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Abstract

The popularity of magnet-less electrical machines has increased due to the volatility of permanent
magnet prices, prompting a rise in interest of switched reluctance machines (SRMs). SRMs are suitable
for a wide range of applications, but limited by high torque ripple, acoustic noise and vibration. This
thesis systematically investigates electromagnetically excited stator vibrations in a 6-stator-pole/4-
rotor-pole (6s/4r) SRM.

With the aid of ANSYS Workbench finite element (FE) package, a series of electromagnetic and
mechanical FE models are developed to investigate the vibration response. The 2D and 3D FE
mechanical models are progressively built from a simple laminated annular ring to the final 6s/4r
prototype with housing, and verified with experimental hammer impact tests at each stage of assembly.
The mechanical connections of various SRM parts are investigated. It is found that the bolted
connection of the endcaps to the housing frame has a significant influence on the natural modes and
frequencies of the SRM, e.g. introducing new dual vibration modes of order 2. This phenomenon has
not been previously covered, and in industrial applications this may cause unexpected and unwanted
resonant frequencies, resulting in potential for worsened acoustic noise and vibration.

The influence of various control parameters is also investigated. The 6s/4r SRM is systematically
simulated by FE models under different load conditions, turn-off and turn-on angles, in terms of
electromagnetic forces and dominant vibration modes. It is shown that the load and turn-off angle have
a significant impact on vibration response, while turn-on angle has minimal influence. The FE results
are verified experimentally in single pulse voltage mode control. As the turn-off of current in each phase
is the dominant source of acoustic noise and vibration in SRMs, the influence of current profile is
investigated by two methods, in time domain and frequency domain, respectively.

In the time domain, the current profile is defined by a discrete series of points. With reference to
the baseline unipolar square wave current profile, a continuous slope differential and a current step are
introduced at turn-off. It is shown that significant reduction in vibration response can be achieved by
increasing the duration of the continuous slope due to reduced severity of radial force change. It is also
found that a current step reduces vibration response but the duration of the step has no influence.

In the frequency domain, the baseline unipolar square wave current profile is decomposed by the
Fourier transform into a series of harmonic components. Through progressive reintroduction of
harmonic contents it is found that with low order current harmonics only, the vibration response is
significantly reduced, albeit with electromagnetic performance affected. The largest influence on
vibration response is due to the amplitude of the first current harmonic amplitude. It is also found that
the 2" current harmonic amplitude can improve the electromagnetic torque but has minimal effect on
vibration response. By operating the motor under current control with harmonic components, the
vibration response can be reduced whilst simplifying the control strategy and hardware, lowering cost

which is a critical factor for industrial applications.
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List of Symbols

CCM continuous conduction mode
DITC direct instantaneous torque control
FE finite element

PM permanent magnet

PWM pulse width modulation

SRM switched reluctance machine
UMF unbalanced magnet forces

VFRM variable flux reluctance machine
Br radial flux density, T

B: tangential flux density, T

Dy active bolt diameter, mm

Ex.v,z Young’s modulus in X, y or z axis, Pa
Frad radial force, N

Ftan tangential force, N

Gxy shear modulus in xy-plane, Pa
Gxz shear modulus in xz-plane, Pa

Gyz shear modulus in yz-plane, Pa

i time dependent current, A

I ki current harmonic amplitude

L inductance, H

Lb active bolt length, mm

Lstack axial stack length, m

m axial mode order

n circumferential mode order

Rx. v z rotational freedom about x, y or z axis
T torque, Nm

Tx v,z translational freedom in X, y or z direction
X region of overlapping poles, m

0Ok k' current harmonic phase

0 rotor position, radians

Ta duration of full alignment, s

T duration of unalignment, s

Pon phase winding flux linkage, Wb

Il frictional coefficient

Mo permeability of free space, H/m
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Chapter 1 General Introduction

Electrical machines and drives can be found throughout daily life and have become an integral part
of the world we live in. It is stated in [Bin01] that approximately 30% of energy consumption in
domestic applications is as a result of electrical drives, a figure likely to have increased in recent years.
Hence, the improvement of these electrical machines is critical in terms of efficiency, energy saving
and improved performance. The application typically defines the optimal machine type, such that
machines can be optimised for specific performance and roles. For example, a fan-drive generally
operates at a fixed speed and torque, or fixed operating point, and therefore, it can be designed to operate
consistently at this target point. Permanent magnet (PM) machines perform well for applications such
as this since the permanent magnet field allows for high efficiency if designed carefully as well as
producing sufficiently steady torque speed performance. All machine types come with inherent
advantages and disadvantages, in terms of performance, manufacture, cost, losses and more factors. The
use of rare-earth PMs may significantly increase costs. Furthermore, surface mount PM machines may
be limited in high speed applications due to the centrifugal forces acting on the rotor, a second more
viable option is interior PM machines. However, the manufacturing may incur additional costs,
restricting use in applications with lower costings. For mass production, increases in cost and volatility
of permanent magnet prices are a concern for many manufacturers.

Electric vehicles (EVs) have recently seen significant interest and progress, utilising both PM
machines and induction machines in place of internal combustion engines. The high efficiency and
power factor of PM machines provide an attractive solution to the growing issue of EV drives. EV
applications require the machine to operate over a wide torque and speed range, and hence, a PM
machine shall be designed for maximum efficiency over a typical driving cycle. A second machine type
utilised for EV applications and in production is induction machines, which have also been widely used
in a variety of other applications. At high speeds, PM machines suffer from the requirement of
additional current in the flux weakening region, not an issue for induction machines due to the lack of
permanent magnets. As with all machines, induction machines also exhibit disadvantages, such as the
high losses caused by high rotor current at low speeds. A significant issue with many PM machines is
the longevity and sustainability of producing them, since they are inherently unsustainable as the
magnetic material is limited and ‘rare’. Other machines in production for EV applications include axial
machines for in-hub motors. A summary table of advantages and disadvantages for some popular motor

types can be found in Table 1.1.



Table 1.1 Electric motor summary

Induction Motors (IM)

Advantages Disadvantages
o Simple robust design o No self-starting in a single phase
e Relatively low maintenance induction motor
e High starting torque with good e Low efficiency and power factor
overload capability (3 phase) under light load

e High efficiency

Permanent Magnet Synchronous Motors (PMSM)

Advantages Disadvantages
e High efficiency e High material cost (e.g. NdFeB)
e High torque density, compact design e Unsustainable rare-earth magnets
e High torque even at low speeds e Irreversible demagnetization

e Potentially complex manufacturing

Synchronous Reluctance Motor (SynRM)

Advantages Disadvantages
e Low cost e Complicated rotor construction
e Reliable ¢ Non-linear torque vs current
e Robust structure e Complex control algorithms
¢ No permanent magnets e Lower torque density compared to
o Higher torque density than IM PMSM
Switched Reluctance Motor (SRM)
Advantages Disadvantages
e Low maintenance ¢ High acoustic noise and vibrations
e Low material cost e High iron losses
e No permanent magnets ¢ High torque ripple

o Simple, robust structure

e Good fault tolerant capability

An alternative machine topology suitable for a number of applications is that of the switched
reluctance machine (SRM). As seen in many writings and publications on SRMs, they exhibit inherent
advantages including robust topology and simple structure, ease of manufacturing and lack of
permanent magnets. Furthermore, SR machines offer high power density at a reasonable cost due to the

lack of permanent magnets, as well as high speed operation. The nature of control in SR machines is



the sequential excitation of phases, producing independent operation of each phase. Hence, it is possible
for a SR machine to operate with redundant phases, caused by a potential defect in a winding for
example. Therefore, the SR machine is an attractive proposition for fault-tolerant applications and
applications where safety is paramount. For example, in the aerospace industry there is evidence of
these properties [HamO04]. However, these advantages are offset by the inherently high torque ripple,
acoustic noise and vibration [Cam92], [Hus02], [Lon01] and [Pil99]. Approaching these issues and
providing an insight into potential solutions will allow for consideration of these effects. This thesis
aims to analyse the impact and influence of varying parameters from an electromagnetic perspective,
alongside the vibration response caused by electromagnetic excitation.

1.1 Development and operation of switched reluctance machines

Historically, examples of SRMs can be found as far back as the late 1890s [Sch97]. In this case, an
SRM s utilised as a variable speed traction machine for use in an electric vehicle (EV). In early
variations of SRMs, the switching of stator windings was performed mechanically, and hence, the
progression of the technology was relatively slow and limited. Advancements made in switching
technologies and specifically switching speeds resulted in the improved viability of SRMs. More
recently, SRMs can be found in fan and pump applications, namely vacuum cleaners produced by Dyson
and LG [SRDrives]. Considering that advancements in SR technologies is relatively recent, the market
competitions are machines optimised through decades of research. One of the earliest papers relating to
the design and fundamentals of SRMs was P. Lawrenson’s paper in 1980 [Law80]. This lays the general
foundations for the practical design of a family of SRMs. It demonstrates that machines in this family
are capable of extremely high levels of performance, can be controlled in exceptionally simple and
flexible ways, and are simple and cheap to manufacture. Lawrenson compares the design and
restrictions of other machines to that of SRMs to highlight the advantages of SRMs when it comes to a

simple and robust nature. Compared to AC machines much more freedom can be found as follows:

» the number of phases to be employed is an open choice between one and many;
» the ratio of phase number to stator pole number is not fixed;

« the ratio of rotor pole number to stator pole number is open to a wide variety of choices.
However, there are some drawbacks and limitations when designing SRMs:

» the 'best' values of rotor pole arc and stator pole arc have to be considered,;

» attention has to be paid to starting capability.

The primary issues facing development and introduction of SR machines to mass markets are the
torque ripple and high acoustic noise and vibrations. Torque ripple has been widely covered and an

example of successful reduction in torque ripple can be found in [Ind02]. These are often considered to



be separate problems, and therefore, the contribution of torque ripples to acoustic noise and vibration
is widely neglected from calculations. The major source of acoustic noise and vibration is attributed to
stator vibrations with major influence from radial force. As the radial force is perpendicular to tangential
force it is considered that the influence of tangential force, and torque ripple, is minimal. However, the
torque ripple contributes to rotor and shaft as well as stator vibrational oscillation leading to acoustic
noise and vibration from mechanical interactions such as bearings and construction [Sri04].

Design optimisation of any electrical machine is determined by the specification and constraints of
an application. Typically, this includes cost, weight, size and performance as the key defining factors.
Some of these factors may be considered as hard targets such as limits on size, others require a multi-
objective optimisation design process. To optimise the design of SR machines, firstly the fundamental
operation and design must be introduced. Further details of the design may be found in [Mil93], [Mil01]
and [Kri01]. As previously stated the work by Lawrenson [Law80] provides an in depth introduction
into the design and operation of SR machines. A step by step design guide in the form of [Kri88]
supplements the work by Lawrenson, beginning with output equations and targeting the final
dimensions of the machine to match the application requirements. From this, it is possible to calculate
the required machine length, number of winding turns and also take into account thermal considerations.

The torque produced in SRMs is referred to as reluctance torque. This is the torque produced as a
result of the rotor being drawn to the position of minimum reluctance, and in the case of SR machines
this is the position of full alignment between stator and rotor poles. Fig 1.1 illustrates the single phase
inductance profile and corresponding torque production for an idealised waveform, where L and T
indicate the inductance level and torque produced, respectively. Furthermore, t, and t, represent the
duration of full alignment and unalignment, respectively, and 6 represents the electrical rotor position.
Under unsaturated conditions, the torque production is defined by equation (1.1). By definition, the

optimum torque per ampere ratio is obtained by maximising the aligned and unaligned inductance ratio.

r=lpd® (1.1)
2 deo

This derivation can be found in [Boel3]. It is derived from the flux linkage and co-energy, assuming
that the operation of the SR is a linear example such that the flux linkage is only a function of position,
and therefore, proportional to the inductance. For an introduction to the derivation of work done in SR
machines, it can be seen in [Donll]. By considering the flux linkage in the aligned and unaligned
position and magnetic co-energy and treating phases individually [Pul98], the per-phase expression for
SRMs is derived in terms of co-energy only. This is then converted into (1.1) through the assumption
of a magnetically linear machine. The derivation method in [Boel3] is also utilised in [Sta95] for

synchronous reluctance machines and in [Sta96] for PM surface mount and induction machines.
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Fig. 1.1 Idealised inductance profile of 6s/4r SR machine with resultant torque considering a
constant phase current.
Generic control of SRMs can be categorised as follows:
e Single-pulse mode;
e Current hysteresis control;
e PWM control;
o Direct instantaneous torque control (DITC);

e Continuous conduction mode (CCM).

This list is not exclusive since it only seeks to identify the major control strategies used in the
operation of SRMs. Single-pulse mode control is operated by applying a single voltage pulse to each
phase consecutively. This corresponds to an equivalent pulse in the current, with inherent rise and fall
times determined by the inductance characteristics of the electrical machine. Current hysteresis control
is both fast and simple to implement although for a non-linear inductance profile this shall not supply
smooth torque. It works on the principle that given a range of position values, the phase shall be excited

and the current in this period shall be kept approximately constant within predefined limits. A key



advantage of current hysteresis is the lack of requirement for high sampling rate, given the only
parameters required are turn-on, turn-off, current limits and free wheeling angle. Therefore, it can still
be well suited to high speed applications where, for example a PWM switching current, there is a high
sampling rate required. It has also been used to approach the issue of acoustic noise and vibration
reduction in [Kas10].

It may be decided that the SRM is operated under DITC or short PWM-DITC [Fue07], in which
case current profiles may be determined to provide a specific torque dependent on requirements [Fie04],
[Ind02] and [Ind03]. Whilst DITC operates as an analogue control strategy based on predetermined
torque, PWM-DITC is a model-based strategy. Through the utilisation of a fixed frequency PWM, the
switching frequency is fixed, and hence, no longer a function of speed. Finally, by extending the
conduction angle, continuous conduction mode is achieved, with current not falling to zero. This
produces an increased output, although it comes at the cost of significantly reduced efficiency. For the
experimental verification in this thesis, single-pulse mode under voltage control is utilised. The 6-stator-
pole 4-rotor-pole (6s/4r) machine used for investigations in this thesis can be seen in Fig. 1.2.

Fig. 1.2 Winding configuration of 6s/4r prototype SRM investigated in this study.



1.2 Fundamentals of acoustic noise and vibration

Acoustic noise is separated from the perceived noise of electrical machines, and hence, it can be
difficult to quantify. It is noted that although ‘low-noise’ performance is deemed to be the desirable
characteristic and target for SRMs, this is a relative term. That is to say, the level of acceptable acoustic
noise produced by a vacuum cleaner will differ greatly when compared to the acoustic noise produced
by a luxury EV. In order to quantify the acoustic noise and simulate the vibration response as a product
of electrical excitation in a machine, the process of noise production must be understood. In order to
simulate and understand causes of acoustic noise and vibration, firstly the causal path from

electromagnetic excitation through to noise production must be developed, Fig. 1.3.

air
gap ibrati acoustic
current  |electromagnetic | forces . structural vibrations acoustic noise
domain domain domain

Fig. 1.3 Causal path of noise production in electrical machines.

Considering the entire system in this way gives an insight into the multiple disciplines required to
fully understand and solve problems relating to acoustic noise. Acoustic modelling requires the
integration of multiple models, specifically the electromagnetic modelling and a mechanical model.
Furthermore, the modelling can be a time-consuming process, and as such it must be developed in order
to create a reliable and repeatable system that achieves a time efficient solution. By creating a model
based on this causal flow chart, general conclusions may be drawn for drive influences, and then,
adapted and fine-tuned through measurement and experimental analysis.

The causal path from the perspective of electromagnetic stator excitation starts with the
electromagnetic excitation of the windings. Through current excitation (and PMs if applicable) the
stator is excited, generating a vibration response. This response is then transferred through multiple
mediums, such as the frame work and cooling systems, onto the air thus becoming air-borne sound or
sound pressure. This approach of separating excitations into 3 stages is firstly seen in [Jor50] by Jordan.
A similar causal path can be found at the beginning of many works, see [Gie06], [Le08], [Kas10] and
[Giell]. Generally, and in the case of this study, the modelling procedure closely follows the causal
path. Firstly, the electromagnetic response of the machine must be found and air gap forces calculated.
These air gap forces are then applied onto a structural model, in which the natural frequencies are found
through modal analysis. Finally, the response of the mechanical system may be obtained, and if required
transferred into the acoustic domain such that the air-borne noise is found. Given this introduction into
acoustic noise production, the application of this process with 3-phase SRMs is investigated. There is
also work in the area of noise and vibration reduction in induction machines, along with studies on 4-
phase switched reluctance (SR) machines [Pil99], [Hus00], [Nev97] and [Nev99].
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1.2.1 Introduction to noise and vibration in SRMs

Considerable research and work have been performed to investigate the source and cause of the
inherently high acoustic noise and vibration response in SR machines. A review of noise sources and
detailed response of electrical machines can be found in [Mil93], [Mil01] and [Kri01]. Miller provides
an extensive breakdown of SR machines from the perspective of torque production, design, and acoustic
response. These papers and studies offer an insight into causes of extreme acoustic noise and vibration
response, which may be then be approached from the perspective of current profiling in this thesis.

2
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Fig. 1.4 Operating characteristics of SR machines.

The machine topology investigated throughout this study is introduced in Fig. 1.2, comprising of
laminated stator and rotor cores, with salient teeth, and concentrated windings on the stator teeth.
Having determined the phase current and torque produced as defined in Fig. 1.4, the air gap forces must

be considered. The radial force in electric machines is shown in (1.2), where B is the flux density, X is
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the region of overlapping teeth, L is the stack length, and W is the permeability of air. The tangential
force is also defined, but this is often neglected in the modelling of stator vibrations and attributed solely
to the production of torque on the rotor side [ANS12]. Peak radial force is experienced by the stator at
the instance of greatest overlap between stator and rotor poles. Under conventional unipolar square
wave control this is also the instance of phase turn-off, when the current rapidly decreases. The drop in
current results in a significant reduction in flux density at the same moment, and hence a significant
reduction in radial forces. The radial forces draw the stator inwards at the excited poles, compressing
the overall shape and machine. At the moment of turn-off in each phase, the radial forces are released
and hence, the compressed machine state is also released from a mechanical perspective. This then
sends the stator into a period of free oscillation, exciting natural frequencies. The period of free
oscillation and resultant behaviour is analogous with a mass-spring damper system. The stator is
considered to be the spring, as the compression or spring is released, there is then the free oscillation
period. Consequently, acceleration measured behind stator poles will exhibit dominant traits of the
stator natural frequencies. The dominant frequencies in the oscillation waveform correlate to the
dominant natural modes of the stator, which will be expanded upon in Chapter 2.

The alignment of stator exciting forces, such as radial forces, and the natural frequencies of the
stator body is referred to as resonance. It is this resonance in electric machines that causes the most
severe and significant vibrations and acoustic noise. As a whole, the electric machine shall also
experience significant damping, both inherently and from mechanical limitations. Damping refers to
the ability of the machine and material to absorb vibrational energy, and hence, reduce the amplitude
of vibration response. It also refers to the ability of a material to transfer vibrational energy, the
propagation of vibrations through a medium. It is also stated in [Lon01] that under significant damping,
the natural frequencies shall be reduced, not only their amplitudes. The effect and estimation of damping
effects is considered in the initial modal analysis, with a simple stator model. However, as the
manufacturing of the machine advances and more components and boundaries are introduced, it
becomes complex and time consuming to include damping effects reliably. Its importance to the
amplitude of acoustic noise and perceived noise should not be ignored. However, it does not fall within
the coverage of this thesis.

The measurement and simulation of acoustic noise is a difficult task, further complicated by the
perception of noise not just the numerical values. The human ear has a frequency hearing range of 20Hz
- 20kHz, but the perception of noise across the frequency range is not linear. A subjective ‘loudness’
perceived by the human ear may be assigned to any noise source. The industry standard defining a

spectrum of perceived noise and sound pressure is the A-weighted sound pressure, taken from [Bru84].



Fig. 1.5 Perceived ‘loudness’ contours equating frequencies taken from [Bru84].

1.2.2 Sources of noise and vibration

Sources of vibration in SRMs can be categorized broadly into the following sections:

*  Electromagnetic
o Unbalanced magnetic forces (UMF)
o Torque ripples
o Radial magnetic forces
«  Mechanical
o Mechanical resonance
o Bearings
*  Aerodynamic noise

Many of these sources are evident in all machine topologies and not limited to SR machines. For
SRMs in particular, it is regarded that the electromagnetically induced noise is dominant. The
mechanical noise is considered to have a lesser influence and is often neglected, this includes bearings
and couplings, as well as boundary conditions between components. Finally, the aerodynamic noise
which may be produced by the salient nature of rotor poles acting as ‘fan blades’. This becomes a more
significant issue at higher speeds. Given these examples, the noise produced as a result of
electromagnetic excitations is most apparent in SR machines.

In order to investigate the influence of electromagnetically induced noise, Cameron et al first ran
an 8s/4r, 4 phase machine without excitation [Cam92]. Then, the machine is excited and operated at the
same speed before being allowed to slow to zero. Experimental results show the insignificance of the
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noise produced when unexcited, compared to operation under excitation. It is also considered that the
electromagnetic forces acting on the stator are not limited to the radial forces during operation, although
this is often the condition used in simulated studies. Other potential forces excited via the
electromagnetic excitation include fluctuating air gap forces from rotor vibrations, and forces imposed
on the windings. In [Cam92] it is shown, through the use of multiple accelerometers at a range of
locations around the machine, that minimum emissions are observed during periods of misalignment.
The forces acting on windings in the slots are at a maximum when the rotor is in misalignment, and
hence, it is concluded that the significance of this source is negligible [Cam92].

The unbalanced magnetic forces acting in an SR machine are typically a result of eccentricities in
the rotor, resulting in magnetic asymmetry. This causes higher air gap flux in the portion of the rotor
with the reduced air gap length. This phenomenon is covered in many literature including [Mil95],
[Hus00], [Aya99], [Wu96] and [Cam92]. Cameron et al perform measurements once again on an 8s/4r
4 phase machine, and it is deemed that in this situation unbalanced magnet forces are not a significant
source of noise and vibration. However, from the perspective of additional mode introduction, [Wu96]
and [Aya99] conclude that it is possible for eccentricity to cause issues. Although it may not directly
increase the perceived noise, the introduction of additional modes into the vibration spectra is not
desirable. In a 6s/4r SRM operated with sequential phase excitation, odd modes are eliminated due to
equal forces acting on diametrically opposite poles. However, eccentricity in the rotor and the resulting
asymmetric forces will negate this effect. Therefore, odd modes and specifically mode 3 are
‘reintroduced’ into the vibration spectra [Aya99]. It is also noted that in [Wu96] the unbalanced magnet
force causes additional centrifugal forces on the rotor and thus, vibrations may be transmitted to the
housing and bearings. In reviewing previous work, it is concluded that the influence of rotor eccentricity
and UMF is less of a problem under heavy levels of saturation.

SRMs suffer from inherently high torque ripple, attributed to their doubly salient structure and non-
sinusoidal excitation currents. In order to minimise the torque ripple, current shaping and current
profiling have both been implemented [Lov94] and [Tur98]. However, these methodologies are often
limited to specific machines or SR topologies. It is also possible to vary the rotor pole geometry in order
to reduce torque ripple, with [Meh92] utilising this for marginal reduction. The staggering of poles in
the constant torque production region of operation is also utilised in order to extend this region, such
that the dip of torque is reduced [Bar99]. These studies apply a focus on torque ripple and torque
production without application to acoustic noise and vibrations. An extensive study into the impact of
torque ripple in SR machines can be found in [Hus05], [Hus02] and [Hus96]. Torque sharing functions
have been used to control and implement torque ripple minimisation in [XueQ9]. For further
consideration of torque ripple in SRMs and influence on acoustic noise and vibration, the following
works may be considered [Cha06], [Cho07], [Rus98], [Sah00], [Leol2], [Zhu06] and [Zhull]. The
torque ripple is a derivation of tangential air gap forces acting on the rotor poles. Therefore, it is

considered that these forces impact the rotor side, and hence, will have a negligible effect on the stator
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borne vibrations. Tangential force contributes to shaft and stator vibrational oscillation and influences
the acoustic noise and vibration produced from bearings and mechanical construction [Zhu91], [Sri03].
Vibrations induced by torque ripples are negligible as the direction is perpendicular to the radiating
surface. However, these vibrations may be transmitted through other components and coupled parts and
then emitted as acoustic noise [Zhu91]. Torque ripple also influences the teeth bending modes, these
are determined by the stiffness and material properties of teeth and windings. Due to the winding nature
and potting of the machine, these are negligible in comparison to larger radial vibrations but may
contribute to additional modes [Lon01].

Analysis of acoustic noise and vibrations highlights a number of issues and phenomena that may
otherwise go unnoticed. Wu and Pollock [Wu93] and [Wu95] observe the significance of the turn-on
and turn-off influence, the instances of major vibration response measured behind poles. The vibration
response is as a result of the stator and rotor poles coming into alignment, followed by the turn-off of
phase excitation. Hence, the radial force decays and the stator goes from a stage of compression into
oscillation, a result only observable in time domain. The phenomena also align with finite element (FE)
analysis, in which it is shown that the calculated radial forces are maximum at alignment of poles
[Pul93]. It is suggested that in order to reduce the vibration response and acoustic noise produced at
turn-off, the radial force shall also be required to be reduced at the instance of phase turn-off.

Furthermore, not only a reduction in radial force is required, a focus must also be applied to the rate
of reduction in radial force [Wu93]. Reducing the radial force is advantageous as the deformation of
the stator shall also be reduced, and hence, the acoustic noise and vibrations. However, if this reduction
is extended over a longer time period, little to no oscillation shall occur. Therefore, as radial force and
phase currents are closely linked, it can be said that a rapid reduction in current is also not desirable.

Radial force is considered to be the dominant source of acoustic noise and vibrations in SRMs, as
covered extensively in [Mil93]. The most significant vibration occurs behind a tooth at the moment of
full alignment between stator and rotor poles [Mil93], [Mil95], [Mil01], [Mil02], [Wu93] and [Wu95].
This phenomenon is the basis for a considerable percentage of research into reducing acoustic noise
and vibrations in SRMs. It has also been shown experimentally that the response of end shields is
negligible compared to radial stator vibrations [Zhu91]. The dominant mode shapes in terms of
resonance in radial-flux machines are defined by the radial deformation of the stator, further supporting
the evidence that radial components of electromagnetic forces are significant. Radial force is identified
as the dominant source of vibrations in SR machines in [Cai01], [Cam92], [Anw00], [Li09], [Pol03],
[Kurl5a] and [Tak15].
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1.2.3 Influence of control on noise and vibration
Given the origin and sources of acoustic noise and vibration, the influence of parameters of
operation must be investigated, such that the machine shall be designed in a manner that minimises

inherent disadvantages. The following parameters have already been seen in some studies:

»  Operating speed,;
»  Chopping and PWM frequency;
«  Switching angles.

