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ABSTRACT

The Low Voltage Distribution Network (LVDN) faces new challenges due to the high
integration of Distributed Generators (DGs) and Electric Vehicle (EV) chargers. Be-
ing the last link between the utility and the consumer, any issue at this level is impor-
tant. But it is usually non-technically managed with a lot of imperfections. The line
impedances are inherently unbalanced and power flows due to single-phase sources
and loads are difficult to forecast. So, maintaining of phase balancing in an LVDN
is difficult. Furthermore, certain orders of harmonics that cancel during balanced
operation persist in unbalanced conditions. This intensifies the harmonic problem
caused by power electronics-based non-linear sources and loads. High neutral current
and Neutral-to-Earth Voltage (NEV) due to zero sequence components generated by
phase unbalance and harmonics is an issue in the present-day distribution system.
Moreover, the unbalanced harmonic operation of LVDN reduces the efficiency and
lifespan of equipment and devices connected to the system.

In this work, a realistic feeder model that accounts for the non-ideal state and
imperfections of an LVDN was proposed for studying the impact of DG integration.
A parameter approximation method using limited data is suggested for distribution
system operators lacking smart meters and data loggers. A Kerala low-voltage dis-
tribution feeder is modelled using theoretical and realistic methods. Comparison of
results from the models with the actual data shows the validity of the proposed real-
istic model. Before allowing DG interconnection at a location, the feasibility has to
be analysed and strategic conclusions have to be derived. As the theoretical model
may lead to wrong conclusions, the realistic model is more reliable for deciding the
DG penetration limit. Analysis of the Kerala real feeder was done with the proposed
realistic model to study the impact of DG integration to reduce adverse effects. Sit-
uations of high DG penetration and reverse power flow at LVDN were analysed and
their impacts on voltage spread, unbalance, and line loss were highlighted for decision
making.

A low-cost, sustainable solution for improving the power quality of LVDN was also
proposed. The new neutral grounding strategy can limit the propagation of harmonics.
In this case, neutral current is utilised to improve the power quality without any
additional equipment. The new neutral grounding method was implemented in the
European Low Voltage Test Feeder and compared with the existing system. It is
found to be effective at damping the propagation of various harmonics. Additionally,

the neutral-to-earth voltage and earth fault current were also found to be reduced.
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But there was a slight increase in line loss. The dynamic response of the system under
load variations was also verified and found satisfactory.

During unbalanced harmonic operation, the neutral current is reported as high.
In this work, a novel custom power device has been developed for reducing zero
sequence unbalance that contributes to neutral current. The device is also capable of
providing some ancillary services. The developed prototype was tested under balanced
and unbalanced conditions of source and load. The results show that the device
successfully reduces the zero-sequence components. Also, the device supplies reactive
power more judiciously to improve the power factors and significantly reduce the
neutral current. Experimental analysis demonstrates the ability of the device to
reduce harmonics in the system.

Concisely, this research work considers the high neutral current contributed by
the zero-sequence components of phase unbalance and harmonics as one of the main
challenges in LVDN. The suggested low voltage feeder model using minimum field
data allows a more realistic analysis to decide the limit of DG penetration. As a
sustainable solution, the novel neutral grounding strategy can improve the power
quality of an LVDN. Above all, the new custom power device developed can reduce the
zero-sequence components while providing ancillary services such as adaptive power

factor correction, neutral current reduction, and harmonic mitigation.
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Chapter 1

Introduction

1.1 Background

Historically, the primary emphasis of power systems study was on centralised power
generation and bulk transmission. In order to meet the rising electricity demand, al-
ternative power generation solutions are in consideration to avoid the widespread con-
sumption of depleting fossil fuels. To limit the environmental impact due to large-scale
consumption of fossil fuels, Distributed Generators (DGs) utilising non-conventional
energy sources are encouraged globally. As a result, attention has moved to dispersed
generation and distribution, followed by the deregulation of the energy sector. Among
the DGs, photovoltaic (PV) plants that make use of the abundant and universally
available sunlight account for a significant portion. As a result of the prevailing land
constraints, rooftop small PV plants integrated at distribution level are more promi-
nent. Increased integration of DGs at the low voltage level presents new challenges
for Distribution System Operators (DSOs). One of them is ensuring the quality of
supplied power.

The term ‘power quality’ refers to the degree to which the magnitude, phase angle,
frequency, and wave form of the utility voltage agree with the specified one. When
one or more of the parameters deviates for an extended or brief period of time, it
causes power quality problems. Low power quality can result in equipment failure,
malfunction, or premature ageing. The detrimental effect of poor power quality re-
duces the efficiency and lifespan of consumer equipment through excessive heating and
accelerated thermal ageing. It also reduces supply side efficiency by increasing losses
and shortening equipment lifespan. The estimated total cost of poor power quality
cannot be ignored when annual revenue losses on both the supply and consumer sides
are considered. Some of the power quality concerns that must be addressed in the
new scenario are debated here.

In a balanced 3 phase system, voltages or currents in each phase have the same
amplitude and are offset by 120 degrees. Phase unbalance occurs when either of

these conditions is violated. Phase unbalance or imbalance is quantified using a



multitude of definitions and equations that are inconsistent. Line voltage unbalance
in percentage (LVUR) is characterised by the NEMA standard as the ratio of the
maximum deviation of line voltage from the average line voltage to the average line
voltage [1]. There are two ways to express the degree of unbalance in phase voltage
terms. The rate of phase voltage unbalance(1), PVUR(1) is defined as the ratio of
the maximum deviation of phase voltage magnitude from the average phase voltage
magnitude to the average phase voltage magnitude. In another way, phase voltage
unbalance rate(2), PVUR(2) is regarded as the ratio of the greatest difference between

phase voltage magnitudes to the average phase voltage magnitude [2].

These equations consider voltage magnitudes only, leaving out phase angle infor-
mation, which is also a deciding parameter of unbalance level. Furthermore, a specific
level of unbalance defined by these equations may have a wide range of possible phase
and line voltage values. Moreover, these definitions do not reflect the physical effects
caused by phase unbalance. It is important to know the level and nature of the un-

balance to fix the derating of equipment and compute additional losses produced [3].

Voltage unbalance factor (VUF) is a more rigorous definition of unbalance that
includes the magnitude and phase displacement of voltages. According to IEEE 1159-
2019, the voltage unbalance taking phase angle information into account can be de-
fined for two components. Using Fortescue’s theorem, an unbalanced system can
be resolved into positive, negative, and zero sequence components. The negative
sequence voltage unbalance factor, VUF(-), is defined as the ratio of the negative
sequence component to the positive sequence component, whereas the zero sequence
unbalance factor, VUF(0), is defined as the ratio of the zero sequence component to
the positive sequence component. The voltage unbalance factor (VUF) is also known
as the “true definition” of unbalance, but it necessitates the transformation of the

unbalanced system into its sequence components.

A set of 3 positive, negative, and zero sequence components can represent a 3
phase unbalanced system. The set of positive and negative sequence components
are balanced among themselves, whereas the 3 zero sequence components are equal
and unidirectional. In a 3 phase, 4 wire system, the zero sequence currents combine
to form a residual current, which flows as neutral current. Also, in an ungrounded
system, the residual voltage can cause a neutral shift. In 3 phase rotating machines
and transformers, the electromagnetic effects created by the positive and negative
sequence components are balanced, whereas the zero sequence components produce
lateral magnetic forces and saturation. Mechanical damage and vibrations can result

from unbalanced electromagnetic forces.

Higher level integration of DGs increases the degree of uncertainty at the distribu-



tion level. PV plants up to 5 kWp are permitted to be integrated as single-phase units
at a low voltage distribution level [4]. Electric vehicles (EVs) are being promoted as
a way to reduce carbon footprints, and their use is increasing. The emerging vehicle-
to-grid (V2G) and grid-to-vehicle (G2V) schemes significantly add dynamics at this
level. Battery Storage Systems (BSS) can also change their role as a source or load,
contributing to stochastic and intermittent characteristics. The stochastic behaviour
and intermittent dynamic characteristics of these sources and loads create major chal-
lenges for distribution network operators in the new scenario. It is difficult to achieve
a perfect division of the single phase sources and loads among the 3 phases. Even
when done wisely, the dynamic operating characteristics of the units cause the opera-
tion to be unbalanced for the majority of the time. Above all, at the distribution level,
the lines are not transposed, and line impedances are unequal, which causes unequal
line voltage drops. As the voltage at the point of common coupling is unbalanced,
even the 3 phase balanced loads draw uneven currents. So it is difficult to maintain
the phase balance of a modern distribution system [5]. As most of the sources and
loads at this level are dynamic and single-phase, higher level integration of low-carbon

technologies contributes to the uncertainty at this level.

The majority of low carbon technologies, such as PVs and EVs, use nonlin-
ear power electronic devices. Almost all consumer devices include power electronic
switches for improved control and efficient power utilisation. These units handle
non-sinusoidal currents and voltages. Non-sinusoidal voltages and currents can be
decomposed into their fundamental and harmonic components. Moreover, each har-
monic order can be classified as a positive, negative, or zero sequence based on the
respective sequence effects produced. Many harmonics cancel themselves at neutral
in a balanced environment, whereas in an unbalanced state they do not. Positive har-
monics produce pulsating torques, while negative sequence harmonics create braking
torques. This results in additional heating loss and mechanical vibrations in electric
machines. In a 3 phase, 4 wire system, zero sequence harmonics are added at the

neutral point and flow through the neutral wire.

High neutral current is an important issue in modern distribution systems. The
primary reason for neutral current is phase unbalanced operation. In the new scenario,
it is difficult to balance single phase sources and loads in a distribution system. Zero
sequence currents generated by phase unbalance flows through the neutral line. As
a result of the proliferation of power electronic based modern consumer devices and
power supply equipment, the presence of harmonics in the system is significant. Zero
sequence or triplen harmonics add up and contribute to neutral current. Neutral

current is high in modern power distribution systems as a result of phase unbalanced
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operation and harmonics. High neutral current results in neutral-to-earth Voltage

(NEV), neutral heating and additional line losses.

In earlier days, the expected neutral current was low and, in order to save money,
the size of the neutral conductor was only half the size of the phase conductor. How-
ever, nowadays it is no longer permitted, because the neutral current during unbal-
anced harmonic operation exceeds phase currents on many occasions [6-9]. Another
effect of high neutral current is the hazardous rise in the voltage between neutral and
the earth. Above all, if the voltage at the point of common coupling is unbalanced and

distorted, even linear balanced loads can only draw nonlinear unbalanced currents.

1.2 Motivation for the present research work

Secondary distribution, or low voltage distribution, is the final link in a power system
network that connects the utility grid to consumers. Any event at this level has a
direct impact on the quality of power supplied. Moreover, secondary distribution is
observed to be poorly managed, and line losses are higher. The system is usually in
poor condition with defective joints, mismanaged section fuses, and arcing contacts.
The theoretical models do not account for these imperfections in the system. Hence, a
realistic modelling of an LVDN is required to investigate the impact of increased pen-
etration of low carbon technologies. Frequent load addition, variation in consumption
patterns, and increased penetration of DGs at this level are all causes for concern.
Periodic balancing of single phase sources and loads among the phases is important
for minimizing adverse effects and losses. Above all, in the emerging micro grid and
smart grid topologies, phase-unbalanced operation can lead to unstable operation re-
sulting in grid collapse, affecting system reliability. The neutral current has increased
significantly as a result of phase unbalance and harmonics, resulting in an increase
in the neutral-to-earth voltage. At neutral, the zero sequence currents combine and
flow as neutral current. The zero sequence currents are caused by the unbalance of
the zero sequence current and harmonics. Certain order harmonics, which normally
cancel under balanced conditions, are present during phase unbalanced operation, re-
sulting in significant harmonic distortion. Because of the unbalanced and distorted
voltage at the point of common coupling, even balanced linear loads draw unbalanced
nonlinear currents, triggering a cumulative detrimental impact on the system. As a
result, it is critical to damp harmonic propagation and reduce zero sequence currents

in the network.



1.3 Objectives of the research work

There exists more stress at the distribution level due to large-scale integration of
renewable energy sources, and more attention is needed to ensure power quality and
consumer satisfaction. For power distribution network there are two type of topologies
namely, North American and European systems. The majority of the research and
analysis is centred on North American network topology. In European distribution
networks, low-voltage lines are long and supply a large number of consumers. A
distribution feeder or a primary distribution line is a line that carries current from a
secondary substation to a distribution substation and is the one that supplies bulk
consumers, whereas a distributor or a low-voltage distribution feeder is one from which
tapings are taken along its length to supply the consumer. In this thesis, the term
“low voltage distribution feeder” refers to a distributor line that supplies power to an
end user at a low voltage level. This work is primarily concerned with resolving some
issues in low voltage power distribution systems with European network topology.

The following primary research goals are taken into account.
i) Develop a realistic model of the low voltage distribution network.

ii) Develop an effective strategy for analysing the impact of DGs at low voltage

distribution network.

iii) Introduce a sustainable solution to improve the power quality of low voltage

distribution network.

iv) Propose a custom power device to minimize zero sequence current due to

phase unbalance.

v) Utilize ancillary services of the custom power device to improve the performance

of low voltage distribution network.

1.4 Organization of the thesis

Following introduction in Chapter 1, research work presented in this thesis is organized

and structured as below.

i) Chapter 2 presents a comprehensive review of literature in the area and solu-

tions suggested for problems of concern.



ii)

iii)

In Chapter 3, the proposed realistic model of a low voltage feeder is presented.
Performance analysis of the theoretical model and the proposed model and its

comparison are also presented.

A novel method for improving the power quality of low voltage distribution

feeder and its benefits are presented in Chapter 4.

Chapter 5 presents the concept of a new custom power device for reducing zero
sequence unbalance, providing ancillary services such as harmonic mitigation,

neutral current reduction and power factor improvement.

In Chapter 6 conclusions highlighting the major contributions of the research

work are presented.



Chapter 2

Literature review

2.1 Introduction

Power transmission is the bulk transportation of electric power from remote generat-
ing locations over large distances to substations closer to demand areas. Transmission
lines carry electric power at a high voltage so as to reduce line losses. In transmission
systems, a 3 phase, 4 wire arrangement is commonly used. Power from the transmis-
sion system is reduced to lower voltage levels by transformers in the substation before
being delivered. A distribution system is a network of lines that transport electricity
from substations to consumers. Primary distribution lines have a voltage of about 11
kV (11,000 volts), while a typical home needs 230 volts. The secondary distribution
system, or a low voltage distribution system, delivers power at a voltage that can
be given directly to a home or business. Distributors, or low voltage distribution
lines are conductors through which power is delivered to consumers from distribution
transformer.

Distribution lines are commonly radial in nature, and are structured to carry power
exclusively in one direction, with no provision for generators. However, distributed
generators such as PVs, wind turbines, and other locally generated power sources are
commonly incorporated into the grid through distribution systems. Dispersed small
generating units are integrated into the grid through the distribution network. As a
result of this, nowadays the distribution network is under increased stress.

In earlier days, distribution lines received less attention than transmission lines
and were not well managed by operators. In regions where dispersed generators are
incorporated, this is changing. In the new scenario of power generation and dis-
tribution, re-engineering and active management activities have begun to make the
distribution system more efficient and reliable. Shareholders and regulatory author-
ities are putting pressure on distribution utilities to raise investment and enhance
operational efficiency.

Transmission system and balanced power flow analysis were traditionally given

more emphasis and included in power system studies. Transmission lines have a more
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phase balanced operation than distribution lines. Recently, power system studies are
giving more attention to the distribution side. A “distribution feeder” is defined as
a line carrying current from a substation to the distribution transformer, whereas a
“distributor” is a low voltage line from which tappings are taken along its length to
provide supply to the consumer. In this literature, the term “low voltage distribu-
tion feeder” or “low voltage distribution network” is used to refer a distributor line

supplying power to an end user at 230V.

2.2 Characteristics of low voltage distribution

network (LVDN)

Unlike transmission lines with long runs and more or less balanced operations with 3
lines, low voltage distribution lines are comparatively short with tapings to connect
consumers. Distribution lines have a 3 phase, 4 wire configuration operating at more
or less unbalanced conditions most of the time. The American style of distribution
has some differences compared to European networks [10]. Most of the studies in
this regard were conducted on American style networks and many software tools are

available for the purpose [10,11].

Both European and American systems are radial and have identical voltages and
power carrying capacities. The primary distinctions are in topology, configuration,
and applications. The transformers in European systems are larger, and there are
more customers per transformer. Most European transformers are three phase and
range in size from 300 to 1000 kVA. North American systems offer single phase units
rated at 25 or 50 kVA. The secondary system in North America has been standardised
at 120/240 V. A circuit serving the same load in the European system can travel four
times the distance with twice the voltage as in North America. Each system type has
advantages and drawbacks. In general, North American designs cause less customer
disruption. Less primary is used in European systems, and practically all of it is
on the major feeder backbone. When the main feeder fails, all customers on the
circuit are disrupted. To achieve the same level of reliability, the European system
requires additional switches and other equipment. Both systems are employed outside
of Europe and America, and adoption follows colonial history, with European system

being more commonly adopted [12].
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Figure 2.1: Topology difference of North American and European distribution sys-
tems [12]

2.2.1 Distributed generation (DG)

A lot of renewable energy based dispersed or distributed generators are integrated at
the low voltage level. The major portion is small photovoltaic (PV) plants. Wind
turbines and micro hydel plants are also there. The uncertainty associated with these
sources poses a big challenge to distribution system management. For maximum
utilisation of renewable energy, battery storage systems (BSS) are used. Battery stor-
age systems have the potential to assist with the operation and control of distri-
bution networks in both active and reactive modes. They can support distribution
networks by delivering auxiliary services in addition to energy balancing. In this con-
text, BSS can assist in the optimal trade-off between technical and economic goals,
such as network voltage deviations, feeders or lines congestion, network losses, and the
cost of supplying loads from external grid or local producers. The BSS may support
the network by increasing the utilisation of renewable production, but also increases

load stochasticity [13]. These BSS units change their roles as load and source during
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charging and discharging, which adds to the system dynamics.

2.2.2 Dynamic loads (DL)

In the low voltage distribution network, most of the loads are due to domestic con-
sumers or offices. The load variation depends on the nature of the population and
climatic conditions. So the load dynamics are not easy to predict accurately. One
of the issues is the charging of EVs. Charging an unknown number of EVs with an
unknown power and energy consumption provides a challenge in real-time managing
the electrical power demand and supply scenario. Furthermore, because of the high
charging current and the frequent addition and disconnection of a large number of
intermittent EV loads, pose challenges to the efficient operation of the power distribu-
tion system [14]. Most of the onboard electric vehicle (EV) chargers are single phase
units. For quick charging of batteries, charger capacities are being increased day by
day. The stochastic interconnection of single phase EV chargers makes phase balanc-
ing difficult to maintain. Also, the expected technologies like Vehicle-to-Grid (V2G)
and Vehicle-to-Home (V2H) will change the role of EVs as a source. So the recent
developments in low carbon technologies increase the uncertainties at the distribution

level.

