on the inner surface of the stator. Finally, the vibroacoustic simulation
performed with the 3D model focuses on the sound pressure levels at the external
microphone point.



Introduction

In the final part of the project, an alternative analytical framework is created
to replace the vibroacoustic model within the FE framework. The goal is to
accelerate the simulation process and reduce computational costs. A data-driven
State Space model is developed based on a series of frequency response functions.
The identification of the State Space model is carried out through a modal-based
approach [5]. The FRFs, calculated using the same vibroacoustic model from the FE
framework, represent the transfer functions between the lumped EM forces applied
to the stator’s inner surface and the acoustic pressure level at the microphone point.
The inputs of the State Space model are the lumped EM forces on the stator’s
inner surface, computed by a separate 2D EM model, resulting from integration of
the nodal force densities over the entire tooth surface.

Finally, the acoustic pressure level results computed by the FE simulation
framework and the State Space simulation framework are compared.



2. The electric motor

The electric motor is a fundamental component in modern engineering, employed in
a wide array of applications, from household appliances to industrial machinery and
electric vehicles. Its primary function is to convert electrical energy into mechanical
energy, allowing motion and operation in countless devices. The efficiency, reliability,
and versatility of electric motors have made them indispensable in advancing
technology and improving energy utilization. In this chapter, a brief introduction
of the different types of electric motors is presented, followed by the description of
the specific electric motor analyzed in this thesis.

Figure 2.1: Disassembled electric motor.
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2.1 Synchronous electric motors

Synchronous electric motors are AC machines where the operating speed is directly
tied to the frequency of the voltage applied to the stator terminals. In steady-state
conditions, the rotor rotates in sync with the magnetic field generated by the stator.
The currents in the stator coils are adjusted to match the required speed and torque
at the shaft. These phase currents generate a magnetic field in the stator, which
then interacts with the magnetic field of the rotor.

These machines were initially developed for AC power generation, especially in
high-power applications. However, their use in medium and small power motors
has become increasingly common in recent times. Figure 2.2 illustrates a typical
2-pole-pair, 3-phase synchronous motor. The black lines depict the stator magnetic
field lines, which drive the rotor magnets—schematically represented—to rotate in
sync with the stator field.

Figure 2.2: Synchronous motor’s working principle.
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Synchronous machine differentiation is based on the rotor structure:

« Externally excited motors, that require DC to magnetize the rotor. The
currents flow in the coil windings that envelop the rotor core magnetic poles
inducing the magnetic field. Figure 2.3 shows the red coil windings and
the so-called damper windings: a short-circuited winding at the top of the
rotor poles used to damper the transient oscillation and facilitate the start-up
operation [6]. When running at synchronous speed the damper windings carry
no current, as there is no slip, but any deviation from synchronous speed, will
create slip and induce a current and hence damping torque, which will serve
to reduce the magnitude of the transient oscillations or disturbance.

o Reluctance machines, a type of non-excited electric motor that induces non-
permanent magnet magnetic poles on the ferromagnetic rotor. The rotor does
not have any windings and it generates torque through magnetic reluctance.
In the aligned position, when the rotor poles’” angular position coincides with
the stator poles one, the magnetic reluctance is minimized. Once the stator
magnetic field starts to rotate, the rotor is dragged into rotation to keep
minimal magnetic reluctance, so mechanical torque is created [7]. Figure 2.4
shows the moment when the stator fields lead by a small angular value the
rotor magnetic poles.

Figure 2.3: Externally exited rotor. Figure 2.4: Reluctance machine.



The electric motor

o Hysteresis machines, that generally have a solid cylindrical rotor made
with high coercivity and magnetically hard cobalt steel. This means that
the material has a wide hysteresis loop which leads to the need for a very
high magnetic field to reverse the direction of magnetization [8]. The working
principle consists of having the rotating magnetic field to cause each small
volume of the rotor to experience a reversing magnetic field. Because of the
large hysteresis loop, the magnetization direction of the material lags behind
the phase of the stator magnetic field and this produces torque, as the material
of the rotor tries to “catch up” in the revolving motion.

« Permanent magnet synchronous motors, discussed in an in-depth analysis
in Section 2.2.
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Another classification regarding synchronous electric motors is based on the rotor
construction features:

e Cylindrical rotor synchronous machines, also identified as “round” rotor.
These feature a uniform air gap, because the rotor poles do not need to project
out the surface of the rotor. This leads to a significantly smaller inertia
contribution, so the rotational speed can be higher, and the whole motor can
be longer. These motors are suitable for high-speed applications.

» Salient-pole rotor synchronous machines. The air gap is not uniform
because the rotor poles are projecting out from the surface of the rotor. These
motors are generally smaller and are suitable for low-speed applications.

Stator
containing
armature
windings

® ® 6

® Torque @

Field
winding

Field
winding

Figure 2.5: Rotor construction classification. Round rotor (left) and Salient-pole
rotor (right).



The electric motor

2.2 Permanent magnet synchronous motors

In permanent magnet synchronous motors, permanent magnets are embedded
in the rotor to create an homogeneous magnetic field. The rotor does not need
currents to magnetize so it has generally lower mass and lower moment of inertia
compared to the externally exited motor counterparts. Due to these advantages
and the high power density and efficiency, PMSM are a very popular solution in
electrical drives [9].

The classification is also based on the position of the magnets:

o Internal permanent magnet: the permanent magnets are embedded into
the rotor. This is suitable for high-speed applications, because of the better
mechanical performance. The air gap is uniform because PMSMs are generally
cylindrical rotor synchronous machines. Figure 2.6 is a photograph of the case
study PMSM.

Internal permanent magnets include also the so-called "flux barrier" inside
the rotor, as it can be observed in Figure 2.6. A schematic representation of
the position of the magnets, which are absent in the photograph, highlights
the presence of air on the side of the magnets. The void space is designed to
prevent the magnetic field lines from closing in between two different magnets
and as a result, the overall performance of the electric motor is increased [10].

Rotor
Magnet
Shaft’s edge

Flux barriers

Figure 2.6: Internal permanent magnet synchronous motor’s rotor.
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o Surface Permanent Magnet (SPM): In this configuration, the magnets
are mounted on the surface of the rotor. The presence of salient poles causes
the air gap permeability to be non-uniform. Consequently, the mechanical
strength of the magnets is lower, which limits the motor’s maximum safe
mechanical speed. Figure 2.7 illustrates an example of a surface permanent
magnet motor.

stator

otor

magnet

shaft's edge

Figure 2.7: Surface permanent magnet synchronous motor.
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2.3 The case study

The subject of this analysis is the distributed winding internal permanent magnet
synchronous motor designed by the Electrical Engineering Department at UPC.
The e-motor is characterized by five pairs of magnetic poles, internal permanent
magnets and is powered by three-phase currents. Figures 2.8 and 2.9 are two
photographs of the electric motor.

Tables 2.1 and 2.2 list the salient physical characteristics of the electric motor
and its materials:

Rotor type Round
Rotor magnetic field source | Permanent magnet

Magnet position Internal
Number of pole pairs D
Number of phases 3
Number of slots 30

Stator outer diameter 200 mm

Rotor outer diameter 137 mm

Stack length 150 mm

Air gap thickness 1.2 mm

Table 2.1: Salient characteristics of the electric motor.

Rotor Core Electric steel M270-35A
Stator Core Electric steel M270-35A
Permanent magnet | Neodymium magnet N40SH
Coil Windings Copper

Table 2.2: Materials of the electric motor.

11



The electric motor

Figure 2.9: Stator teeth and rotor.
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3. E-motor noise

The noise produced by a rotating electric machine can be categorized into three
distinct components: electromagnetic, mechanical, and aerodynamic [11]. Among
these, electromagnetic noise is the most significant, primarily resulting from the
excitation of the machine’s active elements by magnetostriction and reluctance
forces [1]. While the impact of magnetostriction is generally negligible, reluctance
forces are the primary contributors of noise generation [2]. Maxwell stresses
mathematically formalize how reluctance forces arise due to the magnetic field
interacting with materials of different magnetic permeabilities [12]. In this project,
Maxwell stresses are computed by the 2D FE electromagnetic model implementing
the Maxwell tensor within the FE method, as described in Section 6.3.

Figure 3.1: Section of the PMSM. Air gap (orange) between the stator (grey)
and the rotor (light blue).

13
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The net tangential reluctance force exerted on the rotor determines the average
electromagnetic torque of the electrical machine. However, tangential and radial
harmonics in this force can lead to unwanted vibrations and acoustic noise [11].
The primary contributor to acoustic noise in electric machines is the reluctance
force that arises in the air gap between the stator and rotor, acting on the inner
surface of the stator. The normal component of this reluctance force is the main
responsible for the acoustic noise [12]. When the dynamic excitation of the magnetic
forces matches the frequency of a structural mode of the stator, resonance occurs,
significantly amplifying vibrations and acoustic emissions.

Regarding the electromagnetic noise, two distinct effects are notable:

o The slot-to-pole interaction influenced by the machine’s topology;

o The generation of high-frequency harmonics in the stator currents due to
modulation control in power electronics.

The slot-to-pole interaction, also called "slotting effect" is one of the main sources
of acoustic noise and vibrations [13]. It refers to the impact of the stator and rotor
slots on the motor’s electromagnetic performance, particularly in terms of noise
and vibration. The slots create periodic variations in the air gap magnetic field,
which induce harmonic components in the electromagnetic forces acting on the
motor.

High-frequency harmonics in the stator currents, induced by Pulse width mod-
ulation control, can produce high-pitched components in the acoustic noise of
electric machines [9]. These harmonics are created because the PWM signal is
not a pure sine wave but rather a series of pulses that approximate a sine wave.
This pulsed nature of the PWM closely correlates with the carrier frequency, a key
characteristic of PWM. The switching actions of transistors in the inverter arms
are directly responsible for the current ripples in the stator coils, which affect the
magnetic field in the air gap and ultimately the electromagnetic forces acting on
the inner surface of the stator.

The vibrations of the motor structure and the consequent propagation of sound
waves are influenced by the presence of both the slotting effect and PWM-related
harmonics, leading to distinct peaks in the acoustic pressure level frequency spec-
trum.
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4. The simulation frameworks

In order to simulate accurately the Noise, Vibration and Harshness (NVH) behavior
of the electric machine, two distinct simulation frameworks are built. The first
simulation framework will be referred to as the "Finite Element framework", and
the second one as the "State Space framework". Both compute the acoustic pressure
level on a microphone point placed outside the electric motor, and the results are
compared in Chapter 11.

4.1 Finite Element simulation framework

Four different numerical models are implemented in the framework:

1D, non-linear, functional model of an electric drive unit;

2D, Finite Element, partial, electromagnetic model of the section of the motor;

3D, Finite Element, structural model of the stator;

3D, Finite Element, vibroacoustic model of the stator.
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The simulation frameworks

Figure 4.1 illustrates the FE simulation framework with information about the
software used to build the models and the data flowing from one to another.

3D structural model Simcenter 3D
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Figure 4.1: The FE simulation framework.

The 1D functional model of the electric drive unit returns the phase currents
and the rotor angular position in steady state conditions. This model is built in
Simcenter Amesim 2304, a commercial simulation software for the modeling and
analysis of multi-domain systems. The simulation is set up with a rotational speed
and the results will relate to that.