Firstly, the impact of operating speed and PWM cycle shall be reviewed, such that the relationship
between these and the acoustic noise production may be analysed. This is achieved in [Pul93] over a
range of operating conditions. It is known that for any specific machine, the harmonic content of the
acoustic noise and vibration is dominated by the natural vibration modes of the machine, and not the
operation. However, the operating speed shall influence the amplitude of vibration response, as seen
when the exciting forces resonate with natural frequencies. Qualitative results are found in [Cam92], in
which it is observed that at specific speeds the acoustic noise is increased. The fundamental frequency,
a function of rotational speed, and stator natural frequencies coincide causing resonance, this is also
observed in [Col96]. Furthermore, [Cam92] determines that in the linear operating region the radial
force produced is proportional to the square of the excitation current.

Research into PWM switching frequency and hysteresis control determines that the random
switching nature of hysteresis control excites a wide range of resonant modes [Gab97]. In order to
approach this issue, a constant PWM switching frequency is introduced and it is found that the emitted
noise is lower. There is a lack of definable evidence for this, as generally speaking the same vibration
modes are excited regardless of the switching control. It is considered that this a result of the constant
switching frequency applying the majority of excitation at fs (switching frequency), as opposed to the
wide range of frequencies excited from hysteresis control. [Gab97] also compares the uses of soft and
hard chopping under voltage control, for acceleration only with neglect of the sound pressure level.
This idea is further developed in [Lon02], comparing results in the time and frequency domain as well
the sound pressure level.

Finally, the switching angles of the SRM control are reviewed, these are critical in control of SR
machines and allow for a multitude of performance characteristics including maximum efficiency,
minimum torque ripple, maximum torque per ampere etc. Therefore, it could be hypothesised that for
any given machine, there shall also exist a set of switching angles to produce minimum acoustic noise
and vibration. It is noted that as stated earlier, the optimal performance of SR machines relies upon
minimum noise level whilst producing the required torque and power for applications, and therefore, it
is a multi-disciplinary problem. The influence of switching angles is acknowledged in [Bes94].
However, it is not acted on, with no experimental details or analysis. [Wu93] covers the topic in more

detail, with a particular focus on the turn-off angle and influence on radial force components. A 6s/4r
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SR machine is analysed for varied turn-on angle and fixed turn-off angle in [Bla94], where little to no
variation in sound pressure level is observed. This is confirmed via simulated and experimental analysis
in this thesis, with a more detailed explanation. A purely simulated study may be found in [Nev97]

which considers the impact of switching angles on a 4 phase 8s/4r machine.

1.2.4 Structural vibrations in SRMs

As shown previously, the dominant source of vibrations in SR machines is accredited the stator
borne vibrations, and a number of works investigated and acknowledged this [Col96], [Mah96]
[Liul2b], [Lon01], [Nev97], [Nev01], [Pil99], [Sad96] and [Tan97]. The influence of stator modelling
is also included and combined with electromagnetic analyses in [Sad96], [Tan97], [Nev97], [Bes98],
[Gabh99], [Tak15], [Bay16], [Lon01], [Liul2] and [Cai99]. The analyses in these studies are applied in
both 2D FE analysis and more recently, 3D FE analysis. Influence of the following features have been
investigated:

»  Stator yoke;
+  Stator frame and housing;
*  Windings;

»  Damping ratio.

The stator yoke thickness is known to have a significant impact on the natural frequencies of the
machine, and thus, bear significant impact on the vibration response. The influence is majorly attributed
to the stiffness the stator yoke adds to the machine. The influence of stator yoke thickness is analysed
through FE in [Bes98] and [Cai99] and performed analytically in [Col96] and [Pil99]. These studies
seek to find the influence of yoke thickness by increasing thickness whilst maintaining a constant outer
diameter. Hence, this results in an increase in the natural frequencies. Analysis and investigation of the
natural frequencies and vibration modes may be achieved analytically [Zhu91]. However, it is generally
accepted that the fastest most efficient method is the use of evolving FE modelling technologies. Given
the influence of stator yoke thickness, it follows that the housing of the stator results in a similar effect.
Assuming a perfect contact between stator and stator housing significantly increases the modelled
natural frequencies [Cai99] and [Pil99]. However, in practical applications the contact is often located
at more specific points such as bolted connections, it is possible that these connections shall increase
natural frequencies as well as the potential to introduce new vibration modes. The modelling of endcaps
is a difficult process and often ignored [Nev99], in some cases it is modelled separately from the rest
of the housing [Mah96]. In this thesis, the endcaps and their connections are modelled, it is found they
have a significant impact on the final vibration response.

The stator windings provide difficulty and complications when modelling, dependent on the

arrangement and connection. They are often neglected when considering stator vibration modes.
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However, [Yon97] and [Lon01] both investigate the influence. The material is typically assumed to be
homogenous or a composite material to account for potting and gaps between windings. In SR
machines, the typical winding structure is that of concentrated windings allowing for simpler modelling
and analysis. It is determined by Long [Lon02] that for a 6s/4r SR machine, the stator windings may be
neglected in order to produce the most accurate simulated results for stator vibrations. It is shown that
the mass of the windings on teeth reduce the natural frequencies, whilst at the same time through potting
add additional stiffness to the model. The effects of each of these phenomena are considered to cancel
each other out, and thus the windings may be neglected. In [Lon02] an extensive modelling process is
performed so as to identify the most appropriate modelling technique to account for stator tooth
windings.

Generally, it is regarded that the damping ratio for SRMs is relatively low and has little to no impact
on the natural frequencies of the stator and machine. Rather, the damping ratio applies to the amplitude
of vibrations and the decaying nature of the oscillations. The damping factor of specific machines are
derived with use of FE modelling and experimental methods in [Gab99b] and [Nev99]. This is a simple
procedure for simple structures such as unwound stators or laminated rings, as complexity of structure
increases the modelling of damping ratio becomes more difficult. As such, the influence of damping
ratio has not been heavily investigated for complicated structures. Furthermore, it is considered that in
order to achieve accurate results, a combination of experimental and simulated analyses is required.
That is to say, the machine must already be manufactured in order for it to be characterised, and thus,
the damping ratio cannot be predetermined for any machine. The damping ratio can also be considered

as part of a mass-spring-damper system, as found in [Tan97], [And97], [Mah96] and [Wu93].

1.2.5 Noise reduction techniques

The focus of this thesis and study is to investigate parameters influencing the acoustic noise and
vibration characteristics of SR machines. Historically, there has been a focus on current control
strategies as well as structural designs in order to minimise the acoustic noise and vibration whilst
maintaining reasonable torque production. More recently, a second machine type has been derived from
the SR machine, a variable flux reluctance machine (VFRM). The review of noise reduction strategies

can be outlined as follows:

»  Random turn-on and turn-off;

« Random PWM;

»  Active vibration cancellation (AVC);

»  Geometric design — windows, yoke bolstering;
»  Variable flux reluctance machines;

« Radial force sum minimisation.
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In terms of noise and vibration reduction in SR machines, one of the earliest found strategies is
proposed by Cameron et al [Cam92]. The idea of “dither’ is introduced to the turn-on and turn-off times,
randomly shifting the switching angles by 0° or +1° mechanically. In random varying of the turn-on
and turn-off angles the level of excitation in natural frequencies is said to be reduced, and this is then
confirmed in later studies [Bla94]. However, there is little information on this confirmation, and based
on other works such as [Wu93], it is determined that the variance in turn-off is most effective and thus
the random turn-on and turn-off would only provide a low level of reduction. [Bla94] also introduces
the possibility of noise reduction via random PWM switching. The influence of this strategy applies to
the switching frequencies only, by spreading the switching frequency across the spectrum and thus
reducing excitation levels of natural frequencies. However, this is also shown to not reduce acoustic
noise significantly. Furthermore, it is possible to utilise a switching frequency above 20kHz, and hence,
not excite any natural frequencies in the audible range.

One of the most popular and notable methods of acoustic noise and vibration reduction in SRMs is
the active vibration cancellation technique [Wu95]. Wu and Pollock developed a method that seeks to
reduce the vibration response via the introduction of an antiphase oscillation that counter acts the natural
oscillation at turn-off. With a prior understanding of the stator vibrations and natural frequencies of the
stator, a controlled step may be applied to the voltage that shall induce an additional vibration response.
The second oscillation induced by the step opposes the acceleration produced by turn-off, and thus,
reduces the total vibration response. The anti-phase vibration is determined by the opening of the switch
for a second step, the time step determined by half the frequency of dominant oscillation. This
methodology is referred to as a ‘2-stage’ cancellation technique, most commonly implemented with the
use of an asymmetric half bridge circuit [Pol97]. This technique is well regarded and simple to
implement, but there are disadvantages associated. The technique is limited by its ability to only
introduce an anti-phase oscillation at a single targeted frequency, typically the dominant frequency.
Furthermore, the time delay is defined by the speed of the motor and hence, the technique is heavily
dependent on accurate speed calculation and feedback. An illustration of the active vibration

cancellation technique can be found in Fig. 1.6.
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Fig. 1.6 Representation of active vibration cancellation, as illustrated in [Lon02].

Further to control strategies for reducing the acoustic noise and vibration in SR machines, there are
also a number mechanical and geometric technologies that can be implemented. One such technique is
the introduction of stator spacers between stator teeth [Ras01] and [Gie01]. These support the stator
structure and the stator teeth, stiffening the structure and reducing the level of vibrations. The impact
of skewing has also been investigated in [Gan15] with the target of torque ripple minimisation, as well
in [Yan13] for a single phase SRM. Simplifying the study in [Yan13], it works on the principle of
graduating the change in radial force, considering the severity of radial force change is considered to
be a significant factor in acoustic noise and vibration production. [Cho07] utilises pole optimisation in
order to reduce torque ripple also, via the introduction of eccentricity into the stator teeth. Although this
may reduce torque ripple and may be considered advantageous for reduce noise, this neglects the
introduction of additional vibration modes due to asymmetry. [Mil93] is considered to be a
comprehensive and detailed guide to SRMs, and it is commented here that an increased pole arc may
aid in reduction of acoustic noise and vibration response. The conception of utilising holes in the stator
teeth, similar to flux paths in SR machines, is firstly seen in [Nak02]. More recently this has been

developed and optimised for different windowing positions in the tooth, and verified with experimental
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analysis [Elal8]. It is noted that in order for this to be a viable option, one must take into account the
structural integrity of the stator teeth and the thermal capabilities also.

In recent years, the development of the variable flux reluctance machine (VFRM) derived from an
SR machine also shows significantly reduced noise and vibration characteristics [Liul3]. The novel
machine is firstly introduced in [Fuk12]. The inherent noise and vibration reduction is demonstrated in
[Liul2b] and experimentally verified also. The VFRM shares its topology and doubly salient nature
with an SRM, but differs in winding structure. The VFRM is formed with each tooth having a DC
winding and 3-phase AC winding. It is operated with a constant DC excitation producing a constant
field, and hence, through synchronisation of the DC field and AC field the machine generates a torque.
The torque ripple is significantly lower than an equivalent SRM, although it also noted the SRM exhibits
higher average torque [Liul2a]. Recently, the development of VFRMs, particularly within the Electrical
Machines and Drives group at the University of Sheffield, has resulted in improved torque density,
torque ripple reduction, and increased average torque [Hual9a], [Hual9b], [Leel7], [Dex18], [Hual8],
[Hual7] and [Zhul7].

Finally, investigation into the optimisation of current profiles from the perspective of radial forces
acting on stator teeth has been developed [Tak15], [Kurl5a], [Kurl5b] and [Bay16]. The study focuses
on a high pole number SR machine, 36s/24r, in which the teeth of each phase are relatively close
spatially. Typically, the radial force per tooth is investigated when considering the influence on acoustic
noise and vibration. However, [Tak15] introduces the consideration of a sum of radial forces acting on
each set of teeth, given the windings are concentrated and sequential. The profile of the sum of radial
forces is derived, and the 3" harmonic component eliminated. Therefore, given that the radial force and
phase currents are proportional, the current profile may be optimised to eliminate the 3" harmonic
component, provided the current is comprised of the dc, 1%, 2" and 3@ components only. The resultant
current profile and control is shown to be effective in reduction of acoustic noise and vibration.
However, it is noted that this method is most effective on electric machines and motors with a high pole
number, such that the stator poles are suitably close together. Therefore, the influence of adjacent phases
is increased, and thus, the radial force sum of adjacent teeth is not dominated by the central tooth when
considering a 3-phase motor. In a 6s/4r SRM, the teeth are significantly separated, and therefore, the

method is more difficult to implement and less effective.

1.3 Scope of thesis and contributions

The work and investigations into acoustic noise and vibration reduction has increased recently,
given the volatility of PM prices and limited materials. It is accepted that simulation and modelling of
acoustic noise and vibration response is a time consuming and difficult task, requiring the combination
of many disciplines. The effect of many parts may be neglected in order to produce a time efficient
solution whilst retaining an acceptable level of accuracy in results, this is particularly applicable to the

modal analysis and modelling. Historically, much of the research into SRMs has focused on the time
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domain perspective of current profiling, with focus at turn-on and turn-off instances, and control of
steady current through hysteresis control or PWM control.

This thesis seeks to provide an extensive investigation into the modelling of switched reluctance
machines from the perspective of both electromagnetic performance and vibration response. Without
reasonable electromagnetic performance, the vibration response has no importance. In other words, a
silent machine that produces no torque is useless in application. Through thorough modelling and
verification, the influence of various current profiling strategies is examined. The contents of the thesis

are as follows:

Chapter 2 introduces the finite element model used in all further investigations in this study. Through
a systematic process of modelling, the machine is expanded from a simple annular ring through to a full
prototype model. Verification of modal analysis is performed at each incremental stage of modelling,
to ensure reliable and accurate final results. It also introduces a suitable finite element solution to the
bonding of endcap to the stator housing, introducing dual modes into the frequency response of the

machine. The introduction of dual modes is verified with experimental hammer and excitation tests.

Chapter 3 verifies the model produced in Chapter 2 under load conditions. Previously, the model has
been verified under static testing conditions, the on load operation of the machine introduces multiple
factors. In order to verify the suitability of the model, a series of simulations are performed with
variations to the current profile. The trends in vibration response are then mapped and analysed
experimentally also. The machine is operated under single pulse voltage control so as to avoid any
PWM switching frequency which interferes with the natural modes of the stator. Showing good
correlation between experimental and simulated trends, it is reasonable to consider future simulations

as reliable.

Chapter 4 considers the influence of current control parameters from the perspective of the time
domain. The baseline current profile used for verification is expanded, introducing new current
components. By introducing variations one at a time, the influence of each parameter may be understood
and quantified. Firstly, a slope of constant gradient is introduced to the falling edge of the current
profile, similar to that of the inductance profile. Next, the influence of a current step is investigated, the
time duration of the step is extended to variable instances before turn-off. The drop in current is kept

constant to focus on solely the step in time.

Chapter 5 considers the influence of current harmonic components on the electromagnetic performance
and vibration response. Through the decomposition of the baseline unipolar square wave, the current
harmonic amplitudes and phases are derived as a Fourier series. For comparison to the baseline, the

phase of each harmonic is fixed. Firstly, the baseline is gradually rebuilt with inclusion of an increasing
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number of harmonics. Following this, the influences of amplitudes of the DC component, 1% harmonic

and 2" harmonic are investigated and compared.

Chapter 6 concludes the findings and investigations in the previous chapters and number of criteria in
current profiling are suggested and their relative influence is examined. Suggestions for future

investigations and work are also commented on, in terms of modelling and expansion of work.

The major contributions included within this thesis can be summarised as follows:

1. The modelling and simulation of electric machines for acoustic noise and vibration is a difficult
and multidisciplinary task. Following a rigorous and extensive modelling process taking care
at each stage of production, it is possible to produce a model which provides reliable results in
a time efficient manner for both electromagnetic results and vibration response. Moreover, the
influence of endcaps and their connection is investigated, showing the significant influence
bolted connections can have in defining the dominant modes in small machines. The
significance is such that dual modes may be introduced and the amplitude of response may
increase (Chapter 2).

2. The current waveform of a conventional SRM heavily influences the electromagnetic sources
of vibration in the stator. By defining a simple baseline (Chapter 3) with verification, the
influence of more complex current parameters may be addressed. Considering two separate
domains for building the current profile, the number of parameters influencing the profile
increases. From the perspective of time domain, some known ideas are verified such as
dominant influence of turn-off, as well focusing on the influence of individual characteristics
such as slope at turn-off (Chapter 4). Manipulating the current in the frequency domain, the
contribution of each current harmonic amplitude on electromagnetic performance and vibration

response is investigated.

Publications

[1]. James Dexter, Liren Huang, Z.Q. Zhu, and X. Vinamata, “Comparison of torque production and
design of switched reluctance and variable flux reluctance machines,” Int. Conf. on Electrical
Machines and Systems, ICEMS2018, 7-10 Oct. 2018, Jeju Island, Korea, pp.1-6.

[2]. James Dexter, Liren Huang, Z.Q. Zhu, and X. Vinamata, “Comparison of frequency and time
domain based current profiling techniques for acoustic noise reduction in switched reluctance
machines,” Int. Conf. on Electrical Machines and Systems, ICEMS2018, 7-10 Oct. 2018, Jeju
Island, Korea, pp.1-6.
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Chapter 2 Finite Element Modal and Vibration Analysis

2.1 Introduction
This chapter aims to accurately model the vibration response of a prototype 6-stator-pole/4-rotor-

pole (6s/4r) switched reluctance machine (SRM). The structure presented is that of many modern
conventional SRMs, with concentrated windings wound on each tooth and an internal salient pole rotor.
The SRM is housed with an aluminium casing and no specific cooling measures, such as cooling fins
or a water jacket. Hence, the SRM investigated has a relatively simple structure, although the modelling
process is still extensive. Specification of the 6s/4r SRM can be found in Table 2.1.

Table 2.1 Machine parameters

Machine Parameters Value Machine Parameters Value
Number of phases 3 Stator outer diameter 90.0mm
Number of stator poles 6 Stator inner diameter 47.4mm
Number of rotor poles 4 Stator pole arc 30°
Number of turns per phase 366 Rotor pole arc 32°
Winding resistance 3Q Rotor & stator yoke thickness 8mm
Stack length 25mm Air gap 0.5mm

Any object shall exhibit a number of natural frequencies, which cause a phenomenon referred to as
resonance when excited. In the case of electrical machines, the machines are typically cylindrical in
nature as seen for the 6s/4r SRM. The most popular and time efficient method of modal analysis, or
natural frequency calculation, is the use of finite element (FE) analysis. FE models are based on the
principle of breaking down a complex shape into discrete elements. The influence and behaviour of
each element is calculated, and then summed and combined so as to produce a full simulated model of

a more complex nature.
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Fig. 2.1 (a) Cross section of SRM and casing, (b) 4-pole internal rotor.
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2.2 Validation of FEA with 2D annular ring

2.2.1 Identification of natural modes and frequencies

In order to successfully design a switched reluctance machine (SRM) for low noise operation it is
important to model some key components of noise contribution, particularly the natural modes
contributing to mechanical resonances which lead to high acoustic noise and vibration. The FE software
used is the ANSYS Workbench package which allows the combinations of the Electromagnetics Suite
and the ANSY'S Mechanical package, such that the radial forces can be mapped across. Initially a simple
annular ring is tested experimentally, then modelled in 2D and 3D to find the natural modes and
frequencies. It is excited via a strike from a force hammer, the measured force is then input into the FE
software to identify a reasonable damping factor for the material and verify the simple model. These

tests are then repeated for the following:

e Laminated unwound stator

e Wound stator in casing framework

¢ Unmounted machine with endplates attached
e Prototype mounted onto mounting bracket

e Full machine mounted onto test rig

Initially, the natural frequencies and mode shapes (eigenmodes) must be verified in the finite
element simulation. In rotary electrical machines the major contributor of noise and vibration is the
stator and stator housing, often of a cylindrical nature. It is widely considered that the most dominant
forces for noise production are the radial forces in the air gap of the machine. The excitations in the
stator produced by these forces are amplified by the natural mode vibrations of the system, referred to
as eigenmodes. Eigenmodes are made up of characteristic shapes and frequencies, detailed below for a
simple cylindrical structure, Fig. 2.2. Under excitation, the forces produced may align with the
frequency of a specific eigenmode, causing resonance and increased vibration. The force hammer

impact test is a method used to identify eigenmodes and identify dominant modes of the system.
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Axial modes

Fig. 2.2 Definition of circumferential and axial vibration modes based on a simple cylinder.

For noise reduction and vibration cancellation techniques, it is important to identify these modes
and the frequencies associated with their shapes. Modal analysis is used both experimentally and with
FE software, to correctly identify natural frequencies of the prototype machine at different stages of
construction. It also verifies the finite element model as a viable method of simulating the potential
vibration characteristics of the machine under various excitations, such as impact tests, current
impulses, and full 3 phase operation. This can then be expanded, using the model to simulate potential
new control strategies or mechanical designs to reduce noise and vibration output. Eigenmodes are
categorized by their axial and circumferential mode shapes, defined by m and n respectively, Fig. 2.2.
The axial and circumferential mode shapes are determined by the number of sine waves in the axial
direction and about the circumference respectively, where m = 0 denotes a mode shape with no axial
deformation but instead a “breathing mode” as an example. Using the example of a simple annular ring,
these shapes are heavily dependent on the material, geometry and shape as identified by Rayleigh
[Ray49]. The number of eigenmodes of a particular system is infinite. However, this study will focus
on eigenmodes in the audible range of the human ear, 20Hz to 20kHz. In general, the circumferential
mode (0, n) increases with frequency however it is possible for a lower order mode to appear at a higher

frequency.
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Before calculating the eigenmodes and their influence with FE software, the experimental data must
first be acquired for use as a reference. Due to the nature of simulating noise and vibration it is important
to establish a strong baseline and verify the FE results. To do this, multiple hammer tests were carried
out to find the natural frequencies and associated amplitudes of vibration. Through the use of a force
hammer, the input force can be measured in the time domain then its harmonic spectra can be used in
the FE simulation to excite the model as a harmonic response system. The experimental setup can be
seen below, Fig.1.2, with specifications found in Table 2.2.

Fig. 2.3 Experimental setup for impact hammer test.

Table 2.2 Equipment and sensors (Fig. 2.3)

1. PicoScope
Manufacturer Pico Technology
Model 4824
Channels 8-channel
Sample Rate 80 MS/s
Memory 256 MS
Bandwidth 80 MHz
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2. Acceleration sensors

Manufacturer Briel and Kjer
Model 4518-003 M= {
¥ 4515.09g g" . e
Technology Piezoelectric Bh“ b ]
Range +/- 509
Sensitivity (@160Hz) 100 mV/g +/-10%
Mounted resonance > 60kHz
Mounting Adhesive
3. Force hammer
Manufacturer Briel and Kjer
Model 8206
Maximum force 4448 N
Sensitivity (@160Hz) 22.5 mVIN
Tip attachment Hard tip

4. Signal amplifier

Manufacturer Briel and Kjer
Model Type 2694-B
Channels 16
Supported gains 0dBor 20 dB
Communication RS232
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A large number of impact tests were employed across the range of different structures, in order to clearly
identify the location of the impact and the output at the accelerometer position the following visual

depiction is used throughout:

! Point2 ! Point 1,2,3

Pointl Point3

Front
Back

’ Y
+Impact * Impact
1

(b) (©)

Fig. 2.4 Visual depiction of impact and sensor location.

This shows the circumferential location of the impact as a force acting inwards, and the accelerometers
denoted by an arrow out of the system. The axial location is defined with reference to the length of the
model shown in Fig. 2.4. For tested models, a range of accelerometer and impact locations were tested,
focused on identifying the maximum number of circumferential modes. Due to the short stack length
of the annular ring, axial modes are unlikely to be present.

The PicoScope allows a high sampling rate suitable for calculating the frequency domain results to a
high range whilst retaining reasonable step size. However, this requires careful manipulation of the data
to achieve the correct FFT result and produces a large amount of data. It is important to calculate the
FFT of both the accelerometer results and hammer forces with a slight negative delay, such that the
impulse force is fully captured. It is also vital to allow the acceleration and hammer force signals time
to settle, if this time window for calculation is too small then the amplitudes of the vibration results will
be misleading. Therefore, the signals are triggered off the hammer impulse with a slight delay and
calculated across a duration that allows for reasonable decay of the sinusoidal vibration output. No
signal-windowing techniques to improve the quality of FFT (i.e. Hanning) are employed or required at
this stage of testing. To verify results and calculated FFT, a dynamic signal analyser (DSA), Aglient
35670A FFT DSA, is used to compare frequency domain results for both amplitude and frequency. This
DSA is not suitable for further testing, in particular on load testing, due to the limited time window and
frequency range combinations. For example, at maximum resolution of 800 samples, the Agilent DSA
will measure up to 12.8kHz for a time range of ~60ms. As the prototype machine is operated at only

~800rpm max. this time range is still too low to see a full electrical cycle.
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Fig. 2.5 Acceleration response in the time domain for 3 axially central points on the annular ring.
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axially central.