2.2.3 Distribution system losses

The majority of power system losses occur along primary and secondary distribution
lines. The losses at this level can be classified as commercial losses and technical
losses. Commercial losses are caused by non-technical reasons such as theft, mal-
functioning metres, reading errors, un-metered energy consumption, and so on. The
technical losses are due to energy dissipated in the conductors, contacts, joints and
other equipment such as transformers [15]. Technical losses can be classified as con-
stant or variable. Constant losses are unaffected by load current. These are energy
losses that occur as long as the system is powered and are due to magnetization, di-
electric leakage, and noise. Variable loss is proportional to the square of the current.

Some factors increasing the technical losses are:
e Heating caused by line resistance of long feeders
e Extra losses due to thermal overloading of feeders
e Losses owing to poor workmanship at contact resistance in joints
e Contacts sparking and heating due to insufficient contact pressure
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e Losses in non-technically managed transformer bushings, drop-out fuses, isola-

tors, LT switches, and on other components
e The distribution system has a low Power Factor

e Extra transformer losses due to presence of residual and unbalanced flux during

unbalanced operation
e High neutral currents due to unequal load distribution among three phases
e Extra losses caused by harmonics

Balancing current along 3 phase lines is one of the simplest ways to reduce distribution
system losses. Distribution system phase balancing also helps to balance voltage drops
in phase lines, providing a more balanced voltage to 3 phase consumers. Same current
magnitudes at the substation do not ensure load balance along the feeder’s length.
The balance of feeder phases varies during the day and across the seasons. Feeders
are often deemed “balanced” when the phase current magnitudes deviate by less than
10 percent. Similarly, balancing load among distribution feeders reduces losses when

the conductor resistance is the same.

2.3 Power quality issues in low voltage

distribution network

The required attributes of public utility power distribution are defined by specific
standards [16]. EN 50160 defines the major voltage parameters and their permitted
deviation ranges at the customer’s common coupling point in low voltage (LV) and
medium voltage (MV) energy distribution systems. The EN 50160 and IEC 61000
standards differ in a variety of aspects. The IEC 61000-4 standard specifies measure-
ment methods, measurement formulas, accuracy standards, and aggregation times.
This is because the primary goal of this standard is to provide uniform specifications
for measurement devices so that analyzers from different manufacturers produce con-
sistent findings. But EN50160 specifies recommended levels for certain power quality
criteria, as well as a percentage of time during which the levels should be main-
tained [17].

Unbalance in phase and harmonics are two significant power quality concerns that
are particularly frequent in low voltage power distribution [18]. Unbalanced voltage

and voltage variation during peak and off-peak hours are related issues. Transformer
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tap changers are often used to control voltage drop along a feeder. Equal load distri-
bution throughout all the 3 phases of the network is one way to address the imbalance

issue, but it is not simple to maintain [19,20]. To meet the increasing power demand,
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Figure 2.2: LV feeder with PVs, EVs and other loads

the modern power system is driving towards renewable energy based Distributed Gen-
erator (DG) technology. Rooftop small photovoltaic (PV) units are easier to accom-
modate and more beneficial for the population and are widely accepted. Reliability
and better cost management are other benefits of small PV plants. Such units below
5kW are allowed to interconnect at distribution level [19]. Moreover, the increase
in electric vehicles (EVs) also makes the problem difficult to manage as they have
intermittent and stochastic characteristics. There are different types of electric ve-
hicle charging systems, and the effects of multiple chargers together are a concern.
The level of certain harmonics will be amplified in some situations, while they will be
reduced in others [21].

A typical low voltage feeder with single phase loads, PVs, and EVs is shown in
Figure 2.2. The PVs and EVs have stochastic and dynamic characteristics, which
make it difficult to balance between the phases. Due to the presence of power elec-
tronic converters, all of them inject or draw harmonic currents into the system. In
phase unbalanced operation, the harmonics affect the system more adversely than in
normal balanced operation. The balanced 3 phase loads also draw unbalanced cur-
rent as the supply voltage is unbalanced. Also, if the voltage at the point of common
coupling is distorted, the linear loads also draw non-linear currents. So the problem

of unbalance and harmonics have cumulative effects on the system.
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2.3.1 Phase unbalance

The voltage unbalance can be due to normal reasons, such as the presence of sin-
gle phase sources and loads, or due to abnormal operation during high impedance
faults, poor electrical contacts at switching devices, non-uniform joints, asymmetry
in capacitor banks and components etc. The impact of phase unbalance on the power
distribution system is elaborated in [22]. The various effects produced by voltage and

current unbalances and their interdependence are depicted in the Figure 2.3. The
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Figure 2.3: Consequences of voltage and current unbalances

implications of voltage unbalance on equipment and appliances are wide ranging and
potentially catastrophic in nature. A severe unbalance results in a significant reduc-
tion in the lifespan of equipment, leading to frequent equipment replacement. Due
to increased phase unbalance, the efficiency of 3 phase equipment is reduced, causing
higher wastage and a rise in energy consumption. Frequent motor failure is mainly
due to unbalance. When a 3 phase motor is driven by a balanced 3 phase voltage with
a positive sequence component alone, only positive torque is produced. The negative
sequence voltage due to voltage imbalance produces the opposite braking torque and
results in motor vibration and noise. An increase in losses due to voltage imbalance
causes overheating and eventual failure. Also, the additional heat produced by ex-
tra losses due to unbalance raises the winding temperature, causing the insulation
to break down. Thus, a voltage imbalance can even result in the complete failure
of a motor in extreme circumstances. When a 3 phase voltage with high unbalance

is applied to a transformer, the flux in the transformer core becomes asymmetrical.
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This asymmetrical flux results in increased core loss, winding temperature, and early
failure of the transformer [23]. In a 3 phase, 4 wire system, the zero sequence unbal-
ance increases the neutral current and results in the malfunctioning of the earth fault

relay and other equipment.

Definitions of phase unbalance

Phase unbalance in a 3 phase system is defined as the deviation of phase voltages or
currents from their specified equal magnitudes or a mutual shift of 120 degrees between
adjacent phases or both. Different agencies and communities quantify unbalance in
different ways. This imparts confusion in analysing the implications of unbalance.
Many papers discuss the difference in unbalance definitions [2,24,25]. The three

definitions of voltage unbalance or imbalance are
1. NEMA (National Equipment Manufacturer’s Association) [1]

Max. voltage deviation from the avg. line voltage

%LVUR = x 100 (2.3.1)

Avg. line voltage

2. IEEE — The phase voltage unbalance rate (PVUR) [26]

Max. voltage deviation from the avg. phase voltage

%PVUR = %100 (2.3.2)

Avg. phase voltage

3. True Definition (IEEE Standard 1159-2019) using Fortescue’s theorem [27]

Negative or Zero sequence voltage component

%VUF(—\0) = x 100 (2.3.3)

Positive sequence voltage component

According to Fortescue‘s theorem, an unbalanced 3 phase system can be resolved
into sum of two sets of balanced sequence components and one set of zero sequence

components and as shown in Figure 2.4.

Vao . 1 1 1 Ve
Va"' = 5 1 a a Vi (2.3.4)
Vo 1 a* al |Ve

where a = 12120°

These definitions have important implications during analysis of effects created by
unbalance in various situations or equipment. In the presence and absence of a zero
sequence component, the different definitions have significant difference [24]. For 3

phase systems with isolated ground, the different definitions of unbalances do not
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Figure 2.4: Sequence components

have a significant difference. But for 3 phase systems with grounding, the presence
of zero sequence components may cause errors in unbalance computation by different
definitions. Different definitions of voltage unbalance are analysed and compared to

find the applicability of definitions in various situations in [25]. The various definitions
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Figure 2.5: Various definitions of phase unbalance
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and methods used for quantifying unbalance are presented in the form of schematics

in Figure 2.5
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Phase unbalance limits

There are different standards and limits set by different agencies for voltage and
current unbalance. Though the American National Standards Institute (ANSI) C84.1
limits the maximum voltage unbalance to 3.0 percent at the utility meter, the utilities
in the United States restrict voltage unbalance to 2.5 percent. The British Standard
European Norm(BS EN) 50160 : 2000 restrict voltage unbalance mostly 2 percent,
but occasionally 3 percent. National Equipment Manufacturers Association (NEMA)
MG-1, allows only 1 percent of unbalance for motor supply voltage, as it create 6-10
percent current unbalance, violating warranty validity. Unfortunately no standards
specify strict limit for current unbalance. However, if the NEMA MG-1 standard is
followed, a maximum current unbalance of 30 percent due to 3 percent of voltage
unbalance is the limit mentioned. The differences in definitions and limits lead to
confusions among the utility, manufacturers, and the end-users. Assessment depends

mostly on guidelines of utility and manufacturers.

2.3.2 Harmonics
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Figure 2.6: Harmonic sources

When the current drawn by a load does not have the same waveform as the supply

voltage, this is referred to as the nonlinearity of the load. Harmonics are generated
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in the power lines mainly by nonlinear sources and loads [6]. Most of the DGs have
power electronic based inverters injecting nonlinear currents. Moreover, nonlinear
loads connected to the distribution system cause harmonic currents to flow through the
system. With the presence of harmonics, current and voltage are distorted and deviate
from ideal sinusoidal waveforms, which is undesirable in electrical systems. Harmonics
are currents that are multiples of the fundamental line frequency (50 or 60 Hz) [28].
When harmonic currents pass through impedances in a system, voltage harmonics
are generated that distort the supply voltage. Harmonics can affect transformers,
equipment, and wiring, causing heat and loss. International regulations have made
significant strides toward eliminating the issue [7].

Harmonics overload and wear out power transformers. Power transformers are
designed to carry current at the frequency of the power grid (50 or 60 Hz). It is the
amount of heat generated by a transformer that restricts its power handling capacity.
The heat generated by a transformer is caused by the transformer’s inherent resistance
as well as the current that it is carrying. It follows that if the transformer is carrying
significant harmonic currents, its rating must be reduced, otherwise the transformer
will overheat and wear out due to insulation degradation, causing it to fail. In contrast
to what electrical codes specify, neutral wire with the same capacity as the phase wire
(or larger) can be used. But this protects the conductors, but it does not help to
protect the transformers. Transformers with a “K” rating of at least 9 should be
used in a harmonic environment. These transformers has been specifically designed

to withstand the effects of harmonic current [3].

2.3.3 Neutral current

Three phase conductors and one neutral conductor are used in the 3 phase, 4 wire
system. Single phase loads are connected between the various phase conductors and
the neutral conductor. As a result, the neutral conductor serves as the common return
for all of the single phase load currents. When each of the 3 phase conductors has a
nearly equal load, the neutral current will be nearly zero. This is because each phase
current is ideally 120 degrees out of phase with the other. Or in another way, the
load currents ‘cancel out’ when they reach the neutral wire. The cancellation helps
in reducing the neutral wire to a smaller size than the phase wires.

In the present scenario, the load balancing is difficult to maintain. Neutral current
is primarily due to phase unbalance. Moreover, the higher level harmonic currents
generated by non-linear loads have a significant amount of triplen harmonics. Har-
monics having an order of multiples of three are called triplen harmonics. Because

of the phase properties, triplen harmonic currents add together on the neutral wire
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instead of cancelling out each other. The triplen harmonics currents also contribute
to higher neutral current [29]. As an example, Figure 2.7 shows the addition of third

harmonics at neutral. Consequently, the neutral wire carries much higher currents
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Figure 2.7: Addition of third harmonics at neutral

than it was intended to [30,31]. In fact, the harmonic current alone in the neutral wire
has the potential to be up to many times larger than the total rated current of the
system. Anyway, it is not unusual for the neutral current to reach the phase current
value. The use of neutral line undersizing in an unbalanced harmonic environment is

therefore absolutely not allowed [7,32].

2.4 Review of modelling of low voltage

distribution feeders

To study the impact of low carbon technologies on the distribution network, exact
modelling of the system is required [33]. At every consumer interconnection point,
the parameters such as voltage regulation, phase unbalance, harmonics, etc. should
be within the specified limits. In addition to these considerations, line loading and
the possibility of reverse power flow must be analysed when deciding on a DG inter-
connection request. As a result, it is critical to conduct a distribution system analysis
while considering DG interconnection requests. For this purpose, a dependable model
of the distribution system is required.

It is much easier and straight-forward to model the transmission line network,
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because in transmission systems, the 3 phases are more or less equally loaded, and
the lines are transposed at line sections in order to make the line impedances equal.
As a result, voltage and current are balanced at the nodes, making power flow analysis
simple. The balanced load flow analysis is sufficient for transmission lines. Moreover,
on transmission lines, imperfections are not very common. Aside from that, unlike
distribution lines, there are loads at either end of the lines only. For studies, only
the positive sequence network of the system is required, and parameters computed

for one phase can be used for other phases.

The modelling of the distribution system is different, and unbalanced power flow
must be performed in order to conduct the analysis. Distribution system lines are
loaded asymmetrically and are not transposed. Moreover, the presence of neutral line
and neutral current should be taken into account. In addition, distribution feeders are
radial in nature and their X/R ratio is lower. As a result, the assumptions that are
typically used in transmission system analysis cannot be applied to distribution lines.
Instead of the conventional methods used in balanced load flow analysis, forward and

backward sweep methods are widely used in distribution system power flow analysis.

The configuration of power distribution networks varies depending on the needs
of consumers and the operating scenarios. In addition, the network topology and
operating voltages of North American and European style distribution systems are
different. So, modelling of a distribution system necessitates more time and effort.
There are many distribution system modelling and analysis approaches and methods.
However, only a few attempts have been made to model low-voltage distribution

systems of European style [10].

The early attempt to model a radial distribution feeder is available in [34,35]. A
Radial Distribution Analysis Program (RDAP) was developed in it for feeder analysis.
The motivation for the work was to reduce losses in the feeder by placing capacitor
banks and voltage regulators. During the modelling, the spot loads and distributed
loads are scaled to match the demands recorded in the substation. The approach was
purely a theoretical one to demonstrate the radial analysis program and there was

only a low emphasis on the accuracy of the feeder model.

Methods for determining a 3 phase line’s sequence impedances and phase frame
impedance matrix are discussed in [36]. Though the sequence impedance models and
the impedance matrix models give almost the same voltages at nodes, the power
losses during balanced and unbalanced operating conditions show differences. This is
because the sequence impedance models do not consider the mutual interaction be-
tween lines. Moreover, the sequence impedance model has inherent problems during

the modelling of two phase and single phase lines. So, for distribution line mod-
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elling, the impedance matrix based phase frame method is more suitable. Carson’s or

modified Carson’s equation can be used for forming the matrices of impedance [37,38].

The method for modelling 3 phase, 4 wire line segments for distribution feeders
using a mathematical approach is available in literature. The resistance of conduc-
tors can be determined directly from the data table. Earlier, impedance calcula-
tions of overhead lines were solely dependent on geometry. Skin and proximity ef-
fects were further considered. In 1926, Carson proposed a method of assessing the
effect of earth return on power lines. It demonstrates that modelling ground returns in-
fluences the accuracy of impedances and, hence, the voltage rise and drop. Several
formulae for ground return parameters were presented, although Carson’s equations
for overhead lines are the most extensively used. Carson’s equations involve infinite
integrals with complex arguments, making them difficult to compute. As a result, con-
verging infinite series were frequently employed. With Carson’s equations [39], the
self and mutual inductances can be calculated at a given frequency. Carson’s equa-
tions are useful for calculating the impedance of overhead wires involving earth return
paths [36,37,39,40]. For approximating the effect of the earth on conductors, mod-
ified Carson’s equations are available. In this regard, the modelling of a rural LV
feeder presented in [35,37] is extremely useful. The impedance matrix of overhead

line segments calculated using modified Carson’s equations is presented in [41].

An attempt was made to model an unbalanced distribution feeder in [42]. To
create a balanced decoupled network model from the system data, approximations
were made. Single and two-phase buses and branches were removed from the model
in order to approximate the actual unbalanced system to a balanced one. In order to
compensate for the removed branches, loads were aggregated on the nearest 3 phase
upstream bus and represented as unbalanced loads, and the resulting unbalanced
loads were replaced with the closest balanced representations. The phase impedance
matrix of the transformer delta winding, distribution lines and connected loads are
combined. Further approximations were made for the phase decoupled representation
and analysis. Transformer and voltage regulator connection types are converted into
wye connections and mutual coupling between phases lines is removed and set to zero.
All delta or line-to-line connections are represented as equivalent wye connections.
The approach is highly non-realistic and optimistic, because of the approximations
used for decoupling and balancing of the network. In addition, the level of voltage
unbalance is an important piece of information that must be verified in the current

situation.

An unbalanced active distribution system with DG modelled in [43] uses three se-

quence networks. The three networks were used for power flow analysis, similar to the
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conventional one positive sequence network representation that was used for balanced
network analysis. Each sequence network was subjected to power flow iterations using
a forward-backward sweep subroutine in a coupled manner. An entirely decoupled
forward backward sweep was performed after the sequence component power flow
analysis had reached convergence. However, this method necessitates the repetition
of the same power flow algorithm in subroutines for various sequence networks, both
coupled and decoupled, in order to achieve the results. Also requires the balanced
synchronous machines and electronically coupled unbalanced DGs in their sequence
component models. It is difficult to accommodate parameters such as neutral earth-
ing, neutral current, and neutral-to-earth voltage using a decoupled approach as it
require additional computations in order to obtain the combined effect of sequence

voltages or currents at each line section and node during unbalanced operation.

For the exact feeder modelling in [44], the resistive and reactive parameters of the
distribution feeder are obtained by actual measurements of active and reactive power
flows at both ends of the feeder. But the solutions to the resulting equations of active
and reactive power for different phase lines for both ends of the feeder section are not
so easy. So, special solution methods are required for precise computation of feeder

parameters.

The Low Voltage distribution network analysis employing smart meters is pre-
sented in [45]. Semi-automated LV load flow analysis using real load data is used.
The method requires extensive deployment of smart meters and a special algorithm
to control them. Modelling of distribution feeders in [46] is based on a reduction
criteria. The information gathered from the utility is reduced based on the area of
interest within the model. Though the model was validated using short circuit data
and field measurement information, the number of line sections, loads, and other sys-
tem components were reduced conveniently. The representative steady state feeder
model developed in [47] was by comparing active power, reactive power, and voltage,

utilising data acquisition systems deployed for power quality monitoring.