The 2D electromagnetic FE model is a partial representation, covering only an
angular sector equivalent to 1/5th of the total motor section. This corresponds to a
5-pole-pair synchronous motor, where the rotor’s angular sector during one electrical
cycle spans exactly 1/5th of a complete revolution. After further evaluation, it was
decided to simulate one full revolution of the electric motor using this partial model.
This is made feasible thanks to the periodic boundary conditions implemented in the
model. The solver calculates reluctance forces in the air gap, and the output consists
of nodal electromagnetic forces applied to the stator’s inner surface, corresponding
to the temporal domain of the electrical cycle. The analysis is conducted under
steady-state conditions at a specific rotational speed, which remains constant
throughout the simulation.
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The simulation frameworks

Prior to input into the 3D vibroacoustic model, the nodal force outputs undergo
preprocessing. Initially, values from the partial model are extended along the
entire internal circumference of the stator and then extruded to its full stack
length. Subsequently, these resultant nodal forces are mapped onto the surfaces
of the three-dimensional FE elements constituting the stator teeth. Finally, a
Fourier Transform is applied, computing the vibroacoustic model frequency-domain
dynamic excitation, spanning from 0 Hz to 12500 Hz.

The vibroacoustic model couples the mode set of the structure, consisting of the
mode shapes of the assembly and its natural frequencies, to the excitation in the
form of the preprocessed nodal forces. The result is the vibroacoustic frequency
response of the structure. The target point for the acoustic pressure level is a
virtual microphone positioned radially with respect to the stator casing. This
analysis combines the nodal results from different rotational speeds computing the
vibroacoustic response for each of them.

The structural 3D model of the stator consists of the different elements of the
stator assembled and accurately constrained. The materials’ features are assigned
to the different elements to represent accurately the modal behavior of the stator.
The simulation returns the information about the mode shape of the assembly and
its modal frequency, which will be fed to the vibroacoustic simulation introduced
in the following paragraph.

The 2D electromagnetic model, the 3D vibroacoustic model and the 3D structural
model are built in Simcenter 3D CAD environment, but the solver algorithm used
for the simulation is different for each one of them. The 3D vibroacoustic model
runs on Nastran Vibroacoustic, the 3D structural model runs on Nastran, while
the 2D electromagnetic model runs on Magnet.

The detailed descriptions of the 1D electric drive unit model, the 2D partial
electromagnetic model, the 3D structural model, and the 3D vibroacoustic model
are provided sequentially in Chapters 5 through 9. The results of the FE simulation
framework are presented in Chapter 11.
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The simulation frameworks

4.2 The State Space simulation framework

The State Space framework computes the acoustic pressure level at the same
microphone point as the FE framework. This is achieved by substituting the
3D vibroacoustic and 3D structural models of the FE framework with a State
Space model. The 1D electric drive unit model remains the same as in the FE
framework and computes the rotor angular position and three-phase currents,
which are then extracted and resampled to be used as inputs to the subsequent 2D
electromagnetic model. Unlike the partial model implemented in the FE framework,
the 2D electromagnetic model is a complete section model of the electric motor.
It computes the lumped EM forces acting radially on selected points on the inner
surface of the electric motor in the time domain. The signal lengths of the currents,
rotor angular position, and lumped EM forces are matched to those of the FE
framework counterparts for the specified rotational speed, facilitating a direct
comparison between the final results. These lumped EM forces serve as inputs to
the State Space model, which is designed to compute the acoustic pressure level at
the microphone point.

Simcenter 3D
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m Simcenter
MAGNET
BT Simcenter Testlab

[[AT [B]
[c] [D]

1D electric drive

unit model 2D complete

1 State Space model
electromagnetic

model
Phase current & Lumped

o Acoustic pressure level
Rotor angular position EM forces D

Figure 4.2: The State Space simulation framework.

The 1D electric drive unit model, shared by both frameworks, is described in
Chapter 5. The complete 2D electromagnetic model and the State Space model
are detailed in Chapter 9 and Chapter 10, respectively. The results of the State
Space model are presented in Chapter 12, followed by a comparison of the acoustic
pressure levels between the two different models.
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5. The 1D electric drive unit
model

The 1D, non-linear, functional model of an electric drive unit is set up to model
the power electronics of the electric motor. It’s a lumped parameter model working
with block diagrams interacting one another.

The model is set up with the power electronics parameters, such as the carrier
frequency, which is one of the control parameters in the analysis, and offers the
possibility to change the PWM modulation strategy. The simulation also refers to
a certain rotational speed of the rotor and the results consist of the phase currents
of the rotor’s winding and the angular position of the rotor. The simulation en-
vironment is Simcenter Amesim 2304, a commercial simulation software for the
modeling and analysis of multi-domain systems.
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Figure 5.1: The 1D electric drive unit model.
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The 1D electric drive unit model

5.1 Simcenter Amesim

The software used to design the electric drive unit model is Simcenter Amesim 2304,
developed by Siemens Digital Industry Software. Its purpose is the modeling and
analysis of multi-domain systems. This approach gives the capability to simulate
the behavior of a system before the detailed CAD modeling are completed. The
software is equipped with tools used to model, analyze and predict the performance
of mechatronics systems. Models are built by linking different icons, as shown
in Figure 5.1, each of them represents a submodel. Submodels are described by
time-dependent analytical equations. The icons can have multiple inputs and
outputs and causality is enforced by linking the input of one icon to the output of
another.

While Matlab Simulink, the other commonly used software for modeling mul-
tidomain dynamic systems, enforces the casualty transferring a signal as the flow
of information from one icon to the other, Simcenter Amesim implements the Bond
graph theory [14]. The Bond graph theory is a graphic modeling approach that
uses the transfer of energy as bonds between two graphical entities like the icons
in the Amesim environment [15]. Power flowing from one submodel to another in
the Amesim model can have different forms depending on the type of model it’s
linked to. For mechanical submodels of rotating machines, power is in the form
of rotational speed and torque, while in electrical ones it’s in the form of voltage
and currents. Only the red lines visible in Figure 5.1 are the exception: those links
transfer the information in the form of signals.
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The 1D electric drive unit model

In Figure 5.2 it’s possible to observe an example of energy transferred between
two different icons of the model as bonds between the two entities they refer to:
mechanical power in the form of torque C' and rotational speed w. In this specific
case the two entities are the AC motor, on the left, and the torque sensor, on the
right. The AC motor uses as input the rotational speed which is the output of the
torque sensor, while the torque flows in the opposite direction: from the AC motor
outputs to the torque sensor.

Figure 5.2: e-motor block (left) and torque sensor block (right).
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The 1D electric drive unit model

5.2 The control loop

A control loop is a fundamental component of feedback control systems. They are
used as control strategies and enable continuous monitoring and adjustment of
system variables to maintain desired performance levels. By integrating sensors
to detect process variables and controllers to analyze and respond to deviations
from set points, control loops ensure that machines and devices operate reliably
and efficiently.

There are two primary types of control loops: open and closed. An open control
loop, also known as feedforward control, relies solely on the initial input and does
not directly measure the output or account for deviations. It assumes a predictable
relationship between input and output, making adjustments based on expected
behaviors without real-time feedback. In contrast, a closed control loop, or feedback
control, continuously compares the actual output with the desired target through
feedback sensors. The controller adjusts the input based on these measurements,
correcting deviations and maintaining stability and accuracy in varying operat-
ing conditions. Closed control loops are essential for systems requiring precise
regulation and responsiveness, such as robotic arms, automated manufacturing
processes, and advanced vehicle control systems. They ensure that any disturbances
or changes in the environment are compensated for, optimizing overall system
performance and reliability.
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Figure 5.3: The rotational speed control loop (light blue) and the currents control
loop (orange).
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The 1D electric drive unit model

In particular, the model features two different closed control loops, as seen in Figure
5.3, the first one is highlighted in light blue and regulates the rotational speed of
the e-motor while the second, which is nested inside the first one, regulates the 3
phase currents. The rotational speed control loop starts on the right at the speed
sensor icon. The rotational speed information flows to the left, where it is compared
with the reference speed and then used as feedback for the control algorithm.

The nested control loop, highlighted in orange, begins on the right at the icon
representing the three-phase current sensor. The current information follows the
orange line until it reaches an icon that processes the current signals to perform the
Clarke and Park transformations [16]. This icon also requires the rotor’s angular
position, obtained from a branch coming from the bottom, linked to an angular
sensor on the right. The output of this block is the transformed current signal,
which leads to the PMSM control block. Here, it is compared with the reference
currents and used as feedback by the control algorithm.

To better understand the mechanism of the model control loops, the following
section focuses on the submodels used to implement the control algorithms.

23



The 1D electric drive unit model

5.3 The submodels

Each of the model’s blocks implements a mathematical submodel that handles
and manipulates the input information to compute the outputs. The submodels of
most interest are those related to the control loops and the modeling of the electric
motor. In Figure 5.4, the different blocks of interest are labeled, whose submodels
will be investigated.
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Figure 5.4: Blocks’ labels.

Label Block
Proportional-Integral controller
Torque controller
Current controller
Carrier-Based PWM controller
Electric machine
Rotary load

Sl lwik@llivslie

Table 5.1: Blocks’ labels and denomination.
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The 1D electric drive unit model

5.3.1 Proportional-Integral controller

This block serves as a Proportional-Integral controller, a widely used control
mechanism in industrial applications due to its simplicity and effectiveness. The
PI controller combines two control actions: the proportional term, which provides
a control signal proportional to the error between the desired setpoint and the
measured process variable, and the integral term, which accumulates the error over
time and adjusts the control signal to eliminate steady-state errors. By tuning the
proportional and integral gains, the PI controller can achieve a balance between
fast response and stability, making it suitable for systems requiring precise and
stable control.

t
u=Kye+ K; edt (5.1)

tstart

where:

u is the control output;

e is the error signal;

K, is the proportional gain;

K is the integral gain.

The error e is the delta between the reference and effective values of the rotational
speed of the machine. The output of this equation is the torque request to the
electric motor to operate at the desired speed with minimal error. The gains K, and
K; have been tuned manually, with trial and error and observing the system response
in order to need the shortest time possible to get to steady state conditions. This
was possible thanks to the fact that the model operating conditions are transient,
and the reference speed has a step behavior that then remains constant for the
entire duration of the simulation, as explained in depth in section 5.5.

The controller also implements an anti-windup method called step-integration.
The anti-windup method in PI controllers is a technique used to prevent the
integrator component from accumulating excessively when the controller output
is saturated and unable to increase further [17]. This is achieved by limiting the
integrator’s growth or by providing feedback to reduce its effect when the actuator
is at its maximum or minimum limit, thereby improving the system’s stability and
response time.
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The 1D electric drive unit model

The step-integrator anti-windup approach is the step-integrator method, which
adjusts the integrator’s input based on the difference between the saturated and
unsaturated outputs, preventing the integrator from winding up during saturation
[18].

The following table contains the PI controller gains determined in the manual
tuning procedure:

Gains | Values

K, 2
K, 50

Table 5.2: PI Controller Gains.
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The 1D electric drive unit model

5.3.2 Torque controller

This block serves as a torque control block for interior and surface mounted PMSM.
It computes the machine’s current targets to satisfy the torque request in order
to close the gap between the reference and the effective value of rotational speed.
This particular block offers the possibility to choose different submodels, linear or
non-linear, to model accurately the controller of the e-machine. The approach that
was followed for this block is to remain with a linear model, with constant physical
parameters that do not depend on the angular position.

[Uim - maximum phase valtage RMS magritude at port 5 ], vrms]

ff1=d - stator current on d axis command at port 4— A

PMSM [
L5
temd - torque command at port §— Nmff———————————— ‘I b

\Elsu - stator current homopolar component command at port 2— A

omega - rotor relative speed at port 1 1 rev/min]

f1sq - stator current on q axis command at port 3— A]

Figure 5.5: Torque controller block.

