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Abstract

One of the most important measures that can be employed to enhance the supply
reliability and quality of electrical energy in a distribution network is feeder
reconfiguration. Many studies have been conducted in this area, but only a minor
proportion have considered the concept of system harmonics in feeder
reconfiguration. In recent years, an increasing number of invertor/converter-based
renewable generators are being connected to the distribution network, and given
that these generators are harmonic sources, it is important to consider the impacts

of the system harmonics in the feeder reconfiguration.

Load flow analysis is used to determine a suitable network structure for specific
purposes in the feeder reconfiguration problem. In this thesis, a new load flow
method is proposed based on the backward/forward sweep method. This method
can analyse distribution network load flow under both fundamental and harmonic
conditions with distributed generators. Following this, a hybrid optimization
method is proposed based on the salient features of the ant colony system and
particle swarm optimization. This hybrid method has a higher searching accuracy
performance for feeder reconfiguration when compared, on test system, with the
ant colony system and particle swarm optimization. Finally, a 118 mid-voltage
level distribution system is used to investigate the impacts of renewable generators
and system harmonics. The test results verify that system harmonics will have a
significant influence on feeder reconfiguration and, consequently, cannot be
ignored. Furthermore, other factors including the different capacities of renewable
generators, fluctuations in load demands over 24 hours, and the variable output of
the renewable generators in different seasons are also investigated in the feeder

reconfiguration problem.
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p-u.
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THDi

THDv
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l:)loss

It represents harmonic order in the thesis. h =1,2,3, ....

Current

ht" harmonic order branch current at branch n

ht" harmonic order bus voltage at bus n

Active power
Per unit
Total power factor
Reactive power
Resistance
Total harmonic current distortion
Total harmonic voltage distortion
Voltage
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Mega volt-ampere reactive
Megawatt Hours
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Branch current on branch ij
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Chapter 1  Introduction

1.1 Introduction

Over the past century, human activities have released large amounts of carbon
dioxide and other greenhouse gases into the atmosphere. This has caused an
increase of 1.5 <T in Global Surface Mean Temperature in this period, and the 21
century is expected to witness a further increase of 0.5 to 8.6 <C. The majority of
greenhouse gases emissions come from burning fossil fuels to produce energy [1].
In order to meet emissions reductions in line with national energy policies,
electricity networks are, therefore, as the principle source of greenhouse gases,
being targeted for improvements. As a result of the development of technology,
renewable energy generation costs are continuously falling. Hence, the target of
limiting greenhouse gases emissions can be achieved by replacing fossil fuel plants

with wind turbines, photovoltaic generators, and other renewable generators.

As part of the effort to reduce greenhouse gases emissions, an increasing number
of renewable generators have been installed in the distribution network. However,
the fact cannot be overlooked that common types of renewable generators,
including wind turbines and photovoltaic generators, also bring about problems for
the power network. Both of these types of generators produce direct current and
transform it into alternating currents through the use of a converter or inverter. In
the process of transforming the current, the converter/inverter also generates
harmonics, and system harmonics can lead to multiple negative effects across
distribution networks. Effects of this kind include power loss in equipment and
power transmission lines, the reduction of equipment lifespan, the overheating of

neutral wires and transmission, and the production of a series of parallel harmonic



resonances, which thereby leads to equipment damage as a consequence of
overvoltage or overcurrent [2-4]. Hence, parts of functions for distribution

networks need to be improved from the perspective of system harmonics.

Feeder reconfiguration is one automation function in steady state of power system
which can enhance the reliability and quality of electrical energy in the distribution
network, and it can be achieved at a relatively low cost. It is defined as altering the
topological structures of distribution feeders by changing the open/closed states of
the sectionalizing and tie switches [5]. Under normal operating conditions, the
system operators can adjust the network structure according to actual demand by
changing the status of the sectionalizing and tie switches. This is the process of
feeder reconfiguration and it will be introduced in this thesis. Then, the load in the
network can be balanced; the overload can be eliminated; and the network losses
can be reduced. Furthermore, when an electrical fault occurs, the range of the
outage can also be reduced by feeder reconfiguration. For example, system
operators can transform the important loads from one feeder to anther or an
islanding system by using the result of the feeder reconfiguration. Once the fault
has been eliminated, the electric energy supply can also be rapidly restored. Thus,
feeder reconfiguration is a multi-objective combinatorial optimization problem.
One method to solve such problems is to choose a single primary objective and to
treat the others as the constraints. The objective of feeder reconfiguration is
normally proposed according to the specific requirements, such as loss reduction,
load balancing, voltage profile improvement, and service restoration [6]. A
significant volume of research has been carried out in each area. In reference [7],
loss reduction and optimum operation are used as the objectives. Loss reduction
and load balancing are the objectives in reference [8]. Service restoration and load
balancing are chosen as the objectives in reference [9]. When feeder
reconfiguration is used to reduce the network loss, heavy load can be transferred

from one feeder to another. Then, voltage drop will be improved on each bus. Thus,



due to the overload, the load balance rate and the power quality may be improved
with a reduction of the network losses, it is important to recognise that the problem
of network loss reduction is consistently selected as the primary objective of the

feeder reconfiguration problem, such as in references [10-14].

After the renewable generators connect to the distribution network, the system
harmonics also inject into the network. Although this is an important method for
enhancing the reliability and quality of electrical energy for distribution networks,
very few studies have focused on investigating the impacts of system harmonics.
Nevertheless, system harmonics cannot be ignored before their impacts are
investigated and the test results have verified that these impacts have no effects on
feeder reconfiguration. This is especially the case in the context of a situation
where an increasing number of invertor/convertor-based generators are being
connected to the distribution network. The impact of the system harmonics will be

investigated in Chapter 7.

Feeder reconfiguration can be divided into three parts: a) Choose an objective and
establish the objective function and constraint conditions for a distribution network;
b) Calculate the required information for objective function and constraint
conditions by the load flow analysis method in each network, which is established
by optimization methods, including bus voltages and branch currents in the
distribution network; c) Establish a feasible network structure and determine the
optimal structural arrangement by employing the optimization method according
to the objective function and constraint conditions. In these three parts, the
objective function and constraint conditions will be established first and they will
not be changed. All parameters of the devices in the system normally choose its
rated value. In order to find accuracy results, average values in a time interval are
chosen as the parameters of the devices in this thesis in Chapter 7. In view of the

fact that the objective function is variable, investigating the impacts of harmonics



before determining the objective function is inevitably a difficult task. The
optimization method will construct a network structure in each iteration, and each
network will be analysed by the load flow method; following this, a value of the
objective function will be obtained. The process of how optimization method work
Is shown in Chapter 5. The optimal network is the network for which the objective
function value is maximum or minimum. Due to the system harmonics, it is
necessary to improve the load flow method so that the value of the required
information for the objective function can be calculated correctly. Consequently,
the solution for the feeder reconfiguration can also be calculated correctly when

system harmonic is considered.