A feeder modelling approach presented in [48] is exclusively for European style
feeders with isolated neutrals. That is, the neutral is grounded at the transformer,
and the consumer neutral is isolated from the ground. The impact of the neutral
current return route through the neutral conductor is ignored using traditional Kron’s
reductions [49]. While a 4 wire model provides correct power flow findings and allows

for the monitoring of the neutral voltage, it also adds to the computational load.

The modelling of a feeder for studying voltage regulation in a feeder with DGs
as the main focus is presented in [50]. But the imperfections in the feeder were not

considered during the modelling. In [51] the limit of PV generation allowable in a
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low voltage feeder is determined. In this paper, a relationship between the connected

load, feeder impedance, and PV generation is established.

The results of theoretical models of distribution systems do not correspond to
the actual performance of the system as they are typically ill-conditioned and poorly
managed from a technical point of view. Because of improper joints, mismanaged
section fuses, and arcing contacts, the line parameters are altered [15]. The theoret-
ical model is unable to account for these imperfections and non-homogeneity. This
will result in values for regulation and power loss that are significantly different from
the actual values. Compared to theoretical values, actual losses and regulation are
significantly different. Based on the results of the theoretical model, incorrect deci-
sions about DG interconnection requests may be made, resulting in violations of the

voltage constraints imposed by the supply code.

The papers [47,52] present feeder models based on statistical techniques using large
amounts of data. The availability of network parameters is a significant challenge
when modelling distribution systems. It is difficult to obtain complete data for all
system components, and in some cases, only partial or aggregated parameters are
available. For perfect and accurate modelling, further advancements in system data
acquisition and management are required. Though smart meters aid in data collection

for analysis, they are not yet implemented in all countries. So these methods will not
help all DNOs.

In agreement with [53], accurate or realistic representations or models of low volt-
age networks are difficult to achieve. It is critical to add this level of detail to decide
on interconnection requests of DGs at low voltage level. Variation in consumption
patterns, as well as the addition of new loads, are common in the distribution system.
It is not uncommon for feeder topology to change as a result of modifications, repairs,
and the addition of new service connections. It is also difficult to differentiate between
the phase lines to which the loads are connected. Because of these considerations,
creating an accurate and realistic model of an LV feeder is a difficult task. In order
to evaluate the impact of PV penetration, a realistic model of the LV system based
on a minimum of data is required. An approximate, but more realistic model using

less data, representing the actual feeder condition is preferred.
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2.5 Review of improving power quality in low

voltage distribution feeders

It has been reported that problems such as unbalance, harmonics, and high neutral

current can be addressed individually or together. Installation of additional devices

or the implementation of special operational strategies are among the approaches

taken in order to block or eliminate the neutral current generated, as well as to

reduce harmonics and unbalance. Various solutions from different approaches were

attempted to address the issue. Many of the solutions are based on power electronics,

electro magnetics, or a combination of these technologies. A tabular representation of

various solutions proposed for solving these issues individually or together is given for

a better presentation. Table 2.1 provides an overview of the solutions in the literature

and their short comings.

Table 2.1: Review of power quality improvement solutions for LVDN

Suggested solution and remarks

Author, Year Addressed
problems
Islam et al., 2019 [54] Unbalance
Hashmi et al., 2002 [55] Unbalance
Liao & Yang, 2018 [56] Unbalance

Network reconfiguration for phase
balancing. It affects 3 phase rotat-
ing machines and highly depends on
load and renewable energy forecast-

ing.

Phase balancing utilising energy
storage facilities. It always demands
spare storage, resulting in under-

utilisation of storage capacity.

Phase controlled and coordinated
charging for electric vehicles. It re-
quires multiple switching of phase
lines and EV chargers following a

complex algorithm.
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Table 2.1 — Review of power quality improvement solutions for LVDN

Author, Year Addressed Suggested solution and remarks
problems
Kikhavani et al., 2019 [57]  Unbalance Coordinated charging of EV for load

Das et al., 2018 [58]

Gupta et al., 2014 [59]

Rafi et al., 2020 [60]

Motta & Faundes, 2016 [61]

Sun et al., 2015 [62]

Pogaku & Green, 2006 [63]

Unbalance, Neu-

tral current

Unbalance, Neu-

tral current

Unbalance

Harmonics

Harmonics

Harmonics

balancing. This can cause delays in

EV charging.

Power electronic based Static Var
Compensator (SVC) is to be in-

stalled at distribution level.

Electro magnetic static phase bal-
ancer derived from a conventional
transformer. It is a bulky and costly

solution.

Compensation  techniques using
power electronic converters. To
follow network dynamics and re-
strict high switching losses, a robust

controller design is required.

Conventional active, passive, and
hybrid filters. Can eliminate har-
monics without addressing other

problems.

An active power filter with a double-
resistive network. A separate unit
for each order harmonics results in
multiple units with an aggregated

higher power rating.

Multiple harmonic impedance ele-
ments suggested. The elements have
to be installed throughout the net-
work with DG units.
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Table 2.1 — Review of power quality improvement solutions for LVDN

Author, Year

Addressed

problems

Suggested solution and remarks

Yoshida & Wada, 2015 [64]

Baghaee et al., 2017 [65]

Jedari et al., 2017 [66]

Zeng et al., 2019 [67]

Fukami et al., 2002 [68]

Sabir & Javaid, 2019 [69]

Singh et al., 2010 [70]

Harmonics

Harmonics, Un-

balance

Harmonics

Harmonics

Neutral current

Neutral current

Neutral current

Blocking of triplen harmonic current
by special control of DG units in a 3
wire system. Other order harmonics
are not considered and are not ap-

plicable for all configurations.

DGs with virtual impedances of fun-
damental and harmonic frequency.
A special decentralised control strat-

egy is needed.

A control strategy was suggested for
PVs. Coordinated operation of PVs
with active power filters reduce the
maximum utilisation of renewable

energy.

PV acting as a virtual load during
harmonic absorption. Active power

curtailment of PV is necessory.

Special synchronous machines. Syn-
chronous machines may not be nec-

essary in all feeders.

Electric springs connected to non-
critical loads. The application is

limited to microgrids.

Special electromagnetic equipment
dedicated to handling neutral cur-
rents. Bulky, additional equipment

is needed.
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Table 2.1 — Review of power quality improvement solutions for LVDN

Author, Year Addressed Suggested solution and remarks

problems

Sreenivasarao et al., 2013 Neutral current ~D-STATCOM along with a T-
[71] connected transformer and a single
phase active power filter (APF). It

comprises of many devices.

Freitas et al., 2020 [72] Harmonics, Neu- Electromagnetic suppressor. It elim-
tral current inates zero sequence harmonics only
and uses both an electromagnetic

blocker and filter.

Unbalance, harmonics and high neutral current are the main power quality issues in
LVDN. They are more or less related to each other and a common solution to this
is expected. At the distribution level, equipment with sophisticated controls is not
advisable as the life and cost is questionable. It is expected that a robust, low cost,

long term solution that addresses these three related issues will be developed.

2.6 Review of zero sequence suppression methods

The high neutral current in LVDN is due to the zero sequence components created by
unbalance and harmonics. In unbalanced conditions, than the symmetrical control,
the unsymmetrical control of individual phase voltages can reduce the voltage un-
balance to a greater extent. Though individual phase control can help to reduce the
voltage unbalance factor, this control requires additional power ratings of equipment
and complex control strategies [73].

Many methods are there for suppressing zero sequence currents. Filters of various
configurations are usually preferred. In power electronic converters, switching control
based schemes are used in many applications. Power electronic drives of special elec-
tric machines require zero sequence suppression to avoid circulating currents [74-78].
Parallel grid-connected converters with common dc and ac buses can effectively con-
tribute to the system power level. But among the voltage source converters working
in parallel with a common dc link, if the ac side does not have isolation transformers,

a zero sequence current is generated and circulated due to the 3rd order zero sequence
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voltage. In [79,80] an improved space vector modulation scheme is proposed that can
effectively achieve zero sequence current suppression. Whereas a hybrid pulse width
modulation scheme based on common grid information is followed in [81]. The reduc-
tion of zero sequence circulating current suggested in [82] uses coordinated control of
neutral potential. All these methods are exclusively for equipment involving power
electronic based converters.

The general approach needed for low voltage distribution networks is different. The
concept of using zig-zag transformers for generating neutral terminals and handling
neutral current harmonics is a well established one [83]. When 3 phase transformer
windings are connected in a zig-zag pattern so as to restrict the sequence components
having the same phase, it is known as a zig-zag transformer. The schematic of the
winding connection and phasor diagram of the zig-zag transformer are given in Figure
2.8.
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Figure 2.8: Connection diagram and phasor diagram of zig-zag transformer

Zig-zag transformers are capable of balancing 3 phase, currents by cancelling zero
sequence currents. The total harmonic distortion (THD) and neutral current of a
3 phase, 4 wire distribution system operating under an unbalanced nonlinear load
condition can be reduced by installing a zig-zag transformer [84]. Though zig-zag
transformers effectively attenuate the neutral current and zero sequence harmonic
currents due to load unbalance, the current through the zig-zag transformer and
neutral current increase with source side unbalance [30]. The zero sequence blocker
(ZSB) suggested as a solution to this problem is a special transformer. The three
windings are wound on the same core as other transformers. Ideally, ZSB has zero

reactance for positive and negative sequence components, but has three times the self
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reactance for zero sequence. The ZSB connected in series with the source provides
high zero sequence impedance, while the zig-zag transformer connected in parallel
with the load provides low zero sequence impedance. The zero sequence harmonic
currents tend to flow through the zig-zag transformer rather than through the source,
thereby serving the purpose of harmonic elimination [31].

The zero sequence suppressor (ZSS) also has a similar configuration. It is a com-
bination of two devices: a zero sequence blocker (ZSB) and a zero sequence filter
(ZSF). Zero sequence blockers are 3 winding devices connected in series with the
load, whereas zero sequence filters are zig-zag transformers connected in parallel with

the load [72,85,86] and is shown in Figure 5.21. Another category of solution uses

ZSB

ZSF

Figure 2.9: Circuit diagram of a zero sequence suppressor

a combination of electromagnetic devices along with power electronic devices. Active
power filters (APFs) can address the simultaneous challenges of harmonic suppres-
sion and reactive power compensation. A 3 phase, 4 wire active filter and a zig-zag
transformer suggested in [87] can be used with both three wire and four wire systems.
Also, the rating of the required active power filter is reduced due to the presence of the
zig-zag transformer. This combination can perform satisfactorily under limited zero
sequence utility voltage only. A reduced rating voltage-source converter in conjunc-
tion with a zig-zag transformer as a distribution static compensator (DSTATCOM)
suggested in [88] can compensate for reactive power, harmonic currents, neutral cur-
rent, load balancing, and voltage regulation at the common coupling point. In a
further modification, a combination of a single phase inverter of reduced rating and
a zig-zag transformer is suggested as a hybrid filter for suppressing neutral harmonic

currents [89].
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A DSTATCOM topology in [90] for improving power quality in a 3 phase 4 wire
distribution system has a 3 leg VSC with a zig-zag transformer to compensate for
reactive power, voltage regulation, power factor correction, as well as load balancing,
harmonic current elimination, and neutral current compensation at the point of com-
mon coupling. To reduce the voltage rating of the VSC, a zig-zag transformer is used,

and for isolating the power electronics system, a third winding is used additionally.

2.6.1 OpenDSS software tool

The software tool to study distribution feeder performance should be able to perform
harmonic flow analysis. OpenDSS is a frequency domain simulation tool for general
purpose distribution system study. It was developed by the Electric Power Research
Institute (EPRI) as a harmonic flow analysis tool and is capable of rapidly solving
power flow problems in a wide range of network configurations. OpenDSS can handle
both user defined and default harmonic spectra for investigation [91].

OpenDSS employs a nodal admittance circuit model formulation, which is con-
ventionally used in power system analysis. From typical power distribution system
data, algorithms in OpenDSS can generate nodal admittance matrices. A primitive
admittance matrix, Yprim, is computed for each circuit element in the model. The
Yprim matrices are input into the sparse matrix solver. These small nodal admit-
tance matrices are used to build the main system admittance matrix, Ysystem, which
connects the circuit model. The structure of the OpenDSS written in Delphi manages
the construction and changes of the Yprim matrices for each element in the circuit, as
well as the bus lists, collecting of results via meter elements, and execution of control
elements.

From an initial guess of the voltages, V, a direct solution of I = YV is obtained.
Initially, loads and generators are represented by their linear equivalents that do not
include injection currents. All of the phase angles and voltage magnitudes obtained
will be in the correct relationship. This is similar to a "flat start” in other power
flow algorithms, except that it considers all of the connections in the multi-phase,
multi-voltage level system. The generated voltages are relatively close to the final
converged solution, even when the nonlinear parts are included. This is significant
since the distribution system simulator is intended to solve arbitrary n-phase networks
with a wide range of transformer ratios and connections, and thus requires a decent
starting approximation of the voltages. The iteration cycle begins by getting the
injection currents from all of the power conversion (PC) elements in the system and
inserting them into the corresponding slot in the current injection vector shown in

Figure 2.10. The sparse matrix is then solved for the next voltage guess. The cycle
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Figure 2.10: OpenDSS algorithm

is repeated until the voltages converge to 0.0001 pu.

OpenDSS offers two primary power flow solution types: iterative and direct
power flow solutions. Loads and dispersed generators are regarded as injection
sources in the iterative power flow mode. For the iterative power flow mode, two
power flow algorithms are currently used: the standard current injection mode
and the Newton current injection mode. The regular mode is typically faster,
while the Newton mode is more robust for difficult-to-solve circuits. The nor-
mal mode is a basic fixed-point iterative method that works well for practically all dis-
tribution systems. Due to its speed, it is the recommended option for yearly simula-
tions. In the direct solution mode, the loads and generators are incorporated as ad-
mittances in the system admittance matrix, which is then solved directly without
iteration. Power flow calculations typically utilise an iterative solution with non-
linear load models, whereas fault investigations use a direct solution with lin-
ear load models. Following the conclusion of the power flow, the losses, volt-
ages, flows, and other information for the system, each component, and specific des-
ignated locations are available. The losses are given as kW losses at each time in-
stant, and energy meter models are used to integrate the power over a time inter-
val [91].

2.7 Conclusion

The literature survey on feeder modelling shows that the existing feeder modelling

techniques either ignore the realistic condition of the feeder or use excessive data
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from field meters. A feeder modelling method that considers actual feeder conditions
using minimum data is required for quick analysis of DG integration issues in the low
voltage distribution network.

As the end user is directly connected to a low voltage distribution network, power
quality at this level is important. Voltage unbalance, harmonic distortion, and high
neutral current are the issues that need attention [30]. Devices and methods pro-
posed for addressing one or more of these problems are in the literature. But these
solutions need costly equipment or involve complex control strategies, while some so-
lutions need dedicated, bulky electromagnetic devices. A low cost single sustainable
solution to alleviate the power quality issues in low voltage distribution systems is
being attempted. High neutral current is due to the unbalanced operation of single
phase units and harmonics. Zero sequence currents due to unbalance and harmonics
add at the neutral conductor to create a high neutral current. The passive and active
filters are too costly and less reliable for low voltage levels. The zig-zag transformer
and modifications with other equipment are bulky. A robust solution to limit the

neutral current and capable of providing some ancillary services is preferred.
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Chapter 3

Realistic modelling of low voltage feeders

and analysis of an actual feeder

3.1 Background

The low voltage distribution system, which connects the utility grid to the consumer,
is the last and weakest link in the power system. Nowadays, research in this area of
power systems is drawing widespread interest. This is due to the new developments in
dispersed generation, distribution automation, and smart grid technology. Globally,
renewable energy based distributed generators (DGs) are encouraged to accommodate
the rising power demand and reduce the carbon footprint. A large number of DGs
are photovoltaic (PV) plants as solar irradiation is universal and freely available.
Also, to overcome land scarcity, majority of them are installed as rooftop small PV
plants integrated into the low voltage distribution network (LVDN) [92,93]. In several
countries single phase units up to 5 kWp are allowed to interconnect at low voltage
level. But the low voltage distribution system is observed to be inherently unbalanced
and poorly managed one. Even without these single phase DGs, the phase balancing
and voltage profile of the feeder are difficult to maintain [94]. Also, the identification
of phase line to which these sources and loads are connected is difficult to achieve.
Moreover, severe power loss is usually recorded at this level as the low voltage feeders
are non-technically managed due to frequent repairs and have various imperfections.
Being the last link between the supplier and the consumer, any issues at this level
directly affect the quality and reliability of the power supply.

Implementing remedial measures, the undesirable effects due to the increased in-
tegration of DGs at distribution level can be reduced. The voltage at every consumer
connection should be within the range specified by the supply regulation. So the
aggregate PV injection has to be limited based on daytime consumption to limit any
voltage rise due to local generation [95,96]. Otherwise, problems like voltage rise,
reverse power flow, phase unbalance and increased line loss may occur. Also, the

unidirectional nature of the radial feeder may change, and current flow may become

33



bidirectional. So the extent of DG penetration is to be restricted. Before approving a
PV interconnection request, factors like violation of voltage limits, voltage unbalance,
line loading, and the possibility of reverse power flow, must all be analysed and re-
viewed [46,97,98]. But, according to renewable energy policy guidelines, distribution
network operators (DNOs) must take a decision on PV plant interconnection requests
within a certain time frame in which detailed modelling is not easy. So steps in this
regard will be helpful for the DNOs.

In distribution systems, there are lot of variation in consumption patterns and
load dynamics. Change in feeder condition is frequent due to modifications, repairs,
and new service connections. This makes the distribution system non technically
managed and ill-conditioned one. Arcing contacts, faulty switches, non-ideal joints,
and loose contact in section fuses are common. Figure 3.1 shows a real feeder part in
an improper state. Mathematical models can be used for analysing the performance
of the feeders. But the imperfections and non-homogeneity are not accommodated
in a theoretical model [99]. So such models give values for regulation and power loss
that are far from true values [100]. The rise in voltage due to PV integration has
close connection with feeder parameters [19]. As the theoretical feeder models predict
unrealistic results, a model that is more accurate to actual feeder conditions will be
beneficial. Also to investigate the effects of PV penetration in the distribution system,
a realistic model of the LV feeder is necessary for analysis and decision making. But
a perfect and accurate modelling of an LV feeder is difficult to achieve. Though
smart metering aid in the collection of data for modelling, it is not yet available in all
developing nations [101]. As a result, the solution based on data collection through
smart meters cannot be possible for all distribution network operators (DNOs). Many
available approaches necessitates extensive data collection using data loggers or phasor

measurement units and its processing [102].