As can be seen in Figure 5.5 the inputs of the block are:

o The torque command coming from the PI controller;

e The maximum phase voltage coming from the Carrier-based PWM controller
(analyzed in subsection 4.3.4), corresponds to the controlled machine maximum
phase voltage RMS magnitude. This value is important in electric machine
applications to ensure safe operation, optimize performance, and maintain
precise control. For example, it prevents the saturation of the motor windings,
which can occur if the voltage exceeds certain limits, leading to inefficient
operation and potential damage;

o The rotor relative speed, necessary for the controller to locate the e-machine
operating region at any moment [19].
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The 1D electric drive unit model

The block computes as outputs:

e Direct stator current refers to the current component that is in phase with
the magnetic field. It aligns with the d-axis in the rotor reference frame [16]
contributing directly to the magnetic flux;

o Quadrature stator current is the component perpendicular to the magnetic
field and leads or lags the direct current by 90 degrees. It aligns with the
g-axis and is responsible for producing torque in the motor;

o Homopolar stator current, which is a type of current that flows equally in all
three phases of a three-phase system and in the same direction. It typically
indicates fault conditions such as ground faults or unbalanced loads. Ideally,
it should be zero.

The following table lists the parameters configured in this block, as indicated by
the constructor of the motor:

Parameter Values
Number of pole pairs 5)
Maximum phase current RMS magnitude 25 Arms
Permanent magnet flux linkage at reference temperature (20 °C) | 0.408 Wb
Stator winding resistance at reference temperature (20 °C) 0.337 Ohm
Stator cyclic inductance on q axis 0.0158 H
Stator cyclic inductance on d axis 0.0125 H

Table 5.3: Torque controller parameter.
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The 1D electric drive unit model

5.3.3 Current controller

This block serves as a current controller in the rotor direct-quadrature-zero reference
frame for PMSM [16]. The block implements linear submodels with constant
parameters as specified by the e-motor’s developer.
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Figure 5.6: Current controller block.

As it can be observed in Figure 5.6 the block compares the currents in the dq0 refer-
ence frame coming from the left (reference values, depending on the torque request)
and the bottom (effective values) and computes as output the voltage command
values, again in dq0 reference frame, for the PWM based current controller.

Parameter Values
Number of pole pairs 5)
Permanent magnet flux linkage at reference temperature (20 °C) | 0.408 Wb
Stator winding resistance at reference temperature (20 °C) 0.337 Ohm
Stator cyclic inductance on q axis 0.0158 H
Stator cyclic inductance on d axis 0.0125 H
Closed loop constant for d axis 0.001 s
Closed loop constant for q axis 0.001 s

Table 5.4: Current controller parameter.

The controller operates as a first-order closed-loop transfer function, so the behavior
of the controlled machine currents will be that of a first-order transfer function [20].
The direct and quadrature currents are processed separately with two different
close-loop time constants. A smaller value of those parameters gives a faster
response.
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The 1D electric drive unit model

5.3.4 Carrier-Based PWM controller

This block serves as a Carrier-Based PWM signal generator for switched inverter
arms. It computes the switching signals for the inverter transistors according
to the chosen modulation method. It also provides the value of the maximum
line-to-neutral voltage RMS for the Torque controller block. Since it does not
account for dead time, which is the delay in the opening and closing of the inverter
transistor due to inertia and non-linearities, blocks have been added to the output
branches which introduce those blanking times, in order to account for the resulting
energy losses and dynamic consequences.

[unrmemas - maximum line-to-neutral voltage RMS magritude at port 8 T vims|
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ILC - low transistor signal at port 2 (1I1) — null|

Figure 5.7: PWM controller block.

The inputs of this block are:

o The voltage command values coming from the Current controller. They are in
the polar reference frame, so beforehand an additional block is implemented,
responsible for computing the Inverse Park Transformation [16] followed by a
conversion from Cartesian coordinates (d,q) to polar coordinates (magnitude
and phase angle);

o The switching frequency, which is a fundamental parameter in PWM methods
and directly affects the frequency rates of transistor switching. It has a heavy
impact on the dynamic behavior and sound quality of the electric machine [9];

o The control method, which regulates how the PWM switching command is
computed. This also affects the dynamic behavior and sound quality of the
electric machine, other than the efficiency [9];

o Overmodulation strategy, a technique used to increase the voltage output of
an inverter beyond the linear modulation range. This strategy allows the
inverter to produce a higher fundamental voltage at the expense of increased
harmonic distortion;

o The voltage supply value.
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The 1D electric drive unit model

Pulse Width Modulation is a technique used to control the amount of power
delivered to an electrical device by varying the width (duty cycle) of the pulses in
a pulse train. It requires a DC electrical supply and it powers AC devices such as
the PMSM of the case study. PWM can be performed with different modulation
strategies.

The PWM modulation strategy chosen for the simulation is the Space Vector
modulation. This modulation strategy differs from the more traditional Sinusoidal
Vector Modulation because of better voltage utilization and reduced harmonic
distortion. This is obtained mainly by applying a different reference voltage signal.
The reference voltage signals overlap with the carrier signal to determine when
to switch on or off the transistors of the inverter arms. When the carrier signal
crosses the reference signal, the transistors commute.
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Figure 5.8: The PWM working principle.

In Figure 5.8 the reference voltage signal is labeled as "Modulation" while the
carrier signal as "Carrier".
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The 1D electric drive unit model

Figure 5.9 shows the reference voltages in Sinusoidal modulation. Since the 1D
electric drive unit model computes the three-phase currents, the modulation is
performed by implementing three reference voltages.
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Figure 5.9: Sinusoidal modulation 3 phase reference voltages.

Figure 5.10 shows the reference voltages in Space Vector Modulation. To facilitate
the observation of differences between the trends, one of the phase currents is
highlighted in both figures.

Voltages (V)

Figure 5.10: Space vector modulation 3 phase reference voltages.

The reference signals in Space Vector Modulation allow for better voltage utilization,
as the difference in voltages is a crucial parameter for torque generation in the
electric machine. At any given moment, the voltage difference between the three
trends in Figure 5.10 is noticeably higher compared to those in Figure 5.9.
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5.3.5 Electric machine

This block serves as the electric machine and it accounts for its electromagnetic
characteristics. It’s not anymore possible to describe the block inputs and outputs
since the links with the surrounding blocks follow the bond-graph principle and,
as shown in Figure 5.11, are in the form of energy exchange rather than signals.
For example, on the right the information is passed through torque and rotational
speed. The blocks exchanges also the currents and voltage information from the
bottom and the temperature and heat power from the left.

=y
=4 degC —_ 0N
m
A ey fmin
A= N
= rey fmin

Figure 5.11: The electric machine block

This block has been the center of an in-depth analysis focusing on its submodel.
Initially, the submodel was assumed to be linear, with constant physical parameters
provided by the electric machine’s developer. The table below lists the values used
in this initial analysis, which are also applied in the torque and current controllers.

Parameter Values
Number of pole pairs 5
Reference Temperature 20 °C
Permanent magnet flux linkage at reference temperature (20 °C) | 0.408 Wb
Stator winding resistance at reference temperature (20 °C) 0.337 Ohm
Stator cyclic inductance on q axis 0.0158 H
Stator cyclic inductance on d axis 0.0125 H

Table 5.5: Electrical machine parameters.
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As detailed in Section 11.2; it was necessary to modify the submodel of the electric
machine block. In the second approach, a non-linear, spatially-dependent submodel
was implemented to more accurately represent the electromagnetic characteristics
of the e-motor. This change ensures that the coupling of the currents and rotor
angular position is consistent between the 2D electromagnetic model and the 1D
electric drive unit model. Unlike the linear model, the flux linkage is decoupled
between the direct and quadrature axes of the rotary reference frame and varies
with the angular position. Another spatially dependent parameter is the torque,
which also depends on the angular position.

The flux linkage on the g-axis, the flux linkage on the d-axis, and the torque
characteristics were determined using a separate 2D electromagnetic model, which
is not part of the FE simulation framework. As shown in Figure 5.12, since these
characteristics span the entire circumference of the electric machine, this 2D model
must be comprehensive and not just a partial section of the e-motor.

Figure 5.12: The 2D complete EM model.
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5.3.6 Rotary load

This block serves as the mechanical rotary load in the form of mechanical inertia
and viscous friction, which are set to model the accurate working conditions of
the electric machine. Another mechanical load is introduced as constant opposite
torque to the rotational speed, implementing the constant parameter block K at
the end of the branch placed on the right. The surrounding blocks are sensors of
the angular position and rotational speed, necessary for the closed control loops.
The links are in the form of energy, following the bond-graph theory.

4= e/ min — =& revimin
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Figure 5.13: The rotary load block.

The parameters set in this block are the mechanical inertia and the viscous friction,
given by the electric motor’s developer and listed in the following table:

Parameter Values
Mechanical inertia | 0.03898 Kg - m?
. . Nm
Viscous friction
rad/s

Table 5.6: Rotary load.
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5.4 Operating conditions

The simulation is set up in transient operating conditions which consist of an initial
condition where the e-motor is stationary and the reference speed is 0 RPM. After
1 decimal of a second, the reference speed is set to start increasing until it gets to
the setup reference final speed, which will, in the end, be the desired rotational
speed of the simulation. The reference speed gets to its final value following an
order-3-polynomial trend which lasts 0.2 s, as shown in Figure 5.14, where the final
value has been set as an example at 500 RPM.
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Figure 5.14: Rotational speed reference value.

Since the model’s initial condition is stationary, any change in the reference
rotational speed immediately creates a discrepancy between the reference and
actual speeds. This difference triggers the rotational speed control loop, initiating
the e-motor. The control loop has been finely tuned to ensure that the electrical
machine reaches steady-state conditions as quickly as possible.
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Figure 5.15: Comparison between reference and effective values of the rotational
speed.

36



The 1D electric drive unit model

In Figure 5.15, it can be observed the comparison between the reference and effective
rotational speed values during the simulation. The slight oscillations around the
reference value are due to the non-linearities implemented in the electric machine
submodel (subsection 5.3.5), which affect the rotational speed.

The simulation lasts for 2.5 seconds, a duration long enough to provide a
substantial dataset for subsequent 2D electromagnetic simulations, yet short enough
to maintain reasonable computational time. Steady-state conditions are reached at
approximately 0.4 seconds for a rotational speed of 500 RPM, whereas at higher
speeds, such as 1500 RPM, steady-state is achieved at around 0.5 seconds. The
sampling frequency is set at 25,000 Hz, which is necessary for this simulation since
the frequency of interest extends up to 12,500 Hz.

Each run of the simulation lasts approximately 10 seconds, corresponding to
a specific rotational speed. The operating conditions of interest cover rotational
speeds ranging from 500 RPM to 1500 RPM, with increments of 25 RPM. The PWM
modulation method used is Space Vector Modulation, with a carrier frequency of
5000 Hz. The opposing torque load applied to the electric motor is 55 Nm.

The parameters set for this simulation are listed in the following table:

Parameter Values
Simulation duration 25s
Sampling frequency 25000 Hz

Reference rotational speed | 500:100:1500 RPM
PWM modulation method Space vector

Carrier frequency 5000 Hz
Opposing torque load 55 Nm
Run time ~10 s

Table 5.7: Simulation’s operating condition parameters.
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6. The 2D FE Electromag-
netic model

The 2D FE Electromagnetic model is designed to estimate the magnetic forces in
the air gap, which cause magnetic noise in the electric machine by acting on the
inner surface of the stator as a dynamic excitation. The simulation inputs are the
three-phase currents flowing in the stator coil, coupled with the rotor’s angular
position. Both of them are results of the 1D electric drive unit model.

Figure 6.1: The 2D FE electromagnetic model.