Due to differing R/X ratios between transmission networks and distribution
networks and the radial structure of a distribution network, the backward/forward
sweep method [15] is a fast and accurate load flow method that can be applied.
Furthermore, it is widely used in feeder reconfiguration. However, the
backward/forward sweep method cannot analyse a distribution network under
harmonic condition; notably, when inverter/convertor-based generators are
connected to the distribution network, a harmonic load flow analysis method is
required. The main harmonic load flow analysis methods are listed as follows: the
Newton-Raphson based harmonic power flow method [16, 17]; the decoupled
harmonic power flow method [18-22]; the fast decoupled harmonic power flow
method [23-26]; the fuzzy harmonic power flow method [27]; the probabilistic
harmonic power flow method [28-31]; and the modular harmonic power flow
method [32-34]. Despite the abundance of methods, relatively few of them have

the capacity to analyse large-scale distribution networks with sufficient speed.

A fast harmonic power flow method based on the basic backward/forward sweep
method has been proposed in recent years [35-37]. Although the accuracy of this

method is not as high as the aforementioned primary harmonic analysis methods,



it can obtain acceptable results quickly. However, in the literature on this method,
the position of the harmonic sources is a special condition, thereby meaning that
this method may not be suitable for all conditions. Furthermore, each load flow
method has been proposed specifically in regards to harmonic load flow analysis
without considering the special characteristics of feeder reconfiguration. One
notable example of this is that certain load flow methods require code buses in the
network to help the method calculate the load flow. However, in feeder
reconfiguration problem, different network structures will be established in each
iteration during the searching process of the optimization method. The load flow
methods may need to recode buses before calculating. Even if the recoding process
can be automatically accomplished, it will also waste extensive computing time to
recode buses. Hence, the author in this thesis proposes a load flow method for
feeder reconfiguration which not only can calculate the load flow under harmonic
condition, but can also avoid the recoding problem. The introduction of this

method is shown in section 4.7.

Nowadays, the artificial intelligence optimization methods are commonly used
method in feeder reconfiguration. The ant colony system [38-40] and particle
swarm optimization [41, 42] have proven to be two of most common used
optimization methods in recent years, and many researchers have devoted their
work to the improvement of the optimization methods’ searching efficiency.
However, each artificial optimization method may have its special deficiency. It is
important to note that these defects may stem from the theory itself, thereby
meaning that they are difficult to avoid unless the basic theory of the method is
modified. For example, due to the pheromone trails of the ants, an ant colony
system can quickly identify more effective solutions based on an existing solution,
but it cannot quickly find feasible solutions in all possible search areas.
Additionally, owing to the lack of limitations regarding initial velocity and

direction in particle swarm optimization, it offers high-performance in finding



feasible solutions in all possible search areas while not being sufficiently
competent in terms of its detailed searching ability around an existing solution. In
this way, it is evident that each method’s advantages and disadvantages come from
their basic theory. If a newly formulated method could capitalise on both of
advantages through an appropriate combination of each, then the searching
efficiency would be greatly improved. Hence, the author in this thesis attempts to
combine the two methods in an appropriate manner so as to facilitate better

searching efficiency.

The impacts of renewable generators in feeder reconfiguration include not only
system harmonics but also variable output power. In the actual engineering project,
the peak load demand varies over 24 hours and the output power of some
renewable generators will change with the weather and the season. However, in
the majority of studies, the load demand and the output of the generators are set as
unchanged. In fact, the load flow will change dramatically with variations in the
peak demand of the loads and the output of the generators in the distribution
network. Consequently, the load flow will concurrently change, the result of which
is that the solution of the feeder reconfiguration subsequently changes. Hence, the
fluctuations in load demands and output of the generators are important factors in

the feeder reconfiguration problem, the impacts of which must be investigated.

Overall, the contribution of this project will be to investigate the impacts of
renewable generators in feeder configuration following their connection to the

distribution network.

1.2 Thesis Objectives

The aim of this thesis is to achieve feeder reconfiguration considering system

harmonics on a modern distribution network. The objectives of this thesis include:



a)

b)

The development of a fast load flow analysis method for both fundamental
and harmonic condition to calculate the network loss in a distribution
network with renewable generators. Moreover, the method should be suitable

for the feeder reconfiguration problem.

In order to meet these objectives, the following specific details must be

adhered to:

1) The PQ type distributed generator, which means a distributed generator
with known active and reactive out power, can simply be treated as a
load. However, the same method cannot be used to offer a PV type
distributed generator solution. The issues surrounding PV type

distributed generators in distribution networks must be solved.

2) The optimization method is used to obtain some feasible network
structures in the process of the feeder reconfiguration. Then, according
to the optimization method, hundreds of network structures may be
established by changing the status of the sectionalizing and tie switches.
Thus, when the network structure is changed, this method can still be

used to analyse the load flow automatically.

The development of an accurate optimization method for optimal distribution
network configuration, which means the new method can find better final
solutions than the commonly used method. Moreover, this method should
offer high levels of accuracy when employed in large distribution networks.
It is better to propose a hybrid method based on two optimization methods

which incorporates their advantages and eliminates their disadvantages.

In order to meet these objectives, the following specific details must be

adhered to:

1) A brief review of the present efficiency optimization methods for



2)

3)

distribution network feeder reconfiguration.

Choose two common used methods. Next, the theory underpinning these
methods should be understood, they should be modelled using software

and tested.

Explore their advantages and disadvantages in detail.

Apply the proposed method to a large distribution network to investigate the

impacts of system harmonics and distributed generators on the feeder

reconfiguration problem. Also, the impacts of the variable load demands and

output of the renewable generators in distribution networks over 24 hours on

the feeder reconfiguration problem are investigated.

In order to meet these objectives, the following specific details must be

adhered to:

1)

2)

Different levels of the system harmonic penetration and variable
capacity of the distributed generators should be considered in the test
system. Then, the different effects which are produced by variable
harmonic penetration levels and capacity of the distributed generators

are investigated.

To obtain more useful and practical data regarding the impact of system
harmonics and renewable generators. Different load types and the
fluctuation of peak load demands should be considered. The formal
status and forecast of the system harmonic penetration and the capacity
of the wind and solar generators in the distribution network should be
specified. In addition, the variable output of the generators should be

considered.



