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Abstract

Voltage fluctuations which cause lamp flicker tend to propagate from the point of ori-
gin to various parts of a power system exhibiting some level of attenuation depending
on factors such as system impedances, composition of loads and frequency compo-
nents of the fluctuating waveform. Maintaining the flicker levels at various busbars
below the planning limits specified by the standards is crucial, and in this regard it
is important to develop an insight into the manner in which the flicker propagates
via systems operating at different voltage levels. This thesis presents flicker trans-
fer analysis methodologies applicable for radial and interconnected power systems
particularly considering the influence of induction motor loads on flicker attenuation.

In the first phase of the work, development of the foundations towards flicker
transfer analysis methodologies is carried out by investigating the stand-alone be-
haviour of induction motors that are subjected to regular supply voltage fluctuations.
The electrical and mechanical response of induction motors to two types of sinusoidal
fluctuations in the supply voltage where (a) a positive or negative sequence sinusoidal
frequency component is superimposed on the mains voltage and (b) mains voltage
amplitude is sinusoidally modulated are examined. State space representation of
induction motors is used to develop a linearised induction motor model describing
the response of the stator current and the rotor speed to small voltage variations in
the supply voltage. The results from the model reveal that various sub-synchronous
and/or super-synchronous frequency components that exist in the supply voltage as
small voltage perturbations can influence the dynamic response of the machine in
relation to flicker. In particular, oscillations in the electromagnetic torque and ro-
tor speed arising as a result of the applied voltage perturbations are found to be
the key influencing factors controlling the stator current perturbations. It has been

noted that, the speed fluctuation caused by a superimposed positive sequence voltage

v



vi
perturbation tends to produce extra emf components in the rotor which in turn can
reflect back to the stator. This concept of multiple armature reaction has been found
to be significant in large motors especially when the superimposed frequencies are
closer to the fundamental frequency.

The second phase of the work covers the development of systematic methods for
evaluation of flicker transfer in radial and interconnected power systems taking the
dynamic behaviour of induction motors into account. In relation to radial systems,
small signal models are developed which can be used to establish the flicker propa-
gation from a higher voltage level (upstream) to a lower voltage level (downstream)
where induction motor loads are connected. Although this method can be applied for
regular or irregular voltage fluctuations, emphasis has been given to sinusoidal voltage
fluctuations arising from conventional sinusoidal amplitude modulation of upstream
voltage. Moreover, the method examines the propagation of sub-synchronous and
super-synchronous frequency components that exist in the supply voltage as side
bands and hence determines the overall attenuation in the voltage envelope. The
contribution of induction motors of different sizes and other influential factors such
as system impedance, loading level of the motor are examined. It has been noted that
in general higher frequency components of the upstream fluctuating voltage envelope
tend to attenuate better at the downstream. A method is also presented which allows
aggregation of induction motors at the load busbars in relation to flicker transfer
studies.

In relation to interconnected systems, a frequency domain approach which can
be used to investigate the flicker transfer is presented. This approach can be consid-
ered as an extension to the impedance matrix method as described in the literature
and can overcome some of the limitations of the latter method. In the proposed ap-

proach, induction motor loads are modelled in a more realistic manner to replicate
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their dynamic behaviour, thus enabling the examination of the frequency dependent
characteristics of flicker attenuation due to induction motors and the influence of tie
lines in compensating flicker at remote load busbars consisting of passive loads.

To verify some of the theoretical outcomes real time voltage waveforms captured
from a large arc furnace site have been used, in addition to the experimental work

using a scaled down laboratory set up of a radial power system.
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voltage angle of i'" node [degree]
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Chapter 1

Introduction

1.1 Statement of the Problem

An increased level of attention is now being paid to the quality of electrical power
supply by utilities, customers and equipment manufacturers due to a number of rea-
sons, including deregulation of the electricity industry. Among many power quality
problems, voltage fluctuations leading to lamp flicker is well understood to be caused
by active and reactive power variations of large intermittent loads such as electric
arc furnaces. Such fluctuating loads are usually supplied through dedicated feeders
connected to upstream high voltage (HV) busbars (point of common coupling - PCC)
through which the generated voltage fluctuations can penetrate into other parts of
the power system.

In relation to radial power systems, the flicker originating at the lower voltage
level (downstream) transfers to the higher voltage level (upstream) with significant
attenuation due to the large difference between the fault levels. However, flicker
that is present at an upstream point (e.g. PCC of a fluctuating load) transfers to
downstream busbars with little or some level of attenuation depending on factors
such as feeder impedances, composition of loads at the downstream and frequency

1



components of the fluctuating voltage envelope.

Recent work related to flicker propagation has revealed that industrial loads con-
sisting of a large proportion of dynamic loads, such as mains connected induction
motors, assist in attenuating flicker better compared to residential loads which are
normally considered to consist of passive components. Although significant research
outcomes exist on general aspects of flicker propagation, such as evaluation of flicker
levels in power systems with respect to the origin of flicker or PCC, the influence of
dynamic loads on flicker propagation and attenuation has not been carefully investi-
gated.

In existing flicker transfer analysis methods, the influence of downstream indus-
trial loads containing induction motors on flicker attenuation has been justified using
the argument that the dynamic impedance offered by an induction motor under fluc-
tuating supply conditions is relatively small compared to its steady state impedance,
which prevails under normal supply conditions. The definition of a constant dynamic
impedance of an induction motor is a hypothetical concept and a representation of
an induction motor by such a static impedance is not justifiable as the voltage fluctu-
ations caused by a disturbing load normally contain numerous sub-synchronous and
super-synchronous frequency components and the response of an induction motor
to these frequency components could be different at each frequency, thus affecting
the level of flicker attenuation to varying levels. As such, it is evident that existing
flicker transfer analysis techniques do not provide theoretical relationships between
the flicker levels and the busbar load composition and related aspects such as the in-
fluence of induction motor loads on flicker attenuation. These relationships can only
be determined by modelling and investigating the response of the different load types
to supply voltage variations and by incorporating the influence of the dynamic loads

such as induction motors on flicker attenuation into flicker transfer analysis methods.
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It is vital to develop an insight on the manner in which the voltage fluctuations
and hence flicker propagate through different voltage levels in a power system. This

is an aspect of flicker which can help further development of relevant standards.

1.2 Research Objectives and Methodologies

The aim of the work presented in this thesis is to broaden the understanding on flicker
propagation in power systems by developing flicker transfer analysis methodologies
applicable for radial and interconnected systems considering the influence of induction
motor loads on flicker attenuation. These methodologies include extensions to existing
techniques, development of new approaches and experimental work that can be used
to comprehend the theoretical findings.

It is vital to understand the stand-alone behaviour of induction motors that are
subjected to fluctuations in the mains voltage in order to identify their dynamic char-
acteristics in relation to flicker attenuation. Thus, the first objective of the thesis is
to investigate the electrical and mechanical response of induction motors subjected to
small regular voltage fluctuations in the supply voltage using appropriate methods.
This is accomplished by the development of a linearised induction motor model which
can be used to determine the responses of the stator current and the rotor speed to
sinusoidal voltage fluctuations in the supply. Two types of regular voltage fluctua-
tions have been considered, where (a) a positive or negative sequence low frequency
component is superimposed on the mains voltage and (b) amplitude of the mains
voltage is sinusoidally modulated using a single low modulation frequency.

The second objective is to develop a methodical approach that can be used to
investigate the flicker propagation from a higher voltage level (upstream) to a lower
voltage level (downstream) of a radial system taking the dynamic behaviour of induc-

tion motor loads that are connected to the downstream into account. Small signal
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models are extended in order to establish the propagation of voltage fluctuations
caused by conventional sinusoidal amplitude modulation at the upstream, a case
which is commonly referred to in flicker related studies. As the method is based on
the sinusoidal voltage variations, determination of transfer coefficients takes the fre-
quency of the voltage fluctuation into account. The propagation of individual voltage
perturbations that exist as sub-synchronous or super-synchronous frequency compo-
nents will be evaluated which in turn can be used to predict the overall attenuation
in the voltage envelope at downstream.

The outcomes of the theoretical studies in relation to radial systems are supported
through laboratory experiments. The test rig used for the experiments replicates a
scaled down radial system of which the downstream consists of an induction motor
and an equivalent passive load which can be tested independently. Flicker propagation
in a typical sub-transmission system is also studied using real time waveform data
with the objective of examining the validity of the theoretical predictions in relation
to flicker transfer.

Another objective of this thesis is to broaden the flicker transfer analsyis methods
in relation to interconnected systems. The existing methods are revised to develop
a frequency domain approach suitable for determination of flicker transfer in meshed
systems in a more realistic manner. The validity of the assumptions which are made
in existing methods is examined with a view to make recommendations in relation to

practical scenarios.

1.3 Outline of the Thesis

A brief description on the contents of the remaining chapters is given below:
Chapter 2 is a literature review on the background information required to carry

out the work presented in the thesis. This chapter gives a brief overview on the past
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developments in research related to flicker propagation and emphasises the procedures
prescribed in standards to limit the flicker levels.

Chapter 3 describes the methodology and the results of preliminary investigations
in relation to flicker transfer in radial systems using time domain simulations. The
results which clearly demonstrate the influence of induction motor loads on flicker
attenuation are utilised in later sections of the thesis to verify the findings from the
theoretical modelling.

Chapter 4 presents the investigations which are carried out on the stand-alone
behaviour of induction motors that are operating under fluctuating supply condi-
tions. The first stage of this chapter examines the stator current and the rotor speed
variations due to small voltage fluctuations in the supply using large signal analysis
and a conventional d-q domain induction motor model. A linearised motor model is
presented in the second stage which relates the rotor speed oscillations to the stator
current. The model examines the dynamic behaviour of an induction motor caused
by voltage fluctuations taking place at frequencies between 20Hz and 100Hz. This
chapter also provides insight into the multiple armature reaction which arises as a
result of voltage fluctuations.

The work presented in Chapter 4 is extended in Chapter 5 in order to develop
a systematic approach to analyse the flicker propagation in a radial network that
contains induction motor loads. A small signal model of an induction motor is pre-
sented in order to determine attenuation of flicker caused by sinusoidal amplitude
modulation. Voltage transfer coefficients predicted from small signal models are com-
pared with those established from large signal models. An effective sub-synchronous
or super-synchronous impedance of the motor is defined in order to justify the fre-
quency dependency of transfer coefficients. Investigations are carried out on induction

motors of several ratings and the results of which are used to illustrate the depen-
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dency of flicker attenuation on the rating of a motor. The advantages and limitations
of small signal analysis in relation to flicker transfer studies are also discussed.

The methodology, measurements and the data analysis of laboratory experiments
carried out using a scaled down radial network are explained in Chapter 6. Analysis
of on-line and off-line flicker measurements are compared with the trends established
from theoretical modelling in Chapter 4.

Chapter 7 describes the work related to flicker transfer in interconnected sys-
tems. The validity of the assumptions made in the existing methods are examined.
A frequency domain method which allows the investigations of propagation of flicker
caused by sinusoidal fluctuations in interconnected systems is presented. In the pro-
posed method, induction motor loads are represented as dynamic entities rather than
static impedances hence permitting assessment of frequency dependent characteris-
tics in flicker attenuation. A method is also presented for aggregation of induction
motors at the load busbars for flicker transfer studies.

Finally, Chapter 8 summarises the major outcomes of the work presented in the

thesis and makes recommendations and suggestions for future work.



Chapter 2

Literature Review

2.1 Introduction

This chapter presents a brief introduction to voltage fluctuations and flicker followed
by a critical review on the existing knowledge in relation to flicker propagation. Key
concepts behind characterisation and measurement of flicker are briefly described.
Principles of flicker propagation in radial and interconnected systems are discussed
and the existing knowledge on the methods of analysis are reviewed. The major
contributions made by other researchers to the subject of flicker studies are examined
in order to identify the necessity for further research. An overview of the relevant
standards on assessment and allocation of emission limits of fluctuating loads in both
MV and HV systems is given emphasising the relevance of flicker transfer coefficient.
Finally, data analysis of a synchronous flicker measurement campaign is presented

which provides further supportive information for the latter parts of the thesis.



2.2 Voltage Fluctuations and Flicker

The International Electrotechnical Vocabulary (IEV 161-08-13) [1] defines flicker as
‘the impression of unsteadiness of visual sensation induced by a light stimulus whose
illuminance or spectral distribution fluctuates with time’. Thus flicker can be con-
sidered as a physiological quantity rather than simply a physical quantity since the
impression of visual sensation may vary from person to person. Physically, flicker can
be considered as variations in the illumination intensity of electric lighting devices
caused by the fluctuations in its supply voltage. Although lamp flicker is caused by
voltage fluctuations in the supply, the latter is commonly referred as voltage flicker
simply to represent the overall power quality disturbance [2, 3]. For this reason, prop-

agation of voltage fluctuations will be interchangeably used to refer to propagation

of flicker.
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Figure 2.1: Sinusoidal flicker due to amplitude modulation of fundamental frequency
with a single modulating component

Figure 2.1 illustrates the voltage fluctuations arising from sinusoidal amplitude
modulation (AM), a classical case of flicker where the voltage envelope fluctuates

sinusoidally. The corresponding instantaneous voltage can be expressed as:

v(t) = V(1 + msin(27 fi,t)) cos(27 fyt) (2.1)



where,
Vp - amplitude (nominal) of the fundamental ac voltage
1o - fundamental frequency
fm - modulation frequency
m = Av/2V, - modulation depth
Av - magnitude of voltage fluctuation

The perceptibility of flicker depends on the magnitude (Av) and the frequency (f,)
of voltage fluctuations. Flicker frequencies in the range of 0.05Hz-35Hz can cause
perceptible flicker [3, 4]. The human eye is most sensitive to flicker around 8.8Hz and
at this frequency Av as small as 0.25% would be sufficient to produce perceptible
flicker [4, 5].

The spectral components of the an AM signal given by (2.1) can be established

as:

v(t) =V, cos(2m fyt) + mzl/; sin 27 (fy + fm)t — mQV;? sin 27 (fyy — fn)t (2.2)

According to (2.2), v(t) contains two sidebands, one at a super-synchronous fre-
quency (f, + fm) and another at a sub-synchronous frequency (f, — f,), in addition
to the component at fundamental frequency (f,). Associated with typical voltage
fluctuations, such spectral components can exist individually or as combinations of
various frequency components that are superimposed on the fundamental frequency.
An individual frequency component of relatively significant magnitude can result in
frequency beating with the fundamental, leading to oscillations in the voltage envelope
[3]. Therefore, the definition of flicker cannot be restricted to amplitude modulation.
Presence of interharmonics or modulated harmonics would also lead to voltage fluc-

tuations causing lamp flicker [3, 6, 7]. The effective magnitude and the phase of
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the envelope would obviously depend on the magnitude and the phase relationships
between the existing voltage perturbations.

The main sources of voltage fluctuations and flicker are large intermittent loads
such as electric arc furnaces (EAFs) that are normally supplied through dedicated
feeders connected to HV or MV busbars. The chaotic variations in the active and
reactive power drawn by an EAF arise due to stochastic variations in arc length and
the resulting voltage fluctuations in the low voltage side of the installation transformer
could be reflected onto the HV side. Other major sources of flicker include frequent
starting and stopping of large induction motors, operation of wind turbine systems,

welders and cycloconverters [3].

2.3 1IEC Flickermeter and Flicker Measurement

The theory associated with the IEC flickermeter is used as the widely accepted ap-
proach in quantifying the severity of flicker. The original design of the flickermeter is
based on the specifications recommended by the International Union for Electroheat
(UIE). The flickermeter simulates the process of physiological and visual perception
in order to indicate the reaction of a human observer to regular or irregular voltage
fluctuations.

Characterisation of flicker is carried out using flicker severity indices obtained
from an IEC flickermeter. Short term flicker severity index (Py) is established using
measurements over a period of 10 minutes, which can be used to evaluate the severity
of the disturbances that exist for relatively short time periods. The IEC flicker curve
for regular rectangular voltage fluctuations, which corresponds to Py = 1 [4, 8] is
depicted in Figure 2.2 for three operating voltages of the incandescent lamp. The
long term flicker severity index (F)) is evaluated over a period of 2 hours using

12 consecutive values of Py and is suitable for measurement of the severity of the
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disturbances that may persist over a few hours, days or weeks. The threshold value

of Py for perceptibility is unity.

Pst =1.0 regular rectangular voltage changes

10
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Figure 2.2: TEC flicker curve

The functional and design specifications of the flickermeter and the methodology
of evaluating the flicker severity are described in IEC technical report [8] and has been
adopted in Australia as a near identical Australian Standard AS/NZS 61000.4.15 [4].
The strategy for evaluating the flicker severity entails simulating the interaction of the
fluctuating voltage signal with the non-linear combined lamp-eye-brain chain effect
and associated statistical evaluation. The flickermeter monitors the individual and
sequential voltage fluctuations in order to indicate the severity of flicker for regular
or irregular voltage fluctuations independent of the flicker source.

Figure 2.3 illustrates the major blocks of the IEC flickermeter. A brief description

of the functionality of each block is given below:

e Block-1 performs the normalisation of the mean rms value of the input voltage
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Block-1 Block-2 Block-3 Block-4 Block-5
Input voltage |— Squaring —»  Weighting — Squaring Statistical > Pst
adapter demodulator filters and evaluation
smoothing Plt
Input Pit
voltage

Figure 2.3: Major blocks of the IEC flickermeter

signal in order to make the measurement independent of very slow voltage

fluctuations. It also provides an internal reference level for further calculations.

e Block-2 is a quadratic demodulator which extracts the fluctuating voltage signal

by squaring the scaled input voltage thus simulating the behaviour of a lamp.

e Block-3 is composed of three filters connected in series. The first is a first order
high-pass filter used to eliminate the dc component. The second is a sixth order
Butterworth low-pass filter with a 35Hz, 3dB cut-off frequency and used to
remove the signal components at twice the mains frequency at the demodulator
output. The last filter provides a very specific weighting function which is a
band-pass response, within the range of interest between 0.05 and 35Hz centred

at 8.8Hz. The response is normalised for 8.8Hz sinusoidal modulation.

e Block-4 simulates the non linear eye-brain perception through the squaring of
the weighted filter signal. In addition, it implements a sliding mean operator
with a 300ms time constant to simulate the storage effect in the brain. The
output of Block-4, the instantaneous flicker sensation (P;;) represents the visual

perception of the average human observer.

e Block-5 performs the on-line statistical analysis of the flicker signal, P, which

yields the flicker severity indices, Py and Pj.
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Recent studies in relation to flicker measurement report many analytical tech-
niques that can be employed to assess the flicker. Some of them utilise different
implementation methods of IEC flickermeter [3] whereas some describe evaluation of
flicker severity using approaches which are not in compliance with the IEC flickerme-
ter [9]. In [3] a digital implementation of IEC flickermeter is described using time and
frequency domain approaches. High computational efficiency can be achieved with
time domain based measurements whereas frequency domain based measurements are
seen to be relatively better in accuracy involved with demodulation and defining the

weighting filters.

2.4 Flicker Propagation and Attenuation

2.4.1 An Overview on General Aspects

The voltage fluctuations caused by a large disturbing load are often substantially
compensated at the premises itself by employing appropriate mitigation techniques
such as static VAr compensators. Nevertheless, the secondary side of the HV/MV
transformer of the installation may still carry relatively significant levels of real and
reactive power fluctuations, leading to voltage fluctuations which eventually penetrate
into the neighbouring parts of the power system through the connecting impedances.
Propagation of flicker would take place with some level of attenuation depending on
factors such as line and transformer impedances, the composition of loads and the
frequency components that are present in the envelope of the fluctuating voltage.
Thus, a single disturbing load can affect a large number of MV and LV customers
unless the generated voltage fluctuations are adequately compensated.

There exists substantial research outcomes on general aspects of flicker yet few

work is reported in relation to flicker propagation. Analysis of flicker propagation
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using synchronous field measurements for establishment of transfer coefficients at
various busbars of a network has been investigated in [10, 11, 12]. Correlation analysis
has been used to demonstrate the transfer and attenuation of flicker. In addition
to field measurements, [12] reports on modelling of arc furnace behaviour, yet the
modelling of the other network components have not been discussed. Investigations
on various case studies in relation to propagation of flicker caused by arc furnaces are
reported in [13, 14, 15]. These are primarily based on time domain simulation work
and hence lack detailed theoretical explanations on the manner in which the voltage
fluctuations get attenuated at various voltage levels.

The principles of flicker propagation from a lower voltage level to a higher voltage
level and vice versa and the existing knowledge on flicker transfer analysis methods

for radial and interconnected systems will be explained in the following section.

2.4.2 Radial Systems - Downstream to Upstream Flicker Transfer

| g, 2 3
Z Load
= > feeders
tf2
PCC Z,
Zn
4
\_/EAF

Figure 2.4: Radial system

The flicker transfer coefficient (Tpsap) which determines the level of flicker at one

location (B) with respect to another location (A) is defined by the ratio between the
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P,; values measured over the same period as per [10]:

PstB
PstA

Tpoian = (2.3)

The performance of the flickermeter is linear for voltage fluctuations of identical wave-
form shapes and hence P, can be assumed to be proportional to the relative voltage
change (%) With this assumption, for the radial network illustrated in Figure 2.4,
flicker transfer coefficient in relation to upstream (busbar 1) and downstream (busbar

4) where the fluctuating load is connected can be established as:

T _ AUl/Ul _ Zl
Pstal AU4/U4 Zl + thl + ZQ

(2.4)

where, Z; is the source impedance at the upstream, Z5 is the line impedance and
Zyip1 is the HV/MV transformer impedance, where all impedances are referred to the
HV side. It is clear from (2.4) that due to the relatively large short circuit levels of
the upstream busbars (Z; << Zis; + Z3), flicker would be significantly attenuated as
it transfers from downstream to upstream.

In a majority of the work reported in the literature in relation to radial networks,
attention has been given to downstream to upstream flicker transfer especially in order
to assess the flicker level at the PCC. Correlation analyses performed in [11, 12, 15]
clearly demonstrate the reduction of flicker at the upstream locations as per (2.4).

In general, the short circuit levels are specified as contractual values in relation to
voltage fluctuations related studies for MV and HV systems. Calculating the short
circuit levels as per definitions specified in IEC standard [16] may result in conser-
vative values which could lead to significant differences in measured and calculated
flicker transfer coefficients between the downstream and the upstream PCC [17, 18].

The evaluation process of more realistic ‘virtual’ short circuit levels based on the
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reactive power fluctuations arising as a result of the loads present and the actual

operating voltage of the system is described in [17].

2.4.3 Radial Systems - Upstream to Downstream Flicker Transfer

Determination of flicker transfer from a higher voltage (upstream) to a lower voltage
(downstream) is not as straightforward as that in relation to downstream to upstream,
a difficulty arising as a result of the downstream loads. Upstream (HV PCC) to the
downstream (MV) flicker transfer coefficients can be established as per (2.5), noting
that the impedance offered by a downstream load to small voltage fluctuations in the
supply is its dynamic value rather than the steady state static impedance. Again, all

impedances in (2.5) are referred to the HV side.

T — 203/1)3 = |- 2} oud » Zioad + Ziyo + Z3 (2.5)
vy /0 Z}owa ¥ Zipa + 23 Zload
where,
Zipa - HV/MV transformer impedance
Zs - line impedance
Zi0ad - steady state impedance of the downstream load
Z],wa - dynamic impedance of the downstream load

For a load mainly consisting of static components such as lighting and heating de-
vices Zjpad = Z),,, and hence Tpgy13 ~ 1. However, if the load consists of a significant
proportion of induction motors, the combined dynamic load impedance would be rel-
atively small compared to the corresponding steady state impedance, mainly arising
as a result of the manner in which the motors behave when they are subjected to sup-
ply voltage fluctuations [10]. There has been no accepted definition on the dynamic

impedance of an induction motor. However, Z] ,, can be approximated as either the
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transient impedance of the well known third order induction model or the locked rotor
impedance as per [10, 19]. Accordingly the corresponding flicker transfer coefficient
would be less than unity.

Equation (2.5) can also be used to examine the dependency of Tpg 3 on the loading
level of the transformer. If the downstream busbars are lightly loaded, i.e. relatively
large Zjpua and Z},,,, the flicker transfer coefficient would be close to unity.