Traditionally, simulation frameworks comprehend complete-section electric motor
models as the 2D electromagnetic model. However, for this project, a partial model
consisting of only an angular sector has been developed. Specifically, this angular
sector represents 1/5th of the motor’s complete section. This partial modeling
approach significantly reduces computational time and result size.
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6.1 Simcenter 3D Magnet

The software used to perform the 2D FE electromagnetic simulation is Simcenter
3D. Simcenter 3D is a comprehensive, fully-integrated computer-aided engineering
(CAE) solution developed by Siemens PLM Software. It is designed to address
complex engineering challenges by enhancing simulation efficiency across multiple
physics domains. Simcenter 3D combines finite element analysis (FEA), com-
putational fluid dynamics (CFD), and other simulation techniques into a single
platform. Its range of applications are structural analysis, thermal analysis, motion
simulation, and electromagnetics [21].

In particular, to perform the case study’s EM simulation it has been used Sim-
center 3D’s EM solver Magnet. The Simcenter 3D Magnet solver is a specialized
tool within the Simcenter 3D suite designed for electromagnetic field simulations.
This solver is capable of accurately predicting the performance of electromagnetic
devices such as motors, like the case study PMSM, generators, transformers, and
sensors. It uses advanced numerical techniques to solve Maxwell’s equations, en-
abling detailed analysis of magnetic fields, electric fields, and associated phenomena
like eddy currents and magnetic hysteresis [21].
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6.2 Finite Element Method

Finite Element Method (FEM) is a powerful computational technique used for
solving complex physical problems in engineering and science. The method involves
discretizing a large system into smaller, simpler parts called finite elements, where
equations can be approximately solved. These elements are connected at discrete
points known as nodes, forming a mesh that covers the entire domain of the problem.
This technique is particularly effective for problems involving complex geometries,
material properties, and boundary conditions. The FEM relies on the principle of
virtual work, where the functional integral of the system’s energy is minimized. By
applying this principle, the system of equations governing the physical behavior
of each finite element can be derived. These equations are then assembled into a
larger system that approximates the behavior of the entire model. By breaking
down a problem into finite elements and using numerical methods to solve the
resulting system of equations, FEM provides accurate and reliable solutions to
various physical phenomena such as stress analysis, heat transfer, fluid dynamics,
and electromagnetic fields [22].

Figure 6.2: A finite element in the model.

In 2D electromagnetic applications, FEM is useful for analyzing and designing
electromagnetic fields and devices. By discretizing the 2D space into finite elements,
FEM enables the detailed study of devices such as antennas, sensors, and, as in
our case, electric machines. This method allows for precise modeling of complex
boundary conditions and material interfaces, making it an essential tool for advanced
electromagnetic applications [23].
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6.3 Maxwell tensor

The EM surface force density computation methods are based on the Maxwell
stress concept, which directly gives the stress, or force per unit area, in terms of the
magnetic flux density [24]. These forces arise due to the interaction between the
magnetic fields and the structural components of the machine, leading to torque
production and potential vibrations.

The Maxwell stress tensor, T, represents the electromagnetic forces within a
continuous medium. For an electric field E and a magnetic field B, the Maxwell
stress tensor is defined as [25]:

1 1 1
T = ¢ <E®E—E21> +<B®B—BQI> (6.1)
2 Mo 2

where:

e ¢ is the permittivity of free space,

[to is the permeability of free space,

E ® E denotes the vector product of the electric field,

E? = E - E is the magnitude squared of the electric field,

B ® B denotes the vector product of the magnetic field,

B? = B - B is the magnitude squared of the magnetic field,

I is the identity matrix.

Since in the air gap, where the EM force is evaluated, there is no electric field, the
equation can be simplified and its component version is:

1 1
T, = — BiBz—éz-B?> 6.2
J= o (BB - g, (62)

where:

e 1o is the permeability of free space,
« B; and Bj; are the components of the magnetic field,

e 0;; is the Kronecker delta,
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Since the domain of interest is the interface between the stator tooth and the air
gap we can name the stress components in the equation as normal o, and tangential
o; to the surface, so then the equations become:

B2 _ B2
gy = (6.3)
240
o = Bu B, (6.4)
Ho

The results of the 2D EM model’s simulation is the surface nodal density obtained
from the numerical integration of the force densities o, and o; over the Finite
Elements. As described in Chapter 3, the normal component of the electromagnetic
field is the primary contributor to acoustic noise [12]. However, the Simcenter
3D Magnet solver also accounts for the tangential component without increasing
computational time. Therefore, in the FE framework, the surface nodal force
density includes contributions from both the normal and tangential components.
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6.4 Model setup and parameterization

The 2D EM model is a FEM partial model consisting of 1/5th of the complete
section of the electric motor.

Figure 6.3: The partial model compared to the complete section of the e-motor.
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6.4.1 Mesh collectors

The model is discretized into finite elements by organizing the meshes corresponding
to different components of the e-motor into distinct mesh collectors. Each mesh
collector is associated with specific materials, characterized by their unique electro-
magnetic properties. The following table lists all the mesh collectors associated
with the materials and their respective colors, with labels referring to Figure 6.4.

Figure 6.4: The model’s mesh collectors.

Label | Mesh Collectors Material Color
1 Rotor air Air Air Brown
2 Stator Core Electric steel M270-35A Ochre yellow
3 Permanent magnet | Neodymium magnet N40SH Pink
4 Rotor Air Air Brown
5 Stator coil Copper Light blue
6 Stator air Air Brown
7 Stator air Air Brown
8 Virtual air Virtual air Light yellow
9 Remesh region Air Brown

Table 6.1: Mesh Collectors, Materials, and colors referring to Figure 6.4
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The Remesh region is a designated mesh collector that undergoes refinement
or modification during the simulation process. The remeshing is essential to
accommodate the relative movement of components during the simulation. In the
model, the Remesh region is positioned at the boundary between the stator and
the rotating rotor, as highlighted in Figure 6.4. This allows for accurate simulation
of the interactions and dynamic behavior at the interface of these moving parts
[26].

The Virtual air material is used as a medium in critical areas of the model, for
example near the Remesh region, accurately simulating the propagation and distri-
bution of electromagnetic fields [26]. The different mesh collectors are characterized
by elements with sizes varying from 5 to 10 mm.
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6.4.2 Magnets orientation

The internal magnets are oriented according to the e-motor design as shown in
picture Figure 6.5. The orientation is set up in the simulation model through a
tool that orients the magnetic properties of the material of the mesh collector
"Permanent magnet".

Figure 6.5: The permanent magnets arrangment
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6.4.3 Coil arrangment

The coils are incorporated into the model as entities intersecting the cross-section
of the e-motor. The properties associated with the coils, such as wire size and coil
arrangement, are configured according to the e-motor design specifications.

As can be deduced from Figure 6.6, the coil arrangement follows a A-A, B-B,
C-C pattern, going counterclockwise. The properties of the coils are listed in the
following table:

Parameter Value
Number of turns per coil 66
Wire section 1.56 mm?

Table 6.2: Parameter and Value Table

Figure 6.6: Coil arrangement.
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6.4.4 Boundary conditions

The 2D EM model represents a sector of the complete section of the electric motor.
Given that the motor’s section exhibits exact periodicity within a 1/5th sector,
this 2D model is sufficient to accurately simulate the electromagnetic behavior of
the entire electric machine. To accomplish that, periodic boundaries need to be
implemented. By applying periodic boundary conditions, the model ensures that
the physical properties and behaviors at the boundaries of the sector align seamlessly
with adjacent sectors, replicating the continuity and symmetry of the full motor.
This technique significantly reduces computational requirements while maintaining
accuracy in simulating electromagnetic fields and other physical properties.

The meshes must be set up so that the radial position of the nodes on the
opposite edges match perfectly, as highlighted in blue and green in Figure 6.7.
The nodes must align precisely to ensure that the simulation properties transfer
accurately from one boundary to the opposite during the simulation.

Figure 6.7: Periodic boundaries. The dotted lines are a representation of the
node match between the 2 opposite edges.
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6.5 Operating conditions

The simulation is conducted in the time domain under steady-state conditions with
a constant rotational speed. Inputs from the 1D electric drive unit model include
the rotor angular position and the three-phase currents as functions of time. The
simulation outputs are the nodal force densities, computed in time domain. Both
the inputs and the outputs of the simulation refer to specific time steps, which
have been set up depending on the rotational speed of the e-motor.

The solution domain is limited to the stator core’s edges, as highlighted in
orange in Figure 6.8, but the subsequent 3D vibroacoustic simulation only uses as
inputs an even more limited range of data: only the electromagnetic forces applied
to the inner surface of the stator (highlighted in green) are considered as dynamic
excitation for the vibroacoustic response.

Figure 6.8: The EM simulation’s solution domain.

In the first approach, the simulation run time covered only one electrical cycle,
which conveniently corresponded to 1/5th of a complete revolution, exactly the
size of the model’s angular sector. The simulation started with the initial position
of the rotor as shown in Figure 6.9 and ended as shown in Figure 6.10.
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Figure 6.9: Simulation initial position. Figure 6.10: Simulation final position.

However, to improve the accuracy of the results, it was necessary to extend the
simulation run time to cover a full revolution. The following images show the
second approach, with the partial model rotor going beyond the first electric cycle
during the simulation. The change of approach is detailed in Section 11.4.

Figure 6.11: Different moments in the second approach’s EM simulation, in order
A, B, C, D.
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Another difference between the first and second approaches lies in the setup of the
time steps. In the first approach, the time step size is constant, whereas in the
second approach, it varies. The time step setup is explained in detail in Section
11.4. The following table shows a series of examples of the time step size used
in the first approach, so constant and in a simulation that lasts 1 electric cycle,
for different rotational speeds. It can be observed that the size of the time steps
has been changed in order to maintain the number of time steps as constant as
possible.

Rotational speed | Time step size | Number of time steps
500 RPM 3.33 1072 ms 720
650 RPM 3.84 1072 ms 624
800 RPM 3.12 1072 ms 768
1100 RPM 3.03 107 ms 792
1500 RPM 2.77 1072 ms 864

Table 6.3: Simulation time step setup
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6.6 Computational time

The comparison of computational time between the complete model and the partial
model demonstrates that the partial model is significantly more efficient. This
efficiency is due to the substantially lower number of nodes and elements in the
FEM model, which reduces the computational load. The data presented in the
following table refers to the simulation conducted at a rotational speed of 1000
RPM, revealing a 55% reduction in computational time.

Model | Computational Time
Complete | 11 min and 32 sec
Partial 5 min and 10 sec

Table 6.4: Comparison in the model computational time

Figure 6.12: The 2D EM complete model.
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The decreased computational time is achieved without compromising the accuracy
of the results, as shown in Figure 6.12. The comparison between the complete and
partial electromagnetic models is conducted at a rotational speed of 1000 RPM,
using the same simulation parameters. The simulation covers six electric cycles, so
it goes over a full revolution of the rotor. The input three-phase currents and rotor
angular position are identical for both models. The plot illustrates the nodal force
on a characteristic node, extracted as described in Section 11.3.
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Figure 6.13: Comparison between the complete and partial model results.

53



7. The 3D structural model

The 3D structural model computes the mode shapes of the electric motor’s sta-
tor through a procedure known as modal analysis. The mode shapes provide a
condensed description of the dynamic characteristics of a structure, detailing the
specific deformation patterns it undergoes when vibrating at its natural frequencies.
These shapes are unique to each natural frequency and are determined by the
structure’s geometry, boundary conditions, and material properties.

Figure 7.1: the 3D structural model.

