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Abstract

This thesis deals with the analysis and prediction of the acoustic noise emitted
from vector controlled induction motor drives. The effect of some structural
changes in the stator, introduced with the aim of reducing the noise emissions,
is also discussed.

Noise pollution in the environment and in the workplace can cause discom-
fort, a change in performance and even physical damage. Electric machines,
and more in particular induction motors, are finding application in new envi-
ronments where lower noise levels are demanded. It is, therefore, imperative
that the designs should satisfy certain criteria in terms of noise generation and
transmission. Vector control is one of the most commonly implemented strate-
gies in variable speed drives, and hence the importance of understanding the
characteristics of the noise generation when this technique is used.

A digital drive system has been developed for a 2.2 kW induction motor,
and its dynamic capabilities demonstrated for a wide range of the frequency
spectrum. This tool has been used for the experimental evaluation of the noise
emissions when the flux and/or the torque are modulated with high frequency
noise signals. The results showed that the noise emissions were higher when
the flux was modulated compared to the torque, although the differences were
considerably reduced when the machine was loaded. It was also observed that
the noise emissions were decreased importantly at load. Sound pressure and
sound intensity measurements have been conducted with the rotor stationary
and rotating at low speed, showing that the most proper way to quantify the
noise emissions from electric machinery is to measure the sound power through
sound intensity measurements.

A method for the prediction of the noise emissions has been proposed, based
in the interactive use of mechanical and electromagnetic finite element analyses,
together with an acoustic boundary element method. The results show that
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the accuracy of the noise prediction depends on the proper calculation of the
modes of vibration in the structural analysis, as well as a suitable selection of the
material damping. The effect of skewing also needs to be modelled in order to
account for high order rotor harmonics. The influence of a 10% increase in the
saturated part of the iron BH curve is translated into an increase of 3 dB or less
in the sound power level, depending on the frequency.

The effect of the introduction of air gap layers around the outer part of
the stator core in order to interfere with the natural transmission path for the
vibrations has also been analyzed. When the gaps are filled with air the acoustic
behaviour is not improved since the reduction of the stiffness in the outer core
actually increased its sensitivity to the vibrations.
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Chapter 1

Introduction

1.1 Background

Major contributions on acoustic noise in adjustable-speed a.c. electric motor
drives have been done during the last 15 years in connection with the ad-
vent of more and more cost effective and powerful frequency converters. The
new installations of adjustable-speed drives in industry and commercial build-
ings are today to a majority embodied as a.c. induction motor drives, i.e. as
low-maintenance, brush-less drives, pushing traditional d.c. brush-commutator
motor drives aside. The level of motor noise radiated increased considerably,
as a consequence, due to the current harmonics introduced by the switching
technology in the converter. This thesis focuses on the embodiment of the
frequency converter what regards modern voltage and airgap flux modulation
techniques. The literature referenced here is therefore limited to recent pub-
lications on adjustable-speed a.c. electric motor drives although the author is
well aware that contributions on constant-speed a.c. electric motor drives were
made as early as during the First World War and, with the spreading of digital
computers, up to the 1970’s.

Noise sources

In general, three different sources of noise can be distinguished in electric ma-
chines: mechanical, aerodynamic and electromagnetic. The mechanical compo-
nent is mainly influenced by the way the stator sheets are mounted into the core
of the motor, the coupling to the load, rotor unbalance, as well as the vibration
of the bearings and the amount of damping material present in the structure.
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2 Chapter 1. Introduction

The aerodynamic component is only dependent on the fan used in air cooled
machines. The electromagnetic component is due to the action of magnetic
forces in the airgap. These forces are influenced by the harmonics present in the
voltage feeding the machine, slot combinations, saturation, magnetostriction
and eccentricity among others.

After all, noise is produced due to the mechanical vibrations that take place
in the machine. Hence, it is important to evaluate how the different compo-
nents of the structure influence the noise emissions. One factor to take into
consideration is that the machine usually presents some changes compared to
the original design, due to the tolerances introduced during the manufactur-
ing process, which become more important in mass production. Starting from
the same prototype design, it is not unusual to find machines with a rather
different acoustical behaviour, as analyzed in Zhu et al. (1997). The main vari-
ations are found in the eccentricity of the rotor relative to the stator, which is
one important source of noise. An acoustical simulation method is presented in
Ramesohl et al. (1999), where the effects of a great deal of different manufactur-
ing tolerances are studied in mass produced electric machines. A combination
of electromagnetic and mechanical FEM is used to calculate the force densities
which are applied to an acoustic boundary element model (BEM).

Eccentricity is one important factor that has to be taken into consideration
when studying the acoustic response of an electric machine. There are namely
two types of eccentricity: static eccentricity, or incorrect positioning of the rotor
with respect to the stator bore, and dynamic eccentricity, when the machine has
a bent shaft due to mechanical unbalance. In other words, in the case of static
eccentricity the closest part between the rotor and the stator remains unchanged
along the shaft and is fixed always to the same stator point, independently of
the rotation of the rotor. In the case of dynamic eccentricity, this closest part
varies along the shaft for a given rotor position, and rotates with the rotor all
around the inner stator surface. Dynamic eccentricity is usually checked in the
manufacturing stage and compensated by means of dynamic balancing. How-
ever, static eccentricity is hardly checked during the production process and
its contribution to the generation of audible noise is studied in Delaere et al.
(1998).

One of the optimization parameters in electric machine design is the size
of the motor, and thus the amount of iron needed to achieve a certain perfor-
mance. Reducing the size of the core decreases the stiffness of the stator struc-
ture, which in turn becomes more sensitive to forces acting on it. Therefore,
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there is a compromise between cost and noise. An optimization process was de-
veloped by Hadj Amor et al. (1995) where, for randomly selected dimensions
of the structure, the noise is estimated and in this way the dimensions of the
motor producing the least noise can be found. The results obtained suggested
the existence of only one minimum, which not surprisingly corresponded to a
very heavy and expensive motor.

The stiffness of the stator is also directly influenced by the amount of damp-
ing material present on it, as explained in Verma and Balan (1998). Damping
materials in the stator are the windings, laminations and insulation. Experi-
ments carried out with a stator shell, both with no laminations and a laminated
stator, confirmed that the noise level was around 20 dB lower in the case of
the laminated stator, due to its higher amount of damping. Besides, the peaks
along the frequency scale in the noise spectrum were more flattened. However,
the stiffness of the laminated stator is lower than the stator shell with no lam-
inations, which means that there will be several more resonances falling in the
audible frequency range. This behaviour is further affected by the fact that the
damping at these frequencies is reduced, as it is proportional to the resonant
frequency and the damping ratio, i.e. the benefits of damping are less accentu-
ated at lower frequencies, but still the overall acoustic emissions are lower when
damping is present.

The stiffness of the machine is also increased when coupling the motor to
the ground (foot mounting) and the load (shaft mounting). The effect on the
acoustical emissions of this coupling was analyzed in Zhu et al. (1999) and
showed that, although additional natural frequencies are added to the system,
the coupling restricts the stator vibration, as its stiffness is increased. The re-
sult is that the acoustic noise produced by the machine is reduced. Further,
it was shown that even if two similar motors present quite a different acoustic
behaviour at no load, when loaded not only the acoustic noise is reduced, but
also the acoustic behaviour of both machines becomes much more similar.

In fact, the noise produced by one induction machine can change consider-
ably depending on the ratio between the stator and rotor slots. In general, odd
rotor slot numbers should be avoided. A more complete study was presented
in Kobayashi et al. (1997), where transient magnetic field FEM and harmonic
analyses using Fourier series expansion are used together to compute the forces
for a given number of stator and rotor slots. It was found that the level of acous-
tic noise is dependent on the first space harmonic order, which was not always
predicted by analytical calculations based on the slot ratio of the machine.
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While the sources responsible for the acoustic noise in electric machines are
widely accepted, there is a lack of consensus about the physical mechanisms of
noise production in the machine. The most accepted theory is that the sta-
tor vibrations are produced by the radial components of the electromagnetic
airgap forces, whereas tangential forces are usually neglected. However, tangen-
tial forces can play an important role in large machines, as discussed in Garvey
and Le Flem (1999). The influence of magnetostriction is not yet clear. It is
a phenomena that consists on the change in the dimensions of the iron when
a magnetic flux passes through it. The iron tends to contract along the direc-
tion of the flux and tends to expand in the other two directions, and this pro-
cess increases the level of vibration in the machine. In Belmans and Hameyer
(1998), it is considered that although the effect of magnetostriction in theory
can contribute to the audible noise, in practice its contribution is negligible.
However, a method was presented by Garvey and Glew (1999) where the ef-
fects of magnetostriction in the stator core can be computed and its importance
is showed. In Låftman (1997), after a series of experiments, it is stated that the
magnetostrictive forces are about the same magnitude as the Maxwell forces in
medium sized induction machines, in the range of a few tens of kilowatts, and
therefore they would have a major importance in the production of noise in
electrical machines.

Finally, the effect of the geometrical and constructional irregularities were
presented in Chang and Yacamini (1996). It was found that these irregulari-
ties introduce asymmetrical behaviour, which results in an enriched frequency
response spectrum. The asymmetry frequencies are caused mainly by the sta-
tor winding and frame irregularities which means that the design details of the
winding and the frame will play a very important role in the mechanical be-
haviour of electrical machines and should not be treated simply as an additional
mass. Hence, motors should be designed and constructed as symmetrical as
possible, in particular the winding overhang.

Electromagnetic force computation

In order to predict the noise behaviour of the machine, it is important to evalu-
ate the airgap flux distribution, which is directly linked to the harmonic pattern
of the electromagnetic forces acting on the stator. Many theories have been
developed for their analytical computation and approximations need to be in-
troduced in order to model the numerous details in the machine affecting the
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airgap forces such as saturation, slot shape, etc. Some of the theories proposed
provide a quick and relatively accurate prediction of the expected airgap force
frequencies and repetencies, although they are still imprecise in the calcula-
tion of their magnitudes. A modified one-dimension theory is used by Gerling
(1994) taking into account the changes in the reluctance along the airgap due
to the stator slots, while no rotor slots are considered. The main idea is to
use the geometrical airgap in the region of a stator tooth, and enlarge it only
in the region along a slot opening by a factor regarding the average length of
the field lines penetrating through the slot. This procedure shows more accu-
rate results than considering a general enlargement of the geometrical airgap
through the whole surface to account for the effects of the stator slot openings.
A new correction factor associated with the depth of the slot openings improved
considerably the accuracy when predicting the amplitudes of the harmonics.

Another approach accounting for the effects of stator and rotor slotting, ec-
centricity, iron saturation and the interactions between the various stator and
rotor current components was presented by Vandevelde and Melkebeek (1994),
using the rotating field theory and the permeance wave technique. The airgap
flux density components are then obtained by multiplying the permeance waves,
in which the effects of slotting, eccentricity and saturation are modelled, by the
magnetomotive force. A more accurate model based on a magnetic equivalent
circuit method (MEC) was also elaborated for the calculation of the flux com-
ponents and the resulting radial magnetic forces (Vandevelde and Melkebeek,
1997).

The effects of both stator and rotor slot openings under load and no load
conditions were studied analytically by Cho and Kim (1998), taking into con-
sideration the effects of skewing and the rotation of the rotor, as well as eccen-
tricity. At no load the model was accurate in predicting the frequencies of the
harmonics but not the amplitudes. Besides, under load conditions there were
slight discrepancies in the magnitude of the main flux.

Although the analytical approaches present certain limitations, their short
computation time proves to be helpful for a quick sketch of the force spectrum
in the machine. However, for more accurate calculations, the use of finite el-
ement methods (FEM) is more appropriate, although the computation time
is considerably increased. The developments in computing technology through
the years has contributed to spread the use of FEM packages for electromagnetic
an mechanical analyses, among others. Since the noise problem in electrical
machines is a consequence of the interaction between electromagnetic and me-
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chanical forces, both packages need to be used together. In this way, Ishibashi et
al. (1998) presented an algorithm to predict the shape of the vibration modes of
the motor at no load, combining electromagnetic and mechanical FEM analy-
ses. It was found that the vibration response of one mode depends on the mode
of the nearby natural frequency, and not on the mode of the electromagnetic
force wave.

The use of FEM is mainly limited to low frequencies and repetencies, since
the number of elements increases in a quadratic way. For higher values, a new
method suitable for calculations of noise and vibration in electrical machines
was developed by Wang et al. (2000). The method was called statistical energy
analysis (SEA), commonly used for ship and aircraft structures but not earlier
applied to electrical machines. The main idea is to divide the whole structure
into groups of components presenting similar modal energy storage and then
estimate the vibration energy of each subsystem by solving the energy balance
equations which relate the power flow from one subsystem to another. In the
case of induction machines these structures correspond to those ones presenting
similar modes of vibration.

Influence of the modulation strategies

The electromagnetic noise component acquired a great importance with the
arrival of converters. Many research efforts were directed towards the manipu-
lation of the switching pattern so as to mismatch the new harmonics introduced
in the currents from the natural resonant frequencies of the machine structure,
which proved to be the cause of increasing noise in the new drives (Belmans et
al., 1991). One of the most wide spread modulation techniques is pulse width
modulation (PWM), where the states of the switches are selected by comparing
the actual value of the command signal, which is output from a regulator, with
a constant frequency carrier wave. Increasing the switching frequency above the
audible spectrum range (20 Hz - 20 kHz) would indeed reduce the noise per-
ceived from the motor, but drawbacks appear in the converter instead. Switch-
ing faster involves an increase of the power lost in the switches as well as the
amount of electromagnetic noise produced by the converter. In order to avoid
these side effects the switching frequency should be maintained between the
range from 3 kHz up to 12 kHz, where the human ear is still quite sensitive.
Increasing the switching frequency may also contribute to the appearance of
strong subharmonics, causing more single tones, which are perceived as highly
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disturbing by the human ear (Belmans and Hameyer, 1998). An alternative to
PWM is pulse frequency modulation (PFM), where the frequency of the carrier
wave is changed continuously in order to spread the harmonic components over
the whole spectrum. The results obtained using this technique showed a better
acoustical response compared to PWM, as described in Stemmler and Eilinger
(1994). The frequency can be changed in a random fashion (random modula-
tion) or among some predetermined values, selected in a way that they do not
interact with any of the natural resonant frequencies of the motor, and this idea
was successfully tested by Bologniani et al. (1999).

In the last decade new control strategies have been developed in order to
achieve better performance in the drives. As a consequence, the switching pat-
tern in the converter is modified, which in turn results in a different acoustical
response. The noise emissions from a direct torque controlled (DTC) drive are
analyzed in Xu et al. (2000). It was shown that DTC controlled drives have sim-
ilar spread spectrum features as in the case of random PWM modulation, which
is generally regarded as less irritating. However, the wideband of their harmonic
spectra is more likely to induce mechanical resonances, which sometimes may
lead to higher noise emissions. The noise level was now increased with the load,
although an optimal flux level providing minimal noise was found. A compar-
ison between the noise behaviour when the flux and the torque are modulated
in vector controlled induction motor drives was presented by Martı́nez Muñoz
et al. (1999), showing that the drive is more sensitive to flux modulation. How-
ever, further studies were needed to determine how the force pattern in the
airgap was influenced by flux and torque modulation.

Noise reduction techniques

A means to reduce the noise by arranging the winding in the machine was
presented in Hupe and Kennel (1989). Two inverters were used to drive a
large induction machine equipped with two separate windings. The noise and
the current ripple were reduced by triggering two PWM inverters with inverse
pulses so that the switching frequency harmonic voltages are in antiphase. This
method is only practical for very high power rating induction machine drives.
For smaller motors a similar configuration was described in Chau et al. (2000)
where an increase in the power and a reduction of the noise was achieved by
purposely selecting the phase of the two carriers of the dual inverters, depending
on the number of poles used at different machine operations.
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The advantages of using magnetic bearings over conventional ones in order
to reduce the noise emissions has been reported in Maliti (2000). Active noise
control can also be applied for noise reduction in electrical machines (Belkhayat
et al., 1997). In order to suppress some magnetic noise components, it is possi-
ble to inject into the stator a number of current harmonics, which magnitudes
and phases can be controlled, and their frequencies are linked to the rotation
speed. If one of the force waves has the same magnitude, frequency and mode
number than a natural one but is in opposite phase, thus the two force waves
will nullify and the corresponding magnetic noise will disappear. However, the
process of active noise reduction is considerably expensive since it requires a
microphone, sensors and advanced control tools for real time processing.

1.2 Objectives and contributions of the thesis

Although the acoustic influence of different modulation strategies such as DTC,
PWM and PFM is available in the literature, there is a lack of studies treating
the acoustic problem in vector controlled drives. Since the use of this control
strategy is widely spread in electrical drives, therefore the importance of examin-
ing its noise emissions. Hence, the major objective of the thesis is to provide an
understanding of the mechanisms responsible for the noise emissions when the
vector control strategy is used in induction motor drives. With this purpose, a
digital drive system has been developed for a 2.2 kW induction motor, and this
tool has been used for the experimental evaluation of the noise emissions when
the flux and/or the torque are modulated with high frequency noise signals.

Another objective of this work is to develop a method for the prediction of
the noise emissions of electromagnetic origin, combining different simulation
packages. In this way, the acoustic behaviour of a machine design using a certain
control strategy could be studied and optimized without the need of building a
prototype. The different stages of the process, from the controller to the mo-
tor, have been implemented in SIMULINK, where the line currents feeding the
machine are obtained. These currents are introduced into an electromagnetic
FEM package, where the test motor is modelled and the airgap forces are cal-
culated. In order to obtain the spectrum of the forces around the motor, a high
number of simulations have to be performed, at different points in time, using
a transient solver. The modal behaviour of the machine is calculated through
a structural analysis using another FEM software, and this structural work was
performed by Wang (1998). A brief discussion of his work is included in this
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thesis, since it constitutes an important step in the noise prediction process.
Finally, the electromagnetic and modal information is introduced in a BEM
package, where the noise radiation is computed.

The nature of vector control links the modulation of the currents to a char-
acteristic force distribution in the machine, where the influence of radial and
tangential forces may be weighted in order to develop suitable structural changes
so as to reduce the noise emissions. A study of some structural changes in the
conventional stator of an electrical machine has been conducted with this ob-
jective. In particular, the effect of introducing air gap layers around the outer
part of the stator core in order to interfere with the natural transmission path of
the vibrations has been analyzed.

1.3 Outline of the thesis

The material of this thesis is divided into seven chapters. In this first Chapter,
a general literature review dealing with aspects of noise generation in electrical
machines has been presented. An overview of the major contributions study-
ing the influence of the different parts of the machine structure in the noise
emissions was presented first, followed by the most relevant studies concerning
the analytical and FEM electromagnetic force computation presented in recent
years. The influence of different modulation strategies in the overall emissions
was also treated as well as the methods proposed for the noise reduction in
electrical machines.

In Chapter 2, the theory behind vector control is introduced. The practical
implementation of this theory in a digital control system is explained, and its
dynamic capabilities are demonstrated in a musical application. This system is
used for the experiments presented in Chapter 5.

In Chapter 3, an analytical computation of the radial airgap forces in the test
motor is discussed. The method assumes ideal iron, and the slotting effects are
also modelled. The method is validated with the results obtained from FEM
simulations when linear materials are used, and the corresponding non linear
results are also included.

In Chapter 4, a noise prediction using finite and boundary element mod-
elling is proposed. This chapter consists of three parts. In the first one, a
previous study of the structural behaviour of the test motor is discussed. The
structural models as well as the conclusions from this previous study constitute
the basis from where the electromagnetic and acoustic calculations are devel-



10 Chapter 1. Introduction

oped in the other two parts. The electromagnetic force for a given current
modulation is computed in the second part, and these forces are used to excite
the acoustic model and obtain the noise emissions, which are included in the
third part.

In Chapter 5, the results from the measurements are presented. Sound
pressure measurements were conducted inside an anechoic chamber with the
machine at stand still, in four different positions, as well as at a low rotational
speed under no load and load conditions. Sound power measurements were
conducted using the sound intensity technique, with the machine rotating in
order to average the results, also under no load and load conditions.

In Chapter 6, a study of several structural changes in the stator core of an
electrical machine, with the aim of reducing the noise emissions, is discussed.
The study was performed using finite and boundary element methods and it
serves as a complement to previous experimental works developed using a simi-
lar concept.

In Chapter 7, a summary of the most important results and conclusions
of the thesis is presented. It also contains some suggestions for possible future
work in this area.

Four appendices are included at the end of the thesis. Appendix A presents
the experimental calculation of the modal parameters of a one axis symmetric
plate, which serves for the learning and understanding of the methods presented
in the first part of Chapter 4. Appendix B deals with a noise prediction con-
ducted with the same plate, and it is useful as an introduction to the second and
third parts in Chapter 4. The results from the sound intensity measurements
at no load and load are included in Appendices C and D, and they support the
validity of the sound power results presented in Chapter 5.



Chapter 2

Control

2.1 Introduction to Vector Control

Electrically driven industrial and household applications most often require the
flexibility of adjusting the speed of the process depending on the demands. This
is achieved by means of rapid changes in the shaft torque of the electrical ma-
chine incorporated in the drive. In the past, d.c. motors were used extensively
in variable-speed drives since their flux and torque could be easily controlled by
the field and armature currents respectively. However, the commutator and the
brushes in a d.c. motor lead to additional maintenance costs. This is a major
drawback compared with alternating current machines, which present the ad-
vantage of having smaller dimensions and therefore higher output ratings for
low weight and low rotating mass. The developments in the fields of power
electronics and computing capability in the last 15 years brought cheaper and
more sophisticated converters and digital signal processors (DSP), which made
possible the incorporation of a.c. motors into variable speed drives, where new
control strategies could be implemented.