1.3 Main contributions of the Thesis

The factors contributing to the success of this study can be summarized as follows:

a)

b)

The computing process is following the system levels instead of flowing the
code of buses and branches in the layered backward/forward sweep method
in fundamental frequency. The harmonic backward/forward sweep method
can analyse a distribution network in harmonic frequency. By combining the
characteristics of these two methods, the author proposed a fast harmonic
load flow analysis method for distribution networks. This method is
developed from the original harmonic backward/forward sweep algorithm.
The original harmonic backward/forward sweep algorithm will not divide the
system into levels, so the code on buses needs to be recoded when the system
structure is changed in the feeder reconfiguration problem. Furthermore, this
original method will ignore the harmonic branch current on those tributaries
which do not connect with the harmonic source. The layered method is
applied to the proposed method. Then, the load flow calculation will follow
the sequence of system levels instead of following the sequence of the bus
codes. Hence, this method can continue calculating the load flow without
recoding bus codes when the network structure is changed in the process of
feeder reconfiguration. Moreover, an additional forward current sweep is
applied in the proposed method so that all harmonic branch currents are
calculated. Hence, the proposed method can analyse the load flow quickly
and accurately in the distribution network considering system harmonics and

distributed generators.

Due to the advantages of the ant colony system and discrete particle swarm
optimization can be complementary, a hybrid optimization method based on

these two methods is proposed by the author in this thesis. The ant colony



system can quickly search for better solutions based on an existing solution,
which means that the local search ability of the ant colony system is
satisfactory. However, it does not offer a comprehensive search direction.
Discrete particle swarm optimization can quickly find feasible solutions in
all possible search areas, meaning that the global search ability of particle
swarm optimization is satisfactory. However, it lacks the ability to find better
solutions based on existing solutions to an acceptable standard. The hybrid
method combines the advantages of these two methods so that the
optimization ability of the proposed hybrid method is superior to that offered
by either of the two methods on their own. Furthermore, an adaptive function
is proposed for enhancing the searching ability of the proposed hybrid

method by controlling the probability of performing a local or global search.

This hybrid method is tested in small, middle and large size distribution
systems respectively. The test results confirm that the hybrid method offers
superior performance to either the ant colony system or discrete particle

swarm optimization.

The proposed hybrid method based on the ant colony system and discrete
particle swarm optimization is applied to a large size distribution system to
investigate the impacts of system harmonics and the fluctuations of peak load
demands and output of the distributed generators over 24 hours on feeder
reconfiguration. The load types include residential, commercial, industrial
and public lighting. The distributed generators include wind turbines and
photovoltaic generators. The test results show that the optimal network
structure for minimum network losses can be changed by considering system
harmonics. In addition, network losses may increase if the fluctuations of

peak load demands and output of the distributed generators are ignored.
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1.4 Thesis Structure

Based on the objectives and the proposed methodology, this thesis can be divided
into three main parts and is organized into eight chapters. The contents are

summarized below

Chapter 1 provides an introduction to the whole thesis. It covers the rationale
underpinning this study, research objectives and factors contributing to the success

of this thesis.

The first part of the thesis mainly describes the suitable load flow method for feeder
reconfiguration considering system harmonics and distributed generators. This part

contains Chapter 2 to Chapter 4.

Chapter 2 provides a brief introduction of the main objectives of feeder
reconfiguration. The feeder reconfiguration described in this thesis has network
loss reduction as its main objective. To calculate the network losses, the widely
used backward/forward sweep algorithm in the distribution network is studied in
this chapter. Next, the layered method, which divides the network into levels, is
applied to this method to avoid recoding the system code when the network
structure is changed by the feeder reconfiguration. Finally, the layered
backward/forward sweep algorithm is applied to the 12-bus and the 33-bus

distribution system to calculate the fundamental load flow.

Chapter 3 presents an overview of the basic harmonic theory which will be used in
this thesis. It briefly introduces the definition of harmonics, the harmonic
expressions such as Fourier series, and several important formulations and
measures for harmonic calculations and analysis. Wind turbines and photovoltaic
generators — being the principal renewable sources, distributed generators and the
harmonic sources — are described in this chapter. The harmonic distortion

limitation standards are also introduced. Finally, a fast harmonic analysis method
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based on the backward/forward sweep algorithm and the method to calculate the

power loss in cables considering harmonics are presented.

Chapter 4 provides a method for transforming all types of distributed generators to
minus load. Then, the distribution networks with a different number of harmonic
sources are analysed, leading to the finding that the harmonic branch currents on
the tributaries without harmonic sources will be missed by the existing harmonic
backward/forward sweep method. Next, an improved harmonic backward/forward
sweep method is proposed so that this method can be used to calculate the
harmonic load flow for all kinds of distribution network. In the improved method,
an additional branch current forward sweep based on system levels is applied to
calculate the branch current which belongs to the tributaries without harmonic
sources. Distributed generators are taking into consideration in the test networks,
and the positions of harmonic sources are selected at random. Finally, this

improved method is applied to a 12-bus system to verify its accuracy.

The second part of the thesis mainly describes the optimization methods for feeder

reconfiguration. This part contains Chapter 5 and Chapter 6.

Chapter 5 studies the application of the ant colony system and the discrete particle
swarm optimization method for distribution network feeder reconfiguration. As
there is a risk of deriving an impractical solution, the graphic theory is applied to
two methods to minimise this risk. Due to the system parameters of these two
methods being determined by experience, the suitable value of these system
parameters is determined by applying these two methods to 33-bus and 69-bus

distribution systems and analysing the results.

Chapter 6 proposes a hybrid method based on the ant colony system and the
discrete particle swarm optimization. The proposed hybrid method combines the
advantages of both ant colony system and discrete particle swarm optimization so

that its search performance is superior to that offered by either of the two methods
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on their own. Furthermore, an adaptive function is proposed for enhancing its
search ability. Finally, the proposed hybrid method is applied to 33-bus, 69-bus and
118-bus distribution systems in three different maximum iterations to verify that

the accuracy of the hybrid method is higher than the two other methods.

The third part of the thesis mainly investigates the impacts of system harmonics
and renewable generators on the distribution network feeder reconfiguration

problem. This part contains Chapter 7.

Chapter 7 applies the proposed hybrid method to investigate the impact of system
harmonics and distributed generators on the feeder reconfiguration problem. Three
different harmonic penetrations on residential, commercial and public lighting load
and two different wind turbine and solar generator capacity levels are considered.
Moreover, the impacts of variable peak load demands and output of the renewable
generators over 24 hours on feeder reconfiguration are also investigated. The 24-
hour periods are separated into three segments in line with the demands created by
people’s lifestyles. In these tests, solar generators are modelled with two sets of

parameters, thus creating a summer model and a winter model.