Although the concept of dynamic impedance supports the argument behind the
flicker attenuation due to the induction motor loads, the concept is deficient in pro-
viding a complete insight into the dynamics of motor loads which influence flicker
attenuation. As suggested in [10, 19], the dynamic impedance is defined at mains
frequency and hence the analysis would be restricted to rms variations in the funda-
mental supply voltage. In practice the voltage envelope may contain distinct flicker
frequency components and the dependency of flicker transfer coefficient on the fre-
quency of voltage fluctuation cannot be examined with such a fixed representation of
induction motor loads.

The influence of dynamic loads on flicker attenuation has been noted in [10, 15,
11] through analysis of field measurement campaigns, yet the detailed theoretical
studies are not seen to exist. The effect of loading level has been examined in [20],
where a stochastic theory based method is employed to investigate the propagation of
equivalent 10Hz flicker. However, the loads are modelled as P-Q elements and hence

the influence of dynamic loads on flicker attenuation has not been taken into account.

2.4.4 Flicker Transfer in Interconnected Systems

Flicker propagation in interconnected systems can be noted to be one of the areas
that has received least attention among other flicker related issues. Compared to

radial systems, investigation of flicker propagation in interconnected networks needs
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further refined methods which take the interaction between various busbars into ac-
count. Three possible methods can be found in the literature in relation to analysis
of propagation of flicker in interconnected networks. Amongst them, the first method
(a. Simplified Short Circuit Method) is proposed by IEC technical report 61000-3-7
[21] and AS/NZS 61000.3.7 [22]. Apart from the informative explanations given in
[21] and [22], the aspect of flicker transfer in interconnected systems is studied only in
[19] which suggests the second and the third methods (b. Impedance Matrix Method
and c. Load Flow Method).

a. Simplified Short Circuit Method [21, 22]:

This approach is valid for the cases where a significant proportion of the sources of
the short-circuit power at busbars can be considered to be electrically independent.

Flicker transfer from node A to an adjacent node, B has been approximated by (2.6).

"

Tpsiap = " CC’AE; (26)

cc,A~ Mce,BA

where, ST,

4 is the fault level at A, Sp, 45 is the fault infeed at node B from node A
and S.. pa is the fault infeed at A from B. The main limitation associated with this
method is the determination of fault infeed at one node from another when the two

nodes are not adjacent to each other.

b. Impedance Matrix Method [19]:

This method is based on conventional short circuit analysis where the system admit-
tance matrix is used to derive the transfer coefficients of voltage fluctuations between
various busbars. Large induction motor loads are represented by their corresponding

dynamic impedances, while all other loads are modelled as passive elements. As-
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suming that all the impedances have the same angle, it can be shown that voltage

fluctuations arising at i*" busbar due to voltage fluctuations at j** bus is given by:

_ | %
Tous = |72 (27)
where Z;; and Z;; are elements extracted from the impedance matrix. Since the
network is analysed at the mains frequency, this method allows examination of the
propagation of voltage disturbances in the rms voltage. Furthermore, due to the
static representation of motor loads, determination of flicker transfer coefficient using
the impedance matrix method does not take into account its modulation frequency
dependency. The assumption of equal impedance angle would not be valid in general

for all cases, especially for subtransmission and distribution systems.

c. Load Flow Method [19]:

In this approach loads are represented as P-QQ nodes. The disturbing load is repre-
sented as an additional load that can be switched ‘on’ and ‘off” at one of the nodes.
The network is analysed with and without the additional load to determine the volt-

age change in the other nodes as:

Av _ Vol — Wi

T T [ Vol+wal (28)
2

where, V| is the voltage phasor without additional load and V; is the voltage phasor
with the additional load node. Representation of the loads by constant power char-
acteristics would lead to estimation of transfer coefficients based on static network

impedances and hence the effect of dynamic loads has not been accounted for.
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2.5 Electromagnetic Compatibility Standards for Flicker Al-

location

2.5.1 The IEC Technical Report Type III (IEC 61000-3-7)/ Australian

Standard (AS/NZS 61000.3.7)

The IEC technical report Type III, TEC 61000-3-7 [21] is considered to be an interna-
tionally accepted guide that can be used to manage flicker in MV /HV power systems.
It outlines the methodologies for allocation of flicker to customers. It has also been
adopted with subtle modifications by Standards Australia as a standard applicable
in Australia and New Zealand (AS/NZS 61000.3.7) [22].

Standards Australia Guide Book HB 264 [23] is also available as a supplementary
to AS/NZS 61000.3.7. Table 2.1 gives the indicative planning limits for high voltage

(HV) and extra high voltage (EHV) systems as suggested by the standard [22].

Table 2.1: Indicative values of planning levels of flicker for HV and MV systems;
1kV<MV<35kV;35kV<HV<230kV

Index | MV | HV

Py 09 | 08
Py 0.7 1 0.6

Maintaining the flicker levels at or below the planning levels at various voltage
levels is crucial though it is not a mandatory requirement with many utilities at the
moment unless called upon by codes or the regulator. However, the connection of
a new fluctuating load to the existing HV or MV system may raise the total flicker
level above an acceptable level and hence emission limits have to be allocated by the
utility to individual customers during the planning phase. The emission level of a
fluctuating load is the flicker level which would be produced at the PCC if no other

fluctuating loads were present [22].



21

2.5.2 Global Flicker Emission in Radial Systems

Evaluation of an emission limit of a single fluctuating load requires determination of
the ‘global flicker contribution’ (Gpy), the total headroom available for the flicker
emission at the corresponding voltage level in the given network. In determining
Gps for a MV or HV system knowledge of the flicker transfer coefficient plays an
important role. This can be explained using (2.9) which determines the global flicker
emission for the medium voltage fluctuating loads (G pgsiary), where Lpgay is the
flicker planning level for the medium voltage level (downstream), Lpgyy is the flicker
planning level for the high voltage level (upstream) and Tpgp s is the flicker transfer

coefficient between HV and MV systems.

Gpstmv = {)/ L%stMV - TlgstHML%stHV (2'9)

A conservative value of unity can be used for Trgyas in (2.9) without giving any
consideration to the actual flicker transfer coefficient in the system. Nevertheless, a
transfer coefficient less than unity (i.e. Tpguy < 1) can be expected if the down-
stream (MV busbar) consists of a significant proportion of induction motor loads
and consequently as per (2.9) more headroom would be available for medium volt-
age fluctuating loads for flicker emission. AS/NZS 61000.3.7 [22] does not spell out
the means for deciding on Tpgyga. This can only be revealed either by analysing
the downstream loads using suitable modelling techniques or by carrying out actual
flicker measurements in the system.

Once the global flicker emission limit is determined, allocation of emission limits
for individual fluctuating local loads (Epg;) can be carried out based on the agreed
power of consumer i (S;) and the total supply capacity (S ) of the MV system as
per (2.10),
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S, 1
Epgi = Gpgmn | ———— 2.10
Pst PstHM StMV FMV ( )

where, Fjv is the coincidence factor which has been used to accommodate the si-

multaneous operation of multiple fluctuating loads. However, based on the proposed
revisions to IEC 61000-3-7 suggested by CIGRE-CIRED joint working group (JWG
C41.03) [24], Eps; will be determined as per (2.11) which ignores the coincidence

factor (Fyyv) all together.

3 SZ

—_— 2.11
Simv — Sipv ( )

EPsti - G(PstHM

where, S;ry is the total power of the low voltage loads supplied directly including

provision for future load growth.

2.5.3 Interconnected Systems

In relation to interconnected systems, determination of planning levels is poorly ad-
dressed in AS/NZS 61000.3.7. The standard does not describe methodology for the
evaluation of the global flicker contribution. However, once a planning level for a
given voltage level (e.g. HV) is established, apportioning the total planning level into

individual loads can be carried out as per (2.12).

[ S
EPsti = LPstHV ¥ StHV (212>

where, Fpgyy is the emission limit for user ¢, Lpgpy is the planning level for HV

systems, S; is the agreed power of consumer ¢ and S;gy is the total available power
at the given busbar. As explained in [22], S;gy can be calculated using (2.13), where

the flicker contributions from neighbouring busbars, e.g. busbars B and C on another
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busbar A, are taken into account using the influence coefficients Kz_4 and Kg_ 4.

Stav = Stava + Kp_aSitave + Kc—aStave + ... (2.13)

where S;gv g and S;gv o are the available power levels at busbars B and C respectively.

Similar to the radial system the influence coefficients Kg_ 4 and Ko_ 4 will depend
on the composition of the loads connected at the various busbars. Establishment of
influence coefficients can be carried out using one of the methods of analysis discussed
in Section 2.4.4. Among those, the impedance matrix method has been found to be
straightforward to implement as it is based on the principle of short circuit analysis
at system mains frequency. The fluctuating load is considered as a current injection
and the induction motor loads are represented by their dynamic impedances. Due
to the crude representation of the dynamic loads, the effect of industrial load bases
containing induction motors is not reflected in the calculated influential coefficients

in a realistic manner.

2.6 Measurement of Emission and Establishment of Flicker

Transfer Coefficient

Although IEC 61000-3-7 [21] and AS/NZS 61000.3.7 [22] outline the principles for
assessing the emission limits for fluctuating loads to the public network, these docu-
ments do not prescribe methodologies on measurement and assessment of the emission
level of a particular fluctuating load. Because of the background flicker, emission lev-
els cannot be determined reliably by simply measuring the voltage fluctuations or
flicker levels at the PCC.

The methods of assessing the emission level of a fluctuating load can be found

in [18] and [25]. Among those, [25] describes three assessment methods. The first
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method involves measurement of flicker levels at the secondary side of the installation
transformer and transposing it to the primary side. However, this transposition is
strictly valid only if the transformer is fully inductive and active power variations are
negligible.

The second method proposed in [25] is based on a known impedance that can be
considered as a reference impedance, such as the transformer feeding the fluctuating
load. Simultaneous voltage waveform measurements on the two sides of reference
impedance are used to calculate the emission level.

The third method involves measurements of the load current and the voltage at the
PCC. The process of determination of emission level eliminates the background fluc-
tuations by simulating the fluctuating component of the emission voltage, the voltage
at the PCC due to the particular fluctuating load. This method can be considered as
a refined approach compared to the first two methods. Assessment of emission level
accounts for network resistance hence yields more accurate results compared to the
second method, especially, when active power variations are significant and/or the
network impedance angle is small.

Flicker transfer coefficient (Tps;) from one location to another can be established
using simultaneous flicker measurements carried out at the two locations [10, 11].
In this regard, scatter plots developed using short term flicker severity (Py) or long
term flicker severity (P;) indices are used to derive the flicker transfer coefficient.
For example, Figure 2.5 illustrates the scatter plots of P, values measured at two
locations where Py values at location 2 are plotted against Py values at location 1
[11]. By forcing the linear regression line to pass through the origin, flicker transfer
coefficient from location 1 to 2 (Tpgy,), can be determined. The plots corresponding

to three phases in Figure 2.5 indicate that the average value of Tpg,, is 0.841.
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Figure 2.5: Scatter plot of the Py values measured at two locations (1 and 2)
2.7 Summary

This chapter provided basic information in relation to voltage fluctuations and the
related aspects such as measurement of flicker including the IEC flickermeter.

The existing knowledge and theory on flicker propagation and attenuation were
covered in relation to radial and interconnected power systems.

Assumptions made in determining the flicker transfer from a upstream voltage
level to a downstream voltage level are outlined. With regards to interconnected
systems, the existing methods of analysis are discussed highlighting their relative
merits and demerits.

A brief introduction to flicker allocation methodologies based on IEC method-
ologies was provided emphasising the relevance of flicker attenuation in establishing
the emission limits to loads. The attenuation of flicker caused by dynamic loads
such as induction motors was given due emphasis highlighting its relevance to flicker

allocation methodologies.



Chapter 3

Preliminary Investigations on
Flicker Transfer in Radial Systems

using Time Domain Simulations

3.1 Introduction

As emphasised in Chapter 2, influence of industrial loads on flicker attenuation has
been observed on a few occasions through field measurements [10, 11, 15], yet the
behaviour of the motor loads under fluctuating supply conditions has not been the
subject. Before embarking on theoretical modelling of induction machine dynamic
behaviour, it is important to understand the fundamentals in relation to propagation
of flicker from one voltage level to another in networks.

This chapter is focused on the methodology and analysis of results of time domain
simulations of two major scenarios which are useful in the latter chapters of the thesis
to compare with the outcomes of the theoretical work. The objective is to lay the
foundation for the main body of the work in a simplistic yet methodical manner.

Section 3.2 of this chapter presents the analysis of a hypothetical radial network

26
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representing a two busbar system using PSCAD/EMTDC transient analysis program.
Measurement and analysis of data are discussed emphasising the important observa-
tions on major factors that influence the flicker transfer.

Section 3.3 covers the simulation of a sub-transmission network that consists of
electrical arc furnace of TOMVA. The real time voltage waveforms captured on the
22kV side of the furnace installation transformer are used to regenerate the voltage
fluctuations at the 132kV upstream PCC thus allowing examination of the propaga-

tion and attenuation of flicker at downstream busbars.

3.2 Simulation of a Hypothetical Radial Network Consisting

of two Voltage Levels using PSCAD/EMTDC

3.2.1 Description of the Network and Flicker Measurement Criteria

Network Model:

B
A 40 % 2250hp

Modulated induction motor |oad

source

230KV /60HZ 230KV /2.3kV —— > Passive load
75MVA,02pu  PCC

Figure 3.1: Radial system used for the simulations

The simple radial system shown in Figure 3.1 is used in the simulation work where
only two voltage levels are considered for simplicity. Busbars A and B represent the
upstream and downstream respectively. At downstream (B) individually switchable
induction motor load and a passive R-L load are used allowing a pre-defined combi-

nation to be selected. The load classification is:

(a) Induction motor load: A cluster of 40, 2250hp motors. Specifications of a
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single 2250hp motor are as given below:

rated voltage - 23kV
rated current - 471 A
98.14%

0.93 lagging

efficiency at full load

power factor at full load
rated torque - 9200Nm

The mechanical load on the induction motor is assumed to be pump type, of

which the torque (77)-speed (w,) characteristics is given by:

where w, is the rotor speed and k is a constant. However, in Section 3.2.5 both
pump type and constant torque type loads are used. Within PSCAD/EMTDC,
each induction motor was modelled in EMTP type 40 format which takes deep

bar effect into account.

(b) Passive load: A series connected passive R-L component of which the MVA
rating and power factor are equivalent to those of the motor load at full load

condition.

Upstream flicker is generated through sinusoidal amplitude modulation of the
three phase voltage source - the process used is illustrated in Figure 3.2. The gener-
ated voltage fluctuations in the three phases is shown in Figure 3.3 for a modulation
depth (m) of 0.05 and modulation frequency (f,,) of 10Hz.

Following aspects were investigated in the simulations carried out.
e Dependency of flicker attenuation on different downstream load compositions.

e Dependency of flicker attenuation on different downstream loading levels.



29

N
Y
A
b R=0
S pii B I
modulation m =
frequency modulation - C< :>
index
Controls
m fm
—05 =—36
E s E -
v v
= o 0
0.05 36

Figure 3.2: Control blocks used for amplitude modulation of upstream voltage in
PSCAD/EMTDC
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Figure 3.3: Upstream voltage fluctuations generated by amplitude modulating the
three phase source voltage
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e Dependency of flicker transfer on modulation frequency.
e Dependency of flicker transfer on magnitude of the upstream voltage fluctuation.

e Dependency of flicker transfer on downstream induction motor loads with dif-

ferent mechanical load types (pump load, constant torque loads)

Although only the results of the preliminary investigations are presented in this

chapter, critical review of these results will be given in Chapters 4 and 5.

Measurement of Flicker:

One or more of the following methods were used for the measurement of flicker and

evaluation of flicker transfer coefficient between upstream (A) and downstream (B).

(a) PSCAD/EMTDC based flickermeter: The first four blocks of the IEC flick-
ermeter [5] were modelled in PSCAD/EMTDC where the instantaneous flicker
sensation (Py) is employed, noting that for regular voltage fluctuations P2 o

P;;. Hence the flicker transfer coefficient (Tpy,,) can be written as:

Py, Pius
Tost,, = —L2 = 3.2
Pstap = p Py (3:2)

(b) MATLAB based flickermeter: A complete implementation of the IEC flick-
eremeter [5, 8] using MATLAB [26] was used to establish the flicker transfer

coefficient employing short term flicker severity indices.

(c) RMS voltage fluctuations (22): Fluctuation in the rms voltage was deter-
mined using rms meters available in PSCAD/EMTDC. For regular voltage
fluctuations, flicker severity can be assumed to be linearly proportional to the

relative voltage and hence flicker transfer coefficient can be established as:
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AUB/UB

TpstaB = ——— 3.3
P = Ry (33)

where subscripts A and B in (3.3) denote the measurements corresponding to up-

stream (A) and downstream (B).

3.2.2 Dependency of Flicker Attenuation on Different Downstream

Load Compositions

(a) Different Proportions of Induction Motors with Constant Loading

Level of the Transformer

Upstream flicker was generated at fixed modulating frequency (f,,) and fixed mod-
ulation depth (m). The number of induction motors at full load was varied while
maintaining the total MVA load at downstream constant by adjusting the passive
load. Flicker levels were established using (a) PSCAD/EMTDC flickermeter and (c)
rms voltage fluctuations employing (3.2) and (3.3) respectively.

Figure 3.4 shows the variation of flicker transfer coefficient, as the number of
induction motors as a percentage of a total of 40 induction motors is varied, at a
fixed modulation frequency (f,,) of 8Hz and modulation depth (m) of 0.005. It is
evident that a large population of induction motors will help attenuate the flicker to

a better extent compared to an equivalent passive load.

(b) Constant Proportion of Induction Motor Load with Varying Trans-

former Loading Level

In order to demonstrate the influence of the loading level of the transformer on flicker

attenuation simulations were carried out as described:
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Figure 3.4: Variation of Ty ,, with induction motor percentage

1. Vary the loading level of the 230kV/2.3kV transformer by varying the total

MVA of the downstream load.

2. For each transformer loading level, the proportion of induction motors in rela-

tion to the total downstream load was varied as in Case (a) above.

Figure 3.5 illustrates the variation of Ty ,, with both transformer loading level
and the induction motor load percentage measured using the PSCAD /EMTDC flick-
ermeter. It is seen that for a selected proportion of induction motors and passive load,
as the loading level of the transformer increases, upstream to downstream flicker trans-
fer attenuation would increase. Transfer coefficient approaches more or less unity for

small induction motor proportions and/or transformer no-load conditions.
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Figure 3.5: Variation of Tpg,, with induction motor percentage and loading level

3.2.3 Dependency of Flicker Measurement on Modulation (Flicker)
Frequency of Upstream Voltage

Flicker measurements were made at different modulation frequencies (f,,) for the
cluster of 40 induction motors that operated at full load condition. The dependency
of flicker transfer coefficient (Tps:,,,) on modulation frequency (f,,) established using
all three methods are illustrated in Figure 3.6 (f,, varied between 1Hz and 35Hz
covering the perceptible flicker frequency range).

Figure 3.6 reveals that Tpy, ,, established using all three methods are in reasonable
agreement (except for errors arising as a result of manual reading of graphical outputs)
while demonstrating its dependency on modulation frequency. Chapters 4 and 5
provide detailed treatment on the dynamics of the induction motors justifying this
frequency dependent characteristics of flicker transfer.

Figure 3.7 illustrates the variation of Tps ,, with both modulation frequency (f,)

and the proportion of the induction motor load. As explained in Section 3.2.1, pro-
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(fm) and the proportion of the induction motors downstream
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portion of induction motor load is increased while decreasing the proportion of passive
load such that the total MVA load at downstream is constant. It is evident from Fig-
ure 3.7 that dependency of flicker attenuation on modulation frequency is insignificant
when the proportion of the passive load is high compared to the proportion of induc-
tion motors. Maximum flicker attenuation is obtained when the downstream consists

entirely induction motors and the modulation frequency is greater than about 10Hz.

3.2.4 Dependency of Flicker Attenuation on the Magnitude of the Up-

stream Voltage Fluctuation

Simulation work was extended to determine the dependency of flicker transfer on
the magnitude of upstream voltage fluctuation (Av), which is achieved by varying
the modulation depth (m). As there is reasonable agreement between the three
different flicker measurement methods which were outlined in Section 3.2.1, for this
case measurements were made using only the PSCAD/EMTDC based flickermeter.
Variation of the flicker transfer coeflicient (Tpg,,,) with modulation depth (m) is
depicted in Figure 3.8, where m is varied between 0.02 to 0.2. The upper limit of
this range of m(=0.2) would give rise to voltage fluctuation (Av) of 0.4 pu which is
significantly larger then the typical values of magnitudes of Av caused by fluctuating
loads at upstream busbars. According to Figure 3.8, it is seen that the flicker trans-
fer coefficient (Tpst,,) is more or less independent of the magnitude of the voltage

fluctuation at upstream.

3.2.5 Dependency of Flicker Transfer on Mechanical Load type

Flicker measurements were made with downstream induction motor load at full load
condition but with different load types; (a) pump load (b) constant torque load. Up-

stream modulating frequency was varied over 1Hz-36Hz while keeping the modulation
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Figure 3.9: Variation of Tpy ,, with modulation frequency for two different load types
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depth constant at 0.005.
Figure 3.9 depicts the variation of Tpy,,, with modulation frequency for the two
types of the mechanical loads. It is seen form this figure that the shaft load type has

no significant impact on the attenuation of flicker at the downstream.

3.3 Simulation of Flicker Propagation in a Real System

3.3.1 Network Configuration and Data Capturing System

The aim of this section is to examine the manner in which the voltage fluctuations
propagate from an upstream voltage level to a downstream voltage level in a sub-
transmission network using voltage waveforms captured in relation to the network
shown in Figure 3.10. This network consists of a TOMVA electric arc furnace at site
C supplied through a dedicated feeder connected to the upstream 132kV busbar (site
A).

Measurement of three phase line-to-neutral voltage waveforms were carried out
at the 22kV side of the transformer (132kV/22kV) at the arc furnace (site C) at a
sampling rate of 10kHz. Data capturing was carried out over a period of 7 hours
which was long enough to incorporate a few typical cycles of the furnace operation.
Data recorded was read to a PC using appropriate tools for further processing.

The network of Figure 3.10 was simulated in PSCAD/EMTDC using waveform
data captured at site C. The objective was to generate voltage fluctuations at the
upstream 132kV busbar (site A) and subsequently examine the propagation of voltage

fluctuations towards downstream locations (sites E and F).
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Figure 3.10: Single line diagram of the sub-transmission network used for the simu-
lation

3.3.2 Reconstruction of Voltage Envelope at 132kV Upstream Busbar

(Site A) and Simulations on Reduced Network Model

Voltage fluctuations generated by the furnace at site C can be expected to transfer
to upstream 132kV (site A) with a reduction factor determined by the short circuit

levels at the two sites as described by (3.4).

Zs
Zs + Zline + ZTF

TPstCA = (34>

where,

Tpst., - Flicker transfer coefficient from site C to site A
Z, - source impedance at 132kV busbar (site A)

Ziine - line impedance between sites A and B

Zrr - impedance of the 132kV/22kV installation transformer at site C
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The waveform data captured at site C can be used to extract the modulating
frequency components of the three phase line-to-neutral voltages. The extracted
modulating signals at site C can be scaled down using the reduction factor given by
(3.4) in order to reconstruct the modulating signals and three phase line-to-neutral
voltages at the upstream 132kV busbar (site A). The upstream source of the reduced
network illustrated in Figure 3.11 can now be used to generate these reconstructed

waveforms to examine the flicker propagation from site A to sites E and F.

®
132kV
|iE);:I
33kV
® 11kV (F) 11kV
Residential Industrial
Customers Customers

Figure 3.11: Reduced network model used in simulation

The following procedure was implemented in PSCAD/EMTDC to reconstruct the
envelopes (modulating signals) of three phases line-to-neutral voltages at site A, where

mathematical expressions are given in relation to phase A only.