The conventional way of controlling the voltages fed into the motor from
a frequency converter is to maintain constant the ratio between the amplitude
of the voltage and its frequency, i.e. the flux in the machine. With these drives,
more commonly known as ‘v/f drives’, the ratio of the supply frequency to the
motor voltage can be increased in the converter, which also increases the slip.
This in turn leads to a higher induced voltage in the rotor and subsequently
to a larger rotor current. This process is to a large extent dictated by the large
rotor time constant, which implies that rapid torque changes are difficult to

11
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implement using a conventional controller.
In order to achieve better transient response, a new control strategy known

as ‘vector control’ was introduced. The basic principle is that the alternating
currents in the machine can be expressed as a rotating vector, and by controlling
the amplitude and the phase of this vector, both the amplitude of the flux and
the torque can be changed independently. Hence, the dynamics of the machine
are set directly by controlling the currents, as in the case of the d.c. motor.
However, in an a.c. machine the process is more complicated since not only
the modulus of the current vector but also its phase has to be controlled. The
control problem of an a.c. motor would then be reduced to the same case as for
the d.c. motor if the current vector could be seen as stationary from a proper
coordinate system.

The current vector rotates with the synchronous speed ��� , and the flux in
the machine rotates with the same frequency although ‘delayed’ in phase with
respect to the current under a certain load. An observer that is oriented towards
the flux vector will see a constant current vector, which can be expressed as a
combination of two d.c. components, one pointing in the same direction as the
flux vector and the other perpendicular to this direction, as shown in Figure 2.1.
Two different coordinate systems can be distinguished. On one hand the � �

dq �� �� ���
� �
	

�� �

� �

�

Figure 2.1: Stator flux oriented model.

system which is stationary and is fixed to the stator structure of the motor. On
the other hand the 
�� system, rotating with the speed ��� , where the direct
axis 
 coincides with the stator flux vector (or the rotor flux vector, depending
on the control strategy) and the quadrature axis � lies perpendicular to this
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vector. The stator current
� � � has two components:

� ��	 along the d-axis, which
is the magnetizing component of the current that controls the magnitude of the
flux in the machine; and

� �
� along the q-axis which controls the phase change
and thus the speed of the flux vector. In most cases the direct current will be
constant, except in the field weakening region. In general, the torque produced
in any a.c. machine is expressed as (Krause, 1986):

���������
	 �
�������� � ��	 ����� � �
� ������� � �
� ����� � �
	 ������� (2.1)

where � represents the number of pole pairs and
�

is a scaling constant of the
space vector. In an asynchronous machine � ��� is zero, while � �
	 is maintained
constant, so the torque can directly be controlled by changing

� ��� . While in v/f
drives the torque and flux response are coupled with each other, using vector
control allows independent control of the currents governing the torque and
the flux in an induction motor, and the transient response characteristics be-
come similar to those of separately excited d.c. machines. In terms of control,
the ‘d.c.’ nature of the direct and quadrature currents in an a.c. motor suggests
some sort of similarity with the control of d.c. machines. In fact,

� ��	 and
� �
�

correspond to the field and the armature currents respectively in a d.c. motor,
and the stationary field imposes a fixed current distribution in the rotor, as
shown in Figure 2.2(a). A similar current distribution appears in the rotor of an
induction motor under load, with the difference that this distribution is shifted
continuously, driven by the time varying stator flux, see Figure 2.2(b). However,
an observer placed in the rotating 
�� system will see a stationary distribution,
as in the case of the d.c. motor. Under zero slip conditions, the rotor current
is negligible in an induction motor, and only a direct axis current distribution
will appear, as shown in Figure 2.3(a). When a load is applied, the slip increases
and a quadrature current is induced in the rotor, which must be compensated
by an additional stator current, as indicated in Figure 2.3(b), and the sum of
the current from the rotor and the stator for the quadrature axis must be close
to zero. The resultant current distribution in the stator winding is found by
the superposition of the direct and quadrature current distributions. In order
to change the torque, the instantaneous three phase currents are changed so
that a certain quadrature current is produced, while the direct current remains
unchanged. In case that a transient error appears in

� ��	 , that will not result in
any significant flux transient, since the flux dynamics are slow. This decoupled
response between flux and torque control constitutes the main advantage of
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(a) D.C. motor (b) Induction motor

Figure 2.2: D.C. and Induction motor structures.

vector controlled drives compared to v/f drives, improving the response under
transient conditions. However, the behaviour of both drives should be simi-
lar under steady state operation. Vector drives are most frequently used with a
speed control loop where the torque reference is continually adjusted, in what
could be defined as a quasi-continuous transient operation. The advantages
of vector control both in ease of control and faster transient response have in-
creased the range of applications where vector drives are being used and thus,
the implications of using this type of drive in terms of acoustic noise emissions
must, as a result of this market trend, be examined and compared with compet-
ing solutions.

2.2 Noise emissions in vector controlled drives

The electromagnetic noise emissions in an electric motor are directly deter-
mined by the harmonic content of the relevant forces in the airgap of the ma-
chine, where the electro-mechanic energy conversion takes place. Every struc-
ture tends to vibrate at certain frequencies with a characteristic deformation,
which is inherent to that frequency. These frequencies are called ‘resonance fre-
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(a) Direct axis current distribution. (b) Quadrature axis current distribution.

Figure 2.3: Field oriented current distributions in the induction motor.

quencies’ and the characteristic deformations correspond to the ‘modes of vibra-
tion’. When the frequency of one harmonic in the airgap force coincides with
one of the resonance frequencies of the stator, it vibrates with that frequency
in a certain fashion producing noise. It is important to note that not only the
amplitudes of the airgap force harmonics determine the noise emissions, but
also their frequencies. A small force with a frequency corresponding to one res-
onance will produce much more noise than a greater force not matching any of
the resonance frequencies of the structure.

The harmonic content of the airgap forces is directly determined by the har-
monics present in the motor currents as well as other construction factors such
as the effects of the slots, eccentricity... It is not the aim of this work to ana-
lyze the influence of such construction factors, but to experimentally determine
how the motor responds acoustically to different current excitations using vec-
tor control, and try to verify these measurements with the aid of computational
tools. The capability of decoupling the stator current in two components, one
of them in the radial direction (d-current), controlling the flux, and the other
in the tangential direction (q-current), controlling the torque, would allow to
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measure the difference in the motor acoustic behaviour when the flux or the
torque are modulated, as well as it would provide information about the role
that radial and tangential forces play in the overall acoustic emissions.

The desired excitation can be achieved by adding to the reference direct
and/or quadrature currents an external a.c. signal, that could be a sine wave with
a certain amplitude and with a frequency corresponding to one of the natural
frequencies of the stator, which is the part of the motor mainly responsible for
the sound radiation into the surrounding areas. When this ‘extra noise’ is added
to the direct current, the amplitude of the current vector will vary in a sinusoidal
fashion along the radial direction, providing that the quadrature current is set
to zero, and thus exciting the stator with pure radial forces. If the extra noise is
added to the quadrature current instead, while the direct current is maintained
constant to keep the flux in the machine, the flux vector will rotate around the
direct axis, provided that no net quadrature current exists, i.e. no average torque
is produced. The forces exciting the stator will now be a combination of radial
and tangential components. The radial component is due to the already existing
direct current (which may be modulated or not) and the tangential component
is produced by the phase shift of the flux vector. Hence, while it is possible to
electrically excite the structure with pure radial forces, by modulating the direct
current and setting the quadrature current to zero, it is not possible to produce
pure tangential forces by modulating the quadrature current, since the direct
current can not be set to zero as the magnetization would disappear. Figure 2.4
illustrates how the stator is excited and the force pattern in the air gap when
modulating the torque and the flux.

2.3 Stator flux control

The aim of this section is to show how the principles of vector control can be
applied to asynchronous machines and how to deduce a controller for the di-
rect and the quadrature currents. In general, depending on the variable that has
to be controlled in the motor, different stages can be differentiated in the con-
trol of electrical machines which can be represented as cascade loops interacting
with each other, as showed in Figure 2.5. In the inner loop, current control
is implemented and the set point for the controller is determined by the speed
loop, which in turn is governed by the position loop. Current and speed con-
trol are the most commonly demanded features in induction machines whereas
other kind of motors present better performance for position control applica-
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Figure 2.4: Airgap stress distribution and stator excitation under flux and torque
modulation.

tions. Measuring the current is not a complicated task whereas the speed is
measured by a tachometer and more often estimated using observers that pro-
vide sufficient accuracy for most practical applications. The current controller
outputs the control signal ��� that will determine the magnitude and phase of
the currents feeding the motor in order to achieve the required torque or speed
response. For simplicity reasons, the conversion of the control signal into the
machine phase voltages have been symbolically grouped under the ‘decoding’
(Dcf ) box.

Contr Contr Calc Contr Dcf Motor
� � ��� � � � � ��� � ���	� 

� � �

Figure 2.5: Cascade control.

The electrical behaviour of an asynchronous motor can be simplified in
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terms of an electrical circuit and there are namely two ways of representing the
equivalent diagram of an induction motor, depending on the number of param-
eters taken into account. The five parameter model is presented in Figure 2.6,
where the steady state value

�������
has been replaced by the rotor resistance in

series with a voltage source which corresponds to the back EMF. In the equiva-
lent four parameter model the rotor and stator leakage inductances are grouped
together in the stator side, as shown in Figure 2.7.

�
�� �
� � ��� � � �
	 � � 	 ��� �� �

�
��� �� ��� � �� ���� ���� �

Figure 2.6: Five parameter model.

�
�� �
� � ��� � �
� ��� �� �

����� �� ��� � �� ���� ���� �

Figure 2.7: Four parameter model.

The parameters in both models are related in the following way:� � 	 � �
�� ��� ��� ��� (2.2)

��� 	 � ��� � (2.3)�
� 	 � � � (2.4)� 	 � � � ��� � � � (2.5)

In this chapter, the four parameter model will be used to deduce the pa-
rameters in the controllers for the direct and the quadrature currents. The
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procedure to follow can assume that either the rotor or the stator flux vector
coincides with the direction of the direct axis. Since measuring the stator cur-
rents and estimating the stator flux is more convenient than the rotor flux and
currents, the stator flux model represented in Figure 2.1 will be followed. In
the stationary � � coordinate system the stator voltage can be written in vector
form as follows:

�� ���� �����
	 � � �� ���� ����� � 

�� ���� �����

 � (2.6)

This equation can be transformed into the synchronous 
�� reference frame
where the direct axis is aligned with the stator flux vector, which sets the speed
of rotation � � . The rotor will rotate with the electrical speed � � and the slip
frequency becomes � ��� 	 � � � � � . The stator voltage in synchronous coordi-
nates is expressed as:

�� 	 �� �����
	 � � �� 	 �� ����� � 

�� 	 �� �����

 �

� �
� � �� 	 �� �����

(2.7)

The voltage can be separated in its direct and quadrature components, in-
troducing that � ��� 	��

and � �
	 	 � � for the coordinate system selected:

� ��	 �����
	 � � � ��	 ����� � 
 � � �����

 � (2.8)

� �
� �����
	 � � � �
� ����� � � � � � ����� (2.9)

Based on this equations, the direct and quadrature current controllers will
be deduced separately, following the strategy of ‘predictive dead beat control’
(Alaküla et al., 1995).

2.4 Controller for the direct current

Predictive dead beat control assumes that the reference value for one signal
(denoted in the following by the superscript ‘*’) set at one discrete time

���
is

achieved by the actual value of the signal with one sampling time delay, i.e. at
time

�	��

�
. For the voltage signal this implies that � ��
	 ���	��� 	 � ��	 ���	��

� � . The

average voltage at time
����

�

can be expressed as a moving average filter of the
form:

� �
	 ������

�
� 	 �
� �

���	����
���

� ��	 ��� � 
 � (2.10)
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Introducing 2.8 into this equivalence and multiplying by the sampling time� � leads to:

� � � ���	 ���	��� 	 � � � � �� � ���	����
� �

� �
	 ��� � 
 � � � � ������

�
��� � � ����� � (2.11)

where the derivative of the flux has been approximated with a forward differ-
ence, using Euler’s method. The average value of the current within one sam-
pling interval is denoted by

� �
	 ���	��

�
� , following the same equivalence as for the
voltage in expression 2.10. Assuming that the current varies linearly within one
sampling interval, it can be approximated as follows:

� ��	 ���	��

�
� � � �
	 ������

�
� � � �
	 ���	���� (2.12)

If the leakage inductance is neglected, the flux is expressed as � � � � ��	 � � .
For dead beat control

� �
	 ������

�
� 	 �
���	 ������� and introducing these changes into

expression 2.11 yields:

� � � ��
	 ���	��� 	 � � � �
� � � ���	 ����� � � � �
	 ���	� ��� � � ���	 ���	� � � � �
	 ����� � (2.13)

This expression can be transformed using the following equivalence:� � � �� 	 � � � � � � � � �� (2.14)

which leads to the expression below:

� ��� ���	 ���	��� 	 � � � � � �
	 ����� � � � ��� � � � � �
� � � � ���	 ���	� ��� � �
	 ����� ��� (2.15)

Assuming dead beat control, the current at one point in time
� �

can be
written as the sum of all the set point changes up to the time

� � � � :
� ��	 ���	� �
	

��� � � ��
���	� � � ��
	 ��� � ��� � ��	 ��� � ��� (2.16)
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and the final expression for the direct current controller takes the following
form:

� ��� ��
	 ���	��� 	 � � � � � � � � ��
���	� � � ��
	 ��� � � � � �
	 ��� � ��� �

� � ��� � � � � �
� � � � ���	 ����� � � � �
	 ����� ��� (2.17)

This controller can be implemented as a PI controller with a proportional
gain equal to � � � �

�
�

�� and an integral gain equal to
� � � � . The actual value

of the direct current is obtained from the flux level in the machine, which is
difficult to measure. As an alternative, this flux can be estimated as will be
presented later in this chapter.

2.5 Controller for the quadrature current

Expression 2.9 for the quadrature current can be transformed into 2.18 using
the equivalence that the synchronous speed � � is the sum of both the slip and
rotor electrical frequencies, � ��� and � � respectively.

� �
� 	 � � � �
� � � ��� � � � � � � � (2.18)

In order to deduce an expression for the slip frequency, it is helpful to con-
sider the rotor equation, which in stationary coordinates takes the form below:

� � � � �� ���� � �� ���� ��� � 

�� ����

 �

	 �
(2.19)

This equation is translated into the synchronous 
�� reference frame:



�� 	 ��

 �

� � � � � � � � � �� 	 �� � �� 	 �� ��� 	 �
(2.20)

where the rotor flux and current in synchronous coordinates are written as:

�� 	 �� 	 �� 	 �� � �� 	 �� � � (2.21)

�� 	 �� 	 �� 	 ����� � �� 	 �� (2.22)
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The rotor current can be expressed in terms of stator variables substitut-
ing 2.21 in 2.22, and introducing the equivalence � � 	 ��� � �
� , where � �
is the stator inductance, � � is the magnetizing inductance and � � is the com-
bined leakage inductance from the stator and the rotor in the four parameter
model:

�� 	 �� 	 �� 	 ��� � � � �� � �� 	 �� (2.23)

Introducing expressions 2.21 and 2.23 into 2.20 yields:



�� 	 ��

 �

� �
� 
 �� 	 ��

 �

� �
� ��� � �� 	 �� � �� 	 �� ����� �� � ���� �� 	 �� � � � � ���� �� 	 �� 	��

(2.24)

This expression can be divided into a real and an imaginary part, still con-
sidering that � �
� 	��

for the reference system selected, as follows:


 � �

 �

� ��� 
 � �
	

 �

� � � � � ��� �
� � ������ � � �
��� � ���� � ��	 	 �

(2.25)

� �
� 
 � �
�

 �

� � � � � � � � �
� � �
	 � � ��� � ���� � �
� 	 �
(2.26)

From equation 2.26 the slip frequency is obtained, assuming that � � ���� � �
	 � � � since the leakage flux can be neglected compared to the linkage
flux in the machine:

� � � 	
�����

���� � ��� � ��� 		� ��
	 �
� � (2.27)

Substituting equation 2.27 into 2.18 leads to:

� ��� 	 � � � � ��� � ���� � � ��� � �
� 
 � �
�

 �

� � � � � (2.28)

In the same way as for the direct voltage, � ��
� ���	��� 	 � �
� ���	��

� � where the
quadrature voltage is averaged using a moving average filter of the form shown
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in expression 2.10. Introducing equation 2.28 in the expression for the moving
average filter and multiplying by the sampling time

� � yields:

� � � ���� ���	��� 	 � � � � ��� � ���� � � � �� � ���	����
� �

� �
� ��� � 
 � �
� � � � � ��� ���	��

�
� � � ��� ����� ��� � � � �� � � �	� ��

���
� � ��� � � � ��� � 
 � (2.29)

where the derivative of the current has been approximated with a forward dif-
ference, using Euler’s method. The integral of the quadrature current divided
by the sampling time becomes

� ��� ���	��

�
� which can be approximated as in equa-
tion 2.12 for the direct current. Another approximation is applied to the speed
dependent term as follows:�

� �
���	����
� �

� � ��� � � � ��� � 
 � � � � ����� � � � ���	��� (2.30)

If the main flux and the speed change, they do it slowly and these components
can be assumed to be constant during one sampling period. Assuming dead
beat control for the quadrature current leads to:

� �
� ����� �
	
��� � � ��
���	�

� � ��
� ��� � ��� � ��� ��� � ��� (2.31)

Taking into consideration all these assumptions, equation 2.29 can be rewrit-
ten in the following form:

� � � ���� ���	��� 	 � � � � ��� � �� � � � �
� � � � ��
���	�

� � ���� ��� � ��� � �
� ��� � ��� �
��� �
� � � � � � ��� � ���� � � �

��� � � ��
� ���	� � � � �
� ���	����� �� � � ����� � � � ���	����� � (2.32)

As well as for the direct current, the controller for the quadrature current
can be implemented as a PI controller, now with a proportional gain equal to
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Figure 2.8: Controller structure.

��� � � � � � � � �
�� � � �

�� and an integral gain equal to
� � � � � � �

�� � � � � , plus

the feed forward term � � ����� � � � ���	����� � which depends on the speed of the ma-
chine. This controller assumes as an input the reference value of the quadrature
current, which can be easily obtained from the torque equation using the am-
plitude invariant transformation, as shown below, where only the flux has to be
estimated, as in the case of the direct controller.

� ���� ����� � 	 �
�
� �� ���	� �
� � ���	� � (2.33)

2.6 Implementation

The complete controller structure is presented in Figure 2.8. The set point value
for the direct current results from the addition of two signals: the magnetizing
current, obtained as the reference flux divided by the stator inductance, and an
external noise signal defined as � � � � . The reference value for the quadrature
current is set by a speed controller, and another noise signal � � � � is added.
The measured three phase currents in the motor are input into the controller
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Figure 2.9: Speed observer.

in stationary coordinates and then transformed to the synchronous frame. This
transformation is achieved by estimating the angle of rotation

�� � from the flux
vector as follows:

� � � � 	�� � �� � � � �� � ����� �� � 	 � � �� � � � �
	�� �� � 	 � � �� � � � (2.34)

In order to get the maximum noise radiation from the stator structure, the
noise signals � � � � and � � � � are selected to be sine waves with a frequency
corresponding to one of the natural frequencies of the stator. As saturation
should be avoided, the magnetizing current will be reduced in the same ratio
as the amplitude of the added noise signal, so that the direct current plus the
a.c. noise signal does not exceed the value of the current corresponding to the
nominal flux in the machine. In practice it is enough to reduce the mean value
of the flux no further than 10 per cent of its nominal value, since operating
close to a resonance frequency increases the radiation efficiency of the struc-
ture for a relatively small amplitude of the exciting force. The noise signals
can contain passages with a d.c. offset, which added to the quadrature current
component will cause the rotor to accelerate since a non zero average torque
will be produced. This phenomenon can be avoided by implementing a speed
control loop, where the actual speed is estimated from the flux vector, as shown
in Figure 2.9.

The speed of rotation of the flux vector is approximated as the rate of change
of the quadrature component of the flux during one sampling interval with re-
spect to its modulus. Figure 2.10 shows the path followed by the flux vector
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between two consecutive samples. At time
� � � � the synchronous frame is ro-

tated so that the direct axis 
 � � � is aligned with the position of the flux sampled
at that time,

�� � � � . The flux vector will continue rotating but its actual position
will not be read until the next sample at time

� �
, when the synchronous frame

is again rotated so that the new direct axis 
 � coincides with the new sampled
flux

�� � . An observer placed in the old synchronous frame 
 � � � � � will see that
the flux vector was rotated by an additional quadrature component � � � . The
flux at time

� �
can be expressed in the old coordinate system as the sum of a

direct component
� �� � � � � � � �� � � , and a quadrature component � � � . The angle

of rotation between the two samples is approximated as:

� 	 � � � � � � � 	 � � �� �� � � (2.35)

The speed of rotation of the flux vector is calculated as the derivative of
�
,

which in a sampled system can be approximated as ��
� , where

� � is the sampling
time. This is actually the process described in Figure 2.9, where the quadrature
component of the flux is obtained using in the transformation the angle cor-
responding to the old synchronous frame, which is easily stored working in a
digital system.
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Figure 2.10: Flux vector path.
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Figure 2.11: Flux observer.