Chapter 8 summarises the conclusions drawn in this thesis and discusses possible

future works.
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Chapter 2 Purposes of Feeder Reconfiguration
and Load Flow Analysis in Distribution

Network.

2.1 Introduction

Load flow calculation is the basis of power system analysis and feeder
reconfiguration problem. Researchers have paid much attention to the area of load
flow calculation methods in the transmission network. Although standard
methods[4], such as Gauss-Seidel[5] and Newton-Raphson[6, 7], are widely used
in transmission network load flow calculation, different characteristics between
transmission network and distribution network may limit the applying standard

methods to distribution network directly.

The first widely used power flow analysis method is the Gauss-Seidel method. This
is a simple and easy understand method. However, its convergence speed is very
slow. In an ill-condition system, Gauss-Seidel method cannot even converge. One
of the ill-conditioned systems is a radial system with relatively long distribution
line. And this method cannot be used in such a distribution network. With the fast
convergence speed and good applicability, Newton-Raphson method is a common
load flow analysis method used nowadays. But, the calculation for elements in
Jacobian Matrix slows down the computing speed and also makes this method
complex. So, in the transmission system, decoupled method is developed based on
Newton-Raphson for reducing the calculation. Although Newton-Raphson can
analyse distribution load flow, it is better to find a new way for distribution network
analysis. In the process of developing decoupled method, there is an important
assumption which is that the reactance of the power line much larger than

resistance. However, in the distribution network, the resistance of the power line is
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normally close to or larger than reactance. So that, decoupled method cannot be
used in the distribution network. Even though researchers try to add compensating
reactance to meet the assumption condition, it is still complex to handle this
compensating reactance. Thus, developing a special method which is just for the

distribution network should be better.

The first method for the radial network is proposed in reference [8], PQ loads are
converted into its equivalent impedance. Driving point network admittance is used
to calculate the bus voltage directly. Kersting and Mendive used ladder network
theory to analyse the radial network[9]. Sun and her colleagues improved Gauss
iterative with Z bus which can easily calculate the load flow[10]. The earliest
edition of backward/forward sweep algorithm appeared in reference [11]. By using
a special coding method, bus voltages are calculated after several
backward/forward sweep iterations. Shirmohamadi et al divided the radial network
into levels for increased calculation efficiency. The key point of this reference
focuses on the weakly meshed system[12]. The quadratic based method was
proposed in references [13, 14]. An estimated value of voltage is required in
reference [13]. However, in reference [14], the requirement of such an estimated
value is avoided so that the convergence and the efficiency of this method are
improved. Different from reference [11], a branch current based on
backward/forward sweep algorithm was proposed in reference [15]. In this method,
branch current is the assumed constant value in backward sweep process.
Backward/forward sweep based method for strong meshed network is presented in
reference [16]. In this reference, the loops are converted into two branches with
two breaking points. Reference [17] combine Z-bus and backward/forward sweep
method together. Z-bus handles the ring-net parts and backward/forward sweep
handles the radial parts to increase efficiency. References [18, 19] focus on the
problem of PV type buses in the distribution network. These two papers are also

backward/forward sweep method based. Reference [20] shows a new approach to
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incorporate PV-Buses into sweep-based unbalanced distribution system power
flow algorithms. Reference [21] consider the effect of dispersed generators base on
the backward/forward sweep technology. A node-branch incidence matrix was
presented in references [22-24]. The bus voltages can be calculated by this
improved backward/forward sweep algorithm in parallel without using special
coding method. So this method is particularly suitable for feeder reconfiguration.
Backward/forward sweep algorithm is a widely used load flow method especially
for distribution network. According to reference [11], this method takes a simple
backward and forward sweep in each iteration to calculate the bus voltages and
branch currents. It avoids the complex Jacobian Matrix elements calculation
process so that the computation efficiency is highly increased and computer
memory requirements also reduced. According to the results in section 2.5, after
doing few backward/forward sweep iterations, backward/forward sweep algorithm

can get the results which meet the engineering requirements.

This chapter mainly introduces the objectives of feeder reconfiguration and
backward/forward sweep algorithm. A brief introduction of the main purposes of
the feeder reconfigurations is presented in section 2.2. Section 2.3.1 explains that
due to high R/X ratio of distribution line and radial network structure of the
distribution network, the commonly used load flow methods cannot achieve a good
efficiency in distribution networks. The normal backward/forward sweep
algorithm which is proposed for distribution network load analysis is introduced in
section 2.3.2. In the normal backward/forward sweep algorithm, the power and
voltage calculation sequence on each node is based on the buses code. However,
system topology will change after feeder reconfiguration. Thus, the original bus
sequence is disrupted and the codes on each bus cannot guide calculation sequence
anymore. So, a recoding program needs to be done at every single iteration of
feeder reconfiguration before doing the load flow calculation. An improved

backward/forward sweep algorithm which solved the recoding problem is
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described in section 2.4. Section 2.5 is a case study that illustrates the efficiency

and accuracy of the proposed method in section 2.4.
2.2 Common Objective of Feeder Reconfiguration

2.2.1 Active Power Loss Reduction

It is reported that active power loss in UK distribution network is estimated about
5.5%][25]. And the loss in China is estimated around 9%[26]. All the research
results show that feeder reconfiguration in distribution network for loss reduction
can improve power system economically. So, loss reduction is a primary target of
feeder reconfiguration. In this study, only the active power loss on distribution lines
is considered. Using a mathematical equation to represent the active power loss on

distribution line shows in equation 2-1 [27].

Np P2 + QZ
Ploss = Z R; 1 2 1
i=1 !

v,
(2-1)

Where P, and Q; are the real and reactive power on transmission line flowing out
of bus i, Ny, is the number of branches, R; is the branch resistance which ends

with bus i. V; is the voltage at bus i.

Due to the apparent power S equal to /P2 + Q2 and it also equal to VI*, equation

(2-1) can modify as follows.

Np
Ploss = Z Iizri
i=1
(2-2)

Where I; is the injection current on bus i.
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2.2.2 Load Balancing

Each load may consist of consuming load, industrial load and domestic load in the
distribution network. Daily load curves of these loads are entirely different so that
the peak load of each feeder will appear at various time in the day. By feeder
reconfiguration, parts of the loads can be transferred from the heavily loaded
feeders or the overloaded feeders to the light loaded feeders. This transfer of loads
not only eliminates overload and balance the line loading but also improves power

quality and reduce power loss to a certain extent.