1. Read the instantaneous voltage waveform data for site C into PSCAD/EMTDC.



2. For phase A, line-to-neutral voltage (v,(t)) can be defined as:

Vo (t) = Voo (1 + mg(t)) sin(2 ft + ¢)
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(3.5)

where, V,;_c is the nominal value of the amplitude of phase A line-to-neutral

voltage, m,(t) is the modulating signal of v,(t) and ¢ is the phase angle of

unmodulated v, (). Extract the modulating signal of v,(t) using an appropriate

demodulating technique. In the present work, square demodulation was used.

This includes, squaring the waveforms followed by two high order filters used

to remove the dc component and higher frequency components resulting from

the squaring process.

3. Scale the modulating signal using the ratio given by (3.4) in order to deduce

the per unit voltage fluctuation at the 132kV busbar of site A (m/,(t)).

The above described process is illustrated by the block diagram of Figure 3.12. In

a similar manner modulating signals of phases B and C (mj(t),m.(t)) can also be

established.

Va(t)_>

squaring

A 4

LPF
f;=50Hz

HPF

»! {.=0.05Hz

Vzpk-Cma(t)

»
P>

normalisation

[

2
\ pk-C

scaling

— m'y(t)

Zs, Zjines ZTF

Figure 3.12: Process of reconstructing the voltage envelope (modulating signal) of the
132kV busbar at site A (m/,(t)) using the waveform data captured at 22kV busbar at

site C

As only the load classification of busbars E and F were available, assumptions had

to be made in relation to the modelling of the respective loads.
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Site E: Supplies mainly residential loads. Hence, the load was modelled as a lumped

passive R-L load with a total rating of 22MVA at 0.99 power factor (lagging)

Site F: Supplies mainly industrial loads. It was assumed that the load consists of a com-
bination of both passive and mains connected induction motor loads. The total
induction motor load is equivalent to 28MVA at 0.998 power factor(lagging)

while the rating of the passive load is IMVA at 0.998 power factor (lagging).

3.3.3 Envelope Detection at Downstream

The solution time step (75) of the PSCAD/EMTDC model was selected, to be a
value which is an integer multiple of the sampling time (=0.1us) of the waveform
data captured. Thus, Ty was chosen to be 0.1us and the simulation run time was
restricted to about 100-120 seconds, although measurements were performed over a
period much longer than the total simulation time. With reference to the simplified
radial network shown in Figure 3.11, the per unit variation in envelope of the line-to-
neutral voltage at sites E and F' are to be compared with the corresponding variations
at site A.

Recovery of the modulating signals (voltage envelope) at sites E and F was car-
ried out using a simple method. The rms voltmeters available in PSCAD/EMTDC
followed by a gain constant were employed to extract variation in the amplitude,
which can be considered as the modulating signal of the line-to-neutral voltage. The
calculation method of rms voltage is based on a moving data window where the rms
value of a buffered set of data is calculated at each time step. A sampling rate of 5000
data points per cycle, which is sufficient produce an output of the meter that does
not contain fluctuations was used. Analysis of the frequency content of the voltage
envelopes at upstream (site A) and downstream (sites E and F) will reveal the degree

to which the upstream flicker is attenuated at downstream busbars. This process is
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described in the following sections.

3.3.4 Propagation of Flicker from Site A to Sites E and F

The objective of this section is to examine the flicker propagation in the radial network
of Figure 3.11, with the upstream 132kV busbar producing balanced voltage fluctua-
tions. This is accomplished by modulating the three phase line-to-neutral voltages at
site A using the modulating signal reconstructed as described in Section 3.3.2, with
the necessary time shift applied to synthesise balanced operation.

Frequency spectra of the voltage envelope of the upstream (site A) and down-
stream (sites E and F) were established using Fast Fourier Transform (FFT) algo-
rithm. Voltage waveforms over a window size of 50s were used for the spectral anal-
ysis. In order to ensure that the downstream loads and the filters used in envelope
detection process reach steady state, simulation was first carried out over 120s before
running over a continuous period of 50s for data capturing. A Hamming window of
which time window characteristics are shown in Figure 3.13 was used to minimise the
effects due to frequency leakages.

Figure 3.14 shows the variation of instantaneous flicker sensation (P;;) at upstream
(site A) and downstream (sites E and F) established by the flickermeter used in
Section 3.2. Reduction in Pj at site F is seen to be relatively significant compared to
that of site E.

Figure 3.15 depicts the envelope of phase A line-to-neutral voltage and its fre-
quency spectrum at site A where the maximum frequency value of the spectrum to
be established is restricted to 35Hz, the upper limit of perceptible flicker frequency.

The following are evident from Figure 3.15:

e The content of the modulation frequency components in the envelope vary dra-

matically with time. The window length selected may significantly influence
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Voltage envelope at site A 132kV bus bar - phase A
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Figure 3.15: Voltage envelope and its frequency spectrum at site A

this.

e In relation to the perceptible flicker frequency range (0.05Hz-35Hz), magnitudes
of the low modulation frequency components are significant compared to the

magnitudes of relatively high modulation frequencies .

Figure 3.16 illustrates the spectra of the modulating envelopes of phase A line-
to-neutral voltages at downstream sites E and F over a relatively narrow frequency
range (between 8Hz and 12Hz). It is evident from Figure 3.16 that magnitude of each
modulation frequency component at site F which is classified as industrial is slightly
less than that of site E which is classified as residential. The discrepancy between
the two spectra is not sufficient to distinguish the relative difference between level of
attenuation of flicker at sites E and F with respect to site A. Hence, a hypothetical
voltage transfer coefficient (7Ta,) is defined relating the magnitudes of the frequency

content of the modulating signal (voltage envelope) at a downstream site (e.g. site E)
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Figure 3.16: Frequency spectra of voltage envelopes at sites E and F

with the magnitudes of the frequency content of modulating signal at upstream (site
A) for a fixed window length. For example, in relation to sites A and E, the ratio of
the magnitudes of the spectral components in the modulating signal at sites E and
A defines the hypothetical transfer coefficient (7x,) for the voltage fluctuations at
site E with respect to site A. In a similar manner, sites A and F can be related to
define T, which expresses the relative magnitude of voltage fluctuations at site F
with respect to site A.

Figure 3.17 depicts the Ta, established at different modulation frequencies for
sites E and F using a window length of 50s. The following conclusions can be drawn

using the hypothetical voltage transfer coefficient (T, ) illustrated in Figure 3.17.

o A relatively constant value of Th,, which is approximately equal to unity, can

be found at site E whereas some frequency dependency can be noticed in Th,

established for site F.
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Variation of voltage transfer coefficient (T , ) with modulation frequency
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Figure 3.17: Variation of voltage transfer coefficient (T,) with modulation frequen-
cies that exist in voltage envelope
e The discrepancy between Tx, values established for the two sites suggests that
site F', where the downstream consists of industrial loads, has some influence in
attenuating voltage fluctuations compared to site E, where the loads are mainly

passive residential.

e Abnormally high values of Th, can be noticed as irregular variations. Such
anomalies may have been caused by numerical problems due to extremely small

magnitudes of modulation frequency components at upstream site A.

3.4 Summary

As the foundation to the main research objective, flicker propagation in radial net-
works was examined using time domain simulations under two scenarios.

Simulations were carried out in PSCAD/EMTDC by implementing a simple radial
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network. Propagation of sinusoidal voltage fluctuations towards downstream was
investigated under various downstream loading conditions.

It was clearly evident that motor loads assist in reducing the voltage fluctuations
at downstream locations. The effects of the loading level and the proportion of the
induction motor load have been examined. Flicker would be attenuated to a greater
extent at higher loading levels and with large proportions of induction motor loads.

In simulations related to a simple radial system, a composite motor load was used
where 40 identical individual machines are operating in parallel. However, in practice
motor loads of various sizes, loading levels and load types are connected to the PCC
hence comprehensive approaches are required to represent the aggregated motor loads
at downstream. Furthermore, the characteristics of flicker transfer that have been
observed in this chapter need theoretical explanations, especially the dependency of
Tps on modulation frequency. Therefore, the results of this chapter will be referred
to in latter chapters in deriving theoretical relationships between dynamics of the
motor loads and flicker attenuation.

Propagation of flicker in a real system was examined by simulating the actual net-
work using voltage waveforms captured. Simulation results suggest that upstream to
downstream flicker propagation is influenced by the the downstream load classifica-
tion. A hypothetical voltage transfer coefficient defined to distinguish the influence of
different types downstream loads on flicker attenuation indicates that the industrial

loads contribute to the process of reduction of voltage fluctuation at downstream.



Chapter 4

Response of Three Phase
Induction Motors to Regular

Voltage Fluctuations

4.1 Introduction

The rudimentary theory behind flicker propagation, the importance of flicker transfer
coefficient and supporting measurement results were discussed in Chapter 2. Pre-
liminary investigations on flicker in relation to radial networks covered in Chapter 3
suggest that attenuation of flicker is dependent on factors including the composition
of loads at the various busbars. It is strongly evident that mains connected induction
motors tend to help attenuate flicker better compared to passive loads.

One of the main objectives of the work covered in this thesis is to develop a sound
theoretical knowledge on the stand-alone behaviour of three phase induction motors
subject to regular fluctuations in the supply voltage. Some theory in relation to the
three phase induction motor behaviour where they are tested by superimposing a

low frequency component can be found in [27, 28], yet a detailed understanding on
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the manner in which stator current responds in relation to the operating situation,
an aspect which has a strong tie with the flicker attenuation provided by induction
motors, is not the subject.

The work covered in this chapter is focused on investigating the dynamic response
of induction motors that operate under fluctuating supply conditions. The mechanical
and electrical responses of an induction motor is examined using small signal and
large signal analysis. Small signal models are developed using state space analysis in
order to establish theoretical arguments in relation to the response of the motors to
regular fluctuations in the supply voltage. A conventional d-q domain large signal
model is used to compare the accuracy of the small signal models. Several induction
motors with different ratings are examined under two types of regular fluctuating
conditions; (a) voltage fluctuations arising from superimposed positive or negative
sequence frequency component, a flicker condition caused by frequency beating and
(b) sinusoidal amplitude modulation of the fundamental frequency, a classical case
considered in flicker studies. Major consequences of multiple rotating air gap mmf
components are evaluated for the purpose of assessing the impact of frequency of

voltage fluctuations on the stator current of induction motors.

4.2 Small Signal Modelling for Dynamic Performance Stud-

ies

4.2.1 Existing Applications

The dynamics of induction motors can be derived using fifth order motor models
that are well established. Reduced order models which approximate the machine
behaviour are widely used in dynamic performance studies such as transient and long

term stability analysis [29, 30].
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Small signal analysis of induction motors is commonly used in investigating power
systems dynamics as well as in transient analysis of variable speed drives. Small
signal models which relate active and reactive power changes arising from excursions
in the system voltage are also used in stability studies [31]. Dynamic response of the
electromagnetic torque and the rotor speed to low-frequency voltage perturbations
have been investigated by Thiringer [32] for both motor and generator operation of
an induction motor using low order transfer functions. In [33], stability and dynamic
analysis of an open loop frequency controlled induction motor has been investigated
by employing the root-locus criterion and transfer functions of the motor for multiple
operating points. The basis of the work presented in this chapter is derived using the
body of the work that already exists. However, novel formulations are required to be

established to address the problem in hand.

4.2.2  Small Signal Modelling for Flicker Studies

Flicker caused by regular or irregular voltage fluctuations can be considered as tran-
sient state phenomenon. This suggests that dynamic behaviour of an induction motor
that operates under fluctuating supply conditions can also be investigated by imple-
menting appropriate modelling techniques that are based on small signal analysis.
Hence small signal analysis of induction motors is used as the back bone of the work
presented in this thesis. Most of the theoretical principles and arguments developed
in regard to the operational characteristics of the motors and related issues such as
attenuation of flicker are predominantly based on the small signal models.

The process involved in examination of the response of motors to voltage pertur-
bations is accomplished by development of various transfer functions which relate the
electrical and mechanical outputs to small voltage changes in the supply. State space

analysis of induction motors is used to develop the transfer functions. Since the work



o1

is focused on two types of voltage fluctuations as described in Section 4.1, the two

methodologies involved are explained separately.

4.3 State Space Analysis of Induction Motors

4.3.1 Linearised Machine Equations

Development of small signal models has been carried out using state space analysis
without neglecting the stator flux dynamics. Hence the proposed motor models are
in the form of fifth order transfer functions. Compared to a conventional linearisation
state space model, where the load torque is considered as an input to the system, the
linearised motor model presented in this chapter combines the load torque dynamics
with the electromechanical torque hence the input vector would be independent of
load torque. The process of linearisation of voltage-flux and torque equations is
described below.

For balanced operation of a three phase induction motor the voltage equations
in the synchronously rotating reference frame are given by (4.1) [34] where the flux

linkages per second are considered to be the state variables.

— - — , - - -
T5X'r7‘ ' We _ rs XM
Ugs D + wp wp D 0 qu
_ we rs X,y P s X
- “ AR ’ b e (4.1)
v _ XM 0 7l Xss + 2 We—whr ,
qr D D wp wp qr
/ X _ We—wr 1 Xss | p /
| ,Ud’f‘ i L 0 D wp D + wp 4 L wd’f‘ i
where,

Xoo = Xps + Xy (4.2)
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The machine variables in (4.1) are expressed as per unit quantities using the following

base values.

Viase = Line to neutral peak voltage (V)

Iy.se = Peak line current (1)

The electromagnetic torque (7,) and its relationship with the rotor angular speed

(w,) are given by (4.5) and (4.6):

X
Te = TM(w&r¢qs - %rws) (4’5)
T, = 2Hp™" + 1T (4.6)
Wy

Equations (4.1), (4.5) and (4.6) can be linearised about an operating point to
examine the small signal behaviour of the motor by applying Taylor series, following

which the linearised voltage equations obtained are given by (4.7):

i . Sl a
A rsle“'r p We rs Xns qu
v X 2 we — Xy 0 0
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A _we  rsXp 4 op 0 _nXu Vs
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where,

We = Wh (4.8)

Sg = ———— (4.9)

4.3.2 Incorporation of Load Dynamics

Using (4.5) and (4.6) the electromagnetic torque is obtained as follows:

XM Wy
T, = F(Whﬂﬁqs - %r@bds) - Qpr—b (4.10)

Linearising (4.10),

X
ATL - TM(wélrkoqS - w;rkodS - wdsko:}T‘ +

Aw,
Vaso Ay, ) — 2Hp
Wh

(4.11)

If the load torque-speed characteristics are known, (4.11) can be further modified.

Here, a pump load with characteristics given by (4.12) is assumed.

2
w
Ty ) = k| 2E 412
(T = () (412)
Linearising (4.12),
2kwro Aw
ATy = e L 4.1
L= ()2 (.13)

Using (4.11) and (4.13), the dynamics of the motor and the pump load can be

combined as:

X
TM(w(/iroAzqu - w;rkodS - wdsko;r + quOAwélr)

Aw, 2w, Aw,
—(2Hp=2r 4 e 2y g (4.14)
Wy Wy Wy
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4.3.3 Combining the Machine Equations for State Space Representa-
tion

Linearised voltage equations and the torque-speed dynamic relationship given by (4.7)

and (4.14) respectively can be expressed in state space form as given by (4.15).

pr = Az + Bu (4.15)
where, the state vector,
T [Ay Abe A, Ay, 2] (4.16)
and control vector,
U= [Avgs Avgs Avp, Avl]" (4.17)

in which Av;, and Awvy, are both equal to zero (assuming a squirrel cage motor) and

the system matrix [A] and input matrix [B] can be established as:

| TeXy 0 0
_ TS‘X’I‘T rs XM
1 X 0 X 0
_ ! X rr X /
A= TT 0 _% -5, z/}dro (418)

r! X r1 Xss /
0 D So 7D Yo
XMw:iro _ XA“MZTO _ Xmdso XM Pgso _ kwro
2H Dwy, 2H Dwy, 2H Dwy, 2H Dwy, 2ng
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Equation (4.15) along with the appropriate output vectors can be used to formu-
late various transfer functions that describe the dynamic response of the motor to

small fluctuations in the supply voltage.

4.4 Supplementary Material used in Present Work

In order to compare the accuracy of the outputs of small signal models, a conventional
d-q domain large signal induction motor model is implemented in MATLAB /Simulink
environment [35, 36, 37]. Figure 4.1 illustrates the Simulink induction motor model.
The major building blocks and the steps involved in formulating the model are given
in Appendix A. As in the case of small signal models, the saturation and deep bar
effect have not been taken into consideration in developing this large signal model.
In order to gain a broader understanding, four different induction machines with
ratings ranging from 3hp to 2250hp with parameters as given in Table 4.1 [34], are
considered in the theoretical work. Amongst these machines, the 2250hp machine has

already been used in Chapter 3 in carrying out preliminary investigations.



1
s

Integrator

Sa

o6

Van Vgs T ;@
Te
Vs |— L
Vbn ®
ids
Vds ia
iqr 4 D
Ven -
iqr
ids sin(wet)
00s W
cos(wet) b
cosiwef) Visl— idr : I
s idr
igs
Sin U sinfiet) Tl wr » 1
T
sin(wet) w
ahe_syn d_q_model 5
P cos(wet)
syn_abe

wr-mech
conversion of elec. Speed
into mech. speed

mech. speed

elec-mech

Product Power

Figure 4.1: Simulink induction motor model



57

Table 4.1: 60Hz induction motor parameters
HP | Voltage (V) | rpm | 74(Q) | Xis(Q) | Xu(Q) | X,.(Q) | r.(Q) | J(kgm?)

3 220 1,710 | 0.435 | 0.754 | 26.13 | 0.754 | 0.816 | 0.089
20 460 1,705 | 0.087 | 0.302 13.08 | 0.302 | 0.228 1.662
500 2,300 1,773 | 0.262 | 1.206 | 54.02 1.206 | 0.187 11.06

2,250 2,300 1,786 | 0.029 | 0.226 13.04 | 0.226 | 0.022 | 63.87

4.5 Type I Voltage Fluctuations: Superimposed Positive Se-
quence Frequency Component on the Mains Voltage Wave-

form

4.5.1 Identification of Voltage Perturbations

The motor response to voltage fluctuations arising due to the presence of two fre-
quency components, mains frequency and the frequency of superimposed voltage per-
turbation, is investigated. Frequency f; of the superimposed positive sequence voltage
perturbation can be greater (super-synchronous) or smaller (sub-synchronous) than
the mains frequency f, (f, =60Hz). It is necessary to establish a means of identifying
the various voltage and current components, as the resultant stator current is influ-
enced by the interference between various frequency components as discussed in latter
stages of this chapter. In the present context the frequency components of currents
that appear has a strong resemblance to sinusoidal amplitude modulation where the
mains frequency voltage waveform is amplitude modulated at f,,, which leads to two
side band frequency components f, — f,, and f, + f,,. Thus, any single frequency

component f; superimposed that has a frequency

e less than f;, will be called lower side band with a voltage Avysp satisfying the
relationship f; = f, — f,, where 40Hz < f,,, < 0.01Hz leading to 20Hz < f; <
59.99Hz.
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e greater than f, will be called upper side band with a voltage Avygp satisfying
the relationship f; = f, + f,n where 0.01Hz < f,, < 40Hz leading to 60.01Hz
< fi < 100Hz.

Further, relating to the case of sinusoidal amplitude modulation, each of the side
bands will have a peak value V,,,/2, where V,, is the peak value of the modulating
wave.

Assuming the peak value of the mains voltage to be V,, the three line-to-neutral

voltages for a superimposed positive sequence frequency are given by:

2 2
tae = Vysin(et — (0= 1)) + % st — (1)) (120)

where w, = 27 fy, w; = 2nf; and n = 1, 2, 3.

4.5.2 Small Signal Modelling of Rotor Speed Fluctuations

Due to the presence of two airgap magnetic fields, one due to the mains voltage and
the other due to the superimposed voltage, both of the same phase sequence, the
electromagnetic torque of the motor will pulsate at a difference frequency |f, -f;
leading to a pulsation in the mechanical speed at the same difference frequency. This
behaviour is commonly discussed in relation to inverter driven induction motors,
an aspect which will have a significant influence on the machine behaviour in the
present context. The relationship between the speed fluctuations and the voltage
perturbations is modelled using a transfer function approach as explained below.
For a supply voltage consisting of a superimposed positive sequence sinusoidal
frequency component, the three phase voltages given by (7.23) can be transformed to

d-q frame to obtain Av,s and Avg,. These small signal excursions expressed as per
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unit quantities are given by:

Vin

Avgs = 2_Vp cos Wyt (4.21)
Vin

A?}ds = —m sin wmt (422)

Using (4.15) the state vector that contains rotor speed fluctuation can be estab-
lished as:
v= (s —A)tu (4.23)

Using the matrix A and vector u, the steady state fluctuation in the speed as a

normalised quantity can be shown to take the form as given by (4.24):

Aw,

Wy

= My COS Wt + Mo sin wy,t (4.24)

where m; and msy are constants which depend on the electrical and mechanical param-
eters of the motors. Equation (4.24), indicates that the frequency of speed fluctuations

is Wwyy,.

4.5.3 Speed Fluctuations derived from Small and Large Signal Models

For the range of superimposed frequencies, that is 20Hz< f; <100Hz, the magnitude
of the rotor speed oscillations can be determined using (4.24). A large signal model
is also used to examine the speed fluctuations and to maintain consistency. For the
large signal simulations undertaken the amplitude of the superimposed voltage was
maintained constant such that V,,/2 =0.025 V.

Figure 4.2 shows the variation of the peak value of the speed fluctuation (Aw,) as
a percentage of the steady state speed for the 2250hp motor with the nominal value

of inertia given in [34] where very good agreement is seen between results from small
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Figure 4.2: Rotor speed fluctuation of the 2250hp motor with superimposed frequency
established using small and large signal analyses

signal and large signal approaches. Figure 4.3 shows the results from large signal
analysis illustrating how the speed fluctuations are affected by the inertia, where a
consistent increase in the magnitude of the speed fluctuation can be noted for smaller
inertia values. Figure 4.4 illustrates the results from large signal analysis compar-
ing the speed fluctuation exhibited by the four different motors, where a significant

dependency of speed fluctuations on the size of the motor can be noted.

4.5.4 Generation of Additional emf Components on Stator

a. Interaction between the Speed Oscillations and the Stator Current

Although the amplitude of speed fluctuation is relatively small, it has a strong influ-
ence on the stator current over the frequency range of interest in relation to flicker.
The manner in which the resulting stator current interacts with the rotor thus affect-
ing the level of speed oscillation can be explained in terms of negative and positive
damping as in the case of sub-synchronous resonance in power systems. Appendix B
gives a qualitative discussion on this self perpetuating behaviour, employing the re-

sults that are presented in this section.
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A primary consequence of speed fluctuations is generation of extra emf components
in the rotor as well as in the stator. It has been noted that, the speed fluctuation
caused by a superimposed positive sequence voltage perturbation on the stator tends
to produce extra emf components in the rotor at frequencies that are different to the
superimposed frequency, which in turn reflect back onto the stator (multiple armature
reaction).

The theory of rotating electromagnetic fields due to stator frequency components
and their interaction with the rotor, which is now oscillating at a difference frequency
of |fy — fil = fm, can be used to establish the frequencies that are induced back in
the stator. Appendix C describes the derivation of major frequency components that
can be found in the stator in addition to the mains and superimposed frequency for
a superimposed upper side band frequency.

It can be shown that if the superimposed frequency component is a lower side
band (i.e. f; = f, — fm), extra frequency components will be induced in the stator at
fo+ fm and f, £25 f,,, where j is an integer (1, 2, 3, etc.). However, through the time
domain simulations carried out it has been noted that amongst the corresponding
extra side band currents, f, + f,, is the most significant component while f, &+ 2j f,,,
components have relatively negligible magnitudes for all superimposed frequencies
and hence are ignored in further work. Similar analysis can be carried out when the
superimposed frequency is an upper side band (i.e. f; = f, + fn), where the extra
frequency components will be induced at f, — f,, of most significant magnitude, and
fo £ 27 f,n with negligible magnitudes allowing them to be ignored. Hence, the only
extra side bands considered for a superimposed lower and upper side band of this
work are those at f, + f,, and f, — f,, respectively.