The flux is estimated by substituting the stator current
� � ���� � ������

�� � into the
stator equation 2.6, leading to the following expression of a low pass filter:

�� ���� 	 � �� � �� ���� � 

�� ����

 � (2.36)

The three phase voltages are transformed into the stationary frame and
equation 2.36 is implemented in an analog circuit as shown in Figure 2.11.
The control system and the whole process were implemented in SIMULINK,
and the overall structure is presented in Figure 2.12. The voltage time area
output from the controller in stationary coordinates is transformed into three
phases which are symmetrized in order to increase the modulation depth of the
drive, by centring the reference voltages with respect to the bus voltage window
(Holmes, 1997). The switches in the converter are controlled by the modula-
tor, where regularly sampled sine-triangle modulation is used. Since the model
of the induction motor is based on the stator and rotor equations in station-
ary coordinates, the three phase voltage output from the converter have to be
transformed back to stationary coordinates in the simulation. From the motor
model, the measured current is fed back to the controller, and from the applied
voltage the flux and the speed are estimated in the observer. The external noise
signals for the direct and the quadrature current are the controller inputs named
as � � � � and � � � � respectively.
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Figure 2.12: Structure of the ‘musical’ drive.
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2.7 Musical drive test

An indication of the torque response to a given music sequence was obtained
from the simulated results using the structure showed in Figure 2.12. In this
case the audio signal is fed into the torque modulation input � � � � , while � � � �
is set to zero. The input signal and simulated torque response are given in
figures 2.13(a) and 2.13(b). The results provide an overall indication in terms
of the ability of the motor torque to track the sound signal.

(a) Music input sequence. (b) Torque response.

Figure 2.13: Music input and torque response for ���������	��
 , �����
����� .

The performance of the drive has also been experimentally tested. The drive
developed consists of a commercial inverter which was re-fitted with a new con-
troller and pulse width modulation boards. The control, vector transformation
and symmetrization modules from Figure 2.12 are implemented in software
and reside on a dedicated DSP board. The modulator unit, which has a carrier
frequency of 19.582 kHz, produces regularly symmetrically sampled PWM sig-
nals which are connected to the IGBT modules in the converter. A 2.2 kW two
pole asynchronous motor was used, which was not connected to any external
load. The line currents and the motor voltage are measured and used by the
controller and the combined speed/stator flux estimator respectively. The drive
was tested by providing either one or both channels of a stereo input amplifier
to the drive. As predicted by the simulation, the torque and/or flux ripple fol-
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lowed the musical torque and/or flux reference up to high input frequencies,
which is possible using a switching frequency in the modulator of almost 20
kHz. This ripple induces vibrations in the motor structure with the frequency
of the music and the machine behaves as a loudspeaker. If the motor is placed
on a surface the vibration from the motor structure will be transferred to that
surface and further sound amplification will be obtained. Interesting is also to
compare the different music quality that was obtained from different surfaces,
being the most suitable a wooden box, which best resembles the commercial
loudspeakers. When only the torque was modulated, a listener could perceive
more low frequency components in the music emitted, whereas the high fre-
quency passages were more accentuated when pure flux modulation was used.
As a consequence, the music quality as perceived by the listener was found to
be at its ‘best’ when both flux and torque inputs were used simultaneously. An
indication of the audio sound capabilities from this setup was achieved by mea-
suring the ‘A’ weighted sound power over the audio frequency range. In this
case only the audio input � � � � (which modulates the torque reference) was
connected to a sinusoidal voltage source whereby the frequency was varied from
200 Hz to 10 kHz. The obtained results, measured in a reverberating room, are
shown in Figure 2.14. Included in this figure, by way of reference, is a loud-
speaker transfer function. These results indicate that the drive sound levels at
opposing ends of the frequency band are lower than those obtained from the
loudspeaker. The low frequency sound level fall off is caused by the radiation
efficiency of the motor, i.e. the sound radiation efficiency is reduced at lower
frequencies (Wang et al., 2000). The high frequency fall off is due to the band-
width of the current control loop. For a fixed PWM frequency, the number of
carrier wave pulses in each period decreases for an increasing frequency of the
reference signal and the resolution is then affected by this factor. Also, read-
ily apparent from Figure 2.14 are two motor resonance peaks found near the
frequencies 1.3 kHz and 2.7 kHz.

2.8 Summary

Vector control provides faster transient response compared to conventional v/f
drives, and this is achieved by an efficient decoupling of the currents controlling
the flux and the torque in the machine. These currents are easily controlled since
they are regarded as d.c. components from a rotating coordinate system linked
to the stator flux vector. The controllers for the direct and the quadrature cur-
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Figure 2.14: Measured sound power, � � � ��� � of the ‘musical’ drive.

rents have been deduced, where the flux and the speed of the synchronous frame
need to be estimated. A simulation program including the control system and
simplified models for the power electronics, motor and observers has been pre-
sented. The control system has been implemented in a DSP card, which in turn
is connected to a PWM card where the switching frequency was set to 20 kHz.
The performance of the drive was tested by modulating music signals as noise
references added to the direct and the quadrature currents. The motor structure
resembled the behaviour of the core of a loudspeaker, reproducing efficiently
the noise signals. The musical motor application served to demonstrate the ca-
pabilities of vector controlled drives implemented in advanced digital systems,
leading to a suitable tool for acoustic research in electrical machines (Martı́nez
Muñoz et al., 1999). This tool will be used in this thesis to analyze more in
detail the acoustic radiation from a similar motor using different combinations
of direct and quadrature current excitation at key frequencies, so as to ascertain
the mechanisms of noise production in electrical machines.
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Chapter 3

Analytical force computation

In this chapter an analytical expression will be deduced for the estimation of the
radial air gap magnetic force in the motor used in the experiments. The pro-
cedure, which is based in the one presented by Bakhuizen (1973), is extended
from a one-phase winding to a three-phase winding distribution, and the slot-
ting effects are also taken into account. The results will serve to check the FEM
calculations, which will be used for the noise prediction presented in Chapter 4.

The motor used in the experiments is a 2.2 kW, three phase, four pole
induction machine, with 36 and 44 stator and rotor slots respectively. The
effective no load and load currents are 2.24 A and 4.6 A, producing a torque
of 15 Nm at full load. The conductors are distributed in the slots forming
a combined single and double layer winding as shown in figure 3.1. Each slot
contains the side of either one short pitched coil with 88 conductors or two fully
pitched coils with 44 conductors each. Thus, the number of conductors in each
slot is constant and equal to 88, although each one of the two 44-conductor
coils sharing the same slot contributes to the flux in a different pole. Figure 3.2
shows the distribution of one phase along a quarter of the stator. Each one of
the three-slot groups has a winding distribution as shown in Figure 3.1.

3.1 One phase winding distribution

In order to obtain an analytical expression for the radial airgap flux density, as a
function of time and space, it is enough to develop the Fourier analysis of the
applied MMF in one quarter of the machine since there are four poles. For the
sake of convenience a reference magnetic coordinate system is defined with its

33
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Figure 3.1: Winding distribution in the slots.

horizontal axis coinciding with the line of maximum airgap MMF, at an angle �
with the horizontal axis of the machine as shown in Figure 3.2. The 10 degrees
angle between two slots will be referred as � and the applied MMF in each slot
will be considered to be evenly distributed along an angle

���
. The absolute

value of the infinitesimal applied MMF along one slot will be defined as 	�
 �
���� ,
and the total contribution of one slot to the airgap MMF will be �

� ���
, where� is the total number of conductors in one slot. With this nomenclature the

applied MMF, which will be referred as � � � � � , can be expressed as follows:

� �
� � �
��� � � � � ����� � � � � � � � �

(3.1)

� �
� ���
��� � � ����� � � � � � �

(3.2)

� �
� ���
��� � � � � ����� � � � � � � � �

(3.3)

�
� ���
��� � � � ����� � � � � � � �

(3.4)

�
� ���
��� � ����� � � � � �

(3.5)

�
� ���
��� � � � ����� � � � � � � �

(3.6)� � � � � ��� ����� (3.7)
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Figure 3.2: One phase winding distribution along one quarter of the machine

In order to examine the harmonic components in the airgap MMF, it is
useful to develop the Fourier analysis of equations 3.1 to 3.7, defining � � as
follows:

� � � � �
	
	 ����

	 � � �


	
� � � ��� 	 � (3.8)

where � is the number of pole pairs and � is the number of the harmonic. From
this equation, and for p=2,



	 is defined as:



	
	 �
�

� ��
� � �

� � � � �
� � � � 	 � 
�� (3.9)

Combining equations 3.1 and 3.9, and after some mathematical transfor-
mations, the following expression is obtained for



	 :


	
	 �

� ����
� � � �
	�� � � � � �� � � � �
	�� � � � � � � � ��� � � 	�� � � � � � � � ��� �� �
	�� � � � � ��� (3.10)

A so called slot factor ����� � 	 is introduced, which is defined as:

����� � 	
	 �
	�� � � � � �� � � (3.11)
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This factor can be approximated to one, considering the small slot opening
and a reasonable number of � harmonics. A closer look to equation 3.10 shows
that the number of slots is multiplied by a factor of three if a concentrated
winding is considered, i.e. if � is zero. This is reasonable since the winding
is distributed in three slots with � conductors each. If the winding was con-
centrated in one slot instead, the number of conductors would be three times
bigger.

The relation between the applied and airgap MMF can be deduced apply-
ing Ampere’s law to an infinitesimal sector of the machine enclosing a certain
applied MMF, as shown in Figure 3.3.
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Figure 3.3: Infinitesimal sector of the machine.

The sign of the MMF has been selected to be positive in the outward direc-
tion. Considering that the applied MMF is evenly distributed within the sector,
Ampere’s law can be expressed as:�������������! #"%$&�'"

(3.12)

Evaluation of the line integral along the path ABCD, and neglecting the
tangential components, leads to the following expression for the radial magnetic
field strength

�
across the airgap ( :) �* #"%$,+-�* #"/.0�'"%$21�3 ( �����' #"%$&�'" (3.13)
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The second term on the left hand side of this equation can be rewritten
using the following first order Taylor expansion:

� � � � 	 � � � � � � � � � ���� � � � � � �������
(3.14)

where � 	��
, �

	 � , and � 	 � � 
 � in this case. With these modifications:

� � � � 
 � � 	�� � � � �
	 � � � �
	 � 
�� (3.15)

Combining this equation with 3.13 leads to the expression:

� � � � 	 � �
�
�

� � � � � 
�� (3.16)

where
� � � �

�
� corresponds to the airgap MMF, which will be referred as � � .

Hence, the relation between the applied and the airgap MMF is the following:

� � 	 � �
� � � � � 
 � (3.17)

Introducing equation 3.8 in 3.17, the following expression is obtained for
a four pole machine.

� � 	 � 	 ����

	 � � �
� 


	
� � � � � 	 � 
�� (3.18)

Developing the integral:

� � 	 	 ����

	 � � �
�

� � � 
 	 � � � � � 	 � (3.19)

Taking the expression for


	 from equation 3.10:

� � 	 	 ����

	 � � �
�
� � ���
� � ��� � �
�

� � � � � 	 � � � 	�� � � � � � � � ��� � �
	�� � � � � � � � ��� �� �
	�� � � � � ��� (3.20)

This expression is valid for one phase, where the current
����

is defined as:
���� 	 �� � � ��� �

(3.21)
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representing a current vector rotating with an angular frequency � . For the
case of a concentrated winding, i.e. � = 0, the sum of the three sine terms in
equation 3.20 is reduced to �

�
�
	�� � � � � � . The value of �
	 � � � � � � is equal to

zero for all even harmonics. For a given pair of odd harmonics
� � , the sum of

�
	 � � � � � � will be equal to
� �

. Thus, the amplitude of the airgap MMF for the
different harmonics is given by the expression:

� � � ��
� �� � � (3.22)

with � � � � = 1, 3, 5, 7, ... � . The direction of rotation will alternate between two
adjacent odd harmonics. Dividing equation 3.20 by the airgap length � and
taking the real part yields the magnetic field strength

�
. Assuming infinite per-

meability in the iron, the airgap flux density � � is directly obtained multiplying�
by � � . Figure 3.4 shows � � over one half of the motor when a current with

an amplitude of 1.82 A (which corresponds to the no load phase current in the
real motor) and a frequency of 50 Hz is used.
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Figure 3.4: One phase concentrated winding.

In the case of the distributed winding, it can be shown that the sine terms
inside the brackets in equation 3.20 still add zero for all even harmonics, leading
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to the following expression for the amplitude of the airgap MMF:

� � � ��
� �
	�� � � � � � � � ��� � � 	�� � � � � � � � ��� � �
	�� � � � � �� � � (3.23)

For the odd harmonics, the sum of the sine terms decreases and increases
periodically for � � � � = 1, 3, 5, 7, 9, 11, ... � , but the contribution of higher
order harmonics is little since

� � � in the denominator increases a well. This is
also true for the concentrated winding, but there the factor introduced from
the sine term is constant and equal to 3, whereas in the distributed winding it
decreases for the first 9 odd harmonics. Hence, the influence of these harmonics
in the distributed winding is less compared to the concentrated winding, as
can be appreciated in Figure 3.5. The amplitude of the fundamental airgap
MMF decreases when the winding is distributed, although the difference is
rather small. For the winding distribution in the test motor, the sine terms in
equation 3.23 add 2.968 for

� � � 	 �
, which represents a negligible decrease of

1.07 % with respect to the concentrated winding.
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Figure 3.5: One phase distributed winding.
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3.2 Three phase winding distribution

The airgap MMF for one phase can easily be extended for the case of a three
phase machine where the current vector has the following form:

�� � � � � � 	 �� � � � � � 	
� �� � � � � � �� � � � 	 � ��

� � � � � �� � � � � � (3.24)

In one hand, this expression takes into account the electrical phase differ-
ence between the currents from the three phases. This phase difference will be
120 degrees for the fundamental, and a multiple of this number for the corre-
sponding harmonics. On the other hand it considers also the fact that the coils
are shifted in space around the stator of the motor by an angle of 120 degrees.
Introducing this three phase current in equation 3.20 and taking the real part,
the total airgap MMF in the machine can be written as:

� � 	 	 ����

	 � � �
� ��
� � � ��� � 	

� � 	�� � � � � � � � ��� � �
	�� � � � � � � � ��� � � 	�� � � � � ���
� ����� � � ��� � � � � � �

�
� � � � ��� � ����� � � ��� � � � � � �

�
� � � � ��� �� ����� � � � � � � � ��� (3.25)

The effect of introducing three phases and distributing the winding around
the motor results in a further decrease of the winding harmonics, as shown in
Figure 3.6.

3.3 Modelling the slots

So far, a constant airgap � around the motor has been assumed, which should be
modified by the Carter factor to take into consideration the higher reluctance in
the slot openings. The following formula has been proposed for the calculation
of the Carter factor, based in the slot dimensions (Lipo, 1996):

� � 	
� �

� � � � ����� � 
 � �
	
(3.26)

where
� � is the combined length of one slot and one tooth, and � � corresponds

to the slot opening. In the test motor, the 10 degrees angle � between two slots,
at an inner stator radius of 47.66 mm gives a length of 8.32 mm. For a slot
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Figure 3.6: Three phase distributed winding.

opening of 2.54 mm and an airgap equal to 0.3 mm the Carter factor becomes
1.2375.

However, it is possible to calculate the slotting harmonics by considering
the inverse airgap function between two slots, as shown in Figure 3.7. The
value of

� �
corresponds to the actual length of the path that the flux follows

through the air along one slot opening before penetrating one of the adjacent
stator teeth. This value has been estimated based on the work presented by
Gerling (1994). A ‘magnetically effective slot depth’

� �
is defined to be equal

to the geometrical slot depth

�
if the slot opening is greater or equal to double

the geometrical slot depth. Otherwise

� � 	 � 
 � �� , as it is the case in the test
motor. For a geometrical slot depth of 20.085 mm,

� �
becomes 0.997. Based

on Figure 3.7, the inverse airgap function is expressed as:

�� ���� � � � � �
(3.27)

�� � � � � � � �
(3.28)�� � � � � � � �� (3.29)

Following the same procedure as for the applied MMF, a Fourier expansion
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of equations 3.27 to 3.29 leads to:

� � � �
	
� ����
� � � �


 � � � � � 	 � �
(3.30)

where � is the number of the slot harmonic and � � is the number of stator
slots. From this expression


 � is defined as:


 � 	 � �
� �

�� ��
� �� �

� � � � � � � 	 � �
(3.31)

Developing the integral term a final expression for

 � is obtained:


 � 	 � �
� �

�
� �
	 � � � � � � �

� � � �
� �� � �� � � �� � 	�� � � � �

� � (3.32)

where a new slotting factor appears, which can be approximated to one:

����� � 	 � 	�� � � � � � �
� � � � (3.33)
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Introducing equation 3.32 into 3.30 and taking the real part:

� � � � 	
� ����
� � � �

� � �
� �

� ����� � � �� � �� � � �� �
	�� � � � �
� � � ����� � � � � � � (3.34)

Finally, the radial magnetic field strength including slotting harmonics is
obtained multiplying this expression by equation 3.25:

� � � �
	 	 ����
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� ����
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� � �
� �

� ����� � � �� � �� � � �� �
	�� � � � �
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�
� ��

� � ����� � 	
� �
	�� � � � � � � � ��� � � 	�� � � � � � � � ��� � �
	�� � � � � ���

� ����� � � � � � � � � � �
�
� � � � ��� � ����� � � � � � � � � � �

�
� � � � ��� �� ����� � � ��� � � � ��� (3.35)

The airgap flux density obtained when the slotting effects are included is
shown in Figure 3.8.
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Figure 3.8: Three phase distributed winding with slots.
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3.4 FEM validation

It is instructive to use the procedure presented in this chapter to compare the
analytical solution to the one obtained digitally using the finite element method
(FEM). The software used for the calculations is OPERA 2D. Figure 3.9 shows
one quarter of the geometry, indicating the rotor, stator and surrounding air.
The option of defining air around the stator was preferred rather than imposing
the Dirichlet condition in the outer surface of the stator (vector potential equal
to zero). Although the number of elements in the model increases, the fact that
leakage flux can appear in the surface of the motor under very heavy saturation
was taken into consideration. The thickness of the layer of air surrounding the
stator was made equal to the radius of the motor.

Figure 3.9: Wired plot of the geometry modelled in OPERA 2D.

Since this model will be also used for transient calculations, where the rotor
mesh is rotated with respect to the stator, a new boundary condition needs to
be imposed between the stationary and the rotating parts. This was achieved
by defining a ‘rotating airgap’. In order to obtain a very fine calculation of the
airgap forces, five layers of elements were modelled in the airgap of the ma-
chine. Two of them were attached to the rotor mesh, other two to the stator
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mesh and the rotating airgap was set in between. In this way, the number of
elements in both sides of the boundary condition was optimized, and also it was
ensured that the calculation of the forces could be done through the middle of
the airgap without passing across any node, since the field there is multivalued.
Defining the rotating airgap also had the advantage that the rest of the bound-
ary conditions were set automatically so as to match both the magnetical and
mesh properties in any of the solvers available. Figure 3.10 shows the element
distribution in the area surrounding the airgap. The mesh was automatically
generated using triangular elements, although it could be adapted defining the
facets in a proper way and changing the number of subdivisions at the edges.

OPERA-2d
Pre and Post-Processor  7.506

Figure 3.10: Mesh generated in the surroundings of the airgap.

The flux density distribution through the middle of the airgap was cal-
culated performing a static solution at no load. Since the analytical solution
assumes infinite permeability for the iron, a first calculation was undertaken
defining a very high linear isotropic permeability for the iron. The results from
both FEM and the analytical calculations are shown in Figure 3.11, where a
similar behaviour can be observed. It should be remarked that the phases of the
curves in this plot have been displaced in order to improve their visual inspec-
tion.

When the non linearities in the iron are considered in the FEM calculation,
the airgap flux density drops to a more reasonable level around 1 T and its shape
resembles a square wave, as shown in Figure 3.12. Besides, more irregularities
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Figure 3.11: Comparison between analytical and FEM flux densities for ideal
iron, phase displaced.

appear due to the saturation effects which are more predominant in the tip of
the teeth. The radial stress in the laminated stator stack can be implemented
applying Maxwell’s stress equation for radial forces:� � � � � 	 � �

�
� � �� � � (3.36)

and the result from the analytical calculation is shown in Figure 3.13, where
the slotting effects have not been included in order to make the picture more
clear. The stress in the airgap of the machine was also calculated in FEM and
the results when using non linear iron are presented in Figure 3.14.

3.5 Summary

An analytical expression has been deduced for the radial airgap forces in the
test motor. The method is based in the Fourier analysis of the applied MMF.
The expressions have been gradually developed from a one phase concentrated
winding to the three phase distributed winding setup in the machine. The
slotting effects have been incorporated in the model, developing the Fourier
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Figure 3.12: FEM solution considering non linear iron.

analysis of an inverse airgap function. Although the method assumes ideal iron,
it is useful as a check of the results obtained from an ideal finite element model
of the machine, and it could be appreciated that the results using both methods
showed a good agreement.
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Figure 3.13: Analytical radial Maxwell stress, ideal iron.

0 50 100 150 200 250 300 350
0

1

2

3

4

5
x 10

5

Angle [deg]

St
re

ss
 [

N
/m

2 ]

Figure 3.14: FEM Maxwell stress, non linear iron.



Chapter 4

Acoustic noise prediction

4.1 Introduction

The aim of this chapter is to study more in detail the mechanisms of acous-
tic noise production in vector controlled electrical machines, and establish a
method for the prediction of the sound power radiation, based exclusively on
the use of finite element modelling.