2.2.3 Voltage Profile Improvement

In distribution network, voltage normally drops along the distribution line
connecting the substation to the load. In order to avoid excessive voltage drop and
maintain the voltage value in a limited range, feeder reconfiguration can be an
alternative method in addition to reactive power compensation and voltage
regulator. Especially, feeder reconfiguration will have a significant effect, when the

voltage drop is caused by overload or long distribution line.

2.2.4 Service Restoration

In an emergency condition, such as a fault, feeder reconfiguration can isolate the
fault by changing the status of switches and transfer parts or all loads at the faulted
feeder to the normal working feeders. In the concept of the smart grid, feeder
reconfiguration can arrange parts of distributed generators to supply an islanding
system for ensuring the power supply to maintain the critical area. Such as, hospital
or naval shipboard power system[28]. Thus, feeder reconfiguration plays a major

role in power restoration.
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2.2.5 Multi-Objectives

In common optimization system operation, the voltage limitation must be taken
into account during the feeder reconfiguration for loss reduction. Equipment life is
also an important economic factor so that the number of switching can be an
objective of feeder reconfiguration. Some papers proposed a weight coefficient for
each objective. The final objective function will be the sum of each single objective

with their weight coefficients[29].

Due to feeder reconfiguration for loss reduction, it can also improve the voltage
profile and balance the load to a certain extent. So, loss reduction is also chosen as
the target of feeder reconfiguration in this thesis. It shows in equation (2-1) and (2-
2) that bus voltages and branch currents in the system are the basic elements for
assessing the objective results. The following part of this chapter will introduce the
widely used load flow analysis method in the distribution network and its

improvement.

2.3 Methods for Load Flow Analysis in Distribution

Network

Load flow calculation is the basis of distribution system analysis. Load flow data
Is necessary for feeder reconfiguration, fault analysis, reactive power optimization
and so on. According to the network topology and operation condition, load flow
calculation can evaluate all important elements in the system. Such as, voltage
magnitude, voltage angle, power distribution and power loss. In feeder
reconfiguration, all of these system elements will be calculated many times. So, a

suitable method for feeder reconfiguration is very important.
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2.3.1 Models and Characteristics of Distribution Network

Power flow calculation has a long history since 1956 by J.B.Ward [30]. Algorithms
for power flow calculation developed from Gauss-Seidel iterative method to the
Newton-Raphson method and then to the fast decoupled P-Q method[31].
Researchers have already developed a variety of effective load flow calculation
methods. However, all of these methods generally only applied to the transmission

network.

Distribution networks normally operate in open-loop and the loop is closed only in
switching load or fault situation. The size of distribution line in the distribution
network is smaller when compared with a transmission line in the transmission
network. It leads to that the R/X ratio of the distribution network is higher. Table
2.1 shows typical electrical parameters of overhead lines and underground
cables[32]. R/X ratio is smaller 1 when system voltage is higher than 20kV. If the

system voltage is equal or lower than 20kV, R/X ratio is usually larger than 1.

Distribution line normally less than 100km and its system voltage is normally
smaller than 60kV[1]. In this kind of distribution line, its length is far small than
an electromagnetic wavelength (600km) and the system voltage is low when
comparing with the transmission system. The corona phenomenon hardly occurs
so that conductance parameters are ignored. Also, because of the low system
voltage, capacitor current is small. The electrical admittance parameters caused by
the small capacitor current is negligible. Then, the distribution line can be

expressed by R + jX.
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Table 2-1 Typical electrical parameters of overhead lines and underground

cables[1]
Type System Phase Resistance Reactance
\oltage conductor Q/km Q/km
(kV) Al/Fe,(mm?) (+20°C) (50Hz)
Overhead line 0.4 25/0 1.06 0.30
Overhead line 0.4 50/0 0.64 0.28
Overhead line 0.4 35/0 0.87 0.1
Underground cable 0.4 120/0 0.25 0.07
Overhead line 11 50/0 0.64 = 04"
Underground cable 11 185/0 0.16 0.08
Overhead line 20 54/0 0.54 = 04"
Underground cable 20 120/0 0.25 0.11
Overhead line 110 242/39 0.12 = 0.4"

* Value depends om spacing and cross arm construction

Another significant characteristic of the distribution system is that its structure is
radial or weak-mesh. This is one of the ill-conditions of the Gauss-Seidel Method.
In the case of the radial distribution system, the system Jacobian matrix is usually
ill-conditioned because of high R/X ratio in line segments. This causes a lack of
diagonal dominance of the system Jacobian[33]. And, R/X ratio near to zero is the
premise conditions of the fast decoupled P-Q method [1]. Characteristics of the
distribution system hinder the classical algorithms, but, in another hand, radial
structure means the connection between each feeder is weak and high R/X ratio
simplifies the model of the distribution line. According to these characteristics of
the distribution network, a method with simple backward and forward sweep
process is described in details in reference [11]. Although it can only use in the
distribution network, backward/forward sweep algorithm and its improvement
edition are widely applied in the distribution network calculation because its fast

calculation speed and good convergence.
The normal assumption of a balanced three phase load on the system is also
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assumed in this thesis when preforming load flow calculation. It is defined that

power distribution at each load is considered as known and constant.

2.3.2 Backward/Forward Sweep Algorithm[11]

Backward/forward Sweep Algorithm takes a simple backward and forward sweep
process base on Ohm’s law in each iteration for calculating all node voltages. In
the backward sweep, branch currents in the network are calculated according to the
assumption that all initial bus voltages are equal to the source voltage and loads
power on each bus are known. In the forward sweep that follows, the calculated
branch currents are assumed to be constant and used to compute the new buses
voltage. These two steps are defined as one iteration. When the difference of node
voltages on the same bus between two successive iterations is sufficiently smaller
than a tolerance value which is set in advance, the voltage values are considered to

be acceptable results.

A simple radial feeder distribution network which is used to elaborate on

backward/forward sweep algorithm is shown in Figure 2-1.
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Figure 2-1 Simple radial feeder distribution network

The steps of backward/forward sweep algorithm are as follows:

1. Assigned the initial voltage value to the source bus and assumed that all buses
voltage is equal to source bus voltage. Generally, backward/forward method can
use rated values as its initial value. So, it can be assigned that V; = Vi 20°.

Where Vy is rated value of the voltage.

2. Inthe backward sweep, calculations of current distribution using equation (2-3)

from the end node to the source node in each of the lines.

OERG) LM JQ

meNj mEN]

(2-3)
Where [j; is the current on branch ij, i]- is the load current output from node j. If
node j is a sending node, then N; is the set of the receiving nodes which connects
with node j. m is one node belongs to the set of N;. P, and Q; are the active and

reactive power of loads of node j. V] is the conjugate voltage on node j. And k is

the iteration orders.