Table 4.2 gives the frequencies of the dominant emf components arising as a result

of the multiple armature reaction process.
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Table 4.2: Frequency components of emf components in rotor and stator caused by
rotor speed oscillation at angular speed of w,, = 27 f,,, and a superimposed positive
sequence frequency component (2wy, + wy,); * extra side band frequencies

Stator applied frequency | Rotor frequency | Stator frequency

fb (fb_fm)_fr fb_frn)'<

(mains frequency) Jo—fi o
(fb+fm)_fr fb"i_fm>’<

fb + fm fb - fr fb
(upper side band) (fo+ fm) — [+ fh+fm”®
(fo +2fm) = fr fo+2fm

fb - fm fb - fr fb
(lower side band) (fo — fm) — [+ fo—fm”
(fb_zfm)_fr fb_2fm

b. Superimposition of Lower Side Band

Figure 4.5 shows the variation of the magnitudes of the two side band components
(Aipsp and Aipgsg) of stator current for the 2250hp machine for lower side band
injection. In addition to the lower side band current component at f; = f, — fi, an
extra upper side band component of stator current at a frequency of (f, + f,,) can be
noted here. The magnitudes of the side band currents, to varying levels, are influenced
by both (a) level of speed fluctuation which governs the corresponding induced voltage
and (b) frequency of the side band current which influences the effective impedance
for current flow. With reference to Figure 4.2, at a superimposed frequency of 53Hz
the speed fluctuation exhibits a local maximum. The corresponding upper side band
frequency is therefore 67Hz which lines up with the peak value of the upper side band
current in Figure 4.5. As the injected frequency is further decreased below 53Hz the
magnitude of speed fluctuations decrease and the frequency of the upper side band
frequency increases and hence the extra side band current is seen to reduce. The
current caused by the superimposed frequency f; is seen to generally increase as its
frequency is decreased, which suggest that this variation is relatively significantly

affected by the frequency rather than the speed fluctuation that is now relatively low.
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Figure 4.5: Variation of stator current side bands for a superimposed lower side band
for 2250hp motor: f; = f, — fin

c. Superimposition of Upper Side Band

Figure 4.6 shows the variation of the magnitudes of the two side band components
(Aipsp and Aiggp) of stator current for the 2250hp machine for a superimposed up-
per side band voltage perturbation (f; = f, + fin). The extra side band can be seen
at f, — fm. Referring to Figure 4.2 the speed fluctuation exhibits a local maxima at
67Hz which corresponds to an extra lower side band at 53Hz exhibiting a local max-
imum as seen in Figure 4.6. As the superimposed frequency is further increased the
speed fluctuations decrease and hence the resulting lower side band current is seen
to decrease. The current caused by the superimposed frequency is seen to exhibit
a significant local maximum at 67Hz. It appears that this component of current is
affected significantly by the speed fluctuation as well as frequency. Beyond 67Hz the
current becomes increasingly governed by the increasing frequency of the superim-

posed voltage. Simulations quite clearly illustrate that the superposition principle
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Figure 4.6: Variation of stator current side bands for upper side band injection,
2250hp motor: f; = fy + fin

commonly used for the analysis of induction motors subjected to mains frequencies
carrying superimposed frequencies becomes increasingly valid only at higher super-
imposed frequencies.

Comparing Figures 4.5 and 4.6, it can be noted that the total fluctuating current
component (combination of the currents due to superimposed frequency and the extra
side band) is seen to be relatively large when the superimposed frequency is low (i.e.
20Hz) when compared with that at high frequency end (i.e. 100Hz). Based on the
above, as a preliminary observation, it can be stated that the rms voltage fluctuations
arising as a result of the motor behaviour are very much dependent on the frequency

of the voltage fluctuations.

d. Variation of Side Band Currents for Motors of Difference Ratings

Figures 4.7 and 4.8 illustrate the variation of side band currents for superimposed
lower and upper side band frequencies respectively for the four different machines.

It is clear that the two large machines behave differently to the two small machines.
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Figure 4.7: Comparison of stator current side bands of different motors for lower side
band injection
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Figure 4.8: Comparison of stator current side bands of different motors for upper side
band injection
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For lower side band injection the large machines exhibit significant lower and upper
side band currents over a wide frequency range, while the two small machines exhibit
significant lower side band currents and not upper side band currents. For upper side
band injection the two large machines exhibit significant upper and lower side band
currents while the two small machines exhibit significant upper side band currents

while the lower side band currents are seen to be relatively small.

e. Stator Current Response to Voltage Fluctuations caused by a Su-

perimposed Negative Sequence Component

With negative sequence injection rotor speed fluctuation will take place at f, + f;.
Simulations reveal that the corresponding level of speed fluctuation is relatively in-
significant compared to that corresponding to positive sequence injection. The result-
ing additional components of current induced in the stator are at higher frequencies
that are outside the normal flicker frequency range of interest. Also, these high fre-
quency current components are of negligible magnitude and hence would be of little

relevance in relation to voltage fluctuations and flicker.

4.6 Type II Voltage Fluctuations: Sinusoidal Amplitude Mod-

ulation of Mains Voltage

4.6.1 Rotor Speed Oscillations: Large Signal Behaviour

Assuming balanced sinusoidal amplitude modulation, the line-to-neutral voltages ap-
plied to a three phase motor can be defined as
27

Vape = Vpll + msin(27 fi,t)] cos(2m fot — (n — 1)?) (4.25)
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Figure 4.9: Rotor speed fluctuation of the 2250hp motor for amplitude modulation

where n =1, 2, 3 and m = % - modulation depth

In the simulations carried out the modulating waveform was selected such that
Vm = 0.05 V,, and hence the magnitude of each of the resultant side band voltages
is equal to the magnitude of the superimposed voltage in single frequency analysis
discussed in Section 4.5. Similar to the operation of the machines under a supply
with a superimposed positive sequence single frequency component, the machines
exhibited speed fluctuations at f,,. For the 2250hp machine these speed fluctuations
are illustrated in Figure 4.9 demonstrating their dependency on inertia as well.

As expected stator current exhibits component currents at f, — f,, and f, + fin
although of different magnitudes as illustrated by Figure 4.10. Relatively negligible
side band currents at frequencies of f, + 2jf,, where j is an integer (1, 2, 3, etc.)
were noticed which will be neglected in further analytical work. Figure 4.10 also
shows the magnitudes of the current corresponding to a superimposed single frequency
component as discussed in Sections 4.5.4(b) and 4.5.4(c) and shown in Figures 4.5
and 4.6. The differences in the current levels clearly indicate that in the case of

amplitude modulation the resultant side band current is due to the net effect of
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Figure 4.10: Variation of stator side band current components (as a percentage of the
fundamental) with side band frequency (f, — f,, or fy+ fi) established for amplitude
modulation and superimposition of a single frequency component

multiple armature reaction and they cannot be obtained by simply considering the
side band current which arises due to the single frequency injection. For example, the
side band current magnitude corresponding to a frequency of 40Hz (which is caused

by a modulating frequency of f,,=20Hz) is caused by the armature reaction due to a

current side band at a frequency of 80Hz as well.

4.6.2 Modelling the Response of the Stator Current using Small Signal
Analysis

In contrast to single frequency analysis where an additional voltage component is
superimposed on the mains voltage, in sinusoidal amplitude modulation it is the
amplitude of the mains voltage which fluctuates sinusoidally. Thus, a transfer function

of the form
B Aig
 Aw,

G(s) (4.26)
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where,
Awv, - small signal change in the amplitude of the supply voltage
Aig - resultant change in the stator current
can be developed to examine how the induction motors respond to voltage perturba-
tions caused by amplitude modulation. The major steps involved in establishing the
transfer function are explained as below.

For a balanced set of sinusoidal supply voltages the d-q axes voltages are of the

form

Vgs V,
Tl= " (4.27)
Vds 0
Thus, for a small perturbation (Av;) in the supply voltage magnitude,
Avgs A,
= (4.28)
Avds 0
Using (4.17) and (4.28):
u = GAuv, (4.29)
where,
T
G={1000} (4.30)

Awy is defined as a sinusoidal signal as per (4.31) in order to represent a typical

modulating signal at a frequency f,,.

Vin .
Avg, = Vp Sin wy,t (4.31)

The small signal stator currents (output vector -y) are related to the state vector as
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Figure 4.11: Recovery of stator current perturbation (Aiy)

per (4.32)

y=Cx (4.32)

where,

T
y= [ Aigs Nig, } (4.33)

1 X, 0 —X»y 0 0

_ L A 4.34
= (434)

0 X, 0 =Xy 0

Modifying the control vector (4.17) to incorporate stator voltage perturbations given
by (4.28) and solving the state space equations (4.15) and (4.32), two fifth order

transfer functions (G1(s) and Gy(s)) can be established as

At

=2 G1(s

Ao | 2 1(8) (4.35)
b Gia(s)

Atgs and Aigs need to be transformed to the phase domain to establish the stator
current variations as functions of the perturbation in the supply voltage. These
perturbations will yield the side bands of the stator current Aiysp and Aiysp when
Fourier analysed. The above process is illustrated by the block diagram of Figure 4.11.

Appendix D gives the derivation of G1(s) and Ga(s) for the 2250hp machine. Com-
parison of side band current magnitudes obtained by employing small signal analysis
and those obtained from large signal analysis, illustrated in Figure 4.12 clearly demon-

strate the suitability of the small signal models for the prediction of the perturbations
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Figure 4.12: Variation of stator side band current components (as a percentage of
the fundamental) established using small and large signal analyses for amplitude
modulation

in the stator current.

Figure 4.13 shows the stator stator current responses of the four different machines
considered. As in the case of single frequency injection, the four machines can be
categorised into two groups based on the stator response, as large machines (2250hp
and 500hp) and small machines (50hp and 3hp) which exhibit distinctly different
behaviours. This suggests that depending on machine sizes and their parameters,

different induction machines can lead to different flicker attenuation characteristics.

4.7 Summary

The main objective of this chapter was to examine the stand alone behaviour of
induction motors subject to regular fluctuations in the supply.

Linearised motor equations were first used to model the oscillations in the rotor
speed arising from a superimposed positive sequence voltage. Large signal behaviour

is used to verify the speed oscillations established using small signal analysis and
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Figure 4.13: Comparison of the side band currents caused by amplitude modulation
for motors of different sizes

to establish the stator current response which would again be used to compare with
small signal models . Analysis of models reveal that the interaction between the speed
oscillations and the stator current response gives rise to generation of additional air
gap mmf components. This multiple armature reaction produces emf components of
frequencies that are different to the superimposed frequency in the rotor, which would
reflect back on to the stator. Additional frequency components that appear as the
major side bands in the stator current can make a significant impact on the net rms
current drawn by the motor at certain superimposed frequencies. Results suggest that
the response of a three phase induction machine cannot be accurately predicted using
the commonly accepted superposition principle, especially when the superimposed
frequency is close to the mains frequency or when it takes a subharmonic value.
The response of the stator current to voltage fluctuations caused by sinusoidal
amplitude modulation has been modelled using a transfer function approach. The

major side bands in the current are related to the mains frequency and the sinu-
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soidal modulating frequency. Again, the main components of significance have been
identified.

For the two types of fluctuating supply conditions that are considered, the re-
sultant side band currents have been noted to be dependent on the superimposed
frequency or the modulating frequency. This suggests that the influence of the motor
in relation to attenuation of flicker would be governed by the stator current response,
which is now found to be appreciably frequency dependent. A significant dependency
of the stator current magnitude on size (rating) of the motor has also been iden-
tified. The models developed will be extended in Chapter 5 to examine the flicker

attenuation in radial networks.



Chapter 5

Analysis of Flicker Transfer in

Radial Systems

5.1 Introduction

Response of induction motors of different ratings to two types of regular fluctuations
in the supply voltage was investigated in Chapter 4. Small signal and large signal
models were used to establish the mechanical and the electrical responses of motor
loads to voltage fluctuations arising from superimposed voltage perturbations of small
magnitudes.

The work presented in this chapter is an extension of the modelling of induction
motors in relation to flicker. The main objective is to develop a rational theoretical
basis which can be implemented in order to investigate the contribution made by
mains connected induction motor loads to attenuate flicker which propagates from
an upstream location of a radial network to a downstream location where induction
motors are installed.

The initial small signal induction motor model which relates a small change in the

supply voltage to the resultant change in the stator current is extended to include

5
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a radial network where the network represents the impedance between the upstream
fluctuating source and the downstream load. This approach allows development of
a systematic method to analyse the magnitude and phase relationships between the
voltage fluctuations at the source and load ends in the radial network. The method
developed is used to investigate the propagation of voltage fluctuations of distinct fre-
quencies from upstream to downstream where an induction motor load is connected.
Propagation of individual side bands is utilised to establish the net reduction in the
modulating envelope of the supply. Influence of the other contributing factors to
flicker attenuation such as system impedance and rating of the induction motor load
are also investigated. The suitability of small signal modelling for flicker transfer
studies is evaluated by examining the error involved in determining the flicker trans-
fer coefficient using small signal approach. Error involved in the small signal model

approach is evaluated by comparing the results of small and large signal models.

5.2 Small Signal Modelling of a Radial Network for Flicker

Transfer Analysis

5.2.1 Description of the Network Model

A B
| Zg | PCC
S —
_ system
fluctuating impedance @ induction
source motor

Figure 5.1: Radial system

In the analytical work covered in this chapter, a radial network that consists of two

voltage levels as illustrated in Figure. 5.1 is used. Upstream (A) can be considered as
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the PCC of a typical system. Flicker that exists in the upstream (A) is represented
by a fluctuating voltage source. The downstream (B) consists of a composite load
of an induction motor load and a passive load. Z; represents the system impedance
that connects the upstream and the downstream such as transformer impedance. A
methodology is proposed to quantify the contribution of the downstream induction
motors to the transfer of flicker from A to B.

Although in Chapter 4, the response of induction motors to two types of regular
voltage fluctuations has been investigated, in the work presented in this chapter,
emphasis is given only to flicker arising from sinusoidal amplitude modulation of
mains frequency as it allows examination of the characteristics of flicker attenuation,

such as its dependency on flicker frequency, in a more tangible manner.

5.2.2 Modification to the Small Signal Model of an Induction Motor

to accommodate the Radial Network

In Chapter 4 the stator current response of an induction motor to sinusoidal voltage
variations in the supply was modelled using two fifth order transfer functions (G4 (s)
and G(s)) which can be represented as per (5.1) and (5.2), where Av; is a small
variation in the amplitude of the supply voltage, and Aigs and Aigs are the resultant
variations in d-q axes stator currents. The process of transformation of the outputs
of (5.1) and (5.2) from d-q domain to a-b-¢ (phase) domain in order to reconstruct

the resultant change in phase domain stator current (Aiy) is illustrated by Figure 5.2.

Ay
Al gs
Gals) = AZS (5.2)

In Chapter 4, although the inputs to Gi(s) and Gs(s) were considered to be



78

Gy —»

dg- .
Avg abc —Vﬂs
transformation

Gy(s) +—»

Figure 5.2: Block diagram of the small signal model which represents the process of
recovering the stator current perturbation
sinusoidal signals, they can be of any regular or random signal implying that the
model is capable of accommodating any type of flicker condition.

The above approach can be extended to a radial system shown in Figure 5.1 by
incorporating the system impedance, Z, (Z; = R, + jX,) into the stator resistance
(rs, now known as rs_,e,) and stator leakage reactance (X5, now known as X new)

of the induction motor as per (5.3).
Ts—new + les—new = [Ts + Rs] + j[Xls + Xs] (53)

With this modification, outputs of G1(s) and Gs(s) of Figure 5.2 are the changes
in the d-q axes stator currents caused by a small change in the amplitude of the
upstream (A) voltage when the induction motor is connected to the downstream (B).
The established stator current response can be used to determine the instantaneous
change in the voltage at B as:

Avg(t) = Avg(t) — Ls%ms(t) ~ R, (1) (5.4)

where Av,(t) and Avp(t) are the instantaneous voltage changes at A and B respec-

X

G and f;, being the mains or base frequency.

tively, Ly =
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Similar to the investigations in Chapter 4, a sinusoidal signal is used as Aw, in
order to represent a typical sinusoidal amplitude modulating signal of frequency f,,.
The frequency of Avy is varied between 0.01Hz and 40Hz, covering the perceptible
flicker frequency range. The magnitude of Av, was maintained at 0.05pu which
corresponds to a constant magnitude in voltage fluctuation (Av) of 0.1pu (Av =
2 x Avg). Awvg will give rise to two voltage side bands (perturbations) at two distinct

frequencies at A (Avx(t)) and B (Avg(t)) as:
A’I}A<t) = AUALSB(t) + AUAUSB(t) (55)

AUB(t> = AUBLSB(t) -+ A'UBUSB(t) (56)

where Avarsp(t) and Avgrsp(t) are the lower side bands at frequency f, — f,,, and
Avapsp(t) and Avgysp(t) are the upper side bands at frequency f,+ f,,. Accordingly,

two transfer coefficients can be defined for the two voltage side bands as:

|AvprsB|

Tysp = il (5.7)

|AvarsB]
[val

|Avpyssl

Tysp = ol (5.8)

|Avauss|
lval

where v4 and vg are the steady state voltages at A and B respectively, as obtained

from a load flow study.
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5.3 Implementation of the Small Signal Model

5.3.1 Transfer Coefficients for a Network having a 2250hp Induction

Motor at Downstream

For a radial network having a purely inductive system impedance (Zs = jX;) of 3%
(of Zpp, the base impedance of the motor at full load slip), the side band transfer
coefficients (T1sp and Tygp) are established. Figure 5.3 illustrates the variation
of Tysp and Tysp with the modulation frequency (f,,,) established using both small
signal and large signal models over the range of modulation frequencies stated earlier,

where good agreement can be noted.

=
o
a

—x— Small signal model

—o— Large signal model

Transfer coefficients, T, sg and Tygg

0.9 -
0.85 ! & 5 g &
08 - T
Tise
0-75 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Modulation frequency, f,, [Hz]

Figure 5.3: Variation of transfer coefficients of voltage side bands (Tsp and Tysp)
with modulation frequency (f,,) for the 2250hp motor

Over a wide range of modulation frequencies, the lower and upper side bands
exhibit different attenuation levels where lower side band is seen to attenuate to a

better extent compared to the upper side band for modulation frequencies above 5Hz.

A close examination of Figure 5.3 at low f,,, (<1Hz) values reveals that the side bands
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Figure 5.4: Variation of transfer coefficients of voltage side bands (Tsp and Tysp)
at low modulation frequencies for the 2250hp motor
do not attenuate but instead are magnified as illustrated by Figure 5.4.

Noting that the two side bands are caused by a single modulation frequency (f,,,),
the transfer coefficient of each voltage side band can be plotted against the frequency
of the side band (f;, £ f,,) as illustrated in Figure 5.5. As the maximum value of f,,
used is 40Hz, transfer coefficients can be established for side band frequencies in the

range 20Hz (=60Hz-40Hz) and 100Hz (=60Hz+40Hz).

5.3.2 Determination of Effective Sub-Synchronous and Super-Synchronous

Impedances, Active and Reactive Power Variations

In order to derive qualitative explanations on the attenuation levels exhibited by
the side bands as depicted in Figure 5.5 this section establishes the variation of the
effective impedances and the corresponding real and reactive power flows with the
side band frequency.

Considering the network of Figure 5.1 the transfer coefficient T in relation to
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Figure 5.5: Variation of transfer coefficients of voltage side bands (Tsp and Tygsp)
with side band frequency (f, £ f,,) for the 2250hp motor

voltage fluctuations can be expressed as:

|Avg| Zs
— ‘UB| _ ’1 + antor
T = Ava] |1_|_ZIZS | (5.9)

|UA| motor

where Avy, Avg are the voltage perturbations at A and B respectively, Z,,o10r is the

steady state impedance of the motor and 7’ is the effective impedance offered by

motor

the motor to the voltage perturbation. In (5.9), for the case of sinusoidal amplitude

modulation, Z’ could be considered as an effective sub-synchronous impedance

motor
for the lower side band and an effective super-synchronous impedance for the upper
side band. Further, the magnitude and the angle () of the effective impedance of the
motor are key factors that determine the extent to which each side band is attenuated
at B compared to that present at A, as Z, represents a static component.

Based on (5.9) it can be noted that if Z/

motor

is inductive (0° < ¥ < 90° or

90° < ¢ < 180°), the smaller the magnitude of Z! the better would be the

motor
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attenuation of the corresponding voltage side band at B. However, if Z/ becomes

motor
capacitive (—90° < 1 < 0° or —180° < ¥ < —90°), regardless of the magnitude of
Z/

motor)

the voltage side band will be magnified at B. Hence the nature of variation of

/
Zmotor

which can be determined using the small signal analysis has to be examined.
The stator current response of the 2250hp motor operating with an amplitude

modulated supply is used to determine its effective impedance (Z/

! otor) fOT each side

band as:
ZI . |AUB|

motor ~ ’AZ|

Loy —ag = ‘Z;notorléw (510)

where Ai is the stator current perturbation (Aipsp or Aipsp), and «; and s are
the phase angles of Avg and Ai respectively. Figures 5.6(a) and 5.6(b) illustrate

the variation of |Z/, ,..| and 1 as a function of the frequency of voltage side bands

otor
(foE fm). For the purpose of comparison it can be noted that over the frequency range
of interest the magnitude of the impedance and its phase angle of a passive load that
is equivalent to the 2250hp induction motor (of which the locked rotor impedance
is 0.15pu) will be nearly constant in comparison to the variations exhibited by the
induction motor.

At the side band frequencies the corresponding active and reactive power drawn

by the motor can be established using conventional method as described by in the

AP — AQ plane of Figure 5.7.

AP+ jAQ = Avg x Ai* (5.11)
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Figure 5.7: Active (AP) and reactive (AQ) power consumed by the 2250hp motor
for voltage side bands at f, where f = f, + f..

5.3.3 Discussion on the Attenuation Levels exhibited by the 2250hp

Motor

Lower Side Band (LSB); 20Hz < f < 60Hz

Based on Figure 5.6, for voltage side bands at frequencies between 20Hz and 59Hz,
the magnitude of the effective impedance of the motor is smaller than 1pu. The angle
1) varies between 83° and 90° for 20Hz < f < 35Hz. It varies between 90° and 180°
for 35Hz < f < 59Hz and implies a negative resistance and an inductive reactance.
This behaviour is further supported by the AP and AQ variations illustrated by
Figure 5.7.

Over the side band frequency range 20Hz < f < 59Hz, although the motor exhibits
both positive and negative damping, it offers an inductive reactance as a part of the

effective impedance that is less than unity in magnitude and hence the side bands will
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attenuate at B. This behaviour is illustrated by the T;sp curves in Figure 5.3 where
the modulation frequency f,, is greater than approximately 1Hz and in Figure 5.5
where frequency of the voltage perturbation f is between 20Hz and 59Hz.

For voltage side bands at frequencies just below the fundamental frequency (i.e.

59Hz < f < 60Hz), |Z] ;] is less than < 1pu, yet the angle of Z!

motor 15 Negative

otor
(—180° < ¢ < —90°) exhibiting a negative resistance and a capacitive reactance,
a behaviour that is supported by Figure 5.7 where both AP and A(Q) are negative.

Regardless of the relatively small magnitude of Z/

T otors the capacitive reactance or the

over excited nature of the motor would lead to magnification of the corresponding
frequency components at downstream (B) for 59Hz < f < 60Hz. This behaviour is

illustrated by Tpsg curves in Figure 5.4.

Upper Side Band (USB); 60Hz < f <100Hz

For voltage side bands at frequencies just above the fundamental frequency (60Hz

< f <61Hz), |Z!,..or| is relatively large compared to the steady state impedance and

its angle v varies between —90 ° and 0°. This is further evident from Figure 5.7 where

AP is positive and and AQ is negative. Relatively large magnitude of |Z] . | and

otor
the over excited behaviour causes the magnification of the corresponding frequency
components at B.