2.2.2 2D vs 3D model

Firstly, a simple 2D model of the annular ring is simulated as a time efficient guideline for results. Due
to the simplicity of the model this yields reasonable results in a time efficient manner. However, as
complexity increases a 3D model is required. Utilising a 3D model allows for consideration of axial
modes if required, along with the influence of connections between parts specifically in this study the
bolted endcaps. Material properties for the ring are defined from the data sheet with isotropic properties
for initial simulations. As can be seen in Table 2.3 the 2D simulation yields reasonable results for a
simple structure. Comparatively, the 3D model increases the simulation time by a minimal amount, and
allows observation of axial modes from the modal analysis results. It is also possible to account for the
lamination effect in the 3D model via the parametric analysis of material properties including mass

density, Young’s modulus and Poisson’s ratio, to align the experimental natural frequencies with FE.
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Fig. 2.7 Mode shapes simulated on 2D annular ring.
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Fig. 2.8 Eigenmodes simulated in 3D, for axial mode m=0 and m=1.
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Table 2.3 - Comparison of 2D and 3D simulated modal analysis on an annular ring

Natural Frequencies, Hz
Mode Shape

3D FEA
(m, n) Measured 2D FEA Error, Hz _ Error, Hz

(Solid)
0, 2) 3010 2910 100 (3.3%) 2927 83 (2.8%)
,3) 8321 8004 317 (3.8%) 8071 250 (3.0%)
0, 4) 15092 14794 298 (2.0%) 14995 97 (0.6%)
(0, 1) - 19662 - 18718 -

2.2.3 Mesh sizing optimizations

A convergence study is used to ensure that the simulated results from the FE software are accurate for
an optimal computation time. To achieve this, the software package offers multiple meshing variations
suitable for a wide array of applications. The meshing method for analysis in this study is a mechanical
mesh with quadrilateral (8-dot) node assignment, as shown in Fig. 2.9. It is common practice for
mechanical and structural analysis to use a hexahedral mesh creating cuboid elements, as opposed to
traditional meshing in electromagnetic applications where a prism mesh is beneficial. Implementing the
8-dot quadrilateral meshing allows for the element number to be kept low, whilst increasing the node
number. As forces are applied to the nodes and the response is also measured from the nodes it is a

useful technigue to minimise the element number, thus saving computation time.

O O O]
), C/ ), O C/O/
@)
@) O
© ¢ © @ ¢
(a) Standard nodal meshing (b) 8-dot quadrilateral meshing

Fig. 2.9 Meshing standard utilised in modelling.
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To optimize accuracy of results whilst retaining an acceptable simulation time, different meshing

assignments are compared, specifically:

e Automatic meshing, defined by element size for each object.
e Edge sizing, defined by either the size of elements on each edge or the number of divisions per

edge.

(a) (b)
Fig. 2.10 (a) Automatic meshing with size limitation (b) Meshing defined by divisions per edge.

Utilizing the automatic meshing for an edge or part allows for fast assignment and meshing. However,
the element shaping is less uniform leading to potential asymmetries in meshing. The size is specified
as a targeted element size, with a tolerance, and it is also limited by the general mesh size settings. Due
to the potential for various element sizes and asymmetries, this method will not be used to optimize the
3D mesh. Instead, a more rigorous uniform meshing method is selected. Edge sizing can define either
the target element length, or the number of divisions across an edge. For the same reasons as mentioned
previously, the number of divisions is the method used for optimizing the mesh. Therefore, by splitting
the model into parts, the mesh divisions can be predetermined for each edge individually, resulting in a
uniform symmetrical mesh. These divisions are then varied between two values specified in

Table 2.4, and the minimum frequency result for each mode is calculated. As mesh density increases
the frequency for each mode reduces, until the density is saturated such that the frequency is stable.
Hence, results in the constant natural frequency range are optimized based on minimum element and
node number, thus minimal computation time. The mesh node number directly correlates to the
computational time required to solve the model for modal analysis. As this is the base model for
harmonic response analysis, a time save through minimum number of mesh nodes is amplified into for
future analysis. A typical modal analysis for this ring takes approximately 20 seconds. However, the
final complete motor is approximately 4 minutes for modal analysis and a further 1 hour for harmonic
analysis. The convergence results are shown in Fig. 2.11, with the bottom left quarter of each graph

containing potential optimal mesh combinations for reliable results and minimal computational time.
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Table 2.4 — Mesh parameters and results

Radial Min. Divisions | Max. Divisions Optimal:
Divisions =18 =90 54

Yoke Min. Divisions | Max. Divisions Optimal:
Divisions =2 =6 5

Stack Min. Divisions | Max. Divisions Optimal:
Divisions =2 =8 4

2.2.4 Refinement of material properties

Finally, initial results indicate a reasonable alignment for natural frequencies particularly for the modes
focused on where m = 0. However, the damping factor and amplitudes must also be considered, along

with further fine tuning with material properties. Firstly, the Young’s Moduli in each plane are defined

as Ey, Ey, and E;, Shear Moduli defined as Gyy, Gxz, Gy, and Poisson’s Ratio vxy, Uxz, and vys.

Y
= Ez
M,Ex z
X
(@) Orientation of (b) Gxy

Young’s Modulus

Fig. 2.12 Young’s Modulus and Shear Modulus plane definitions.

(€) Gx
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Determining the effective properties of an anisotropic material can be a difficult task, further
complicated by the welding of laminations under specific clamping pressure. To make the task
achievable some assumptions must be made. Initially, the mass density of the material is measured by
weighing the laminated ring and calculating experimentally. It is found to be slightly lower than the
data sheet specified as 7650kg/m?, down to 7350 kg/m?. Beyond this, the first assumption considers the
X-Y plane variables of the material properties to be unchanged given that the laminations are stacked
in the Z-direction. As the Poisson’s Ratio is a measure of elongation in a direction against reduction in
cross sectional area, this is assumed not to change in any plane for this study. The influence of welds in
the axial directions is beyond the scope of this study, but it can be noted that in the event of a stress in
the Z-direction the stress will act not on the laminations but on the welds. For the Young’s Moduli in
the X and Y-direction, these are considered to be the same as specified for MH330-35A. However, E,
is assumed to be lower than the specified. This can be attributed to discontinuities between individual
laminations. The Shear Modulus is more complex, with Gy denoting any deformation seen in the X-Y
plane but caused by the X-Z and Y-Z stress. As this is influenced by planes in the direction of the stack
it can be concluded that G,y will be reduced. By similar logic, Gx, and Gy, are deformations seen in the
X-Z and Y-Z planes respectively, these are assumed to be equal to each other but lower than G,y.

Convergence for the material parameters is calculated via parametric simulations with a target of the
experimental natural frequencies for modes m=0, n=2 through 4 with a material mass density of
7350kg/md. 1t is found that there is a small variance in Young’s Modulus in the Z-direction. However,
a more significant change in the XZ and YZ-planes of Shear Moduli, caused by the effect of the

lamination stack and welding not directly modelled in the FE simulation.

Table 2.5 Original material properties of M330-35A steel

Mass Density 7650 kg/m?®
Poisson’s Ratio 0.3

Young Modulus, E 210 GPa
Shear Modulus, G 80 GPa

Table 2.6 Finalised stator material properties from parametric study and resultant modes

Material Properties Natural Frequencies, Hz (% error)

Ex & Ey E. Gyy Gx/Gy; Mode (0, 2) Mode (0, 3) Mode (0, 4)

210 GPa | 200 GPa | 74.0 GPa | 10.3GPa | 3008 (0.07%) | 8342 (0.25%) | 15409 (2.10%)

34



The final verification of finite element analysis determines the damping factor for eigenmodes such that
the measured acceleration correlates with the amplitude of predicted results. To achieve this, the
simulation is modelled as a harmonic response system based on modal superposition. The modal results
gathered thus far are used to simulate an input force obtained from the force hammer, applied in the
frequency domain. There are many methods for calculating damping factors including the -3dB method.
In this case, a parametric sweep of damping factor in FE is used to align amplitudes with experimental
results. However, due to the nature of the annular ring and force hammer available, the frequency
domain impulse of the force hammer is only reliable up to 5kHz as demonstrated from the harmonic
response of the input force, shown in Fig. 2.13. Furthermore, it is considered that the damping factor
will vary with frequency, such that each mode may have a different damping factor. For the purpose of
these simulations and this system, the damping factor will be assumed to be a constant damping factor
for the system, verified for mode (0, 2) which falls in the constant region of the impact hammer. It is
noted that in reality this damping factor will not be constant across the frequency ranges measured in
this study.

This modelling methodology verifies the accuracy and reliability of the FE software, a process repeated
at each construction stage in order to obtain reasonable simulation results for a full system under
operating conditions. Based on the evidence and study thus far, it is concluded that the material
properties of the MH330-35A annular ring are specified in Table 2.7.

Table 2.7 Material properties for M330-35A steel laminated stator

Mass Density 7650 kg/m?
Poisson’s Ratio 0.3

Young Modulus, Ex 210 GPa
Young Modulus, Ey 210 GPa
Young Modulus, E; 200 GPa
Shear Modulus, Gyy 74.0 GPa
Shear Modulus, Gy, 10.3 GPa
Shear Modulus, Gy, 10.3 GPa
Damping factor 0.0012
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2.3 Influence of teeth and verification of stator mechanical properties

2.3.1 Stator parameters and introduction

Further to the study of the laminated annular ring, the stator teeth are introduced to the design. This
adds complexity and influences the eigenmode frequencies, due to the asymmetry of the new system.
This study focuses on a 6-pole stator, assumed to have no eccentricities and a uniform air gap, but due
to the addition of poles to the ring, dual modes are separated and identifiable individually. In general,
when compared to the annular ring, the introduction of poles into the system will increase the acoustic
noise and vibration. It is worth noting that this is not only caused by the additional modes from
asymmetries, but also caused by the lowering of natural frequencies which have the potential to then
introduce more modes into the audible spectrum. The stator has been modelled on the specification in
Table 2.1. This unwound stator matches the prototype and shall be used for all subsequent testing.

2.3.2 ldentification of modes

As with the laminated annular ring, it is pivotal to correctly identify and locate the eigenmodes of the
stator. These will differ from the annular ring due to the asymmetries introduced with the teeth, and
also the additional mass added to the system. Firstly, the hammer test is repeated to find the frequencies
of new modes and find any potential new peaks introduced into the audible frequency range. Mode 5 is
introduced into the frequency range (15889Hz), although minimal in amplitude, along with asymmetric
modes identifiable for variations of mode 3, with zero axial attenuation (m=0). Furthermore, the
symmetrical and asymmetric modes can be classified by Fig. 2.14, relating to the movement of poles
in particular modes. [Lon01] demonstrates that as the number of poles introduced increases both
symmetrical and asymmetric modes will be reduced significantly, with relation to the natural
frequencies, where the symmetrical modes are less affected. This effect is shown in the table of

comparison between the annular ring and 6-pole stator, Table 2.8.

(a) Asymmetric mode (b) Symmetrical mode
Fig. 2.14 Symmetrical and anti-symmetric vibration modes denoted by m, na and m, nb

respectively.
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Fig. 2.16 Vibration response for accelerometers placed behind teeth with an impact force applied
behind a tooth.

Mode (0, 3a) can be considered as a mode 3 shape with maximum deformation behind the slots, whilst
mode (0, 3b) is of mode shape 3 with maximum deformation behind teeth. From the experimental
hammer test, it is possible to excite mode 3a with a strike behind a slot and identify it with an
accelerometer positioned behind a slot also. In this case, mode 3b will not be seen in the response as
the deformation behind slots for mode 3b is zero because the slot falls between two maximums. The
opposite can be said for measuring mode 3b, where the impact occurs behind a tooth and the response
is measured behind other teeth. These teeth exhibit maximum deformation for mode 3b but minimum
deformation for mode 3a. Hence, it is a simple test to separate these two mode shapes. The hammer test
indicates a reduction in frequency for eigenmodes with axial order 0, caused by the increase of mass to
the system.
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Table 2.8 - Modal frequencies for annular ring and stator of equal dimensions

Mode Shape Natural Frequencies, Hz

0,n Annular Ring Laminated Stator

2 3010 2520

3a 8321 6000

3b - 7325

4alb 15032 11489

5 - 15884

H: Copy of Modal H: Copy of Modal H: Copy of Modal
Mode 0,2 Mode 03 Mode 0.3b
Deformation
i Frequency: 74027 Hz
Uni Unit: m
Max 1.9845 Max: 24288 Max 1.6147
Min: 0.56231 Min: 0.13623 Min: 0:10454
3 H H
27 27 o7
24 24 24
21 1 21
18 18 18
15 15 15
12 12 12
[ L 08
06 06 06
03 03 0z

Mode (0, 2): 2552 Hz Mode (0, 3a): 6000 Hz Mode (0, 3b): 7403 Hz

H: Copy of Modal H: Copy of Modal H: Copy of Modal
Mode 04 Mode 04 Total D n 127
Type: Total Deformation Type: Total Deformation e T atio
Frequency: 11488 Hz Frequency: 11404 He que iz
Units m Units m Units m
Max: 3.005 Ma: 31007 M 3.9325
Min: 0.04113 Win: 0011427 Min: 00070967

3 3 3
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Frequency: 20906 Hz Frequency: 6723.2 Hz Frequency: 7743, Hz
Unit: m Init: m nit: m

Max: 2.8075 Max: 3.2344 Max: 2.9184

Min: 0.00019274 Min: 8.750-9 Min: 2.1450¢-0

Mode (1, 2): 2900 Hz Mode (1, 3b): 6723 Hz Mode (1, 3a): 7743 Hz
Fig. 2.17 Stator eigenmodes simulated in 3D, for axial mode m=0 and m=1.

The influence of the addition of poles to the annular ring is clear. Hence, a new FE study is derived
where the mesh shall be recalculated and material properties reassessed for the laminated stator.

Therefore, in similar fashion to the annular ring, a convergence study is performed for optimal mesh
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and material properties to match natural frequencies found in the hammer test study. As discussed
previously, the optimal approach used in this convergence is defining the target edges of the model and
perform a parametric optimization of the mesh. Therefore, the optimal mesh is derived from the number
of divisions in the back-iron, stack length, stator yoke and pole height. A uniform mesh is advantageous
to the structural analysis, and hence, the ratio of divisions in the pole tip to back iron, for one pole, is
equivalent to the pole pitch, in this case 0.33. Finally, the convergence results and final mesh are shown
in Fig. 2.18, these results are used to implement a study of material properties to confirm results found

for the annular ring.
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Fig. 2.18 Mesh convergence for stator, showing (a) Mode (0, 2), (b) Mode (0, 3a), (c)

Mode (0, 3b), (d) Mode (0, 4), (e) Final meshed stator model.

Table 2.9 Final modal results for laminated stator with refined mesh

Mode Shape Natural Frequencies, Hz
(m, n) Measured, Hz 3D FEA, Hz Error, Hz (%)
0,2) 2520 2552 32 (1.3%)
(0, 3) 6000 6000 0 (0.0%)
(0, 3b) 7325 7403 78 (1.1%)
(0, 4) 11489 11494 5 (0.04%)
(0, 5) 15884 15511 373 (2.3%)

It is established within this study that FE modelling for the stator is a reasonable prediction for the

natural frequencies of key eigenmodes, with focus on modes with m=0. To verify the use of the

predicted results for further analysis, the amplitudes of the natural modes must also be calibrated against

the experimental results. The force hammer is limited for the maximum frequency range the impact
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force can be applied to, and to maximize this range a metallic tip is used. From the hammer impact,
Fig. 2.19(a), it is concluded that only mode 2 falls into the reliable range of input force. Therefore, the
damping factor for the system is optimized for mode (0, 2) only. A parametric sweep of damping factor
with a target of matching mode (0, 2) amplitude yields a constant damping factor of 0.5%. The results,
Fig. 2.15 and Fig. 2.16, show a strong match for the simulated results on a relatively simple structure,
both for amplitude and frequency. As the stator modes are the dominant influence on the vibration
modes of the full prototype, this shows the suitability of simulations to analyse methods of reducing
vibrations in this SR machine. It should be noted that as the complexity of the machine increases the
match between experimental and FE results diverges. This is caused by more complex mechanical
boundaries, environmental parameters such as temperature and assumptions that must be made in order
to produce a time efficient method for estimating the vibration response. Simulating the response under
on-load conditions is also heavily dependent on the calculation of forces in the electromagnetics, in the
case of hammer tests the force applied may be directly taken from the test results leading to good

correlation between FE and experimental results.
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Fig. 2.19 Vibration response of impact behind a slot from experimental test and FE simulation for

damping factor of 0.5%, measured behind 3 teeth. (a) Force hammer impact, (b) Point 1 response,

(c) Point 2 response, (d) Point 3 response.
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Fig. 2.20 Vibration response of impact behind a tooth from experimental test and FE simulation for

damping factor of 0.5%, measured behind 3 teeth. (a) Force hammer impact, (b) Point 1 response,

(c) Point 2 response, (d) Point 3 response.
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This hammer test involves multiple single strike tests averaged across multiple samples, and hence, it
is a force acting only at a single point. It cannot account for symmetrical or asymmetric forces acting
on multiple poles at the same point in time. It is expected that due to the symmetry of the stator odd
modes will be negated for symmetrical forces, but not for asymmetric forces. As shown in Fig. 2.21 a
constant symmetrical force is applied to opposite poles, resulting in the cancellation of mode 3 in the
harmonic spectrum, for reference mode (0, 3a) = 6000Hz and mode (0, 3b) = 7325Hz. However, if these
forces become unbalanced mode 3 will be excited. This unbalanced force can be caused by multiple
factors, including but not limited to, unequal air gap, unbalanced assembly, tolerance errors in
rotor/stator manufacturing and misalignment of shaft. This phenomenon should be noted and considered
particularly during on-load testing of the machine.
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Fig. 2.21 Vibration responses under excitation of equal and opposite 1N forces acting on teeth.

2.4 Influence of casing and endcaps

2.4.1 Addition of casing framework (No endcaps)

The influence of windings on several machine types has been covered, notably for SRMs in [Lon01]
and [Yon97]. The study shows that for a salient 6-pole machine with concentrated windings, the
stiffness and mass of the windings may be neglected due to the nature of their cancellation effect. The
conclusion drawn indicates that the stiffness effect compensates for the additional mass of the windings,
whilst also reducing computation time significantly. The increase in computation time when modelling
windings results from the multiple modes produced by the end windings, which for the case of a
concentrated SR machine are short and therefore insignificant. It is noted that when comparing an
unwound stator to a wound stator [Lon02] shows that there is a significant drop in amplitude for mode
2, whilst the frequencies are similar. The investigation into the damping effect of windings is a time
consuming and arduous task, not considered in this study but should be of interest for future study in
this body of work.

Therefore, as the windings may be neglected, the influence of the frame must be modelled and
analysed. It is clear from previous studies on induction machines [Gir79], [Nod87] as well as SRMs

[Pil01], [Lon01], [Zhu93], [Wu93] that the frame has a significant impact on the noise and vibration
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characteristics of the machine, both for natural frequencies and amplitudes. The frame for the prototype
is machined from aluminium with material properties indicated in Table 2.10. The casing is designed
such that the stator is glued into the housing against a step, with the inner diameter of the casing
matching that of the stator outer diameter in order to guarantee a close fit. Typically, in other machines,
the bonding of stator into the frame housing can be achieved by heat shrink or glue depending on
availability of processes and ease of manufacture. The final prototype machine features endcaps at each
end of the casing, fixed with four equally spaced threaded bolt holes. Compared with the rest of the
machine and stator, these holes are insignificant and feature only at the ends of the casing, the influence
on natural frequencies and eigenmodes is negligible. Table 2.12 shows a summary of measured natural
frequencies. These results define the target for each natural frequency in the FE simulation.

Table 2.10 Material properties for aluminium casing and endcaps

Mass Density 2800 kg/m?®
Poisson’s Ratio 0.35
Young Modulus 67 GPa

Fig. 2.22 Machine cross-section with wound stator inside aluminium stator housing.

Fig. 2.22 shows the close fit of the wound stator and housing, ideally a perfect bonding between the
two faces. Although in reality this is not “perfect” the influence of the boundary connection can be
significant and it is important to model this connection correctly. To do this, multiple models were

generated with varying connections, as outlined below, with each variant compared to the experimental
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results. Prior to modelling the phenomena of each connection variant, a mesh convergence study is

performed with the casing included. Connection variants:

o Frictionless;

e Frictional;

e Rough;

o No separation;

e Bonded.

As the standard of fit is not quantifiable it is important to use the FE predicted model to verify if it
is a strong bonded fit, or potentially better modelled with a frictional coefficient or less. Initially, a
modal analysis is carried out on the casing without the stator, this will predict the natural modes of the
frame. The stator is the dominant component of the system with relation to eigenmodes and natural
frequencies. However, the natural mode shapes of the casing will affect the vibration spectra also.

A frictionless boundary connection allows free movement between two bodies in any direction,
typically defined as sliding (tangential) and opening (losing contact). In this case, the frictional
coefficient, u, equals 0, regardless of the forces applied to the body such that the bodies are seen as
separate bodies with no physical connection but a boundary between them. Similarly, a frictional
boundary condition operates the same except a frictional coefficient determines the level of sliding or
opening dependent on the force applied. In this case, if Fsiiging > Friction fOr sliding to occur, where Faiiging
and Friciion are the sliding and frictional forces, respectively. No separation allows sliding under any
acting force, u = 0. However, once the contact is detected it shall not open. This connection boundary
is useful for applications such as joints or bearings, where two connected parts shall slide across each
other but not separate. The inverse of no separation is defined as rough, where a gap can occur but the
frictional coefficient u is infinite. Finally, a bonded boundary condition sees the two bodies as a single
part where no gap and no sliding occur, and this is most appropriate for the modelling in this study.

These definitions are summarized in Table 2.11.

Table 2.11 Definition of connection types in terms of opening and sliding interactions

Type Opening Sliding
Frictionless Yes Yes,u=0
Frictional Yes Yes, if Fsiiding > Friction
Rough Yes No, infinite 1
No separation No Yes,u=0
Bonded No No
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A bonded fit in the FE software assumes that no sliding between elements and no free movement is
allowed. Consequently, this is a perfect fit where the stator and casing become one part, with differing
material properties, similar to a heat shrink fit. As the stator is pressed in against the step and glued,
with matching diameters for stator and inner edge of casing, it is assumed to be bonded. The accuracy
of the bonded connection is demonstrated and exhibits similar vibrational behaviour with reference to
measured results in terms of natural frequencies. The boundary connection for the stator and casing is

selected for minimum error in mode (0, 2), in this case a bonded connection type, Table 2.13.

Table 2.12 Natural mode frequencies for casing - stator boundary conditions

Natural Frequencies, Hz
Mode
o Frictional | Frictional No
(0,n) | Measured | Frictionless Rough ) Bonded
p=0.01 p=0.2 separation
2 4350 2623 4258 4299 4334 2623 4346
3a 10390 6686 9581 9690 9789 6686 9821
3b 10670 7397 10777 10886 10985 7398 11015
4 16400 12390 16107 16270 16412 12392 16480

Table 2.13 Natural mode frequency error % for casing - stator boundary conditions

Natural Frequencies, % error
Mode
Measured, o Frictional | Frictional No
(0,n) Frictionless Rough _ Bonded
Hz p=0.01 p=0.2 separation
2 4350 -39.70 -2.11 -1.17 -0.37 -39.70 -0.09
3a 10390 -35.65 -7.79 -6.74 -5.78 -35.65 -5.48
3b 10670 -30.67 1.00 2.02 2.95 -30.67 3.23
4 16400 -24.45 -1.79 -0.79 0.07 -24.44 0.49
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2.4.2 Influence and modelling of endcaps

The final stage of mechanical modelling for the prototype stator involves the addition of the endcaps
to the modelling process and their impact on natural frequencies. Endcaps at both ends are connected
to the frame via four bolts, equally spaced around the frame with two of the bolt holes coinciding with
stator poles, and two bolt holes aligning with centre of a slot. The location of the bolted connections is
aligned with radial modes previously investigated, and hence, the influence of bolts must be
investigated. The correlation between measured and predicted results is strong when the endcaps are
not involved. As the endcaps are not uniformly connected to the frame for the prototype it is difficult
to replicate the connection in the FE model. Initially, it is assumed that there is an intimate contact
between the frame and the endcaps at all points, modelled as a bonded connection. It is seen that this
stiffens the system too much, increasing natural frequencies to twice the measured result, and hence, a
further systematic modelling analysis is performed. The connection between the frame and endcaps is

iteratively modelled in the following variations:

e Bonded;
o No separation;
e Frictionless;

o Bolts modelled as cylindrical shafts.

Firstly, the natural modes of the prototype are investigated experimentally. It is found that due to
the location of the bolts connecting the endcaps and frame housing the stator, a dual mode 2 is
introduced, as a result of the additional stiffness introduced at the location of the bolts, causing
geometric asymmetry in the machine. Considering this effect from the perspective of the stator teeth,
with no bolts it can be seen there are 3 variations of radial order 2 mode shapes, aligned with each pair
of opposite teeth at the same frequency. The additional mass and stiffness introduced behind the stator
poles of a single phase, in this case, phase C, differentiate these poles from the other two pairs in a 6s/4r
SRM. Hence, asymmetry is caused and dual modes (0, 2a) and (0, 2b) are created. The static testing is
repeated with endcaps connected, and the influence of the dual modes can be observed from the hammer
test. It is noted that at this point in the assembly process, the SR machine is complex with multiple
mechanical boundaries and influences. Therefore, the damping factor is complex and difficult to analyse

or calculate reliably, and hence, may be seen as arbitrary.
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The experimental results from hammer impact tests on the prototype SRM confirm the introduction
of a new natural mode, and thus, the FE model must be correctly defined to represent this. Table 2.14
indicates the simulated modal analysis and percentage error associated with each boundary condition
established thus far. It is seen that for the bonding of bolt faces as depicted in Table 2.14, the natural
frequencies are closest to the measured response, within 10% of the target frequency across all modes.
Furthermore, the boundary condition of no connection between the two parts exhibits similar behaviour
to that of the experimental prototype. This indicates that there is minimal to zero influence of modes (0,
2a), (0, 3a), (0, 3b) and (0, 4a). Moreover, this may be interpreted as the natural mode shapes not
influenced by the addition of bolted endcaps.

Table 2.14 Natural mode frequencies for endcap-casing boundary conditions

Mode Natural Frequencies, Hz
0, Measured No Connection Bonded Bolt Face Bonded
2a 4410 4348 7476 4756
2b 5230 - - 5878
2c 6300 - - 5988
3a 10390 9767 12042 10478
3b 10670 10907 13738 11885
4a 14900 15599 18343 15941
4b 16400 16452 - 16806
4c - - - 17304

There is a lack of significant study and material on the influence and modelling of endcap connections
or bolted connections in electrical machines. Hence the bolted connection boundary condition is
investigated further to verify the optimal time efficient modelling method, so as to develop a reasonable
FE mechanical model. Modelling the full bolt with thread and all forces is a time consuming process,
both initial modelling and the analysis due to the mesh sizing and complexity of design. The clamping
force joining the two parts together can be considered to act on an active area correlating to the size of
the bolt head and pressure. Hence, two modelling methods are introduced to model the boundary

connection of these bolts in a time efficient manner, defined as follows:

1. Face to face bonded condition from frame to bolt to endcap.

2. Outer bolt surface to frame/endcap inner surface, free in Tx, Ty and Rz, as defined in Fig. 2.25
(©).
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The bolt is modelled with an active length, Ly, and an active diameter, Dy, which are optimised for the
experimental result.