30



In the forward sweep, calculations of node voltage using equation (2-4) start at
the source node to the end node of in each of the lines.
SR _ oK) (K .
V]-( V=0 — i +jxg)
(2-4)

Convergence. This is done by comparing the maximum difference value of
voltage magnitude between the last two iterations to be within a tolerance value
e. If max|AV;| < g, then the calculation is terminated. If max|AV;| > &, then,

repeat the procedure for the next iteration calculation.

max {[V4 - v} < £

(2-5)

The flow chart of backward/forward sweep algorithm shows in figure 2-2.
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Allocate the basic network parameters, include line
impedance and the load power of the node.

A

Assumed rated voltage value as the initial value of
each node voltage.

A\ 4

Calculate the current distribution starting at the
end bus, along the feeder, to the source bus.

\ 4

Calculate the node voltage starting at the source bus,
along the feeder, to all end bus.

max|AV;| < &

[ J

Figure 2-2 Step of backward/forward sweep method

Results of backward/forward sweep algorithm contain not only system nodes
voltage but also node voltage angle and system branch currents. Then, system

power loss can be calculated by equation 2-1 or 2-2.
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2.4 Backward/Forward Sweep Algorithm in Feeder

Reconfiguration

In the process of the feeder reconfiguration, the status of tie switches and
sectionalizing switches are assumed to be changed. When the status of these
switches changed, the topology of the system network is also changed, which
means a new distribution network topology has been established.
Backward/forward sweep algorithm uses a special coding method for all nodes to
calculate the bus voltages in paper [11], which involves recoding network in every
single calculation process. Paper [12] proposed a method of layered node system
at several levels. To some extent, the method improves the calculation efficiency.
However, it has not yet been solving the recoding problem when applying
backward/forward sweep algorithm in feeder reconfiguration. In paper [22-24],
node-branch incidence matrix, which represents system topology in a matrix, is
proposed to avoid recoding process when system structure changes. Furthermore,
this matrix will guide the algorithm to calculate branch currents and bus voltages

with the same level. It also increases calculation efficiency.

The method in reference [22-24] will be introduced in following. Figure 2-3 shows
a 12-bus tree network. The coding method of buses and branches are natural integer
coding method which means code starts from 1 and all code is natural number. The
maximum code number is equal to the number of the buses or branches. The code
on bus or branch is randomly. There is no relationship between code and network
structure. Furthermore, the largest node code and branch code must equal to the

total number of buses and branches respectively. When the system structure is

33



transferred into the matrix, the number of the rows and columns in this matrix is
continuous positive integer. If the largest node code was larger than the total
number of buses, parts of the codes had no corresponding node in the system. But,
these node codes still occupy the position in this matrix. These part of codes will

waste computer memory.

Figure 2-3 12-bus distribution network

Figure 2-3 shows a distribution network branches supported within levels. In this
12-bus network, it can be seen that the branch 6, 5 and 3 belong to the same level.
So, the equivalent current and the voltage drop can be calculated simultaneously.
Similarly, branch 9, 11, 1 and 8 are also at the same level. Its equivalent current
and voltage drop also can be calculated at the same time. Thus, according to Figure
2-3, it can visually be seen that the network is split into four levels. The situation
of branches in each layer and starting and ending bus of each branch are also
known[34]. Following the sequence of these system levels, branch currents and

node voltages can be calculated. The improvement of this method is using the level
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number instead of the code number to guide the sequence of the calculation. In this
mode, no matter how the structure changes, the system levels always start at level
one on the source node and terminate following the sequence of natural number.
Current backward calculated from the largest system level to level one and voltage
forward calculated from level one to the largest network level. Thus, code on nodes
or branches has no relationship with the calculation sequence anymore. So, this
improvement solves the problem that backward/forward sweep algorithm need to
recode the system after each feeder reconfiguration iterations. How this improved

algorithm works is outlined in details in the following section.

Branch number

A=
1 _ 0 1 0 0 0 0 1 0 0 1

of o 1 {o 1 1 1 of o o o
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Figure 2-4 Node-branch incidence matrix

Figure 2-4 is the node-branch incidence matrix of the 12-bus distribution system
which is shown in Figure 2-3. Due to this method is applied by Matlab software,
matrices are used to explain the system structure to the computer. To achieve this
method, several matrices should be established for the relationship between nodes,

branches and levels. First of all, the node-branch incidence matrix is established.
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This matrix is similar to the normal node-branch incidence matrix. However, it is
unnecessary to use ‘-1’ to express the direction of the branch current. Because the
distribution network will be divided into levels by this method, in order to express
the system levels to the computer, node and branch hierarchical matrix must be
established. Figure 2-4 with the blue and red line are used to explain how to
establish these two matrices. In node-branch incidence matrix, the number of the
row is the same as the code number of the node and the number of the column is
the same as the code number of the branch. Then, it is defined that the blue and red
line represents node and branch respectively in Figure 2-4. It can be seen from top
to bottom in Figure 2-3, the system is node 5 and branch 7 are belong to the first
system level. Thus, the blue line is drawn start at row 5. When the line arrival at
column 7, it will turn red and draws following the column 7. The second level in
Figure 2-3 contains node 2 and branch 3, 5 and 6. Thus, when the red line draws at
row 2, it needs to turn blue again and draws following the row in matrix. Due to 3
branches are connected to the node 2 in the second level, the blue line will need to
turn red three times at column 3, 5 and 6 respectively. Then, do the same steps until
all system levels are mentioned. Under these steps, the node and branch
hierarchical matrix can be built and the computer will understand the system level

according to these two matrices.
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Table 2-2 Branch hierarchical matrix

B Matrix Branches in each level
System 7
Branch 3 5 6
Levels 1 8 9 11
2 4 10
Table 2-3 Node hierarchical matrix
N Matrix Nodes in each level
5
System 2
Node 1 7 11
Levels 3 12 10 4
6 8 9

Although the levels of the system are defined, the relationship between node and
node, branch and branch is also important. Without this relationship,_it cannot
identify that which branches belong to the same feeder tributary and which node is

the sending node or receiving node of branches. Table 2-4 indicates the relationship

between nodes. This node level incidence matrix transforms from node-branch

incidence matrix. In this matrix, the column still means the code number of
branches. However, the elements in the first row of the matrix are the codes of the
sending nodes and the elements in the second row of the matrix are the codes of
the receiving nodes. Then, all elements in the first row are the code number of

sending nodes and the elements in the second row is the code number of receiving

nodes.
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Table 2-4 Node level incidence matrix

S&E Location of the column is the branch code

Sending Node | 1 | 3 2 | 12 | 2 2 5 1 11 | 3 1

Receiving Nodel 3 | 6 1 8 7 11 | 2 | 12 | 10 | 9 4

The relationship between branches represents in branch level incidence matrix
which is shown in Table 2-5. In this matrix, the meaning of the row in the matrix
is the following branch and the meaning of the column is the upper branch. For
instance, the value 1 in the 1% row and the 3" column means branch 1 follows after
branch 3. The value O represents that there is not any connection between its

corresponding upper and following branch.