A realistic model of LV feeder using minimum data is proposed in this work.
Modelling of LV feeder is done by theoretical method, and modification using limited
data is proposed to approximate it close to real conditions. The model ensures more
close results to real performance. In order to prove the efficacy of the method, a
feeder under Kerala State Electricity Board Ltd. (KSEB) is modelled, analysed and
validated. Open Distribution System Simulator (OpenDSS), a tool developed by
Electric Power Research Institute (EPRI) [103] is used for the analysis. In this chapter
the modelling of the low voltage feeder in the theoretical manner is given in Section 3.2
and the proposed low voltage realistic feeder model is presented in Section 3.3. The
validation of the realistic model and comparison of results from the two models are

given in Section 3.4, whereas Section 3.5 gives the analysis for issues of PV penetration
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in a Kerala low voltage feeder using the realistic feeder model. The summary of the

findings are provided in Section 3.6

Figure 3.1: Non-technically managed low voltage distribution feeder

3.2 Theoretical modelling of low voltage feeders

Unlike transmission lines, distribution lines are not transposed to equalise reactance
due to mutual inductance between lines [10]. In a distribution feeder the loads are
distributed along the length of the feeder, and phase currents through the lines are
unbalanced due to the presence of single-phase sources and loads. Therefore, distri-
bution lines are inherently unbalanced [104], and their analysis requires unbalanced
power flow solutions different from transmission line analysis. Additionally, for single-
phase loads, the neutral line and the effect of earth should be explicitly considered. So
the modelling of the low voltage feeder requires a different approach than transmission
lines.

The voltage profile of a feeder is determined by the load distribution along its
length and the impedance of the line. Figure 3.2 illustrates a simple radial feeder
with branches. Feeder head or branch head is a conductor section at the begining of
a feeder or a lateral branch. In radial topology, the feeder head current and branch
head currents are more as loads are interconnected at intervals along the length of
the feeder. Feeder tail or branch tail is a conductor section at the end of the feeder or
branch. The voltage profile along the feeder will be unevenly reduced towards the tail
end due to the interconnection of consumer loads at different locations. So, normally,
without any DG, at the fag end or tail end of the feeder, voltages and currents are
low compared to the head ends.

The analysis of a low voltage distribution network requires solving unbalanced power

35



Branch tail

Feeder head Branch head

€=

Feeder tail

Figure 3.2: Simple radial feeder topology

flow equations. An unbalanced system can be analysed either by sequence component
method or by phase frame method. As sequence component method involves three
sequence component networks and their solutions, the phase frame method is widely
adopted, also in OpenDSS. For modelling a feeder section, Carson’s equations can be
used. Carson’s equations are helpful for determining the self and mutual impedances
of conductors located above ground [38,105]. Figure 3.3 depicts a line section of a 3
phase, 4 wire system with a grounded neutral line. The conductor voltage drop can
be calculated using the impedance matrix using equation (3.2.1). The resistance of
the conductor used for each line, the spacing between lines, and the earth resistance

are all required to form the impedance matrix using Carson’s equations [38,104].
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Figure 3.3: A 3 phase, 4 wire line section.
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V;Lg - V;z’g Zaa Zab Zac Zan Ia

Ve — Vi Zva Ly Zpe ZLpm, 1,
bg vy | _ ba Zbb Zbe Lb b (3.2.1)
‘/CQ_‘/C’Q an Zcb ch ch Ic
Vng - Vn’g Zna an ch Znn [n
Where,
Vags Vg, Veg, Vg and Vg, Viyg, Vorg, Virg— voltages at either end of the line
sections

1., I, I.— phase currents

I,,— neutral current,

Zaa = Raa + 7 X4a— self impedance of phase ‘a’ line,

Zap = Ragp + 7 Xp— mutual impedance between phase ‘a’ line and phase ‘b’
line,

All other terms have similar definitions.

The impedance matrix is predefined in equation (3.2.2)

Zaa Zab Zac Zan Raa Rab Rac Ran Xaa Xab Xac Xan
Zva Lo Lbe L Ryq Ry Rpe Rpn | Xba Xop Xpe Xon
= +J (3.2.2)
an Zcb ch ch Rca Rcb Rcc ch Xca ch ch ch
Zna an ch Znn Rna Rnb Rnc Rnn Xna an ch Xnn
Where,

R,,— self resistance of phase ‘a’ line,

Xq— self reactance of phase ‘a’ line,

R,,— mutual resistance of phase ‘a’ line and phase ‘b’ line due to proximity
effect,

X.»— mutual reactance of phase ‘a’ line and phase ‘b’ line due to coupling of
magnetic fields,

All other terms have similar definitions.

The voltage drop equation can be used to model each section of the entire feeder.

3.2.1 Theoretical modelling of an actual low voltage feeder

An actual low voltage feeder near Kerala State Housing Board, Thiruvananthapuram
under the urban circle in the southern region of Kerala State Electricity Board (KSEB)
was selected for modelling. In Kerala, the HT to LT ratio is low, and each low voltage
feeder serves hundreds of consumers, resulting in higher distribution losses. Table
3.1 shows the technical specification of the transformer that supplies the feeder [106].

The feeder serves domestic and business consumers in Gandhari Amman Kovil Street
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Table 3.1: Transformer data

Type Dynll
Rating 250 kVA
High voltage 11 kV
Low voltage 433 V

Percentage impedance | 4.58

Frequency 50 Hz

(Line 1) and Santhi Nagar Area (Line 2) through overhead lines. Figure 3.4 depicts
the pole layout and consumer distribution along the feeder length. Poles PN1 to PN3
are in the feeder head sections, which connect the transformer to the branches. Line 1
is made up of poles PN3 to PN26, whereas Line 2 is made up of poles PN27 to PN47.
Even though around 150 consumers are served by the lines, there are only a few three-
phase connections among them. Line 1 carries more load and is around 0.3 kilometres
long, while Line 2 carries a lower load and is around 0.4 kilometres. The consumer
loads are distributed along the length of the feeder. The 3 phase lines and neutral
are constituted by the same conductor and the spacing is similar to IEEE spacing
ID500 [107]. ACSR conductor is used at the feeder sections and conductor data is
given in Table 3.2. The earth resistivity is considered as 100Q2m, a standard value [37].

Average consumer consumption is computed from the energy meter readings. The

Table 3.2: Details of the ACSR conductor

Code Name Rabbit
Voltage rating 433V
Diameter of conductor 10.05 mm

Gross area of cross section of Aluminium | 52.95 Sq.mm
Resistance at 20°C 0.542/km
Current Rating 148A

daytime average load in the feeder is derived using the consumption pattern and load
factor, based on the information available [106]. The average connected load during
the day time was calculated as 53.1kW. Line 1 has a connected load of 30.8kW,
while Line 2 has a connected load of 22.3kW. A proper distribution of consumer load
along the feeder was done as shown in the pole layout diagram presented in Figure
3.4. Using the conductor resistance (Rr) the line parameters of the theoretical feeder
model were calculated, and the resistance (R) and reactance (X) of the impedance

matrix (Z) are presented in equations (3.2.3) and in (3.2.4) respectively. Here ratio
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Figure 3.4: Pole layout and consumer distribution of the KSEB feeder

of R and X is small. But for a practical distribution system it is not.

0.588756  0.0486036 0.0486035 0.0486561
0.0486036  0.588756  0.0486035 0.0486562

R= Q/km (3.2.3)
0.0486035 0.0486035 0.588756  0.0486562

0.0486561 0.0486562 0.0486562 0.588861

0.928166 0.440815 0.387578 0.40091
0.440815 0.928166 0.42274 0.420781

X = Q/km (3.2.4)
0.387578 0.42274 0.928166 0.408665

0.40091 0.420781 0.408665 0.928059

The line losses and voltage drops dependent on the feeder parameters. Voltage regu-
lation at the tail end and line loss in the feeder are obtained from analysis using the
theoretical feeder model. The comparison of computed values and the actual reported
values from the field study [106] are presented in Table 3.3. The values obtained from
the analysis and from actual field study vary significantly, showing that the theo-
retical model could not represent the actual condition of the feeder indicating the

requirement for a better modelling method.
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Table 3.3: Comparison of voltage regulation and line loss in an actual feeder

Method used Regulation Line loss
Theoretical model 2.72% 1.56%
From actual study report  10.64% 4.40%

3.3 Proposed realistic modelling of low voltage

feeders

As the parameters in the theoretical feeder model are computed using the conduc-
tor data alone, it gives results that deviate far away from reality. The additional
resistance contributed by improper joints, mismanaged section fuses, arcing contacts,
and other non-ideal factors are not considered in theoretical model. To obtain more
realistic results, the feeder parameters should be approximated to values close to ac-
tual feeder conditions. So a method to modify the feeder parameters considering the
imperfections using minimum field measurement is proposed. The procedure followed

for the parameter approximation are:

1. Sample field measurements were taken to examine the actual feeder head current

and corresponding head and tail end voltages.

2. The average value of actual feeder head current (I4) and the corresponding
actual voltage regulation (V1) at the tail end was computed from the measured
data.

3. The feeder parameter matrix (Z) for the theoretical model was calculated using
the information of conductor resistance (Rr) and spacial configuration of lines.
The details of consumer load along the length was also incorporated in the

model.

4. Using OpenDSS, an unbalanced power flow was performed in the theoretical
model to find the currents and corresponding voltages at nodes to compute the

regulations.

5. For better approximation, the load factor in the theoretical model was adjusted
to make the theoretical model feeder head current (Ir) comparable or equal to
the actual average feeder head current, and the average theoretical regulation

at tail end (V,7) was determined.
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6. Using the above data, the conductor resistance (Rr) is modified using the equa-
tion (3.3.1). The feeder parameters were recalculated using the realistic con-

ductor resistance (Rp).

7. The realistic model of the feeder was formed using new realistic parameters (Z')

and the developed model was validated using published line loss information.

In the above procedure an assumption considered was that the high resistance caused
by imperfections is distributed uniformly along the length of the feeder. Also, all
voltage regulations were calculated based on the feeder head voltages. Due to the
common occurrence of phase unbalance in LV feeders, the average of phase currents
and the worst value of regulation were taken into account wherever necessary.

The equation proposed for modifying the conductor resistance is,

Via It
— - 3.1
Rp = Rr x {VTT} x L/J (3.3.1)

Where,
Rp - realistic resistance computed by approximation
Rt - theoretical resistance as per conductor data
V.. a- regulation at feeder tail end by actual measurement
V.- regulation at feeder tail end by theoretical model
14 - feeder head current by actual measurement

Iy - feeder head current by theoretical model

For a given conductor resistance, X/R ratio of power distribution systems is low
compared to transmission systems. Value of X is mainly decided by spatial configu-
ration of conductors [12,35]. Most of the imperfections like section fuses and joints
in distribution systems mainly contribute to resistance [44]. So parameter approx-
imation was extended to conductor resistance and not in reactance. The R and X
matrices were computed using modified Carson’s equations with the help of OpenDSS
software.

A real feeder under Kerala State Electricity Board was modelled using the two
methods. The realistic model was validated using the data of the field study con-
ducted by Energy Management Centre (EMC), Kerala and Bureau of Energy Effi-
ciency (BEE), Govt. of India. Performance of the two feeder models were analysed
and results compared to establish the difference. The modified conductor resistance
was calculated using equation (3.3.1). The average actual voltage regulation from field
measurement(V,.4) was found to be 10.638 percent. By appropriately changing the

load factor in the theoretical model, the average feeder head current in the theoret-
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ical model was adjusted to the actual measured feeder head current and the current
ratio was made unity. Thus the average voltage regulation from theoretical feeder
model (V,r) was obtained as 2.72 percent. From these values, the realistic conductor
resistance(Rg) was obtained as 2.112 Q/km. Then the line parameters of the realistic
feeder model was recalculated using the modified conductor resistance(Rg). The re-
sistance matrix (R') and reactance matrix (X’) of the realistic feeder parameter (Z’)

are given in equations (3.3.2) and (3.3.3).

215864  0.0486036 0.0486035 0.0486561

, 0.0486036  2.15864  0.0486035 0.0486562

R = Q/km (3.3.2)
0.0486035 0.0486035 2.15864  0.0486562

0.0486561 0.0486562 0.0486562  2.15864

0.928166 0.440815 0.387578 0.40091
0.440815 0.928166 0.42274 0.420781

X' = Q/km (3.3.3)
0.387578 0.42274 0.928166 0.408665

0.40091 0.420781 0.408665 0.928059

The realistic model parameters have slight changes reflected in the impedance matrices

and are slightly higher compared to the theoretical model parameters.

3.4 Model validation and analysis of an actual

low voltage feeder

Validation of the realistic feeder model was done by comparing the results with data
from a field study conducted by the national agencies [106]. Moreover, results from

the two models were also compared to establish the difference.

3.4.1 Validation of the proposed realistic feeder model

The line losses and voltage drops depend on the feeder parameters. The results of
voltage regulations and line losses from Theoretical model, Realistic model and actual
study are presented in Table 3.4 for comparison. Voltage regulation calculated using
the realistic feeder model was 9.26 percent, while the reported value after field study
conducted is 10.64 percent [106]. But the percentage regulation calculated using
theoretical model was only 2.72 percent faraway from the two. Considering the line

loss, the realistic model predicts a 5.5 percent loss while the actual reported value
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Table 3.4: Comparison of results from Theoretical model and Realistic model with
results from actual study

Method used Regulation Line loss
Realistic model 9.26% 5.51%
From actual study report  10.64% 4.40%
Theoretical model 2.72% 1.56%

is slightly less, that is 4.4 percent, whereas the theoretical model shows only 1.56
percent. There is a significant difference between the reported values and those given
by the theoretical model. However the results from the realistic model are more close
to the reported values, making it trustworthy.

Though the voltage regulation obtained from the realistic model is slightly less
than the actual value, the line loss predicted is slightly more. But this is due to the
fact that the line voltage drop aggravated by line joints and imperfections are ap-
proximated as resistive voltage drops due to additional resistances during parameter
approximation. As the X/R ratio of distribution line is low, it is justifiable. Since all
additional voltage drops are approximated as resistive voltage drops during param-
eter approximation, the ohmic line loss in the realistic model naturally shows slight

increase.

3.4.2 Comparison of feeder models without PV integration

Performance of a real feeder in KSEB was evaluated using both theoretical and
realistic models. The amount of energy supplied and consumed by consumers were
available from installed energy meters. The average connected load during the day
time was calculated as 53.1kW. Line 1 has a connected load of 30.8kW, while Line
2 has a connected load of 22.3kW. The average current through the feeder head was
83.27A. Even though the loads were distributed evenly among the 3 phases to achieve
the best possible balance a current unbalance of 16.75 percent was at the feeder head.
For analysis, the voltage regulation tolerance is set to +5 percent of the feeder head
voltage. An unbalanced power flow analysis using the OpenDSS software tool was
conducted to compute voltages and currents at each line section of the feeder.

The voltage profiles plotted using the theoretical and realistic feeder models are
shown in Figure 3.5. The initial voltage drop at the feeder head is caused by the
impedance of the distribution transformer. The theoretical model shows a worst volt-
age regulation of 2.95 percent at the tail end of the lines, whereas the the realistic

model gives a rather high regulation of 8.53 percent. The maximum voltage unbal-
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ance using the theoretical model and realistic model are 0.82 percent and 1.85 percent
respectively. For both models the worst maximum voltage regulation and unbalance
are observed at the tail end of the lines. The values obtained using the theoretical
model are significantly low and too optimistic. The proposed realistic feeder model
developed using the suggested parameter approximation gives a more accurate repre-

sentation of the feeder and gives results close to actual reported values.

3.4.3 Comparison of feeder models with PV integration

With the integration of DGs, the voltage profile of the feeder will change, and voltage
regulation and unbalance at the sections cannot be predicted. For the thorough
analysis of the feeder, a dynamic analysis considering the variation in load and local
generation may be conducted. However, a simple steady state power flow will be
easy and useful to determine the DG integration limit and to predict the unbalance
levels. To analyse the impact of DG integration, single phase PV units were connected
uniformly among the 3 phases. This is to ensure that only minimum unbalance was
contributed by these sources. single phase PV plants each of 5kW capacity were
connected at various nodes along the feeder to investigate the variation in voltage
profile. A total capacity of 60kW PV was included in the feeder with 30kW in each
line. The connected load in Line 1 was 30.8kW and the level of PV penetration is
97.4 percent, that is less than the connected load. While in Line 2 the connected
load was 22.3kW only, and the PV penetration is 135 percent which is more than the
connected load. The PV interconnection higher than the connected load results in a
reverse power flow in the line sections.

The voltage profiles of the feeder with PV integration is analysed using both the
models and are presented in Figure 3.6. The voltage profiles obtained from the two
models show significant differences. The voltage profiles of Line 1 and Line 2 obtained
from the theoretical model are almost flat. Even though the PV generation is less
than 100 percent in Line 1, and more than 100 percent in Line 2, the voltage profiles
are well within the acceptable limit. This is because of the fact that the theoretical
model does not consider imperfections in the feeder and gives optimistic results.

But from the realistic model, for Line 1 in which the load and PV generation are
nearly the same, the voltage profile is almost flat. While in lightly loaded Line 2,
where PV generation is greater than the connected load, the voltage profile shows a
rise and exceeds 5 percent at the tail end. The greater rise in voltage profile indicates
the reversal of power flow in the line sections.

Voltage profiles from the two feeder models vary significantly, predicting more voltage

rise and unbalance by the realistic model. So, the realistic feeder model is useful to
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Figure 3.5: Profiles of phase voltages of the LV feeder using a) Theoretical feeder
model b) Realistic feeder model
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Figure 3.6: Profiles of phase voltages of the LV feeder with PV integration using a)
Theoretical feeder model b) Realistic feeder model

determine the allowable maximum level of PV penetration. Also, it is important to
reduce imperfections in the feeder that cause high resistance to bare minimum, so as

to reduce voltage drop and voltage rise.

3.5 Performance analysis of an actual LV feeder

using realistic feeder model

The realistic model is more reliable for analysis since it accounts the improper state
of the feeder and gives results more close to actual performance. So further analysis

were carried out using the realistic feeder alone and inferences were drawn.

3.5.1 Analysis of voltage spread with PV integration

To analyse the voltage spread along the feeder at various levels of PV penetration, PV
units of 5kW capacity each were placed uniformly along the length and increased their

number so as to achieve PV penetration of 0 to 225 percent. The voltage variation in
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Lines 1 and 2 are shown in Figure 3.7 as a three-dimensional plot.