0,000 0,050 0.100{m)
L T ]

0.025 0.075

(a) Endcaps connected by 4 equally spaced bolts, modelled with an active length and diameter.

\1?\* X

(b) End face of bolt bonded (c) Connection on outer bolt surface

Fig. 2.25 (a) Modelled bolt locations, (b) Face bonded joint conditions, (c) Surface support with boundary

constraints, free in Tx, Ty, and Rz.

Under the conditions of face to face bonding, condition 1, it is possible to model the active axial
length L, from Omm to 20mm. In these cases, a surface is defined on the endcap and the frame. From
Fig. 2.26, the influence of diameter is apparent across all axial lengths, with increasing natural
frequency as the active bolt diameter Dy is also increased. This is a result of increased stiffness in the
FE model as more elements are fixed in all axes and planes, deformation may only occur around these
locations. Mode (0, 2b) is the asymmetric mode of order 2, with mode 2a being considered the inherent
mode. Based on this consideration, it is clear that mode 2a is affected far less by axial length variations,
excluding the special case of 0 axial length, as the mode shape is dominated by the stator-frame
boundary. However, mode 2b is caused by the endcap-frame boundary so the impact of active axial
length and active diameter is evident.
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Fig. 2.26 Natural frequencies of modes 2a and 2b for variance in active length Ly, and active diameter Dy,

with parts bonded by end faces.

It is also reasonable to model the bolt with an active length, and thus, define the boundary condition
based on the outer bolt surface and the inner surface of connecting parts. For this to be achieved, the
degrees of freedom shown in Fig. 2.27 must be defined as follows: Tx, Ty, Tz, Rx, Ry, Rz representing
the translational freedom in direction of X, y and z axes, and rotational freedom about the x, y and z
axes, respectively. An initial study into the various application and restrictions of this connection
condition is investigated, in which Tz is fixed due to the clamping force and a combination of fixations
in rotational freedom is analysed. Tx and Ty are free, but constrained by the diameter of the bolt hole,
where T is fixed to reflect the clamping force applied. Furthermore, modal analysis is simulated under

the following conditions:

(@) All degrees of freedom fixed;

(b) Tz fixed, Rx,v,z fixed;

(c) Tzfixed, Rx,v,z free;

(d) Tz fixed, Rz, free.

It is shown from this investigation in Table 2.15 that the modelling of the boundary condition in
this way significantly changes the simulated natural frequencies. However, the variance between
degrees of freedom applied to the bolts produces no variance in mode (0, 2a) or mode (0, 2b), for an

equivalent active length. It is noted that small changes are seen in mode shapes of order 4, but these are
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not regarded as significant. Following this, it is determined that the most reasonable condition of this
method is the case of Tz fixed due to clamping force, and Rz is considered to be free. Hence, the

influence of active bolt length L, is investigated.

(a) (b)
Fig. 2.27 lllustration of boundary condition 2, (a) Degrees of freedom manipulated, (b) regions

of connection boundaries.

Table 2.15 Natural mode frequencies for various degrees of freedom in bolted connection

Natural Frequencies, Hz
Mode 0,n
Measured @) (b) (© (d)
2a 4410 8087 8087 8087 8087
2b 6300 10643 10643 10643 10643
3a 10390 11956 11956 11956 11956
3b 10670 12705 12705 12663 12740
4a 14900 16207 16207 16207 16207
4b 16400 17640 17404 17404 17640
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Fig. 2.28 Natural frequencies of modes 2a and 2b for variance in active length Ly, and active diameter Dy,

with surface conditions with freedom in Tx, Ty, and Rz.

From the simulated results, it can be seen that the increase in active diameter Dy, is proportional with
the increase in natural frequencies for a focus on modes of radial shape 2. Furthermore, an increase in
active length L, also corresponds to an increase in the natural frequencies. However, with reference
back to the measured results, the natural frequencies simulated are significantly higher as shown in Fig.
2.29. Consequently, the modelling method used in the final model for the connection between the
endcaps and the stator housing is a face-face bonding method acting on an area equivalent to the
clamping force.
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Fig. 2.29 Comparison of joint types for modes (0, 2a) and (0, 2b), for an active diameter Dy = 8mm, where
A is face bonded with L, = Omm, B is face bonded with L, = 20mm and C is a surface joint where Ly =
20mm.
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2.5 Final mounted modal analysis

The final FE model is developed to include the mounting bracket, such that all major mechanical
influences are accounted for. It is found that the mounting bracket only has a minor impact on the natural
frequencies. Furthermore, the bearings are modelled with a bonded connection to the endcaps.
However, these are also found to have minimal impact, the major introduction is the slightly increased
mass on the endcaps. The stator eigenmodes are shown to be dominant, combined with influence of the
cylindrical stator housing, or casing, in which the stator is inserted. The final FE model natural

frequencies and vibration behaviour is shown in Fig. 2.30.

Mode (0, 2a): 4688 Hz Mode (0, 2b): 5968 Hz Mode (0, 2c): 6010 Hz

Mode (1, 2): 9211 Hz Mode (0, 3a): 10425 Hz Mode (0, 3b): 11769 Hz
Mode (0, 4a): 15954 Hz Mode (0, 4b): 16607 Hz Mode (0, 4c): 17053 Hz

Fig. 2.30 Mounted prototype simulated eigenmodes in the audible frequency range.
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2.6 Summary

The work in this chapter presents a systematic modelling process, in which the influence of multiple
construction parameters on natural frequencies is investigated. The FE model is verified and optimised
with the aid of experimental results at each stage of assembly. Consequently, it is found that the
dominant natural modes in the prototype are produced from a combination of the stator and the casing
in which the stator is housed. Furthermore, the influence of machine asymmetries is introduced, namely
the influence of stator teeth and the connection of endcaps.

Firstly, a laminated annular ring is modelled and verified to introduce key ideas in the analysis of
natural frequencies. The methodology of suitable meshing methods and comparison of 2D and 3D FE
analysis verifies the accuracy of the simulations for a simple structure. Subsequently, the addition of
stator teeth is simulated, with note of new dual modes introduced due to the asymmetry. It is shown that
for a 6-pole stator dual modes of order 3 are present. However, due to the geometric and electrical
symmetry in the 6s/4r SRM, natural frequencies of mode shape 3 are negated. This is a result of equal
and opposite forces acting aligned with stator teeth. It is noted that this phenomenon is present under
sequential phase excitation as seen in SRMs, but it is unlikely to be entirely eliminated. Minor
eccentricities in current excitation or manufacturing eccentricities will also affect the vibration
behaviour and natural frequencies of an electrical machine.

Having established and verified a suitable model for the laminated stator eigenmodes and natural
frequencies, the conditions of boundary connections is investigated. The influence and modelling of
concentrated windings in SRMs has previously been investigated in [Lon01], and hence, the windings
are neglected from the modelling process. By neglecting the windings, significant processing time is
saved during simulation studies, and it is shown in [Lon01] that the additional mass of the windings is
offset by the increased stiffness for a 6s/4r SRM. The connections between parts of the mechanical
model must be carefully and extensively studied so as to develop an accurate and reliable mechanical
FE model. The various connection types afforded by the FE software are presented with definitions and
examples. Through an iterative process comparing the connection types, it is determined that a bonded
fit for the casing to stator connection is reasonable. Furthermore, the addition of the casing to house the
stator is shown to significantly increase the natural frequencies of the electrical machine. The material
of the aluminium is also investigated so as to avoid accuracy errors due to material variance, and it is
found that a generic set of properties for aluminium is suitable.

Finally, the influence of addition of endcaps is examined. It is shown that for a small scale 6s/4r
SRM, the bolted connection of endcaps to the stator housing contributes considerably to the final natural
frequencies of the SRM. The bolts are located at 4 equally spaced points in the yoke of the aluminium
casing, 2 of which are aligned with stator poles, 2 aligned with the middle of slots. Due to the symmetry
of the machine, bolts aligned with stator poles both lie behind phase C windings. Multiple methods of

modelling the bolted connection are investigated, taking into account the active diameter of the acting
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clamping force, and the active length of the bolts. By modelling the bolt as a simple cylinder, the outer
surface may be joined to an equivalent inner surface on each part to be connected. Subsequently, the
degrees of freedom of the bolt may be defined, that is to say the allowable deformation and translation
of the part may be defined. The influence of translational and rotational freedoms in each axis is
examined, and it is found that for a bonded connection between the bolt and the parts the degrees of
freedom have low influence. The most suitable connection method is determined to be bonding of an
area equivalent to the active diameter of the clamping force on each part, for example the bolt head
diameter. Under these conditions, it is shown that this introduces a further asymmetry to the electrical
machine. Hence, dual modes of order 2 and 4 are found to be introduced due to the additional stiffness
caused by the fixed bolted connection behind poles. This can be considered as an amplification of the
pre-existing modes which are caused by stator teeth. The final model is analysed with addition of the
mounting plate, although this is confirmed to be insignificant in the identification and FE modelling of
axially central modes.
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Chapter 3 Investigation of Vibration Under Voltage Control

3.1 Introduction

Without considering the acoustic radiation efficiency of an electrical machine [Zhu94], resultant
acoustic noise response may be considered to bear similar trends to vibration response, provided the
transfer is through a constant medium, in most cases, air. Therefore, this chapter seeks to compare trends
found in properties of the radial force and vibration response as a result solely of electromagnetic
excitation of the stator poles. Furthermore, the torque and tangential forces are analysed as the torque
production of the machine is ultimately the crucial factor in assessing the performance, a current profile
that provides zero noise but also zero torque is useless. The analysis is performed in ANSYS for both
electromagnetic and mechanical simulations, and then, trends are verified such that further analysis may
be considered reliable. The motor used for verification was first developed as a research prototype to
compare SRMs and VFRMs, with sizing based upon the motor defined by T. Miller [Mil93].

Table 3.1 Machine parameters

Machine Parameters Value Machine Parameters Value
Number of phases 3 Stator outer diameter 90.0mm
DC-bus voltage 48V Rated speed 400rpm
Rated torque 1.7Nm Rate power 0W
Number of stator poles 6 Stator inner diameter 47.4mm
Number of rotor poles 4 Stator pole arc 30°
Number of turns per phase 366 Rotor pole arc 32°
Winding resistance 3Q Rotor & stator yoke thickness 8mm
Stack length 25mm Air gap 0.5mm

The analysis of spatial air gap forces in these studies provides a background for the analysis
performed in this chapter. This chapter includes experimental verification for the 6s/4r SR machine
under voltage control conditions. This is due to the frequencies of eigenmodes present during operation
the potential interference with PWM switching frequencies during current control operation. Typically,
the switching frequency of PWM is around 10kHz and the amplitude of the interference is large enough
to impact heavily and potentially swamp results in the vibration spectra. Therefore, the experimental
analysis may only be reliably performed under voltage control, providing verification of trends found

in FEA analysis.
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3.2 Forces acting on stator poles

In order to simulate the vibration response of an electrical machine under operating conditions, the
forces must first be calculated from the electromagnetics. The interaction of magnetic fields produced
and the currents applied results in the electromagnetic torque which in turn causes rotor rotation in the
machine. The torque is produced as an application of the tangential forces created onto the rotor.
However, radial forces are also created under operating conditions. By applying the harmonic content
of these electromagnetic radial forces onto the stator teeth of the mechanical model, the frequency
domain response can be directly simulated. The radial and tangential forces are calculated via the
Maxwell Stress Tensor equations (3.1) and (3.2) from [Pil99], where Frag and Fn are the radial and
tangential forces, respectively. Furthermore, Lsiack, Mo, Br and B represent the stack length, permeability
of air, radial flux density and tangential flux density, respectively. [Cha89] demonstrates the use of
Maxwell Stress Tensors for calculating torque in permanent magnet synchronous motors as well as
other finite element and analytic methods. The calculation of radial air gap forces and tooth tip forces
is further investigated in [Jor50], [Gie09], [Gie06], [Sei92] and [Gar97].

Lstack
Frad = 2% § 5,7 = Bi).dl 31)
L
Fran = S:;C" ff (B,.B,).dl (3.2)

These forces in turn contribute to a force and a moment acting on each tooth. The moment is a
turning force and for the simplification of analyses this is considered to have no effect on the resultant
vibration produced. It is assumed that the tangential force has minimal effect on the total vibration and
acoustic noise produced, with the radial force identified as the dominant source of vibrations in SR
machines in [Cai01], [Cam92], [AnwO00], [Li09], [Pol03], [Kurl5a] and [Tak15]. For full analysis, the
radial force is measured as an integral across 1 slot pitch in the middle of the air gap, centred at the
midpoint of the tooth (Fig. 3.2). When considering the influence of radial and tangential force
harmonics on acoustic noise and vibration response, one must consider the effective harmonics of the
system. In a 3 phase system harmonics of order 3 cancel out due to their phase, and hence, the summed
component is 0. The effective harmonics can be determined as those which dominate particular modes
and therefore resonate the system. It is the interaction of effective harmonics from the radial
electromagnetic forces with natural harmonic frequencies of the stator that causes significant noise and
vibration in SRMs.

Due to conventional control strategies of SRMs, consisting of a constant current in the period of
excitation followed by a sharp turn-off, multiple issues arise in terms of resonance. A constant current

in the period of excitation consists of current harmonics extending to the high order harmonic range.
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Hence, it could be considered that a unipolar square wave has high current harmonic content. This
results in a wide range of frequencies excited by current harmonics, and thus, more opportunities for
resonance between current harmonics and natural frequencies of the stator and motor. This accounts for
harmonics produced in the constant current excitation period, the turn-off of current introduces a second
phenomenon. At turn-off, the current waveform can be considered to be a negative pulse assuming ideal
conditions. This results in a significant current harmonic at a single frequency, determined by the control
strategy and operation speed of the motor. For conventional control in a 3-phase SRM, this frequency
shall be equal to 3 times the electrical frequency of the motor. In this study, the speed of the machine is
relatively low, and hence, the resonance of that current harmonic is less significant. However, the
mechanical implications of instantaneous turn-off and the natural oscillation of the stator at turn-off are
investigated thoroughly, with particularly reference to the impact on radial force and rate of change in

radial force.

Fig. 3.1 Winding configuration for 6s/4r doubly salient SR machine.

Under 3-phase operation for the winding configuration depicted in Fig. 3.1 the machine experiences
equal and opposite forces from opposing teeth, at the same point in time. Hence, the radial forces
produced in the air gap and acting on the stator teeth are symmetrical, which is the condition of
simulation for all simulated results. In reality, it is likely that the forces will be asymmetric, with one
force showing higher magnitude or varied phase. Multiple factors can cause asymmetric forces,
including tolerance variation, unequal air gap and variance in windings on opposing teeth. Further study
and an example of asymmetric forces can be found in [ZhuQ7]. For a switched reluctance machine,
considering the forces in the time domain they can be considered as sequential forces acting on each
phase tooth for one electrical cycle, and hence, resulting in poor acoustic noise and vibration

performance of SRs.

63



Fig. 3.2 Line in the air gap spanning one stator pole pitch for radial force calculation.

Firstly, a baseline for the SR machine under simple on/off voltage control must be created as a
reference point for comparison against future current profiling. Hence, the baseline for these test
conditions is an ideal rectangular current response operating from 0-120° electrical, where the turn-on
and turn-off transients are neglected. To model effects of turn-on and turn-off transients within the FE
software is possible. However, it adds considerable time and memory requirement to the simulation
steps. Thus, for this study these effects are ignored in favour of a time efficient model. The simulated
vibration response trends under these conditions are verified experimentally to validate the FE model

and modelling conditions.

(b)
Fig. 3.3 Rotor position relating to phase A. (a) turn-on, (b) turn-off.
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In order to obtain reasonable experimental verification, the speed of operation is set to constant
150rpm rotational speed. 1 electrical revolution at this speed provides a minimum frequency step for
vibration response of 10Hz. This is considered to be a reasonable resolution given modal frequencies
start at 4.5kHz. Furthermore, the initial position is set to the fully unaligned position as explained in
[Mil01] and [Mil93] and simulated for conduction angle of 120° electrical. This defines the
electromagnetic simulation setup, with radial forces extracted in post-processing. The radial force per
tooth is assigned to the stator tooth face in 3D mechanical analysis to simulate the harmonic response
at 10Hz intervals, up to the maximum audible range 20kHz [ANS12], [Ras99] and [Fie06]. It is known
that the radial force is a key identifier in acoustic noise and vibration responses.

In literature it is often stated, and widely considered, that the radial air gap forces, Fraq, are the major
contributor to stator-borne vibrations in radial flux machines compared to tangential air gap forces, Fian.
Therefore, to minimise computational time and simplify the application of air gap forces onto the stator
teeth, the tangential forces are often neglected from the calculation and assumed to have minimal impact
on the vibration response of the motor. Despite this assumption often being used and stated, there is
little verification in literature in terms of FE analysis or experimental verification. The tangential forces
are directly related to torque ripples, which are considered to bare influence on final vibrations. It is
important not to ignore this influence without further investigation to justify the exclusion of tangential
air gap force components, and hence, a comparison between vibration response of load forces Frag +
Fian and solely Fraq is performed. This comparison seeks to fill a gap in current literature and verify the
hypothesis and assumptions of many other works.

To perform the comparison, a baseline vibration response as outlined further in Section 3.3 is used
as a reference point. The equations of Frag and Fran are shown in (3.1) and (3.2). The forces are calculated
from the air gap flux density across an arc spanning one stator pole pitch in the centre of the air gap. In
order to map the forces onto the stator tooth face of a 3D model, the forces must first be manipulated
into the frequency domain. These forces are then applied to the relevant stator tooth face in terms of
real and imaginary components of x, y and z-axis orientation. Given the motor is a conventional radial
flux SRM, the z-axis component of both radial and tangential forces can be assumed to be zero. The
process of calculating these forces and converting them into the frequency domain can be seen in Fig.
3.4 and Fig. 3.5. The simulation method presented here is relatively simple yet the concept and problem
can be extended further [Dev17]. The influence of tangential flux density on the radial flux can be
further investigated, thus linking the torque ripples and radial forces, which in turn may provide a link
between torque ripple and stator vibrations. This is a topic that shall be of much interest to industry
applications, where both torque ripple minimisation and acoustic noise and vibration response are key

parameters for optimisation.
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E: 54 _ideal
54, ideal
Frequency: 0. Hz

[l Remote Force: (Real) 31,497, timag) 0. N
[Bl Remote Force 2: (Real) 30.212, mag) 0. N
[l Remote Force 2: (Real) 3016, (Imag) 0. N
[BI Remote Force 4: (Real) 30,123, (mag) 0. N
[l Remote Farce 5: (Real) 30.194, fimag) 0. M
[l Remote Force 6 (Real) 30.881, mag) 0. N
[B] Fixed Support

E: 54 ideal
54 ideal

Frequency: 0. Hz

Items: 10 of 13 indicated
20/04/2020 16:05

[l Remote Force: (Real) 31.497, (Imag) 0. N
. Remote Force 2: (Real) 30.212, (Imag) 0. N
[l Remote Force 3: (Real) 30,16, (imag) 0.N
Bl Rermote Force 4: (Real) 30.123, (imag) 0.N
[l Remote Force 5: (Real) 30.194, (Imag) 0. N
[l Rermote Force 6: (Real) 30.881, (imag) 0. N
[B] Fixed Support

[ TangentialForce 1: (Real) 4.6586, (Imag) 0. N
[ TangentialForce 2 (Real) 4.7461, (Imag) 0. N
[ TangentialForce 3: (Real) 4.7162, (imag) 0. N

(b)
Fig. 3.5 Harmonic response setup with (a) radial forces and (b) radial + tangential forces applied to
inner stator tooth faces.
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The results comparing the inclusion of tangential forces in the vibration response calculation are
identified in Fig. 3.6, focusing on the mechanical resonance relating to speed (identified as Res. 1 and
Res. 2) and the natural eigenmodes of the motor assembly. The frequency of resonant frequencies and
eigenmodes is unchanged, and therefore, the amplitude of acceleration is compared. The addition of
tangential forces when simulating the vibration response of the motor at a constant speed results in an
increase in acceleration amplitude across the majority of key frequencies. The influence on peak caused
by mechanical resonance is most significant, as the tangential forces are composed of cyclic waveforms
for constant speed. Therefore, the harmonic content of the tangential waveforms is dominated by the
mechanical resonance and derivatives. Mode 0,2b is the most significant mode shape from the modal
analysis, and thus, the dominant source of vibrations in the 6s/4r SRM. It can be seen that the inclusion
of tangential forces increases the acceleration amplitude for this mode, behind both teeth and slots.
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(a) Tooth Al
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Fig. 3.7 Amplitude of acceleration behind teeth, compared for radial force only and radial +
tangential force application.
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Fig. 3.8 Amplitude of acceleration behind slots, compared for radial force only and radial +

tangential force application.

The study in this chapter and following chapters focuses on the influence of control strategies and
current profile components on the final vibration response for low speed operation. The low speed
operation is a limit of the experimental testing and allows for simulated analysis of the motor showing
the impact of electromagnetic forces only, without influence of mechanical resonance. As the tangential
forces impact the mechanical resonant frequencies most, it can be reasoned that the neglect of the
tangential force application is reasonable in this case. However, it shall be noted that reduction in
vibration response may be overestimated when neglecting tangential forces. Furthermore, if operating

at higher speeds it is acknowledged that the influence of tangential forces, and potentially torque ripple,
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will be more significant. The influence of these forces should not be neglected without consideration or
verification of the impact first. In this case, it is clear that Fr. is the dominant component and
mechanical resonance does not interfere with natural mode shapes of the motor, and hence, the
tangential force components are neglected from the calculation.

Hence, Fraq is analysed with multiple methods. Firstly, the radial force per tooth is analysed. Then,
a further focus is applied to the rate of change in radial force Frag and the integration of the radial force
profile. The peak rate of change in Frag Occurs at turn-off, in the cases examined in this chapter this is
directly related to the peak radial force due to the ‘ideal’ current profile used as a baseline. The area
under the force-time curve is equivalent to a quantity called impulse. This is equivalent to the change
in momentum of the stator tooth, which provides an indication as to the overall deformation
experienced. For example, the same radial force acting over a longer period of time may be more
desirable than a short duration, high amplitude force, but the impulse of forces may be equally resulting

in similar vibration response.
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Fig. 3.9 Integral of radial force calculated as area under curve for force acting over one pole pitch.
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3.3 Influence of load/current

Initially the influence of the phase current applied to the windings is analysed. The load is varied
from 1A up to 6A, based on the achievable range of phase current in the experimental prototype, and
the results can then be verified. Furthermore, the conduction angle is fixed at 120° electrical, with the
turn-on position equal to the fully unaligned position as previously specified. The rectangular waveform
applied assumes no influence of inductance or winding resistance, termed the ‘ideal’ current waveform
in this instance. This allows clear trends to be identified between the current profiling and the simulated
vibration results. Due to the multiple influence parameters involved in simulating the vibration response
due to phase winding excitation, it is useful to simplify the model to clarify potential sources and
variations. The harmonic content of the resultant varied load current waveforms shows a linear trend

with equal contribution of each harmonic, i.e. the ratio of 1 to 2" harmonic is constant as load current

increases.
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Fig. 3.10 (a) Variation in phase current illustrated for phase A only, (b) harmonic components up to

60Hz based on 150rpm operating speed.
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3.3.1 Electromagnetic results

It could be said that the machine operating with minimum acoustic noise and vibration is a machine

which produces zero torque. Hence, it is important to always consider the impact any current profiling

will have on the torque of the machine. Torque production of the SR machine is directly linked to the

input current. Hence, a linear trend in torque produced and increased load is observed. In the case of

simulations performed in this chapter, it is seen that the torque will drop to ONm at the end of each

phase excitation. This is due to the nature of the ‘ideal’ current profile used and the removal of transient

inertial effects of the rotor. In real world applications, providing adequate coupling between the machine

and load, and accounting for the effect of inductance and resistance, the torque shall not drop to zero.

The purpose of these simulations is to demonstrate the suitability of the FE model against experimental

results, and give an indication as to the impact and influence of varying parameters within the control

of the machine.
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Fig. 3.11 (a) Influence of load current on torque, (b) harmonic content of torque produced up to

60Hz operating at 150rpm.
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As the rotor rotates within the machine and flux passes across the air gap, both radial and tangential
forces are generated. In general, it is considered that the tangential force is the major contributor to
torque in the machine, whilst radial forces influence the acoustic noise and vibration. The tangential
forces are integrated along a line in the middle of the air gap, across 1 stator pole pitch. Hence the results
shown are relatable to the torque produced by each phase of the machine. The initial rise in tangential
force is due to the limited flux path at the unaligned position, as the rotor and stator begin to align the
tangential forces increase as the stator saturates. At this point in operation, ~60° electrical in this case,
the maximum allowable flux is crossing the air gap with minimal overlapping of salient poles. This
produces the maximum tangential forces as the contribution of flux to radial forces is minimal. At turn-
off, forces fall to ON as no flux crosses the air gap. For tangential forces, this will have significant

influence on torque ripple and potentially the acoustic noise and vibration response also.
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Fig. 3.12 (a) Air gap tangential forces measured across 1 pole pitch (tooth Al), (b) harmonic

content of tangential forces produced up to 60Hz operating at 150rpm.
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As previously mentioned, radial force is considered to have a significant impact and contribution to
the acoustic noise and vibration characteristics of SR machines. The radial force is similar to a saw
tooth waveform in profile, with the rising edge delayed by the transition of unaligned to aligned
position. As can be seen in Fig. 3.13 (a), the radial force is approximately equal for each tooth, allowing
for minor variance in meshing in the air gap. In the cases simulated in this study, turn-off is considered
to be ‘ideal’ with an instantaneous drop to zero. This results in an equivalent instantaneous drop in
radial force. This may potentially increase the amplitude of the resultant vibration and acoustic noise
due to the severity of change rate of radial force, dFrg/dt. However, the inductance of the machine
defines the rate of decay in current after turn-off, as this is an intrinsic property of the machine for bang-
bang control it is reasonable to use the ‘ideal’ unipolar square wave current waveform as a reference
point to compare trends. Considering the influence of a change in amplitude of load current, the peak
radial force increases. As the machine nears heavy saturation the rise in radial force begins to saturate
earlier in the electrical cycle. This will impact vibrations significantly. Considering the stator back-iron
as a mass-spring damper system, if duration of maximum radial force increases the deformation of the
stator also increases. At the point of turn-off this stored energy is then released, higher deformation
leads to higher acceleration. This can also be shown by considering Newton’s law of motion, F = ma
where in this case the mass is constant so an increase in force results in a proportional increase in
acceleration. This trend in increased amplitude can also be seen across all harmonic components of the
radial force. The influence of turn-on is considered to be less compared to the influence of turn-off in
current. At the instance of turn-on, the stator is in a neutral position relative to the pole being excited.
Furthermore, based on the rotor position at turn-on the flux crossing the air gap is minimal, and hence,
the radial forces are also minimal. Afterwards, the stator will be attracted by more or less “constant”
force. As radial forces are low at turn-on and the stator is being deformed gradually from a neutral
relative position, it follows that the influence on producing vibrations and resonance at turn-on is
minimal. As the rotor transitions from the fully unaligned position to partially aligned, the position
defined as turn-off, the flux crossing the air gap gradually increases. This results in a corresponding
graduation of radial air gap forces. The radial force is reduced so quickly, the stator is almost in natural

vibration with frequencies dominated by the resonant frequencies.
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Fig. 3.13 (a) Air gap radial forces calculated for the case of 5A load condition, (b) Air gap radial
forces measured across 1 pole pitch (tooth Al), (c) harmonic content of radial forces produced up

to 60Hz operating at 150rpm.
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The maximum change in radial force across one electrical period is also considered, also referred
to as the rate of change of radial force. This factor will provide an indication as to the severity in the
rise and fall of the radial force waveform per tooth. Under the circumstances presented for this baseline
examination, the radial force decreases instantaneously to zero due to the current waveform hence, the
trend in peak rate of change of radial force is equivalent to the maximum radial force. In later current
shaping and profiling, the turn-off component of the current waveform is varied and as such dFaq/dt no
longer equates to a maximum radial force, but rather has a decaying trend or harmonic component. It
may also be noted that along with the gradient at turn-off, the change in gradient is of interest. At the
moment of instantaneous turn-off, the gradient of the profile changes phase from a positive slope to a
negative slope, it is the extreme change like this which results in significant vibration.
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Fig. 3.14 Peak change in radial force with respect to time.