The analytical model presented in Chapter 3 introduced an understanding
on how the linear airgap force distribution can be calculated based on the wind-
ing distribution in the machine. It served also to verify the results obtained from
a finite element model of the machine, when the iron was considered to behave
ideally. However, in order to perform an accurate calculation of the electromag-
netic airgap forces, both the iron non linearities and the details of the motor
geometry must be taken into consideration, and this can be achieved using
finite element softwares (OPERA 2D/3D). The electromagnetic airgap forces
are responsible for the vibration of the machine structure, which will radiate
noise depending on its inherent mechanical properties. By performing a modal
analysis (ANSYS), the properties of the structural modes of vibration can be cal-
culated. The acoustic response of the motor to the excitation of these modes by
the electromagnetic forces can be modelled in a third package (SYSNOISE) us-
ing the information provided by the other two electromagnetic and mechanical
FEM softwares. This process is described schematically in Figure 4.1. The elec-
tromagnetic excitation force is imported into SYSNOISE from OPERA, and
the modal information as well as the geometry are taken from ANSYS.

Both the mode shapes of a structure and the noise that it radiates when it is

49
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OPERA �Force
SYSNOISE � Noise

ANSYS

�

Geometry
Mode shapes

Figure 4.1: Finite element modelling process.

excited with a certain force can be measured experimentally. Hence, if the exci-
tation force is a known quantity, the process shown in Figure 4.1 may be experi-
mentally validated. The inconvenient with an electrical motor is that the airgap
forces are very difficult to measure, but it is possible to get an estimation of them
through finite element calculations. Instead, the process described in Figure 4.1
can be verified performing an experimental modal analysis of the structure, and
measuring the acoustic response when a predefined excitation force is applied
in a convenient location. However, for simplicity reasons, it is preferable to ex-
periment with a smaller two-dimensional object, where the vibration pattern is
easier to measure compared to the three-dimensional behaviour of the electrical
machine. In order to ascertain the capabilities of the FEM simulation process
explained above, the structural and acoustic analysis of a one axis symmetric
aluminium plate was performed, and the details of the experiments and the re-
sults are presented in the appendices A and B. The natural frequencies of the
plate as well as the shape of the modes of vibration are obtained from the free
response synthesis, where the plate is excited by a random force and the vibration
pattern at different points in the plate is analyzed. This procedure will be ex-
plained later in this chapter, and the details of the experimental set-up as well as
the results obtained from the plate are presented in Appendix A. The acoustic
behaviour of the plate is obtained from the forced response synthesis, where the
plate is excited by a force with a fixed frequency, corresponding to one of the
natural frequencies previously calculated, and the overall sound power radiated
is measured. This procedure will also be explained in this chapter and the de-
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tails about the experiment are included in Appendix B. The data obtained from
the experiments is compared in each case with the results provided by the finite
element method for verification.

The procedure aiming for a noise prediction in the electrical motor is similar
to the one followed with the plate, but with the difference that the force applied
to the inner surface of the stator will have to be estimated instead. However, the
modes of vibration can be measured and simulated in ANSYS in the same man-
ner, of course, with the increased difficulty of working with a three-dimensional
structure. This work was performed by Wang (1998), and the procedure and
results are summarized in Wang and Lai (1999).

The following sections describe the details of the different finite element
models, and the calculations performed within the structural, electromagnetic
and acoustic analyses involved in the process shown in Figure 4.1, as a basis for
the experimental acoustic validation discussed in Chapter 5.

4.2 Structural modal analysis

One way of comparing the overall sound power level radiated by the motor
when the flux or the torque are modulated is to add a reference noise signal to
the direct or quadrature current respectively, while the other noise input is set to
zero. The noise signal can be a sine wave of a frequency coinciding with one of
the natural frequencies of the stator-casing combination, which is the path lead-
ing the vibrations responsible for the external sound radiation. The selection of
a natural frequency for the excitation force amplifies the acoustic response, and
hence the importance of determining them. This is achieved through the free
response synthesis and both the experimental and FEM procedures used for
their calculation are presented in this section.

Experimental free response synthesis

Resonance occurs when the dynamic forces in a process excite the natural fre-
quencies in the structure, and a suitable way to identify them is to analyze the
frequency response function (FRF) of the system. This is for efficient examina-
tion drawn as a plot of the ratio between the output vibration (X) and the input
force (F) spectrums over a defined frequency range ( � ).

� � � �
	 � � � �
� � � � (4.1)
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Vibration can be measured as displacement, velocity or acceleration of the
particles in the structure and the FRF will be called receptance, mobility and in-
ertance respectively. A resonance is represented in the FRF plot of the system
as a peak. However, not all the peaks encountered must be related to a reso-
nance, actually some of them may only be present in the input force exciting
the structure. Since this excitation force is usually difficult to measure in most
industrial processes, the identification of the natural frequencies of a structure
is better done in the laboratory, where the applied force can be selected con-
veniently. Modal analysis is a common tool used in the laboratory not only to
identify the natural frequencies but also the way the structure vibrates at those
frequencies -mode shapes- as well as the rate at which the vibrations decay -
modal damping. These two components, together with the modal frequency,
constitute the ‘modal parameters’ of a structure and they fully characterize the
vibration of single degree of freedom (SDOF) models. In fact, each resonance
peak can be considered as the response of a SDOF system. Since a FRF consists
of a collection of resonance peaks, thus the importance of understanding how
these systems can be modelled in the physical, time and frequency domains.

SDOF models

A SDOF model can be described as a combination of a point mass m, a massless
linear spring k and a linear viscous damper c, and the constrain that it can move
in only one direction (x) is assumed. The mathematical model in the time
domain when a force f is applied is easily obtained from Newton’s second law:

�
�� ����� � ���� ����� ��� � �����
	 � ����� (4.2)

An analytical model can also be developed in the frequency domain, where
the behaviour of each component is expressed mathematically as a function of
the frequency of the system:

�� for the spring,
�

��� � for the damper and
�

� � � �
for the mass (Ewins, 1984). At low frequencies the response of the system is
dominated by the spring and it is in phase with the excitation. When the fre-
quency increases, the inertial force of the mass becomes more important, until
a point is reached where the mass and the spring terms cancel each other. At
this frequency, called ‘undamped natural frequency’, the response is controlled
only by the damping term and it lags the excitation by 90 degrees. If the fre-
quency increases even further, the mass term takes control over the system and
the response lags the excitation by 180 degrees.
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The values of the mass, stiffness and damping used in the analytical model
are usually unknown in the real structure. However there is an experimental way
of modelling the vibration of a SDOF system, which indirectly leads to these
parameters (Brüel & Kjær, 1988). The properties of the system are now defined
in terms of the pole location p and the residue R, which are quantities that can
be measured from the FRF plot of the system. The pole location consists of a
real part equal to half the -3 dB bandwidth of the FRF peak and an imaginary
part which is directly the modal frequency. The peak amplitude of the mode is
also equal to

��
� � �� , and this yields the value of the residue since the real part of

the pole is the value of the damping
�

. The modal frequency is defined as the
damped natural frequency � 	 , and equation 4.3 shows how it is related to the
undamped natural frequency � � . The stiffness � is also related to the natural
and modal frequencies through equation 4.4, and the mass is linked to the value
of the residue, as shown in equation 4.5.

� �� 	 � �	 � � �
(4.3)

� 	 	 � ��� � � � (4.4)� 	 � � �
� � � 	 (4.5)

Two of the modal parameters are contained in the pole location itself. The
third one, the mode shape, is related to the residue. When a structure is ex-
cited with a force, each SDOF experiments a relative modal displacement. The
residue of a particular mode is proportional to the product of the modal dis-
placement at the response and excitation SDOF. The combination of the rel-
ative displacements of all the SDOF of the structure gives the mode shape,
which is the same for a given frequency of the exciting force, independently of
its magnitude.

In practice, the FRF is measured using a dual-channel analyzer, which in
turn is connected to a computer where the data is stored for further post-
processing. For each mode, the pole location and the residue need to be es-
timated from this data, but for each FRF measurement the analyzer provides
around 800 complex values. With this enormous amount of data the use of
a computer is essential, where advanced mathematical algorithms for the esti-
mation are implemented. From the estimated parameters a new analytical FRF
curve is obtained, which is superimposed on the measured data so that the op-
erator can evaluate how they fit. This process is known as ‘curve fitting’.
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Curve fitting

The aim of curve fitting is to extract reliable modal data from the measurements.
There are different types of curve fitting techniques that are used depending
on the application, and they contain algorithms so as to reduce the effects of
random noise in the measurements and the bias errors, such as any leakage or
phase errors, which would cause erroneous parameter estimations. SDOF curve
fitters can be used with lightly coupled modes, i.e. when the interaction between
different modes is not important. Under these conditions a SDOF behaviour
can be assumed around the modal frequencies. The user specifies a band around
each mode containing the relevant data that will be used in the curve fitting
process. The selection of the band is often a compromise between including as
much data as possible and avoid moving far away from the resonance so that
the effects of nearby modes makes the assumption of SDOF behaviour invalid.
When the modes are heavily coupled, MDOF curve fitters are used instead. In
this case, the operator specifies a region over which the curve fitter will seek
the parameters and the number of modes contained in that region. The results
using this technique depend to a large extent on the user’s skill and experience in
specifying the correct number of modes for the model. An example of a plot of
the FRF function is presented in Figure 4.2, where the cursors define the band
for one of the modes. The plot corresponds to one part of the FRF obtained
from the experimental modal analysis done with the plate.

Figure 4.2: Frequency Response Function plot.
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After the curve fitting process, each group of the resulting modal parameters
is associated with the corresponding mode number. The different modes of
vibration contain important information about the inherent dynamic properties
of the free structure, i.e. when no forces are acting.

In order to get familiarized with the estimation of the modal parameters of
a structure through the curve fitting process, the free response synthesis of the
plate was performed. The practical details of the procedure described above, as
well as the equipment used are included in the appendix. However, the modal
analysis of the motor used for the experiments, see Figure 4.3, had already been
performed by Wang and Lai (1999). It is necessary to describe this process
though, since it will provide information about how the modal properties that
will be used in future calculations have been determined.

Figure 4.3: The test motor. Source (Wang and Lai, 1999).

The free vibration of the machine structure was achieved using two kinds
of excitation: random excitation, provided from a shaker, and impact excita-
tion, using a hammer with a steel tip but without extra mass. The frequency
band for the analysis spanned from 0 to 3.2 kHz. The motor was tested resting
on the test bench, through four isolators, and also without isolators, suspended
together with the support and the base plate by soft rubber bands. In order to
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examine the contribution to the overall vibration of the different parts of the
motor, the response was measured with five different motor configurations: the
whole motor structure; without the rotor; without isolators; without rotor and
isolators; and finally, without rotor, isolators and end-shields. Only acceleration
in the radial direction was measured and the modes of vibration were deter-
mined with reasonable accuracy, except perhaps those caused by the isolators.

In order to verify the modal results, the sound power spectra obtained from
the machine when driven by three inverters under no load was also examined.
It was observed that almost corresponding to each peak in the sound power
spectra, a vibration mode was identified when the whole motor or the motor
without the rotor was tested, indicating that the modal testing results obtained
were reliable. The end-shields had also a great influence on the vibration of the
motor, since they load the structure at the same time that they determine the
boundary conditions of the motor casing. Besides, the modes determined with-
out the rotor were similar to those with the rotor, implying that experimental
modal testing or numerical modelling may be conducted without the rotor if
low-frequency modes are not of interest.

FEM free response synthesis

Experimental modal tests should be combined with finite element analyses in
order to compare the accuracy and reliability of the results. While FEM will
provide all the modes of vibration, the less significant are likely to be missing
in the experimental results. Nevertheless, all the measured modes should corre-
spond to modes calculated with FEM. The experimental results obtained from
the plate were verified using the modal analysis solver in ANSYS version 5.2,
and the results are included in Appendix A.

Wang and Lai (1999) used the same solver to verify the experimental results
obtained with the motor. In order to investigate the effects of the various sub-
structures on the overall vibration behaviour, six motor models were developed
taking into consideration the teeth of the stator, casing, slots on the casing,
support and end-shields, as shown in Figure 4.4.

It is important to describe these models and the results obtained, in order
to justify the selection of one of them for the acoustic calculations presented in
this thesis, in the detriment of the other models.
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Figure 4.4: Finite element structural models: (a), the actual stator model; (b), a
cylindrical shell stator model; (c), a two cylindrical shell model of the
motor; (d), a two cylindrical shell model of the motor with slots on
the outer casing; (e), a two cylindrical shell model of the motor with
slots, the support and the base plate; (f ), a two cylindrical shell model
of the motor with slots, the support, the base plate and end-shields.
Source (Wang and Lai, 1999).
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The stator of the test motor is 0.092 m long and has 36 teeth. Each steel
lamination has a density of 7800 kg/m

�

, and the Young’s modulus was deter-
mined to be 13.6 x 10

� �
N/m

�
. The total masses of the stator and the windings

are 6.6 and 2.88 kg respectively. The material of the stator was first assumed to
be isotropic. The element types were Brick eight-node Solid45 and Tetrahedron
Solid72 and the boundary conditions of the stator were set to be free at both
ends. The effect of the winding was examined first. The windings were taken
into account by treating them as an additional mass uniformly distributed in
the stator, and this was done by changing the density of the material to 1193
kg/m

�

in model A. It was observed that the windings affect the natural frequen-
cies of the stator very much. Hence, the mass of the windings must be taken
into account in developing a structural model with reasonable accuracy.

The effect of the teeth was investigated next. For this purpose, the stator
without teeth was considered, model B, which corresponds to the non-teeth re-
gion of model A. Both cases with and without windings were also investigated,
again by changing the density of the iron material. It was observed that without
windings the teeth had a strong influence on the calculated natural frequencies,
with variations up to 18%. Also, the natural frequencies with teeth were lower
than without teeth, which suggests that the mass of the teeth influences more
the results, rather than their stiffness. When the winding was considered, the
differences in frequency variations compared to model A were less than 10% in
general. The reason for this behaviour is that the total mass of the stator and
windings (9.48 kg) is much greater than that of the teeth (2.5 kg) and conse-
quently, the vibration behaviour is dominated by the cylindrical shell, which
in this case turns to be a good approximation of the stator structure when the
windings are considered. However, it was indicated that such an approximation
might not be valid for other stators, where the different number of teeth and
dimensions could lead to a different vibration behaviour of the stator structure.

The effect of the casing coupled to the stator and the end-shields was ana-
lyzed as well. Previous studies cited in the paper concluded that its effect could
be neglected. However, the different physical properties of the material used, as
well as the different ratio between the length of the casing and the stator in the
test motor, suggested that the effect of the casing might not be negligible in this
case. A two cylindrical shell model, which included the mass of the windings in
the stator, was developed as model C. The material was first defined as isotropic,
but a closer study of the results suggested that the material in the stator should
be orthotropic instead. The laminations are compressed in the axial direction
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and, although the density of the material in the stator remains approximately
the same, the stiffness of the stator in the axial direction would not be equal
to the one of the stator made in solid material. As it is difficult to determine
the pressure between the laminations, a typical value of Young’s modulus in the
axial direction was chosen, corresponding to 2% of the Young’s modulus in the
circumferential direction. The results obtained with this modification showed
more agreement with the experimental results, proving essential to consider the
material of the stator to be orthotropic. From the results, it could be observed
that the vibration modes of the stator and the casing were influenced by the
coupling between them. The modes of vibration of the casing were different to
those without the coupling, as it would be expected since now the part of the
casing attached to the stator is constrained while the rest of the casing is not.
The effect of the coupling in the stator was to increase the natural frequencies
in the low frequency range, corresponding also to an increase of the stiffness
of the stator. At high frequencies the outer casing acts as a mass load to the
stator, thus decreasing the natural frequencies. It was concluded therefore that
the outer frame of the stator can play an important role in the vibration of small
and medium-sized motors, where the mass of the frame is not negligible com-
pared to that of the stator, and this effect would be further emphasized if the
dimensions of the two structures are also quite different.

In order to further improve the calculated frequencies, the ventilation slots
in the motor casing were included in model D. The reduction in the mass
of the casing, and thus the load on the stator, increased the frequencies of the
stator modes marginally, while the change in the stiffness of the casing decreased
the frequency of its modes substantially, showing a better agreement with the
experimental results.

The motor structure could be more accurate if the support and base plate
are included, as shown in model E. The inclusion of these parts reduces the
frequencies of the casing due to the increase of its effective mass. The effect of
the stator teeth was again examined with this new model, and the results were
within 5% compared to the model without teeth. Hence, the teeth of the stator
can be neglected in the vibration analysis.

Finally, the end-shields made of aluminium by casting are incorporated in
model F. Since their real geometry is rather complicated and the interest is not
in their vibration itself but in their influence on the vibration of the casing, an
equivalent end-shield with the form of a circular flat plate of the same mass,
0.36 kg, and a thickness of 6 mm was considered. The end-shields are coupled
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to the casing by coupling the corresponding nodes in all degrees of freedom.
From the analysis of the results, most of the vibration modes could be predicted,
although the results show more discrepancy than the previous model. This is
due to the complicated coupling between the end-shields and the casing, not
all the points along the edges of the two structures are coupled and those who
are, present different coupling strengths from each other. These details are too
complex to consider in the model and nevertheless, the natural frequencies of all
the modes identified in the calculations were within 10% of the experimental
results, concluding that the model may be acceptable for acoustic prediction.
Further studies showed that the details of the motor structure such as slots,
support, base plate and end-shields affect the vibration behaviour of the motor
very much, so they need to be modelled.

The geometry and modal results obtained from model F are the ones that
will be introduced in SYSNOISE for the noise calculations in the next section,
and their availability is acknowledged. It was important though to explain how
this model was built, under which assumptions, and the relative influence that
different parts of the motor have on the overall vibrations and noise emissions.

4.3 Electromagnetic analysis

The purpose of this section is to explain how the electromagnetic models were
built and how the airgap forces were calculated and applied to the SYSNOISE
model. A comparison between these results and the experiments would provide
an idea of the accuracy of the noise prediction using FEM/BEM methods.

In order to establish a comparison between the sound emissions when the
direct and/or the quadrature currents are modulated, a harmonic of the same
amplitude and frequency is added to these currents separately. This can be
achieved experimentally using the musical test drive presented in Chapter 2.
The added harmonic would be the responsible for the noise emissions from the
motor in each case, assuming that the mechanical and aerodynamic noise com-
ponents are negligible, which can be achieved by rotating the rotor slowly. The
harmonic added to the direct and quadrature currents had a frequency of 490
Hz and an amplitude of 0.25 A. This amplitude was symbolically referred as
‘m’ since in the experiments other amplitudes multiples of this value were also
tested. The value of the direct current was reduced by 13% in order to avoid
reaching over its nominal value when the noise current was added. The cases
where this harmonic was added either to the direct or the quadrature current
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under no load were simulated, as well as the case with no modulation at all.
These cases will be referred as [d=m,q=0], [d=0,q=m] and [d=0,q=0] respec-
tively. In the experiments, the machine was set to rotate at 70 r.p.m. and the
corresponding currents were calculated in SIMULINK using the system pre-
sented in Chapter 2 (Figure 2.12). An example of the three phase currents for
direct and quadrature modulation is presented in Figure 4.5.

0 0.05 0.1 0.15 0.2
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

Time [sec.]

P
h

a
s
e

 c
u

rr
e

n
t 

[A
]

(a) Direct modulation currents
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(b) Quadrature modulation currents

Figure 4.5: Simulated phase currents for direct and quadrature modulation.

These currents were applied to the coils in the FEM electromagnetic model,
where the airgap stresses were calculated. After some post-processing, the stresses
were applied in SYSNOISE to the nodes located in the inner surface of the
cylinder representing the core of the machine in model F, and the overall sound
power was calculated. The information introduced in SYSNOISE for each one
of these points is the Fourier transform of the force in the X and Y directions.
This is achieved by storing the forces around the motor for a certain number
of points in time, which thereafter will be transformed into the frequency do-
main with the help of the FFT function in MATLAB. For a rotational speed of
70 r.p.m. one cycle of the fundamental component of the current is completed
every 0.4286 seconds, and it contains 210 noise cycles. In order to capture
the effect of the added noise with a good resolution, the sampling time was
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Figure 4.6: 3D FEM model of the test motor.

2.2x10
� �

seconds, which gave a ratio of 9.295 samples per noise cycle. Each
sample corresponded to one simulation, so a total of 1952 simulations were
performed for each case.

The 3D model

The software used for the 3D calculations was OPERA 3D, versions 7.1 and
7.5. Both in the 3D and 2D packages the currents in the rotor slots were
induced when using the dynamic solvers.

The aim was to simulate the motor with a 3D model in order to take into
consideration end winding effects, and also the influence of skewing in the
rotor slots, which contributes to decrease the torque ripple and thus the noise
emissions. This model is shown in Figure 4.6, where the modulus of the flux
density is plotted under no load operation. The aluminium in the rotor was
removed from the picture for simplicity reasons. Part of the conductors are
visible on the surface of the stator along the extrusion direction, but this is only
due to a display problem in the version of the software used (ver. 7.1). The
number of nodes and elements was 44020 and 32352 respectively.

The solution presented in Figure 4.6 was obtained from a harmonic anal-
ysis, where no extra noise was added to the fundamental current. This could
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be achieved using one of the transient solvers, where the rotor was locked, by
defining two currents in the same coil: a d.c. component for the fundamen-
tal wave and an a.c. component for the noise, with a frequency equal to the
noise frequency minus the slip frequency. However, the forces obtained using
this procedure would correspond approximately to the forces observed from the
rotor side, not from the stator as it was desired. There was the possibility of
using another transient solver, where the rotor was rotated with a user-defined
speed. In this case, the real frequency of the currents was defined in the stator
coils. This was actually the option that would provide the required force, but
the model could not be simulated since the simulations crashed due to conver-
gence problems in the solver. Besides, although symmetry could be exploited in
the extrusion direction, it was not possible to apply it along the circumferential
direction, which increased dramatically the number of elements in the model
and hence the computation time. These problems contributed to the transition
towards the 2D software.