With zero PV integration, the voltages at the tail ends of the lines are less than
the feeder head voltage indicating poor voltage regulation at those sections. As the
connected load in Line 1 is greater, the voltage profile of Line 1 is slightly lower than
that of Line 2. So a voltage support at the tail end is necessary. As the percentage
of PV penetration increases, the voltage profile improves. Around 100 percent of PV
penetration results in a nearly flat voltage profile, indicating that local generation is
serving the local load. When PV penetration is more than 100 percent, the tail end
voltage rises above the feeder head voltage. This is due to the reverse power flow
in the line sections. The tail end of lightly loaded branch, Line 2 shows the highest

voltage rise.
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Figure 3.7: Voltage spread in the LV feeder with PV integration

Even though PV penetration was made uniform along the length of the feeder,
voltage rise is greater at the tail end. This is due to the fact that there are only
fewer number of loads present at the tail line sections and the local generation cause
a reverse power flow. Without PV penetration the tail end voltage is the lowest, but
at the same time, with higher PV penetration the tail end voltage is the highest. So
with and without local generation, that is during day and night hours, the tail end
consumers experiences the highest voltage variation and regulating voltage at these
sections is challenging. So it is better to encourage PV integration near the feeder
head for avoiding power flow reversal with in the feeder. Obviously this will reduce

the feeder tail end voltage variation, making voltage regulation more easy to manage.
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3.5.2 Analysis of phase unbalance and line loss with PV

integration

The variation of phase unbalance and line loss in the feeder due to PV penetration
was also analysed. The unbalance was computed as per the IEEE definition. To
analyse the effect on phase unbalance, three cases were considered. Other than no
PV integration, the status on aggregate PV penetration less than the connected load
and more than the connected load are illustrated in Figure 3.8.a. Without any PV
integration, maximum voltage unbalance due to the loads in Line 1 was 4.5 percent
and in Line 2 was 3.5 percent. With a balanced PV penetration of 90 percent, the
maximum voltage unbalance increases to 4.7 percent and 4.0 percent respectively for
Line 1 and Line 2. The unbalance increases with the level of PV integration and
at 226 percent of PV penetration the maximum voltage unbalance in Line 1 is 5.1
percent and in Line 2 it is 4.6 percent.

During the analysis the greatest unbalance was observed at the tail end of the
feeder. The consumers at the tail end of the feeder is found to be affected more. In all
levels of balanced local generation, the voltage unbalance along the feeder increases.

This shows the critical requirement of load balancing prior to PV integration. For
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Figure 3.8: Variation of a) voltage unbalance and b) line loss in the LV feeder with
PV integration

analysing the variation of line loss with current unbalance and PV penetration level,
two cases were considered. For both cases current unbalance at some line sections
were high due to single phase laterals. So maximum current unbalance at feeder

head section was considered as reference. By load balancing along the feeder, the

A7



maximum current unbalance at feeder head without any PV connection was made
5.82 percent. The current unbalance at line sections are shown in Figure 3.9.a. This
was considered as Case 1. After shifting load among phases, the maximum current
unbalance at feeder head was increased to 44.46 percent without PV penetration and
was considered as Case 2. The current unbalances at line sections of Case 2 are
shown in Figure 3.9.b. The variation of line loss for the two cases with increasing
PV penetration is illustrated in Figure 3.8.b. The variation shows that when current
unbalance is more, the line loss is greater irrespective of the level of PV penetration.

This indicates the necessity of better load balancing for better efficiency.
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Figure 3.9: Current unbalance at line sections prior to PV integration a) Case 1
and b) Case 2

Another factor is that the line loss decreases with increase in PV generation and
reaches a minimum when the local generation is almost equal to the connected load.
But further PV generation causes increase in line loss due to the reverse power flow.
This is because when the local generation is less, additional power is drawn from the
transformer through feeder head creating line loss. However, when the PV generation
is sufficient to meet the connected load, power flow through feeder head is less, so is
the line loss. As PV generation rises above connected load, the analysis shows that
power flows in the reverse direction through the lines causing a higher line loss. In
a line loss density plot, magnitude of line loss is represented by the thickness of the
feeder line. A line loss density plot of the feeder is shown in Figure 3.10. Without
photovoltaic generation, total load is supplied by the transformer, resulting in an
increased line loss at the feeder head. It indicates the necessity of thick conductors
near the feeder head as illustrated in Figure 3.10.a. However, when 90 percent of load
in the feeder is met by the local photovoltaic generation during the day time, the line

loss is reduced and more evenly distributed as shown in Figure 3.10.b. So it is ideal
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Figure 3.10: Line loss density plot of the LV feeder with a) 0% PV integration and
b) 90% PV integration

to limit the PV generation at 100 percent or below 100 percent of the connected load

to avoid line overloading and to minimize line loss.

3.6 Summary

A reliable feeder model is required to study the impact of photovoltaic penetration.
But the theoretical model cannot account for the imperfections in the feeder. So
a realistic feeder model using minimum data is proposed. The proposed model is
validated using line loss information. The comparison of results from the two models
shows significant variation. Since the theoretical model gives optimistic results that
may lead to wrong conclusions, the developed realistic model is helpful for deciding
on PV or DG interconnection requests.

The analysis using the realistic feeder shows that the voltage variation is more
towards the tail end of the feeder. When PV generation is more than the connected
load, the voltage rise occurs resulting in reverse power flow. Consumers at the tail end
are most affected by voltage drop and rise. Moreover, even with balanced PV pene-
tration the voltage unbalance in the feeder increases if there exists a load unbalance.
Also, at all levels of PV penetration the line loss is higher if the current unbalance in
the feeder is higher. So the line loss can be minimised by phase balancing the feeder
loads and keeping local generation equal to the connected load. So phase balancing

is extremely important to reduce some of the adverse effects of PV penetration.
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Chapter 4

Improving the power quality in a low

voltage distribution feeder

4.1 Introduction

Increased harmonics, unbalance, and high neutral current are some of the issues in
low voltage distribution network (LVDN) due to the higher integration of low carbon
technologies [108]. Small photovoltaic (PV) plants and electric vehicle (EV) chargers
are single phase and non-linear units that are connected at the distribution level in a
random fashion [109,110]. The majority of these single phase sources and loads have
dynamic and intermittent nature, and their precise division among the phases is not
easy. Lines are not transposed in the distribution system, and line impedances are
not equal. As a result, the line voltage drops are not equal. Due to the unbalanced
voltages at the point of common coupling, the balanced loads also draw unequal
currents and generate a higher neutral current. A load imbalance among the phases
is the primary source of neutral current. It has grown in recent years [111]. Harmonics
are produced by almost all recent home appliances [112,113]. At the neutral, zero
sequence harmonic currents add and augment the neutral current [114].

To save money, the neutral conductor was previously chosen with half the cross
section of phase conductors. However, in the current situation, the neutral current
has significantly increased and frequently exceeds phase currents. [8]. So the neutral
conductor size reduction is no longer permitted and the importance of the neutral
line cannot be ignored.

The neutral-to-earth voltage (NEV) is a concern in systems with large neutral cur-
rents. When the NEV exceeds the allowable value, it results in safety hazards and
equipment failure. Harmonics, unbalance, and high neutral current affect power de-
livery equipment like transformers, causing derated operation and premature age-
ing [115]. Problems with the low voltage distribution system directly affect the cus-
tomers as it is their connecting link with the power system [116]. The propagation of

these power quality issues through distribution feeders should be restricted to min-
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imise their impact.

Harmonics, imbalances, and high neutral current are issues that can be addressed
separately or collectively. Earlier solutions managed to stop or reduce neutral cur-
rent by incorporating additional devices or implementing special operating proce-
dures. Solutions involve power electronic devices, electromagnetic equipment, or a
combination of both. Because of the stochastically fluctuating nature of the distribu-
tion system, power electronic based solutions require robust control algorithms, while
electromagnetic equipment is bulky. To solve the issues at LVDN, new devices are
added, PVs and EVs are controlled or coordinated, or active reactive power exchange
is regulated. The aim of this work is to propose a single, low cost solution to reduce
the power quality issues at LVDN.

A method for improving the power quality of 3 phase, 4 wire distribution feeders
without the installation of extra equipment is proposed in this study. An idea of us-
ing neutral current as a power quality enhancer is suggested and a novel neutral line
grounding strategy is proposed. The effect of neutral current on unbalance and har-
monic propagation is investigated considering the electromagnetic coupling between
the lines. The IEEE European low voltage test feeder was modelled and analysed to
verify the performance of the proposed strategy. OpenDSS, an open-source distribu-
tion system simulation tool by EPRI, was used for the analysis.

The remainder of the chapter is divided into the following sections. Section 4.2
describes the mathematical modelling of a four wire distribution feeder. Section 4.3
presents existing and proposed neutral grounding practices. Section 4.4 explains the
analysis and the results are discussed in section 4.5. A chapter summary is included

as the last section.

4.2 Modelling of a 3 phase, 4 wire distribution

feeder

Modelling of a 3 phase, 4 wire segment, explicitly including the neutral line and the
ground, is required to study an unbalanced distribution system. Modelling a distri-
bution feeder precisely considering the presence of the earth is difficult and different
techniques and estimates are provided in a number of publications. In this section,
the steps for modelling a LV feeder to analyse the influence of neutral current in the
spread of power quality problems are explained.

In a 3 phase, 4 wire system, equation (4.2.1) displays the relationship between

phase and neutral currents. If the feeder currents are unbalanced, currents in phase
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conductors do not aggregate to zero and I,, # 0 as shown in equation (4.2.2).

I,+1,+1.+1, = 0 (4.2.1)
I,+L,+1. # 0 (4.2.2)
Where

I,— Phase ‘a’ current
I,— Phase ‘b’ current
I.— Phase ‘¢’ current

I,,— Neutral current

The fully grounded neutral (FGN) distribution feeder is widely adopted. Figure 4.1
depicts a feeder line section in which current in the neutral wire is routed to the

ground in the line section itself.
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Figure 4.1: Fully Grounded Neutral line segment

Usually to simplify analysis, the effect due to the neutral current is ignored
or combined with phase lines using Kron’s reduction [117, 118]. But neutral
is explicitly considered in this analysis to maintain the generality. A 4x4 ma-

trix was used for the generic expression for line voltage drop, which is given in equation
(4.2.3).

Vag - Va’g Zaa Zab Zac Zan Ia
Vg — Vi Zva  Zvb Zbe Zpn | |1
bg b'g _ b bb b b b (423)
‘/cg - ‘/;’g an Zcb ch ch Ic
Vng - Vn’g Zna an ch Znn [n



Where

Zaa = Raq + 7 X4a, self impedance of phase ‘a’ line,

R,, = resistance of phase ‘a’ line, and

X,.q = reactance due to self inductance of phase ‘a’ line,

Zap = Rap + j X, mutual impedance between phase ‘a’ and ‘b’ lines,

R, = mutual resistance between phase ‘a’ and ‘b’ lines,

X4 = reactance due to mutual inductance between phase ‘a’ and ‘b’ lines,
All the other parameters, such as Zy,, Z.., Z,,, and so on, have similar defi-

nitions.

For a distribution system, the capacitance between the lines is minimal and of
the order of nanoFarad.

The voltage drop for phase ‘a’ can be expressed as in equation (4.2.4).
Vag = Vg = Zaala + Zaplp + Zocle + Zon 1, (4.2.4)

The neutral line of the FGN system is grounded at all poles, therefore it only carries
a little current. So the influence of neutral conductor current in line voltage drop is

not significant. Hence equation (4.2.3) can be transformed into equation (4.2.5).

Vag - Va’g Zaa Zab Zac I
Vag — Vi Zva T Zve| |
by = Vo | _ |20 T Doc| | (4.2.5)
‘/;g - ‘/c’g an Zcb ch I
Vng - Vn’g Zna an ch ‘

The line voltage drop is caused by line resistance and inductive reactance.

4.3 Proposed neutral line grounding strategy to
improve power quality

In 3 phase, 4 wire systems, a fully grounded neutral line (FGN) is the most prevalent.
Neutral current is bypassed to ground at several locations in the distribution feeder
[119]. As a result, the current through the neutral line is reduced and the conductor
size may be reduced during normal operation. A fully grounded neutral line (FGN)
is commonly used for economic reasons. Due to the fact that the neutral current
is routed to earth at numerous grounding locations along the FGN line system, so
during unbalanced operation total conductor currents in a line section does not sum

to zero, as illustrated in equation (4.2.2). The electromagnetic interaction due to
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the mutual inductance of the current carrying conductors is unbalanced [120]. If the

electromagnetic interaction is made balanced, beneficial consequences are expected.

The inclusion of neutral current in the line segment can help maintain electromag-
netic balance, as the current in line segment add to zero, as illustrated in equation
(4.2.1). If the neutral line is grounded selectively or the neutral point of transformer
alone is grounded, more current flows back through the neutral wire. In such cases,
the sum of conductor currents in the line section is zero, resulting in a more balanced

electromagnetic interaction between the lines.

The voltage drop in phase ‘a’ is shown in equations (4.3.1) and (4.3.2). A com-

pensatory effect is shown by the existence of terms with a negative sign.

Vag = Varg = Zaala + Zaply + Zoele — Zoy (1o + Iy + 1) (4.3.1)

Vag - V;z’g - (Zaa - Zan)Lz + (Zab - Zan)Ib + (Zac - Zan)[c (432)

To take advantage of this, a new strategy for neutral line grounding is proposed. For
short feeders, the neutral line is grounded exclusively at the transformer star point;
for longer feeders, the neutral line is grounded at appropriate positions. The number
and position of grounding points can be decided by the length of the feeder and
the location of the load centres. Due to the presence of neutral current, enhanced
current balance at feeder sections is ensured. It is referred to as a single or selectively

grounded neutral (SGN) line system.

As seen in Figure 4.2, the SGN line system may lack explicit grounding in the line
segments, implying that Kron’s reduction is not applicable. Due to imbalance and
harmonics, the neutral conductor carries current from sources and loads distributed
throughout the line segment. Equation (4.3.3) can be used to calculate the voltage

drop in the line, assuming perfect current balance in the line section.

Vag - Va’g (Zaa Zan) (Zab Zan) (Zac - Zan) I
Vig — Viy Zva — Zon)  (Zoy — Zon)  (Zye — Zim ‘

bg bg _ ( b b ) ( bb b ) ( b b ) [b (433)
‘/cg - ‘/c’g (an - ch) (Zcb - ch) (ch - ch) ].

Vng - Vn’g (Zna — Znn) (an - Zrm) (ch — Znn)

As a result of the electromagnetic coupling of neutral and phase currents, the line
voltage drop in SGN is less than that in FGN;, as established by equations (4.2.5) and
(4.3.3).
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Figure 4.2: Single or Selectively Grounded Neutral line segment.

4.4 Analysis and comparison of neutral line

grounding strategies

Traditional power flow analysis techniques were developed for 3 phase balanced sys-
tems and are used to analyse medium and high voltage networks. Distribution system
analysis requires unbalanced power flow solutions since the lines are not transposed
and have an asymmetrical admittance matrix. Their high resistance to reactance ratio
mandates the employment of specialised computer techniques that are not achievable
using balanced power flow methods [121]. When analysing the performance char-
acteristics of a distribution feeder, both the explicit neutral line and the presence of
the earth must be considered. The proposed grounding approach is implemented and
analysed using OpenDSS, an open source distribution modelling tool, on the IEEE
European low voltage test feeder. The test feeder details and software package are

described below.

4.4.1 The IEEE European low voltage test feeder

The majority of test feeders prepared by the Test Feeder Working Group (TFWG) are
designed primarily for the purpose of analysing the North American supply system. In
European distribution systems, long, low-voltage feeders serve a broader region. The
IEEE European low voltage test feeder is the first one based on the 50Hz frequency for
testing systems outside of America, and was released only in 2015 [122]. While it has
a number of shortcomings that must be addressed, it provides a common framework

for analysing power distribution systems in other regions of the world. It is an under-
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ground radial low voltage feeder operating at 416V in the United Kingdom, identical
to any normal unbalanced feeder found throughout Europe. The single-phase and
three-phase loads are linked directly to the 240V and 416V power supplies, respec-
tively. It begins with an 800kVA delta-wye transformer rated at 11kV/416V. This
transformer is connected to 55 single-phase residential loads distributed among 906
buses. The load distribution between phases is slightly unequal. Phases ‘a’ and ‘b’ are
each connected to twenty houses, while phase ‘¢’ is connected to fifteen. The trans-
former is loaded at a very low level of 6.88 percent. Figure 4.3 shows a schematic
representation of the feeder layout with loads. The harmonic sources included for

analysis purpose is also there. The IEEE European Low Voltage Test Feeder was
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Figure 4.3: IEEE European LV Test feeder

used to analyse the proposed neutral line grounding approach.

4.4.2 Analysis using the test feeder

The basic IEEE European LV test feeder was slightly modified for the purpose of

analysing neutral line grounding methods. The underground cables were substituted
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with ACSR overhead conductors, while the rest of the architecture remained un-
changed. IEEE spacing ID500 was used to configure the line spacings [107] and is

shown in Figure 4.4.
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Figure 4.4: Conductor configuration in ID500

The load unbalance in the test feeder was enough to analyse the propagation of
unbalance. To account for the nonlinear nature of PVs and EVs, a harmonic spectrum
was introduced to the middle of the feeder as shown in Figure 4.3. The resistivity of
the Earth was taken as 100{2m, and line constants of the test system were calculated
using Carson’s equations. The capacitance parameters of distribution system are
negligibly small and can be ignored. Inductive reactance and resistance per kilometre

were calculated and are given in equations (4.4.1) and (4.4.2) respectively.

0.588756 0.048603 0.048603 0.048656
0.048603 0.588756 0.048656 0.048656

R= Q/km (4.4.1)
0.048603 0.048656 0.58875 0.048656

0.048656 0.048656 0.048656 0.588861

0.928166 0.440815 0.387578 0.40091
0.440815 0.928166 0.42274 0.420781

X = Q/km (4.4.2)
0.387578 0.42274 0.928166 0.408665

0.40091 0.420781 0.408665 0.928059

The self reactance of the lines is given by the diagonal terms of matrix (4.4.2), while
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the off-diagonal terms represent the electromagnetic interaction caused by mutual
inductance among lines, and their value depends on the degree of mutual coupling.
The matrix is symmetrical but the off diagonal elements are not equal because the
couplings between the lines are not the same due to the unequal spacing between the
lines.

The modified IEEE test feeder was modelled for testing both SGN and FGN
systems. To capture various voltage and current parameters, ten monitors were placed
at different locations in the feeder. Steady state and dynamic analysis were done. For
steady state analysis, a constant load was used. A time varying daily load pattern
was used for dynamic analysis. Fault current analysis was also performed. The
voltages and currents at the monitoring points were recorded. Harmonic sources
were integrated near the feeder centre and harmonic propagation towards head and
tail was investigated by conducting a harmonic power flow analysis. Both neutral
line grounding systems were modelled and analysed in a similar manner. Variations
were consistent across phases, and results from phase ‘a’ are provided for comparison

wherever applicable.