Considering the impact of the area under the force curve can be equated to the change in momentum
experienced by the stator across one electrical period, due to the forces on that singular tooth. The
integral of the waveform delivers change in momentum result, or force multiplied by time, which is
referred to as the impulse acting on the tooth. This gives an indication to the impact of the force, for
example a machine with exceptionally high current, hence high saturation, will experience a similar
peak radial force per tooth. However, if this peak force is applied for a longer duration, the deformation
is increased and also the resultant vibration. Calculating the impulse (or change in momentum) provides
an indicator as to the duration of the applied force. In the cases of increasing load current investigated,
it is clear the machine is not under heavy saturation with the trend of impulse closely related to the peak

radial force trend.
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Fig. 3.15 Integral of radial force profile, equating to change in momentum.

The fundamental component of radial force acting across each stator pole is shown in Fig. 3.16,
this demonstrates the total average force acting on a tooth due the electromagnetic excitation. It should
be noted that mechanical sources of noise are due to the resonance between low order harmonic content
in the electromagnetic spectrum and the cyclic rotational speed of the machine. This illustration does
not account for these. However, as the speed of operation is low and focus is solely on the
electromagnetic excitation this is a reasonable demonstration of the harmonic forces acting on the stator
across one electrical period. It can also be considered that these are the independent forces acting on
each pole with no interaction from other phases. The self-radial force is shown, neglecting the mutual
radial forces. For a 6s/4r SR machine this is reasonable as there is no overlap of phases and the teeth
are a considerable distance apart. However, for higher order stator/rotor pole combinations the mutual
radial forces will have a larger impact on low frequency eigenmodes, as seen in [Tak15], [Kurl5a],
[Kurl5b] and [Bay16]. It is clear that the fundamental component of radial force increases
proportionally with the load current under the turn-off and conduction angle specified by the current
waveform. Therefore, it is reasonable to suggest that the vibration response will produce similar

conclusions.
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Fig. 3.16 Fundamental components of radial force on each pole shown acting on relative teeth,

showing variance in magnitude of harmonic forces.

3.3.2 Vibration response

The vibration responses are measured at 7 points located on the stator casing at an axial central
position relative to the stator. Furthermore, the locations of the vibration response simulations consist
of 4 nodes behind teeth, and 3 nodes behind slots. The locations are selected to provide an overall
picture of the total vibration response, with tooth C1 and slot B1A2 aligned with the bolt locations,
hence experiencing significant vibration response due to mode (0, 2b) mode shape. Evidence from Fig.
3.17 under 5A load current illustrates the dominance of mode (0, 2b) behind tooth C1, whilst behind
other teeth the amplitude of the vibration response is approximately equal in magnitude. It can be
concluded from the results shown that the vibration response across slots and teeth is approximately
equal. However, behind bolted location specific modes are enhanced. This is caused by the additional
stiffness introduced by the bolts and the additional mass comparative to the rest of the frame ends.
Considering equal forces acting at high frequencies, due to the low speed and therefore lack of
mechanical excitation, the amplitude of acceleration behind bolted locations is higher than respective
locations without bolts. Equal force application behind a tooth and bolt compared to tooth and no bolt
causes higher amplitude of response due to additional mass and a higher modal frequency caused by
increased stiffness.

The influence of the bolted connection between modes is evident in the comparison of mode (0,
2a) and (0, 2b) results. For mode (0, 2b), the response behind tooth C1 and slot B1A2 indicates a
dominant mode 2 maximum at approximately 6000Hz, with little to no excitation of mode (0, 2a). There
is a minor peak caused by “flapping” of the endcaps, resulting in small deformation behind these
locations for mode (0, 2a) at approximately 4600Hz. However, the dominant source of vibration in this

case is mode (0, 2b). Conversely, in the case of non-bolt oriented locations (Teeth Al, B1, A2, slots
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Al1C2, C2B1) both identified eigenmodes of radial shaping 2 are clear. Across all mode shapes
identified, the increase amplitude is clear and evident, with mode 2 variations dominant. As expected
from trends seen in peak radial force, the increase in amplitude of vibration response is also close to
linear proportionality. This study demonstrates the effect of current load on the vibration response,
along with establishing a baseline expectation for results. Mode (0, 2b) is dominant, whilst mode (0,
2a) is also significantly higher than eigenmodes of mode (0, 4) variation. It is concluded from
simulations that the vibration response is equal at slots and teeth not supported with bolts in the same

plane of alignment, and the equivalent can be said for teeth and slots with bolts in the same plane.
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Fig. 3.17 Vibration response of 5A load current, simulated acceleration response on the casing
behind teeth (a) A1, (b) C2, (c) B1, (d) A2.
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Fig. 3.18 Vibration response of 5A load current, simulated output on the casing behind slots (a) A1,
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3.4 Influence of conduction angle
3.4.1 Fixed turn-off

To continue the study, a second parameter of the current profile is discussed, focusing on the effect
of turn-on of the phase current. This takes the baseline conduction angle established in section 3.3 with
5A excitation, increasing the conduction angle by changing the position at turn-on whilst fixing the
turn-off moment with respect to electrical position. The resultant current waveforms exhibit increased
conduction angle with overlap between phases. However, overlapping of phase currents occurs in the
unaligned region. Factoring this into the hypotheses where radial force is a dominant cause of stator
borne vibrations, it is expected that an overlap in the unaligned position has no effect on the vibration
response because there is no flux path during periods of extended conduction. As the flux is zero during
the extended period, there is expected to be zero additional contribution to the radial force or tangential
force production. It is noted that these conditions increase the copper losses in the machine as the same

current is applied over an increased time duration.
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Fig. 3.20 (a) Variation in phase current illustrated for phase A only for varied turn-on position, (b)

harmonic components up to 60Hz based on 150rpm operating speed.
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3.4.1.1 Electromagnetic results

The influence of torque is caused by the overlapping of phase excitations at severe levels, in this
case +30° electrical. A negative variation in turn-on angle can be considered as an extension of the
conduction period introducing overlap between adjacent phase currents. This results in the production
of a negative torque in phase A whilst concurrently the peak positive torque is being produced in phase
B, replicated in other phases for a full electrical cycle. This is not desirable for the machine as it
introduces additional variance in the torque profile, whereas many applications desire a steady peak
torque for smooth operation. Furthermore, in the cases of delayed turn-on, +10, +20 and +30deg, a dead
time of zero torque production in the simulation is introduced. Obviously, this is not desirable as it
reduces the average torque production whilst forcing the machine down to zero torque, a situation where
current is being fed to the windings for zero gain. This is a reduction in efficiency, an increase in thermal
losses, and may cause mechanical issues also. In a real world application under these conditions, the
inertia of a machine this size will “carry” the rotor through to the next conduction period provided
reasonable coupling of the system. Hence, there will be an increase in torque ripple, reduction in average
torgque and additional stress on mechanical components such as bearings caused by the jump in torque

after dead time and the drop at the point of overlap.
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Fig. 3.21 (a) Influence of turn-on angle on torque, (b) harmonic content of torque produced up to

60Hz operating at 150rpm.

The tangential force calculated for flux density in the air gap along an arc covering 1 stator pole
pitch further supports the ideas discussed in the torque profile for these variations in turn-on angle. In
the case of a negative change in turn-on position, thus lengthening the conduction time, there is a period
of overlap with the following phase resulting in a negative tangential force being produced. The single
phase torque profile of a doubly salient 3-phase SR machine of 6s/4r configuration is dominated by the
fundamental, similar in nature to a sinusoidal waveform. Considering the torque to be sinusoidal in
nature at 180° electrical the tangential forces are zero, at the fully aligned position. From the fully
aligned position to the fully unaligned position the tangential forces produced in the air gap are negative,
effectively pulling the rotor back to the fully aligned position. The overlap introduced with these current
profiles results in the following phase conducting in a period of negative tangential forces attracting the
rotor back to the previous aligned position. In the case of the negative change in turn-on angle,
shortening the conduction period, this results in a jump in tangential force as the stator is excited after

the fully unaligned position. The electromagnetic forces are only produced in periods of excitation in
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the teeth windings, with tangential forces at a maximum as the machine comes into alignment and there

is a crossover between stator and rotor teeth.
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Fig. 3.22 (a) Air gap tangential forces measured across 1 pole pitch (tooth Al), (b) harmonic

content of tangential forces produced up to 60Hz operating at 150rpm.

The impact of turn-on angle evidently has little effect on the resultant radial forces acting on each

tooth, as shown for all analyses in this section. In the following, the radial forces calculated across the

air gap adjacent to each stator pole pitch are indistinguishable from one another, with a minor radial

force from overlapping of phases in extreme circumstances. This is supported by the contribution of

low order harmonics in the radial force waveform, variance in these harmonics is negligible with a

minor increase in the second harmonic as the conduction period is reduced. Radial force is at a

maximum when the stator and rotor are in full alignment, and minimum at fully unaligned. Therefore,

as varying the turn-on angle, if only changes phase excitation in the region before alignment there is

little to no influence on the radial force produced. As is evident from the peak change in radial force

and integral of radial force, the variance in turn-on angle has a negligible effect on radial force per tooth.

The fundamental component of force applied to each tooth further supports this phenomenon.
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Fig. 3.26 Fundamental components of radial force on each pole shown acting on relative teeth,

showing variance in magnitude of harmonic forces.

3.4.1.2 Vibration response

The trends in simulated vibration response behind both teeth and slots further support the theory
that amplitude of vibration response is unaffected by variance in the turn-on position, provided turn-off
occurs at the same electrical position. The amplitude of mode (0, 2a) is significantly lower behind
locations aligned with bolted connections, in some cases the peak is no longer visible on the vibration
spectra. Therefore, this may be a reasonable consideration in manipulating modal frequencies to avoid
excitation if the operating speed of a machine is consistent, although in this case there is only
electromagnetic excitation of eigenmodes due to the low speed capabilities of the prototype. Mode (0,
2b) is more consistent at multiple points located axially central on the machine as it is the dominant

mode 2, the amplitude of this mode is highest across all measured locations for all variants in this
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section. The results indicate that both mode (0, 4) eigenmodes have a lower amplitude than mode 2
variants, and so, it is expected that when measuring acoustic noise output from the machine that modes
(0, 2a) and (0, 2b) shall be dominant. However, it is worth also noting the trade-off between amplitude
and frequency in the audible spectrum, where a low amplitude high frequency noise may be more
offensive than a high amplitude low frequency sound. Ultimately, it can be concluded from the vibration
response that the turn-on position for a fixed turn-off position has no effect on the stator-borne
vibrations. The variance resulted in significant implications for torque and tangential forces without any

clear or obvious gain in vibration reduction.
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Fig. 3.27 Vibration response of 5A load current with +20° electrical increase from baseline turn-on,
simulated output on the casing behind teeth (a) Al, (b) C2, (c) B1, (d) A2.
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Fig. 3.28 Vibration response of 5A load current with +20° electrical increase from baseline turn-on,
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Fig. 3.29 Vibration response for varied turn-on angle, due to harmonic force loads applied on stator

teeth surface, shown for significant mode shapes (a) to (d).
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3.4.2 Fixed turn-on

Following the conclusion of influence of turn-on for a fixed turn-off, the influence of turn-off must
then be analysed and discussed. Previous study in the time domain has indicated a dominant influence
of the turn-off shaping and severity, [Wu93], through focus of time domain acceleration results. Due to
the time extensive processing and modelling required to generate this solution in the time domain, it is
not a practical FE modelling method. Hence, the study continues to focus on the vibration response in
the frequency domain alongside supporting electromagnetic results. The turn-on position is kept
constant such that the only influence on vibration response is variation in turn-off, manipulating turn-
off position from -30° electrical to +30° electrical from the baseline of 120° electrical starting at a fully
unaligned position. Furthermore, the variation in turn-off results in a linear rise in DC and fundamental
harmonics, with more varied trends in later harmonic components. As the conduction period is increased
the copper losses also increase, and hence, for a real world application it is important to consider the
conditions of equal copper loss also. In the case studies presented in this section, the peak current is

kept constant as this is known to have a significant impact on radial forces and vibration response as

shown in 3.3.
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Fig. 3.30 (a) Variation in phase current illustrated for phase A only under varied turn-off

conditions, (b) harmonic components up to 60Hz based on 150rpm operating speed.

3.4.2.1 Electromagnetic results

The influence on torque for varied turn-off angle is similar to variance of turn-on. A negative change
in turn-off point results in a significant drop in average torque and introduces a dead time period of
current. Consequently, there is a drop in torque to zero and a short period of no torque production
resulting in a profile that exhibits maximum torque ripple. These characteristics are both significant
disadvantages in machine design and control and present themselves as a drop in average torque.
However, it is a strong indicator that the conduction angle is a critical parameter for torque production
and therefore adjustments to any conduction period to reduce noise should also take note of implications
to the average torque and torque ripple. Following this, an increase in turn-off angle can be regarded as
an increase in conduction angle, hence causing overlap of phase currents and phase torque. Conversely
to the case of overlapping phases in varied turn-on position, in this case the overlap results in increased
average torque and reduced torque ripple at the cost of increased copper losses. Torque is still being
generated in phase A after 120° electrical, at which time the next phase is turned on resulting in two
phases generating simultaneous torque. Furthermore, after turn-off the torque being generated by the

sequential phase is apparent, resulting in a reduction of torque ripple also.
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Fig. 3.31 (a) Influence of turn-off angle on torque, (b) harmonic content of torque produced up to
60Hz operating at 150rpm.

It is generally considered that the radial force is the dominant factor in stator borne vibrations and
noise. However, the tangential force and particularly significant drops in tangential force must also be
considered. As illustrated, the tangential force is strongly correlated to the torque generated in the
machine, but is integrated across one stator pole pitch. The tangential force is at maximum as the stator
and rotor teeth are coming into alignment, and zero at the fully aligned and fully unaligned positions.
Beyond the baseline 120° electrical turn-off, the tangential forces tend to be zero. This is caused by the
ratio of overlap between stator and rotor teeth, as there is more overlapping of poles, tangential force is
reduced and radial force increased. As the conduction angle is increased to +30° electrical, the tangential
force at turn-off decreases, and hence, the fall in tangential force is also reduced. The harmonic content
shows a linear increase for DC and fundamental harmonics. However, there is no logical trend in
harmonic content beyond this. This is potentially a result of the meshing in the airgap, across which this

result is calculated.
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Fig. 3.32 (a) Air gap tangential forces measured across 1 pole pitch (tooth A1) compared for
incremental turn-off angles, (b) harmonic content of tangential forces produced up to 60Hz

operating at 150rpm.

As discussed previously when targeting trends in tangential forces, as the turn-off position is
increased the ratio of stator to rotor overlap increases. This is a progression towards the fully aligned
position, known to be the position of maximum radial forces. As a result, the radial force increases as
turn-off is increased, presenting a significant variance in radial force comparative to the results for a
change in turn-on position. However, as the machine nears full alignment the radial force waveform
begins to peak and level out. This phenomenon is due to the stator and rotor pole arc. For this machine
specifically, pole arc in the rotor and stator are By = 33° and s = 30° mechanical, respectively, which
can be interpreted as a fully aligned condition 1.5° mechanically ‘early’. Converting this into the
electrical domain, the poles are fully aligned at 174° electrical and shall remain in a fully aligned
condition until 186° electrical. Assuming the machine is operating under ideal and saturated conditions,
the radial force in teeth of phase A is at a maximum from 174° to 186° electrical. Evidence of this is

shown in the radial force waveform for extended conduction angle, where the radial force begins to
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reach its limit. Thus, the peak radial force no longer falls in the linear region of a radial force profile,
but compared to increase in turn-off angle the peak radial force is still increasing.

The magnitude of harmonic components increases for DC, the fundamental and the 2™ harmonic.
However, beyond these low order harmonics no obvious trend can be seen particularly for positive
changes in turn-off. Therefore, it can be hypothesised that the dominant harmonic components of force
beyond the linear region of increasing radial force are the DC component, the fundamental and the 2"
harmonic. An approach to directly reduce these components may be of interest in future studies. From
the perspective of rate of change in radial force, the peak change still occurs at turn-off as seen in all
studies previous. However, for a significant increase in turn-off position the variance in dF.4/dt reduces,
further indicating the trends towards a level of maximum radial force acting on the tooth. The integral
of radial force supports this argument, as expected due to the profile of the waveform being extended.
The application of forces onto the equivalent teeth indicates that the increase in conduction angle will

result in an increase in vibration response also.
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Fig. 3.33 (a) Air gap radial forces measured across 1 pole pitch (tooth A1) for varied turn-off

angles, (b) harmonic content of radial forces produced up to 60Hz operating at 150rpm.
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3.4.2.2 Vibration response

Based on findings from the electromagnetic results, particularly radial force, it is expected that as
the position of turn-off is increased from the baseline 120° electrical, the vibration response will
increase. However, the radial force calculations and diagrams are presented for forces acting on a single
tooth only, it should not be forgotten that in periods of overlap the forces of adjacent teeth will also
influence the vibration response. The vibration response echoes the results shown previously, where the
dominant source of stator borne vibrations is of mode shape (0, 2) whilst modes of mode shape (0, 4)
are lesser in amplitude. Similarly, under overlapping current phase conditions there is still a comparable
difference between results behind tooth C2 and teeth Al and B1, where the bolted connection of endcaps
causes a second mode (0, 2) variant.

Comparing trends in amplitudes of eigenmodes, for mode (0, 2a) there is a linear increase as the
turn-off angle is increased. Furthermore, the increase in amplitude settles as the conduction angle
reaches the limit specified for this study, a similar trend as seen in the radial force profiles across a
single stator pole pitch. Also, the amplitude of mode shape (0, 2a) is unaffected by the increase in
conduction angle for locations aligned with bolted connections due to the dominance of the new mode
(0, 2b) that is introduced. This also implies that mode (0, 2a) is a result single phase electromagnetic
excitation as the trend matches the trend in radial force across a tooth tip. However, the influence on
amplitude of mode (0, 2b) tells a different story. For this modal result, the amplitude is significantly
higher for the condition of 120° electrical, the baseline for comparisons. It is obvious that a reduction
in conduction angle from this point causes a decrease in radial force and a reduction in active radial
force, the time over which the force is acting on the tooth. This results in decreased deformation of the
stator and hence reduced amplitude of vibrations. Alternatively, an increase in conduction angle causes
higher peak radial forces acting on across the pole for a longer period, and hence, the expectation may
be that the vibration response is increased. However, this neglects the effect of adjacent phases and
poles which experience a radial force in the period of overlapping current between phases. The baseline
condition of an ‘ideal’ waveform operating for 120° electrical conduction angle for 3 phases exhibits
the most extreme case. The definition of the baseline causes a ‘release’ of two diametrically opposed
teeth at the exact instance that the next phase is excited, and hence, the radial forces are acting entirely
on a single phase. Therefore, the stator experiences a radial force acting in opposite directions only at
any one instance. After the conduction angle is increased such that there is overlap between phases at
turn-off, this is no longer the case. A second phase pair of forces acting diametrically opposite at an
angle away from the original phase is introduced. This reduces the overall deformation experienced as
the stator is no longer being mechanically excited in a single plane, now in two radial directions. As
can be observed in Fig. 3.39(b) this phenomenon is seen across all teeth and slots. Mode (0, 2b) is
focussed on phase C as both teeth aligned with bolted connection are of this phase. Observing
deformation against time, the stator teeth are attracted inwards for phase C, mode (0, 2b) deformation

results in the slots in the x-axis plane being deformed outwards as known for an axial mode 0, radial
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mode 2 eigenmode. In this example, phase A is excited after or during phase C operation, depending
on conduction angle, and thus produces a radial force acting at 60° t0 Fradc, Where Fragc is the radial
force on phase C excited teeth. Considering the force acting on tooth Al or A2, Fraga, is composed of 2
components Fxa and Fya with configuration as depicted throughout the study. Fxa shall be larger than
Fva and oppose the deformation produced as a result of Fraqc. Hence, the vibration response caused by
a period of overlap between phase excitation will be reduced by influence of other phases.

The influence of turn-off angle on the amplitudes of modes (0, 4a) and (0, 4b) shows similarities
with the influence on mode (0, 2b). Shapes of mode (0, 4) are heavily influenced by the stiffness and
rigidity introduced with the bolts. The trends indicate the same phenomena as seen for mode (0, 2b),
where the baseline waveform of 120° electrical experiences a higher vibration response than other
variants. It can also be confirmed that mode (0, 4a) produces a lower vibration response for the bolted
locations, indicating that these are not a major influence for this eigenmode.
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Fig. 3.37 Vibration response of 5A load current with turn-off angle increased by +20° electrical
from 120° baseline, simulated output on the casing behind teeth (a) A1, (b) C2, (c) B1, (d) A2.
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3.5 Experimental verification of trends

3.5.1 Experimental setup and testing

In order to verify the accuracy and suitability of the FE model for predicting trends in vibration
response under operating conditions the cases examined thus far are verified experimentally. The
prototype machine is limited in respect of its thermal and speed capabilities, with the maximum speed
capable at 1000rpm. It is found that the optimum speed to produce clear results for vibration response
is 150rpm, which allows for a reasonable current profile and reasonable resolution for vibration spectra.
Beyond this there is seen to be considerable overlap between phases in the current profile and an
increase in broadband noise in the vibration spectra, making analysis and comparisons more difficult.
At this speed of operation, the natural frequencies excited are 10Hz mechanical frequency, followed by
30Hz for 3-phase and 120Hz due to 4 rotor poles. A simple calculation concludes that in order to
mechanically resonate the lowest radial mode for axial mode = 0 (mode (0, 2a) = 4500Hz) the speed of
the machine must be around 8000rpm which is not feasible for this prototype. Hence, it can be
concluded that the experimental results shown are influenced solely by the current profile and electrical
excitation, with no mechanical resonance from the prototype. It is worth noting that mechanical
resonance from other components within the system may still occur but is unavoidable.

In future work, the current profile is varied such that it utilises a space vector PWM control module
with the inverter to include harmonics and operate as a current control machine, not a voltage control
machine. This is very useful and of interest due to the simplistic nature of the control and the
accessibility for production markets. Utilising a pre-known existing control implementation reduces
costs and simplifies the production process, saving space and time for companies. However, this is not
a possibility in the case of prototyping for this machine due to the size of the machine and natural
frequencies. When operating the machine with a PWM signal, the switching frequency of this is
introduced into the system. On a full scale machine this is no issue as mechanical resonance is likely to
occur at a level of hundreds of Hertz, with a switching frequency of 10kHz being standard this can be
avoided through careful sampling or use of a low pass filter. Unfortunately, this switching frequency
falls in the range of vibration spectra being observed for the small prototype, and hence, it is not possible
to use a low pass filter to remove the 10kHz signal. Furthermore, the prototype machine exhibits a
natural mode 3 around 10kHz, and thus would not be seen if they are swamped by the dominant
switching frequency. The reasons discussed result in an experimental verification procedure operating
the machine at 150rpm to produce a reasonable square wave current profile, using a voltage control
strategy with an on/off DC bus program for each phase winding to remove any switching frequencies.

After establishing a suitable set of constraints and operating conditions to allow for clarity of results,
the method of calculating vibration spectra was then investigated. The accelerometers utilised for modal
analyses are set up behind each tooth, including tooth C2 which is aligned with the bolted connection.

The three teeth in the upper half of the machine are selected to improve reliability of results. Under
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operation at 5A load the temperature of the prototype machine increases as there is no direct cooling
method, this results in a temperature rise in the casing also. This rise in temperature can cause the
adhesive wax to soften, and hence, any accelerometers on the underside of the machine are liable to
loosen and reduce reliability of results. To minimise this risk, the accelerometers are used to measure
the response on the top side of the machine, teeth Al, B1 and C2, such that they are less likely to slip
or move. Also, the machine is operated for minimal duration and fan cooled, to reduce overheating
which could cause problems for the machine or if more severe could result in damage to the windings.