The 2D model

The software used for the 2D calculations was OPERA 2D, version 7.5. In
order to check the model, a harmonic analysis was performed at full load. The
number of elements in the model, specially in the airgap, the rotor slots and
the surrounding regions, was increased until no change was appreciated in the
amount of torque produced by the machine. The final torque was 10% higher
than the rated value specified in the data sheets. The differences were mainly
attributed to the fact that no inductance and resistance were included in the
aluminium end-ring.

In order to simulate the cases that will be analyzed in SYSNOISE, the ro-
tating machine transient analysis module was used. This is the equivalent to
the 3D transient solver with the rotating rotor, but symmetry can be exploited
in the circumferential direction, so it was sufficient to model one quarter of the
machine. The currents calculated in SIMULINK were introduced as tables for
the different coils. The fact that the maximum number of output cases was
limited to 99 implied that 20 analyses had to be carried out in order to ob-
tain the results at the 1952 points within one fundamental cycle. Each analysis
was re-started from the last value in the previous one. Before starting to rotate
the rotor, a static solution was performed, in order to reduce the starting tran-
sients. Actually, under no load, no significant transients were observed in the
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Figure 4.7: 2D FEM model of the test motor.

first fundamental cycle of the current. These results were compared up to the
third cycle (one turn later, 1.2876 seconds), obtaining the same results. So it
was concluded that the forces could be extracted already from the first funda-
mental cycle. A picture showing the flux density in the motor at one position is
presented in Figure 4.7.

Force computation

The number of divisions in the acoustic model around the inner side of the
cylinder representing the stator core is 72 in the circumferential direction and
5 in the longitudinal direction. The forces were applied at the nodes between
the elements. The nature of the 2D force calculation implied that all the nodes
along the extrusions in the 3D acoustic model were assigned the same force
as their corresponding node in the first layer. The force applied at one node
corresponds to the one that should be applied in the middle of the adjacent
element. Since there is actually one more layer of nodes than of elements, the
nodes around both edges of the cylinder were assigned half of the force that is
applied at the inner nodes.

The forces were calculated in the electromagnetic model, by implementing
equations 4.8 and 4.9 through the middle of the airgap. The values of

�
� and
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�
� correspond to the cartesian components of the airgap magnetomotive force,

� � and � � are the flux densities and � � and � � are unit length vectors corre-
sponding to the � and � components around the motor. The force densities, � �

and � � , were transformed into force by multiplying with the area of an imagi-
nary element at the airgap spanned through the same angle as one element in
the back core of the acoustic model, and with the same length. In this way,
the total force applied is maintained constant, although the force density in the
back core is reduced since the area of the elements is increased.�

� 	 �
� � �

� �
� � � (4.6)� � 	 � �

�
�
� � �

�
� (4.7)

� �

	 � �

�
� � � �

� �� (4.8)

� � 	 � �

�
� � � �

� �� (4.9)

There are several ways of integrating the force in the electromagnetic model.
Since one extrusion in the acoustic model consists of 72 elements and there are
36 teeth around the stator, half of the elements could be assigned the force in
the teeth, and the other half the one in the slots, alternating each other between
adjacent elements. Since the width of the teeth and the slots is not the same, in
practice part of the force in the sides of the teeth was also applied to the slot ele-
ment. The integration performed in this way received the name of odd function
integration. The other possibility is to do the integration of the forces around
groups of half a tooth and half a slot, and vice-versa for the adjacent group,
and it received the name of even function integration. An example of the forces
calculated with both methods is presented in Figure 4.8. Since the odd func-
tion integration presented more similarities with the force distribution around
the airgap of the real machine, it was selected for the simulations. However, it
could be argued that the gradient of the forces in the back core between adja-
cent elements would be little and therefore the even function should be used
instead.

The resolution for the integration of the forces was 13 points per element.
The table of the forces for one layer of elements consisted of 1952 lines and 72
columns, corresponding to the time values and the element number respectively.
These results were transformed into the frequency domain, and two tables were
created for each one of the cartesian components of the forces that should be ap-
plied at each node in the acoustic model. Each table consisted of three columns,
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Figure 4.8: Force at the teeth and slots for the even and odd integration functions.

the first one specifying the frequency and the second and the third ones spec-
ifying the real and imaginary components of the Fourier transform. In order
to establish a comparison between the applied force for the different cases sim-
ulated, the spectrum of the total force was also computed. This was done by
adding the absolute value of the spectrums at the 72 nodes around one layer of
elements, implementing equation 4.13.

� � �

	 � � � � � �

� � ��� � � � �

� �
(4.10)

� � � 	 � � � � � � � � ��� � � � � � � (4.11)

� 	 	 � � �� �

� � �� � (4.12)

� �
	 � ��

	 � �
� 	 (4.13)

In this way, the values of the total force were calculated when the machine
rotated at 70 r.p.m. under no load. Figure 4.10 presents the results of the total
force in one extrusion for no modulation ([d=0,q=0]), direct current modula-
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tion ([d=m,q=0]) and quadrature current modulation ([d=0,q=m]) with a noise
frequency of 490 Hz. In order to compare more easily the forces at the different
cases, the narrow band results were transformed into 1/12 octave bands by lin-
early adding all the components within each band, and the results are presented
in Figure 4.10(d).

BH curve sensitivity analysis

From Figure 4.7 it can be observed that a wide region in the back core, and also
in the stator and the rotor teeth, are under saturation. The operation point of
the machine is therefore located in the saturated part of the BH curve. Since
the measurement of the properties of the iron in this part is not accurate, a
sensitivity analysis of the BH curve was performed in order to determine how
this factor influences the force distribution in the motor, and hence the accuracy
in the prediction of the noise emissions. The values along the saturated part of
the curve were increased by 10%, see Figure 4.9(a), and a new electromagnetic
analysis was performed for the case [d=m,q=0]. The rate of change of the forces
is presented in Figure 4.9(b), synthesized in 1/12 octave bands.
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Figure 4.9: Effect of a BH curve change in the forces for the case d=m,q=0.
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Figure 4.10: Spectrum of the total force for the different simulation cases.
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4.4 Acoustic analysis

The acoustic analysis was performed using SYSNOISE, version 5.3. The main
advantage of using the boundary element method is that only the boundary
of the problem domain needs to be discretized, i.e. there is no interior mesh.
Although the mathematics involved in BEM are more difficult, the modelling
effort is lower compared to FEM and it also presents the advantage of solving
both interior (inside the defined model) and exterior (in the surrounding fluid)
problems, with different possibilities of fluid-structure interaction.

For the acoustic calculations, both the surface mesh and the results file con-
taining the modes of vibration of the structure were imported from ANSYS. All
the modes were assigned the same damping factor, and two values were tested,
0.01 and 0.05. The tables of the forces calculated in OPERA were assigned to
the corresponding nodes as boundary conditions in the cartesian coordinates.
The simulations were performed for a frequency range between 80 Hz and 2250
Hz, in steps of 10 Hz. The sound power results at these frequencies were stored
and converted into 1/3 octave bands since this was the format used in the mea-
surements. A complete description of the measurements is presented in Chap-
ter 5. However, the no load sound power results are included in this section
as a reference for the validation of the simulations. A comparison between the
different cases when a noise harmonic of 490 Hz is added to the currents at no
load is presented in Figures 4.11(a), 4.11(b) and 4.11(c), when a damping of
0.01 is applied to the acoustic model. Another way of comparing the results is
to plot the rate of change when one of the currents is modulated, with respect
to the case when there is no modulation at all, both for the experiments and the
simulations. These results are presented in Figures 4.11(d) and 4.11(e), and a
comparison between the direct and the quadrature current modulation is shown
in Figure 4.11(f ).

In general, from these plots it can be observed that there is a lack of agree-
ment below 400 Hz between the simulated and the experimental results, and
this is due to the fact that the rotor was not included in the acoustic model
(Wang and Lai, 1999). Also, for the case when no extra noise is added to the
currents, the sound power level at the 1 kHz, 1.25 kHz and 2 kHz centre fre-
quencies is considerably higher compared to the measurements. These levels
are maintained when any of the currents is modulated. When the noise com-
ponent is added to the direct current, the effect at the 500 Hz centre frequency
is clearly visible, although the amplitude is in the order of 15 dB higher than
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Figure 4.11: Comparison of the acoustic results.
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in the measurements. When the quadrature current is modulated instead, the
response at 500 Hz is considerably decreased in the simulations. However, the
rate of change at that frequency for the same cases in the experiments is around
4 dB.

From the incremental plots, it can be observed that the behaviour between
400 Hz and 1 kHz does not follow the same trend for the simulations and
the experiments. However, at higher frequencies both the trends of the curves
and their amplitudes are more similar. This seems to indicate that the acoustic
model does not reproduce accurately the behaviour of the experimental motor
below 1 kHz. The modes of vibration and the part of the motor they are associ-
ated with are presented in Table 4.1, both for the acoustic and the experimental
model up to 2 kHz. It can be appreciated that below 1 kHz only three modes are
calculated in ANSYS for the acoustic model, and all of them are associated with
the seat. However, the experimental motor presents ten modes of vibration in
the same frequency range, associated with the stator, rotor, casing and seat. Also,
the mode close to the 490 Hz frequency of the noise harmonic is related to the
seat instead of with the stator/casing as in the experiments. Hence, the response
of the structure at this frequency would be expected to be considerably different
compared to the measured one. Above 1 kHz, there is more agreement between
the experimental and simulated results, not only in the frequencies but also in
the part of the motor the modes are associated with. This actually supports the
results presented in Figure 4.11, it explains the disagreement observed in the
acoustic calculations below 1 kHz, and also the fact that the acoustic model and
the experimental motor behave in a similar way at higher frequencies.

Although the trends of the curves and the increments are similar above 1
kHz, there is a considerable difference between the simulated and experimental
results specially at the 1 kHz, 1.25 kHz and 2 kHz centre frequencies, even
in the case when no noise harmonic is added to the currents. This seems to
indicate that there is some problem in the force calculations. Actually, from
Figure 4.10 it can be observed that the force spectrum seems to be stabilized
at the same level above 1 kHz, instead of following a decaying trend, as it is
expected for all physical systems. Besides, the fact that the skewing effects are
not included in the 2D model influences the amplitude of the rotor harmonics,
which might be considerably higher at these frequencies compared to the ones
observed in the experimental motor.

The effect of the damping can also play an important role. Therefore, a
change in the damping of the material was investigated, from 0.01 to 0.05, and
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Experiment Simulation Experiment Simulation
294 rotor 1105 stator 1123 stator

375 seat 1240 seat 1097 seat
392 st/casing 1270 casing
490 st/casing 1307 casing
567 seat 485 seat 1393 seat 1353 seat
664 rotor 1480 seat 1559 seat
717 seat 695 seat 1535 casing
770 casing 1655 casing 1572 casing
816 casing 1743 stator 1682 stator
928 rotor 1795 stator 1933 stator
961 casing 1869 casing 1897 casing
1057 stator 1121 stator 1919 casing

Table 4.1: Comparison between the simulated and the experimental modes.

the results are presented in Figure 4.12(a). It can be observed that a change
in the damping affects in a different way the response obtained at different
frequencies, specially above 500 Hz. The rate of change is in the order of 10
dB at 500 Hz, 800 Hz, 1250 Hz and 2000 Hz, whereas it is negligible at the
rest of centre frequencies. Finally, a change in the properties of the material was
considered, and the results obtained when the saturated part of the BH curve
is increased by 10% is presented in Figure 4.12(b). It can be observed that the
change in the sound power level is around 3 dB or less at different frequencies.

Finally, the sound pressure distribution in the motor and the surround-
ings obtained from SYSNOISE at 490 Hz is presented in Figure 4.13, for the
case with no modulation. The results when the direct and the quadrature cur-
rents are modulated are presented in Figures 4.14 and 4.15 respectively. These
plots actually confirm that at this frequency the vibration of the motor in the
acoustic model is associated with the seat instead of with the stator, where no
displacement is recorded on the surface of the casing. It should be noted that
the scales used for these plots are different since otherwise the cases [d=0,q=0]
and [d=0,q=m] can not be distinguished compared to the case [d=m,q=0]. The
lower limit of the scales is 35 dB for all the plots, and the upper limit is 40 dB,
70 dB and 85 dB for the cases [d=0,q=0], [d=0,q=m] and [d=m,q=0] respec-
tively.
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Figure 4.12: Effect of a change in the damping and in the BH curve for the case
d=m,q=0.

Figure 4.13: SPL distribution at 490 Hz, case d=0,q=0.
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Figure 4.14: SPL distribution at 490 Hz, case d=0,q=m.

Figure 4.15: SPL distribution at 490 Hz, case d=m,q=0.



4.5. Summary and Discussion 75

4.5 Summary and Discussion

In order to establish a method for the prediction of the sound radiation from
an electrical motor, three different types of analysis need to be performed. First
of all, a structural analysis provides information on how the structure vibrates
at the different modal frequencies. The airgap forces exciting the structure are
calculated through an electromagnetic analysis, and finally the results are com-
bined in an acoustic analysis.

The structural analysis had already been performed and validated both ex-
perimentally and using FEM (Wang and Lai, 1999). Different studies showed
that the teeth could be neglected when modelling the stator of the machine,
since their contribution to the mass of the stator was more important than to
its stiffness. Hence, an equivalent FEM model of the stator was developed re-
moving the teeth and increasing the density in the stator core accordingly.

The electromagnetic analysis was performed using 2D software, due to the
problems found in the available 3D package. This implied that the influence
of skewing the rotor slots and the end-winding effects could not be modelled.
The spectrum of the force up to 2250 Hz was calculated around the motor and
integrated through the areas corresponding to the elements used in the acoustic
model.

The results from the structural and electromagnetic analyses were imported
into SYSNOISE, where the BEM was used for the acoustic analysis. Since the
aim of the noise prediction is to be able to measure the noise radiation with-
out building the motor, a general damping was assigned to all the modes of
vibration. The fact that the rotor was not included in the model affected the
results below 400 Hz. Actually, the behaviour of the acoustic model and the test
motor were found to be quite different below 1 kHz. The number of modes
of vibration predicted in ANSYS was considerably less, and also they were as-
sociated with different parts of the motor, specially at the 490 Hz frequency,
which corresponded to the mode excited in the measurements. Therefore, there
was little agreement between the simulated and the experimental results in this
frequency range. However, the acoustic and the experimental models present
a similar behaviour above 1 kHz, as could be observed from the modal results
as well as from the noise prediction. The force calculation may also need to be
trimmed. The force calculated presented a stationary level above 1 kHz, instead
of decreasing as it is the case for all physical systems. This, added to the fact
that the rotor harmonics at these frequencies were not damped by the skewing,
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could explain why the levels of noise were considerably higher above 1 kHz in
the simulations, when the currents were not modulated with extra noise.

Increasing five times the general damping applied to all the modes did not
affect the response at different frequencies in the same way. Basically, some of
them remained unchanged whereas others experimented a decrease of 10 dB.
Hence, the damping should be selected carefully. A change in the material
properties corresponding to a 10% increase in the saturated part of the BH
curve was associated with a change of 3 dB or less in the acoustic simulations.
Therefore, compared to the other factors discussed above, the change in the BH
curve has a relatively low impact in the noise prediction.



Chapter 5

Measurements

5.1 Introduction

The purpose of the experiments was to compare the sound radiated when the
direct and quadrature currents excited the structure with different amplitudes
and frequencies, both under no load and load conditions. The modulation of
the direct current will excite the stator structure with pure radial forces whereas
the modulation of the quadrature current will contribute to the vibration both
with radial and tangential forces. In this chapter the equipment used for the
experiments as well as the results of the different tests will be presented and dis-
cussed. Before that, it is necessary to introduce the basic acoustic terminology
and some background about sound measurement techniques, which will com-
plete the understanding of the experimental work, post-processing and results.

5.2 Acoustic terminology

In acoustics it is important to distinguish between sound pressure and sound
power. Sound power relates to the rate at which a sound source radiates energy,
i.e. energy per unit time. A noise source radiating a certain amount of sound
power will produce a change in the sound pressure depending on the surround-
ing environment. This concept can be better understood considering its analogy
with a heater placed in a room. The heater radiates a certain amount of heat
into the room (sound power), but the actual temperature (sound pressure) will
depend on the dimensions of the room, materials, other heat sources... Sound
pressure is therefore the physical quantity that is perceived by the ear. The unit

77
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of pressure is Pascal (Pa), and 1 Pascal is equivalent to 1 N/m
�
. The human

ear is sensitive to a range of frequencies from 20 Hz to 20 kHz and a range of
acoustic pressure from 20 � Pa to 200 Pa. Owing to the wide range of pressure
(10 million times) that causes the sensation of hearing, a logarithmic scale is
used to express the sound pressure level (SPL, � � ) in decibels (dB). The SPL is
defined by equation 5.1, where � is the root-mean-square sound pressure in Pa
and � � is the reference sound pressure, which is 20 � Pa for air.

� � 	 ��� � ��� � �
� � � � (5.1)

In general, for noise due to a composite of sounds with different frequencies,
the total sound pressure level is given by equation 5.2.

� � 	 ��� � ��� �� � � � ��� ��� � ����� (5.2)

The amount of noise produced by a machine can not be necessarily quanti-
fied by measuring the sound pressure. The sound power has to be determined
instead, which is a better descriptor of the noisiness of a sound source. The
sound power level (PWL, �	� ) of a source is defined in dB by equation 5.3,
where 
 � is the reference power, which is 10

� � �
W for air.��� 	 ��� � ��� 



 � (5.3)

Related to the sound power is the concept of sound intensity, which is the
sound power in watts per unit area in m

�
, and is defined as the average rate

of energy flow through a unit area normal to the direction of propagation, as
given by equation 5.4, where

�� is the particle speed. The instantaneous sound
intensity, � �� , is a vector quantity whose magnitude and direction at any point
in space may vary with time. Note also that energy travelling back and forth
does not contribute to the averaged intensity, and thus there will be some net
intensity flow only if there is a net energy flow through the area considered.

�� 	 �
�

��
�
� �� 
 � (5.4)
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The sound intensity level, � � , of a source is defined in dB by equation 5.5,
where

� � is the reference intensity which is 10
� � �

W/m
�

for air.� � 	 ��� � ��� �
� � (5.5)

The sound pressure or sound intensity levels can be displayed and stored
in a spectrum analyzer for further post-processing. Frequency analyzers may be
based on either constant bandwidth or proportional bandwidth devices. The
constant bandwidth device is basically a tunable narrow-band filter with con-
stant bandwidth

� � 	 ��� � � � , where � � and ��� are the lower and upper
half-power frequencies. The proportional bandwidth device consists of a series
of relatively broadband filters such that the ratio � � � � � is constant. The centre
frequency � � of a proportional bandwidth filter is given by equation 5.6. The
most common proportional bandwidth filters are in the form that satisfies that� � � � � = 2

�

, where � =1 for octave band filters and � =1/3 for 1/3-octave band
filters.

� � 	 � � � ��� (5.6)

In order to reflect the response of the ear to different frequencies, a weight-
ing function (known as A-weighting function) approximating an inverted 40-
phon loudness contour is usually applied to the measured sound pressure level
and the result is expressed as dB(A). There are other weighting functions, as
shown in Figure 5.1. The B and C functions approximate the human response
at loudness levels of 70 phon and 90 phon respectively while D is a standarized
function for use in aircraft noise measurements. The A-weighting scale is the
most widely used since it best approximates the human response. Below 1 kHz
and over 6 kHz the A-scale is negative, representing a reduction in the sound
level in order to compensate for the human ear sensitivity in the lower and
higher frequency ranges.

5.3 Sound measurement techniques

Sound power can be related to sound pressure only under carefully controlled
conditions, where special assumptions are made about the sound field (Lai,
2000). The ‘free field’ describes sound propagation in idealized free space where
there are no reflections. These conditions are held in open air far from the
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Figure 5.1: The frequency weighting functions.

ground or in an anechoic room, where all the sound striking the walls is ab-
sorbed. In a free field the intensity

�
is related to the root-mean-square pressure

� by equation 5.7, where � is the speed of sound.

� 	 � �
� � (5.7)

Introducing this equation into 5.5 leads to equation 5.1, implying that in a
free field the sound intensity level is equal to the sound pressure level. Hence,
the sound power of a source can be determined by measuring the averaged
sound pressure level over a hypothetical closed surface in an anechoic room,
and is given by equation 5.8, where � � is the averaged surface sound pressure
level in dB and S is the area of the test surface in m

�
.��� 	 � � � ��� � ����� (5.8)

In a ‘diffuse field’ sound is reflected so many times that it travels in all
directions with equal magnitude and probability, and this field is approximated
in a reverberant room. In a diffuse field, equation 5.9 gives the relation between
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the intensity and the pressure.

� 	 � �� � � (5.9)

The sound power level of a source can be determined by measuring the
average sound pressure level inside a reverberation room. It can be calculated
from equation 5.10, where T is the reverberation time of the room in seconds,
V is the volume of the room in m

�

, S is the total surface of the room in m
�

and�
is the wavelength at the centre frequency of the frequency band in meters.

� � 	 � � � ��� � ��� � � ��� � ����� � ��� � ��� � � � � �� � � (5.10)

Traditionally, the only way of measuring how much sound power a machine
radiates was to place the machine in one of these rooms and measure the sound
pressure, which is related to sound power depending on the nature of the room.
However the sound power can also be calculated by means of sound intensity
measurements, where the power level is measured directly in situ. Although this
theory is old, it was not until the middle of the 1980’s when the new technology
made possible to develop devices for its practical application, and the interest
about this technique increased dramatically.

Sound intensity measurement technique

The intensity at one point is expressed as the product of the pressure and the
particle velocity at that point. This relation can be further developed and the
expression linking the sound intensity and the sound power is deduced as shown
in equation 5.11 (Brüel & Kjær, 1986).