4.5 Results and discussion

4.5.1 Comparison of voltage regulation and unbalance

Variation of voltage regulation of phase ‘a’ at the monitoring points of the two neu-
tral line grounding methods is shown in Figure 4.5.a. In comparison to FGN, the
SGN system has less voltage regulation, which results in a better voltage level at the
feeder’s tail end. Likewise, similar results were achieved for the subsequent phases.
The voltage drop is a consequence of the wires resistance and inductance. Due to mu-
tual coupling, the neutral current injects voltages into phase lines, hence lower-
ing the inductive line drop in the SGN. Examining equations (4.3.3) and (4.2.5)
reveals that voltage drop in SGN is less because of the presence of negative
terms in impedance matrix. The negative terms are introduced by the involve-
ment of neutral current. This helps to improve feeder voltage profile as a whole
compared to FGN. Voltage unbalance variation along the feeder is given in Fig-
ure 4.5.b. According to data from the test feeder, the maximum current unbal-
ance in the test feeder is only 10.36 percent. No changes to the load distribution
were made to raise the unbalance because the actual level of unbalance was enough
to examine the spread of unbalance. The voltages at ten monitoring points were

measured after performing an unbalanced power flow analysis on the feeder. Voltage
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Figure 4.5: Variation of a) voltage regulation and b) voltage unbalance

unbalance was calculated as the ratio of negative sequence component to positive se-
quence component. The transformer balances the voltage at the feeder head. Due to
the relatively small current unbalance present in the feeder, a small voltage unbalance
occurred near the feeder head and increased toward the tail end. However, in the SGN
system, it is less. The influence will be more noticeable in systems with significant
unbalance. It demonstrates that the proposed strategy improves the voltage profile
without worsening phase balancing. On the other hand, onload tap changers and re-
active power compensators improve voltages of all phases uniformly, which may result

in an undesirable increase in voltage unbalance.

4.5.2 Comparison of dynamic behaviour with load variation

The load pattern and local generation in distribution feeders vary and are decided by
a variety of external factors. As a result, system’s behaviour to the stochastic power
variation is to be investigated. Dispersed generating units were treated as negative
loads. Loads connected to each node were assigned with various daily load shapes

according to consumer behaviour. The resulting variation in load in each phase is
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Figure 4.6: a) Daily load variation in the feeder and b) voltage variation at a
monitoring point

depicted in Figure 4.6.a. Both systems were simulated as time series over a day with

a one minute step size. Voltage variation at monitoring points caused by load variation
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was recorded. Figure 4.6.b illustrates the voltage change in both systems in phase
‘a’ at the fifth monitoring point. Both systems exhibit identical voltage changes, but
with a small difference in magnitudes. This is because of the resultant variation in
line parameters. The results show that the suggested SGN system has no adverse

effect on the stochastic load variation.

4.5.3 Comparison of harmonic propagation along the feeder

To investigate the harmonic spread caused by non linear sources and loads, a har-
monics spectrum was included near the 6th monitor at buses 337, 342, 349, 387, 388,
and 406, in the test feeder shown in Figure 4.3. Table 4.1 provides information of
magnitude and phase of each harmonic in the spectrum. The harmonic sources were

modelled by including the spectrum with the load model of openDSS.

Table 4.1: Harmonic spectrum added

Order of harmonics 1 3 5 7 9 11 13 15
Percentage amplitude 100 9.2 622 418 148 7.08 3.12 048
Phase angle (°) 305 120 255 332 357 358 284 69

A harmonic analysis was conducted and harmonics at ten monitors along the feeder
were recorded. The results are plotted and presented for analysis. The harmonic fre-
quencies decides the self and mutual reactance of lines during harmonic power flow.
The harmonic power flow is decided by the magnitude and phase angle of harmon-
ics and their power factors. It is also necessary to consider the spatial configuration
of phase and neutral lines. As a result, harmonic voltage variation seems paradox-
ical. However, it demonstrates certain linkages based on their order and sequence
effects. Table 4.2 illustrates the sequence effect of each harmonic order, which helps

in explaining the harmonic voltage variation.

Table 4.2: Sequence effects produced by harmonics

Order of harmonics 1, 7,13 5,11 3,9, 15
Effect produced Positive sequence  Negative sequence  Zero sequence

Currents with zero sequence effect are generated by harmonics of the third, ninth,

and fifteenth orders. They all have the same phase relationship. Harmonic currents
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with a zero phase relation collect in the neutral wire and flow through it. Figure 4.7.a
illustrates the variation of the third harmonics and Figure 4.7.b illustrates the varia-

tion of the ninth harmonics. Zero sequence harmonics have nearly flat profiles in both
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Figure 4.7: Propagation of zero sequence harmonics a) 3rd harmonics b) 9th har-
monics

systems. The SGN system exhibits a noticeable uniform damping of the prominent
third order harmonic. Other order zero sequence harmonics do not exhibit that much
damping. This is due to their low magnitudes and lack of strong coupling between

the lines. Negative sequence harmonics generate a revolving magnetic field that gen-
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Figure 4.8: Propagation of negative sequence harmonics a) 5th harmonics b) 11th
harmonics

erates braking torque in machines. This category contains the fifth and eleventh order
harmonics. Figure 4.8.a and b illustrate the magnitudes of these harmonics. In SGN,
these harmonics propagate very little toward the source end, whereas in FGN, they
propagate uniformly. Harmonics of order seven and thirteen are positive sequence
harmonics, generating a forward revolving magnetic field at their own frequencies.
Figure 4.9.a and 4.9.b depict the effect on these harmonics. Due to the higher damp-
ing in SGN to the seventh harmonic, the magnitude drops from 16.03V to 13.95V at
the tail end, whereas the feeder head exhibits a sharp drop from 15.11V to 1.47V. At
the tail end, the thirteenth harmonics drops from 21.23 to 18.59V, while at the feeder
head, it drops from 17.81 to 4.78V.
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Figure 4.9: Propagation of positive sequence harmonics a) 7th harmonics b) 13th
harmonics

These plots demonstrates that harmonics are well damped in SGN in comparison
to FGN. SGN exhibits a considerable suppression of larger magnitude harmonics. For
FGN;, all harmonics have a constant profile across the feeder, revealing that they prop-
agate uniformly. However, in SGN, zero sequence harmonics are suppressed uniformly,
while other harmonics are suppressed and propagate very less towards the source end.
Positive and negative sequence harmonics are more dampened as they approach the
feeder head, due to the magnitude of the neutral current being greater in this region.
It is evident that the electromagnetic interaction of lines have significant effects in the
propagation of harmonics through the feeder. The effect of neutral current is directly
observable when the results of SGN and FGN configurations are compared. Varia-
tion in harmonic voltages along the feeder is caused by electromagnetic interaction of

neutral current.

4.5.4 Comparison of current TDD and voltage THD

The current harmonics in the system due to the presence of harmonic sources were
examined. It is not very well damped in SGN due to the decreased effective line
reactance. All order harmonic currents have a slightly higher value in the SGN system
than in the FGN system. To quantify the effect, the Total Demand Distortion (TDD)
of current at each monitoring point is shown in Figure 4.10.a. The average TDD in
SGN is 25.32 percent, slightly greater than 21.06 percent in FGN. Total harmonic
distortion (THD) of voltage was computed at each of the 10 monitoring nodes to
examine the harmonic spread, and the findings are shown in Figure 4.10.b. THD at
the feeder head, where the neutral current is higher is clearly reduced in SGN. The
THD in SGN is only 4.82 percent compared to 22.98 percent in FGN. The THD is
lowered from 25.27 to 24.85 percent at the tail end. It is less for SGN than FGN at all
monitoring points along the feeder. Despite the fact that the average TDD in SGN
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Figure 4.10: Variation of a) TDD and b) THD at the monitoring points

is slightly greater, the resulting THD at monitoring points is lower due to the lower
line reactances in SGN. This achieves minimal supply voltage distortion at PCCs. So
the proposed neutral line grounding strategy can efficiently suppress the harmonic

propagation, especially towards the source.

4.5.5 Comparison of neutral-to-earth voltage and fault

current

The neutral wire and the earth share the current due to unbalance and harmonics,
which eventually returns to the source neutral. The amount of current shared is
proportional to the earth’s resistivity and the number of points grounded. Earth
resistance changes with soil conditions and is not quite as low as it seems. Conduction
of current to earth is determined by its resistivity [123]. When the neutral current
was low, the neutral-to-earth voltage of a completely grounded neutral system was
considered as zero. This is not true in the present circumstances of higher neutral
currents and many issues were reported [124,125]. When neutral current is high, the
neutral-to-earth voltage (NEV) may rise, posing a risk. The issue of ground current
poses risk to human and animal life. Saving money is one of the motivation of using
multi-grounded or fully grounded neutral line system.

A high frequency power flow analysis was conducted to study the difference in
NEV in both systems using OpenDSS. The earth resistivity was set to 100Q2m, a
standard value, and the Deri earth model was used [126,127]. Figure 4.11.a shows
comparison of Neutral-to-earth voltage (NEV) in SGN and FGN systems. SGN can
significantly reduce NEV during unbalanced harmonic operation. This is because the
earth plays a minor role in carrying the neutral return current.

Distribution systems are susceptible to a variety of faults, the most common of
which are Single Line to Ground (SLG) faults. The loop impedance of the ground
fault current path determines the fault current and fault level [125]. In addition to

the ground fault current, neutral current also traverses through the earth in FGN.
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Figure 4.11: Comparison of a) neutral-to-earth voltage and b) single line to ground
fault current

The protection device’s discrimination between the two components of currents is a
challenge, and configuring it is difficult [128]. However, as there are only less number
of grounding points in SGN, the earth return current accounts for a significant portion

of the fault current.

To determine the capability of the two systems to limit the fault current, a fault
current analysis is performed. In both systems, a short circuit current setting of
1000A was used. For a SLG fault, SGN shows a significant current limiting capability
compared to FGN, as illustrated in Figure 4.11.b. This is due to the fact that SGN
has a higher loop impedance. In both systems the fault level near the feeder head
increases as the loop impedance is less. Ground fault protection is easy to configure

in SGN, and the fault level is significantly reduced.

4.5.6 Comparison of line loss

In SGN, the neutral return current flowing from the load centre to the grounding
point flows through the neutral line, increasing the line loss. The total loss in the line
of both systems were calculated and compared. As illustrated in Table 4.3, SGN has
0.12 percent higher line loss. Thus, the benefits of SGN are achieved with a slight in-

crease in line loss.

Table 4.3: Line loss analysis

Neutral line grounding FGN SGN
Total line loss(kW) 1.10 1.20
Percentage line loss 2.08 2.20
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4.6 Summary

A novel neutral line grounding procedure is recommended for a 3 phase, 4 wire distri-
bution system during unbalanced harmonic operating condition. Currently available
harmonics and unbalance mitigation solutions require additional devices or regulation
of low carbon technology. Normally, the neutral current is compensated or bypassed.
It is a novel idea to utilise neutral current for improving power quality by restricting
spread of disturbances. Furthermore, the attempt to examine the influence of neutral
current in limiting power quality issues, accounting the electromagnetic interaction

between lines is new. The following are the outcomes of the analysis.

e Without implementing any additional compensation scheme, voltage regulation

is diminished to enhance the voltage level all along feeder.

e Without regulating the operation of EVs and PVs and limiting their active
power, the voltage unbalance is reduced. Reconfiguration of the network and

usage of storage is also avoided.

e Without any filtering scheme or complex control of DGs, harmonic propagation
towards the feeder head is significantly reduced, regardless of the harmonic

order.

e Because the majority of unbalanced and harmonic currents pass through the
neutral line itself, the problem with ground current is eliminated and voltage

between neutral and earth is reduced.

e Level of the earth fault and rating of protection equipment are reduced as the
high loop impedance of the path limits earth fault current. Configuring the

earth fault relay is made easier as the fault current is easy to differentiate.

The proposed method accomplishes these benefits without the addition of any equip-
ment, but at the expense of a slight increase in line loss. Dynamic analysis results
ensure that the technique is robust and unaffected by random load variations in the
system. The approach can be applied to any structure with some level of mutual
inductance between phase and neutral lines. The solution is robust, sustainable and

low cost.
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Chapter 5

A new custom power device - Mutual
Compensator Extractor (MuCE)

5.1 Introduction

Phase balancing in low voltage distribution systems is difficult to manage due to the
presence of unequal line impedances and a large number of single phase loads. In
a 3 phase, 4 wire system, the zero sequence currents produced by phase unbalance
and harmonics create a significantly higher neutral current [129]. It was discovered
in the field that the zero sequence components of current and voltage are not as
insignificant as previously thought. They cannot be ignored in the calculation of
unbalance. Also, as discovered and reported, current unbalance is relatively difficult
to attenuate by the electrical networks themselves. According to studies, when current
and voltage imbalances propagate through a network, lines provide little attenuation
to the unbalances [130]. So, dedicated additional equipment is necessary to handle
zero sequence unbalance.

In conventional configurations, shunt connected zig-zag transformers are com-
monly used for filtering zero sequence components because active filters are an expen-
sive solution [131]. If the utility voltage is unbalanced, the zig-zag transformers draw
a significant amount of neutral current. Neutral reactors are not a suitable solution
as it result in a potentially hazardous rise in neutral voltage [30]. Another option
is to use a series connected electromagnetic suppressor in conjunction with a shunt
connected zig-zag transformer. The combined size of the two electromagnetic devices
are quite large [132]. Furthermore, additional capacitor banks are required to provide

reactive power support in order to maintain power factor.

5.2 Sequence components and unbalance

A 3 phase unbalanced voltages or currents can be resolved and expressed as the sum

of positive, negative, and zero sequence components by the well known Fortescue
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theorem [133], and is illustrated in Figure 5.1. The positive and negative sequence

Figure 5.1: Sequence components

components are 120 degree phase shifted among each other and balance themselves,
while the zero sequence components are unidirectional with zero phase shift. Since
they are unidirectional, they add up instead of cancelling each other. Equation (5.2.1)
specifies the sequence components of phase ‘a’ voltage. The three zero sequence
currents add to the residual current and flow through the neutral, whereas the zero
sequence voltages cause neutral shift. A new custom power device which is designed to
reduce zero sequence unbalance and is also capable of providing reactive power support

is discussed here. The experimental results and additional benefits are presented.

Vo ) 11 1 V.,
Ve | =3 |1 a a?| |V, (5.2.1)
V- 1 a®> al| |V,

Where ‘a’ is an operator that shifts the phasor by 120 degrees in the anticlockwise

direction.

As per true definition, unbalance levels are defined using the sequence components
[134] and are given in equations (5.2.2) and (5.2.3).

Negative sequence voltage unbalance factor,

V-
Vot

VUF(=) = —= x 100 (5.2.2)

Zero sequence voltage unbalance factor,

VUF(©0) = 2% % 100 5.2.3
Vv
at
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5.3 New custom power device - Mutual

Compensator Extractor (MuCE)

The Mutual Compensator Extractor (MuCE) has a set of mutually coupled coils and
star connected capacitors as shown in Figure 5.2. MuCE has a fourth compensating
coil in addition to the 3 phase coils. The fourth compensating coil is in equal tight
coupling with the 3 phase coils and is identical to them. In order to adjust current and
voltage in the fourth compensator coil variable resistors may be employed as shown

in the circuit.

v =Y
lh
v, . = Vb‘
I
[
e
O v,
Lie llhr llcc
= TCapacltors

Figure 5.2: Connection diagram of the Mutual Compensator Extractor (MuCE)

5.3.1 Mutually coupled coils of MuCE

Four identical coils are wound on a common toroidal core for equal and tight coupling
between them as shown in Figure 5.3. Loads are connected through the 3 phase coils
to the source as shown in Figure 5.4, while the fourth one is used as a compensator
coil. The equation (5.3.1) gives total Ampere-Turns (AT) by the phase coils. The
flux in the core during balanced loading is zero. As the residual flux in the core is

zero, the voltage, V,, across the fourth coil is zero.

Ia+Ib+Ic:Ires:0
NI, + Nyl + N.I.=0

(5.3.1)

So ® =0, and V,, = 0.
Where,
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Figure 5.4: Mutual impedance of coupled coils in MuCE

1., Iy, I.— are the load currents in the phase coils,
Ng, Ny, N.— are the number of turns of the phase coils,
®— magnetic flux in the toroid core

V,n— voltage in the fourth coil

During current unbalance, the Ampere-Turns (AT) of the phase coils do not sum
to zero as given by equation (5.3.2). As the non-zero Ampere-Turns produce a resid-
ual flux in the core, a voltage V,,, proportional to the residual current is induced in
the fourth coil. The magnitude and phase angle of voltage, V,,, is decided by the
magnitudes and phase angles of load currents. So, analysis of V,, is helpful for de-
tecting any abnormal conditions, such as unsymmetrical faults or reverse power flow

due to higher integration of renewable energy sources.

Ia+Ib+Ic:Ires7£O
Nol, + Nyly + NoI, # 0

(5.3.2)
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So®#0and V,, #0

If the compensator coil is short circuited, a current I,, flows through the coil. Ac-
cording to Lenz’s law and Ampere-Turns balancing [135] as given in equation (5.3.3),
the residual flux is cancelled. Thus a short circuited compensator coil is capable of
arresting any transients propagated through the phase lines by Ampere-Turn balanc-

ing.
NyIl, + Nyly + N.I. = Np,1,, (5.3.3)

By adjusting the current I,, in the fourth coil, the flux in the toroid core can be
varied. This can be used to vary the effective inductance of the coils and to avoid
any possibility of resonance or to customise the device for an application. Above all,
if an external current is passed through the fourth coil, a flux can be set up in the
core. The flux thus created can inject a voltage into phase coils similar to a series
injection transformer. The behaviour of the mutually coupled coils can be analysed
using sequence components approach or a phase frame approach.

The impedance of the 3 phase coils can be written as

Zaa Zab Zac
[Zabc} = | Zba Zb Lbe (5.3.4)
an Zcb ch

Where,

Zq4q—Self impedance of phase ‘a’ coil,
Zqa—Mutual impedance between phase ‘a’ and ‘b’ coils,

Other terms have similar definitions.

Transforming into sequence impedances [36]

o] - [ 2] 4] 52

Zy+ 27, 0
[2012} = 0 Zp — Zm 0 (5-3-6)
0 0 Zy— Zm

where,
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[A]— sequence component transformation matrix
Self impedance Z,, = Zpy = Zee = 2,
Mutual impedance Z,, = Zpe = Zoe = Ly

As per equation (5.3.6), the coupled coils offer high zero sequence impedance, whereas
the positive and negative sequence impedance are less. Neglecting the coil resistance

using the corresponding reactances we have,

X, +2X,, 0 0
J [Xom} =J 0 X, — X, 0 (5.3.7)
0 0 X, — X

Assuming tight coupling between coils, then X, = X,

3X, 0 0
[jXOlz} —jlo 0o (5.3.8)
0 00

For ideal coupling with unit coefficient of coupling, the reactance offered to positive
and negative sequence components are zero, while the zero sequence reactance is three
times the phase coil reactance. The phase frame representation is useful for analysis,
including the fourth compensating coil. The voltages across the coils can be written in

equation (5.3.9) neglecting the resistance of the coils.