The software used to perform the 3D finite element structural simulation is once
again Simcenter 3D. However, differently from the previous analysis, Simcenter
3D’s structural solver Nastran was utilized.
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7.1 Simcenter 3D Nastran

Simcenter 3D Nastran is a structural analysis solver integrated within the Simcenter
3D simulation suite, developed by Siemens Digital Industries Software. It is widely
recognized for its robust FEA capabilities, providing the tools necessary to perform
comprehensive structural assessments, including linear and nonlinear stress analysis,
dynamic response analysis, and advanced modal analysis [27].

7.2 Modal analysis

Modal analysis is a critical procedure in structural dynamics and mechanical
engineering, used to determine a structure’s natural frequencies, mode shapes, and
damping characteristics. This analysis is accomplished by solving the eigenvalue
problem associated with the system’s mass and stiffness matrices, revealing the
characteristic vibration patterns and their corresponding frequencies [28]. By
understanding these mode shapes, engineers can predict how structures will respond
to various dynamic loads, ensuring stability and performance.

In the case study, the modal analysis is conducted over a frequency range from
1 Hz to 25,000 Hz. The latter value is precisely double the maximum frequency of
the analysis, in accordance with the Nyquist theorem [29].
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7.3 Model setup and parametrization

The structural model consists solely of the stator of the electric motor. The rotor
is not modeled for two different reasons:

o The primary source of acoustic noise in an electric motor is the EM excitation
acting on the inner surface of the stator [12]. Specifically, the main causal chain
of events leading to the acoustic pressure level at the microphone point outside
the e-motor starts with the EM forces generated in the air gap. These forces
propagate radially, causing vibrations in the stator structure. These vibrations
then convert into sound waves that travel through the air surrounding the
motor, moving outward toward the microphone point.

« Including revolving parts like the rotor in a frequency-domain simulation would
be computationally intensive. The rotor, located internally, is not involved in
the propagation of the EM-related vibrations.

Another approximation made in the design of the 3D model involves simplifying
the lateral parts on the longitudinal ends of the electric motor. The holes on the
left end of the motor shown in Figure 7.2 hide a fan with a bearing, which is keyed
onto the rotor shaft for cooling purposes. These elements are not included in the
structural simulation to simplify the model and reduce computational time.

Figure 7.2: The assembled electric motor
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7.4 3D Finite Elements

The simulation is performed solving the FE structural problem using the same
discretization principles as described in Section 6.2, but using 3D elements. In
particular, the discretization has been performed with CTETRA10 finite elements.
CTETRA finite elements are a type of 3D tetrahedral element, specifically designed
to model complex geometries with irregular shapes, such as the stator in case study.
Simcenter 3D’s meshing algorithm has two options, referring to the element’s order:

o Linear (CTETRAA4), which consists of four nodes, one at each vertex of the
tetrahedron and is suitable for problems requiring less computational effort
but can be less accurate for representing curved surfaces or varying stress
gradients;

e Quadratic (CTETRA10), which consists of ten nodes, including four at the
vertices and six along the edges, providing higher accuracy in capturing the
behavior of curved surfaces and varying stress fields in the material [27]. They
are particularly suitable for modeling objects with varying cross-sections, as
in the case study.

1

Figure 7.3: CTETRA4 (left) and CTETRA10 (right).

The size of the finite elements in the 3D structural model varies depending on the
components of the assembly to minimize computational time without compromising
the accuracy of the results. The maximum element size is 6 mm, assigned to the
back and front covers, while the elements of the stator teeth are 3 mm in size.
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7.5 Materials

The material varies depending on the different parts of the electric motor. The
materials used are 3:

o M270-35A, a non-oriented electrical steel commonly used in the manufacturing
of electric motors and transformers. This type of steel is specifically designed
to optimize magnetic properties, such as high permeability and low core loss,
making it ideal for applications where efficient magnetic performance is crucial
[30].

o Aluminum 2014, a high-strength aluminum alloy known for its high strength-
to-weight ratio, good machinability, and resistance to fatigue [31].

o AISI 304 stainless steel, a widely used austenitic stainless steel known for
its excellent corrosion resistance, good mechanical properties, and ease of
fabrication [32].

In the following page, the model is illustrated in Figure 7.4 with the different parts’
labels referring to table 7.1.
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Figure 7.4: Stator parts.

Label | Part name Material
A Stator tooth M270-35A
B Finned cover | Aluminum 2014
C Front cover | Aluminum 2014
D Back cover AISI 304
E Radial cover AISI 304
F Backsealer AISI 304

Table 7.1: Parts and materials
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7.6 Constraints

The constraints incorporated in the model accurately reflect the real-world con-
ditions of the electric machine during operation. As illustrated in Figure 7.2,
the e-motor is constrained at one end, which is why the model includes a fixed
constraint on that face.

Figure 7.5: The fixed constraint, highlighted in orange.

The model is an assembly of all the parts listed in Table 7.1. The various elements
are constrained to each other through a process referred to as "gluing" in the
simulation environment of Simcenter 3D. This procedure involves selecting elements
from adjacent parts and anchoring them together, effectively creating constraints
between them. These constraints are applied to specific surfaces of the elements,
and the size of these areas are adjusted to increase or decrease the stiffness of the
structure. In Figure 7.6, the constrained zones of different "Stator tooth" parts are
modeled to accurately represent the real-life constraints.
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Figure 7.6: The glued elements area, highlighted in orange.

Figure 7.7: Disassembled stator teeth, held in position by the metal bands.
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8 The 3D vibroacoustic
model

The 3D vibroacoustic model couples the electromagnetic forces calculated by the
2D EM model with the mode shapes determined by the 3D structural model. This
approach allows the simulation to know both the structural response of the e-motor
stator and the dynamic excitation acting upon it. The resulting output is the
acoustic pressure level at a specific point, referred to as the mic-point, which is
positioned outside the stator.

Figure 8.1: The 3D vibroacoustic model.

Figure 8.1 demonstrates that the model is essentially the same as the 3D structural
model depicted in Figure 7.1. However, it serves primarily as a visual representation
of the mode shapes used as inputs for the simulation, which are in fact the output
of the 3D structural model. The dynamic excitation is provided by the EM forces,
which are introduced as time-domain nodal force densities. In order to be utilized
in this frequency-domain simulation, these forces must undergo a Fourier transform
process. The model has been developed within the Simcenter 3D Vibroacoustic
environment, utilizing Simcenter Nastran Vibroacoustic numerical solver.
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8.1 Simcenter 3D Nastran Vibroacoustic

Simcenter 3D Nastran Vibroacoustic is an extension within the Simcenter 3D suite
that focuses on the analysis of vibroacoustic phenomena. This tool integrates
structural and acoustic simulations to predict how vibrations within a structure will
generate sound and how this sound will propagate through different media. Utilizing
the Nastran solver, it enables to perform comprehensive analyses, including the
effects of dynamic excitations, modal coupling, and acoustic radiation [27]. Nastran
Vibroacoustic enables the use of Acoustic Transfer Vectors (ATVs) to compute
the acoustic pressure levels, significantly speeding up the simulation process and
streamlining the analysis.

8.2 Acoustic Transfer Vectors

Acoustic Transfer Vectors are essential components in vibroacoustic analysis, fa-
cilitating the understanding of how structural vibrations translate into acoustic
pressure at specific points in a surrounding fluid medium, such as air. By calculating
the response of the acoustic field to unit excitations at various structural nodes,
ATVs effectively create a mapping between structural vibrations and resulting
sound pressure levels. Specifically, for the case study application, ATVs link the
nodes on the surface of the stator structure to the acoustic pressure level at the
mic-point. This approach significantly streamlines the analysis process, allowing
for efficient and accurate prediction of acoustic behavior without repeatedly solving
the full coupled structural-acoustic system.

ATV have been implemented in the 3D vibroacoustic model through a guided
procedure [21], which consists of computing the vectors in a separate simulation
and then introducing them in the model. Figure 8.2 illustrates the 3D FE model
used for computing the transfer vectors. The model features a 3D acoustic mesh
(shown in green) that is rendered transparent to reveal the stator’s structure at its
center.
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The blue objects represent the Automatically Matched Layer (AML), a feature
designed to enhance the accuracy and efficiency of vibroacoustic simulations. AML
effectively simulates the infinite expanse of an acoustic domain by absorbing
outgoing acoustic waves, thereby preventing reflections that can distort the results.
By implementing AML, the mic-point can be placed outside the 3D vibroacoustic
mesh, allowing the mesh to be smaller in volume and significantly reducing the
computational load of the simulation.

Figure 8.2: Model for ATVs computation.
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8.3 Acoustic pressure level

Acoustic pressure level, also referred to as sound pressure level (SPL), is a measure
of the pressure variation within a sound wave relative to the ambient atmospheric
pressure. It quantifies the intensity of sound in a given environment and is expressed
in decibels (dB). It’s computed using the logarithmic ratio of the measured sound
pressure to a reference pressure, typically 20 micropascals in air, which is the
threshold of human hearing. This metric is crucial in various fields such as acoustics,
audio engineering, and environmental noise assessment, as it helps in evaluating
the loudness of sounds and their potential impact on human health and comfort.

The acoustic pressure level L, is given by the formula:

p
L, = 20log, (m)

where:

L, is the sound pressure level in decibels (dB).
e p is the root mean square (RMS) sound pressure.

e po is the reference sound pressure, typically 20 uPa in air.
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8.4 Model setup and parametrization

The ATVs frequency domain is set up according to the frequency range of interest
of the vibroacoustic simulation. Since the frequency range of interest of the
vibroacoustic simulation spans from 1 Hz to 12500 Hz, the ATVs have the same
frequency domain.

Figure 8.2 shows the microphone point in red, positioned radially with respect
to the e-motor cover at a distance of 250 mm from its center. Given that the stator
case has a diameter of 250 mm, the mic point is located 125 mm radially from
the e-motor cover. It is also positioned longitudinally at the center of the stator’s
teeth, at a distance of 130 mm from the constrained face (front cover).

8.5 Operating conditions

The simulation is conducted in the frequency domain, so the results from the 2D
EM simulation are first subjected to a Fourier Transform. These transformed
results are then mapped onto the inner surface of the stator, where they serve
as the dynamic excitation for the simulation process. This process is described
in detail in Section 11.3. The input data refer to a specific rotational speed of
the electric motor, in steady-state conditions. Consequently, the results of the
vibroacoustic simulation, expressed in terms of acoustic pressure levels, also refer
to a steady-state rotational speed.
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9. The 2D complete electro-
magnetic model

The 2D complete electromagnetic model computes the lumped EM forces that
serve as inputs for the State Space model. This model is an extension of the
partial EM one described in Chapter 6, comprehending the entire section. Due to
the sectorial periodicity of the electric motor, the complete model is effectively a
five-time circular replication of the partial one.

Figure 9.1: The complete EM model.

67



The 2D complete electromagnetic model

The simulation is conducted in the time domain under steady-state conditions with
a constant rotational speed. Inputs from the 1D electric drive unit model include
the rotor angular position and the three-phase currents as functions of time. Since
the model is a 2D representation of a section of the motor, the lumped forces are
computed by integrating along the perimeter of the teeth, as highlighted in Figure
9.2. The results are provided in the time domain and correspond to the time steps
established in the simulation. The working conditions are identical to those in the
FE simulation framework, allowing for a direct comparison between the results.

Figure 9.2: The complete EM model results.

The simulation calculates a lumped force for each tooth of the stator. Unlike the
FE simulation framework, the concentrated force is the result of integrating all
the nodal force densities acting on the tooth, including the portions of the tooth
that extend beyond those making up the inner face of the stator. The results
are organized into x-axis and y-axis components of the lumped force. The radial
components of the lumped forces are computed for each tooth, so 15 lumped forces
results are listed in function of the time steps. These values are then used as inputs
for the State Space model.
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10. The State Space model

State space models are mathematical frameworks used to describe the behavior of
dynamic systems. These models represent the system’s state variables and their
time evolution using a set of first-order differential equations. The state variables
capture the essential information about the system at any given time, and the state
space representation provides a compact and efficient way to analyze and simulate
the system’s dynamics.