� 	 � �� 	 � � � � �� ��� �
��� � � � � � � �� � � � 	 � � � � � �� ��� � � � � � � 		� �

� ���
� ��� � (5.11)

Sound intensity measurements are conducted placing the noise source of
interest inside an enclosing surface. For simplicity, the enclosure is usually se-
lected to be a rectangular frame, where the area of the different sides is calculated
straightforward. The average intensity flowing through each surface is measured
with a sound intensity probe, and the information is stored in a spectrum an-
alyzer. Multiplying this intensity by the area of the surface gives directly the
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power. The total sound power radiated by the source is calculated adding the
contributions from all the surfaces.

The advantage of this technique is that the measurements can be performed
in situ, even with steady background noise and in the near field of machines.
The requirement is that no other noise source apart from the one subject to
study must be located inside the enclosure. An external noise source will not
produce any net contribution to the calculated intensity, since the energy will
flow in and out of the enclosure and its overall effect will cancel when the power
contributions of the different sides are added. It is important to note that this
only holds if the external source is stationary, i.e. its noise does not vary in
time, and if there is no absorption material within the box as otherwise some
background noise will not flow out of the box again.

Sound pressure can be measured with a single microphone, but particle ve-
locity is more complicated. The equation governing the motion of the fluid
particles is the Navier-Stokes equation (Lai, 2000). Neglecting viscous effects
and in the absence of mean flow and turbulence it can be expressed as in equa-
tion 5.12, where

�
represents the direction of the flow.

�
� � �
� � 	 � � �� � (5.12)

This equation can be further linearized and expressed as:

� � 	 � �
� � �

� � � � � ��� � 
 � (5.13)

Hence, the particle velocity can be determined by measuring the pressures
��� and � � detected by two microphones closely spaced at a distance

� �
, as

shown in Figure 5.2. Sound pressure is a scalar quantity, i.e. it is the same
whatever the angle of incidence. However, sound intensity is a vector quantity.
When a two-microphone probe is used, only the component of the vector along
one direction, the probe axis, is measured. The dashed circumferences in fig-
ure 5.2 show an approximation to the dipole behaviour of the sound intensity
probe. For sound incident at 90

�
from the axis there is no component along the

probe’s axis, as there will be no difference in the pressure signals from the two
microphones. Hence, the reduction in the measured intensity will be infinite
and there will be zero particle velocity and zero intensity. For sound incident
at 0

�
, there will be zero reduction and the probe will measure the correct value.
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Figure 5.2: Sound intensity microphone and dipole characteristic.

For sound incident at any other arbitrary angle � from the axis, the intensity
component along the axis will be reduced by a factor of ���
	�� .

The choice of spacer depends on the frequency range to be covered, the
higher the frequency the shorter the spacer should be for the linearization in
equation 5.13 to hold. However, accuracy at low frequencies also depends on
the spacer used. In all analyzing systems there will be a small time delay be-
tween the two channels which introduces a small phase change, influencing the
results. This is a bias error called phase mismatch error. For a given probe and
analyzer combination, this error can be estimated to be around � 0.3 
 (Brüel
& Kjær, 1986). For an accuracy within 1 dB the phase change over the spacer
distance should be more than five times the phase mismatch. In order to obtain
a negligible high frequency error, the wavelength must be at least six times the
spacer distance. Thus, for a given spacer the inherent phase mismatch of the
equipment will cause a significant error in the measured intensity at low fre-
quencies. Since no single spacer can cover a wide frequency range, the spacer
should be selected depending on the frequencies of interest.

When the sound is incident at a certain angle from the probe’s axis, the
phase change that is detected is smaller since the effective spacer distance is
reduced, and this will imply that the phase mismatch error will become more
significant and the measurement range will be further reduced. One indicator of
the accuracy of the measurement is the reactivity index, ��� , which is measured
simply as the intensity level minus the pressure level during the measurement.
By measuring the reactivity index the phase change across the spacer can be
determined, and the influence of the phase mismatch in the accuracy of the
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results can be calculated. In a general sound field, the phase change varies from
point to point, but an average global value is often sufficient to give an idea of
the accuracy. In an ideal free field, the difference between the sound pressure
and sound intensity levels is zero. However, the phase mismatch causes a small
difference between the two signals, as if there were some intensity along the
spacer. Hence, apart from the errors introduced by the operator during the
measurements, which are reported through the reactivity index, there is another
source of error inherent to the equipment that can not be further reduced, and
it is called the residual intensity index, � ��� . This index can be determined by
using calibrating equipment to feed the same signal to the two microphones
and measuring the difference between the sound level and the intensity level.
The dynamic capability ��� of the sound intensity measuring system is defined
in equation 5.14. ��� 	 � � � � �

(5.14)

The measured reactivity index should be below the dynamic capability for
an acceptable accuracy in the measurements. For an accuracy within 1 dB, the
constant K is equal to 7 dB, which corresponds to a phase change in degrees
along the spacer distance of five times the phase mismatch.

5.4 Experimental set-up and instrumentation

The acoustic experiments were conducted in an anechoic room located in the
School of Aerospace & Mechanical Engineering, University College, The Uni-
versity of New South Wales. The internal dimensions of the room are 3.5 m x
3.5 m x 3.5 m, and the cut-off frequency is 150 Hz. The motor was mounted
in the centre of the room and rested on a test surface. In order to minimize the
noise contribution from the load, a 10 mm thick aluminium plate softly con-
nected on the surface was inserted between the motor and the load, as shown
in Figure 5.3. For the sound pressure level measurements a B&K type 4134
microphone was used, fed from a B&K type 2804 power supply. The signal
from the microphone was amplified using a B&K type 2639 amplifier and then
sent to the analyzer. The microphone was calibrated using a B&K type 4220
piston-phone, taking into consideration the corrections that should be applied
depending on the temperature and pressure measured inside the anechoic cham-
ber.
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Figure 5.3: Set-up inside the anechoic chamber.

The equipment for driving the motor was placed outside the anechoic
room, see Figure 5.4. The load motor was driven by an inverter type VSC2000,
manufactured by Zener Electric. The inverter was set with a fixed switching
frequency of 8 kHz. The test motor was driven from a conventional converter
connected to a control system module developed at the Dept of Industrial Elec-
trical Engineering and Automation, Lund University. The control module was
fed by a separate voltage source and contained several cards with different func-
tions: estimation of the flux from the three phase measured voltage, measure-
ment of the current from two phases, and scaling of the d.c. link voltage in the
converter. These signals were connected to the DSP card through a maximum
of 16 analog inputs, and a 50 pin connector cable was used for the connection
between the DSP and PWM cards. The switching frequency in the modulator
was 20 kHz. The reference values for the direct and quadrature main currents
in the DSP were set with two potentiometers, and the added noise currents were
controlled by two separate signal generators. The response of the motor to ran-
dom noise current excitation in the range from 0 Hz to 10 kHz was also tested
using a separate B&K type 4205 sound power source. The microphone was
connected to a HP 3569 A real time frequency analyzer, where the spectrum of
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the measured noise was stored for further post-processing.

Figure 5.4: Set-up for the control equipment.

The noise components added from the signal generators had the same fre-
quency, and different amplitude combinations were selected for the direct and
quadrature currents, in order to study how the sound emissions were influenced
by this phenomena. The maximum amplitude of the added noise current, de-
fined as ‘2m’, was determined taking into consideration the saturation limits in
the machine. The value of the direct current was reduced so that when the noise
current was added, the maximum value of the resultant waveform did not reach
over the nominal value of the direct current, see Figure 5.5. The effective mag-
netizing current in the motor was equal to 2.21 A, which led to a peak direct
current of 3.82 A, if the power invariant transformation is used. The maximum
amplitude of the noise excitation, 2m, was selected to be 0.5 A, so the new d.c.
value for the direct current became 3.82 - 0.5 = 3.32 A, which corresponds to
87% of the rated value. The rest of the excitation amplitudes for the exper-
iments were selected corresponding to half and one quarter of the maximum
excitation, i.e. 0.25 A and 0.125 A, defined as ‘m’ and ‘m/2’ respectively. The
effective quadrature component of the current was equal to 3.6 A, which using
the power invariant transformation led to a peak quadrature current of 6.23 A.
In the same way as for the direct excitation, the current was reduced in order
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not to reach over the nominal value when the noise excitation was added.
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Figure 5.5: Modulation of the direct current.

The direct and quadrature currents calculated in the DSP were written in
the digital outputs. Their d.c. components were displayed in two multimeters
and their frequency components were checked in a ONO SOKKI CF-350 real
time spectrum analyzer. The peak value was displayed using a hanning window
and the spectrum was averaged for 256 samples with 50% overlap. The spec-
trum of the currents was flat except at the frequency of the noise added with
the signal generators. Before starting the measurements, the amplitude of the
noise current in the signal generators was adapted until the desired average value
was obtained in the spectrum analyzer, corresponding to an amplitude of either
‘2m’, ‘m’ or ‘m/2’ as described above.

Regarding the sound intensity measurements, a HP 35230 A sound inten-
sity arm was used, equipped with two condenser microphones of the type HP
35237 A. The spacer used was 12 mm long, covering frequencies up to 5 kHz.
The measurements were performed according to ISO 9614-2, which is a draft
international standard for measurement of sound power via surface scanning of
sound intensity. One requirement is to measure the residual intensity index for
the entire measurement system. This value is directly related to the dynamic ca-
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pability ��� , by subtracting 7 dB, and should be saved since ISO 9614 requires
it to be compared with the reactivity index obtained from the measurements.
If the reactivity index is greater than � � in any 1/1 or 1/3-octave band, the
sound power measurement is inadequate in that band. The residual intensity
index of the measurement system was determined using a B&K ZI0055 piston-
phone mounted on a B&K UA0914 sound intensity calibrator, and it is shown
in Figure 5.6.
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Figure 5.6: Measured residual intensity index.

Sound pressure as well as sound intensity measurements were conducted
with the motor placed inside the anechoic chamber. The sound pressure mea-
surements were carried first with the machine at stand still, and four different
positions of the rotor were studied in order to quantify the importance of the
eccentricity. The response was measured when two different excitation frequen-
cies were used, at 490 Hz and 1105 Hz. These frequencies corresponded to
two of the resonance frequencies of the stator-casing coupling measured experi-
mentally. Different combinations of the amplitude of the direct and quadrature
noise current components were selected, as shown in Figure 5.7. The case when
the noise current is fed from the white noise source is noted with ‘wn’. The
same experiments were conducted with the machine rotating at 70 r.p.m. This
low speed was selected in order to minimize the effects of the aerodynamic and
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the mechanical noise. The sound intensity measurements require considerably
more effort, and a lower number of combinations were tested, as shown in Fig-
ure 5.8. Under load, the same experiments as in no load were conducted, with
the exception of the stand still tests.

PSfrag replacements
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Figure 5.7: Diagram of combinations tested with SPL measurements.

5.5 No load tests results and analysis

Sound pressure tests of the motor at stand still and no load.

The measurements were conducted with the rotor fixed at four different posi-
tions, spaced 90 degrees between each other. In order to accurately determine
the position of the rotor, a mechanical system was attached to the shaft and
fixed to the test frame, as shown in Figure 5.9. Four holes were drilled around
the wheel attached to the shaft, and by coupling them with the bar resting on
the test frame the rotor was rotated to the desired position.
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Figure 5.8: Diagram of combinations tested with PWL measurements.

Figure 5.9: Set-up for the stand still tests.

The motor was fed with direct and quadrature current components corre-
sponding to the combinations shown in Figure 5.7, with a frequency of 490
Hz and 1105 Hz. The sound pressure level measured with a single microphone
inside the anechoic chamber were stored in the spectrum analyzer, where the
resolution for the narrow band plot of the spectrum was 1600 lines in a range
from 0 Hz to 6.4 kHz. These results were post-processed in order to obtain a
single representative value for each measurement, which would serve as a basis
for their comparison. This was achieved by adding the values at the 1600 point
frequencies from the spectrum, using equation 5.2. An example of the results
using this procedure is presented in Figure 5.10, which shows the spectrum at
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the four positions for a noise excitation of amplitude ‘m’ and a frequency of 490
Hz, added both to the direct and quadrature currents. Above each window, the
overall SPL both in dB and dB(A) is included.

Figure 5.10: Measured SPL when d=m, q=m, f=490 Hz. No load, stand still at
four different positions.

A comparison between all the cases at the four different positions is shown
in Figure 5.11. This comparison is based on the total SPL in dB for each
measurement, which was preferred to dB(A) since it gives more appropriate in-
formation about the real sound emitted from the motor, without been modified
by any sensitivity factor.

In Figures 5.11, 5.12 and similar figures in this Chapter, the different cases
are represented as a combination of two terms separated by a coma along the
horizontal axis. The values of the curve corresponding to the ‘d’ current in the
legend should be read as the case where the direct current corresponds to the
first term and the quadrature current to the second term of the combination.
And the opposite is applied for the values of the curve corresponding to the ‘q’
current in the legend: the quadrature current corresponds to the first term, and
the direct current to the second term of the combination. For example, in the
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combination [m/2,0] the value of the curve associated with the ‘d’ in the legend
corresponds to the combination [d=m/2, q=0], whereas the value of the curve
associated with the ‘q’ corresponds to the combination [d=0, q=m/2]. Also note
that the combinations have been selected so that the value of the modulation of
the first term is greater than the second one. This means that the d-curve will
represent the cases when the modulation of the direct current is greater than
the quadrature current (direct modulation), while the q-curve will correspond
to the cases when the modulation of the quadrature current is greater than the
direct current (quadrature modulation). Taking this into consideration, it can
be observed that for every case the total � � for the direct modulation is greater
than the corresponding quadrature modulation. However, the values for the
same case at different rotor positions may vary considerably, and this behaviour
was associated with the variation of the eccentricity of the rotor with respect to
the stator at the different positions, i.e. the dynamic eccentricity. In this case,
the closest point between the stator and the rotor is shifted with the rotation,
and the airgap at the point in the line of the microphone is changed. This in
turn changes the airgap force, and hence the level of sound radiation in that
direction.

The results obtained by averaging the values between the four different po-
sitions are presented in Figure 5.12. As it should be expected, the overall � �
increases with the level of modulation, from ‘m/2’ to ‘2m’. The graphs also show
that, in all the cases, the level is higher when modulating the direct current than
in the case of the quadrature current. At 490 Hz, the differences are around 7
dB when one of the noise currents is set to zero and the other one is modulated
with different amplitudes. At 1105 Hz, the difference at these points changes
from 4 dB to 9 dB. These increments are maintained at 1105 Hz when both
currents are modulated, while at 490 Hz the direct and quadrature response are
closer to each other. Comparing the results at both frequencies, the � � at 490
Hz is around 10 dB higher than at 1105 Hz.

The main indications obtained from the stand still tests are the higher noise
emissions obtained in the case of direct current modulation, as well as the influ-
ence of the dynamic eccentricity in the measurements. It is thus important to
perform the measurements under rotation, in order to obtain an average value
from all the positions of the rotor.
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Figure 5.11: No load SPL at 4 different positions.
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Figure 5.12: Averaged no load SPL results at stand still.

Sound pressure tests of the motor at low speed and no load.

The set-up for the experiments with the machine rotating was the same as for
the stand still tests, now without any constrain in the shaft of the rotor. A low
rotation speed of 70 r.p.m. was selected in order to minimize the mechanical
noise caused by the vibrations of the machine. Also, the aerodynamic noise is
reduced since the machine is cooled by means of a fan attached to the rotor.
Nevertheless, the case when no noise current is added to the fundamental was
also measured, in order to account for these effects. Since the switching fre-
quency in the inverter is very high, around 20 kHz, it was assumed that no
electromagnetic noise contributions with converter harmonic origin were pro-
duced in the frequency range for the measurement. In this way the contribution
of the combined mechanical and aerodynamic noise was estimated, and the re-
sults are presented in Figure 5.13. The narrow band plot was post-processed
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and converted into a 1/3 octave band plot, in order to improve its visual inspec-
tion. The centre frequency was calculated using equation 5.6 and the single � �
values for the frequencies included in each band were added using equation 5.2.
The total � � is included above the narrow band plot as the parameter Lpav.
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Figure 5.13: Measured SPL when d=0, q=0, no load, 70 r.p.m.

In order to see the rate of change in the noise emissions of electromagnetic
origin, the direct and quadrature noise currents were fed alternatively from a
white noise source, and the results are presented in Figures 5.14 and 5.15. It
can be observed that the increase in the � � when introducing the noise is in
the order of 20 dB, which implies that the contributions of the mechanical and
aerodynamic components can be neglected in the measurements.
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Figure 5.14: Measured SPL when d=wn, q=0, no load, 70 r.p.m.
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Figure 5.15: Measured SPL when d=0, q=wn, no load, 70 r.p.m.

A summary of the results for the different current excitations both at 490 Hz
and 1105 Hz is presented in Figure 5.16. It can be appreciated that the direct
modulation still produces more noise than the quadrature modulation. The
difference is more accentuated at 490 Hz, where the average difference in sound
pressure level is 5 dB, whereas at 1105 Hz this difference decreases to 2 dB. As
in the stand still results, the � � increases linearly with the modulation, except
in the case of direct modulation when noise is added to both the direct and
quadrature currents. Comparing both frequencies, the overall sound pressure
level is higher at 1105 Hz compared to 490 Hz. The increment is more clearly
visible in the quadrature modulation, with an average difference of 6 dB, than
in the direct modulation, where the average difference is 3 dB.

Compared to the averaged results from the stand still tests, it can be ap-
preciated that the SPL is lower when the machine rotates. Actually, the values
from the stand still tests are not a good representation of the average around
the whole motor. It might be the case that the values at the four positions give
higher results compared with other positions along the circumference.
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Figure 5.16: No load results at 70 r.p.m.

5.6 Load tests results and analysis

Sound pressure tests of the motor at low speed and load.

The machine was loaded with another identical asynchronous motor. A plate
was set between the two machines in order to minimize the influence of the
noise produced by the load in the sound measurements. Also, the load mo-
tor was covered with eight layers of barium loaded vinyl, with a thickness of 1
mm each approximately, so as to further reduce its noise emissions. The mag-
nitude of the mechanical and aerodynamic noise from the load coupling were
estimated as in no load, by measuring the noise emissions when no extra noise
is added to the fundamental current. The results are presented in Figure 5.17,
and compared to the no load case, it can be observed that the new coupling is
producing less noise.
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Figure 5.17: Measured SPL when d=0, q=0, load, 70 r.p.m.

As in no load, the increase in the noise emissions of electromagnetic ori-
gin was measured by feeding with white noise signals the direct and quadrature
noise currents, and the results are presented in Figures 5.18 and 5.19. It can be
observed that the increase in the sound pressure when the noise is modulated is
around 25 dB, which leads to the conclusion that the aerodynamic and mechan-
ical contributions to the overall noise can be neglected. Comparing these plots
with the corresponding under no load, the noise produced when the machine
is loaded is around 5 dB lower.
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Figure 5.18: Measured SPL when d=wn, q=0, load, 70 r.p.m.

A summary of the results obtained for the different combinations of noise
currents at the frequencies of 490 Hz and 1105 Hz is presented in Figure 5.20.
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Figure 5.19: Measured SPL when d=0, q=wn, load, 70 r.p.m.

As well as it happened in the no load case, the noise emissions are increased
in the direct modulation compared to the quadrature modulation, again by an
averaged factor of 5 dB and 2 dB at 490 Hz and 1105 Hz respectively. The
sound pressure level at 1105 Hz is also slightly higher than at 490 Hz, with an
increment of 1 dB and 3 dB for the direct and quadrature currents respectively.
Comparing the load and no load results, it can be observed that the sound
pressure level decreases when the machine is loaded. The decrease in the direct
and quadrature currents at 490 Hz is 6 dB and 4 dB respectively, whereas at
1105 Hz it reaches 8 dB for the direct current and 7 dB for the quadrature
current.

5.7 Sound intensity measurements

The sound pressure measurements provide quick information about the level
of noise at one particular point inside the anechoic chamber. However, due to
the directionality of the sound radiation in an electrical machine, which can be
quite different for different modes, the results obtained from one single point
measurement are likely misleading. Using several microphones would provide
more accurate results, but still the level of accuracy is limited. Hence, the most
proper way to quantify acoustic noise from motors is to use sound intensity
measurements, in order to determine the total sound power radiated. These
measurements were conducted both under no load and load for the cases pre-
sented in Figure 5.8. For each case, the averaged spectrum of the sound inten-
sity level flowing through each one of the four free sides of the frame containing
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Figure 5.20: Load results at 70 r.p.m.

the motor was measured, and the results for the no load case are presented in
Appendix C, and for the load case in Appendix D. These appendices present
the values of the intensity measured through each side of the frame, as well
as the measured reactivity index. In the plot of the reactivity index there are
two dashed lines, which define the dynamic capability � � of the system. With
the exception of some low frequencies in the load measurements, it can be ob-
served that the reactivity index is contained between the limits of the dynamic
capability, which supports the validity of the sound intensity measurements.

From the measured sound intensity level in each side, the intensity can be
obtained from equation 5.5, which multiplied by the area of that side leads
to the power. Adding the contributions of all the free sides provides the total
power radiated, and the sound power level is obtained using equation 5.3. The
no load results are presented in Figure 5.22, and the load results in Figure 5.23.
A comparison between the PWL at 490 Hz and 1105 Hz both in load and no
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load is shown in Figure 5.21.

Figure 5.21: Comparison of sound intensity measurements results.