As evident from Figure 5.6 in the frequency range 61Hz < f < 100Hz, |Z), ;.|
varies between 0.2pu and 0.3pu and 1) varies between 0° and 82° indicating its in-
ductive behaviour. This is further supported by positive AP and positive AQ in
Figure 5.7. The positive damping provided by the motor leads to attenuation of the

corresponding frequency components as illustrated by Ty gp curves in Figure 5.3.
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Difference between Ty gp and Tysp over the modulation frequency (f,)

range 5 - 10Hz

According to Figure 5.3, Trsp and Tygp exhibit values less than unity for most of
the modulation frequencies resulting from the relatively small magnitudes of Z’

motor

as illustrated in Figure 5.6. However, a local minimum and maximum can be seen in

Z/

motor

over the two frequency ranges 50Hz-55Hz and 65Hz-70Hz respectively, leading
to a local minimum and maximum in the voltage transfer coefficient. This effect is
reflected on the transfer coefficients 77,55 and Ty sp where a significant difference over

the modulation frequency range 5-10Hz is seen.

5.3.4 Dependency of Transfer Coefficient on the Induction Motor Rat-
ing
Transfer coefficients of the voltage side bands evaluated for 3hp and 500hp motors
[34] are illustrated in Figure 5.8 along with those of the 2250hp motor. As in the
study in relation to the 2250hp motor, a totally inductive system impedance (Zs) of
3% (of Zpp, the base impedance of the motor at full load slip) is used. It is seen that
500hp and 2250hp motors exhibit similar attenuation characteristics. However, the
2250hp motor attenuates both side bands to a better extent compared to the 500hp

motor. The 3hp motor is seen to demonstrate somewhat different variations in the

side band attenuation levels.

5.3.5 Dependency of Transfer Coefficient on System Impedance

The system impedance Z, was so far assumed to be purely inductive and its magnitude
was assumed to be 3% of the motor at full load slip. In this section the influence

of the magnitude of system impedance and its angle on side band attenuation is
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Figure 5.8: Variation of transfer coefficients of voltage side bands (1,55 and Tysp)
with side band frequency (f, & f,,) for the three motors

investigated.

Dependency of Transfer Coefficients of Side Bands on the Magnitude
of the Inductive System Impedance (| Z|)

Figure 5.9 shows the variation of the transfer coefficients of the voltage side bands
with frequency of the side bands for the 2250hp motor for 3 different values of system
impedance. As the magnitude of the system impedance is increased, attenuation
levels can be seen to increase over a wide range of the side band frequencies. This
behaviour can be justified using (5.9). Figure 5.10 illustrates the variation of Ty sp
and Tygp for modulation frequencies in the vicinity of the fundamental frequency.
As previously discussed, side bands tend to magnify at these low frequencies but the
level of magnification is seen to decrease for smaller system impedance magnitudes

as expected.



89

=
=
]

B Tise . Tuss R
. < >e >
8 1.05 1 —x— Small signal model
|_ _”"5
S 1 —o— Large signal model
| _ B =10
- =
¥ ,
S 09- / 'il ik}
Y o % f' . =10,
HLE) IZS|=3% /i ' ——ZS| 3—/0 5
0 085 R—R—R—9 98 ¥ / '
3 ;
3 1 R Z|=5%
g %% 1ZJ=5% | S L
= 0.75 - sg,
07 T T T T T T T 1
20 30 40 50 60 70 80 90 100
f, -f, [Hz] Lower Side Band f, +fn [Hz] Upper Side Band
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with side band frequency ( f, =+ f,,,) for three system impedance (Z; = j X,) magnitudes
- 2250hp motor

Dependency of the Transfer Coefficient of the Side Bands on System

Impedance Angle (1))

In the previous results presented the system impedance was assumed to be purely
inductive. The influence of the system impedance angle on flicker attenuation is
critical to supply systems with high X/R ratios. In the results presented in this
section system impedance is assumed to be of form R + jX.

Figure 5.11 illustrates the variation of the transfer coefficients of the side bands
for the 2250hp motor for ¥, = 90° and ¥y = 60° while maintaining the magnitude
of Z, constant. It seems reasonable to assume that the attenuation levels depend on
the impedance angle where increasingly inductive system impedances favour better

attenuation.
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5.4 Correlation between the Attenuation of Side Bands and

Flicker Attenuation

5.4.1 Determination of flicker transfer coefficient using the small signal

model

The manner in which the voltage side bands of a sinusoidally modulated voltage
propagating from upstream to the downstream was presented in the previous sections.
However, these studies cannot be expected to provide a complete insight into flicker
transfer as the latter is characterised on the fluctuations in voltage envelope rather
than on individual voltage side bands. This section compares side band attenuation

levels with the actual flicker present at A and B in the network of Figure 5.1. For



91
1.1

—x— Small signal model

—

o

a
I

—o— Large signal model

[N
1

Transfer coefficients, T gg and Tygsg

fof [Hz] Lower Side Band . fo+f, [Hz] Upper Side Band

Figure 5.11: Variation of transfer coefficients of voltage side bands (Tsp and Tysp)
with side band frequency (f, £ f,) for ¥s = 90° and ¥; = 60° for the 2250hp motor

this purpose the flicker transfer coefficient from A to B is defined (Tpsap) as:

PstB
PstA

TPstAB - (5].2)

where Py, is the short term flicker severity and subscripts at A and B denote the corre-
sponding values at A and B respectively. Noting that for regular voltage fluctuations
P2 o P, where Py is the instantaneous flicker sensation, (5.12) can be re-written as;

Pip
Pita

Tpsap = (5.13)

Determination of P4 and P;p requires voltage waveforms at A and B which can
be established using the outputs of the small signal model and the steady state volt-

ages at A and B. Figure 5.12 illustrates the variation of the flicker transfer coefficient
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Figure 5.12: Comparison of the transfer coefficients of the side bands (T.sp and
Tysp) and flicker transfer coefficient, Ty

(Tpsiap) and the transfer coefficients of the side bands of the 2250hp motor with
modulation frequency f,,. It indicates that the flicker transfer coefficient is less than
unity for most of the modulation frequencies. As f,, increases Tpyap decreases, a
behaviour that was noted in relation to the side band attenuation as well. Moreover,
it is seen that for a given modulation frequency f,,, the magnitude of the flicker
transfer coefficient lies between the two transfer coefficients of the lower and upper
side bands respectively. Contrary to the peak and trough exhibited by the two side
bands in relation to attenuation between f,, = 5Hz and f,, =10Hz, the flicker trans-
fer coefficient does not exhibit a significant shift from its gradual reduction with f,,.
Figure 5.12 also illustrates the flicker magnification at low modulation frequencies

similar to what was exhibited by the individual side bands.



93

1.05
g —<— Large signal model
|_
W 1+
©
'C —X— Small signal model
T 0.95 -
o
o
ko
n 09+
c
g
QL 085
L
[
08 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Modulation frequency, f,,, [Hz]

Figure 5.13: Comparison of flicker transfer coefficients (Tpsap) established using
small and large signal models

5.4.2 Accuracy of Small Signal Modelling

In the radial system of Figure 5.1, when the upstream supply voltage is sinusoidally
amplitude modulated, the downstream voltage would contain additional frequency
components at f, + jfn (7 # 1) caused by multiple armature reaction of the motor
as discussed previously in Chapter 4 and hence the flicker transfer behaviour may
not only be governed by the two side bands of the sinusoidally amplitude modulated
voltage waveform. In the small signal model of the system presented in Section 5.2
the additional frequency components f;, & j f,, are not accounted for as a part of the
linearisation process. Hence, it is required to investigate the accuracy of the use of
the small signal model in establishing the flicker transfer coefficient.

The flicker transfer coefficients established for the 2250hp motor using the small
and large signal models are compared for the radial system (with a system impedance
of 3%) in Figure 5.13. The absolute error involved in the evaluation of the flicker

transfer coefficient using the small signal model is shown in Figure 5.14, where it
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can be noted that the maximum error is around 0.5%, which occurs at a very low
modulation frequency f,, = 0.01Hz. This verifies that the additional frequency com-
ponents (f,+nf,,) that have been neglected in the small signal modelling do not have
a significant impact on evaluation of the flicker transfer coefficient using small signal
approach. Hence it can be concluded that the small signal model is accurate enough
to investigate the response of the induction motors in relation to flicker transfer and

attenuation.

5.5 Summary

Investigations were carried out to examine the contribution of induction motor loads
to flicker attenuation in radial power systems using a small signal modelling tech-
nique. The model is used for establishment of transfer coefficients of the voltage
perturbations that exist as side bands arising from sinusoidal amplitude modulation

of the supply voltage.
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The magnitude of the effective sub-synchronous or super-synchronous impedance

(2

! otor) Of the 2250hp induction motor is found to be relatively small compared to its

steady state value for most of the voltage side band frequencies under consideration

(20Hz< f <100Hz). The angle of Z/

T otor Varies over a wide range exhibiting inductive

or capacitive behaviour, affecting voltage side band attenuation or magnification. The
variation of the effective impedance can be attributed to the way the motor responds
to each side band frequency. Consequently, the attenuation of voltage side bands and
that of flicker will be dependent on the the frequency of voltage side band (f, £ fin),
and hence on the modulation frequency (f,,). As the modulation frequency increases,
the attenuation of side bands and hence that of flicker is seen to increase, except at
very low modulation frequencies.

Voltage side bands of which the frequency is close to the mains frequency (f3),
gets magnified at the downstream, causing a net magnification of the envelope, giving
rise to a flicker transfer coefficient slightly above unity.

The transfer coefficient of a voltage side band (T1sp or Tysp) depends on the
rating of the induction motor. Amongst the three motors examined, larger motors
have shown similar flicker attenuation characteristics compared to the smaller motor.

Attenuation of side bands depends on the magnitude and the angle of the system
impedance (Z,). Large inductive system impedances would result in smaller transfer
coefficient for the side bands.

The small signal modelling was found to be a useful tool for flicker transfer analysis
studies as it allows prediction of flicker transfer coefficient (Tpg) accurately. Further-
more, the small signal models permit evaluation of frequency dependency of Tpy in

a Imore rigorous manner.



Chapter 6

Experimental Validation of Flicker

Attenuation due to Induction

Motor Loads

6.1 Introduction

Detailed theoretical investigations in relation to the stand alone behaviour of induc-
tion motors subjected to sinusoidal fluctuations in the supply voltage were presented
in Chapter 4. This work was continued in Chapter 5 describing small signal analysis
of induction motors, which can be used to examine the contribution of motor loads to
the attenuation of flicker in radial radial power systems. The accuracy of small signal
models was verified through large signal models developed in time domain, where
good agreement was noted.

There exists no details on controlled experiments carried out to examine the in-
fluence of induction motors in relation to flicker attenuation. The work presented in
in this chapter aims to fulfill that requirement, although covers a highly scaled down

system typifying what exists in practice.
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This chapter presents the methodology, measurements and results of laboratory
experiments carried out in relation to propagation of flicker in the scaled down three-
phase radial power system comprising a 3hp induction motor load at downstream.
This chapter begins with a description on the experimental setup, outlining the prac-
tical matters that need to be accounted for. Propagation of regular voltage fluctu-
ations that arise due to sinusoidal amplitude modulation of the upstream voltage is
examined using on-line and off-line flickermeters and real time voltage waveforms.
As per the small signal analysis in Chapter 5, effective impedance of the induction
motor at sub-synchronous and super-synchronous frequencies is evaluated to justify

the characteristics of attenuation of voltage fluctuations and flicker.

6.2 Experimental Set-up and Practical Matters

6.2.1 Experimental Set-up

Induction

motor
Synchf[onois System B
generator impedance ——

DC motor Vy _|:|
I ﬂ/w Vg Passive load
f
Vi
Rotor
excitation

Figure 6.1: Experimental set-up of the scaled down radial network

The scaled down three-phase radial power system implemented is shown in Fig-
ure 6.1. A 5kVA, 415V, 50Hz 4-pole cylindrical rotor synchronous generator driven
by a DC motor is used as the three phase voltage source and represents the upstream

(A) voltage of the radial system. The DC motor is driven at 1500rpm using a DC
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variable speed drive in order to obtain the required nominal voltage at 50Hz at the
stator terminals of the synchronous generator.

At downstream (B) two types of loads, a 3hp three phase induction motor and
a passive R-L load (with kVA and power factor equivalent to the corresponding full
load values of the induction motor) are used. The two types of loads (induction motor
and the passive load) can be independently switched in or out. The induction motor
is coupled to a DC generator of which the generated power is dissipated in a resistor
bank, all of which are represented by ‘Load-1" in Figure 6.1. The impedance of the
system which connects the upstream and the downstream (ie. A to B) was assumed
to be purely inductive and is established using tapped reactors. Tap position was
selected to obtain a system impedance (Zs) of 10% of the full load impedance of the

induction motor.

6.2.2 Generation of Voltage Fluctuations at Upstream (A)

Voltage fluctuation required to represent the upstream flicker was established by
superimposing a low frequency sinusoidal current component on the DC excitation
current (I7) of the synchronous generator and hence the frequency of voltage fluc-
tuations would be equal to that of the frequency of the superimposed ac sinusoidal
current. This arrangement will give rise to sinusoidal amplitude modulated AC volt-
ages at synchronous generator terminals, a modulation mode which is classical in
flicker studies. The experimental set-up used to achieve this is shown in Figure 6.2.

The variable frequency ac voltage (V,.) required to establish the superimposed
sinusoidal current component in the DC excitation current was obtained using a
Variable Voltage Variable Frequency (VVVF) source. However, as the ratio between
the magnitude and the frequency of the output voltage of the VVVF source was

constant, superimposed ac current component will be varying in its magnitude as
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Figure 6.2: Modulating the rotor excitation current of the synchronous generator

the frequency is changed and hence in order to obtain voltage fluctuations of fixed
magnitude (constant modulation depth), the output voltage of the VVVF source was
regulated using an autotransformer followed by a 240V /120V transformer to provide
isolation.

Assuming balanced sinusoidal amplitude modulation, with a modulation depth
of m, at a modulation frequency of f,,, the line-to-neutral voltages generated at the

stator terminals of the synchronous generator can be defined as:

Vape = Vpll +msin(27 fi,t + ¢u,)] cos(2m fit + ¢ — (0 — 1)2%) (6.1)
where,
Vo amplitude of line-to-neutral voltage
fo fundamental (mains) frequency
Op phase angle of the fundamental voltage
Om phase angle of the modulating signal

n=1,2,3 and

m(= “//—’:) modulation depth.

The two frequency components arising in the stator voltage due to amplitude mod-
ulation, one at sub-synchronous frequency f, — f,, and the other at super-synchronous

frequency fi, + f,, will have amplitudes of m/2. Similar to the identification of volt-
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age perturbations described in Section 4.5.1 of Chapter 3, a voltage perturbation at
frequency f, — fi, is called the lower side band (Avpsp) while the perturbation at

frequency f, + fi, is called the upper side band (Avygg).

6.2.3 Practical Matters

Voltage fluctuations generated at the stator terminals of the synchronous generator
using the experimental set up discussed in Section 6.2.1 is illustrated in Figure 6.3 for
a modulating frequency (f,,) of 8Hz. Figure 6.4 depicts the frequency spectrum of the
voltage waveform shown in Figure 6.3 where the two significant side band voltages can
be seen, although they are not exactly equal in magnitudes. A possible reason for this
could be the slight saliency which exists in the rotor of the synchronous generator.
Also Figure 6.4 indicates that in addition to the two major side bands, sinusoidal
fluctuations in excitation current has led to unwanted extra side band components
of relatively small magnitudes in the stator voltage, which will be ignored in further
discussions. Due to the slight speed variations of the DC motor (prime mover of
the synchronous generator), fundamental frequency (f;,) was found to be fluctuating
around nominal 50Hz. These practical matters have been taken into consideration
while taking measurements and in the subsequent analysis of data in order to minimize

possible errors.

6.3 Measurements and Results

6.3.1 Propagation and Attenuation of Voltage Side Bands with In-

duction Motor Load

Voltage fluctuations at upstream (A) are caused by the voltage side bands (Avpgp

and Avygp) which can propagate to downstream (B) depending on the system and
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load impedances. In order to investigate the influence of the induction motor load
on propagation of voltage side bands, motor load was initially connected to B and
driven nearly at its full load while the upstream voltage is fluctuated with a constant
modulation depth of 5% (m =0.05) and a varying modulation frequency (f,,). Real
time voltage waveforms at A and B were captured at various modulation frequencies
(fm) ranging from 1.2Hz to 36Hz covering a significant section of the nominal flicker
frequency range. By Fourier analysing the captured voltage waveforms, the magnitude
and angle of the voltage side bands were determined in order to establish the voltage
transfer coefficient for lower and upper side bands using (5.7) and (5.8) described in
Chapter 5.

Modulation frequencies (f,,) below 1.2Hz have not been used in the study as the
separation of the two voltage side bands was extremely difficult unless a very high
frequency resolution is used by capturing waveforms over a long window. In the
present work, a window size of 50 seconds was used which would provide a frequency
resolution of 0.02Hz, yet frequency leakages are unavoidable. This is due to the
slight variations in the placement of frequency components on the spectrum caused
by subtle deviations of the fundamental frequency from 50Hz.
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Figure 6.5: Variation of the transfer coefficients of the voltage side bands
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Figure 6.5 illustrates the variation of the voltage transfer coefficients for lower and
upper side bands (Trsg, Tysp) with the modulation frequency (f,).

Following are evident from the results of Figure 6.5.

1. As predicted from the small and large signal models described in Chapter 5,
both lower and upper voltage side bands (Avisp, Avysp) attenuate at the
downstream for most of the modulation frequencies. The level of attenuation

increases with increasing modulation frequency.

2. At relatively high modulation frequencies, the lower side band (Avpsp) atten-

uates to a better extent than the upper side band (Avygp).

3. At relatively low modulation frequencies where the frequencies of the two side
bands are closer to the fundamental frequency, corresponding voltage transfer
coefficients (Trsp and Tysp) exhibit values slightly greater than unity, a be-
haviour which has also been perceived through the theoretical models presented

in Chapter 5.

A qualitative justification on variable levels of attenuation of the voltage side

bands depicted in Figure 6.5 is given in Section 6.3.2.

6.3.2 Determination of Effective Sub-Synchronous and Super-Synchronous

Impedances of 3hp Induction Motor

The transfer coefficients defined for voltage side bands (1755 and Tysp) can be deter-

mined using (5.9) in Section 5.3.2 of Chapter 5 where Z/ the effective impedance

motor?

of the motor at frequency f is given by (5.10). Depending on the frequency of the volt-

age side band Z’

! otor cOUld be considered as a sub-synchronous or super-synchronous

impedance.
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As per the findings of Chapter 5, magnitude of Z/ may vary between 10% and

motor
40% of the steady state impedance for the 2250hp induction motor [34] except for
frequencies near the fundamental frequency. It is envisaged that, depending on the
dynamic characteristics and the rating of the motor, the magnitude of the effective
impedance may exhibit a different behaviour.

Effective impedance of the 3hp motor used in the experimental set-up of Fig-
ure 6.1 was calculated at various sub-synchronous and super-synchronous frequencies
introduced by voltage side bands (Avpsp and Avygg) using (5.10). In this regard,
the stator current side band corresponding to Avysg and Avygp are resolved by cap-
turing the stator current waveforms and Fourier analysing them with a window size

equal to the window used for the analysis of voltage waveforms.
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Figure 6.6: Variation of the magnitude of the effective impedance of the motor with
frequency of the voltage side band

Figure 6.6 illustrates the variation of the magnitude of the effective impedance

(12,

! oior]) (nOrmalised using the steady state impedance) with the frequency of the

voltage side band. As the maximum modulation frequency used is 36Hz the effective

impedance can be determined for frequencies between 14Hz (50Hz—36Hz) and 86Hz
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(50Hz+36Hz). Due to the minimum modulation frequency of 1.2Hz used, |Z/ .| for
side band frequencies between 48.8Hz and 51.2Hz have not been determined. Fig-
ure 6.6 indicates that the magnitude of effective impedance depends on the frequency
of the voltage side band. It is seen that |Z! . | varies between 15% to 75% of the
steady state impedance for the range of frequencies considered. Relatively smaller

| Z! . otor] implies that the corresponding voltage perturbations should get attenuated

otor
at the downstream as per (5.9). Thus, in order to relate the attenuation of the voltage
side bands with the effective impedance of the motor, the side band transfer coeffi-

cients (Tpsp and Tygp) illustrated in Figure 6.5 are plotted against the frequency of

the voltage side band (f = f, &+ f,,) as shown in Figure 6.7.
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Figure 6.7: Variation of the voltage transfer coefficients of the side bands with fre-
quency of the voltage side band

Comparison of the results of Figures 6.6 and 6.7 indicates following;:

1. Relatively small effective impedance offered by the motor leads to attenuation of

corresponding frequency components at downstream validating the theoretical
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predictions of Chapter 5.

2. Magnitude of Z/

motor

and 45Hz and between 100% and 80% for frequencies between 55Hz and 86Hz.

varies between 10% and 100% for frequencies between 14Hz

Hence, on the average |7/, ,.| varies between 10% and 80% over the range

otor

14Hz-86Hz except near the frequencies close to fundamental frequency (50Hz).

3. Above variation in |Z], ,.,.| gives rise to smaller transfer coefficient for the lower

otor

side band compared to the transfer coefficient corresponding to the upper side

band (1e Trsp < TUSB)~

4. At low modulation frequencies, that is for frequencies near the fundamental

frequency, |Z/ ...| becomes greater than the steady state impedance (|2, ;.| >

otor otor

100%) restricting any attenuation of corresponding voltage side bands.

6.3.3 Flicker Transfer Coefficient at a Fixed Modulation Depth and

Variable Modulation Frequency

In addition to real time waveform analysis described above, synchronous flicker mea-
surements and further waveform processing were undertaken while maintaining the

conditions as discussed in Section 6.3.1. This work includes

1. On-line measurement of short term flicker severity (Py) levels using two flick-

ermeters connected at A and B.

2. Off-line measurement of instantaneous flicker sensation (F;;) using the real time
voltage waveforms at A and B which were captured in Section 6.3.1 and a PC

based flickermeter developed in PSCAD/EMTDC.

Measurements 1 and 2 were repeated in relation to the equivalent passive load

as well. Upstream to downstream flicker transfer coefficient (Tpsap) was established
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using (3.3) and (3.2) in Chapter 3 re-written as (6.2) and (6.3) for the measurements

1 and 2.

Py
TpstaB = Ptj (6.2)
st
Pi
Tpsiap = PtB (6.3)
it A

Induction Passive
motor load load

0.75 4 % Off-line flickermeter

o On-line flickermeter

0 5 10 15 20 25 30 35 40
Modulation frequency, f, [Hz]

Figure 6.8: Variation of flicker transfer coefficients established using measurements 1
and 2 for downstream induction motor and passive loads

Variation of flicker transfer coefficient (Tpsiap) with modulation frequency (f,)
for the downstream induction motor load and the passive load established using the
two measurement methods are illustrated in Figure 6.8. In relation to the downstream
induction motor and/or the passive load of the test system, Figure 6.8 can be used

to put forward the following points on transfer and attenuation of flicker.

1. The two flicker measurement methods have led to similar behaviour of Tpyap

for both types of loads.

2. The characteristics of flicker attenuation exhibited by the induction motor and
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passive load are seen to be qualitatively similar to the outcomes of preliminary

investigations of Chapter 3 and the theoretical predictions of Chapter 5.

3. For a given modulation frequency, the induction motor load offers a transfer
coefficient less than unity for most of the f,, values whereas the passive load

exhibits more or less a unity transfer coefficient for any modulation frequency.

4. The flicker transfer coefficient > 1 observed at modulation frequencies less than
about 2.5Hz agrees well with the observations made in Chapter 5, Sections 5.3

and 5.4.

6.3.4 Influence of Modulation Depth on Flicker Transfer Coefficient
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Figure 6.9: Variation of flicker transfer coefficient Tpyap with modulation depth (m)

Measurements were extended to investigate the dependency of flicker attenuation
by the motor on the modulation depth at upstream. Modulation depth (m) was varied
from 0.01 to 0.08 while the modulation frequency was held constant. As evident from

Figure 6.9, no noticeable dependency of Trsap on modulation depth can be seen.
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6.4 Summary

The the work presented in this chapter mainly focused on the methodologies and
analysis of results obtained using laboratory experiments carried out with the aim
of investigating the validity of the principles of flicker propagation developed using
theoretical work in Chapter 5.