In the case study, the dynamic system represents the equivalent vibroacoustic
model of the FE simulation framework. The state space model is data-derived,
encompassing both the structural dynamic behavior of the stator in the electric
motor and the propagation of sound waves from the motor’s structure to the
microphone point. The results are given in terms of acoustic pressure level in the
time domain, referring to the simulation rotational speed. The acoustic pressure
level signal is then processed using a Fourier transform to obtain the frequency
domain signal, which is subsequently compared with the results from the FE
framework.

In this project, a modal-based approach is used to derive the state space model
from a set of measured frequency response functions (FRFs). This approach utilizes
the Polymax modal parameter estimator to develop a modal model, which is then
refined using the iterative MLMM algorithm. The clear stabilization diagram
produced by Polymax serves as a valuable tool to determine the system’s order
under test. Once the order of the system is determined, the derived modal model
is then converted into an equivalent state space model [5]. The entire procedure
is performed on Siemens software Simcenter Testlab, which receives as inputs the
FRFs and computes the State Space matrixes.
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The state space representation of a dynamic system consists of two main equations:
the state equation and the output equation. The state equation describes how the
state of the system evolves over time. It is given by:

x(t) = Az(t) + Bu(t)

where:

o &(t) is the time derivative of the state vector z(t), representing the rate of
change of the system’s state.

o A is the state matrix, which defines the relationship between the current state
x(t) and its time derivative z(t).

e B is the input matrix, which defines how the control input u(¢) influences the
state of the system.

 u(t) is the input vector, representing external inputs to the system.

The output equation describes how the current state and inputs of the system
produce the observable outputs. It is given by:

y(t) = Cx(t) + Du(t)

where:

 y(t) is the output vector, representing the observable outputs of the system.

o (' is the output matrix, which defines the relationship between the state vector
z(t) and the output y(t).

o D is the feedthrough matrix, which defines the direct relationship between
the input u(t) and the output y(t).
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The frequency response functions used to originate the State Space model are com-
puted on the 3D vibroacoustic model of the FE framework, with some modifications.
Instead of pre-processing and mapping the nodal force densities resulting from the
2D EM model, the inputs of the simulations are unit forces applied radially to
selected nodes on the inner surface of the stator. The output of the FRFs is the
acoustic pressure level, so the State Space model computes the equivalent of the
sum of the effects of the different FRFs excited by the lumped forces in terms of
acoustic pressure level. Figure 10.1 illustrates the selected nodes, 10 for each tooth.
Since there are 15 teeth, the simulation computes 150 different FRFs.

Figure 10.1: The selected nodes for FRF computation.

The frequency response functions are then processed using the Simcenter Testlab
modal-based algorithm to derive the State Space model. The number of FRFs
matches the number of lumped force inputs required by the State Space model: 150
in total. However, the lumped forces are only 15 because they are computed in the
2D model of the motor, which outputs one lumped force for each tooth. Therefore
the lumped force is assumed to be homogeneous on the longitudinal direction of
the electric motor and the results values obtained from the EM model are split
equally on the 10 points of the tooth.
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Figure 10.2 depicts 3 different frequency response functions, from 3 random points
on different teeth.
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Figure 10.2: Frequency Response Functions.
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11. Results of the FE simula-
tion framework

The FE simulation framework consists of four interconnected models designed to
compute the acoustic pressure level of the electric motor under constant rotational
speed conditions. This chapter focuses on elaborating and analyzing the outputs
derived from the different models to determine the acoustic pressure level on the
microphone point.

3D structural model Simcenter 3D

Simcenter 3D

Simcenter
m Structural modes
Simcenter A

A 4

vibroacoustic

1D electric drive

unit model 2D partial
electromagnetic

model
Phase current & Nodal density of
Rotor angular position EM forces

3D vibroacoustic
model

Acoustic pressure level

Figure 11.1: The FE simulation framework

The simulation framework has been improved by applying two major modifications
to the simulation setup and results elaboration, described in section 11.2 and in
section 11.4. The results from this framework are then compared to the ones
obtained from the State Space framework in Chapter 12.
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Results of the FE simulation framework

11.1 Results of the 1D electric drive unit model

The electric drive unit model setup is described in Chapter 5. This functional
model computes the rotor angular position and the three-phase currents, which are
then utilized as inputs for the 2D EM model. Both the results are in time domain.
The first approach has the Electric machine block, described in Subsection 5.3.5,
implementing a linear submodel with constant physical characteristics described
by the electric motor’s design parameters. This means that the EM properties in
the electric motor’s air gap do not depend on the angular position.

During the simulation, the rotational speed increases until it stabilizes at the
target value. The model is configured to start printing output values from 0.6
seconds after the simulation begins, ensuring that steady-state conditions are
achieved. Figure 11.2 illustrates the rotational speed trend in comparison to the
reference value, in particular referring to a target rotational speed of 1300 RPM.
The highlighted area corresponds to the period when the results are printed in the
output dataset.

RPM

x10%
1.4

1.0 | — Actual velocity |
—— Target velocity
0.8 e :

0.6

0.4

0.2

0.0

-0.2 T T
0.0 0.5 1.0 15

Time [s]

Figure 11.2: Target and actual values of the rotational speed of the electric
motor.

The FE framework has been employed to obtain results across a range of rotational
speeds from 500 RPM to 1500 RPM, with increments of 100 RPM.

74



Results of the FE simulation framework

Figure 11.3 and Figure 11.4 illustrate the results for a rotational speed of 1300
RPM, chosen as a representative example to perform the analysis of the results
and the processing necessary to transfer them as input for the 2D EM model.
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Figure 11.3: The output three-phase currents.
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Figure 11.4: The rotor angular position.
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Figure 11.4 shows that the rotor angular position is characterized by values that
exceed 360°. This happens because the angular position sensor is incremental and
does not reset every complete revolution. In the case study, the angular position is
reset every 72°, which is the final position of the 2D EM partial model. Therefore,
each one of the repetitions can be extracted and used as input for the subsequent
simulation, along with the relative three-phase currents. As discussed before, this
corresponds to one complete electric cycle.

Rotor angular position
T

Degrees

1 1

92
Time (seconds)

Figure 11.5: Rotor angular position, reset every electric cycle.

This output is generated as a piecewise file, a type of file that breaks down the data
into discrete segments or intervals, in this case listing them with the corresponding
time steps.
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In order to extract the useful data that serves as input for the 2D EM simulation,
the three-phase currents and the rotor angular position dataset are cut as illustrated
in Figure 11.6.
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Figure 11.6: The extracted three-phase currents.
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The graph magnification illustrated in Figure 11.7 highlights the ripples present
in the current characteristics. These distortions, caused by the inverter switching
mechanism, are the main responsible for the characteristic high-pitch component
in the acoustic noise produced by PWM-fed electric machines [9].
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Figure 11.7: Current ripples.
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The challenge of correctly introducing the data produced by the functional model
as inputs in the EM simulation lies in accurately matching the initial positions
of the rotor in the two models. As discussed before, the rotor angular position
printed in the piecewise file begins with an offset. Furthermore, the starting angular
position of the electric motor block itself, from which the rotor angular position
information is obtained, is not a reliable indicator of the rotor position. There is no
clear reference to determine the rotor’s angular position in the 2D EM model that
corresponds to the initial position of the electric motor block. The implemented
linear submodel, described in Subsection 5.3.5, does not guarantee that the rotor’s
initial angular position is consistent between the two models.

Figure 11.8 illustrates a series of potential initial angular positions, along with the
stator phases:

24°

12°

Figure 11.8: Potential initial position for the electric motor block on the 2D EM
model.

The stator phases are depicted because the initial position of the rotor is typically
placed across the phase A coils [33]: the 12° line above the horizontal plane in Figure
11.8. This indication has also been shared by the electric motor developer, but a
verification procedure was nevertheless necessary to ensure the correct matching
between the two models. The other initial positions have been selected randomly
to serve as a verification.
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11.2 Non-linear electric block submodel

The first major modification to the FE framework involved replacing the linear
submodel of the electric motor with a non-linear submodel. In this updated
approach, a non-linear, spatially-dependent submodel was implemented to more
accurately represent the electromagnetic characteristics of the e-motor. Unlike the
linear model, the flux linkage in the new submodel is decoupled between the direct
and quadrature axes of the rotary reference frame and varies with the angular
position. Additionally, the torque is another spatially-dependent parameter that
also varies with the angular position.

Figure 11.9: The 2D complete EM model.

As described in Subsection 5.3.5, the flux linkage on the g-axis, the flux linkage on
the d-axis, and the torque characteristics have been determined using a separate
2D complete section EM model, which is not part of the FE simulation framework
(Figure 11.9).
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The implemented spatially-dependent submodel introduced slight oscillations in the
speed, currents, and torque trends observed in the 1D electric drive unit simulations,
as shown in Figure 11.10.

Rotational speed reference value
——Rotational speed effective value

70,00 0.05 0.10 0.15 . 020 0.25 0.30 0.35

Figure 11.10: Comparison between reference and effective values of the rotational
speed with non-linear submodel.

To verify the initial positions of the EM simulations, the torque characteristics
computed from the electric drive unit model are compared to those computed from
the EM model. Since the inputs for the EM model are derived from the same
simulation that calculates torque in the functional model, the trends will only
match if the datasets for currents and rotor angular positions are correctly mapped
onto the EM model. This ensures that the initial positions of the two models are
coherent.

Therefore, the 1D electric drive unit model has been modified to compute the
torque on the electric motor shaft along with the three-phase currents and the
rotor angular position. The torque characteristic has been determined through
a simulation at 525 RPM. The torque data is extracted from the time domain
dataset, with rotor angular position data being reset after each electric cycle, as
discussed before.

The non-linear parameters were computed using a 2D EM complete model
with the same physical features as the partial model. The initial position of these
characteristics is set when the rotor is in the equivalent position of 12° in the partial
model, following the previously mentioned guidelines. The subsequent verification
can only confirm the coherence between the initial positions of the models, not the
accuracy of these indications.

81



Results of the FE simulation framework

24°

12°

K

Figure 11.11: Rotor initial position in the EM model, according to the general
guidelines.

The verification was carried out through iterative simulations in which the inputs
of the EM simulation (rotor angular position and three-phase currents, computed
by the same electric drive unit simulation that determines the torque character-
istics) were offset to start the EM simulation at various potential initial angular
positions, illustrated in Figure 11.11. The torque characteristic computed by the
EM simulation was then compared to that of the functional model.
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Figure 11.12: Torque characteristics.
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As expected, the comparison between the torque characteristics of the two models
shows that the correct matching is obtained when the initial position is 12° above
the horizontal plane. This ensures that the outputs computed from the electric drive
unit model are correctly mapped onto the 2D partial EM model and also verifies
that the non-linear submodel in the electric machine block is set up correctly.
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11.3 Results of the 2D FE Electromagnetic model

The 2D partial EM model receives the three-phase currents and rotor angular
position signals as inputs from the 1D electric drive unit model. These datasets
are accurately mapped onto the EM model to ensure consistency in the initial
positions between the two models. As detailed in Chapter 6, the purpose of the EM
simulation is to compute the nodal force densities acting on the inner surface of
the stator. These EM forces need to be mapped onto the 3D vibroacoustic model
for further analysis.