From all these results it can be observed again that the direct modulation
produces more noise than the quadrature modulation. In no load the average
difference is 4 dB at 490 Hz and 7 dB at 1105 Hz. Under load this difference
is reduced to 1 dB and 3 dB at 490 Hz and 1105 Hz respectively. It can also
be appreciated that the PWL at 1105 Hz is higher than at 490 Hz. In no load
the increment in the direct current is 5 dB and in the quadrature current 2
dB. Under load this increment becomes 0.5 dB and 2 dB for the direct and
quadrature current respectively. Finally, the PWL decreases when the machine
is loaded. The decrease at 490 Hz when the direct current is modulated is 9
dB, and 6 dB in the case of the quadrature current. At 1105 Hz this decrease
becomes 13 dB and 9 dB for the direct and quadrature current respectively.
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(a) d=0, q=m, 490 Hz. (b) d=0, q=m, 1105 Hz.

(c) d=m, q=0, 490 Hz. (d) d=m, q=0, 1105 Hz.

(e) d=0, q=0.

Figure 5.22: No load PWL results at 70 r.p.m.
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(a) d=0, q=m, 490 Hz. (b) d=0, q=m, 1105 Hz.

(c) d=m, q=0, 490 Hz. (d) d=m, q=0, 1105 Hz.

(e) d=0, q=0.

Figure 5.23: Load PWL results at 70 r.p.m.
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5.8 Summary and Discussion

The no load stand still tests show a considerable change in the total sound pres-
sure level at four different positions, indicating that the dynamic eccentricity
is an important factor to consider in the test motor. Hence, an average value
of the noise emitted at a certain position is obtained by operating the machine
at low speed. This also minimizes the influence of the mechanical and aerody-
namic noise in the measurements, which are found to be negligible compared
to the noise produced by the electromagnetic forces.

The sound pressure measurements reveal that the noise emitted increases
with the level of modulation almost linearly. The results from direct and quadra-
ture modulation are closer at 1105 Hz compared to the 490 Hz case, and the
level of noise measured at 1105 Hz is greater than at 490 Hz. This is due to
the fact that these two frequencies excite different modes of vibration and hence
the amplitude of the vibration in the direction where the microphone is placed
may be quite different. The directional behaviour of the noise radiation implies
that single point sound pressure measurements are likely misleading.

The most proper way of quantifying the acoustic noise from motors is to
measure the sound power through sound intensity measurements, where all the
space surrounding the motor is taken into consideration. These results show
that direct modulation produces more noise than quadrature modulation, as
well as the decrease in the noise emissions when the machine is loaded. The
excitation of the motor structure can be more easily understood analyzing the
movement of the flux vector from the stationary 
�� system. When the direct
current is modulated, the amplitude of the flux vector fluctuates in the same di-
rection as the d-axis, exciting the motor structure with radial forces. When the
quadrature current is modulated the phase of the flux vector fluctuates around
the d-axis, since the 
 � system can not follow the high frequency phase fluctua-
tion of the flux vector. Hence, the path followed by the tip of the vector in this
case is perpendicular to the d-axis. The magnitude of the radial component of
the flux remains unchanged, whereas the tangential component fluctuates with
the same frequency as the quadrature current. This movement implies that the
amplitude of the flux vector is slightly changed, although the variation is very
small for the level of the noise current considered. Hence, when the quadrature
current is modulated it can be assumed that only tangential forces excite the mo-
tor structure. Although the radial and the quadrature excitations have the same
amplitude and frequency, the acoustic response from the motor is different.
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This indicates that the excitation of the mode of vibration at that frequency is
somehow decreased when the quadrature current is modulated, and this might
be due to the different physical response of the structure to the excitation.

In general, it can be observed that the noise emissions are considerably re-
duced under load, compared to the no load situation, and this could be due
to the added stiffness provided by the coupling between the test motor and the
load. However, since the influence of the mechanical forces was found to be
negligible in the measurements, the cause for the noise reduction should have
an electromagnetic origin. When the machine is loaded, the currents induced
in the rotor are considerably increased, which contributes to decrease the flux
level in the machine, and hence the electromagnetic stresses. Also, it is be-
lieved that the increased stiffness of the coupling would play an important role
in reducing the influence of the eccentricity in the noise emissions, as well as
the vibration of the rotor. The results from the sound intensity measurements
also reveal that the difference in the noise emissions between direct and quadra-
ture current modulation is importantly decreased when the machine is loaded.
This seems to indicate a different physical behaviour of the structure when the
machine is loaded, compared to the no load situation. Also, the large rotor cur-
rent compared to the noise harmonics might damp down the electromagnetic
response.
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Chapter 6

Influence of stator structural
changes in the noise emissions

6.1 Introduction

Adjustable-speed drives in industry and commercial buildings embodied as con-
verter fed a.c. induction motor drives have a major drawback in increased mag-
netic noise. There is a devastating interaction between the fundamental airgap
flux and harmonic components in the voltages and currents from the converter,
but there are remedies. Numerous studies have been published about how to
change the switching pattern in the converter in order to reduce these harmon-
ics, or move them to a frequency range where the human ear is less sensitive.
However, not enough efforts have been oriented towards a change in the struc-
ture of the motor, in order to reduce these noise emissions. The aim of this
chapter is to evaluate the influence that several structural changes in the stator
have in the acoustic behaviour of the machine.

Previous work

Some structural changes introduced at the department intended to isolate the
outer surface of the stator, and therefore the surrounding air, from the vibrations
transmitted through the teeth into the core. For this purpose some ‘air gaps’
could be introduced in the back of the core and this idea was already presented
by Andersson and Skarrie (1997). They developed a theoretical study where
the air gaps in the new mass-spring-mass system (inner core - air gaps - outer
core) were optimized so as to reduce the vibrations of the new structure. A
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prototype was built and tested but the experimental results showed that the
new configuration did not improve the acoustic behaviour compared to the
original structure. The work presented in this chapter has tried to contribute to
the understanding of the mechanisms of noise production in this novel design,
by studying the structural and acoustic behaviour using the FEM and BEM
methods.

6.2 Basic model

The airgap forces excite the stator structure and the vibrations are transmitted
through the teeth into the core, and then into the surrounding air. The stiffness
of the teeth in the tangential direction is less compared to the core, and there-
fore they can contribute also to the vibration of the stator. This contribution
becomes more important if the tangential airgap forces are big enough to in-
duce a tangential movement of the teeth. However, the influence of the radial
forces in the teeth is negligible, and these mainly serve as a path for the trans-
mission of the excitation into the core. The studies presented in this chapter are
only concerned with the transmission of the vibrations from the core into the
surrounding air, independently if the teeth contribute or not to these vibrations.

The core was modelled in ANSYS as a cylinder using Solid45 elements,
see Figure 6.1. In order to simulate the laminated nature of the structure, the
Young modulus in the circumferential and in the longitudinal direction was dif-
ferent, 2.72x10

�

and 1.36x10
� �

respectively. The element type and the physical
properties of the cylinder correspond to the ones used in the stator of the motor
presented in Chapter 4. These properties provided a good correlation between
the experimental and simulated results from the modal testing analysis of the
motor. The cylinder had an inner radius of 67.69 mm, an outer radius of 93
mm and a length of 60 mm, and the number of nodes an elements was 4032
and 3024 respectively. Since this model will also be used in SYSNOISE, the
size of the elements had to be adapted in order to achieve good accuracy in
the following acoustic calculations, which required a minimum of six elements
per wave length. The upper frequency for the acoustic analysis was set to 5
kHz, and thus the maximum length allowed for any of the three dimensions
of the elements was 11.33 mm. In order to meet this specification, the num-
ber of divisions along the circumferential and longitudinal directions were 72
and 6 respectively. With this distribution, the area of each element in the in-
ner circumference became 2.1e-5 m

�
. In the radial direction the structure was
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Figure 6.1: Cylindrical model of the core.

meshed in a series of layers graded towards the surface of the cylinder, where the
modifications will be introduced.

There are generally two different methods for calculating the noise radiation
from a structure in SYSNOISE. One method requires the use of an additional
FEM software to calculate the vibration on the structure. This information is
imported into SYSNOISE and thereafter a BE analysis is performed using the
vibration information (either displacement or velocity), calculated previously
in the FEM software, as the input to calculate the sound power. The second
method consists on the use of the FEM software (ANSYS in this case) to per-
form a modal analysis so that the modal vectors are obtained and stored in a
results file which is imported into SYSNOISE. Then, a FEM model is set up in
SYSNOISE specifying the force as input and using the FEM model as well as the
modal vectors from ANSYS to calculate the vibration response (displacement or
velocity). After that, a BEM model is set up, where the vibration response cal-
culated in the previous step is used as an input to calculate the radiated sound
power. This second method is the one used for the SYSNOISE calculations in
this thesis.

A modal analysis of all the structures presented in this chapter was per-
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formed in ANSYS using the subspace method, and extracting all the modes
of vibration up to 5 kHz. These modes, together with the geometry, were
imported into SYSNOISE and the acoustic response was calculated for a mag-
nitude of the applied stress equivalent to 5e-4 N/m

�
, which corresponded to a

force of 1.05 N at each element located in the inner surface of the cylinder. The
components of the applied force at the nodes were set so that the magnitude
of the force was the same for all the nodes and the direction pointing radially
outwards. The BEM model was solved using the BE Indirect approach, which
solves both the interior and exterior problems simultaneously, i.e. it assumes
that the acoustic fluid is present on both sides of the surface, in the cavity and
around the cylinder. In contrast, the BE Direct approach solves either the in-
terior or exterior problem, and hence it assumes that there is fluid in only one
side of the surface.

The acoustic results are taken directly from the SYSNOISE output file.
It is important to distinguish between mechanical input power and vibration
input power. The mechanical input power in the structure is defined as the
product between the force and the vibration velocity at the driving point. In
our case study, this power is converted into two components: the vibration
input power of the structure and the power dissipated by structural damping.
The vibration input power, in turn, produces acoustic power depending on the
radiation efficiency. In the following, the vibration input power will be referred
simply as input power. The calculation of the active sound power depends on
the method used, i.e. BE Direct or BE Indirect. In the indirect method the
formula for the input power is given by equation 6.1:


 � 	 � � � �� �� 
 � (6.1)

where � is the density of the fluid (air in this case), � is the speed of sound,
�� ��

is the space average mean-square normal velocity of the surface, and � is the
area of the radiating surface. The output power is calculated with equations 6.2
or 6.3, for the cases where velocity or pressure boundary conditions are defined
respectively:


 �
	 �

�
�

� � � 
 � (6.2)


 �
	 �

�
� � � �� � � � 
 � (6.3)
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where � is the potential, � is the pressure and
�

is the radiation efficiency, which
is calculated as: � 	 
 �


 � (6.4)

It should be noted that the radiation efficiency calculated in this way is
equivalent to the definition found in the specialized literature, which is the ratio
of the sound power radiated by the structure to the sound power radiated by a
piston (which is large compared with the acoustic wavelength) vibrating with
the same space-average mean-square velocity as the structure, see equation 6.5
(Harris, 1991). If the spatial velocity is uniform then the behaviour is like in the
case of the piston. If the spatial velocity is not uniform, then the behaviour is
similar to a piston with a uniform velocity equal to the spatial averaged velocity
of the structure. � 	 
 �

� � � �� �� (6.5)

These equations are evaluated through all the radiating surfaces, and the
results for the active sound power will be similar as determining it over a closed
surface enclosing the source, as it is done experimentally by means of sound
intensity measurements. When using the BE Indirect method with two models
(structural and acoustic), only the ‘uncoupled’ option is available for the simu-
lation. This is due to the fact that the coupling is implicit when the two models
are linked. In this link, the coupling between the fluid and the structure is de-
fined, and the ‘weak’ option was used. This is valid when the fluid is air, since
the modes of vibration of the structure are not modified by the surrounding
fluid. Nevertheless, simulations were performed using a ‘strong’ coupling and
the changes in the results were negligible.

The geometry analyzed presents a cavity, and therefore the ‘non-uniqueness’
problem may appear. This means that there is more than one solution at a given
frequency, but it is not possible to know whether the solution has converged to
the right answer. The unreal solutions correspond to the resonance frequencies
of the cavity and when a solution is obtained for one of these frequencies, the
only way of ensuring that the solution converges to a correct answer is to control
that the sound pressure field inside the cavity does not become large because of
resonance. When using a BE Direct method this can be achieved specifying
a minimum number of points inside the cavity, where the sound pressure is
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constrained to be zero. In this case the solution is ‘overdetermined’, since there
are initially � equations and � unknowns but, by specifying additional points
inside the cavity, new constraints are introduced overspecifying the problem.
When using a BE Indirect method this problem is defined as a ‘non-existence’
problem, and the treatment is to add some impedance (absorption) inside the
cavity. However, according to the SYSNOISE manual, impedance elements
should not be used inside closed volumes in a BEM Indirect model which is
linked to a structure. In this case, ‘singularities’ in the response will be due
to physically-correct behaviour, the interaction of internal resonances of the
volumes through the flexible structure to the exterior. Since all the models in
this thesis are simulated by using a BEM Indirect model which is linked to a
structure, the ‘non-uniqueness’ problem will not be present and no remedy is
needed for this phenomena.

The superposition method was used for the acoustic analysis in SYSNOISE.
This method is based on a linear summation of the contributions from the
different modes. Each mode can be represented as a curve with a resonance at a
certain frequency. The response at the resonance frequency is dominated by the
mode at that frequency. At any other frequency, the response depends on the
location of the nearby resonance frequencies and the amount of modes involved
in the addition. The results obtained from the original model are presented in
the following sections, where they are compared with other cases where some
changes are introduced in the core structure.

6.3 Zig-zag gap model.

The shape of the zig-zag gap is shown in Figure 6.2. The gaps are distributed in
two adjacent layers and shifted so that the radial component of the vibrations is
prevented from escaping to the surrounding air by always hitting an air barrier.
These gaps were located very close to the outer surface of the stator in order
to reduce their interaction with the natural paths followed by the flux. The
properties of the material are the same as in the basic model. The number of
nodes remained constant, while the number of elements was reduced to 2448.

The fact that some iron material is replaced by air involves a decrease in
the weight of the structure, which in turn affects the modal frequencies. The
influence of this modification in the weight was studied comparing two cases:
first, the density of the new model matched the density of the basic model,
which implied a decrease of its total weight; and second, the density of the
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Figure 6.2: Zig-zag gap model.

new model was increased so that the weight matched the one from the basic
model. The new modal frequencies of both zig-zag models were calculated in
ANSYS and imported into SYSNOISE, where the same force as described in the
previous section was applied, and the solution was obtained for all the modal
frequencies from the different models.

The set up for the simulation is exactly the same as for the basic model. It
should be noted that the frequencies of the zig-zag gap model with a new density
would present slightly different resonance frequencies compared to the constant
density case, but their response is still very similar, as shown in Figure 6.3. This
figure shows a comparison between the total sound power level (PWL) radiated
by the different structures, when a damping of 0.01 is used. The response of the
two zig-zag models is very similar up to 3 kHz, and above that limit the curve of
the constant weight model is slightly shifted to the left, as it would be expected
since the modal frequencies decrease when the mass of the system is increased.
Compared to the basic model, the response when the zig-zag gaps are included
shows no sign of improvement, the overall sound power level is mainly shifted
towards lower frequencies. There is a peculiar behaviour between 2 kHz and 3
kHz, characterized by a sudden decrease of the PWL. The radiation efficiency
in this region is significantly more accentuated in the zig-zag model, as it is
shown in Figure 6.4. From this Figure, it can be observed that above 4 kHz,
even if the radiation efficiency is considerably lower in the zig-zag model, the
PWL is higher compared to the basic one. This behaviour can be explained due
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Figure 6.3: PWL of basic and zig-zag gap models, damping 0.01.

to the fact that the input power in this region is higher in the zig-zag model, as
it is shown in Figure 6.5. Although the force applied is the same between the
different models, so is not the input power because the structures are different.
The structure with gaps is less stiff and has less mass, so it would be expected to
present a higher response velocity and therefore higher input power.

The influence of the damping was also tested for the case of the structure
with the zig-zag gap having the same weight as the basic model. The damping
was increased up to 0.1 and decreased down to 0.001 and the results are pre-
sented in Figure 6.6. A decrease in the damping is followed by a higher PWL
at the resonance frequencies above 3 kHz. When the damping is increased the
response above 3 kHz experiments an important reduction of the PWL and the
resonance peaks are no longer represented. This behaviour is explained since
the input power is also reduced above 3 kHz due to the lower response velocity
of the structure when the damping is increased, as shown in Figure 6.7.

The results obtained from this section agree with the experimental results
presented by Andersson and Skarrie (1997), when a motor was built and tested
using a stator of similar characteristics to the one presented in this section. That
is, the acoustic response is not improved when the gaps are introduced around
the stator, and it is characterized by a shift in the resonance frequencies.
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Figure 6.4: Radiation efficiency of basic and zig-zag gap models, damping 0.01.
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Figure 6.5: Input power of basic and zig-zag gap models, damping 0.01.
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Figure 6.6: PWL of zig-zag gap model with constant weight for different damp-
ings.
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Figure 6.7: Input power of zig-zag gap model with constant weight for different
dampings.
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6.4 Four gap model

The idea of introducing the gaps in the back of the stator core was based in the
assumption that the vibrations are mainly transmitted through iron and that the
air barriers would contain these vibrations within the inner part of the core, thus
isolating the outer part and also the surrounding air. The unsatisfactory results
were initially attributed to the fact that the vibrations could still be transmitted
through the thin iron paths located between the two air gap layers. Hence,
reducing the amount of these paths would contribute to a better isolation, and
this led to the study of a new geometry.

The new model was built replacing the iron by air between the gaps and also
between the two layers in the zig-zag gap structure, leaving only four points of
connection around the motor between the inner and outer parts of the core, see
Figure 6.8. The new modes were calculated in ANSYS both when the weight
and the density are maintained constant compared to the basic model. The ma-
terial properties remained unchanged, and the amount of nodes and elements
decreased to 3136 and 1800 respectively. The analysis in SYSNOISE presents
the same characteristics as in the previous sections.

Figure 6.8: Four gap model.

The inner surface of the cylinder was excited with the same force used in
the previous cases, and Figure 6.9 shows a comparison of the PWL obtained
from the new structure and the basic model. The overall PWL is increased
due to the fact that the four gap structure presents more resonance frequencies
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within the same frequency range. The increase in the mass when the weight
matches the one from the basic model is translated into a shift to the left of
the curve below 2.5 kHz. The values obtained for the radiation efficiency are
considerably higher than both the basic and zig-zag gap models, as shown in
Figure 6.10. This behaviour corresponds to an input power considerably lower
than the PWL at the resonance peaks above 2.5 kHz, as shown in Figure 6.11.
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Figure 6.9: PWL of basic and four gap models, damping 0.01.

The influence of a change in the damping of the structure was also studied
and the results are presented in Figure 6.12. The response below 2.5 kHz is
amplified at the modal peaks when the damping is decreased while the PWL
is considerably lower at those frequencies when the damping is increased. This
behaviour is explained due to the lower input power below 2.5 kHz when the
damping is increased, as shown in Figure 6.13. The reduction in the number
of iron paths between the inner and the outer core is not corresponded with a
decrease in the noise emissions. Actually, the acoustic behaviour of the structure
is worsened, mainly due to the increase in the number of resonance frequencies
that the structure presents within the same frequency range. A theoretical study
where there are no connections between the inner and the outer parts of the
core would reproduce the maximum achievable level of isolation.
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Figure 6.10: Radiation efficiency of basic and four gap models, damping 0.01.
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Figure 6.11: Input power of basic and four gap models, damping 0.01.
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Figure 6.12: PWL of four gap model with constant weight for different damp-
ings.

1000 2000 3000 4000 5000
60

70

80

90

100

110

120

130

140

Frequency [Hz]

In
pu

t P
ow

er
 [

dB
]

Damping = 0.01
Damping = 0.001
Damping = 0.1

Figure 6.13: Input power of four gap model with constant weight for different
dampings.
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6.5 Ideal gap model

The ideal model was built setting a continuous gap which separates completely
the inner and outer parts of the core, see Figure 6.14. The material properties
remained unchanged and the number of nodes and elements were 3528 and
2160 respectively. This relative increase compared with the four gap model is
due to the fact that one of the thin layers close to the surface was not replaced
by air. Although there is no physical connection between the two rings, AN-
SYS calculated the modes for both of them. These modes were imported into
SYSNOISE, where the same force used in the previous models was applied to
the nodes in the inner surface of the cylinder. The set up for the simulation was
exactly the same as in the previous cases.

It should be noted that the link between the inner cylinder and the outer
cylinder is still provided through the air, which transmits the vibrations from the
inner to the outer cylinder. As explained in section 6.2, the coupling between
the fluid and the structure is implicit, and it is defined when the structural and
the acoustic models are linked together. Both cases when the fluid-structure
interaction is defined as ‘weak’ and ‘strong’ were simulated, and the change in
the results was negligible. This is reasonable since the load of the air on the
structure is not high enough to change its modes of vibration.

Figure 6.14: Ideal gap model.

Only the structure with the same weight as the basic model was simulated
and the acoustical response is shown in Figure 6.15. The overall PWL is still
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higher compared to the basic model, mainly in the region between 2 kHz and
3 kHz. The maximum PWL is achieved around 2.7 kHz, and at this frequency
the radiation efficiency of the ideal model is considerably more pronounced, as
shown in Figure 6.16.
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Figure 6.15: PWL of ideal gap and basic models, damping 0.01.