A scaled down radial power system was implemented as the test rig using a syn-
chronous generator representing the upstream voltage source and individually switch-
able 3hp induction motor and a passive load connected to the downstream through
an inductive line. On-line flicker measurements have been made and off-line flicker
calculations have been carried out along with waveform analysis of the upstream and
downstream voltages.

The results of the experiments and data analysis can be used to establish the

following major conclusions.

e The 3hp induction motor connected at the downstream assists significantly in
attenuating flicker compared to equivalent passive loads connected at the same

location for most of the flicker frequencies of interest.

e The degree of attenuation of flicker depends on the modulation frequency.

Higher the modulation frequency better is the attenuation.

e Transfer coefficients of the individual voltage perturbations that appear as side
band voltages (Avpsp or Avysp) decrease with an increase in modulation fre-
quency causing a decrease in the flicker transfer coefficient. Various attenuation
levels of voltage side bands can be justified using the effective impedance of the

motor.

e At relatively low modulation frequencies induction motors do not seem to pro-

vide flicker attenuation, rather can lead to magnification of flicker.
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e Flicker transfer coefficient does not exhibit a noticeable dependency on the

modulation depth.

e In general the results of the experiments support the major findings of the

theoretical work presented in Chapter 5.



Chapter 7

Analysis of Flicker Propagation in

Interconnected Systems

7.1 Introduction

Due to the interacting behaviour of various busbars and connected loads, analysis
of flicker transfer in interconnected networks is relatively more complex compared to
that of radial systems. As stated in Section 2.5.3 of Chapter 2, in establishing the
planning and emission limits for interconnected networks, flicker contributions from
neighbouring busbars are determined using influence coefficients (Kp_4, Kc_a etc.)
which in turn can be considered as transfer coefficients for voltage fluctuations from
one busbar to another. The methods that can be used to establish the influence
coefficients; impedance matrix method [19], load flow based method [19] and short
circuit based method [22] were described in Section 2.4.4. However, these methods
are primarily based on rms voltage variations and hence do not account for frequency
of voltage fluctuations.

The main objective of this chapter is to examine the suitability of existing meth-

ods and extend the work in order to address their limitations. Arising from new

111



112

work, a frequency domain approach which can be used to analyse flicker transfer in
interconnected networks is presented in this chapter. The proposed method can be
considered as an extension to the impedance matrix method presented in [19].

The work begins with an overview of the impedance matrix method outlining the
process involved in implementing it for a given network. The methodology involved
in the development of the proposed frequency domain method is then described. In
the proposed method, modelling of industrial loads is carried out in a more realistic
approach compared to the load representation used in the impedance matrix method.
Frequency domain method is then tested on three different interconnected networks
to examine its applicability in estimating transfer coefficients. In order to demon-
strate the influence of the load models on flicker transfer, simple networks with a
few nodes are first examined. The IEEE 14 bus system [38, 39] is then used to ex-
amine the suitability of the new method to more complex example networks. The
relative advantages and disadvantages of the proposed frequency domain analysis are

discussed.

7.2 Impedance Matrix Method - Overview

The impedance matrix method, one of the flicker transfer analysis methods presented
by Renner and Sakulin in [19], is based on the principle of fault analysis and super-
position. Similar to the approaches used for calculation of short circuit levels using
admittance matrix (Y), the network is analysed for small voltage variations arising
at various nodes due to a sudden change in the load current (Ai;) at a selected node.
In deriving the Y matrix, synchronous generators are replaced by their subtransient
reactances while their source voltage is shorted to ground. Large induction motor
loads are represented by their corresponding dynamic impedances instead of equiv-

alent steady state impedance. All other loads are represented as passive elements
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except the fluctuating load connected to j* node, which is represented by its changes

in nodal current (Ai;) and voltage (Awv;) as given by (7.1).

| 0 ] -Avl ]
Yii Y Yin
0
Ai; | = | Y, Y, . . Y, Av, (7.1)
0
Yo . Yo Yon
| 0 ) ) _Avn_

By employing the impedance matrix, which can be established using admittance
matrix given in (7.1), it can be shown that voltage fluctuations arising at the i* node

due voltage fluctuations at the j*" node will take place according to the ratio:

A'Ui
AUj

- - ’ Zij
- P.Stji - Z
Ji

(7.2)

As the admittance matrix is defined at mains frequency, the transfer coefficient
(Tpst;;) represents changes in the amplitude of the fundamental frequency component
only. Hence, dependency of flicker propagation on modulation frequency ( f,,) cannot

be examined employing this method.
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7.3 A Frequency Domain Method of Analysis of Flicker Trans-

fer

7.3.1 Methodology

The objective of the work is the development of a suitable method of analysis that
accounts for frequency dependent characteristics of flicker transfer and influence of
dynamic loads on flicker attenuation. Small signal analysis of networks is again em-
ployed.

The methodology involves linearisation of the network around an operating point
in the d-q domain in synchronously rotating reference frame. The system components
are analysed as individual linear time invariant systems (LTI) systems and combined
to form a frequency dependent system matrix that defines the entire network under
consideration. In the present work it is assumed that only one fluctuating load exists
in the network. The node at which the fluctuating load is connected is assumed to be
the reference bus for the linearisation as the fluctuating load can be considered as the
source of voltage disturbance for small signal analysis. Modelling of various system
components and major steps involved in deriving the flicker transfer coefficients for a

given interconnected network are discussed in the following sections.

7.3.2 Modelling the System Components

General Network Element:

Transformation of a network element having a series inductive reactance (X) and
resistance (R) (as shown in Figure 7.1) from a-b-c to d-q domain is carried out as
follows:

Av = A%Ai + BAG (7.3)
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R X
Al
- AV

where,
11X 0
A= — (7.4)
Yell 0 X
we = 27 [, (7.5)
fv is the fundamental (mains) frequency,
R X
B = (7.6)
-X R

and, Av and At are vectors representing small changes in voltage and current given
by (7.7) and (7.8). /
Av = [ Avg Avg ] (7.7)
/
ai= [ i, i, (7.

By replacing the % operator in (7.3) with Laplace operator s, d-q axes line currents

(A7) can be expressed in s-domain as:

Ai = MAv (7.9)
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where

a b
M= (sIA+B)' = (7.10)
c d

and a, b, c and d are second order transfer functions given by (7.11):

a b 1 R+ (X/w)s -X

o d (X/w)?2s? + 2RX/w)s + (R? + X?) D% R+ (X/w)s
(7.11)

Line Impedances:
Transmission lines are modelled as lumped series impedances as given by (7.12) ne-

glecting the shunt capacitance.

Zline - Rline + leine (712)

where, Ry, and X, are resistance and reactance respectively. Hence, the changes
in d-q axes current flow in a line from node i to j (Ai;;) are given by (7.9). M and

Av can be defined as per (7.13) and (7.14) respectively.

M= " (7.13)
ng dij
Av i Avg;
Av = ! v (7.14)
A’Udi — Avdj

Generators:

It is assumed that the generator control systems would not respond to the minute
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variations in the bus voltage caused by fluctuating loads and hence a generator node
can be considered as a fixed three phase voltage source behind a source impedance.
In the present context where the analysis is carried out in relation to small signal
variations, the subtransient reactance (X)) of the generator is assumed to be the
source impedance and the generator node is represented by (X}) with a short cir-
cuited source voltage. Therefore the d-q domain representation of the generator node
would be similar to the representation of line impedances where Av in (7.9) would

be the d-q axes voltage changes for the generator node.

Residential loads:

Residential loads are represented by series R-X type impedances. Hence transforma-
tion of such a passive load impedance from a-b-¢ would be similar to (7.9) where,
At and Av vectors represent the changes in d-q axes load current and node voltage

respectively.

Industrial loads:
Industrial loads are represented by aggregated induction motors. Aggregation of the
individual motors is carried out using a simple yet accurate method. The major steps
involved in developing the aggregated motor are described in Appendix E. One or
more aggregated motors may have to be used to best represent the total motor load
as there could be a range of different sizes of induction motors.

Each aggregated motor is then represented as a small signal model using a ma-

trix of transfer functions that relates the small variations in d-q axes voltages and
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corresponding variations in current as:

A, _ Gi(s) Ga(s) Ay, (7.15)

Aig Gs(s) Gy(s) Avy
where, G1(s) - G4(s) are fifth order transfer functions which describe the dynamic
response of the aggregated motor. State space analysis described in Section 4.3 is
utilised to develop the transfer functions G1(s) - G4(s) in (7.15). Furthermore, G4 (s)
- G4(s) relate the variations in d-q axes voltages and currents unlike the transfer
functions developed in Section 4.6.2 of Chapter 5, which relate variations in the
amplitude of the voltage and the corresponding changes in d-q axes current.

Note For generator and residential load nodes, matrix M will be of the form:

(7.16)

where, ¢ is the node number.

7.3.3 The Complete System

Conventional nodal approach is used to relate the node voltages and currents to

combine the individual LTT systems in a network containing n number of nodes as:

[Aidsys] = [Y (5)][Avsys] (7.17)

where,

Nigys] =[00... Aign...000. Aigy, ...]J 7.18
Y q

[Avgys] = [Avg Avge . . Avgm .« Avgy Avgr Avgs . . . Avgy, . . Avg,)’ (7.19)
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Y (s) can be defined as a system transfer matrix that has dimensions 2n x 2n, which
includes all system components such as generators, loads and lines. The effect of the
fluctuating load at m* busbar is represented by Aigy, and Aigy,. The node voltages

can be expressed as:

[Avgys] = [Z(5)][Aisys] (7.20)
where,
_ —1
[Z(s)] = [Y(s)] (7.21)
and,
Z1,1(s) .o Z1,m(s) Lo Zin Z1 n+1(s) .o Z1 ntm (S) . Z1,2n(s)
Zma(s) - - Zmm(s) - . Zmna(s) Zmnt+1(8) o Zmnam(s) - . Zmoan(s)
2(sy=| Zm1® - Zem() . Zan(®) Zpnt1(s) - o Ziagm(s) . . Zi2a(s)
Znt1,1(8) . . Zng1,m(s) B . Znt1,n(s) Znt+1,n+1(8) . . Znt1,m+m(8) . . Zpi1,2n(5)
Zam,1(s) . . Z2m,m(s) . . Zoam,n(s) Zam,n+1(s) . . Zom,n4m () . . Zom.2n(s)
Zan,1(s) R Zon,m(s) L Zan,n(s) Zan,n+1(8) R Zan m+4m(s) .. Zon,2n(s)
(7.22)

The three-phase bus voltage at m'* node where the fluctuating load is connected can

be defined as:

2
Vave = V(1 + Avy)cos(wyt — (n — 1)?”) (7.23)
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where Awv,, is the voltage fluctuation, w, = 27 f,, and n = 1, 2, 3,

and the d-q axes voltage changes Avg,, Avg, can be shown to be derived as:

Avgm, Av,,
= (7.24)
Avdm 0

7.3.4 Voltage Transfer Coefficients for d-q axes (T, ,,T,,,,) and Flicker

Transfer Coefficient (Tpy, )

The voltage transfer coefficients (7}, ., Ty, ,) for d-q axes, the corresponding flicker

qmi»

transfer coefficient (Tpy, ,) and their frequency dependency can be established noting

the following:

1. Using (7.20) and (7.24) the expressions for q and d axes voltage transfer coeffi-

cients (7}, , and Ty, ) can be derived as:

Zn m,m\S
N Avg | |Zin(8) = Zim ) [l r.25)
qmi - o (s .
Avqm Zm,m - Zm,n+m(s)[zlz+#%]
Zntm,m(s
Avdi ZiJrn,m(S) - ZiJrn,ner(S) [Zn+:177;+i()5)]
Tdmi = ‘A’U - Zont oo (5) (726)
gm Znm(8) = Zmntm () 7702 5

where, i = 1,2,..n and i # m.

T,

qmi

and Ty . give the magnitudes of q and d axes voltage changes at i"* node
with respect to 1 pu voltage change in g-axis voltage at m!" node noting that

Avgm, =0 as given by (7.24).

2. The voltage fluctuation at the m' node (Av,,) where the fluctuating load is con-
nected, and hence corresponding g-axis voltage variation (Awv,,,) as a sinusoidal

signal is described by (7.27).
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Avp, = Avg, = Avyy, , sin (27 fnt) (7.27)

where f,, is the frequency of the voltage fluctuation and Awv,, , is the amplitude

of the voltage fluctuation.

. With the definition of Avg, of (7.27) the frequency response of (7.22) repre-
sents variations in magnitude and angle of the system impedance matrix with

modulation frequency (fy,).

. The frequency response of elements of (7.22) along with (7.25) and (7.26) can
be used to establish 7, . and T} . for each node in the network for different

modulation frequencies (f,,).

. The d-q axes voltage variations at each node (Av, and Avg, @ # m) can
be established using (7.25), (7.26) and (7.27) for a chosen Avg, (i.e. voltage

fluctuation at m'™ node).

. The magnitude and angle of voltage fluctuation at each node (Aw;, ¢ # m) can
be established by converting the d-q axes voltage variations into a-b-¢ domain

using (7.28) and steady state voltage angles (6;) of each node.

. A’qu

Cos 0;

A typical load flow study will provide d; of each node.

. The flicker transfer coefficient from m' node to any other node i (i # m) can

be defined as:
- A’Ui
 Au,

Tpa,.. (7.29)
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Figure 7.2: Process used to determine the voltage fluctuation at i*" node

The process described above is illustrated by the block diagram of Figure 7.2. As
the frequency response of (7.22) is employed in the process of evaluating the transfer
coefficients, the method of analysis can be considered as a frequency domain approach

applicable for flicker transfer studies.

7.3.5 Implementation of the Proposed Method

The application of the proposed frequency domain method is demonstrated using

three different interconnected networks;

1. An interconnected network that consists of three nodes where a generator node

is not included,

2. An interconnected network that consists of three nodes with one node being a

generator node [39, 40],

3. IEEE-14 bus system [39, 40],

and the results are compared with time domain simulations carried out in PSCAD/EMTDC

for each case.
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Case I: A Three Node Interconnected Network - No Generator Nodes

The first test network used is a simple three node interconnected system shown in
Figure 7.3. An industrial load and a residential load are assumed to be connected to
two of the three nodes, while the third node is assumed to be the node corresponding
to the fluctuating voltage. The reason for not having a generator node in this network
is that in small signal analysis the generator node is represented by its subtransient
reactance (X)) and despite the relatively small magnitude, X}, is still considered to
be a static impedance similar to a passive load. This implies that the absence of the

generator node would not affect the dynamic characteristics of the network.

Residential load
— 3
j0.1 pu
1
j0.1 pu
j0.1 pu
\/I
Disturbing load
2
Industrial load

Fluctuating source

Figure 7.3: Simple interconnected network with three nodes

The system voltage is 2.3kV and the industrial load and the residential load are
equivalent in their kVA capacity and power factor. The 2.3kV, 2250hp induction
motor [34], as per Chapters 4 and 5 is used to represent the industrial load. Line
impedances are given on a 5kVA base. However, the induction motor transfer func-
tions are developed using its own base values. Therefore all the system components
including line impedances, generators and passive loads are converted into a common

per unit system applicable to the induction motor. As seen in Figure 7.3, node 1
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corresponds to the disturbing load with voltage fluctuations of Av; which gives rise
to g-axis voltage change of Avg;.

The Y (s) matrix can be established as given by (7.30) where a, b, ¢ and d are ele-
ments of matrix M in (7.13) and (7.16). The subscripts of these elements correspond

to node numbers.

a2 + a13 —ai2 —a13 b1z + b1z —bi2 —bi3
—ai2 (a12 + a23 + G1) —az3 (b2 + b23 + G2) —bi2 —bag
Y(s) = —ai2 —az3 a13 +az3 +ag —bi3 —b23 (b1 + b2z + b3) (7.30)
ci2 + c13 —ci12 —c13 (d12 + d13) —di2 —di3
—c12 (c21 + c23 + G3) —ca3 —di2 (d12 + d23 + G4) —dag
—ci13 —ca3 (c13 + c23 + c3) —di3 —dag (d13 + d23 +d3)

The transfer matrix Z = [Y]™! is used to establish d-q axes voltage transfer coeffi-

cients from node 1 to 2 and 3 respectively as given by:

z
Avg| |Z21 = Zaal77]
Tpy = ( z (7.31)
Avg Z11 — Zva| 7]
Z
Avgy Zsy — Z5’4[Z4,i<1+1]
Ty, 7o (7.32)
Avg i1 — Zl,4[m]

Zaa
qus - = Zi:l (7.33)

Ty, = = C 2 (7.34)

The subscripts of Z in (7.31)-(7.34) refer to various elements of the Z(s) matrix.

Figures 7.4 and 7.5 illustrate the variations of the d-q axes voltage transfer coeffi-

and 7,

q13

cients (T,

q12

) and (Ty,, and Ty,,) with modulation frequency (f,,). According
to Figure 7.4, q-axis voltage transfer coefficients predicted from the frequency domain
method are in close agreement with the time domain simulation, whereas significant

differences can be noticed between the predicted d-axis voltage transfer coefficient
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and the time domain simulation results. However, both q and d-axes voltage fluctu-
ations are attenuated to a better extent at node 2 where the induction motor load is
connected. Values of Tj,, which are less than unity, yet greater than the correspond-
ing values of T},,, indicate that the interconnecting line between nodes 2 and 3 has

assisted in attenuating voltage fluctuations at node 3.

1.02 - ——PSCAD/EMTDC simulation

——frequency domain method

0.84 . T . T . T
0.1 1 10 100

Modulation frequency, f,, [HZ]

Figure 7.4: Variation of g-axis transfer coefficient with modulation frequency

By following the methodology described in Section 7.3.4, magnitudes of the voltage
envelopes at nodes 2 and 3 (Avy and Aws) can be established which in turn can be

used to determine the corresponding flicker transfer coefficients (Tpg;,, and Tpg,,)-

Av

Tpsy, = A—vf (7.35)
Av

Thsty; = A—U? (7.36)

Variations of Tpg,, and Tpg,, with modulation frequency (f,,) are illustrated in
Figure 7.6 together with the flicker transfer coefficients established using time do-

main simulation. By using the impedance matrix method, assuming the locked rotor
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0.015

——PSCAD/EMTDC
simulation

—¢ Frequency domain
method

0.01 -

0.005 +

0.1 1 10 100
Modulation frequency, f,, [Hz]

Figure 7.5: Variation of d-axis transfer coefficient with modulation frequency

impedance of the induction motor to be its fixed impedance, Tpy,, and Tpy,, can
be found to be 0.86 and 0.92 respectively. These frequency independent transfer
coefficients are also shown in Figure 7.6.

From the results of Figure 7.6 the following conclusions can be drawn:

1. The results of the frequency domain method agree reasonably well with those
from the time domain simulations indicating the suitability of the frequency

domain analysis for the network under consideration.

2. Similar to the observations in relation to the radial networks, flicker attenuation

gets better with increasing modulation frequency (f,,).

3. In relation to load nodes 2 and 3, as the modulation frequency increases the
transfer coefficients established using frequency domain method and time do-
main method are seen to converge to the fixed transfer coefficients determined
using the impedance matrix method. The convergence takes place at a modu-

lation frequency around 20Hz.
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—— Frequency domain method

—— PSCAD/EMTDC simulation
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Z matrix load
095+ method \
%
—
0.9
0.85 -
Industrial load
0.8 : T . T . ————
0.1 1 10 100
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Figure 7.6: Variation of flicker transfer coefficient with modulation frequency for Case
I together with those established using impedance matrix method

4. The above observation suggests that at modulation frequencies that are below

20Hz (f,, <20Hz), the impedance matrix method gives less accurate results

compared to the frequency domain method.

5. However, at modulation frequencies above 20Hz (f,, >20Hz), the impedance
matrix method provides promising results, implying that detailed modelling of
the network may not be required if the frequency of voltage fluctuations are

relatively high (f,, >20Hz).

Characteristics of flicker transfer and attenuation of flicker in relation to a single
modulation frequency established using frequency domain method may depend on
the network configurations and the characteristics of the aggregate induction motor
loads. Therefore, it is important to assess the frequency domain method in more

complex networks before making rigorous conclusions.
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Case II: A Three Node Meshed Network - One Generator Node

In order to further demonstrate flicker transfer in interconnected networks and to
examine the influence of generator busbars on the level of flicker attenuation at load
nodes, a three node network that consist of a generator bus is considered. The network
configuration has been extracted from the standard IEEE 14 bus system [39, 40]. The
complete network of the IEEE 14 bus system will be investigated in Section 7.3.5.

Nodes 11, 6 and 13 in IEEE 14 bus system are used to represent nodes 1, 2 and
3 in the network under consideration as shown in Figure 7.7.

For the IEEE 14 bus system, the operating voltage is not specified and in the
present work it is assumed to be 33kV. Similar to Case I, node 1 is assumed to be the
busbar where the fluctuating load is connected. Node 3 is classified as a load busbar
where either a passive load or induction motor load is connected, of which further

details are given below:

e Motor load: One aggregated motor load, representing a total motor load of
35 x 500hp, 2.3kV, 50Hz induction motors is used. This amounts to a to-
tal P=13.5kW, and Q=5.8kVAr (lagging) at rated speed of the motors. The
method discussed in Appendix E is used to aggregate the individual motors.
The electrical and mechanical parameters of the aggregated motor load are

given in Appendix F.

e Passive load: Constant impedance type (series connected R-L type) load which

is equivalent to P=13.5kW and Q=5.8kVAr is used.

Node 2 is a generator node where a 33kV, b50Hz source with subtransient reactance
of 0.12 pu is used as prescribed in the network data of the 14 bus system [39, 40].
As described in Case I, the proposed frequency domain method of analysis is used

to calculate the flicker transfer coefficients from node 1 to the other two nodes. Fig-
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0.095+j0.1 pu

0.067+j0.1 pu

v/

1+j0.
Disturbing load 0-1+j0.15 pu

3

(

Motor/passive
Load

Fluctuating source

Figure 7.7: A simple three node interconnected network consisting of a generator
node (derived from IEEE 14 bus system)

ure 7.8 shows the variation of the transfer coefficients with modulation frequency (f,,),
established using the frequency domain method and time domain method (PSCAD/
EMTDC). In addition to the results from frequency and time domain approaches,
flicker transfer coefficients calculated using the impedance matrix method [19] using
the locked rotor impedance of the aggregate motor are also shown.

The following conclusions can be derived from the results shown in Figure 7.8:

1. Results from the proposed frequency domain method agree well with those from

the time domain method.

2. Less flicker level at node 2 compared to node 3 (Tpst,, < Tpst,,) sSuggests that the

contribution of the generator to compensate voltage fluctuations is substantial.

3. As already found in Case I, better flicker attenuation can be seen for higher

modulation frequencies.
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Figure 7.8: Variation of flicker transfer coefficient with modulation frequency for Case
IT

4. For an induction motor load at node 3, impedance matrix method gives a flicker
transfer coefficient which is less than flicker transfer coefficients established using
time domain and frequency domain methods. The difference between the results
from the impedance matrix method and the frequency domain method (E) can

be calculated using (7.37):

Ts—re _Ts—
E:(Ptfq Ptz)xmo% (7.37)

Tps—z
where, Tps— 7z and Tpgi— fr¢q are the flicker transfer coefficients established using
impedance matrix method and the frequency domain method respectively. The
results obtained using (7.37) are shown in Figure 7.9 which demonstrate that
the difference becomes significant at low modulation frequencies (f,,), where a

maximum difference of approximately 25% is evident at f,, = 0.5Hz.
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Figure 7.9: Difference between the Tpy values established using impedance matrix
method and frequency domain method for the network shown in Figure 7.8

Case III: IEEE 14 bus network [39, 40]

The third interconnected network used for investigations is the IEEE 14 bus system of
which the single line diagram is shown in Figure 7.10 [39, 40]. The network consists
of five synchronous machines, three of which are synchronous condensers. There
are 11 load busbars comprising a total load of P=259MW and Q=81.3MVAr. The
network data relevant the synchronous machines, loads, transmission lines are given
in Appendix G [39, 40].

Magnitudes and angles of the bus voltages given in Table 7.1 were determined
using load flow study carried out using Power World Simulator [40].