Since the EM forces refer to a partial 2D model, they must undergo a pre-
processing procedure before being used as inputs for the simulation. The pre-
processing of the input forces includes:

o Extension from sector to full section: The dataset is replicated spatially
five times to complete the section. Figure 11.13 illustrates the dataset in green
and the replicated sections in red.

Figure 11.13: Extension from sector to full section.

o Extrusion from 2D to 3D: The complete section EM forces are extruded
into a cylindrical shape, matching the length of the stator stack (150 mm).
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o Mesh mapping: The EM forces have been computed on a 2D mesh, which
differs from the mesh used in the 3D vibroacoustic model. The mesh mapping
process between these two different models involves transferring data, such
as the analyzed EM forces, from the 2D mesh to the 3D mesh. This process
ensures that the results from the 2D computational analysis are accurately
applied to the 3D model, despite the differences in mesh configuration. Figure
11.14 illustrates an example of mesh mapping between two different 2D models,
the one on the left is an EM mesh while the one on the right is a structural
mesh. Figure 11.15 presents the results of the mesh mapping process referring
to the case study.

Electromagnetic mesh Structural mesh

o4 3|

Figure 11.14: Mesh mapping example.

Figure 11.15: Mesh mapping process result.
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» Time signal processing: The signal containing the input forces is in the
time domain, referring to the time steps set up in the EM simulation. On the
other hand, the vibroacoustic simulation is in the frequency domain, so the
input signal has to undergo a Fourier Transform process.

To investigate the frequency components in the nodal force densities, a represen-
tative node is selected on the stator surface after completing the pre-processing.
Figure 11.16 depicts the results of the mesh mapping process. The depicted nodal
force densities refer to a rotational speed of 1300 RPM and the frequency displayed
is 77.38 Hz.

Spatial Results Set : Model and Load Pre-processing 9
1, 1300 rev/min, Frequency 40, 77.38Hz

Force - Nodal, Magnitude

Complex Option : Amplitude

Min : 2.071E-06, Max : 2.101E-04, Units = N

CSYS : Absolute Rectangular

Acoustic Setting : Scaling Peak

I 2.101E-04
- 1.928E-04
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Figure 11.16: Pre-processed nodal force densities.
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The frequency spectrum referring to the EM force acting on the selected node is
then depicted in Figure 11.19.
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Figure 11.17: Frequency spectrum.

The graph in Figure 11.18 shows a magnification of the frequency spectrum, focusing
on the PWM harmonics.
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Figure 11.18: PWM harmonics.
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The peaks in the left part of the frequency spectrum, spanning from 0 to 2000
Hz, are associated with slotting effect harmonics. The slotting effect is the conse-
quence of the impact of the stator and rotor slots on the motor’s electromagnetic
performance, particularly in terms of noise and vibration. The slots create periodic
variations in the air gap magnetic field, which induce harmonic components in the
electromagnetic forces acting on the motor.

Additionally, the harmonics of the PWM carrier frequency, which is set at
5000Hz, result from the switching actions of transistors in the inverter arms. These
high-frequency components are transmitted from the stator currents to the magnetic
field in the air gap and ultimately influence the electromagnetic forces acting on
the inner surface of the stator, leading to distinct peaks in the frequency spectrum.

Figure 11.18 clearly shows the carrier frequency’s first and second harmonics.
As described by other literature works [9] [34] [35], the PWM harmonics present
multiple peaks:

o First harmonic: The first significant harmonic is at the fundamental switch-
ing frequency, that in the case study is set at 5000 Hz;

o Higher-order harmonics: Higher-order harmonics occur at integer multiples
of the switching frequency. The entire simulation framework covers a maximum
frequency range of 12,500 Hz, in order to be able to capture the effects of the
second harmonic of the PWM, which is located at 10,000 Hz;

e Sideband harmonics: In addition to the main harmonics, sidebands can
appear around the harmonic frequencies due to the interaction between the
switching frequency and the fundamental electrical frequency of the motor.
These sidebands are spaced at multiples of the motor’s electrical frequency
around the primary harmonics.

In the case study, the first harmonic of the PWM signal lacks a central band,
evidenced by the absence of a peak at 5000 Hz. Instead, it is characterized by
very prominent sidebands. Conversely, the second harmonic does exhibit central
bands, but its peak is lower than that of the sidebands. These results align with
expectations, as similar patterns have been documented in other literature works

[9].
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The previous analysis focused on a specific rotational speed of 1300 RPM. To gain a
more comprehensive understanding of the e-motor orders and the impact of PWM
harmonics at various rotational speeds, a Campbell diagram is illustrated in Figure
11.19. This allows for a detailed analysis of the frequency response across different
operating conditions.
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Figure 11.19: Campbell diagram.

The e-motor orders are clearly visible and behave as expected [36]. The logarithmic
scale highlights the strong impact of the slotting effect on the electromagnetic
forces, with order lines without offset (originating from 0 RPM, 0 Hz). The slope
of each line corresponds to the specific order, where the 1st order has a steeper
slope compared to higher orders.

The PWM harmonics are not clearly visible, and the sidebands are barely
discernible for both the first and second harmonics of the carrier frequency. In the
higher rotational speed region of the Campbell diagram, the band lines appear to
lean left instead of spreading in straight lines as expected [34]. This "smearing'
effect on the PWM harmonics is caused by spectral leakage [37]. To address spectral
leakage and improve results, it is necessary to investigate the periodicity of the EM
forces signal before applying a Fourier transform.
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11.4 Signal periodicity

Ensuring that a signal is periodic before applying a Fourier transform is crucial
to avoid spectral leakage, which can distort the analysis of the signal’s frequency
components: the Fourier transform inherently assumes that the signal is periodic by
representing it as a sum of sinusoidal components [37]. When a signal is not periodic
within the observation window, the transform effectively "sees" a discontinuity at
the boundaries [38]. Figure 11.20 shows a non-periodic signal within the observation
window, which is highlighted in light blue.

05}

Amplitude

0.2 025 03 035 04
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Figure 11.20: Non-periodic signal within observation window.

Amplitude

Figure 11.21: Non-periodic signal as "seen" by the Fourier transform.
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In Figure 11.21 the discontinuity between consequent signals is highlighted in
red. These abrupt jumps introduce high-frequency components that were not
present in the original signal, which spread energy across the frequency spectrum.
Instead of having sharp, distinct peaks at the actual frequencies of the signal, the
energy 'leaks" into adjacent frequencies. This smearing effect obscures the true
spectral content, making it difficult to identify and measure the signal’s frequency
components accurately.

To mitigate the spectral leakage the following countermeasures are avaiable:

« Extending the signal length: Applying windowing functions can help
reduce the impact of boundary discontinuities. These functions taper the
signal at the edges, minimizing abrupt changes. In the study case, a Hanning
windowing function had already been applied to the signal, but its effect is
insufficient because it is linked to the signal length. The EM partial model
has been set up to perform simulations lasting only one electrical cycle. This
means that the time-domain signal of the electromagnetic forces is too short
for the windowing function to be effective. At 1000 RPM, the duration is 0.012
s, but it decreases to 0.008 s as the rotational speed increases to 1500 RPM.
Figure 11.21 shows the same non-periodic signal as Figure 11.21, after applying
the Hanning window. Since the original signal was a pure sine wave, it’s
clear that the effect of the windowing function is not sufficient for short signals.

Amplitude

Figure 11.22: Windowed non-periodic signal.

91



Results of the FE simulation framework

« Signal Conditioning: Ensuring that the signal data is collected over an
integer number of periods can enhance the Fourier transform results by mak-
ing the signal appear periodic within the window. The initial approach of
simulating one electric cycle should have addressed this, but the issue arises
from the secondary frequency introduced by the inverter modulation.

The first point is implemented by extending the length of the currents signal to
encompass multiple electric cycles. The number of electric cycles included in the
current signal is not constant between different simulations: it increases with the
rotational speed. This adjustment ensures the signal length remains as constant
as possible despite varying rotational speeds, improving accuracy. Although this
increases the computational time of the EM simulation, it remains more efficient
than a complete section model. Table 9.1 compares the computational times,
referring to simulations conducted at a rotational speed of 1000 RPM, whose
extended simulation includes four electric cycles.

Model Computational Time
Complete 11 min and 32 sec
Partial 5 min and 10 sec
Partial, extended simulations 8 min and 10 sec

Table 11.1: Comparison in the model computational time

The following table lists the number of electric cycles included in the simulations
and the relative signal length:

Rotational speed [RPM] | Included electric cycles | Simulation time (s)
500 3 0.072
750 4 0.064
1000 6 0.072
1250 7 0.0672
1500 9 0.072

Table 11.2: Extended simulation time

Since a complete revolution consists of five electric cycles, simulations at rotational
speeds of 1000 RPM and higher extend beyond a single revolution.
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The second point is implemented by performing an "angular resampling' procedure
of the three-phase currents. The current and the rotor angular position signals are
originally computed by the 1D electric drive unit model in the time domain, printed
in a piecewise file, and referring to time steps with a frequency sample of 25000
Hz. However, the extracted data was not periodic. Figure 11.23 illustrates the
Phase A one-electric-cycle signal, used in the initial approach, replicated 5 times.
The non-resampled data was not perfectly periodic and the little discontinuity
highlighted by the orange dots in the magnification is enough to cause significant
spectral leakage.

Phase A [A]

E 1 1 | 1 | | L 1 | | L | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07
Time [s]

Figure 11.23: Replicated one electric cycle signal.

The resampling procedure converts the currents dataset from the time domain to
the angular domain, producing a new dataset with values of the three different
phases at an angular step of 0.2°. Implementing the resampled datasets in the
EM model helps minimize discontinuity at the boundaries of the input signal. For
example, in the simulation referring to a rotational speed of 800 RPM, 5 electric
cycles are included: this is the equivalent of a complete revolution. With an angular
step of 0.2°, Phase A’s second-to-last value corresponds to 359.6°, and the last
value to 359.8°. The next step is exactly 0° at the other end of the signal, ensuring
signal continuity. For example, without resampling the last value could have been
359.5° and the first 0.6°, but the angular step should have been 0.3°, so this would
have caused causing discontinuity.
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Figure 11.24 shows the extended and resampled signals referring to 800 RPM, with
the orange dots highlighting the boundaries of the signal.
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Figure 11.24: Extended and resampled signal.
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After the two points have been implemented in the FE framework, the simulations
have been repeated with this second approach to ensemble again the Campbell
diagram, illustrated in Figure 11.25.
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Figure 11.25: Campbell diagram, obtained with extended and conditioned signals.

To facilitate the diagram comparison, the Campbell diagram resulting from the
first approach is presented again in Figure 11.26.
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Figure 11.26: Campbell diagram, obtained without extended and conditioned
signals.
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The comparison between the Campbell diagrams demonstrates notable enhance-
ments attributed to the reduction in spectral leakage. The slotting effect harmonics
are distinctly visible on the left side of the diagram, as the e-motor orders become
even more discernible. This improvement results from the corrective measures
applied to the signal, which enhanced the periodicity of the phase currents to such
an extent that it was no longer necessary to apply the Hanning windowing function
before performing the Fourier Transform on the EM forces.

Figure 11.27 presents a comparison between the frequency spectrum at a rota-
tional speed of 675 RPM, with a focus on the first harmonic of the PWM. The
blue trend corresponds to a signal length of one electric cycles without resampling,
while the orange trend corresponds to 9 electric cycles with resampling. Neither
trend applied Hanning windowing, indicating that the observed improvements are
solely due to enhanced signal periodicity.

T T I
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Figure 11.27: Frequency spectrum comparison between the first and second
approach.