The potential rise in temperature also influences the vibration response of the machine due to
variance in material properties with temperature. Literature is relatively thin in this area and the topic
is also beyond the scope of this project. However, a brief series of tests were performed to identify
potential variance. The prototype machine is operated at 150rpm, 5A voltage fed, and the acceleration
measured in 30, 500ms intervals at a sampling rate of 100kS. By operating under these conditions and
measuring the temperature of the casing with an infra-red thermal gun, a rough trend can be found in
terms of both amplitude and frequency of eigenmodes. It can be seen that as temperature increases, the
amplitude of eigenmodes also increases. This is attributed to the variance of material Young’s modulus
with temperature, as the elasticity increases the deformation for the same excitation is also increased,
and hence a rise in acceleration. It is also noted that the rise in temperature of the prototype machine
causes a reduction in frequency of eigenmodes as the material softens. In order to produce reliable
results, the machine is operated at manageable temperature, approximately 22°C. Under these
conditions, mode (0, 2b) is dominant and the peak for mode (0, 2a) is no longer visible on the vibration
spectra, and hence, comparisons in trends are focussed mainly on eigenmodes (0, 2b), (0, 4a), and (0,
4b).
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Fig. 3.40 Vibration response of 5A operating at 150rpm for different casing temperatures, measured
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3.5.2 Vibration response under varied load

Firstly, the vibration spectra under varied load is verified, thus establishing a reliable load current
baseline for analysis and comparison. The prototype machine is operated at 150rpm and the load
machine supply is varied such that the speed is constant. The trend from simulated analysis indicated
that there is a positive correlation between the phase current and vibration response measured, indicating
that as current increases the vibration response will increase across all eigenmodes also. This is verified
through experimental analysis for phase currents of 1A to 6A. The experimental data indicates that there
is a significant increase in vibration between 5A and 6A particularly for mode (0, 2b). This is attributed
to the increase in temperature operating the machine at 6A, even if for a short period only. Further
evidence to support this is the lower frequency for the key eignemodes identified, implying a softening
of material from thermal influence, particularly noticeable in toothB1. The experimental results also
indicate the dominance of mode (0, 2b) particularly for mode (0, 2b) which correlates well with earlier
finite element study. It can be noted that the amplitudes of all identified modes are similar until the

more severe case of 6A phase current is included.
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Fig. 3.42 Vibration response operating at 150rpm for load conditions, measured at teeth (a) Al (b)
C2and (c) B1.
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3.5.3 Vibration response under fixed turn-off conditions

For finite element analysis and simulation, the variance in turn-on angle relative to the baseline
current profile was considered to be minimal. It is shown that variance in amplitude of vibration
response for all eigenmodes was relatively low although there may be more influence on torque and
tangential air gap forces. This is verified experimentally with a small variance on higher order modes
of radial mode shape 4 and good correlation for mode (0, 2b). It is clear that behind tooth C1, the bolted
connection to both endcaps influences the vibration response, showing a consistently higher amplitude
of response. The variance observed in higher order modes is attributed to experimental differences in
the baseline test, including temperature and mounting of accelerometers. Accounting for this, the results

show good correlation with the ‘ideal’ finite element results and the conclusions drawn are supported.
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Fig. 3.44 Vibration response of 5A operating at 150rpm for different turn-on angle, measured at
teeth (@) Al (b) C2 and (c) B1.
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3.5.4 Vibration response under fixed turn-on conditions

Under fixed turn-on conditions, the influence of turn-off position is analysed for a positive and
negative variance from the baseline current profile. The experimental data supports the trends
investigated in the simulation study under ‘ideal’ conditions, providing confidence in future
investigations. The vibration spectra results show the increase in vibration under baseline 120° electrical
conduction angle. It also confirms the rise in vibration with increased turn-off angle in all modes, with
the most significant vibration response behind the tooth of phase C which is in alignment with the bolted
connection. There is minor deviation compared to the simulated results but this is expected for vibration
simulation as it is a notoriously difficult task. The trend in mode (0, 2b) strongly supports suggestions
that parameters influencing turn-off are of higher priority than turn-on parameters.
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Fig. 3.46 Vibration response of 5A operating at 150rpm for different turn-off angles, measured at
teeth (a) Al (b) C2 and (c) B1.

112



0.080

0070 L —A—ToothAl

L 0060 - —8-ToothC2

m/s?)

—e—-ToothB1

~ 0050 f
]

B 0.040
@ 0.030 |
8 0020 |
Q

0.010

0.000 . . . . . .
-30 -20 -10 0 +10 +20 +30
Relative turn-off angle (elec. deg)

(a) Mode (0, 2a)

0.080

0070 L —A—ToothAl

L 0060 - —8-ToothC2

m/s?)

~ 0.050 L —e—ToothB1

°
2 0040

@ 0.030 |
8 0020 |
Q

0.010 |

0.000

-30 -20 -10 0 +10 +20 +30
Relative turn-off angle (elec. deg)

(b) Mode (0, 2b)

0.080

__0070 | —A—ToothAl
~

L 0060 - —8-ToothC2

—6-ToothB1

=~ 0.050
c

°
2 0040

©
© 0030 |
8 0020 |
Q
0.010 |

0.000 | ! | | | |
-30 -20 -10 0 +10 +20 +30
Relative turn-off angle (elec. deg)

(c) Mode 0, 4a
Fig. 3.47 Trend in amplitude of vibration response against turn-off angle, shown for significant

mode shapes (a) to (c).

113



3.6 Summary

This chapter demonstrates the viability and verification of the finite element model introduced in
chapter 3 with analysis of multiple current profile parameters both simulated and experimentally.
Firstly, the finite element analysis is introduced with calculation of air gap radial force across each
stator pole, then applied onto stator teeth in the 3D mechanical model. In order to calculate the vibration
response in a time efficient manner the harmonic components of the force up to 20kHz are applied to
the stator teeth face in a harmonic response system, from which the acceleration response may be
extracted from target nodal locations. From this, a baseline for comparisons is simulated utilising an
‘ideal” square wave phase excitation neglecting inductance and resistance effects in the windings.

After establishing the baseline current profile, the load condition must be investigated to determine
the influence and establish a reasonable amplitude for further testing. It is found that the amplitude of
phase current has a significant impact on the vibration response and from experimental results 5A is
selected as the load current. Next, the influence of turn-on angle is investigated. The machine is operated
such that the baseline current profile consists of a 120° electrical conduction angle with the initial
position set to the fully unaligned position. This turn-off point is fixed such that the only variable in the
current profile is the turn-on position. It is concluded that this has a minimal effect on the final vibration
response of the machine and is verified with experimental results.

Finally, the impact of turn-off angle is analysed and the finite element results are compared to the
experimental results under the same conditions. The effect of this parameter is far more significant than
turn-on, particularly for mode (0, 2b). It is found that due to the influence of overlapping phase currents
and contribution of radial forces from other phases, an increase in turn-off angle from 120° electrical
exhibits lower vibration response than an ‘ideal” waveform. However, this can be considered a special
case and it is shown that increasing the turn-off angle increases the vibration response. Hence, the turn-
off profile of the machine influences vibration more, and thus, the focus may be applied to this section
of the current waveform. All results are shown to match with experimental analysis. Therefore, the use

of an ‘ideal’ baseline current profile is a reasonable starting point for future analysis of trends.
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Chapter 4 Investigation of Influence of Current Profiling in Time
Domain

4.1 Introduction

The verification of the vibration characteristics of the 6s/4r SRM in Chapter 3 proves the influence
of switching angles and load currents in SRMs. It is shown that relative to the current profile parameters
investigated, the peak load current of a unipolar square wave profile bears the most significance to
electromagnetic forces and vibration response of the stator. Furthermore, varying the turn-off angle,
and in turn, changing the rotor position at turn-off, is also shown to affect the vibration response,
confirming research in [Wu93] and [Wu95]. The equivalent changes to the turn-on angle have little to
no effect on the vibration response. Hence, combining these conclusions, the influence of current
profiling for the turn-off event is further investigated.

Initially, this is approached through current profiling in the time domain, in order to find the
significance and influence of time domain current profiling for vibration reduction. The baseline
unipolar square wave current profile is defined in Chapter 3. The definition includes an ‘ideal’ or
instantaneous turn-off event, where the current drops from peak current to zero instantly at the change
in phase. Hence, this can be considered to be the purest waveform, with a predetermined conduction
period of 120° electrical as taken from [Mil93]. Through the introduction of additional components to
the current profile from the perspective of time domain additions, the influence of independent current
parameters can be identified. In order to achieve this, the current profile is considered to be a series of
discrete data points.

Firstly, the turn-off event is manipulated such that the decay in current excitation for each phase is
gradually decreased at a constant rate, as opposed to the instantaneous drop in the baseline current
profile. This is referred to as the introduction of a continuous slope differential at turn-off. Secondly, a
step down in current at a predefined time before the turn-off event is applied. This results in a reduced
peak current at the turn-off event. The investigation considers the impact of the duration of the time

step on electromagnetic forces and vibration response.

4.2 Influence of turn-on and turn-off

Experimental results in the time domain confirm evidence shown in [Wu93] that it is the change of
phase in switched reluctance machines that results in the significant production of stator borne noise
and vibration. Comparing results behind tooth C2, Fig. 4.1, where dominant vibration response occurs,
significant peaks in acceleration are produced in the time domain at the change of phase. Upon closer
inspection of these results the acceleration waveform is of a decaying sinusoid in nature. The response

is dominated by the eigenmodes investigated thus far in the studies, primarily modes 2 and 4 and
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variants of these. The experimental results provided show the significant peaks in acceleration in the
time domain at change of phase. It can also be seen that for the excitation shown in Fig. 4.1 that the
vibration response due to a change in phase is observed behind all teeth. This indicates the that there is
a strong influence of vibrations on adjacent teeth caused by the electromagnetic forces at change of
phase. Furthermore, the peak vibration response in the time domain on each tooth occurs at the turn-off
of the equivalent phase current, most evident in the response behind tooth B1. Due to the nature of
sampling the time domain response of the accelerometers, it can be difficult to achieve consistent results
for peak acceleration, and hence, the results shown are considered to be a snapshot in time of the
vibration response.

Enhancing the time domain acceleration with a focus on the switching between phases, the
acceleration is shown to exhibit similarities with a decaying sinusoidal response such as a second order
linear time-varying response. There is significant noise in the acceleration response from the electrical
machine, including low frequency mechanical responses. Given the results from simulated studies
previously and the known dominance of modes 2 and 4, it is reasonable to consider the acceleration
response in the time domain to be composed of multiple decaying sinusoids matching these modal
frequencies. Based upon the nature of the time domain acceleration it is clear that the change of phase
in switched reluctance machines is leading factor contributing to stator borne noise and vibration
production. This has been previously investigated, prompting the development of an active noise
cancellation technique [Wu93], [Wu95] and [Lon02].
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Fig. 4.2 Enhanced time domain accelerometer results under operation at 150rpm for load
conditions, focused on phase turn-off for teeth (a) Al (b) C2 and (c) B1.
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In order to reduce acoustic noise and vibration caused by mechanical resonances in switched
reluctance (SR) machines a technique was developed known as active noise cancellation [Wu95]. It
was proposed by Wu and Pollock [Wu95] with control operating with voltage PWM, current control
and single-pulse mode operation as seen in Chapter 3. The study proposed includes various speeds and
no-load and load conditions. The theory behind the active noise cancellation technigue stems from work
in [Wu93], in which the time domain vibration response of an SR machine is investigated. It is
concluded, as confirmed in this thesis, that the dominant cause of acoustic noise and vibrations in SR
machines is caused by the turn-off of phase currents. Later, the technique is verified and proven to be
very effective for a 4 phase machine [Wu95]. The technique focuses on introducing a second vibration
antiphase to the first vibration caused by the turn-off event in the same phase. By controlling the
switching of the machine such that the delay between vibration events is 1/2f, the second antiphase
vibration response is aligned such to oppose the initial vibration. In this case 1/2f corresponds to a target
frequency, typically of mode 2 resonance for SR machines. This is shown to be an effective solution to
reduce the acoustic noise and vibration. However, it is limited in application. The limitation is due to
the design of the method, where only a single resonant frequency can be targeted. It is also limited by

switching times in components, potentially increasing the cost of control.
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Fig. 4.3 Example of active noise cancellation technique, introducing antiphase vibration component
via negative voltage pulse.

4.3 Continuous slope differential at turn-off

As previously shown based on experimental time domain results and verification of results, the
current profile around phase turn-off contributes heavily to the vibration response of the stator and
casing. The verified baseline implements an instantaneous turn-off to provide the ‘ideal’ square wave
current profile. However, in practice this cannot be achieved due to the intrinsic properties of the
machine. Through PWM current control, it is possible to define the desired current profile at any point
of operation provided the relative position of the rotor is known. Hence, it is possible to gradually reduce
the load of each phase at the position of change of phase, thus reducing the harshness of drop in current.
To do this, a continuous slope differential is introduced at turn-off and the gradient of this slope is varied
such to analyse the influence on electromagnetic capabilities and vibration response of the machine.
Based upon the baseline current profile introduced in Chapter 4 with instantaneous switching, the turn-
off of one phase is equivalent in rotor position to the turn-on of the sequential phase. The ‘zero-point’
of the current profile is incrementally increased such that the differential is constant and the gradient
decreases. For the real machine the turn-off slop can be considered as an exponential gradient with
approximate order 2, dependent on speed and switching capabilities. The impact of copper losses is a

priority for much of machine design and optimisation. As shown previously, the peak current and
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current at switching has a significant impact on the production of stator borne vibrations. Hence, despite
the increased copper loss it is important to keep peak current constant such that it does not contribute
to variations in vibration response, allowing for clear conclusions on turn-off slope to be drawn. It is
acknowledged that as the duration of turn-off profile is increased, the copper losses increase and thus

the current at turn-off shall be reduced under equal copper loss conditions.
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Fig. 4.4 (a) Variation in phase current illustrated for phase A only with increasing turn-off slope
duration, (b) harmonic components up to 60Hz based on 150rpm operating speed.

As seen from the harmonic content in the low frequency range, there is an increase in the 1%t and 3
harmonic components as the turn-off duration is increased. However, there is also a reduction in the 2™
order harmonic, in this study equal to 20Hz. Injection of harmonics has been used to influence both the
performance of SRMs and acoustic noise and vibration. Although there is focus on time domain current
profiling in this chapter, the harmonic content of profiles is important in order to understand the

interaction between electrical excitation and mechanical response.
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4.3.1 Electromagnetic results

The current turn-off slope affects the torque production significantly, reducing the torque ripple and
increasing average torque. A similar effect is observed when increasing the conduction angle at turn-
off. As expected due to the nature of switched reluctance machines and the variation introduced the
peak torque remains equal. The reduction in torque ripple can be considered to be similar to a damping
effect, the torque ripple introduced during switching is softened by the influence of overlap between
phases. Previously, links have been made between the torque ripple produced and the acoustic noise
and vibration response for example [Ind02], [Lov94], [Tur98], [Meh92], [Hus05] and [Zhul7]. This is
not considered in this study as the solely radial forces are applied to the mechanical response system.
However, it can be concluded that reduced torque ripple is desirable for the majority of applications
hence a small overlap significantly improves the viability of the machine in various applications.
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Fig. 4.5 (a) Variation in 3 phase torque caused by increasing turn-off slope duration, (b) harmonic
components up to 60Hz based on 150rpm operating speed.
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Fig. 4.6 (a) Variation in tangential forces in the air gap with increasing turn-off slope duration, (b)
harmonic components up to 60Hz based on 150rpm operating speed.

The tangential force is considered to be proportional to the torque produced by the machine, yielding
similarities in the waveforms. This produces the air gap tangential forces for a single pole, equivalent
to the tangential forces for a single phase hence the forces from adjacent phases are not considered. It
can be seen that the change in gradient of the turn-off slope is reflected in the tangential force profile,
similar to the case of increased conduction angle. This is also a closer representation to a real waveform
produced by an SRM. From the perspective of the harmonic content of the tangential force, the
fundamental component increases proportionally with the turn-off slope. However, the 2" harmonic
changes are minimal in comparison, these are the two major contributors to the torque production of
the machine as identified in chapter 2. There is also a significant reduction in the 3" harmonic amplitude

as the turn-off duration is increased.
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Fig. 4.7 (a) Variation in air gap radial forces for increasing turn-off slope duration, (b) harmonic
components up to 60Hz based on 150rpm operating speed.

The equivalent method as described for tangential forces is employed to calculate the air gap radial
forces acting across each stator pole. The turn-off duration in the current profile is echoed in the profile
of single tooth radial force, delaying the fall in radial force and controlling the decay. This is expected
to significantly reduce the vibration response, as the stator back-iron is not released into a period of free
oscillation from maximum radial force. Rather, the radial force steadily decreases to zero with a 2™
order component such that the decay is gradual, the time of decay for the radial force waveform is
equivalent to the current profile. The radial force waveform is also heavily influenced by the saturation
of the machine: under highly saturated conditions the radial force saturates also. Therefore, extending
the excitation duration shall not increase maximum radial force experienced per radial tooth. The
harmonic content of the radial force waveform also indicates a proportional increase between the
duration of excitation turn-off and radial force profile. It is evident that the fundamental and the 2™
order harmonic increase, whilst the variance of the 3 order harmonic is indeterminable. Beyond the 3

order harmonic the amplitude of each harmonic decreases with increased turn-off duration.
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continuous slope duration.

As discussed, the stator borne vibrations are a product of the deformation of the stator caused
primarily by radial forces, followed by a release such that the stator oscillates at various frequencies.
The addition of a continuous slope at turn-off influences the moment the radial force is ‘released’ and
hence the oscillations of the stator begin. This phenomenon can be quantified by the rate of change in
radial force specifically at turn-off, in the baseline control previously covered this is a large increase in
dF.¢/dt due to the instant decay of radial force. As the turn-off duration is increased, thus reducing the
severity of the slope, the rate of change in radial force is significantly reduced. Comparing the peak rate
of change in radial force in Fig. 4.9 shows that increasing the turn-off duration linearly results in an
exponential drop in the differential of radial force. In other terms, the advantages gained from increasing
the turn-off duration diminish as the duration increases, the highest relative reduction occurs for a
minimal increase in duration. When considering conditions of equal copper losses which is important

for many applications, this is a useful trend to consider. Increasing the slope duration results in increased
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losses, to account for these additional losses the peak current is typically reduced, hence a reduction in
torque. Therefore, for minimal reduction in torque under equivalent copper losses, there is no advantage
to excessively increasing the slope duration in terms of the rate of change of radial force.

The dc component of radial force per tooth is indicated with a vector on the relevant tooth for each
condition investigated in this sub section. The dc component serves as an indicator for the average
forces acting per pole. As the duration of slope is increased there is a proportional increase in the average
radial forces applied to each tooth. However, it is worth consideration that this was also the case for
increased conduction angle as shown and verified under voltage control. In this scenario, the
overlapping of currents resulted in reduced vibration response in the frequency domain. Therefore, it is
reasonable to hypothesise that the vibration response is reduced due to two factors: the influence of
adjacent phases and the reduction in severity of turn-off slope.
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Fig. 4.10 Fundamental components of radial force on each pole shown acting on relative teeth,

showing variance in magnitude of harmonic forces due to increased slope duration.
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4.3.2 Vibration response

Analysis of the vibration response indicates two significant phenomenon to discuss further: the re-
introduction of an eigenmode of order (0, 3) and the reduction in amplitude of vibrations for dominant
modes. As discussed during modelling of the machine, the application of equal and opposite forces on
teeth balances the machine and eliminates the shapes of mode (0, 3) variant. Under ‘ideal’ conditions
for current profiling, there is no overlap between phases such that they are independent from each other.
Hence, at any single point in time only diametrically opposed teeth only are excited, producing a radial
force. Introducing the influence from adjacent phases produces a radial force next to the tooth of interest
which creates a minor asymmetry in the excitation. Upon reflection this phenomenon may also be seen
in the condition of increased overlap and experimental verification. The amplitude of this eigenmode is
relatively low compared to mode shapes (0, 2) and (0O, 4), these are still dominant modes. A system
damping factor is not applied during these simulations, this would further reduce the influence of the
eigenmode (0, 3a).

The trend in vibration response as the turn-off slope duration is increased, a reduction in severity of
the gradient shows clearly a reduction in amplitude across all modes. The highest amplitude and thus
dominant modes for vibration production are the dual modes of shape (0, 2) and mode (0, 4a). The trend
in these mode shapes indicate a decaying reduction in amplitude, similar to that seen in the peak rate of
change in radial force. This further supports the notion that the not only the turn-off is important, also
the nature of radial force at turn-off. By decreasing the gradient of the radial force drop, decreasing the
severity of this change, the period of free oscillation is reduced. Furthermore, the oscillation caused by
the release of the stator can be considered to be damped, as the radial force decreases. Naturally, the
stator tends towards its original shape and orientation, with a reactive force opposing the deformation
caused by the electromagnetic radial forces. As the duration of the slope is increased, the duration of
decaying radial force is also increased resulting in significant damping of oscillations as the stator

returns to a neutral orientation.
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Fig. 4.11 Vibration response of 5A load current with continuous slope duration increased by +30°
electrical from 120° baseline, simulated output on the casing behind teeth (a) A1, (b) C2, (c) B1, (d)
A2.
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4.4 Two step control

Based on the active noise cancellation technique the time step introduced should be selected such that
the time step matches the desired frequency for reduction. An investigation into the general influence
of introducing a time step at the end of the current profile produces a generic trend when profiling in
this region. It is known from Chapter 4 that the amplitude of phase current at turn-off is a significant
factor influencing the amplitude of vibrations, and hence, the step down in current is kept constant. The
harmonic content is similar across all conditions with only minor reduction in the fundamental and
fourth harmonic components. Furthermore, there is an introduction of low amplitude 3™ harmonic as
the time duration of the step function is increased. Introduction of new harmonic components may cause

additional mechanical resonance for larger machines or machines operating at significantly higher

speed.

Fig.

6.0
+05deg
5.0 N
. :_:__m_‘ — —+10deg
<0 - - —+15deg !
1
"E +20deg |
[ ] 1
t 30 b e +25deg :
=5
Ot - +30deg
8
1.0 |
1
0.0 1 B D . I P A
0 60 120 180 240 300 360
Position (Elec. deg.)
(a)
3
:f +05deg
';' 25 H+10deg
g 5 B+15deg
..é 0 +20deg
W15 Ef B +25deg
S E f/f O +30deg
2 1 N ﬁ
B ”
o - ,4
= 0.5 = o
= |1 I
O | %

o

0 10 20 30 40 50 60
Frequency (Hz)

(b)
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current step, (b) harmonic components up to 60Hz based on 150rpm operating speed.
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4.4.1 Electromagnetic results

The influence of step time is evident and clear in the torque profile for this machine. The
involvement of a stepped square wave at and around the turn-off of each phase causes a momentary
drop in torque. The drop in torque correlates to the second amplitude of phase excitation, and hence for
a significant time step the average torque is further reduced. From the perspective of torque ripple, this
is unchanged within this study although lower than observed in the ‘ideal’ baseline results. For minor
changes in step duration, the torgue is relatively unaffected therefore the use of a small step can be used
without concern over torque production.
As discussed previously, the tangential force presented is calculated across a single stator pole pitch in
the air gap. Due to the nature of operations in SRMs, the tangential forces as the rotor pole traverses
from the fully unaligned position to an aligned position are relatively steady, particularly in the second
half of the conduction region. Therefore, the introduction of a step down in phase current at a specific
time produces and equivalent step down in tangential forces also.
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Fig. 4.15 (a) Variation in 3 phase torque illustrated for increasing current step duration, (b)
harmonic components up to 60Hz based on 150rpm operating speed.
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harmonic components up to 60Hz based on 150rpm operating speed.

The radial forces acting on the stator are considered to be the major contributor to acoustic noise
and vibration production in SR machines. Reducing the amplitude of radial forces as well as the rate of
change in radial force is desirable to influence the final vibration response. This study indicates that the
amplitude of radial force excitation per tooth is dependent on the amplitude of current at the moment of
change of phase. Given that the current excitation across all cases is equal at the switching of phases, it
follows that the flux and therefore radial force at this moment shall also be equal in amplitude. The
radial force per pole profile can be considered as two radial force profiles mapped on top of each other,
one representing the radial force profile under 5A excitation, and a second representing operation at the
stepped down current amplitude (4.5A). A variance in duration of step down in current results in a time
equivalent drop to the lower radial force profile. Across all low order harmonics analysed, the amplitude
decreases with larger duration of current step.

Based on discussion of the radial force profile where the current drop correlates to a drop in flux

density, the amplitude at phase switching is equal for each case. Furthermore, equal peak change in
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radial force occurs, as the condition at turn-off of phase is the same. However, the integral of the radial
force per tooth varies more significantly, decreasing as the duration of step is increased. This correlates
to a perceived reduction in ‘impulse’, also considered as a reduced radial force application for the same

time period. The fundamental component of radial force is approximately equal across all teeth.
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Fig. 4.17 (a) Variation in radial force in the air gap, measured across one stator pole pitch, (b)
harmonic components up to 60Hz based on 150rpm operating speed.
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4.4.2 Vibration response

The vibration response at each location included in the simulated analysis exhibits reduced levels
of vibration compared to the baseline ‘ideal” waveform. This is attributed to the reduced phase current
at the change in phase, it is previously proven that the amplitude of the phase current square wave is a
significant factor in vibration levels. Comparing trends for each mode shape present in the vibration
spectrum, the changes in vibration amplitude is negligible given the changes in current stepping. For
mode shapes of radial order 2 show a slight ripple in amplitudes but no clear trend, modes of shape 4
nature experience little to no change in amplitude. Thus, the influence of step duration on vibration
response is minimal, however the amplitude of the change has a significant impact.

It is observed in the vibration response at locations behind stator poles that there is also a minor
increase in mode (0, 3b) at approximately 12500Hz. When considering sources of vibration in SRMs,
radial force is often cited as a major contributor. Therefore, it is interesting to note that the total radial
force experienced by each tooth during one electrical cycle decreases as the time duration of the step is
increased. It would then be expected that as a result of increased total radial force, the total deformation
change in the stator may also increase. However, this is not reflected in the vibration response of the
simulated model. This indicates that the total radial force acting in the air gap has little to no influence
on the vibration response. Rather, it is the peak radial force and rate of change in radial force that carries
a larger significance in the reduction of vibrations in the stator.

Furthermore, utilising a step down in current close to the turn-off event has similarities to the active
vibration cancellation method [Wu95] as presented previously. The time step in the AVC technique is
sufficiently short in duration so as to apply an antiphase vibration after the initial oscillation of the stator
begins. Therefore, for future work it is worth considering the potential for use of a step down in current
applied at the turn-off event, with a significantly lower step duration. Utilising this to target a frequency
for reduction of oscillations may exhibit improved results. Furthermore, as the current profile is adjusted
in the time domain, the impact on time domain acceleration is also of interest. This is a time consuming

process in terms of simulation time and modelling, and hence, is not covered in this study.