‘/aa’ Xaa Xab Xac Xam Ia
Vi X X Xoe Xom T
bb _ b bb b b b (539)
chc’ Xca ch ch Xcm Ic
Vm Xma me ch Xmm Im

Where,
Viar, Vi, Ver— are the voltages across the phase coils,

1., I, I.— are the current through the phase coils,

Vi, I, — are the voltage and current in the compensating coil,
X..—Reactance due to self-inductance of phase ‘a’ coil,

Xap—Reactance due to mutual inductance between phase ‘a’ and ‘b’ coils,
Xam—Reactance due to mutual inductance between phase ‘a’ and device
coils.

All other terms have similar definitions.

Assuming all coils are identical and assuming ideal coupling between them, the
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reactances are

Xaa = Xoo = Xee = Xap = Xpe = Xae = Xonm = Xp

The compensating coil is also identical and has the same coupling with phase coils.
So,

KXima = Xop = Xone = Xom = .. = Xpm = Xy

If there is a current I,,, in the compensating coil, then voltage V,, is given by equation
(5.3.10)

Vm - ijaIzz + ijbIb + ijc[c + ]Xmmlm
= JXop(La + I+ 1) + § X Im (5.3.10)
= ijp([res) ‘l']XmmIm

5.3.2 Star connected capacitors of MuCE

Three equal capacitors are connected in a star configuration. Conventionally the star
point of the capacitor is directly connected to neutral. But in MuCE it is connected
through the compensator coil as shown in Figure 5.5. If the voltages at the point of
common coupling (PCC) are balanced, the net capacitor current and the voltage at
the star point are zero. During phase unbalance, the resultant capacitor current is
proportional to the residual voltage at PCC. Also, a voltage applied at the star point
of the capacitor bank can regulate reactive power injection into phases and adjust the
phase voltages. If V,,, is the voltage at the star point, then the current, I, is given by
equation (5.3.11)

a @ s 2 s JC
lcl
b e o b
_.I
b
* . X
« T I —7

m
m

Figure 5.5: Star connected capacitors for MuCE
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‘/a’_vm ‘/b/_vm V::’_Vm
L= + +

_ch _ch _ch
Vo +Vy +Ve 3V,
_ Jr_j’jX* - (5.3.11)
. ‘/T'@S _ 3Vm
__ch _ch

5.3.3 Working principle of MuCE

The mutually coupled coils and star connected capacitors are interconnected as shown

in Figure 5.6 to form a new device called the Mutual Compensator Extractor (MuCE).
Using equation (5.3.10) for V,,,

z
aa
v e—— (TT V) . o v
a - N |]—p 3
bb Zabp Z,c
v, e———(J0 ¥ oV
b * L — b
r 4 b
£ Zpe zl1|n> Zam
v e— (VTN : i
* } = == %X( ]('_. - =
mm , 27 4
g, ]
\

l|II

Figure 5.6: Circuit diagram of the proposed MuCE

I — V;"es 3(ijpIres +]Xmmjm)

X —JXe
I + 3(]Xmmjm) o V;"es N 3(ijp]res)
" _ch B _ch _ch
. . . (5.3.12)
_chIm + 3(ijm[m) o V;"es 3(]mejres)
_ch B _ch _ch
o ‘/res 3ijpIres

When the compensator coil is open, [, = 0, and

‘/;‘ES .
7= 35 X mp (5.3.13)
For ideal coupling,
the zero sequence reactance,
\%
X, = I—“ = 35X, (5.3.14)
0
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V.. is the voltage proportional to zero sequence load currents, while [, is the current
proportional to zero sequence voltage at PCC. From equations (5.3.10) and (5.3.11),

I,,, can be written as in (5.3.15).

(‘/res) . 3(ijp[res +]Xmmlm)

I, = —
_ch _]Xc
T 3 Xomp s (53.15)
X+ 35 X — X + 3 Xonm
The voltage across phase ‘a’ coil is given by
Vaa’ = ana]a + anbIb + anc]c + anmIm
(5.3.16)

= 1 Xplres + 7 Xomplm

Substituting V.., = 3Vp, and I,.., = 31y, in terms of zero sequence components defined

in equation (5.2.1) and also for I,,, from equation (5.3.15),

31X mn1 X
“7 pJ P (31)
_]Xc + 3]Xmm

ijp
3V
* (—ch n ijmm) (8V)

Other phase coils also have similar voltage equations. The left hand side of the

Vaa’ :]Xp(?)IO) - (
(5.3.17)

equation (5.3.17) has zero sequence current and voltage, indicating that the coils and
capacitors together can compensate for zero sequence components. From equations
(5.3.15) and (5.3.16), it is explicit that the voltage, V;,, regulates the reactive power to
each phase, whereas the current, I, decides the series compensating voltage injected.
As long as the operation is balanced, the capacitors provide equal voltage support to
all phases, and only a resistive drop exists across the coils. During such an operation

the voltage and current in the compensator coil are zero.

5.4 Design of MuCE

The series coils are designed mainly for injecting compensating voltages. As per reg-
ulation, the allowed maximum deviation of supply voltage is + 6%. For 230 V supply
the maximum deviation permitted is 2 x 13.8 = 27.6V among phases. Considering
this as a zero sequence component in most adverse cases and with possible 180 degree
phase turning of zero sequence components the extreme voltage to be compensated is
2 x 27.6 = 55.2V. The equivalent winding reactance required for injecting the voltage
with a 10A load current is 5.52€2. Since the conductor thickness should be suitable to

wind on the toroid core, the current rating is restricted to 10A. The required induc-
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tance of each coil is 17.58 mH at 50Hz frequency.

The inductance, L of a toroid coil is given by

NNA
L="-

2rr

(5.4.1)

Where,
N — number of turns of the coil,

A— cross sectional area of the core,
r— average radius of the core,

p— permeability of the material of the core.

For an available toroid core of 11 cm average radius and 6.9 cm average coil radius
shown in Figure 5.7, 60 turns give an inductance of 19.58mH if relative permeability

of silicon steel is considered as 200 at 2 Tesla flux density.

9.2 cm

28 cm
oD

Figure 5.7: Dimensions of the toroid core

Table 5.1: Design parameters of mutually coupled coils

Coil Self inductance (mH) Coils Mutual inductance (mH)
Phase a L.,=19 Coils a and m Lyn=18.4
Phase b Lyp=19 Coils b and m Ly, =18.2
Phase ¢ L..=19 Coils ¢ and m L.,=18.5
Compensator Lym=19 Coils a and b L.4=18.3

Coils b and ¢ Ly,.=18.5

Coils ¢ and a L.,=18.4
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Table 5.2: Specification of MuCE

Rating of MuCE

kVAr 1.5 kVAr
Series voltage injection 58V, 10A
Voltage between the coils 500V

The balanced and unbalanced supply for conducting the experiment was directly
derived from a 415V, 50Hz, 3 phase utility supply. An R L series load was used for
unbalance compensation tests. A resistive load with a step variation of 850W (62(2)
was used to create unbalance in the load. A coil having a 100mH inductance was used
in series with the resistive load to form an R L load. For harmonic analysis, a 3 phase

uncontrolled rectifier was used as a nonlinear load.

Power supply
Arrangement

A

W\w.

\
/ Inductlve Ioad

Figure 5.8: Experimental setup for MuCE testing

5.5 Experimental analysis and comparison of

MuCE with capacitor bank

To validate the concept, a prototype of MuCE was designed and tested in the labora-
tory. The performance and capabilities are analysed and compared with conventional

capacitor bank having the same capacity.
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5.5.1 Zero sequence compensation

Zero sequence current is the main contributor to neutral current. Other than the
current due to unbalance and harmonics, during parallel operation of inverter based
DGs without isolation transformers, the common mode zero sequence currents circu-
lates in the network. Performance of the device to mitigate zero sequence unbalance
was analysed. The comparison with a capacitor bank that can supply same reactive

power was done. The results of two test cases considered are presented.

5.5.2 Case 1. Unbalanced supply and balanced R L load

A balanced RL series load having 622 and 100mH in each phase was connected to
the unbalanced supply. As the supply voltage was unbalanced, the balanced load also
drew unbalanced currents. The details of voltages, currents, and unbalance are shown
in Figure 5.9.a. With 1.5kVAr reactive power supply by conventional star connected
capacitors, the prevailing 3.0 percent zero sequence voltage unbalance at the load ter-
minals increases to 3.3 percent as shown in Figure 5.9.b. Due to the capacitor bank
addition, the zero sequence current unbalance increased from 3.3 percent to 4.2 per-
cent. Whereas Figure 5.9.c indicates that the presence of 1.5kVAr MuCE gives better
zero sequence compensation as the zero sequence voltage and current unbalances are
significantly reduced to 0.9 percent and 1.0 percent respectively, indicating the load
is getting a more balanced supply. The zero sequence voltage unbalance, VUF(0)
and zero sequence current unbalance, IUF(0) along with the corresponding neutral
currents for the test case are shown in Table 5.3. It reveals that the neutral current
created by the supply voltage unbalance is reduced by the compensation provided by
MuCE. With MuCE device, the zero sequence unbalance on the load side is consid-
erably reduced and the load gets a better balanced supply along with reactive power

support to the system.

Table 5.3: Comparison of zero sequence unbalances and neutral current for Case 1

System status VUF(0) IUF(0) I,(A)
Load alone 3.0%  33% 0.3
With PF capacitors 3.3%  4.2% 04
With MuCE 0.9% 1.0% 0.1

The supply voltage unbalance is shown in Figure 5.10.a where phase ‘b’ voltage is

low compared to other phases. The conventional reactive power compensation with
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Figure 5.9: Case 1. Unbalance on load terminals (a) when balanced load is connected
to an unbalanced supply (b) with 1.5kVAr PF capacitors (c) with 1.5kVAr MuCE
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Figure 5.10: Case 1. Load voltage phasors (a) when balanced load connected to an
unbalanced supply (b) with 1.5kVAr PF capacitors (c) with 1.5kVAr MuCE

capacitor bank does not have much positive influence on the system status, whereas
the MuCE helps to boost the voltage of the weak phase and improves system status
reducing the zero sequence unbalance as shown in Figure 5.10.c.

Due to the unbalance in the supply voltage, load currents are also unbalanced as
shown in Figure 5.11.a. The currents lag behind the voltage as the load is inductive.
The reactive power supply by capacitors improves the power factor to leading, but
unbalance in the current is not compensated. Figure 5.11.c shows that the MuCE

makes the load currents more balanced though there is unbalance in supply voltage.

5.5.3 Case 2. Balanced supply and unbalanced R L load

Both phases ‘a’ and ‘b’ were connected with 62¢2 and 100mH in series, and phase ‘¢’
with 31Q and 100mH to form an unbalanced load supplied from a balanced source.
The unbalanced load draws unbalanced currents at different power factors and the
system status is shown in Figure 5.12.a. Reactive power supply with 1.5kVAr capac-
itors increases the zero sequence unbalance at PCC and is in Figure 5.12.b, while the

MuCE device with the same capacitors restrict the zero sequences and give reactive
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Figure 5.11: Case 1. Load current phasors (a) when balanced load connected to an
unbalanced supply (b) with 1.5kVAr PF capacitors (c) with 1.5kVAr MuCE

power support as per Figure 5.12.c. The different unbalances and neutral currents for
each condition is tabulated in Table 5.4. It shows that the MuCE device can restrict
the load zero sequence unbalance while supplying the required reactive power without

increasing the neutral current.

UNBALANCE (a) UNBALANCE (b) UNBALANCE (©)
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Figure 5.12: Case 2. Unbalance on supply side (a) when unbalanced load is con-
nected to a balanced supply (b) with 1.5kVAr PF capacitors (c) with 1.5kVAr MuCE

Table 5.4: Comparison of zero sequence unbalances and neutral current for Case 2

System status VUF(0) IUF(0) I,(A)
Load alone 1.9% 20.5% 2.0
With PF capacitors 1.8% 21.3% 2.0
With MuCE 1.1%  88% 09

As a custom power device, MuCE can restrict zero sequence unbalance either on
the source side or on the load side itself, providing a better balanced condition on the
other side. Thus, balanced sources and loads can be relieved from adverse effects due

to zero sequence unbalance on the other side.
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5.6 Ancillary services by MuCE

Other than zero sequence compensation, MuCE can provide some additional functions

that can enhance the system performance. Some of them are presented for verification.

5.6.1 Case 3. Prevention of voltage and current harmonic

spread

The harmonic mitigation ability of the device is analysed using a 3 phase uncontrolled
rectifier as a nonlinear load. The voltage wave forms at the PCC due to the non linear
load without any compensation is given in Figure 5.13.a. The non linear voltage at
the load terminals after connecting MuCE is shown in Figure 5.13.b, whereas after
connecting MuCE voltage at source is illustrated in Figure 5.13.c. It is evident that
after inclusion of the MuCE;, the distortion on source side is considerably reduced and

the waveform distortion is restricted on load side itself. In order to quantify the level

SCOPE UNBALANCE (b)
49.835HzPwe O 00227 9P =W | 50.034HzPu O 0:01:22 CE=T

12730720 13:27:14 230U SO0Hz 38 WYE ENS0160 12730720 13:08:09 230U S0Hz30 WYE ENS0160
UOL T [AMP' [CURSOR & S : UOL T |ANP' [CURSOR . - | 3 UOL T NP ICURSORS |
WAt Ohent > zoomc| | mack W' gTE GORY D zoow | mack 0 8YE CGRSORY

Figure 5.13: Voltage distortion due to non-linear load (a) without MuCE (b) on
load side of MuCE (c) on source side of MuCE

of distortion in each case, voltage THDs are shown in Figure 5.14. It clearly indicates
that, MuCE restricts the waveform distortion due to load on the load side itself. So
on the source side, the voltage THD is less when MuCE is present. At the same time,
current harmonics are also significantly reduced by the presence of MuCE and it is
presented in Figure 5.15. The K factor of the system was initially 12.4 due to the
presence of harmonics, but has been reduced to 7.2 by the introduction of MuCE. So

MuCE can mitigate harmonics in the system along with zero sequence compensation.

5.6.2 Case 4. Reduction of neutral voltage and current

The current waveforms during the phase unbalanced state are shown in Figure 5.17.a.
The neutral voltage is 1.84V and the current is 2.4A. With 1.5kVAr reactive power
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Figure 5.14: Voltage harmonics (T'H Dy/) due to non linear load (a) without MuCE
(b) on load side of MuCE (c) on source side of MuCE
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Figure 5.15: Current harmonics due to non-linear load (a) without MuCE (b) on
load currents with MuCE (c) on source currents with MuCE
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Figure 5.16: Current harmonics (7'H Dy) due to non linear load (a) without MuCE
(b) on load currents with MuCE (c) on source currents with MuCE

supply using power factor improving capacitors, the neutral voltage increases to 2.01V
and the current rises to 2.5A, and the distortion on neutral is shown in Figure 5.17.b.
However, the introduction of 1.5kVAr MuCE reduces the neutral voltage and current
to 1.4V and 1.0A respectively. Also, the distortion in neutral voltage and current is

reduced as per Figure 5.17.c and Table 5.5.

82



SCOPE UNBALANCE (a) SCOPE UNBALANCE (b) SCOPE UNBALANCE (C)
A 5.0 A A___39 Al

C__30 A ¢ 26 alY 2.6 » NSNS (c 3.0 aAlt 1.1 A

50.019HzPuni O 0:01:35 Y =R 50.039 HzPuni & 0:01:27 Y =R 50.017 HzPuni &  0:00:50 Y =R

o L
'ulru" N

\ !
13701721 09:54:23 230U S0Hz 38 WYE ENS0160 13701721 10:02:43 230U S0Hz 38 WYE ENS0160 13701721 10:09:30 230U S0Hz 38 WYE ENS0160

UOLT] AMP | [CURSOR : UOLT! ariP | [CURSORN : UOLT! AP | [CURSORIY s

WRG'C onorr o* zeom:  Back  WORTENE GESERS Do zom s mack  WOTETE QRORT O zoom:  mack
SCOPE UNBALANCE SCOPE UNBALANCE SCOPE UNBALANCE

("__1.84 VN 2.4 Al ("__2.01 VN 25 Al

50.036 HzPuw ® 00151 o mm | 50.045HzPu © 00137 o mme | 50.022HzPu ® 00118 5 mm

13701721 09:54:38 230U SO0Hz 38 WYE ENS0160 13701721 10:02:53 230U S0Hz 38 WYE ENS0160 13701721 10:09:57 230U S0Hz 38 WYE ENS0160

UOLT AMP CURSOR ¢ A UOLT AMP CURSOR ¢ 2
NIA B € | ON OFF €00M > BACK  \TA B C | ON OFF .'}-' Z00H * BACK

B C | ON OFF }" 200M * | | BACK

Figure 5.17: Comparison of phase currents, neutral voltage and neutral current (a)
when an unbalanced R L load is connected to a balanced supply (b) with 1.5kVAr
PF capacitors (c) with 1.5kVAr MuCE

Table 5.5: Comparison of neutral voltage and current for Case 4

System status Neutral voltage Neutral current
Unbalanced R L load alone 1.84V 2.4A
With PF capacitors 2.01V 2.5A
With MuCE 1.4V 1.0A

5.6.3 Case 5. Adaptive power factor correction

Usually, the power factor at the load end is kept at a higher value to reduce system
losses. During unbalanced system operation, the conventional compensation schemes
inject reactive power irrespective of unbalance, resulting in an inefficient power factor
correction. MuCE helps to inject reactive power more efficiently to phases considering
the zero sequence unbalance, so that overall system power factor increases with the
same reactive power supply. Figure 5.18 and Table 5.6 illustrates the role of MuCE in
adaptive power factor correction. The power factor was lagging due to the inductive
load. Using 1.5kVAr capcitor bank, the power factor improves to 0.90 leading while

MuCE having the same rating effectively improves the power factor to 0.94.
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Figure 5.18: Comparison of phase currents, active, reactive powers, and power
factors (a) when an unbalanced R L load is connected to a balanced supply (b) with
1.5kVAr PF capacitors (c¢) with 1.5kVAr MuCE

Table 5.6: Comparison of power factor and reactive power for Case 5

System status Power Factor Reactive power

Unbalanced R L load alone 0.76(lagging) 1.53kVAr(Inductive)
With PF capacitors 0.90(leading) 0.06kVAr(Capacitive)
With MuCE 0.94(leading) 0.06kVAr(Capacitive)

5.6.4 Case 6. Capacitor life enhancement

While power factor capacitors are installed in the power system, if voltage harmonics
are present in the system, they can increase the harmonic problems and potentially
damage capacitors. This is due to the high frequency currents through the low reac-
tance path created by shunt capacitors [136]. Thus high frequency harmonics have a
significant impact on the life of power factor improving capacitors. Capacitors pro-
vide a low impedance path for the higher order harmonics, causing higher losses and
overheating. The high frequency current increases the dielectric stress in capacitors,
resulting in their early failure [137]. So the life expectancy of capacitors is reduced
in a high frequency environment. The high frequency ripple on the R L load current
is very small as shown in Figure 5.19.a. But when a capacitor bank is included for
power factor improvement, the high frequency ripples in the supply current increase
and are shown in Figure 5.19.b. This is due to the low reactance path provided for the

high frequency components of current by the shunt capacitors. The capacitor currents
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shown in Figure 5.19.d illustrates this. The current wave forms after the inclusion of
MuCE is shown in Figure 5.19.c and 5.19.e, clearly show that the presence of MuCE
decreases the high frequency ripples. The reduction of high frequency harmonics in
the capacitor current helps to enhance the capacitor life. Figures 5.19.f and 5.19.g
show the effect of MuCE on the magnitude and phase angle of capacitor currents.
MuCE adjusts the magnitude and phase angle of capacitor currents according to zero

sequence unbalance of the system.
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Figure 5.19: (a) Phase currents when an unbalanced R L load connected to a
balanced supply (b) phase currents with 1.5kVAr PF capacitors (¢) phase currents
with 1.5kVAr MuCE (d) currents through PF capacitors (e) current through MuCE
capacitors (f) current phasor of PF capacitors (g) current phasor of MuCE capacitors

5.6.5 Case 7. Unbalance variation with capacitor addition

To demonstrate the role of MuCE and effect of unbalance with capacitor varation, the
reactive power injection is varied in steps by including different values of capacitors.