In order to investigate more in detail the noise radiation between 2 kHz and
3 kHz, the behaviour of the ideal gap model was compared to the basic model
in that region. The basic model presents three modal frequencies, at 2176 Hz,
2357 Hz and 2753 Hz. The modes of the two rings in the ideal model were
calculated separately in ANSYS. The inner ring presented exactly the same three
modes of vibration as the basic model, but the frequencies were slightly higher,
as it would be expected since the mass of the structure is decreased: 2246 Hz,
2357 Hz and 2846 Hz. Hence, the inner ring and the basic model can be
considered to be acoustically equivalent between 2 kHz and 3 kHz. The outer
ring presented 9 modes of vibration in this region. It was observed that the
modes of vibration calculated for the inner ring and the outer ring separately
coincided with all the modes of vibration calculated in ANSYS for the ideal
gap model. Table 6.1 shows a comparison of the sound levels produced at the
modal frequencies for the basic and the ideal gap models. The values with the
superscript ‘*’ in the ideal gap model correspond to the modes associated with
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Figure 6.16: Radiation efficiency of ideal gap and basic models, damping 0.01.

the inner ring. The value with the superscript ‘**’ corresponds to a modal fre-
quency of both the inner and the outer rings. The rest of the modes calculated
for the ideal gap are associated to the outer ring. From the table, it is clear that
the outer ring is excited, and also that it is the responsible for the higher PWL
obtained, compared to the basic model. The sound emitted at the frequencies
corresponding to the inner ring modes is higher compared to the same modes
in the basic model. This is due to the influence of the nearby outer ring modes,
which are indeed very close. Also, note that the maximum response is obtained
at 2721 Hz and that this mode is associated with the outer ring.

The results obtained indicate that not only the iron but also the air are the
mediums conducting the vibrations from the inner to the outer part of the core.
Even if the transmission coefficient through the air is lower compared to the
iron, the fact that the stiffness of the outer part of the cylinder is considerably
decreased by removing iron material is a key factor in the acoustical behaviour
of the new structures. On one hand the outer core introduces more modal
frequencies within the same frequency range. On the other hand, the outer core
is also more easily deformed, which makes it more sensitive to the vibrations
transmitted from the inner core. Some of the modes of vibration calculated in
ANSYS for the different structures are shown in Figures 6.17, 6.18 and 6.19.
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Basic model Ideal Gap model
2076 Hz: 50.7 dB

2176 Hz: 52.9 dB 2246 Hz: 56.7 dB �

2278 Hz: 57.7 dB
2336 Hz: 59.7 dB

2357 Hz: 53.9 dB 2357 Hz: 60.4 dB � �

2604 Hz: 71.9 dB
2675 Hz: 78.0 dB
2721 Hz: 83.7 dB
2805 Hz: 82.1 dB
2842 Hz: 72.9 dB

2753 Hz: 58.5 dB 2846 Hz: 79.0 dB �

Table 6.1: Comparison between the modal frequencies for the basic and ideal gap
models.

It is illustrated how the degree of deformation experienced in the outer part of
the core is more accentuated than in the inner part, and this contributes to the
radiation of noise, which explains the unsatisfactory results obtained from the
models where the surrounding airgap is introduced.

6.6 Summary and Discussion

In this chapter the effect of some structural changes in the stator of the motor
with the aim of reducing the noise emissions has been discussed. The structural
change consisted on introducing some air gaps around the periphery of the
stator so as to interfere with the transmission path for the vibrations. Different
geometries for the gaps have been presented, together with the ideal case, where
the outer core is not physically connected through iron with the inner core.

The results presented in this chapter indicate that the idea of introducing
air gaps in the periphery of the stator core does not reduce the transmission
of the vibrations to the surrounding air, which would reduce the noise emitted.
Replacing some iron by air reduces the stiffness in this area and makes the struc-
ture more sensitive to vibration excitation. However, it has also been discussed
that an increase in the damping of the material is translated into a decrease
of the noise emissions. The damping could be increased filling the slots with
composite damping materials with high thermal and magnetic conductivity.
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(a) Mode 81, 3397 Hz. (b) Mode 89, 3546 Hz.

Figure 6.17: Modes of vibration in the ideal model.

(a) Mode 6, 848 Hz. (b) Mode 58, 2918 Hz.

Figure 6.18: Modes of vibration in the four gaps model.
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(a) Mode 35, 3640 Hz. (b) Mode 37, 3716 Hz.

(c) Mode 68, 4618 Hz. (d) Mode 69, 4659 Hz.

Figure 6.19: Modes of vibration in the zig-zag gap model.



Chapter 7

Conclusions

7.1 Summary

In this thesis, the acoustic noise emissions from vector controlled induction mo-
tor drives have been analyzed. Vector control provides faster transient response
compared to conventional v/f drives, and this is achieved with an efficient de-
coupling of the currents controlling the flux and the torque in the machine.

A simulation platform including the control system and simplified models
for the power electronics, motor and observers has been presented. The control
system has been implemented in a DSP card and the performance of the drive
was successfully tested modulating high frequency signals as noise references
added to the direct and the quadrature currents.

A method for the prediction of the sound radiation from an electrical motor
has been analyzed, based in the combination of structural and electromagnetic
finite element models, together with an acoustic boundary element model. It
was found that the level of agreement between the noise calculations and the
measurements is sensitive to a few different factors. From the structural point
of view, it is important that the modes of vibration are properly calculated in
the structural analysis, so that the acoustic model behaves in a similar way as
the experimental motor. It was also observed that a change in the damping
influenced the response at some frequencies considerably, while at others the
behaviour remained basically unchanged. From the electromagnetical point of
view, using a two-dimensional model for the induction motor implies that the
skewing of the rotor bars can not be modelled, which in turn affects the force
calculations since the rotor harmonics are not damped. A change in the material
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magnetic properties, which consisted in a 10% increase of the flux density in
the saturated part of the BH curve, produced an increase of 3 dB or less in the
simulated acoustic response.

Regarding the sound measurements, the directional behaviour of the noise
radiation from electrical machines implies that the most proper way of quantify-
ing their acoustic noise emissions is to measure the sound power through sound
intensity measurements. It was observed that the direct and the quadrature cur-
rent modulation can be associated to the radial and the tangential excitation of
the motor structure respectively. Although both components were excited with
noise signals of the same amplitude and frequency, the acoustic response was
higher when the direct current was modulated. This indicates that the excita-
tion of the mode of vibration at that frequency is somehow decreased when the
quadrature current is modulated, and this phenomena is probably related to the
different physical response of the structure to the excitation in both cases.

When the machine was loaded it was observed that the overall sound emis-
sions decreased. The electromagnetic reason for this behaviour is the decrease
of the flux level at load, which in turn influences the stresses. It is also believed
that the stiffness of the coupling with the load would play an important role in
reducing the vibration of the rotor and the degree of eccentricity. The acoustic
response for the direct and the quadrature current modulation is much more
similar at load, which indicates a different behavior of the structure when the
machine is loaded, compared to the no load situation. Also, the large amplitude
of the rotor currents compared to the noise harmonics can contribute to damp
the electromagnetic response.

The effect of introducing air gaps around the periphery of the stator, in
order to interfere with the path for the vibrations and reduce the noise emis-
sions, was also tested. However, it was observed that the stiffness in this area
is decreased, which makes the structure more sensitive to vibration excitation,
actually radiating more noise than the original model.

7.2 Future work

The prediction of the noise emissions from an induction motor has been tested
using some of the most advanced computational tools available in the market.
However, the results show that it is difficult to obtain a good correlation be-
tween the simulations and the measurements. In order to reproduce the acoustic
behaviour of an electrical machine, an accurate representation of its structural
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and electromagnetical properties is required. The FEM modal analysis referred
in this thesis needs to be improved below 1 kHz. The models should also be val-
idated at frequencies higher than 2 kHz. This can be achieved by increasing the
sampling frequency in the electromagnetic calculations to approximately dou-
ble, and comparing the acoustic simulation with the results obtained adding a
1105 Hz noise component to the currents. At this frequency, the predicted and
measured modes of vibration show a better agreement than at 490 Hz. Also, the
airgap forces should be extracted from the three-dimensional model, in order to
take into account the influence of skewing.

The results from Chapter 6 indicated that an increase in the damping of
the material is translated into a decrease of the noise emissions. New ways of
increasing homogeneously the damping in the stator structure could be investi-
gated. In particular, iron powder has increasingly been used in the construction
of electrical machines in the last years, allowing the exploration of new geome-
tries that could be hardly achieved from laminated structures. In principle, iron
powder machines would present a higher damping factor in the radial direction
compared to the laminated structure, due to the presence of insulating material
around the iron particles. However, the damping in the extrusion direction is
expected to be higher in the laminated stator, due to the thicker layer of insula-
tion between the laminations. Nevertheless, the study of the acoustic behaviour
of such structures is needed in order to assess the acoustic characteristics of this
material.
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Appendix A

Free response analysis of a
one-axis symmetric plate

The free response analysis of the plate shown in Figure A.1 was conducted both
experimentally, using STAR version 5.23, and with finite elements, using AN-
SYS version 5.6, in order to explore the modes of vibration of the structure and
obtain their modal parameters. The plate is symmetric only along one of its
axes. In this way a higher number of modes of vibration are found within a
certain frequency range. The plate had a thickness of 12 mm and it was made
of aluminium, presenting a Young’s modulus of 6.85 x 10

� �
N/m

�
, a density of

2700 kg/m
�

and a Poisson ratio of 0.34. Both the experimental and FEM free
response analyses of the plate will be presented in this appendix.

A.1 Apparatus & instrumentation

� B&K 4374 acceloremeter

� B&K 2635 charge amplifier

� B&K 8001 impedance head

� B&K 2706 power amplifier

� B&K 4810 mini-shaker

� B&K 2032 dual spectrum analyzer

� NEC versa 4000 laptop computer
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Figure A.1: Test plate.

A.2 Experimental free response synthesis

There are different steps that should be followed in order to set up the modal
test. The number of degrees of freedom have to be selected first. It was con-
sidered that a number of 47 DOF would be enough to capture a reasonable
number of modes and obtain a good representation of their shapes. Since the
structure presents a two-dimensional behaviour, the SDOF points in the ge-
ometry are expected to move freely in the direction perpendicular to the plate.
The different SDOF points are defined as a grid covering the whole structure
and their coordinates were introduced into the STAR software, installed in the
laptop computer, where the physical grid over the plate is reproduced, as shown
in Figure A.2.

The suspension of the test object must be selected as well. In order to
study the dynamics of the body the so called free-free condition should be es-
tablished, and one method is to suspend the body by cords attached to a spring.
The plate is excited with random waveform excitation taken from the signal
generator incorporated into the analyzer, which in turn is connected to an elec-
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Figure A.2: Grid of SDOF nodes in STAR.

trodynamic vibration exciter. The exciter is attached through a force transducer
to the structure at node 39, far from the symmetry axis of the plate so that both
the symmetric and asymmetric modes will exhibit maximum motion. The force
transducer is stud-mounted onto the body frame through a threaded hole and
connected to the exciter at the other end. The plate remains in a horizontal
position and the exciter is hold so that the group exciter-transducer remains
perpendicular to the plate. The acceleration is measured at the 47 SDOF by
means of an acceloremeter, which is easily attached at each point measurement
through wax.

At node 39 the acceloremeter incorporated in the force transducer unit was
used instead. The outputs from the two acceloremeters and the force trans-
ducer are connected to the spectrum analyzer through charge amplifiers, and
it was ensured that the corresponding calibration values were set. Figure A.3
shows an schematic diagram of the setup with the details of the equipment
used. Figure A.4 shows a picture of the actual set-up in the laboratory.

The spectrum analyzer calculates the frequency response function (FRF) for
each SDOF measurement as the ratio between the spectrum of the acceleration
at that point and the applied force at node 39. For each measurement, the input
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NEC versa 4000
computer

spectrum analyzer
B&K 2032 dual

B&K 2706
power amplifier charge amplifier

B&K 2635

mini-shaker
B&K 4810

impedance head
B&K 8001 acceloremeter

B&K 4374

PLATE

Channel BChannel A

Figure A.3: Schematic of experimental set-up.

signals were averaged taking 50 samples with an overlapping factor of 50%. The
frequency span was 3.2 kHz and a hanning window was used for the weighting
of the results. The resolution in the analyzer was 4 Hz and the time for each
sample was automatically adjusted by the analyzer depending on this resolution.
After the averaging process, the FRF for each SDOF is stored for further post-
processing in the laptop computer, which is connected to the analyzer through
the serial port.

Since the plate was excited with random noise, the spectrum of the force
is flat, and thus all the peaks which appear in the FRF will correspond to the
natural frequencies of the plate. By visual inspection of the measured FRF
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Figure A.4: Laboratory set-up for the free response analysis of the plate.

displayed in the laptop computer, it can be appreciated that a number of reso-
nances are repeated from one SDOF to another at the same frequency, although
their amplitudes vary, and that not all the resonances are present in all the mea-
surements. Hence, some kind of weighted averaging should be done from all
the measurements, in order to get a single representative FRF which will be
used later for the ‘curve fitting’ process. This operation was automatically done
in the software and the resulting FRF is shown in Figure A.5.

A SDOF curve fitter is used and each resonance peak is isolated in a band,
i.e. between an upper and a lower user-defined frequency. These limits must
be carefully selected in order to pick data only corresponding to that resonance,
trying to avoid the influence of the adjacent modes. A number of 8 bands
were defined in the 0 Hz - 3.2 kHz frequency range. With this information,
the curve fitting process is automatically done by the software and the results
are presented in Table A.1 in the next section, where the ANSYS predictions
are also included for comparison. Figure A.6 shows the shape of the first eight
modes of vibration.
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Figure A.5: Averaged frequency response function of the plate.

A.3 FEM free response synthesis

A model of the plate was reproduced in ANSYS, see Figure A.7. The mate-
rial was set to be isotropic and Shell63 elements were used, with a default size
of 0.03 mm. The number of elements and nodes was 2864 and 3049 respec-
tively. The modal analysis was performed using the reduced analysis type, with
a frequency span between 0 Hz and 4 kHz. The frequencies of the modes cor-
responding to the experimental ones are presented in Table A.1, where also the
damping calculated by the STAR software is included. All the experimental
modes were identified, although two extra modes appeared at the frequencies of
1172.6 Hz and 2268.6 Hz, which were not observed in the experiments.
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Figure A.6: Experimental modes of vibration of the plate structure.
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Figure A.7: Finite element model of the plate.

Mode STAR Fq.(Hz) ANSYS Fq.(Hz) Damp. (Hz) Damp. (%)
1 319.72 322.98 0.14 43.59e-3
2 937.63 912.40 0.16 16.93e-3
3 985.01 936.71 6.50 659.5e-3
4 1.26e+3 1272.1 0.63 50.25e-3
5 1.81e+3 1935.5 2.13 117.7e-3
6 2.32e+3 2345.9 3.34 143.9e-3
7 2.45e+3 2576.7 3.34 136.2e-3
8 2.96e+3 2950.0 3.51 118.7e-3

Table A.1: Modal parameters of the plate.
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Forced response analysis of a
one-axis symmetric plate

The purpose of the forced response analysis of the plate is to measure the noise
radiated by the structure when a force of a certain frequency and amplitude is
used for the excitation. The experimental results will be compared with the
prediction done using finite and boundary element analyses.

B.1 Experimental forced response synthesis

The equipment used for the excitation of the plate is the same as the one used
in the free response analysis presented in Appendix A. Since the results will be
quantitatively compared with the computations, the force transducer has to be
carefully calibrated. This was not the case in the free response, since a force of
any magnitude and random frequency will excite the same modes in the struc-
ture, and this will vibrate following a pattern which is inherent for each mode.
However, the level of vibration will depend on the amplitude of the excitation,
and this will determine the amount of noise radiated by the structure. The
force transducer can be easily calibrated with the help of a known mass, which
is attached to one of the ends of the impedance head, and a known accelera-
tion applied with a calibrator exciter at its other end. Since both the combined
mass of the transducer plus the attached mass and the acceleration applied are
known, the theoretical force inside the impedance head can be calculated using
Newton’s first law and the charge amplifier connected to the force transducer is
adjusted.
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A force of 0.28 Newton with a frequency of 320 Hz is perpendicularly ap-
plied to the plate at node 39. The frequency selected corresponds to the first
experimental mode in order to increase the acoustical response. The accelera-
tion is measured at 11 nodes and this will serve to compare the results obtained
with the finite element calculations, presented in next section. Using this exci-
tation, the overall sound power radiated has to be estimated. The sound power
going through a certain area is calculated as the averaged normal acoustic inten-
sity going through that area times the area of the surface. In order to calculate
the overall sound power radiated, the plate was set inside a frame of dimensions
30x30x30 cm

�

, see Figure B.1. The total sound power is calculated from the
addition of the sound power from the individual sides of the frame, and it was
assumed that the table where the frame was attached to reflected all the sound.

Figure B.1: Experimental set-up for the forced response analysis.

By sweeping the sound intensity probe all over one side of the frame, the
instantaneous values of the sound intensity over the whole surface are processed
in the HP analyzer connected to the probe, where the spectrum of the measure-
ment is instantaneously averaged. The results are more accurate when a higher
amount of points are stored, i.e. the longer time the probe is swept over the
surface. Each one of the surfaces was continuously scanned six times, corre-
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sponding to a time of around three minutes, until the spectrum in the analyzer
was constant. The same procedure was repeated for the other sides of the frame
and the results stored for each one of them in the HP analyzer in 1/3 octave
bands. Multiplying this plot by the area of each surface and adding the results
for all the surfaces, the overall sound power level (PWL) shown in Figure B.2
was obtained.
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Figure B.2: Averaged Sound Power Level spectrum of the plate.

The total sound power obtained for the octave band with centre frequency
at 315 Hz (thus between 280.63 Hz and 353.57 Hz) was 67.69 dB, and this
corresponds to the highest peak in the plot. Since there is only one mode in
this band, at 320 Hz, it was assumed that all this power corresponded to the
excitation of that mode. The total sound power level resulting from adding the
contributions of the whole spectrum was 67.92 dB so it can be concluded that
the sound radiation of the plate is almost only induced by the first mode.

B.2 FEM forced response synthesis

The measured acceleration at the different SDOF in the plate can be compared
with the ANSYS results using the same model as in the free response analysis.
The model is now constrained with a force of 0.28 Newton applied at the node
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in the finite element mesh situated the closest to the real coordinates of node 39.
In the same way, the acceleration at the corresponding grid nodes is compared
with the closest nodes in the finite element mesh, and the results are presented
in Figure B.3.

Figure B.3: Comparison of the acceleration results for different points on the
plate.

In order to calculate the theoretical sound power radiated by the plate, SYS-
NOISE version 5.3 was used. The geometry and the mesh were imported from
ANSYS and a grid was defined around the structure, see Figure B.4, where the
sound pressure level will be plotted after the acoustic calculations. The modal
frequencies also needed to be imported but this was not possible because of the
incompatibility between the available versions of ANSYS and SYSNOISE. The
modes were calculated directly in SYSNOISE instead, although the results were
less accurate than the ones obtained from ANSYS. The new frequency for the
first mode was 304.6 Hz, so this was the frequency of the force applied at the
same node used for the excitation in ANSYS, maintaining the same amplitude
of 0.28 Newton. The sound power calculated in SYSNOISE at this frequency
was 66.21 dB, when a damping of 4.36x10

� �

was used, which corresponds
to the experimental damping obtained for the first mode in the free response
analysis. The difference in PWL with the measured 67.69 dB is probably due
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Figure B.4: Sysnoise preprocessor

to the damping factor. As explained in Appendix A, the modal parameters are
obtained by curve fitting from the selected bands delimiting the modes in the
averaged FRF plot. These bands are user-defined, so the user’s skills play an
important role in the estimation of the modal parameters.

The sound pressure level in the mesh surrounding the plate is shown in
Figure B.5. It can be appreciated that although the force is applied far from
the symmetry line of the structure, the sound pressure level (SPL) distribution
is perfectly symmetrical all over the surrounding grid. This symmetry was still
observed if the force was increased or the damping changed, but is no longer
present if the frequency of the force is slightly changed a few Hertz from the cal-
culated modal frequency, as shown Figure B.6. In fact, the excitation frequency
in Figure B.5 matches perfectly the theoretical one calculated in SYSNOISE for
the first mode. Since all the energy is used to excite this mode, the structure will
vibrate only with the corresponding mode shape. This mode is anti-symmetrical
but it should be noted that, since the sound pressure is a scalar quantity, the plot
of the SPL in the figure looks symmetric. When the frequency of the exciting
force is shifted a few Hertz, the input energy is not only exciting the first mode
but also producing a translation of the plate upwards and downwards, which is
more important in the side of the plate where the force is applied, and this is
the reason for the higher SPL observed around this zone in Figure B.6.
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Figure B.5: SPL at 304.6 Hz

Figure B.6: SPL at 310 Hz
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No load sound intensity
measurements
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Figure C.1: Measured sound intensity and residual index over the four free sides
of the frame when d=0, q=0.
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Figure C.2: Measured sound intensity and residual index over the four free sides
of the frame when d=m, q=0, f=490 Hz.
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Figure C.3: Measured sound intensity and residual index over the four free sides
of the frame when d=0, q=m, f=490 Hz.



155

Figure C.4: Measured sound intensity and residual index over the four free sides
of the frame when d=m, q=0, f=1105 Hz.
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Figure C.5: Measured sound intensity and residual index over the four free sides
of the frame when d=0, q=m, f=1105 Hz.
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Figure D.1: Measured sound intensity and residual index over the four free sides
of the frame when d=0, q=0.
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Figure D.2: Measured sound intensity and residual index over the four free sides
of the frame when d=m, q=0, f=490 Hz.
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Figure D.3: Measured sound intensity and residual index over the four free sides
of the frame when d=0, q=m, f=490 Hz.
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Figure D.4: Measured sound intensity and residual index over the four free sides
of the frame when d=m, q=0, f=1105 Hz.



162 Appendix D. Load sound intensity measurements

Figure D.5: Measured sound intensity and residual index over the four free sides
of the frame when d=0, q=m, f=1105 Hz.