Since the Hanning windowing function typically results in wider and lower peaks,
its removal leads to narrower and higher peaks, which is exactly what the ad-
journed Campbell diagram in Figure 11.25 shows. The PWM harmonics exhibit a
characteristic spreading pattern that increases with rotational speed. This pattern
occurs because the frequencies of the sidebands are a combination of the carrier
frequency and the fundamental frequency of the signal. The fundamental frequency
of the signal is the frequency of the alternating currents, which increases with the
rotational speed in synchronous electric motors [34].
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Contrary to the e-motor orders, which now appear very clean and discernible at any
rotational speed, the PWM harmonics still present a certain degree of Spectrum
leakage for some datasets. Figure 11.28 depicts the comparison of the first harmonic
of the carrier frequency between the rotational speeds of 950 RPM and 1000 RPM.
The analysis focuses on the first harmonic of the PWM carrier frequency.
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Figure 11.28: Frequency spectrum comparison between different rotational speeds.

Even though the quality of the results has been improved, the smearing effect
remains visible at certain rotational speeds, such as the 950 RPM signal in Figure
11.28, because the simulation’s signal is still not perfectly periodic. The problem can
again be traced back to the three-phase currents. This current signal consists of two
main harmonic components: the fundamental frequency and the PWM-source signal.
While the resampling procedure ensures the perfect periodicity of the fundamental
frequency component, it does not achieve the same for the secondary frequency
linked to the PWM carrier frequency. The challenge in achieving a simulation
without any spectral leakage lies in determining the appropriate simulation time for
each rotational speed, ensuring the signal boundaries are perfectly periodic for both
the primary and secondary harmonic components. However, extending the signal
by including multiple electric cycles and resampling the signals has significantly
improved the results.
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11.5 Results of the 3D structural model

The 3D structural model computes the mode shapes of the stator structure. Some
examples are illustrated in the following Figure:

Mode 6

Mode 9 Mode 15

Figure 11.29: Mode shapes.

The following table lists the frequency of the mode shapes illustrated in Figure
11.29.

Mode shape number | Frequency
1 912 Hz
6 1927 Hz
9 2010 Hz
15 3426 Hz

Table 11.3: Frequencies of the mode shapes.
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The 3D structural simulation computed a total of 376 mode shapes within a
frequency range of 16,000 Hz. Prior to integrating the data into the subsequent 3D
vibroacoustic model, certain mode shapes were excluded from the results dataset.
These excluded mode shapes exhibited local displacements in non-critical areas,
such as the unconstrained top end of the electric motor. Since this part of the
motor was simplified during the design stage, excluding these local mode shapes

was deemed an acceptable approximation. Figure 11.30 shows two examples of
excluded mode shapes:

Mode & Mode 18

Figure 11.30: Excluded mode shapes.

The following table lists the frequency of the mode shapes illustrated in Figure
11.30.

Mode shape number | Frequency
8 1990 Hz
18 4013 Hz

Table 11.4: Frequencies of the excluded mode shapes.

The mode shapes have been assigned an arbitrary modal damping value of 2%.
Modal damping refers to the mechanism by which vibrational energy is dissipated
in a structure. It is a critical parameter in structural dynamics, influencing how
quickly vibrations decay. By assigning a damping value of 2%, a moderate level of
energy dissipation is simulated in the mode shapes, which helps in predicting more
realistic dynamic behavior of the structure.
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11.6 Results of the 3D vibroacoustic model

The final model in the workflow of the FE simulation framework receives the pre-
processed electromagnetic forces and the mode shapes from the previous simulations.
The acoustic pressure level is computed, and the Campbell diagram, covering
rotational speeds from 500 RPM to 1000 RPM, is assembled in Figure 11.31.
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Figure 11.31: Acoustic pressure level Campbell diagram.

The spectral leakage, already observed in the EM simulation and resulting from the
still present lack of periodicity in some rotational speeds, appears exacerbated in
the acoustic pressure level results. As for the EM force results, the e-motor orders
are clearly visible, while the PWM-induced harmonics exhibit the characteristic
smearing effect. From this preliminary analysis, the second harmonic of the PWM
carrier frequency appears more prominently, compared to the first one, in contrast
to the observations in the EM forces Campbell diagram.

The Campbell diagram analysis reveals that the contribution of the e-motor
orders is less significant compared to that of the PWM harmonics. Furthermore,
the second harmonic of the PWM carrier frequency is more prominent than the
first harmonic. These observations contrast with the behavior seen at the level of
EM forces.
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Results of the FE simulation framework

To better analyze the results, a single rotational speed of 800 RPM is displayed in
Figure 11.32. This speed was chosen because it exhibits perfect periodicity of both
the fundamental and the PWM-induced harmonic signals, thereby eliminating the
smearing effect and enabling a clearer analysis.
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Figure 11.32: Frequency spectrum of the acoustic pressure level at 800 RPM

Contrary to the observations in the EM-forces analysis, the frequency spectrum of
the acoustic pressure level at a rotational speed of 800 RPM shows that the contri-
bution of the e-motor orders is less significant than that of the PWM harmonics.
Notably, the second harmonic of the PWM carrier frequency is the primary con-
tributor and is responsible for the presence of a high-pitch noise at approximately
10,000 Hz. This finding aligns with previous studies in the literature [9] [2] [4].
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Results of the State
Space framework

The State Space framework consists of the 1D electric drive unit model, shared
between the two simulation frameworks, the 2D complete electromagnetic model,
and the State Space model. The working conditions implemented in the 1D electric
drive uni model are the same as in the FE framework workflow, ensuring complete
consistency between the final results.

For the State Space framework workflow, it was decided to simulate the steady-
state conditions at a rotational speed of 1000 RPM. This speed was chosen because
it exhibits perfect periodicity of both the fundamental and PWM-induced harmonic
signals, thereby eliminating the smearing effect and enabling clearer analysis.

The 2D complete electromagnetic model computes the time-domain lumped
forces, which are then fed into the State Space model. Figure 12.1 shows the
lumped forces for two different teeth at a rotational speed of 1000 RPM.
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Figure 12.1: Lumped forces for different teeth.
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Results of the State Space framework

The results displayed in Figure 12.1 show the lumped forces computed for two
different teeth. These forces have the same amplitude but are out of phase, as
expected. The lumped forces are a function of the rotor angle, with the oscillations
originating from variations in the electromagnetic characteristics within the air
gap. The oscillations in the EM force have a fundamental frequency that directly
causes the slotting effect. Additionally, there are secondary harmonics induced by
the PWM, which are linked to the harmonics of the PWM carrier frequency.

The computed EM lumped forces account for the entire tooth, including its
three-dimensional expansion. The State Space model is configured to have 10
different application points for each tooth. Therefore, the lumped force resulting
from the 2D electromagnetic model is evenly distributed on those 10 points.

The State Space model receives the lumped forces as inputs, distributed on 10
points for each of the 15 teeth. It computes the acoustic pressure level for the
same time domain as the lumped forces, which then is processed with a Fourier
Transform. The resulting frequency spectrum of the acoustic pressure level referring
to a rotational speed of 1000 RPM is depicted in Figure 12.2.
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Figure 12.2: Acoustic pressure level frequency spectrum.

Figure 12.2 illustrates the e-motor orders and the PWM-induced carrier frequency
harmonics, resembling the frequency spectrum obtained from the FE simulation
framework. A detailed comparison of the different frameworks results is provided
in Section 12.1.
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Results of the State Space framework

12.1 Comparative Analysis of Framework Re-
sults.

The comparison between the FE simulation framework and the State Space simula-
tion framework is illustrated in Figure 12.4.
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Figure 12.3: Comparison between different frameworks results.

The direct comparison of the acoustic pressure level results reveals that the State
Space simulation framework exhibits a much more pronounced presence of e-motor
orders in the frequency spectrum compared to the results obtained from the FE
simulation framework. The PWM harmonics appear to match more between the
two trends but a magnification is necessary to better analyse the results.
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Figure 12.4: E-motor orders results comparison.

The comparison focusing on e-motor orders, illustrated in Figure 12.4, shows that
the State Space simulation framework exhibits a much more pronounced presence of
e-motor orders compared to the alternative framework’s results. The first harmonic
of the e-motor order, located at approximately 220 Hz, displays a 'smearing effect’
similar to the one discussed in Section 11.4. The difference in trends arises from the
derivation of the State Space model. Specifically, Figure 12.5 depicts the Simcenter
Testlab modal synthesis, which approximates the input FRFs to derive the modal
model.
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Figure 12.5: Testlab FRFs fitting tool.
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Results of the State Space framework

The modal model is then used to derive the State Space model, as described in
Chapter 10. As shown in Figure 12.5, the fitted FRFs do not match the original
signal in the range from 0 Hz to 1000 Hz. This mismatch is due to an intrinsic
limitation in the modal fitting procedure that is not able to reproduce a good
fitting at the lowest frequencies. this is the cause of the differences in the acoustic
pressure level results presented in Figure 12.4. Therefore, it can be concluded that
the e-motor order-related frequencies are not accurately represented by the State
Space framework.

Figure 12.6 illustrates the acoustic pressure level comparison focusing on the
PWM-related harmonics.
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Figure 12.6: PWM harmonics results comparison.

The frequency range from 1000 Hz to 12500 Hz is characterized by a satisfactory
match between the approximated signal and the original FRF', as illustrated in
Figure 12.5. The PWM-related harmonics show a degree of coherence between
the results, but there are still some inconsistencies between the outputs of the two
different frameworks. Both the first and second harmonics of the carrier frequency
exhibit the same principal peaks and sidebands, but their amplitudes differ.

The discrepancy can be attributed to several factors. Firstly, the approximation
of the FRF is still not perfectly accurate. Secondly, the workflow approximates
the lumped forces to have the same intensities across the 10 points along the
longitudinal length of the teeth. This approach lacks accuracy and is a consequence
of using a 2D EM model. With a 3D model, it would be possible to compute more
accurate lumped forces with varying intensities acting on the 10 points of the teeth.

106



Results of the State Space framework

A third possible cause is that the 10 points are insufficient to accurately represent
the EM excitation acting on the inner surface of the stator. The FE framework
performs better in this regard because it computes and utilizes surface nodal
densities as dynamic excitation. Lastly, the discrepancy may also be linked to the
fact that the FE simulation framework considers only the dynamic excitation from
the inner surface of the stator, mesh mapping the results as described in Section
11.3. Conversely, the State Space model computes the lumped forces by integrating
the EM excitation acting along the entire perimeter of the stator tooth.

The comparative analysis of the framework results reveals that the State Space
simulation frameworks still have certain limitations that impact the final outcomes.
To enhance accuracy, several improvements can be made to the framework:

« 3D EM Model for Lumped Forces: Computing the Lumped forces using
a 3D EM model would allow for differentiation across various points on the
teeth, providing a more precise representation.

e Increasing the Number of Acting Points: Increasing the number of acting
points for the Lumped EM forces would better capture the dynamic excitation
acting on the stator, thereby improving the overall simulation accuracy.

o Improving Testlab Modal Synthesis Procedure: Addressing the inher-
ent limitations of the Testlab modal synthesis procedure could enhance the
accuracy of acoustic pressure level results, particularly in the lower frequency
range.

By implementing these modifications, the State Space framework can achieve
a higher level of accuracy and provide more reliable simulation results. Despite
its limitations, the State Space framework remains a valid option for modeling
the vibroacoustic behavior of electric machines due to its intrinsic computational
efficiency. Table 12.1 lists the computational time required by the State Space
model and the time required by the 3D vibroacoustic model to compute the results
depicted in Figure 12.4.

Model Computational Time
3D vibroacoustic model 8 min 12 sec
State Space model 22 sec

Table 12.1: Comparison in the models computational time.
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