The load at node 11 is assumed to be the source of voltage fluctuations, and the
load at node 13 is considered to be an industrial load containing a significant com-
ponent of induction motor load. As it corresponds to P=13.5MW and Q=5.8MVAr
the aggregated induction motor load used in Case I is employed in this section. All

the other loads are modelled as constant impedance passive loads (series R-L type).
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Table 7.1: Magnitude and angle of bus voltages of IEEE 14 bus system

Node number | Magnitude | Angle
pu degrees
1 1.06 0
2 1.045 -4.9964
3 1.01 -12.7803
4 1.0107 -10.2329
5 1.0149 -8.7265
6 1.07 -15.0475
7 1.049 -13.5233
8 1.09 -13.52
9 1.0329 -15.18
10 1.0319 -15.44
11 1.042 -15.36
12 1.054 -15.88
13 1.047 -15.9
14 1.0208 -16.52
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Transmission lines are modelled as lumped impedances ignoring the line capacitance.

Flicker Transfer Coefficient
\

40

Modulation2o .
frequency \ \ \ \ \ \ \ \ \ \ \ \ \

f [h] ’ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
m[hz

Node number

Figure 7.11: Flicker transfer coefficients of the 14 bus system established using fre-
quency domain method

Figure 7.11 depicts the flicker transfer coefficients from node 11 to other nodes
established using the frequency domain approach. It is clearly evident that due to
the influence of the relatively small generator subtransient reactance, flicker levels at
corresponding nodes have become significantly small compared to the flicker levels at
the nodes that are in the vicinity of the fluctuating load. Low flicker levels can be
identified at nodes 1, 2, 3 and 8. The highest flicker level is seen to appear at node 10
which is one of nodes that is electrically closest to the source of voltage disturbance at
node 11. The variation of Tps with modulation frequency (f,,) is not strongly visible
from Figure 7.11 for any of the nodes. In order to illustrate the frequency dependency
of Tpg, its variation with modulation frequency (f,,) is plotted in Figures 7.12 and

7.13 respectively in relation to two selected nodes:
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(a) node 2: one of the least affected nodes and

(b) node 13: one of the most influential nodes where the induction motor load is

connected.

The corresponding flicker transfer coefficients established using Z-matrix method are
also shown in Figures 7.12 and 7.13. It is clear from these figures that, as the mod-
ulation frequency increases, the flicker transfer coefficient (Tps) established using
frequency domain method decreases at both nodes 2 and 13. However, unlike in Case
I and Case II, frequency dependent T’ps values do not converge to the corresponding

Tps values derived using Z-matrix method.

0.1+

0.04 -

—e— Frequency domain method

0.02 - - = Z-matrix method

Flicker Transfer Coefficient, Tpg;

0 é 1‘0 1‘5 2‘0 2‘5 ?;0 3‘5 4‘0
Modulation frequency f,, [Hz]

Figure 7.12: Variation of flicker transfer coefficient (Tpys;) with modulation frequency
(fm) at node 2

As an alternative means to illustrate the frequency dependency, the net reduction
in flicker (ATpg), at each node including node 13 due to the induction motor load is

determined using (7.38).
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Figure 7.13: Variation of flicker transfer coefficient (Tpy) with modulation frequency
(fm) at node 13

Ts—re _Ts—assive
ATpst:(Ptfq Pst—p )><100% (7.38)

Tpst—passive

where,
Tpsi—freq- flicker transfer coefficient calculated using frequency domain method with
induction motor load at node 13,

T'pst—passive- flicker transfer coefficient calculated using impedance matrix method
It is to be noted that T'pg—pessive determined using the impedance matrix method
assumes node 13 consists of a passive load equivalent to the aggregated induction
motor load in terms of its full load MVA and power factor, and is modelled as a
constant impedance load.

Figure 7.14 illustrates the reduction in flicker at each node for three different
modulation frequencies. It is evident that reduction in the flicker levels is greater at
higher modulation frequencies at every node and is maximum (~22 %) at nodes 1-3,

6, 12 and 13. This suggests that compared to the passive load the induction motor



load at node 13 is seen to help attenuate the flicker levels at remote busbars.
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In order to examine the relative accuracy of Z-matrix method with respect to the

frequency domain method, the discrepancy between the estimated transfer coefficients

using the two methods can be calculated using (7.37) for each node. Figure 7.15 illus-

trates the variation of this error with the node number for three different modulation

frequencies. For f,, =bHz and f,,, =20Hz the error in the Z-matrix method seen to be

relatively small, implying flicker transfer analysis can be performed confidently using

the Z-matrix method. For relatively high modulation frequencies the error becomes

significant and hence detailed examination would be essential to obtain accurate re-

sults. The increase in the error with increasing modulation frequency (f,,) is due to

the divergence of Tpg_ fr¢q values from the constant flicker transfer coefficient derived

using Z-matrix method (Tpg_z). This behaviour is supported by the variations of

Tps with f,, shown in Figures 7.12 and 7.13.
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7.3.6 Multiple Modulation Frequencies - Composite Modulating Sig-

nals

The flicker propagation in the example networks of Section 7.3.5 was examined using a
voltage envelope (modulating signal) consisting of single modulating frequency. This
leads to the hypothesis that the flicker transfer coefficient (Tps) can be determined
using the magnitude of the voltage fluctuation (Av) measured at two locations of
interest as indicated by (3.3). However, practical modulating signals comprise of
a range of frequencies and the dynamic response of an induction motor to such a
signal in relation to total voltage fluctuation can be expected to be quite complex
and hence the application of superposition may not hold true. That is, the voltage
transfer coefficient determined in relation to a particular frequency component that
is present in a composite modulating signal may not be equal to that predicted using
a modulating signal where only that frequency component is present.

In developing a composite test signal which consists of a range of frequencies
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the relative amplitudes and the phase relationships have to be considered. This
offers a range of possibilities in theoretical studies which is beyond the scope of the
present work and hence only a simple analysis is carried out in relation to the network
considered in Case I, employing simple composite modulating signals, where the flicker
attenuation is established using Th, in relation to each frequency component present.
A comparison is however made to examine the validity of superposition with the case
by considering a modulating signal having only one frequency component at a time.

The analysis carried out involved the following process:

e Simulate the behaviour of the network using a composite modulating signal that
comprises of a range of frequency components (between 1Hz and 40Hz with a

separation of 1Hz) of equal magnitudes and equal phase angles.

e Determine the magnitude of each modulation frequency component at the load
busbars (e.g. node 2 and 3) by extracting the corresponding modulating signals

and using spectral analysis.

e Establish the voltage transfer coefficients (Ta,,,) between node 1 (fluctuating
node) and node 2 (load node) for each frequency component present in the com-
posite modulating signal. This was repeated for the case where the modulating
signal consisted of one frequency component at a time having a magnitude and

a phase angle equal to that used in developing the composite modulating signal.

Figure 7.16 shows a comparison of the voltage transfer coefficient (Ta,,,) of the
individual frequency component of the composite modulating signal with that es-
tablished by considering a modulating signal where each frequency component was
present individually. The small difference between the voltage transfer coefficients
established using the two approaches tend to suggest that the superposition seems

to be valid in the present case. However, further theoretical work is required to
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Figure 7.16: Comparison of transfer coefficients of the modulation frequencies in a
composite signal with individual modulation frequencies

investigate this behaviour especially in relation to phase angles of the individual fre-
quency components of a composite modulating signal to reach firm conclusions on

the propagation of composite modulating signals.

7.4 Summary

This chapter presented a methodology, its implementation and analysis of results of
a frequency domain approach that can be used for examination of flicker transfer in
interconnected networks.

Small signal models of induction motors were employed to represent aggregated
motor loads at industrial load busbars. The frequency domain approach was tested
on three different interconnected networks and the results were compared with those
obtained using the impedance matrix method.

Analysis of flicker transfer using the frequency domain approach gives more re-
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alistic results compared to conventional methods of analysis such as the impedance
matrix method. The results of the frequency domain approach agree well with re-
sults from time domain simulations. The results of the three example interconnected
networks have revealed that the frequency domain approach can be used to establish
the flicker transfer coefficient for the entire range of modulation frequencies (0.05Hz-
40Hz) accurately. The range of modulation frequencies over which the two methods
tend to provide similar results may however depend on the network configuration and
the characteristics of the induction motor loads.

Results of the work presented in this chapter tend to suggest that the frequency
domain approach is a more rigorous technique that can be used to examine the flicker
attenuation behaviour when large proportions of induction motor loads exist. How-
ever, the impedance matrix approach provides reasonably valid results when such

detailed studies are not warranted.



Chapter 8

Conclusions and Recommendations

for Further Work

8.1 Conclusions

Through a comprehensive literature review undertaken it was revealed that the ex-
isting knowledge on flicker propagation and the effects of dynamic loads such as
induction motors on flicker attenuation need further detailed research in order to
develop deeper insight.

This thesis has described the development of theoretical approaches that can be
used to investigate the influence of induction motor loads on flicker transfer in radial
and interconnected power systems. The outcomes and findings in general will en-
hance the understanding on flicker propagation and attenuation and will be useful in
developing an insight into the dynamics of induction motors in relation to attenuation
of flicker.

Preliminary investigations on flicker propagation were carried out using time
domain simulations of radial networks and measured waveform data from a sub-

transmission network. The general behaviour of flicker transfer from one voltage level
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to another in the network and the influence of induction motor loads on attenuation
of flicker were examined. In relation to the sub-transmission network considered,
spectral analysis was used to establish hypothetical transfer coefficients for voltage
fluctuations over a range of frequencies. Simulation results indicated that propagation
of voltage fluctuations in a radial network from upstream to downstream is dependent
on the downstream load composition.

One of the main objectives of this thesis was to investigate the dynamic response of
stand-alone induction motors subjected to regular fluctuations in the supply voltage.
This was accomplished through the development of small signal models of induction
motors describing their mechanical and electrical response to fluctuations in the sup-
ply voltage. Investigations were carried out in relation to two types of sinusoidal
voltage fluctuations in the supply voltage where (a) a positive or negative sequence
sub-synchronous or super-synchronous frequency component is superimposed on the
mains voltage and (b) mains voltage is sinusoidally amplitude modulated. In addition
to the small signal models, a d-q domain based large signal model was implemented
in MATLAB/Simulink in order to verify the small signal behaviour.

In relation to case (a) above, a positive sequence sub-synchronous or super-
synchronous frequency component was found to be much more influential than a neg-
ative sequence sub-synchronous or super-synchronous frequency component of same
magnitude. It has been found that a positive sequence frequency component gives
rise to pulsations in the electromagnetic torque and hence in the rotor speed. Mag-
nitude of the rotor speed oscillations was found to be very much dependent on the
superimposed frequency and other parameters of the motor such as X/R ratio and
inertia of the combined rotor and the load. At full load, the 2250hp, 2.3kV, 60Hz
motor exhibited a maximum rotor speed oscillation of 0.65% of its steady state speed

when the supply is sinusoidally amplitude modulated to a depth of 5%. Although the
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amplitude of the speed fluctuation is relatively small, it has a strong influence on the
variation of stator current over the frequency range of 20Hz-100Hz.

The models revealed that the rotating air gap mmf components of different mag-
nitudes arising from a superimposed frequency component on the stator and the
resultant rotor speed oscillations, tend to generate additional emf components on
the rotor that would reflect back onto the stator. Hence, the spectrum of the stator
current exhibits extra side bands in addition to the mains frequency and the superim-
posed sub-synchronous or super-synchronous frequency component. This concept of
multiple armature reaction was examined in induction motors of various ratings and
was found to be relatively significant for large machines for superimposed frequencies
closer to the mains frequency. A good correlation was noted between the variation
in the magnitude of the extra side band stator currents and the magnitude of the
speed oscillations. When the largest machine (2250hp) exhibited a maximum speed
fluctuation of 0.65%, the corresponding magnitude of the most dominant extra side
band current was approximately 15% of full load current of the motor.

In case (b) above in relation to the amplitude modulation where there are two
superimposed positive sequence frequency components, one at a sub-synchronous fre-
quency (fy— fm) and the other at a super-synchronous frequency (f,+ f.n), magnitude
of each side band current (at either f, — f,, or f, + fn) is governed by the response
of the motor to both superimposed frequency components f, — f,, and f, + f,,. This
interdependency which is caused by multiple armature reaction becomes prominent
for relatively low modulation frequencies (f,, << f;). Therefore, it can be concluded
that the principle of superposition commonly used for analysis of induction motors
would not be valid for superimposed positive sequence frequencies that are in the
vicinity of the mains frequency. However, in relation to a superimposed negative se-

quence frequency component, motors respond in a static manner over the frequency
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range of interest, accordingly the principle of superposition holds valid.

The small signal analsyis was extended to develop a systematic approach that can
be used to examine the flicker propagation from a higher voltage level (upstream) to a
lower voltage level (downstream) in a radial network. The influence of the induction
motor loads on the flicker transfer coefficient was determined for voltage fluctua-
tions arising from sinusoidal amplitude modulation. As the first step, propagation
of voltage side bands was investigated by establishing voltage transfer coefficients
corresponding to side band frequencies. Attenuation of voltage side bands was cor-
related with the attenuation of the voltage envelope, which in turn determines the
flicker transfer coefficient. Modulation frequencies between 0.05Hz and 40Hz were
investigated covering the perceptible flicker frequency range. Although small signal
modelling neglects the secondary effects arising as a result of the multiple armature
reaction (i.e. it accounts only for the first additional side band current) the error asso-
ciated with the models did not exceed 0.5% when compared with the results from the
large signal models. The analysis clearly demonstrated that induction motor loads
are capable of attenuating most of the modulation frequencies at downstream over the
range of frequencies of interest. As the modulation frequency increases flicker transfer
coefficient decreases, implying better attenuation of the high modulation frequencies
compared to those at relatively low modulation frequencies.

Based on the analysis of motors with different ratings, significant differences in
flicker attenuation were identified with large motors compared to small motors at low
modulation frequencies. Further, flicker transfer coefficients exhibited a negligible
dependance on the modulation depth. Although large voltage excursions can swing
the operating point of the iron towards saturation, in practice it is very unlikely
that voltage fluctuations could shift the operating point beyond the knee point of

the magnetic saturation curve. In contrast to motor loads, passive loads exhibited a
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near unity flicker transfer coefficient over the range of flicker frequencies of interest.
On the whole it can be stated that the level of flicker attenuation from upstream
to downstream in radial networks is significantly governed by the downstream load
composition.

An effective sub-synchronous or super-synchronous impedance of induction motors
was defined with the intention of generalising the characteristics of flicker attenuation
caused by motor loads in relation to sinusoidal voltage fluctuations. The definition
of an effective impedance is reliant on the type of the voltage fluctuation. This is
mainly due to the nature of the overall current response caused by multiple armature
reaction. In contrast to the dynamic impedance of an induction motor which is
usually defined at mains frequency, the above effective impedances were evaluated at
the individual frequency of each voltage perturbation. It was found that the relatively
small effective impedance offered by the motor for most of the frequencies enables
the motor to attenuate the corresponding frequency perturbations, leading to overall
attenuation of flicker. The effective impedance corresponding to frequencies that are
in the vicinity of fundamental frequency was found to be relatively large compared
to the full load steady state impedance and could be inductive or capacitive. Voltage
perturbations at such frequencies will be magnified at the downstream leading to a
flicker transfer coefficient slightly above unity (Tps > 1).

Small signal models of motors were used to examine the sensitivity of flicker trans-
fer to magnitude and angle of line impedance (of the radial network) where the results
suggested that larger inductive impedances help attenuate flicker, indicating that the
line impedances will also play a vital part.

Based on the overall results from the theoretical findings in relation to radial
systems, it can be stated that small signal analysis of induction motors is a con-

structive and reliable tool for flicker transfer studies compared to the conventional
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dynamic induction motor models. The former facilitates examination of both regu-
lar and irregular flicker scenarios and allows detailed examination of interdependent
characteristics of motor dynamics such as multiple armature reaction and voltage
magnification of low modulation frequencies.

In relation to radial systems, some of the characteristics set forth using the the-
oretical work were supported through laboratory experiments. The test rig used for
the experiments replicated a radial network of which the downstream consists of an
induction motor and a passive load that can be switched in and out independently.
Propagation of flicker generated from sinusoidal amplitude modulation was examined
using synchronous flicker measurements and analyses of real time waveforms. Due
to the experimental limitations, very low modulation frequencies could not be estab-
lished. In relation to the 3hp motor used in the experimental set-up, characteristics of
flicker transfer determined from the experiments were in close agreement with those
established using theoretical modelling. As predicted, better flicker attenuation was
observed at higher modulation frequencies while voltage magnification was evident at
relatively low modulation frequencies.

The modelling work was extended to cover propagation of flicker in interconnected
networks. A frequency domain method was developed which allows establishment of
transfer coefficients of voltage perturbations. Compared to the conventional methods,
the proposed method employs a more realistic and rigorous representation of induction
motors and hence the influence of load dynamics on flicker attenuation is incorporated
in deriving the flicker transfer coefficient. This approach can be considered as an
extension to the impedance matrix method proposed by Renner and Sakulin [19]. As
in the case of radial networks, flicker due to sinusoidal fluctuations in supply voltage
was examined.

Implementation of the proposed method in interconnected test networks revealed
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that frequency domain analysis is capable of evaluating outputs that are comparable
with the results from time domain analysis. The validity of the impedance ma-
trix method where the induction motors are represented by corresponding dynamic
impedances was investigated. It was found that impedance matrix method is less
accurate compared to frequency domain method at relatively low modulation fre-
quencies where the dynamic response of a motor becomes significantly frequency de-
pendent. In general, the range of modulation frequencies over which the two methods
tend to agree has been seen to depend on the network configuration and the char-
acteristics of the induction motor loads. This suggests that, frequency dependency
of flicker transfer can be ignored and hence approximate methods such as impedance
matrix method has merit where approximate results are acceptable. However, use of
the frequency domain analysis helps understand the propagation of voltage fluctua-
tions of variable modulation frequencies and the influence of loads on attenuation of
flicker in a more systematic manner.

In order to cater for groups of induction motors connected to load busbars, a
method to aggregate the motor loads was developed. In the proposed method the
individual motors are aggregated into one or more machines of which the electrical
and mechanical parameters are determined using the steady state equivalent circuits
and the dynamic characteristics of the electromagnetic torque and rotor speed. The
proposed method has been tested under steady state and fluctuating supply conditions
for different groups of motors and good correlation was noted between the results from

the aggregated motor(s) and the cluster of individual motors.

8.2 Recommendations for Further Work

The work presented in this thesis was primarily focused on the development of deeper

theoretical knowledge on the influence of induction motor loads on attenuating flicker.
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In this regard, only regular voltage fluctuations were considered. However, in practical
situations the modulating signal consists of various flicker (modulation) frequencies
of which the magnitude and phase angles are constantly varying with time. Hence, it
would be imperative to investigate the combined effect of multiple modulation (flicker)
frequencies on the net reduction in the magnitude of voltage envelope. Some prelim-
inary theoretical work has been carried out in Section 7.3.6 of Chapter 7 where the
modulating signal consisting of multiple modulation frequencies of identical magni-
tudes and phase angles. Results revealed that each modulation frequency component
attenuates to an extent which is similar to the case as if it was the only modulating
frequency component. Nevertheless, when the phase angles of modulation frequency
components are different, superposition principle may not be valid due to phase can-
cellations or addition. Hence, further work needs to be undertaken to examine the
flicker attenuation associated with composite modulating signals.

For the work covered in this thesis, the loads are mainly classified into two groups:
(a) industrial loads represented by induction motors and (b) residential loads repre-
sented by passive loads. Such a representation was used to establish a better under-
standing on influence of induction motors in comparison to passive loads. Typical
power system load busbars supply composite loads which are usually represented by
aggregate composite load models. The relationships between the flicker levels and
the busbar load compositions and related aspects, such as frequency dependency of
flicker, can be examined with the use of aggregate load models applicable for flicker
studies. In this regard, modern loads comprising power electronic converters, variable
speed drives and lighting loads need to be considered. Hence, development of suitable
load models that can be used in flicker studies would be another potential research

area which could be considered as an extension to the work presented in this thesis.
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Appendix A

Major Building Blocks of the
Simulink based d-q domain

Induction Motor
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Figure A.1: Conversion of three phase voltages from a-b-c domain to d-q domain
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negative sequence frequency component



Appendix B

Discussion on the Positive and

Negative Damping

Positive and Negative Damping

A qualitative discussion on the manner in which the magnitude of the speed fluc-
tuation varies over the range of superimposed frequencies can be developed using
Figure B.1 (Figure 4.2) in conjunction with Figures B.2 and B.3 (Figures 4.5 and
4.6). In relation to the two latter figures a stator current component at f, — f,,, will
provide negative damping and that at f, + f,, will provide positive damping to the
speed oscillations and at all times the magnitude of the speed oscillations will be
curtailed by the net damping available. With reference to a particular injected fre-
quency, the corresponding magnitude of the stator side band current will be governed
by the effective impedance, whereas the magnitude of the extra side band current
will be governed by both the effective impedance and the level induced voltage which
is determined by the magnitude of the speed oscillations. Thus, the speed oscilla-
tions and the stator currents, especially the extra side band current can be said to be

interdependent.
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Figure B.1: Rotor speed fluctuation of the 2250hp motor with superimposed frequency
established using small and large signal analyses
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Figure B.2: Variation of stator current side bands for a superimposed lower side band
for 2250hp motor: f; = fo — fim
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Figure B.3: Variation of stator current side bands for upper side band injection,
2250hp motor: f; = fy + fin

Considering the case of lower side band injection, at injected frequencies close
to 60Hz, the frequency and the magnitude of speed oscillation and the correspond-
ing lower and upper side band stator currents are relatively small. As the injected
frequency is reduced below 60Hz, the corresponding current will increase which is
a process essentially governed by the decreasing effective impedance. This current
leads to an increasing upper side band induced voltage resulting an increasing upper
side band current. Increasing negative damping provided by the lower side band and
increasing positive damping provided by the upper side band would lead to speed os-
cillations with a local maximum at 53Hz as evident from Figure B.1. As the injected
frequency is further reduced below 53Hz, the lower side band current continues to in-
crease as a result of the decreasing effective impedance whereas the upper side band
current starts to decrease above 67Hz as a result of increasing frequency and reducing
induced voltage. Despite the decreasing positive damping provided by the upper side
band current in this frequency range (67Hz - 100Hz), the speed oscillations continue

to exist well below 53Hz implying that the increasing negative damping provided by
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the lower side band current is dominating the net damping.

Considering the case of upper side band injection, closer to 60Hz the upper side
band current is seen to increase as a result of the dominating but decreasing positive
effective rotor resistance. The corresponding lower side band current magnitude will
be governed by the effective impedance at lower frequencies and will continue to
provide negative damping. It is seen that the net damping provides a local maxima
at an injected frequency of 67Hz. As the injected frequency is further increased
beyond 67Hz, both the positive and negative damping are seen to decrease causing the
speed oscillations to decrease. It is seen that the lower side band current approaches

negligible levels as the speed oscillations diminish.



Appendix C

Theory of Induced EMF

Components

C.1 Per Phase Equivalent Circuit of an Induction Motor

' X1 rols X2
W W
Va Xm I’c El E2
al

Figure C.1: Per phase equivalent circuit of an induction motor

The per phase equivalent circuit of a three phase motor used to derive the con-
ventional equivalent circuit is illustrated in Figure C.1 where F; and E5 are induced
emfs in stator and rotor due to an air gap mmf that revolves at a fixed frequency

where,
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r;  stator resistance

r1 stator leakage reactance

r9  rotor resistance

ro rotor leakage reactance

r.  core loss resistance

Ty, agnetising reactance

a stator /rotor turns ratio

V., rms line-to-neutral voltage of phase A

S slip

Induced voltage in the rotor (Es) can be written as:

E2 = éSEl (Cl)

where s is the slip of the motor. For a constant sinusoidal supply, the slip (s) will be

constant at steady state.