135



1.0E+05

1.0E+04 ——+15deg

T LOE03 4660Hz B010Hz 16800H; Tooth Al
1.0E402 16180Hz

=~ 1.0E+01
1.0E+00

1.0E-01
1.0E-02
1.0E-03

Acceleration (m/

1.0E-04
1.0E-05 . . .
0 5000 10000 15000 20000

Frequency (Hz)

(a)
1.0E+05

e Tooth c2

A 1.0E+03 [ 6010Hz

= 10E:02 | p—" 16180Hz
~ 1.0E+01

1.0E+00
1.0E-01
1.0E-02
1.0E-03 |

17220Hz

Acceleration (m/s

1.0E-04 [
1.0E-05 L L L
0 5000 10000 15000 20000

Frequency (Hz)

(b)
1.0E+05

1.0E+04 ——+15deg

1.0E+03 | 4660Hz 5980Hz 16910Hz Tooth B1
1.0E+02

1.0E+01
1.0E+00
1.0E-01
1.0E-02
1.0E-03

Acceleration (m/s?)

1.0E-04
1.0E-05 . . L
0 5000 10000 15000 20000

Frequency (Hz)

1.0E+05

1.0E+03 | 4660Hz 6010Hz 16800Hz
1 0E+02 16180Hz

1.0E+01

1.0E+00
1.0E-01
1.0E-02
1.0E-03
1.0E-04 |
1.0E-05 . - . Tooth A2

0 5000 10000 15000 20000

Frequency (Hz)

Acceleration (m/s?)

0 0O Q

(d)

Fig. 4.21 Vibration response of 5A load current with step down duration of 15° electrical from 120°
baseline, simulated output on the casing behind teeth (a) A1, (b) C2, (c) B1, (d) A2.
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4.5 Summary

It is accepted that in conventional SRMs, the turn-off of current in each phase is a dominant source
of electromagnetically excited stator borne vibrations [Wu93] and [Wu95]. Hence, the baseline unipolar
square wave current profile is manipulated around turn-off. The aim is to investigate the influence of
various current profile parameters on the stator vibration response. This is achieved through controlling
the current profile from the perspective of the time domain, presenting the current profile as a series of
discrete points.

Initially, the influence of a continuous slope differential at turn-off is investigated. In order to find
the influence of the severity of gradient, the duration over which the constant decay in current occurs is
increased from +10° to +60° electrical. By introducing the slope at turn-off, it is found that the
electromagnetic forces are directly affected. The peak radial force is equivalent in all cases, but the fall
in radial force varies significantly. The highest reduction in rate of change in radial force occurs for the
lower durations of current slope. In other terms, the reduction in severity of radial force decay decreases
exponentially as the duration is increased linearly. Therefore, for minimum increase in copper loss due
to increased excitation duration, reasonable reduction in electromagnetic excitation can be achieved. In
terms of vibration response of the stator, the trends in dominant vibration modes are investigated. It is
found that a similar decay in dominant mode amplitudes is observed, thus illustrating the link between
the rate of change in radial force and the amplitude of vibration response.

It is shown in [Wu95] that by applying a negative current after the conventional period of excitation,
an anti-phase oscillation is produced and the total vibration response is reduced for a target frequency.
In this chapter, a current step is applied pre-turn-off so as to reduce the phase current at turn-off. Hence,
a corresponding reduction in vibration response is found, relative to the amplitude of the current step.
For active vibration cancellation, the time step is varied to target specific frequencies, typically the
frequencies of the dominant vibration modes. The investigation of current step considers a more generic
scenario, where the duration of the pre-turn-off step down in current is varied from 5° to 30° electrical.
The results from simulations indicate that the duration has no influence on the vibration response,
although the reduced current causes reduced vibration with reference to the baseline.

For future work on influence of time domain current profiling, the influence of the slope may be
investigated further. For an experimental current waveform, the decay in turn-off of current is
considered to be exponential and a result of the SRM’s inductance. Therefore, by taking the continuous
slope at turn-off and converting into a time varying slope, the influence of inductance on vibration
response may be investigated. It has been verified in Chapter 3 that the amplitude at turn-off is
significant in reducing the vibration response. Hence, as well as considering a two-step control with
varied turn-off for the step, the amplitude should also be considered. This may result in a drop in
performance due to a reduction in current during the torque producing period. Therefore, there is

opportunity here to present an optimisation for two or even multi-step control of turn-off.
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Chapter 5 Investigation of Influence of Current Profiling in Frequency
Domain

5.1 Introduction

The profile of phase currents for SR machines can be defined by a discrete series of points with
respect to time, or sum of consecutive harmonic components. This chapter seeks to examine the
influence of current profiling via the use of current harmonics, which are easily implemented into the
control via space vector PWM. Simple implementation of control allows the use of more generic and
standard components in switching and control, reducing cost and complexity. Similar methods of
harmonic decomposition of the current profile have been used in [Hual7], [Hual8], [Leel7], [Hual9a]
and [Hual9b] to optimise torque production and minimise torque ripple. Further to these studies, the
relationship between SR machines and the more recently introduced variable flux reluctance machine
(VFRM) is covered, with optimisation of the VFR machine with the 2™ harmonic introduction. These
machine types are also compared for acoustic noise and vibrations in [Liul2].

The use of current harmonics is also investigated in [Tak15] from the perspective of radial forces
in the stator, more specifically the influence of harmonics on mutual radial forces across teeth. A novel
method is developed to reduce the acoustic noise and vibration response by optimising the driving
current as a sum of dc through to the 3 harmonic component. It seeks to achieve this by focusing on
the sum of radial forces acting on a tooth, and minimising the variation in radial force or radial force
ripple. In other words, a constant radial force acting on the stator will cause a low vibration response in
comparison to a radial force with considerable ripple. This echoes the thoughts and statements
previously explored, where the stator is considered to be a mass-spring damper system released at the
turn-off moment of each phase. The ideas presented in [Tak1l5] are then further explored and
investigated in [Kurl5a] and [Kurl5b]. It is worth noting that the investigation focuses on a 36s/24r SR
machine, in which the physical separation of teeth is significantly lower compared to the 6s/4r geometry

explored in this thesis.

5.2 Decomposition by Fourier series

Utilising the ‘ideal’ baseline current profile introduced in chapters 4 and 5, the harmonic content of
the square wave may be derived with the use of Fourier transform. From the perspective of frequency
domain, it is possible to interpret the current waveform as a series of consecutive current harmonics
(5.1). The Fourier transform produces the series of sinusoidal components of the baseline and their
relevant amplitudes and phases. By reintroducing these elements back into the current profile one by
one and rebuilding the waveform, the influence of harmonic inclusions can be investigated. The current

profile can be defined as follows:
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where I and I are the amplitudes of dc and the k-th current harmonics; ox is the initial angle of the k-
th current harmonic. The current profile may then be rebuilt with harmonic components up to and
including lx. The profiles for k = 1, 2, 4, 10, and 31 are shown in Fig. 5.1. It is noted that the copper
losses under these current profiles shall vary. However, in order to analyse the impact of harmonic

progression the amplitude and phase are determined by the original unipolar square wave.
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Fig. 5.1 Frequency domain current shaping. (a) current profiles based on values of k, (b) harmonic
content of current profiles.

5.2.1 Electromagnetic results
The influence on torque is critical in determining the suitability of utilising current harmonic
breakdown in real world applications, without reasonable torque production the machine ultimately

serves no purpose. As is evident from Fig. 5.2, as the value of k is increased the torque profile moves
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closer to the baseline profile. Given the amplitude and phase of each harmonic is calculated by the
Fourier transform of the baseline unipolar square wave, the correlation between torque characteristics
is not linear with harmonic inclusions. In the case investigated, the torque ripple for inclusion of the
second harmonic (k = 2) is significantly higher than torque ripple with inclusion up to k = 4. As
harmonic content k increases the average torque also increases, and the region of near constant torque
generation also increases. It is worth noting that the previous work into SR machines with a permanent
DC excitation plus a fundamental sinusoidal component exhibit slightly different results [Liul2],
[Leel7], [Hual8], [Zhul7] and [Fukl12]. Typically, a ‘fundamental’ component is the current
component contributing to the torque production of the motor, and hence, determines the critical
performance and is rarely manipulated. However, when considering a VFRM it is both the DC
component and sinusoidal component which contribute to torque production. Therefore, it is more
appropriate to refer to the sinusoidal component as the 1°t harmonic, not fundamental to avoid confusion.
In order to optimise torque production in the case of a DC + sinusoid SR machine, the optimal results
involve synchronisation between the static magnetic field and the rotating field. This is achieved by
aligning the phase back-emf with the 1t current harmonic. In the case of a 6s/4r doubly salient machine
this is a variance in initial position of 15° mechanically advanced of the optimum initial position for the
unipolar square wave excitation. Further to this, the optimal ratio of DC to 1% current harmonic is found
to optimise torque production. Later in this study, the influence of DC and 1% current harmonic is

introduced from the perspective of vibration response, rather than optimal torque.
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Fig. 5.2 (a) 3 phase torque profile for one electrical cycle, (b) harmonic components up to 60Hz
based on 150rpm operating speed.
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Fig. 5.3 (a) Tangential forces calculated across an arc in the middle of the air gap, spanning one
stator pole arc, (b) harmonic content of tangential force.

As discussed in previous sections the tangential force directly correlates to the torque produced per
phase. From single phase tangential force measured in the middle of the air gap it becomes apparent
that as the harmonic content is increased, a number of phenomena occur. It can be shown that the peak

tangential force and torque are increased for k = 2. However, once the inclusion reaches the 4" harmonic
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the tangential force and torque closer resembles the baseline. In [Dex18] the torque production
mechanisms of switched reluctance and variable flux reluctance machines are compared and analysed,
the low order current harmonics typically dominate and define the torque production of the machine. It
can also be seen that the gradient during the period of decaying tangential forces is proportional with
harmonic inclusion. In other words, as the harmonic inclusion increases towards that of the baseline
unipolar square wave, the rate of change in tangential force per pole increases.

Radial force is regarded as the primary contributor to acoustic noise and vibrations in SR machines,
along with derivatives of radial force such as rate of change, peak radial force and radial force ripple.
When considering the slope and duration of turn-off current it is determined that the gradient and
severity of radial force decay at a change of phase is a critical component of vibration production in the
stator. As the harmonic content is increased, it is evident that the peak radial force also increases towards
the level of radial force produced by the baseline square wave current. However, as seen in Fig. 5.4 the
position relating to the moment of radial force varies significantly with harmonic force content. That is
to say, considering the peak radial force affects the vibration response, by varying harmonic inclusion
the peak radial force does not necessarily occur at the same aligned position. Further to this, the rate of
change in radial force following the peak radial force (not necessarily ‘turn-off’) increases as harmonic
content increases. Hence, the decay of radial force occurs over an increased time period, avoiding the
problematic result of instantaneous turn-off and a sudden release of radial forces. It can also be noted
that with a high number of harmonic inclusions, k = 31, there is also radial force ripple introduced close
to the perceived moment of turn-off. There is also ripple introduced in the low order harmonic inclusion.
However, this occurs during torque generation of other phases and is not considered to influence the
vibration response heavily. The integral of radial force relates to the change in momentum per pole
caused by the air gap radial forces. Interestingly, despite reduced peak current and copper losses for
low order harmonic inclusion the integral of radial force is the highest for k = 1. This is due to the
extended duration of major radial force combined with additional radial forces acting across the stator
pole during the period of negative current excitation.
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Fig. 5.4 (a) Radial force profile calculated across an arc in the middle of the air gap for one stator
pole pitch, (b) harmonic content of radial force profiles.
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Fig. 5.5 Integral of radial force across 1 electrical period for varied current harmonic inclusion.
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Fig. 5.7 Fundamental components of radial force on each pole, showing variance in current

harmonic inclusion up to k = 31.

5.2.2 Vibration response

The vibration response is simulated for the full prototype machine including bracket and compared
behind 4 of the teeth and 3 slot locations. The results indicate a significant drop in vibration response
at all locations dependent on the level of harmonic reconstruction. Furthermore, for harmonic
reconstruction up to and including the 31 harmonic, the vibration response is still significantly reduced
compared to the baseline unipolar square wave. This is due to the harshness of turn-off in the baseline,
and ultimately it would require infinite harmonics to achieve an equivalent result. Typically, the
response across all frequencies is reduced and proportional to the harmonic inclusions. It is noted that
for response behind teeth, mode 3 is introduced into the vibration spectrum. This is a result of mutual
radial force response as observed when introducing a slope at turn-off or any period of overlap. The
overlap between phase currents promotes a force acting at multiple teeth, such that the resultant force
is no longer acting directly aligned with a stator tooth. Hence, although the forces are equal and opposite
there is a force acting between teeth causing asymmetry in the system and resulting in mode 3 excitation.

Comparing results for specific modes indicates a minimal influence for modes (0, 2a) and (0, 3b),
where the amplitudes of vibration response are considerably lower than those of the more dominant
modes. Under the baseline operation and analysis in the time domain, it is apparent that the dominant
mode is (0, 2b), whilst with current profiling in the frequency domain this is no longer the case. It is
clear that mode (0, 2b) still exhibits a significant amplitude response, but it is smaller than both mode
4 shape vibration modes. Both eigenmodes of mode 4 consistently show the highest radial vibration
response amplitude across all values of k, with mode (0, 4b) being influenced by the bolted connections
of the endcap. This is a result of the excitation period being extended under harmonic excitation, where

multiple phases are concurrently excited with conditions of overlap. Hence, the radial forces are no
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longer being applied solely to two diametrically opposed teeth, rather to four teeth belonging to pairs
to two phases. From these results, it is apparent that the vibration response can be significantly reduced
by breaking down the harmonic components. Analysing the trends of amplitudes for specific vibration
modes, it is estimated that dominant modes are influenced equally for each harmonic inclusion. This
could be represented as a proportional increase in vibration response as the harmonic inclusion is
increased. This can be advantageous, as the addition of an extra harmonic component may be able to
significantly increase the torque production of the machine, whilst retaining a relatively low vibration

response in comparison to the baseline unipolar square wave investigated thus far.
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Fig. 5.8 Vibration response of increasing current harmonic inclusion derived from the baseline
square wave, simulated output on the casing behind teeth (a) A1, (b) C2, (c) B1, (d) A2.
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Fig. 5.9 Vibration response of increasing current harmonic inclusion derived from the baseline
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5.3 Amplitude of DC + 1% current harmonic

Considering the significant reduction in vibration response simulated for a harmonic reconstruction
of the unipolar square wave with low order harmonics, the influence of these current harmonics is
investigated. Firstly, the influence of the DC amplitude is investigated provided the harmonic content
of the current profile is limited to the DC + 1 harmonic only. This is the equivalent control to the
variable flux machine. However, it is acknowledged that the initial position is varied such to match the
decomposition of the unipolar square wave. It is determined in [Hual7] that the optimal AC (1% current
harmonic) to DC ratio is 1:1 for torque production. For analysis of vibration response, the DC amplitude
is varied between 80% and 120% of the square wave DC component, so as to identify the influence on
vibration response. From the Fourier series expansion, it is shown that the k = 0 component has a phase
also, but this phase has no influence on the harmonic component. The current profiles under the
conditions specified also provide a comparison for noise and vibration under approximately equal peak
current. In Chapter 3 it is shown that the amplitude of the unipolar square wave current profile

significantly impacts vibration response, and hence, the acoustic noise.
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DC harmonic, (b) harmonic components up to 60Hz based on 150rpm operating speed.
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5.3.1 Electromagnetic results

Initially, the torque produced by these current profiles is analysed across one electrical cycle. It is
evident that the torque increases proportionally with the increase in DC excitation. From [Zhul7] and
[Liul2a] the torque in VFRMSs and SRMs is derived to produce the results seen in (5.2) and (5.3). The
torque production in (5.2) is known, and hence, (5.3) may be derived by substituting the Fourier
expansion of current, i, and inductance, L. Here, it is proven by Zhu et al and Liu et al [Zhul7] and
[Liul2a] that the DC component and 1% harmonic of current are dominant from the perspective of torque
production and additionally, the 2" harmonic has a small influence in SRM torque production. Table
5.1 also indicates the influence of each current harmonic, it is shown that beyond the 2" order harmonic
the contribution is significantly reduced.

1 _dL(6) (5.2)
_ 2
T=3""28

2 0
1
T = > d [LO Z L, cos(nb, + ay)|/do (5.3)
n=1

Iy + Z I, sin(mB, + yp)
m=1

Furthermore, Fig. 1.1 indicates that the average torque is higher for the baseline profile representing
the SRM, even when compared to a 120% DC amplitude. Adjustments to the DC current influences the
average torque only, it bears no influence on the torque ripple. Furthermore, as seen from the harmonic
content of the torque profiles the variation in DC current predominantly affects the average torque. As
mentioned previously, via alignment of the current and inductance profile for the VFRM the average
can be increased to provide a comparable control to the SRM. It is noted that in order to achieve
comparable average torque lo and 1; must be increased such that the copper losses are significantly
higher in the VFRM.

Table 5.1. Harmonic content of SRM baseline unipolar square wave current profile

Current harmonic Magnitude, A Phase, ° electrical
lo 1.67075 -
Iy 2.760943 -60
P 1.374886 -120
I3 0.007333 0
I4 0.692769 -60
Is 0.547514768 -120
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Fig. 5.12 (a) Torque profile for current profiles of increasing DC component compared with
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Baseline
— —90%
110%

80%
——100%
cesse 120%

o~ *.
e,
) e
. N
..'0...-' \~
\‘
0 60 120 180 240 300 360
Pasition (Elec. deg.)
(a)
L OBaseline
£280%
I §90%
1 <B B100%
I 5 0110%
| El A € 120%
= N
73 NE
HPRE NE
| JIZEL | 173217
0 10 20 30 40 50 60
Frequency (Hz)
(b)

153



. Baseline 80%
Z 200 — —90% —— 100%
P 110%  =eses 120%
Q150
]
[°
5 10.0
-
S so0
20
5
@ 00
5.0 1 1 1 1 1
0 60 120 180 240 300 360
Position (Elec. deg.)
(a)
9
8 OBaseline
£, £180%
g . — = 90%
o B 100%
&0 0110%
O 4
=2 € 120%
S3
g.ln
c 2
=
0 .
Frequency (Hz)
(b)

Fig. 5.13 (a) Tangential forces acting in the air gap across one stator pole pitch, (b) harmonic
content up to 60Hz for operation at 150rpm.

The air gap tangential forces are simulated for one stator pole pitch, producing the equivalent single
phase torque under the excitation shown in Fig. 5.11. As discussed for the torque production, the peak
tangential forces are significantly lower than the baseline square wave, particularly for cases below
110% DC current component. The major variations in tangential force harmonics occur in the 1%
harmonic and the 2" harmonic, the 3" harmonic of tangential force sees little change from DC variation.
It can be seen that in comparison to the baseline waveform the harmonic content is typically lower for
all variations of DC current analysed. The tangential force profile also shows a low duration period of
negative tangential force outside of the typical SR conduction period, when operated as a VFRM. The
influence of the DC current is equivalent in the negative and positive force regions of the tangential

force per tooth, and hence, no effect is noted in the torque profile.
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Fig. 5.14 (a) Radial forces acting in air gap across one stator pole pitch for varied DC amplitude,
(b) harmonic components up to 60Hz based on 150rpm operating speed.

Similarly, to the tangential forces calculated, the radial forces are calculated across an arc in the
middle of the air gap spanning a single stator pole pitch. As seen, when decomposing the baseline square
wave current profile and rebuilding it, the peak radial force is significantly reduced for solely DC and
1%t current harmonics. Through the use of DC and 1% current harmonic, the duration of acting radial
forces per tooth is extended. That is to say that the radial force is applied more consistently, at lower
amplitude across a longer time period. Furthermore, it is found that as the amplitude of the DC current
is increased, the radial force in the period of alignment is increased, whilst the second period of radial
force is decreased. The second period of radial force occurs at approximately 230° electrical in the
cycle. This is caused by the negative period of phase current, as the DC component is increased the
sinusoidal profile is offset such that the negative period is arbitrarily reduced.

However, despite the reduction in the additional region of radial force, the peak radial force is
increased. Additionally, the radial force ripple is increased. As discussed in [Tak15] when mentioning
sum of radial force components acting on stator teeth, the ripple may be as important as the peak forces.

In the case of reduced DC component, both the peak radial force and the peak to peak radial force, radial
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force ripple, are reduced. Hence, it is expected that the vibration response will be approximately
proportional in reduction when compared the DC component of the current profile.

The radial force integral, or change in momentum, is the lowest in the case of the baseline waveform.
Due to the increased peak radial force for larger DC components the change in momentum is also
increased, under reduced condition of 80% DC current the change in momentum is approximately equal
to the baseline SR profile. For clearer presentation of the results, the rate of change in radial force for
the baseline is removed from Fig. 5.16. It is evident from the radial force profiles that the rate of change
in radial force is significantly higher in the baseline square wave control. Comparing and analysing the
results for increasing DC current component, the maximum decay rate in radial force increases for DC
current increase. This is caused by increased current and flux crossing the air gap in a fixed period of
time. Hence, as the current reverses, the radial force falls to zero from an increased amplitude of current
at the fully unaligned position.
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Fig. 5.15 Integral of radial force across 1 electrical period comparing influence of DC amplitude.
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Fig. 5.16 Peak rate of change in radial forces for increasing DC amplitude.
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Fig. 5.17 Fundamental components of radial force on each pole shown acting on relative teeth,

showing variance in magnitude of harmonic forces due to increasing DC component.

5.3.2 Vibration response

To analyse the vibration response of the varying DC amplitude, the SR machine is simulated under
the load conditions specified and the harmonic content of the radial forces applied to the corresponding
teeth. Following this simulation, the frequency response of acceleration is measured at a node behind
teeth A1, C2, Bl and A2, and slots A1C2, C2B1 and B1A2. The results are presented for each location,
under the condition of 110% of the baseline DC current harmonic. This illustrates the vibration spectra
in all cases, where the variance in amplitude of mode excitations is illustrated in Fig. 5.20. The vibration
spectrum behind tooth Al indicates major excitations for eigenmodes (0, 2a), (0, 2b), (0, 3b), (0, 4a)
and (0, 4b). The dual modes of radial order 2 and 4 are caused by the influence of the bolted connections
from frame to endcap, located behind the teeth of phase C and the slot between phases A and B. As
seen in other analyses of the 6s/4r machine, the dominant mode (0, 2b) occurs behind tooth C2 and slot
B1AZ2.

Contrary to simulations of the baseline, under current excitation of the DC + 1% mode (0, 3b) is also
excited. Under the baseline unipolar ‘ideal’ square wave, this mode is cancelled due to geometry and
independent excitation of phases. When excited under DC + 1% conditions, the phases are no longer
independently excited, and hence, the radial forces are no longer diametrically opposite and acting
solely on the teeth. Rather, mutual forces are introduced and thus modes of radial order 3 are also
excited. Furthermore, the results of the simulation indicate that the amplitude of mode (0, 3b) excitation
is similar to those of modes in order 2 and 4. The vibration spectrum is significantly less than the
baseline square wave excitation. This phenomenon applies to all frequencies, not limited just to the
excitation of natural modes.

Comparing the trend across key natural frequencies, it is evident that an increase in DC current
component correlates to an increase in vibration response amplitude also. The resultant increase in

amplitudes is more apparent in particular modes, mode (0, 4a) being relatively unaffected by the
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increase in DC current. However, the influence of other mode shapes is more apparent. Mode (0, 2b)
experiences the largest increase in amplitude and is also noted to be the natural mode with the highest
vibration response. Interestingly, the largest response for mode (0, 2b) is no longer restrained to
locations aligned with bolted locations, rather it can be found that it is the dominant mode shape for
results behind tooth B2 and slot A1C2 also. These simulation results indicate that the vibration response
is significantly lower than that of the baseline square wave excitation across the entire frequency range
simulated. Furthermore, although an increase in DC current harmonic increases the vibration response,
this is negligible in comparison to the baseline. Therefore, it is a viable option to increase DC current

component to improve performance without fear of significantly worsening the vibration response of
the machine.
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Fig. 5.18 Vibration response for simulated model with 110% DC amplitude, referenced to the
baseline current profile, simulated output on the casing behind teeth (a) A1, (b) C2, (c) B1, (d) A2.
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Fig. 5.19 Vibration response for simulated model with 110% DC amplitude, referenced to the
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significant mode shapes (a) to (e).

5.4 Influence of 1% current harmonic amplitude

Having considered the influence of the DC current under the condition of DC + 1% current harmonic,
equivalent to the variable flux machine (VFRM), the influence of 1% harmonic amplitude must next be
investigated. Through finding the influence of these two factors it is possible to consider a current
profile for the VFRM with capabilities to optimise torque with minimal vibration characteristics. The
DC current harmonic is defined by the Fourier transform of the baseline unipolar square wave. The 1%
current harmonic, or AC current, is also defined by the Fourier transform, then varied between 80% and
120% of this value in order to analyse the influence. The phase of each harmonic is kept constant and
defined by the unipolar square wave decomposition. Hence, by keeping the phase shift of each harmonic
equal to that of the baseline current profile, it is solely the influence of the 1% harmonic that is analysed.
As can be seen from Fig. 5.21 the region of negative current increases with increased 1% harmonic
component, and additionally, the peak current is equal for 120% 1% current harmonic amplitude.
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Fig. 5.21 (a) Variation in phase current illustrated for phase A only with increasing 1 current
harmonic, (b) harmonic components up to 60Hz based on 150rpm operating speed.

5.4.1 Electromagnetic results

The torque profile produced across one electrical period is simulated under 3 phase excitations for
the varied current profiles introduced in Fig. 5.21. It can be seen that for the case of 120% 1° current
harmonic amplitude, the torque profile from 0° to 60° electrical follows the baseline torque profile. This
is the period in which the rotor and stator poles are transitioning from the fully unaligned position and
coming into a period of alignment. In other words, the two poles begin to overlap resulting in increased
flux crossing the air gap. As the poles are unaligned and overlap is still low, the tooth tips are saturated
under both excitation conditions, the baseline square wave and increased 120% of the 1% harmonic
component. Due to the nature of the current profile of DC + 1% harmonic, the VFRM current excitation,
the torque is reduced in the period of overlap between stator and rotor poles, this is the period of
maximum torque in baseline simulation. As the 1% current harmonic component is increased, the
average torque increases proportionally. Despite the increased 1% current harmonic, the average torque

is still higher under unipolar square wave control as a conventional SR machine.
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Fig. 5.22 (a) Torque profile variation for increasing 1% current harmonic, (b) harmonic components
up to 60Hz based on 150rpm operating speed.
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Fig. 5.23 (a) Tangential force calculated across one stator pole pitch, (b) harmonic content of
tangential forces.