Table 2-5 Branch level incidence matrix

Branch level upper branch
incidence matrix

Following

branch

-0 0 0 0 O O -
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o

In this improved method, backward sweep starts at the last level of branch
hierarchical matrix. Branch currents at this level will be calculated and add to the
upper level according to the branch level incidence matrix. The calculation is

terminated at the first level of branch hierarchical matrix. When the backward
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sweep ends, forward sweep starts at the first level of node hierarchical matrix. The
node voltages at the second level will be calculated according to the node level
incidence matrix which indicates the sending and receiving nodes. This is one
iteration of the improved backward/forward sweep algorithm. The rest part of this

algorithm is the same as the normal one.

Depending on the characteristics of the backward/forward sweep algorithm and
system structure, each branch current is calculated by summing the current of those
branches that follow and the injection current at its receiving node during the
backward sweep. Each bus voltage is decided by the frontal bus voltage and the
voltage drop of the distribution line in the forward sweep. Such characteristics limit
current backward and voltage forward on the different branch cannot be operated
simultaneously. Nevertheless, on the other hand, it also shows that there is no
backward and forward linkage between the current of branches on the same level
if the branches are sorted by layers. Thus, parallel calculation of current or voltage

on the same level can be achieved.

The parallel calculation can avoid low efficiency model that only one branch
current or bus voltage is computed after searching one receiving node of a branch.
The layered network also significantly reduces the search area for receiving node
of each branch. After avoiding the recoding process and calculating bus voltages
and branch currents parallel. Moreover, in this way, the efficiency of

backward/forward sweep algorithm is highly increased in feeder reconfiguration.
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2.5 Case Study in 12-Bus System.

The above theory is programmed using Matlab, and the results of the 12 bus
distribution network are illustrated in figure 2-1. The system capacity is 15MVA
and the rated voltage is 23kV.

Table 2-6 12-bus test results

Layer B/F sweep method Reference [2]

Node \oltage Phase Node \oltage Phase

no. magnitude angle no. magnitude angle
5 1.000000 0.00000 5 1.000000 0.00000
2 0.997180 -0.24706 2 0.997184 -0.26469
11 0.996418 -0.26523 11 0.996423 -0.26486
1 0.994869 -0.43454 1 0.994883 -0.43403
7 0.995562 -0.26493 7 0.995567 -0.26469
10 0.995656 -0.28343 10 0.995561 -0.28306
0.994161 -0.45449 4 0.994176 -0.45411
0.993976 -0.50736 3 0.993995 -0.50679
12 0.993531 -0.46652 12 0.993545 -0.46599
6 0.993021 -0.53023 6 0.993040 -0.52965
9 0.991875 -0.53063 9 0.991895 -0.53022
8 0.992193 -0.49858 8 0.992208 -0.49804

The first three columns in Table 2-6 show the test results using the above method.
The final three columns show the results which are obtained from the same
distribution network in reference [2] for comparison purposes. It can easily be seen
that both voltage magnitude and phase angle are almost the same within an
acceptable tolerance. The proposed method is simple to program and parallel
calculation in the same feeder level can be done. Furthermore, it does not need to

recode when the network topology is changed.
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Table 2-7 33-Bus test results
Node \oltage magnitude Node \oltage magnitude
no. Layer B/F | Reference [3] | no. Layer B/F Reference
sweep sweep [3]

1 1 1 18 0.91402 0.91253
2 0.99768 0.99703 19 0.99715 0.99650
3 0.98359 0.98278 20 0.99357 0.99292
4 0.97612 0.97526 21 0.99287 0.99222
5 0.96873 0.96783 22 0.99223 0.99158
6 0.95034 0.94910 23 0.98001 0.97920
7 0.94686 0.94561 24 0.97334 0.97252
8 0.94202 0.94077 25 0.97002 0.96920
9 0.93575 0.93450 26 0.94841 0.94717
10 0.92994 0.92869 27 0.94585 0.94461
11 0.92908 0.92783 28 0.93442 0.93303
12 0.92759 0.92633 29 0.92621 0.92481
13 0.92148 0.92021 30 0.92265 0.92125
14 0.91921 0.91794 31 0.91850 0.91708
15 0.91780 0.91653 32 0.91758 0.91617
16 0.91643 0.91516 33 0.91730 0.91588
17 0.91441 0.91313
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Table 2-8 Results comparisons of two methods

System Layer B/F sweep Normal B/F sweep Computing time
method method reduction in
Iteration | Time(s) | Iteration | Time(s) percentages (%)
12-bus 3 0.0268 4 0.0284 5.6
33-bus 3 0.0347 5 0.0496 26.0
69-bus 4 0.0451 5 0.1036 43.5

Another test is performed on the IEEE 33-bus system to verify the method accuracy
again. System structure and code are presented in figure 2-5 and Appendix A.1
respectively. The results are shown in Table 2-7. The voltage phase angle cannot
be compared because its value is not shown in reference [3]. In Table 2-7, the
largest gap between two results is at the bus 33. Its value is 0.00142. This gap is
appropriately 0.15% base on the bus voltage which calculated by layered
backward/forward sweep algorithm. Thus, the calculation of the voltage magnitude

is accurate.

To compare the efficiency and convergence property, the results of power flow
calculation in the same convergence precision in 12-bus, IEEE 33-bus and IEEE
69-bus are shown in Table 2-8. The improvements of backward/forward sweep
algorithm not only decrease the number of convergence iteration but also reduce
the total computing times. In the proposed method, the establishment of matrixes
for solving the recoding problem occupies a large part of the computing time. So,
the gap of total computing time between two methods in a small system is not
noticeable. However, with the increasing size of the distribution system, a

considerable computing time can be saved.
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2.6 Summary

This chapter presents the main objective of feeder reconfiguration: active power
loss, load balancing, voltage profile, service restoration and multi-objective. When
feeder reconfiguration is done for active power loss, the results will have an effect
on the voltage profile and load balancing. As a primary target of feeder

reconfiguration, this thesis mainly discusses how to reduce active power loss.