C.2 Superimposed Upper Side Band (Super-synchronous)
Frequency Component (f; = f, + f,,) and Fluctuations
in Rotor Speed

In relation to a fluctuating supply, where a positive sequence super-synchronous fre-

quency component (f; = f, + fm) is superimposed on the mains frequency (f3),

line-to-neutral voltage of phase A can be expressed as:

va(t) =V, coswpt + V;y, cos(wy + wi )t (C.2)

where,

Wy = 27be (CS)
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Wy + Wi =27 (fo + fm) (C.4)
Noting that the rotor speed (w,) is pulsating at difference frequency w,, (i.e. corre-
sponding to f; — f;), rotor speed can be expressed as:

Wy = Wyo + Aw cos(wpnt + dm) (C.5)

where
wro = steady state rotor speed in electrical [rad/s],

Aw = amplitude of the speed fluctuations [rad/s]

Frequencies of the induced emf components on the stator and rotor due to fre-

quency components f;, and f;, + f,,, are described in Sections C.3 and C.4.

C.3 Induced emf Components due to Fundamental Frequency

(wp = 27 f;) in Stator
For fundamental frequency (f3),
Ey = Vp cos(wpt + @) (C.6)
where V), is the amplitude of £},

E, can be derived using (C.1):

1

Wy — W
Ey = J

(

a Wy

) V1 cos(wpt + @) (C.7)
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Using (C.5) and (C.7):

1 Aw
E, = 550‘/};1 cos(wyt +¢p) —

2o cos((wWp+wpm )t +Gp+ Om) +cos((wp — Wi, ) +dp — ¢m)]

(C.8)

where, s, is the steady state slip of the motor.

C.4 Induced emf Components due to Super-synchronous Fre-

quency, wy + wy, = 27(f, + fm) in Stator

The stator induced emf corresponding to the air gap mmf revolving at wy, + w,, is:
E} = Vi cos((wp + wm)t + ¢o) (C.9)

where, V,,,; is the amplitude of FJ.

Corresponding rotor induced emf, E} is:

Vi1 cos((wp + wim )t + ¢2) (C.10)

Using (C.5) and (C.10) it can be shown that:

1
By = — 5,V cos{(@w, + 2w )t + 6] —
ALV
AV _ 11
2a(wp + W) cos[(wp + wm )t + P2 + G + coswpt + P2 — Py (C.11)

where,

S, _wb+wm_wro
Wy + Wi,

(C.12)

Equations (C.8) and (C.11) reveal that the combined effect of the rotor speed oscilla-

tions and the superimposed frequency component (wp 4 w,,) has resulted in two extra
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emf components at angular frequencies wy —w,,, and 2w, +w,,. Table C.1 gives the list
of the dominant set of frequency components that can be found in rotor and stator
for a superimposed super-synchronous frequency component.

Table C.1: Frequency components of emf components in rotor and stator caused by

rotor speed oscillation at angular speed of w,, = 27 f,,, and a superimposed positive
sequence frequency component (2wy, + wy,); * extra side band frequencies

Stator applied frequency | Rotor frequency | Stator frequency
Jo (fo = fm) = 1 Jo—fm*
(base frequency) fo—fi o
(fb+fm)_fr fb+fm
fb + fm fb - fr fb
(upper side band) (fo+ fm) — [+ fo+ fm
(fo +2fm) — fr Jo+2fm”

Table C.1 indicates that an air gap mmf revolving at f; caused by the stator
terminal voltage combines with oscillations in rotor speed leading to two dominant
emf components corresponding to frequencies f; + f,, and f; — f,, in the stator.
Consequently, these dominant emf components would interact with the rotor, which
is oscillating at f,,, to produce further stator emf components of which the frequencies
are f,, apart in the spectrum as illustrated in Figure C.2. Thus, it can be stated that
in general that for a superimposed positive sequence super-synchronous frequency
component (upper side band f; = f, + fn), extra frequency components will be
induced on the stator at f, — f,, and f, & 2j f,,,, where j is integer (1, 2, 3, etc.).

A

+fTT IT?+
RN

fb'fm fb"'fn

Figure C.2: Spectrum of the stator induced emf components



168

Comparison of various frequency components given by (C.8) and (C.11) suggests
that the emf component at frequency (f, — f,,) has the largest magnitude which in
fact depends on the amplitude of the rotor speed oscillations. Therefore, larger the
rotor speed oscillations, larger would be the magnitude of the extra emf component
that is closest to the mains frequency (f3).

In a similar manner, for a superimposed positive sequence sub-synchronous fre-
quency (lower side band f, — f,), extra frequency components will be induced in the
stator at f, + f,, and f, £+ 2jf,, After examining the major emf components, it can
be shown that f, + f,, has the largest magnitude among the other extra frequency

components.



Appendix D

Derivation of G{(s) and G(s) for

the 2250hp Squirrel Cage

Induction Motor

The ratings and parameters of the 2.3kV/2250hp induction motor are given in Ta-

ble 4.1 in Chapter 4.

Matrices A, B and C' are as follows:

—24.3913 —376.9911  23.9766
376.9911  —24.3913 0

A= 18.0956 0 —18.4349

0 18.0956  2.9405

4.8634 0.7564  —5.0778

169

0 0
23.9766 0
—2.9405 357.6138
—18.4349 55.6439

0.0190

—1.3712

(D.1)



B=3769911x |0 0 1 0

7035 0 —6.9137 0 0
0 7.035 0 —6.9137 0

Substituting A, B and C in (4.35), along with G defined by (4.30),

_ Aiqs . kl (84 —+ CL353 —+ CL282 + a8 + ao)

G (s) = —
1(8) AUS s° + b484 + ng3 + b282 + b18 + b()

where,
k1 = 2651.57 by = 87.02336
s = 44.845 by = 1.4593 x 107
as = 213.26 by = 5.5177 x 10°
a; = —7.733 x 10* b, = 3.1567 x 108
ap = —1.777 x 106 by = 4.7028 x 10°
Gals) = Aigs _ ko(s3 + 8% + c15 + )
Avgy 85+ byst + bys3 + bes? + bys + by
where,

ks = 9.9962 x 10
cr = 19.607
¢ = 1805.72
co = —1.230 x 103
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(D.3)

(D.5)



Appendix E

Aggregation of Induction Motors

for Flicker Studies

E.1 Introduction

The literature suggests [41, 42] that aggregation of induction motor loads for dynamic
performance studies can be carried out using various methods. Most of the existing
methods that have been developed are intended for investigations in relation to power
system stability studies where the duration of the investigation is of a few milliseconds,
where one or more aggregate motors are used to represent the total motor load at
load busbars.

In [41], the third order induction motor model commonly used for transient sta-
bility studies to model the equivalent aggregate motor. Weighted average method
is used to derive electrical and mechanical parameters of the aggregate machine in-
cluding transient reactance (X'), rotor open circuit time constant (7,), and inertia
constant (H ).

In [43], an aggregate induction motor based on the conventional steady state

equivalent circuit and the steady state operation is presented. Condition to be satis-
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fied is power invariance. Representation of a composite load of induction motors and
passive loads which are interconnected in an arbitrary network by a single equivalent
motor and a single passive load is discussed in [44]. A method based on weighted
averages of machine parameters is used in [45] where the assumptions made in de-
riving equivalent circuit are valid for when the individual motors are at stand still.
Refined methods of motor aggregation are described in [42, 46]. In [42], the steady
state equivalent circuit of the aggregate machine is identified using locked-rotor and
no-load conditions of individual motors.

Although it would be possible to use one of the methods stated above to aggregate
the induction motors in relation to flicker studies, a simple yet reasonably accurate
method is presented in this appendix. The proposed method is based on the steady
state equivalent circuit and was employed in Chapter 7 in aggregating motor loads in
small signal analysis. Determination of electrical and mechanical parameters and the
steps involved in the development of the proposed aggregate machine are given for a

case where only two individual machines are considered.

E.2 A Method based on Steady State Equivalent Circuit

Theory

E.2.1 Determination of Electrical Parameters

Conventional per phase equivalent circuit of a three phase induction motor (called
first induction motor) is shown in Figure E.1, where 711, Z15 and Z;3 represent stator
impedance, rotor impedance and the magnetising impedance (ignoring the core losses)
give by:

11 =71+ JjTa (E.1)

Loy =11+ JTr (E.2)
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L Zn Zn L Zy Zn R,
| p— | — Ry 1 —
| IS | IS _ | IS
Zn V, /s Zzn
N N N
N
@ (b)

Figure E.1: Per phase equivalent circuits of the first induction motor (T-model)
Zgl = jxml (EB)

For a squirrel cage induction motor Figure E.1(a) can be redrawn as illustrated in
Figure E.1(b) where the rotor is short circuited. The impedances in stator, rotor
and magnatising branches of Figure E.1(a) can be converted into three impedances

connected in delta form (II-model) as shown in Figure E.2.

L ZAl

1
| IS

Z|31|:| Zcq

Figure E.2: Per phase equivalent circuit of the first induction motor (II-model)

Impedances in Figure E.2 are determined as:

112y + Lo Zsy + L1 Zn

7. E.4

Al 231 ( )

g _ PuZat Z2ZIZ31 + Z31Zn (E.5)
21

Zor — Z1Zo1 + 2221231 + Z31211 (E.6)
11

The effective impedance of the motor looking into the stator from its terminals
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L Zp1 L Zpo
I R1 ~ 3 R2
Zp1 Zcq Zgp Zco
N N
@ (b)

Figure E.3: Equivalent circuits of the both motors

(Zpn) can be derived from the circuit in Figure E.2 by setting Z¢ to zero as below:

2
|:Z11221+Z21Z31+Z31Z11]

Zin=Zn/|Zp = Tt
|:Z11221+Z21231+Z31211i| 4 |:Z11Z21+Z21Z31+Z31Z11]
Z31 ZQI
which is equal to:
Zin = Zn + [Zo1] | Z31] (E.7)

Similarly, impedance branches of the second motor can be transformed into its
equivalent delta impedances as described using (E.8)-(E.10) and illustrated in Fig-

ure E.3(b):

L9 2o + Lo L3y + Lz Zyo

S 2 (E.8)
32

Z s — L1999 + ZQZQZ32 + Z32212 (Eg)
22

G — Dr2Znt 2222232 + Z32202 (E.10)
12

For the two motors noting that nodes R; and Ry will be at same potential,
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ZB ZC 23
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Figure E.4: Hypothetical equivalent circuit of the aggregate machine

Zar, Zaz, Zp1, L2, Zco1 and Zeg can be combined as described by (E.11)-(E.13).

Za=Za]]Zas (E.11)
Zp =Zp1//Zpa (E.12)
Zo = Zer/ [ Zen (E.13)

Figure E.4 depicts the equivalent circuit of the aggregate machine deduced using
(E.11)-(E.13). Stator, rotor and magnatising impedances (Z;, Zy and Zs) of the
aggregate machine can be derived by transforming 74, Zp and Z¢ into equivalent

star connected impedances as given by: (E.14)-(E.16).

Zalp

— E.14

Y 2 2+ Ze (E.14)
LaZc

7 E.15

2T Zu+Zp+ Zo (E.15)
ZpZe

g = E.16

ST a4+ Zp+ Zo (E-16)

Z1, Zy and Zs can be described as per (E.17)-(E.18). The operating slip (s) of the

aggregate motor is embedded in (E.18).
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Figure E.5: Steady state equivalent circuit of the aggregate motor

Zy =715+ js (E.17)
Ty )
Zy=—~+ja, (E.18)
s
Ty = jm (E.19)

The steady state equivalent circuit of the aggregate motor is shown in Figure E.5.

E.2.2  Determination of Steady State Slip

The steady state slip of the aggregate machine is determined using the equivalence
of the output power of the two individual machines and the aggregate machine as

described below.

1—s

Pout =3 R,|I? (E.20)
(=)

[:@[ JTm }
" Z jag + (= 4 )

(E.21)
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where

Z = (ro+je) + (jen/ /(7 + ja,)) (B:22)

Ideally the total output power of the two individual motors (Ppu1 and Ppus)

should be equivalent to the output power of the aggregate machine (Pyi—agq)-
Pout—agg - Poutl + Pout2 (E23)

From (E.20), (E.21) and (E.23),

‘/ph > ]ajm 2
T's +]$5)+(]$m//(%’ +jx,)) jzm“’(rf + jx,)

Pout—agg = ( = Poutl + Pout2
(E.24)
By solving (E.24) unknown s, the operating slip of the aggregate motor can be

calculated.

E.2.3 Determination of Inertia

Inertia of the aggregated motor is determined using the principle of kinetic energy

conservation as described by (E.25).

Z Jiwiz

2
Wagg

(E.25)

Jagg =

where J; and w; are inertia of motor ¢ respectively.

E.2.4 Determination of Load Torque Characteristics

Speed-torque characteristics of the effective load of the aggregate motor can be de-
termined using the following procedure, which takes the torque-speed characteristics

of the individual machines into account.
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. Simulate the individual machines using a suitable time domain analysis software

(such as PSCAD/EMTDC or Simulink).

. For each motor, find the electromagnetic torque (T.), the load torque (77,) and
the rotor speed (w;) for the time instance (¢;) while machine is accelerating to
steady state. These parameters (7., Ty, and w;) quantifies the output electro-
magnetic power of the individual machines for the time instance considered as
described below.

Poutl—tl = Telwl (E26)
Pouta—t1 = Teows (E.27)

In (E.26) and (E.27) subscripts 1 and 2 denote induction motor-1 and 2 respec-

tively.

. The total output electromagnetic power of the two machines is determined using

the corresponding power outputs of the individual machines as per:

Poutftotal - Poutlftl + Pout17t2 (E28)

. Using (E.28) and (E.20), determine the slip at ¢ = ¢; and hence rotor speed of

the aggregate machine.

. Power required by the mechanical load of each motor given by (E.29) and (E.30)

are used to determine the power required by the aggregate motor as per (E.31).

PLl = TL1w1 (E29)

PL2 = TLQCUQ (E?)O)
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Pr_agg = Pr1 + Pro (E.31)

E.2.5 Criterion for Aggregation of Individual Motors

Literature suggests that it is not possible to represent all individual motors by a single
equivalent aggregate motor [41, 46]. This is due to diversity in dynamic characteristics
of motors of various ratings. It has been noted that the open circuit rotor time
constant (7)) and inertia constant (H) are the key parameters that influence the
dynamic behaviour of an induction motor. In this regard [41] suggests that the
criterion for aggregating the various machines into a single machine is possible for a
group of machines that fulfill:
1

H > 5 y (E.32)
The above criterion is employed in deciding on the motors to be aggregated for

the work covered in Section E.3 where two examples are illustrated in detail.

E.3 Implementation

E.3.1 Case I: Aggregation of two induction motors

Table E.1 gives the ratings and parameters of two low voltage induction motors that
are used by Kataoka in [42] for aggregation. Those two motors are aggregated into a
single equivalent motor using the method proposed in this appendix.

Table E.2 gives a comparison of the estimated per phase equivalent circuit param-
eters and the inertia of the aggregate motor using the proposed method and those
determined using method described in [42]. The results of Table E.2 indicate that the

proposed method has produced results that are compatible with the method in [42].
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Table E.1: Ratings and parameters of individual motors: Case I

Ratings/ motor-1 | motor-2
Parameters

Output power, P [kW] 3.7 2.2
Voltage, V [V] 380 200
Frequency, f [Hz| 50 50
Pole pair number, p 3 2
stator resistance, r; 1.4002 0.825 Q
rotor resistance, r, 2.00Q2 0.6122

stator leakage inductance, Ly | 5.77mH | 3.15mH
rotor leakage inductance, L, | 6.41mH | 3.15mH
magnetising inductance, L,, | 217.0mH | 94.0mH
slip, s 0.03 0.02
Inertia constant, H 1.23 0.509

Figure E.6 depicts the electromagnetic torque (7¢) and the load torque (77,) char-

acteristics predicted using the aggregated motor.

E.3.2 Case II: Aggregation of Group of Induction Motors

Table E.3 gives the ratings and parameters of thirteen 415V, 50Hz induction motors,
the second set of test motors used.

Table E.4 gives the per phase equivalent circuit parameters of the aggregated
motor that represents the total induction motor load of 13 motors. Table E.5 gives
the input real and reactive power and power factor of the aggregated motor compared
with those obtained with the thirteen motors operating as individual motors where a
good agreement is seen.

The response of the aggregated motor to sudden and regular changes of the supply
voltage was examined. Figure E.7 shows the response of active power (P) and reac-

tive power (Q) of aggregate motor and the total motor load to a reduction of 0.2pu
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Table E.2: Electrical and mechanical parameters of the aggregate motor established
using the proposed method and Kataoka’s method: Case I - aggregation of two low
voltage machines

120 -

100 -

Torque [Nm]

40

20 A

80 -

60 -

Parameter | Kataoka’s method | Proposed method

T's 0.972Q2 0.969 €2

- 1.0912 1.089202

L, 3.85mH 3.86mH

L, 4.11mH 4.095mH
Ly, 132.0mH 132.37TmH

s 0.0263 0.0262

J 0.459 0.5258

TL_agg = 1E-05w? - 0.0024w + 0.1259

v

-

100 300 500 700 900 1100 1300 1500
Speed [rpm]

Figure E.6: Electromagnetic torque (7;) and load torque (77,,,) characteristics of the
aggregate induction motor



Table E.3: Ratings and parameters of individual motors: Case II
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Motor | Output Power [hp|, | Rated current, | Power factor, | Efficiency, | Inertia

Identity | pole pair number Liatea [A] pf n J, [kgm?]
1 150hp 6p 205 0.8 0.93 4.5366
2 125hp 6p 165 0.84 0.927 3.273
3 100hp 6p 132 0.84 0.924 2.8469
4 75 hp 6p 100 0.83 0.921 2.4809
5 60hp 6p 80 0.85 0.917 2.2065
6 200hp 4p 250 0.87 0.94 3.2898
7 175hp 4p 215 0.89 0.938 3.2898
8 150hp 4p 200 0.84 0.935 2.5491
9 125hp 4p 162 0.85 0.93 2.1882
10 100hp 4p 130 0.87 0.928 1.8143
11 75hp 4p 96 0.86 0.925 0.9303
12 60hp 4p 78 0.88 0.92 0.7717
13 50hp 4p 65 0.87 0.915 0.6631

Table E.4: Electrical and mechanical parameters of aggregate motor

Parameter Value
T 0.0045 ©
Ty 0.00402
Ts 0.0064 €2
Ty 0.0091 €2
Tm 0.3622
0.02751
J 22.284 kgm?
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Table E.5: Comparison of the input power of aggregate machine and the group of
individual machines at full load steady state operation

Parameter Combination of Aggregate Error
individual motors motor [ =EE—em yivariable;)]

Real power, P 1.0899 MW 1.0696 MW 1.9%

Reactive power, Q 0.5283 MVAr 0.5393 MVAr 2.052%

Power factor 0.9048 0.891 1.55%

in supply voltage. The transient variations and recovery of P and Q of the aggre-
gate motor indicate that the aggregate motor is capable of replicating the dynamic

characteristics of the total motor load with a reasonable accuracy.

Main : Graphs

- - - -
200- P-agg Q-agg Qtot Ptot

1.50

1.00 1

0.50

0.00 1

-0.50

-1.00

-150-
950 9,60 9.70 9.80 9.90 10,00 1010 1020

Figure E.7: Comparison of the response of the aggregate motor and the cluster of
individual motors to a step change of 0.2pu in the supply voltage

Figure E.8 and E.9 depict variations in supply P and Q for voltage fluctuations of
low frequencies (5Hz and 10Hz). A good agreement can be seen between the aggregate

motor and the total motor load.
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Main : Graphs
_=Pagg = Qagg = Qtot = Prot
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1.20 1
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020
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Figure E.8: Comparison of the response of the aggregate motor and the cluster
of individual motors to a sinusoidal fluctuation in the supply; frequency of voltage
fluctuation=5Hz

= P-agg = Q-agg = Quot = Prot

250

2,004

1.501
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2,00 220 240 2,60 2.80 3.00

Figure E.9: Comparison of the response of the aggregate motor and the cluster
of individual motors to a sinusoidal fluctuation in the supply; frequency of voltage
fluctuation=10Hz
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The aggregate motor was also examined in relation to its response to the flicker-
meter when the motor was connected to a sinusoidally amplitude modulated supply
of fixed modulation depth and variable modulation frequency through an inductive
line impedance. Instantaneous flicker sensation (F;;) measured at the source and load
ends are used to determine the flicker transfer coefficient (T ) from the source to
load end for different modulation frequencies (f,,). Simulations were repeated for the
cluster of motors as well.

Figure E.10 illustrates the variation of Tpg with modulation frequency ( f,,,) estab-
lished for the aggregate motor and combination of individual motors. The absolute
error involved in Tpy of the aggregate motor with respect to the cluster of individual
motors is given in the bar chart of Figure E.11. Figures E.10 and E.11 suggests that in
relation to the flicker attenuation, the aggregate motor exhibits a maximum absolute
error about 5.2%. However error becomes negligible for relatively high modulation

frequencies.

1 —e— Aggregate machine

0.95 —— Cluster of individual
machines

0.75 -

0.7

0.65 -

0.6 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Modulation frequency, fm [Hz]

Figure E.10: Variation of Tpg with modulation frequency ( f,,) for aggregate induction
motor and the cluster of individual motors
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2,

05 1 2 4 6 8 10 12 14 16 20 25 30 35
Modulation frequency, f,, [Hz]

Figure E.11: Error involved in Tpy established for the aggregate machine



Appendix F

Aggregation of 35 500hp Induction

Motors

Table F.1: Ratings and parameters of an individual 500hp motor

Parameter Value

Viated 2.3kV Q

Ts 0.262 Q

Ty 0.187 Q

T 1.206 Q2

Xy 1.206 Q2

Tm 54.02 Q
0.015

J 11.06 kgm?

The rated voltage of an individual motor (500hp) is 2.3kV and hence the equivalent
circuit parameters will be converted into operating voltage of the IEEE 14 bus system

(33kV) before modelling the aggregate motor as a matrix of transfer function.
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Table F.2: Electrical and mechanical parameters of the aggregate motor representing
35 individual motors

Parameter Value
T 0.00748 Q
Ty 0.00365 €2
T 0.034457 2
Xy 0.034457 2
T 1.54343 €2
0.0103
J 383.406 kgm?




Appendix G

IEEE 14 Bus System Data

Table G.1: Generator and load bus data

Bus Generation Load
Number MW | MVAr | MW | MVAr
1 (reference bus) | 0 0 0 0
2 40 0 21.7 | 12.7
3 0 0 94.2 | 19.0
4 0 0 47.8 | 3.9
5 0 0 7.6 1.6
6 0 0 11.2 7.5
7 0 0 0 0
8 0 0 0 0
9 0 0 29.5 | 16.6
10 0 0 9.0 5.8
11 0 0 3.5 1.8
12 0 0 6.1 1.6
13 0 0 13.5 5.8
14 0 0 149 | 5.0
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Table G.2: Transmission Line and Transformer Data; Impedances and line charging
susceptance in pu on a 100MVA base

Line | Resistance | Reactance | Line Charge
pu degrees pu
1-2 0.01938 0.05917 0.0264
1-5 0.05403 0.22304 0.0246
2-3 0.04699 0.19797 0.0219
2-4 0.05811 0.17632 0.0187
2-5 0.05695 0.17388 0.0170
3-4 0.06701 0.17103 0.0173
4-5 0.01335 0.04211 0.0064
4-7 0 0.20912 0
4-9 0 0.55618 0
5-6 0 0.25202 0
6-11 0.09498 0.19890 0
6-12 0.12291 0.25581 0
6-13 0.06615 0.13027 0
7-8 0 0.17615 0
7-9 0 0.11001 0
9-10 0.03181 0.08450 0
9-14 0.12711 0.27038 0
10-11 | 0.08205 0.19207 0
12-13 0.22092 0.19988 0
13-14 | 0.17093 0.34802 0

Table G.3: Voltage-controlled bus data

Bus Voltage Minimum Maximum
Number | magnitude [pu] | MVAr capability | MVAr capability
2 1.045 40 50
3 1.010 40
6 1.070 24
8 1.090 6 24




Table G.4: Tap settings of fixed-tap transformers

Transformer | Tap
Number setting
4-7 1.022
4-9 1.032
5-6 1.073

Table G.5: Static capacitor data; Susceptance in pu on a 100MVA base

Bus Susceptance

Number

[pu]

9

0.19
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