The turn-on period of tangential force matches the 3 phase torque profile, the tangential force is
closely related to single phase torque. As evident from Fig. 5.23 the bipolar current introduces a
negative tangential force acting in the second half of the electrical cycle. The negative tangential force
occurs in a region of torque generation for other phases, and this will detract from the overall torque
production. As is observed in the torque production of VFRMs, the 1% current harmonic is proportional
to the average torque. Therefore, this can also be applied to the tangential forces, and the tangential
force is also proportional to the 1 current harmonic. The decay in tangential force increases as the 1%
harmonic component is increased. It is noted that the increase in 1% current harmonic or AC current
correlates to a rise in copper losses also. Furthermore, the increase in copper loss produced from the
boosted DC and 1% harmonics may cause thermal management issues. Particularly for the DC
component, considering the excitation as a permanent flow of current the temperature rise will be

significant without suitable cooling techniques.
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Fig. 5.24 (a) Radial forces simulated in the air gap across one stator pole pitch, (b) harmonic
components up to 60Hz based on 150rpm operating speed.

The trend for increased 1% current harmonic amplitude is similar to that of increased DC amplitude.
The peak radial force increases, although this trend is not linear. As the 1% current harmonic amplitude
is gradually increased, the increase in peak radial force becomes smaller. This is attributed to the
increased saturation in the stator as the phase current is increased, and hence, a saturation in the radial
force also. From the perspective of radial force harmonics, there is significant variance in the average
radial force and the radial force harmonics up to the 3™ harmonic. Beyond the 3 harmonic component
at 30Hz there is little to no change in low order radial force harmonics. Each of these harmonics has the
potential to excite mechanical resonances of the machine, particularly if operated at significantly higher
speeds. Therefore, minimal excitation of these harmonics or minimising these harmonics is desirable to
reduce the mechanical resonance influencing vibration response. It is also seen from Fig. 5.24 that the
radial force profile, for all variations in I, amplitude, decays to zero before a minor rise outside of the
excitation period of the relevant phase. Due to the decay to zero, as the peak radial force increases, the
radial force ripple is also seen to increase at the same rate. The differential of the radial force profile
provides an indication into the rate of change in radial force. The peak rate of change in Fraq i

significantly lower than the baseline due to the ‘ideal’ nature of current excitation in the baseline current
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profile. As the percentage of baseline 1% current harmonic is increased, the rate of change in radial force
also increases. However, due to the sinusoidal nature of excitation forces under this control, the changes
in radial forces are gradual. This significantly reduces the harshness of the vibration response based on

the linear mass spring damper system, acting as a damping effect on the stator.
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harmonic forces due to increased 1% current harmonic.

5.4.2 Vibration response

Firstly, the vibration spectra at each location is compared for a selected load condition, providing
an indication of which modes are excited and an approximation of their dominance in the spectra. As
with variance in DC current component, the reintroduction of mode (0, 3b) behind teeth is observed.
This is a feature of the mutual excitation of phases, in comparison to the independent excitation for the
conventional control of the SRM. It can also be observed to a lesser degree that the asymmetric mode
(0, 3a) is also found for response measured behind the slots. This mode is less commonly found in these
analyses and is of lower amplitude than dominant modes such as (0, 2b), and hence, may be neglected
in further analysis. However, it is noted that for a larger machine with lower natural frequencies, it is
advisable to avoid resonance with this mode shape also.

The trends in vibration response for each mode, against variation in 1% current harmonic amplitude,
indicate a larger increase in acceleration than observed for the increase in DC component. The
maximum vibration response for increased DC current amplitude is approximately 3.05mm/s? for mode
(0, 2b). Under increased 1% current harmonic, this level of response occurs in mode (0, 4b) and is
exceeded in mode (0, 2b). It is also noted that the amplitude of vibration response increases across all
eigenmodes selected. However, this increase can be considered as minor in comparison to the level of
vibration response found under unipolar square wave operation.

It can be concluded in this section that the influence of amplitude of the DC and 1% current
components on vibration response is similar, and significantly reduced in comparison to the baseline
‘ideal’ SR operation. For an equivalent percentage increase in 1% current harmonic the vibration
response is higher than that compared to DC component increase, although not significantly. It is worth
considering the impact of DC:AC ratio for this configuration, operating as a VFRM. Further to this, the

values of DC and 1% current harmonic may also be varied to operate for maximum torque production.
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The influence of harmonic phase shift is not analysed in this study, for DC + 1% current harmonic only

this is expected to have a significant impact as it is equivalent to variance in initial position.
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5.5 Influence of second harmonic amplitude

Previous work on minimisation of acoustic noise and vibration in SRMs has involved the use of the
second harmonic and third harmonic in order to influence the relevant harmonics of the radial force
sum [Tak15], [Bay15], [Kurl5a] and [Kurl5b]. It is also shown by Lee et al [Leel7] that the torque
production in SRMs is dominated by the DC, 1%t and 2™ current harmonics. Furthermore, work on the
inclusion of the 2" harmonic for enhancing the variable flux reluctance machine is investigated in depth
by Feng [Fen19]. Hence, it is important to analyse and investigate any influence the 2" current harmonic
may have on the performance and vibration response of SR machines. In order to achieve this, the same
methodology as implemented with the DC and 1% current harmonic is employed. The phase shift of the
2" harmonic is kept constant so as to match that of the baseline current profile. Then, the amplitude of
the 2" harmonic component is varied between 80% and 120% of the baseline 2" harmonic current
amplitude. As is evident in Fig. 5.31, the amplitude of the 2" harmonic significantly affects the current
during the typical SR conduction period. Furthermore, the 2" harmonic inclusion reduces the negative
amplitude of the current profile in the second half of the electrical cycle. The amplitudes of the DC and
1%t current harmonic are set to be equal to the harmonic contents of the baseline.
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Fig. 5.31 (a) Variation in phase current illustrated for phase A only for increasing 2" harmonic
amplitude, (b) harmonic components up to 60Hz based on 150rpm operating speed.
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5.5.1 Electromagnetic results

The peak torque is increased with the inclusion of the second harmonic. However, the resultant 3
phase torque also exhibits increased torque ripple in comparison to the VFRM control, where only the
DC and 1% current harmonic are utilised. Although the inclusion of a 2™ current harmonic increases the
peak torque, the period of this maximum torque is momentary. The harmonic content of the 3 phase
torque indicates that the average torque for the baseline SR profile is higher, with approximately equal
average torque for 120% I, amplitude. Increasing the amplitude of the 2" current harmonic influences
the peak torque. However, the rest of the 3 phase torque profile is relatively unaffected. This is a result
of the reduced negative period which occurs in the torque production period of the other phases, in this
example the period around 240° electrical. Due to the reduced negative period, the resultant negative
torque is reduced also and hence the impact on the final 3 phase torque is also minimal in this period.
Introducing the additional 2" order harmonic component into the current profile increases the maximum
torque produced by the SR machine whilst also reducing the negative torque production interfering with

adjacent phases.
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Fig. 5.32 (a) Torque profile under 3 phase operation for one electrical period, (b) harmonic
components up to 60Hz based on 150rpm operating speed.
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Fig. 5.33 (a) Tangential force profile calculated in the air gap across one stator pole pitch, (b)
harmonic components up to 60Hz based on 150rpm operating speed.

As seen in the 3 phase torque profile, the 2" order current harmonic is capable of significantly
increasing the maximum tangential force. Analysing the tangential force for a single phase indicates
that outside of the conventional 120° conduction period as used in the baseline waveform, the tangential
forces and thus torque is negligible. This is an indication that the majority of the torque production is
achieved with this harmonic composition. The increase in amplitude of I, produces an increase in all
low order harmonics for the tangential force per stator tooth. The harmonic content of the baseline
‘ideal’ square wave used for replicating the SR performance is spread across a wider array of harmonics.
It is possible to achieve a similar average tangential force, and thus torque also, by increasing the second
harmonic but it should be noted that this will also result in increased copper losses. For future work, it
is worth considering the impact of the phase of the 2" harmonic of the current, this is touched upon in
work by [Tak15]. For the 1% current harmonic, the phase can be equated to the initial position of the
machine, and hence, will have a significant impact on all performance aspects of the SR machine.
Conversely, the 2" harmonic has a lesser impact and hence may be used to optimise torque and

minimise the air gap forces also.
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Fig. 5.34 (a) Radial force profile calculating on an arc in the air gap spanning one stator pole, (b)
harmonic components up to 60Hz based on 150rpm operating speed.

The air gap radial force profile appears to be relatively unaffected by changes in amplitude of the
2" current harmonic. Comparing the influence of the amplitude of 2™ harmonic of current against the
equivalent variations in DC and 1% harmonic components, the resultant profile experiences less change.
Considering the current profile for the 2" harmonic inclusion, the peak radial force occurs at a point of
considerable saturation as the stator and rotor poles come into alignment. Hence, the radial forces are
already close to saturation for this period of rotation. Therefore, a slight increase in the amplitude of
excitation in this period has a diminished effect on the radial forces experienced by the stator. This
result is echoed in the harmonic content of the radial force profile. The fundamental and 2" harmonic
of the radial force are relatively unchanged, and these are the components that will have the most
significant influence on the radial forces. It is noted that for some harmonics in the low order spectrum
of radial force, there is an increase in amplitude as the amplitude of the 2" current is also increased.
However, these are considered to be negligible in comparison to the fundamental and 2" order radial

force harmonics.
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The change in momentum, or integral of radial force, across 1 electrical period is considerably lower
under excitation including the 2" order current harmonic, compared to the baseline SR waveform. As
the level of 2" harmonic current is increased, the change in momentum increases also. However, this
is negligible for low amplitudes of 15, and more significant once the amplitude is increased. The peak
change in radial force varies slightly when increasing the amplitude of I.. The change is noticeable due
to the slight increase in peak radial force and shorter decay time, resulting in a sharper drop.
Furthermore, the peak gradient of slope is significantly lower than the baseline, and hence, it is expected
that the vibration response will also be significantly reduced.
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Fig. 5.35 Integral of radial force across 1 electrical period comparing influence of 2" current

harmonic.
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Fig. 5.36 Peak rate of change in radial force across one electrical period.
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Fig. 5.37 Fundamental components of radial force on each pole, showing variance in magnitude of

harmonic forces due to varied 2" current harmonic amplitude.

5.5.2 Vibration response

The introduction of the 2™ current harmonic significantly influences the peak current and the rate
of change in current and radial force, in comparison to the operation of DC + 1% current harmonic only.
Therefore, it follows that the level of vibration response shall be higher, although significantly lower
than the baseline unipolar square wave excitation. The vibration response behind each tooth indicates
that the mode (0, 3b) excitation is clearly excited at all locations under the excitation conditions
presented, whilst mode (0, 3a) is apparent behind slots only. The vibration response as a whole is higher
than the vibration response under DC + 1% current harmonic, due to the additional current injection into
the windings. Thus, the flux crossing the air gap is increased and the radial forces are increased,
resulting in higher deformation of the stator and increased vibration response. Similar vibration
response at bolted locations is observed, where the dominant mode shape (0, 2b) is enhanced and mode
shape (0, 2a) is no longer apparent.

From the analysis of trends in modes, it is clear that the amplitude of vibration response is higher
across all variants of 2" harmonic current injection, compared to DC + 1% harmonic. The influence of
2" harmonic amplitude on higher order mode shapes, (0, 4a) and (0, 4b), is most significant. These
mode shapes experience the largest increase in amplitude for the percentage increase in I, amplitude.
However, comparatively to the changes observed for increases in DC or 1% harmonic, the influence is
minor. It can be considered that for mode (0, 2a) there is no influence. Given the work on influence of
the 2"@ harmonic on radial sum by [Tak15], the amplitude must be varied in conjunction with the phase
of the harmonic component also. It can also be said that increasing the 2" harmonic has minimal effect
on noise and vibration. Hence, maximising the torque production with 2" harmonic injection is

achievable for minimal impact on the acoustic noise and vibration performance.
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5.6 Summary

This chapter seeks to analyse and investigate the influence of current profiling from the perspective
of frequency domain. The baseline for all comparisons and analysis is established previously as the
‘ideal” unipolar square wave with a conduction angle of 120° electrical. The harmonic composition of
the baseline current excitation is found via the Fourier series expansion, providing a series of
consecutive current harmonics that sum to produce the baseline waveform. In order to investigate the
significance of each harmonic component, the baseline current profile is rebuilt from the harmonic
components. The amplitude and phase of each harmonic component is determined by the content of the
baseline, so as to form a fair comparison. After the current profiles are defined, the electromagnetic
performance is analysed for each. It is determined that the average torque and torque ripple are both
reduced for lower order harmonic inclusion, as the number of harmonic components is increased the
electromagnetic performance nears that of the baseline. It is noted that the copper losses are not equal
under these conditions. The vibration response is significantly improved in comparison to the baseline,
this is attributed to the reduction in gradient of radial force decay. Considering a current profile
including all harmonics up to the 31% harmonic still results in a vibration response that is significantly
reduced. Under low order harmonic inclusions, mode (0, 3b) is reintroduced into the vibration spectra,
as a result of the mutual excitation of phases.

The use of a DC current component and 1% current harmonic has previously been developed into a
variable flux machine, with a focus on improving torque production. The control strategy also
significantly reduces the acoustic noise and vibration when compared to an SR machine under unipolar
square wave control. The influence on vibration response of both DC current amplitude and the 1%
current harmonic amplitude are analysed individually. The harmonic components are varied between
80% and 120% of the baseline harmonic content. It is found that the increasing the amplitude of each
harmonic corresponds to an increase in vibration response also. Increasing the 1t current harmonic
causes a larger increase in vibration comparatively, although still a minor change compared to the
baseline established.

Conversely, the amplitude of 2™ harmonic has minimal effect on noise and vibration. It is shown
that the dominant current harmonics in torque production are the DC, the 1%t and the 2™, and hence, it
is important to consider any influence the 2™ harmonic may have on vibration response. Concluding
that the 2" current harmonic amplitude has minimal to no effect on the vibration response, it must be
investigated further. Specifically, the phase of the harmonic components, as this has been shown to be
a suitable method to manipulate the radial force sum and thus reduce acoustic noise and vibration.
Furthermore, it is concluded from the results and analyses presented that the inclusion and amplitude
of low order harmonics can be optimised for torque production, whilst causing minimal increase in the

vibration response of the SR machine.
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Chapter 6 General Conclusions

In this thesis, an extensive FE modelling process is systematically performed in order to develop a
complex 3D mechanical model which matches the structural behaviours of the experimental SR
prototype. The SR machine is modelled at multiple stages of construction, from a laminated annular
ring, to unwound stator, all the way through to the final mounted prototype. Modal analysis is carried
out to identify the natural modes of the stator and the frequencies which produce the highest levels of
acoustic noise and vibration in SR machines due to resonance. Furthermore, the influence of endcaps
is investigated, with particular attention to suitable modelling techniques in order to find a time efficient
and accurate method for simulating the mechanical connection.

The mechanical modelling is initially performed and validated with static tests, in particular hammer
impact testing. In order to justify the use of the FE model for trend analysis, it is verified under operating
conditions. The experimental prototype is operated at 150rpm, with single pulse voltage control, and a
number of parameters are varied to provide trends in amplitude of key modes. The parameters may be

outlined as:

e Varied load current (peak);

e Fixed turn-off angle, varied turn-on angle;

e Fixed turn-on angle, varied turn-off angle.
It is shown that the FE simulations exhibit the same trends as found experimentally, and hence, the FE
models are suitable for further current profiling analysis.

Given that one of the most notable and effective methods of noise reduction in SRMs is the use of
active vibration cancellation (AVC) [Wu95], the influence of current profiling in the time domain is
investigated. Utilising the ‘ideal’ unipolar square wave current profile established in Chapter 3, 2 key
parameters are investigated by manipulating the current profile as a series of discrete points. Firstly, a
continuous linear slope is introduced at turn-off, and the duration of this slope is increased. It is found
that this significantly reduces vibration response compared to the baseline current waveform. Secondly,
a step down in current is introduced before turn-off, in which the amplitude of the current drop is
constant. The trend in amplitudes of dominant vibration modes indicates minimal change in vibration
response as the step duration is increased.

The baseline unipolar square wave current profile is then manipulated in the frequency domain, by
converting the current profile into a Fourier series of harmonic components. It is then possible to rebuild
the baseline current profile by summing the current harmonics up to various harmonic orders. The
vibration response is significantly reduced for low order harmonic inclusion. Given that the inclusion
of the DC component and 1% current harmonic has been implemented successfully as a novel machine

type, variable flux reluctance machines (VFRMs), the influence of these current components is
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analysed. The amplitude of current harmonics is varied between 80% and 120% of the original baseline
current profile. It is found that the vibration response is more susceptible to changes in the 1% current
harmonic. Furthermore, the inclusion of the 2™ current harmonic in VFRMs is shown to improve torque
production [Fen19], and hence, its influence on vibration response is investigated. The amplitude of the
2" current harmonic component is found to have minimal effect on the radial force and vibration

response, although it is noted that in the case investigated the phase is kept constant.

6.1 Modelling of SR machine

Through systematic assembly of the electrical machine, the natural frequencies of the SRM are
found and verified experimentally with multiple hammer tests. The assembly of the machine is

approached in the following steps:

e Laminated annular ring;

e Laminated unwound stator;

e Stator and housing frame;

e Addition of endcaps;

e Mounted prototype.
It has been shown that at each stage of the modelling and assembly process, the natural frequencies and
damping ratio of the system are heavily influenced. Particularly, the addition of teeth onto the annular
ring introduce geometric asymmetries, and thus, introducing dual natural frequencies for some mode
shapes. In the case of a 6-pole-stator investigated, a dual mode of order 3 is introduced. However, it is
then shown that for equal and opposite forces acting on teeth, the influence of mode 3 shapes is negated
by the geometry. Furthermore, this replicates the operation of the machine in which opposite stator
poles are of the same phase, and hence, mode 3 is not observed in the vibration spectra during
conventional operation.

The addition of the stator housing is shown to increase the natural frequencies in all modes, such
that only modes of radial order 2, 3a, 3b and 4 exist within the audible frequency range. Next, the
influence of endcaps on the natural frequencies of the SRM is investigated. To successfully model the
connection of endcaps to housing, a variety of boundary conditions and connection types are
investigated. It is shown that the optimal method comprises of a ‘perfect’ bonding condition applied to
an area equivalent to the active area of the bolt. Furthermore, for the 6s/4r SR machine investigated the
influence of the bolts is significant. The bolted locations are equally spaced around the housing
separated by 90°, located behind two teeth and two slots in the 6s/4r SR prototype. Consequently, the
locations of these bolts significantly amplifies the mode of order 2, providing additional mass at the
locations and stiffening the structure. Furthermore, the amplification of mode shapes 2 and 4 behind

bolted locations introduces asymmetry into the electrical machine, and hence, dual modes of mode
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shape of orders 2 and 4 are seen. This phenomenon is confirmed and verified by experimental modal

analysis.

6.2 Time domain investigation

In order to verify the FE model for vibration analysis, the 6s/4r SR prototype is simulated for various
load conditions and switching angles. Firstly, the influence of peak load current is investigated with a
conduction angle of 120° electrical. Utilising a unipolar square wave current profile with instantaneous
turn-on and turn-off, the peak load current significantly increases the vibration response. The vibration
response under operation shows that the dominant mode shape is mode (0, 2b). The increase in
amplitude of the dominant mode due to increase in load current is proportional. Following this, the case
of 5A load current is selected as a baseline, and the influence of switching angles is investigated
allowing for focused current profiling to be implemented. Initially the turn-off angle is fixed, and the
turn-on angle is varied by £ 30° electrical. Subsequently, the inverse is investigated, the turn-on angle
is fixed and the influence of turn-off angle is varied. It is shown from these analyses that variance in
turn-on angle has minimal impact on the amplitude of dominant vibration modes, although influence at
turn-off is more apparent. Verification of these results and trends is presented with experimental results,
and thus, the baseline unipolar square wave current profile is confirmed as a reasonable reference.

Further analysis of time domain current profiling is investigated with reference to the baseline
current profile established in Chapter 3. Considering the current profile as a series of discrete points,
the profile at turn-off is varied and trends in vibrational behaviour compared. A continuous slope
differential is introduced at turn-off, and the duration of the current decay is varied. The vibration
response is shown to be reduced, with reduction proportional to the duration of the continuous slope.
This is due to the gradual decay in the resultant radial force, and thus, a reduction in amplitude of
oscillations in the stator back iron. Concluding the current profiling in the time domain, a step in current
is introduced at a predetermined time before turn-off instance in the baseline unipolar square wave
current profile. The duration of the time step is varied whilst the amplitude is kept constant. Analysis
under these conditions shows that the duration of time step has little to no influence on the resulting
vibration response. However, the vibration response is reduced with reference to the baseline.
Therefore, it is shown that the amplitude at turn-off is more important when considering a drop in
current before turn-off. In conclusion for time domain current profiling, it is shown that the moment of
turn-off in each phase is the main contributor to stator borne vibrations. Moreover, the amplitude of
current profile at the instance of turn-off is shown to be most significant, whilst the graduating of the

current decay may reduce the vibration response further.

183



6.3 Frequency domain investigation

With the aim of current profiling from the perspective of frequency domain, the baseline unipolar
square wave current profile can be derived as a sum of sinusoidal harmonic components via a Fourier
series transform. In order to find out the contribution of each harmonic component to the
electromagnetic forces and vibration response, the current waveform is systematically rebuilt with
progressive harmonic inclusion. It is found that inclusion of only low order current harmonics produces
a significantly lower vibration response across all mode shapes. As the number of harmonic components
reintroduced into the current profile is increased, the resultant vibration response is closer to the baseline
reference. It has been shown that a current profile with the inclusion of DC component and 1% current
harmonic is capable of producing reasonable torque with reduced torque ripple. Hence, the influence of
these current components on vibration response is analysed. It is concluded that the amplitude of 1%
current harmonic has more influence on the vibration response. However, an increase in the DC
component also results in increased vibration response, and therefore, both shall be considered when
optimising the current profile. Finally, the influence of the 2" current harmonic amplitude is
investigated. It is evident from the simulated results that variance in amplitude of the 2" current

harmonic results in minimal variance in vibration response.

6.4 Future work

The investigation into the influence of various current parameters is verified and simulated on a
small scale 6s/4r SRM. The relatively small size of the prototype SRM results in high natural
frequencies, and thus, the excitation of the dominant modes is caused purely by electromagnetic
excitation. It is known that the contribution of resonant components of forces is a major factor in the
high acoustic noise and vibrations in SRMs. By increasing the size of the electrical machine, the natural
frequencies of eigenmodes shall be lowered, and therefore, the machine may be operated at a lower
speed so as to excite these resonances. This would lead to an investigation of current parameters on the
vibration response, caused by both electromagnetic excitation and mechanical, i.e. rotational resonance.

The focus of this research is to single out current parameters and approach the influence of each
parameter individually. Based on investigation in Chapter 3, the peak load current of the unipolar
current square wave is determined to be a critical factor in the amplitude of vibration response. Hence,
additions to this profile, such as the slope at turn-off, increase the resultant copper loss of the SRM. In
many applications in industry, copper loss is a key parameter in the design process, and therefore, this
must be taken into account. Future investigations into the trends shown throughout this research can be
further analysed under conditions of equal copper loss, particularly the current profiling in the frequency
domain.

Furthermore, this thesis compares current profiling on a single machine with 6s/4r pole combination

at a single speed determined by experimental verification and limitations. In order to expand
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conclusions and the potential improvements in acoustic noise and vibration performance, both slot/pole
number combination and operating speed should be investigated. An increase in slot/pole number
combination or operating speed results in a shorter electrical cycle, or increased operating frequency.
This increases the opportunity for resonance to occur between radial force harmonic components and
natural mode shapes of the motor, due to the higher frequency of fundamental radial forces per tooth.
The influence of this phenomenon may be investigated for multiple speeds and slot/pole number
combinations, in conjunction with current profiling strategies outlined in this thesis. Further to this, an
increase in slot/pole number combination brings the stator teeth closer together, relative to the size of
the machine. This increases the influence of radial forces from adjacent teeth, and hence, current
profiling can be considered from the perspective of minimum sum of radial forces acting per tooth
[Tak15], [Bayl16]. By increasing the slot/pole number combination from that seen in this thesis, the sum
of radial forces per tooth may be investigated to find the influence of various current profile parameters.

The frequency domain current profiling investigated covers the influence of the amplitudes of the
DC, 1% harmonic and 2" harmonic components. Previously, the introduction of 2" current harmonic
has been shown to enhance torque density [Fen19]. The work achieved in this research shows that the
amplitude of 2" current harmonic has minimal influence on vibration response. To fully understand
and verify the influence of the current harmonic components, the phase of current harmonics must also
be considered, as well as the influence of harmonic contributions to maximum torque. The use of
generic “off the shelf” controllers and inverters supports the further advancement of this work. If it is
possible to design a machine as robust and simple as an SRM with a simple controller arrangement that
is easily attainable and relatively cheap; whilst minimising acoustic noise and vibration for a small drop
in performance, then it becomes a promising prospect in terms of future machines.

The work in this thesis also supports further research on the design and manufacture of electric
motors with regards to dominant mode shapes as a result of assembly practice. It is a simple change for
the machine to be designed and constructed such that bolted connections are no longer aligned with
stator poles. This provides an opportunity to consider the mechanical implications of the design, but
from an electromagnetic perspective. By adjusting the position of these connections it may be possible
to minimise specific mode shapes and derivatives, for example, modes 2, 4, 6 etc. Furthermore, it is not
fixed that the construction bolts shall be spaced equally about the yoke of the casing. Although this may
be a constraint from a mechanical perspective, it may be of interest to investigate the vibrations of
natural modes when these are located asymmetrically for example. This work can be investigated in FE
first before being verified in experimental testing. The use of FE for this is relatively simple, and
therefore, the investigation can lead to the optimisation of construction design in order to minimise

acoustic noise and vibration, with no effect on machine performance.
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