The source was kept unbalanced and a balanced resistive load of 62 w per phase was
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connected. The results are shown in Figrure 5.20. In Figure 5.20.(a) the unbalance
at load terminal without any other device is shown. Without MuCE, capacitors were
directly connected to inject reactive power and the unbalance level at load terminal
was found to be increasing as per Figure 5.20.(b). With the addition of capacitors,
the reactive power injection increases, reflecting it in the increasing leading current.
The results illustrates that the zero sequence components are reduced by the mutual
compensation by the series coils and shunt capacitors, while capacitors alone increases

the system unbalance.
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Figure 5.20: (a) Source and load alone (b) With 33uF capacitors (¢) With MuCE
of OuF capacitors per phase (d) With MuCE of 2uF' capacitors (e) With MuCE of
8uF capacitors (f) With MuCE of 18uF capacitors

Table 5.7: Variation of zero sequence unbalance with capacitor addition

System status VUF(0)% TUF(0)%
Source and balanced load alone 3.7 2.8
With 33uF' capacitors 4.1 4.9
MuCE with OuF' capacitors 2.1 0.3
MuCE with 2uF capacitors 1.9 0.5
MuCE with 8uF' capacitors 1.0 0.9
MuCE with 18uF' capacitors 0.8 0.9
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5.7 Comparison with similar devices

The features of MuCE can only be compared with devices having similar capabilities.
The additional benefits and performance comparison of MuCE with equal rated con-
ventional capacitor bank were presented in earlier sections. Though not exact, zero
sequence suppressor and Distribution Static Compensator (DSTATCOM) may fulfil

some functions of MuCE.

5.7.1 Comparison with zero sequence suppressor

Zero Sequence Suppressor (ZSS) is a combined arrangement of a Zero Sequence
Blocker (ZSB) and a Zero Sequence Filter (ZSF). The zero sequence blocker is a
three winding device connected in series with the load, while the zero sequence filter
is a zig-zag transformer connected in parallel [72,85,86]. A combination of these two
devices can simultaneously block zero sequence components on source and load sides.
Though the device can reduce zero sequence components to some extent, the pres-
ence of two electromagnetic devices dedicated to a single purpose makes the solution a
bulky one. Since the fourth compensating winding is absent in ZSB, the configuration
cannot provide any series voltage injection for additional compensation. Also, ZSS is
not at all capable of supplying any reactive power, but only makes the circuit more

inductive.

ZSB
Va___ (JoVv) va'
Vb QIR Vb’
Vc (m Vc'

ZSF

~
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%
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Figure 5.21: Circuit diagram of a zero sequence suppressor
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5.7.2 Comparison with DSTATCOM

Another device that may perform some functions of MuCE is DSTATCOM. It is a
shunt connected power electronic based solution, primarily intended for reactive power
compensation and voltage regulation. With special control strategies DSTATCOM
may be used for unbalance and harmonic mitigation [138]. During the dynamic load
variation in different phases and resulting phase unbalance variation, DSTATCOM
needs a special fast responding control algorithm [139]. So it is very difficult to in-
corporate all the functionalities of MuCE, such as unbalance compensation, adaptive
power factor correction, and harmonics mitigation in a DSTATCOM. Moreover, in
robustness, the DSTATCOM is not at all comparable with MuCE, as MuCE is an
electromagnetic unit without any switching devices or controller. The overall require-
ments to meet all the functionalities of MuCE will make the DSTATCOM a costly
and complex device. A 1.5kVAR DSTATCOM is costlier and is less reliable than
MuCE.

5.8 Summary

The experimental results show that the proposed custom power device is capable of
compensating for the zero sequence unbalances from the source and load sides. As a
custom power device, MuCE can restrict zero sequence unbalance on the source side
or on the load side itself, providing a better balanced condition on the other side.
Thus, balanced sources and loads can be relieved from adverse effects due to zero
sequence unbalance on the other side. This is helpful for enhancing the life of 3 phase
induction motors, transformers, etc. Also, it is expected to help in synchronising
3 phase inverters to the grid during unbalanced grid conditions and to avoid zero
sequence circulating current during multiple DG interconnection without isolation
transformer.

The conventionally connected power factor improving capacitors worsen the zero
sequence unbalance, while the proposed MuCE device reduces it and supplies reactive
power more fruitfully. In this proposed configuration, the usage of dedicated zig-
zag transformers can be avoided and the already installed capacitor banks can be
effectively utilized for the purpose. The device is capable of reducing harmonics in
capacitor currents which is helpful for extending capacitor life. The electromagnetic
solutions are popular for their low cost, ease of installation, and less requirement of

maintenance.

88



Chapter 6

Conclusion

6.1 Conclusions

A reliable feeder model is required to study the impact of DG penetration in a low
voltage distribution network. But the theoretical model cannot account for the imper-
fections in a feeder. Solutions utilising large data from smart meters and data loggers
are not suitable for all DSOs. So a realistic feeder model using minimum data is pro-
posed. Analysis was done with a theoretical model and the proposed realistic model,
and the proposed model was validated using line loss information. The comparison of
results from the two models shows significant variation. The theoretical model gives
results far away from real values that may lead to wrong conclusions. The developed
realistic model gives results near to actual performance and is helpful for deciding on
DG interconnection requests.

The analysis using the realistic feeder model shows that the voltage drop is more
towards the tail end of the feeder when there is no power generation from PV units.
When the power generation from PV is higher than the connected load, a voltage
rise occurs, indicating reverse power flow, and the voltage rise is also more prominent
at the tail end of the feeder. So, consumers at the tail end of the feeder are most
affected by the voltage drop and rise. This can be minimised by encouraging more
DG integration near the feeder head. Moreover, if there is a load unbalance, even
with balanced PV penetration, the voltage unbalance in the feeder increases. At all
levels of PV penetration, the line loss is higher if the current unbalance in the feeder
is higher. The line loss can be minimised by maintaining a better phase balancing of
loads and keeping local generation equal to the connected load. So phase balancing
is extremely important while allowing PV penetration.

A novel neutral line grounding procedure is recommended for a 3 phase, 4 wire
distribution system operating in an unbalanced harmonic condition. Currently, avail-
able harmonics and unbalance reduction solutions demand installation of additional
equipment with special strategies or regulated interconnection of low carbon tech-

nologies. Normally, the neutral current generated is suppressed or bypassed. It is

89



a novel idea to use the neutral current in line sections as a power quality enhancer
to limit the propagation of disturbances. Furthermore, a novel attempt was made
to investigate the role of neutral current in the proliferation of power quality issues,
taking electromagnetic coupling of lines into account. The following are the positive

outcomes of the test feeder analysis.

e Without any additional compensation scheme, voltage regulation is lowered to

enhance the voltage profile along the feeder.

e Without coordinating the operation of EVs and PVs or limiting their active
power, the voltage unbalance is reduced. Reconfiguration of the network and

storage use is also avoided.

e Without any additional filter units or complex DG control, harmonic propaga-
tion towards the feeder head is significantly reduced, regardless of the harmonic

order.

e As the majority of unbalance and harmonic current returns through the neutral
line itself, the neutral-to-earth voltage is reduced and the problem due to ground

current is minimised.

e The high loop impedance in the path of earth fault current helps to limit the
magnitude of fault current, and to reduce the fault level of protection device
required. Configuring the earth fault relay is easier, since the fault current can

be easily differentiated.

In this aspect, the method is sustainable and promising as it achieves the benefits
without the use of any additional equipment. According to the dynamic analysis, the
approach is robust and is unaffected by stochastic load variations in the distribution
system. The method is applicable to any 3 phase, 4 wire configuration having some
degree of mutual coupling between phase and neutral lines. The only drawback noticed
is a slight increase in line loss.

A new neutral line grounding practice is proposed for a 3 phase, 4 wire distribution
system, operating in an unbalanced harmonic condition. The existing methods of har-
monics and unbalance reduction involve the installation of additional equipment with
specific strategies. Otherwise, regulated or coordinated interconnection of low carbon
technologies is suggested. Conventionally, the neutral current produced is suppressed
or bypassed. Utilizing the neutral current in the line sections as a power quality en-
hancer for restricting the propagation of disturbances is a novel idea. Furthermore,
investigating the role of neutral current in the propagation of power quality issues

considering electromagnetic coupling is a new attempt.
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The proposed new custom power device is capable of compensating for the zero
sequence unbalances from the source and load sides. MuCE, as a custom power
device, can prevent zero sequence unbalance on the source and load side, resulting in
a more balanced situation on the other side. Thus, balanced sources and loads can
be spared from the negative impacts of zero sequence imbalance on the other side.
This is beneficial for extending the life of 3 phase induction motors, transformers, and
similar devices. Additionally, it can assist in synchronising 3 phase inverters to the
grid during unbalanced grid situations and prevent zero sequence circulation current
during multiple DG interconnection without isolation transformers.

Experimental results show that the conventionally connected power factor improv-
ing capacitors worsen the zero sequence unbalance, while the proposed MuCE reduces
it and supplies reactive power in a better manner. In this proposed configuration, the
usage of dedicated zig-zag transformers is avoided and the already installed capac-
itor banks can be effectively utilized for zero sequence compensation. The device
can reduce neutral current and neutral voltage distortion. Additionally, the MuCE
is capable of reducing high frequency harmonics in capacitor current, which helps in

extending capacitor life.

6.2 Major contributions

The major contributions from the research work are:

e Proposed a parameter approximation method for the realistic modelling of a
low voltage distribution feeder using minimum data. The proposed model can
accommodate the imperfections present in the feeder. The proposed realistic
model is useful for analysing the feeder performance for distribution system
operators having no smart meters and data loggers installed. The findings and
suggestions to reduce issues due to higher level DG interconnection are also

presented.

e Proposed a sustainable solution to improve power quality in a 3 phase, 4 wire
distribution feeder without installing any additional devices. In the novel neu-
tral grounding strategy suggested, the neutral current itself is utilised as a power
quality enhancer. Analysing the role of neutral current, emphasising the elec-
tromagnetic coupling between lines in the propagation of power quality dis-
turbances, is a novel attempt. The method is robust against dynamic load

variation.

e A new custom power device capable of mitigating zero sequence unbalance and
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reducing neutral current is proposed. The device can reduce zero sequence
unbalance due to source and load. The device is robust and low cost. It can
deliver ancillary services like reactive power support, harmonic reduction, and

adaptive power factor correction.

6.3 Scope of future work

The realistic feeder model proposed in this work to analyse the impact of DG inter-
connection requires only minimum measured data. As an extension, the accuracy of
the model can be enhanced by modelling each phase line and each line section sep-
arately. Application of parameter estimation methods can also be attempted during
realistic feeder modelling.

In the proposed neutral grounding strategy for improving power quality, the neu-
tral line is single or selectively grounded. As a further step, application of optimization
techniques can be used to select the number and location of neutral grounding points.
Unbalance, harmonics, line loss, and neutral-to-earth voltage are to be considered for
optimising the number and location of neutral grounding points. The electromagnetic
interference of the proposed system with communication cables is expected to be less
compared to fully grounded neutral line system. This can also be investigated and
compared for verification in future work.

The features of the novel custom power device proposed for zero sequence sup-
pression are extendable to various other purposes. Reverse power flow, unsymmetrical
faults, and loss of phase lines etc can be detected by analysing the voltage and current
in the fourth compensator coil of the device. It can be further used for subsequent iso-
lation of line sections. The ability of the device to limit unsymmetrical fault currents
and to arrest transients by ampere turn balancing is under consideration. Extend-
ing the role of fourth winding to avoid resonance by varying inductance through flux
regulation is another possibility that can be investigated. Devices having other con-
figurations based on the same concept may be considered for increasing the lifespan
of capacitor banks. Modification of the device for addressing the negative sequence

components can also be considered as a future extension.
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Appendix A

Carson’s equations for computing self and mutual impedances of overhead
conductors considering presence of earth [10]

Self Impedance of Conductor i:

Z;= ri+4wP;G +j (X +2wG - InFh- + 4wQ;G ) Q/mile (A.1)

0

Mutual Impedance between Conductor i and j:

7, = 4wPy;G+j <2wG Ing 5 s+ 4wQi;G )Q/mile (A.2)

)

where

Z,; = self impedance of conductor i in Q/mile

Z;; = mutual impedance between conductors i and j in Q/mile
r; = resistance of conductor i in /mile

w = 2IIf = system angular frequency in radians per second
G = 0.1609344 x 1073 Q/mile

RD; = radius of conductor i in feet

GMR; = Geometric Mean Radius of conductor i in feet

f = system frequency in Hertz

p = resistivity of earth in (2-meters

D;; = distance between conductors i and j in feet

S;; = distance between conductors i and image j in feet

0;; = angle between a pair of lines drawn from conductor i to its own image and to

the image of conductor j

X; = 2wG - lnG%DR Q/mile (A.3)
Py= - Lokycos(0;) + Sicos(20,) (0.6728 + In2) (A.4)
Qij = —0.0386+ 3 - ln% + 3\1[1%008(9 ) (A.5)
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ky = 8365 x 10715, /1 (A.6)

Modified Carson’s Equations
Only two approximations are made in deriving the modified Carson’s equations. These
approximations involve the terms associated with P;; and @);; by using only the first

term of the variable P;; and the first two terms of Q;;.

pj= I (A7)

Qi = —0.03860 + %ln% (A.8)

Substitute for X;

Zi= it 4wPaG +j (G IngiBie 420G - In i + 40QuG) (A.9)

Combine terms and simplify :

Series Impedance of Overhead and Underground Lines
Substitute in the values of II and G :

The frequency and earth resistivity can be now assumed:
f = Frequency = 50 or 60 Hertz

p = Earth resistivity = 100 Ohm-meter
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Appendix B

Field measurement data

Sample of field measurement data collected for realistic feeder modelling of low voltage
feeder at Kerala State Housing Board, Thiruvananthapuram
Time: 11.00 am

Phase a b C

Feeder head current (A) | 126 | 110 | 98
Feeder head voltage (V) | 232 | 233 | 234
Feeder tail voltage (V) | 206 | 208 | 211

Time: 01.00 pm
Phase a b C

Feeder head current (A) | 56 | 52 | 48
Feeder head voltage (V) | 232 | 232 | 229
Feeder tail voltage (V) | 226 | 227 | 221

Time: 04.00 pm
Phase a b C

Feeder head current (A) | 64 | 63 | 52
Feeder head voltage (V) | 234 | 236 | 232
Feeder tail voltage (V) | 232 | 230 | 228

Time: 06.00 pm
Phase a b C

Feeder head current (A) | 96 | 82 | 108
Feeder head voltage (V) | 235 | 234 | 233
Feeder tail voltage (V) | 212 | 215 | 209
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Appendix C

Intermediate results of Fully Grounded Neutral(FGN) System
and Single Grounded Neutral(SGN) Systems

Sample currents and voltages in a line section for Fully Grounded Neutral(FGN)
System and Single Grounded Neutral(SGN) Systems

Line.LINE104 Currents

101 105
70.0729 /_ -45.18 -> <- 700729 /_ 13482
61.6809 /I_ -177.41 > <- 61.6809 /_ 2.59
62.0723 /_ 7535 -=> <- 620723 /_ -104.65

33838E-005 /_ -161.43 -> <- 3.33739E-005/_ 18.57
Line LINE104

8.32998 I -114Fe > <- 8.32998 /I_ 6530

Figure 6.1: Currents through a FGN line section

Line.LINE104 Voltages

101 105
O.848861¢9 f_ -26.57 o " 0.848554 /_ -26.57
1.0064 /I_ -158.90 & " 1.00634 /_ -158.91
1.11028 /I_ 93.80 - - 1.11022 /I_ ©3.80
0.14878 /_ 12466 = i 0.148776 /_ 12466
Line LINE104

Figure 6.2: Voltages in a FGN line section
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Line.LINE104 Currents

101

73.1826 / -49.18 ->

63.0546 /I_ -169.52 ->

58.0336 . TI2X ->

12.6977 /_ 11060 ->

Line LINE104

105
<- 73.1826 /_ 130.82
<- 63.0546 /_ 1048
<- 580336 /_ -108.73
<- 12.6977 / -69.40

0.000186261 /_ -168.17 ->

<- 0000186266 /_ 11.82

Figure 6.3: Currents through a SGN line section
Line LINE104 Voltaces
101 105
057392 i 3061 A Q973U9 /_ -3061
098482 /_-15094 A n  0984B3 /_ -15095
09901 7 872 - A 090U5 s_ 8971
0.00249%61 /_ 14045 A A 0.00248728 ;_ 14034

Line.LINE 104

Figure 6.4: Voltages in a SGN line section
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