Characteristics of distribution network are not the same with transmission system
including radial network topology, high R/X ratio of distribution line and all system
bus voltages can be assumed as the same at beginning of the iteration calculation.
To calculate the distribution system bus voltages, backward/forward sweep
algorithm which considers the network characteristics of the system is more
suitable than those commonly used load flow methods in the transmission system.
The method mentioned in this chapter can perform load flow within few iterations
by simple branch currents and bus voltages sweep. The calculation sequence from
source bus to ending buses is the key of this sweep. However, feeder
reconfiguration will change the system structure so as to the sequence of buses are
changed. So, codes on buses and branches need to be recoded on every single

iteration of reconfiguration.

The Improved backward/forward sweep algorithm represent the network topology
by a node-branch incidence matrix. This matrix not only shows the relationship of
all branches and buses in the network but also divides the network into several
levels. This algorithm can compute the bus voltages and branch currents parallel at
the same level so that the computing time is reduced. On the other hand, load flow
calculation follows the sequence of network levels instead of the sequence from
source bus to end buses. Recoding problem is solved and so that it greatly increases

the efficiency of backward/forward sweep algorithm in feeder reconfiguration. The
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detailed results of the 12-bus system and IEEE 33-bus system in this chapter
support the good accuracy of the backward/forward sweep algorithm and its fast

convergence speed is verified by the results in Table 2-8.
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Chapter 3 Harmonic  Analysis in  Feeder

Reconfiguration

3.1 Introduction

In the past decades, a major part of the domestic and commercial loads are linear
loads. So, researches on feeder reconfiguration problems typically consider the
fundamental system condition. Nowadays, power electronic devices are widely
installed in the power network, such as control of furnaces and electrical machines
[5]. Especially, with the growth of green energy, the number of converters which
transform DC to AC for the wind and photovoltaic generators is increased in the
distribution system. Although they are used for seeking higher system reliability
and efficiency, they produce a large number of power system harmonic. The effects
of power system harmonic are the power loss in equipment and power transmission
line, reduction of equipment life, overheating of neutral wires and transmission
and producing series or parallel harmonic resonant and leading to equipment
damage because of over-voltage or over-current[6-8]. Even if the harmonic filter
can reduce a large amount of power system harmonic, it may still have a big
influence on the feeder reconfiguration problem. In order to solve the distribution
system feeder reconfiguration problem in a more realistic power system

environment, system harmonics should be considered.

The main purpose of this thesis is solving the feeder reconfiguration problem so
that the knowledge of power system harmonic will not be introduced in all aspect
in this chapter. Only the parts of system harmonic analysis knowledge which may
relate to the distribution network feeder reconfiguration will be mentioned. For
example, the backward/forward sweep method has proved to be a high-efficiency

load flow method for feeder reconfiguration in the distribution network. Especially,

50



the layered based backward/forward sweep method can avoid system recoding
after each reconfiguration iteration. This method has introduced in section 2.4. The
other method may reduce the computing efficiency but then cannot handle the
system recoding problem easily. Therefore, the layered method is necessary for
solving the distribution network feeder reconfiguration problem. For this reason,
the backward/forward sweep based load flow method is the priority choice for
solving the feeder reconfiguration considering harmonics. Thus, only
backward/forward sweep based fast harmonic analysis method is introduced in

details in this chapter.

The definition, the characteristics and the measurement of the harmonics are the
basic knowledge for power system harmonic analysis. This information is
introduced from section 3.2.1 to section 3.2.4. The harmonic distortion limit
standard is provided in section 3.2.5. These standards are the limitation which is
constituted to judge the system harmonic content is acceptable or not. Considering
harmonics, the system component models will be different from the one on
fundamental frequency. So, how to simulate system models under harmonics will
be described in section 3.3.1. The models of the harmonic source are important
information for harmonic analysis. Part of harmonic sources which appear in recent
years are shown in section 3.3.2. In section 3.4, backward/forward based harmonic
analysis method for the distribution network is illustrated in details. In section 3.5,
the method for calculating the power loss in power cable considering the effect of

system harmonics is introduced.

3.2 Basic Knowledge of Harmonic

3.2.1 Definition of Harmonics

The common definition for a harmonic in the power system is “a sinusoidal

51



component of a periodic wave or quantity having a frequency that is an integral
multiple of the fundamental frequency [9]”. Normally, the frequency of the power
system is 50Hz in large part of the world. However, it is 60Hz in America and
Japan [10]. In the power system, the stable voltage and current are expected to be
a sine wave. But, the power system always contains kinds of the nonlinear load so
that system will produce harmonics. Harmonics in power network include integer
harmonic, inter harmonic[11] and sub harmonic[12]. Integer harmonic is
sinusoidal periodical waves having frequencies which are integral multiple of the

fundamental frequency and can be expressed by equation 3-1[9].
FMW () = AW « sin(2nhft + a™)
(3-1)

Where A is the harmonic amplitude. f is the fundamental frequency. h is an

integer which shows the harmonic order. And « is the harmonic phase angle.
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Figure 3-1 First, fifth, seventh and ninth harmonic waveforms

The different inter harmonic waveforms are shown in Figure 3-1.
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The inter harmonic and sub harmonic can also be expressed by equation 3-1. But,
the value of the h is different. If the h is non-integer and larger than fundamental
frequency (e.g. h = 1.3,1.7,2.5, ...), the inter harmonic is expressed by equation 3-
1. If the h is non-integer and smaller than fundamental frequency(e.g. 0 < h <

1), the sub harmonic is expressed by equation 3-1. Both of them are the uncommon

type of harmonic. Thus, they will not be discussed in this thesis.

3.2.2 Harmonic Expression

Due to the installations of nonlinear devices, the stable system voltage and current

wave are non-sinusoidal. The waveform in Figure 3-2 is a typical non-sinusoidal
harmonic waveform.
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Figure 3-2 A non-sinusoidal periodical voltage waveform

Comparing with the single waveform of integer harmonic in Figure 3-1, the non-

sinusoidal harmonic waveform in Figure 3-2 cannot be expressed by a simple sine
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equation. To simplify and analyse non-sinusoidal harmonic, Fourier series is

involved in reformulating such a non-sinusoid [13-16].

Fourier series is a widely used harmonic analysis method. It decomposes the non-
sinusoidal periodical harmonic waveform into a set of sinusoidal harmonic
waveforms. Then, it analyses sinusoidal harmonic waveforms in each harmonic
order of the power system. After combining all power system harmonic response

in each harmonic order, the total harmonic system parameters can be calculated.

Normally, any non-sinusoidal periodical function can be expressed by the Fourier

series which is shown in equation 3-2[16].

() =A0 4 Z [AM) cos(hwot) + BM sin(hwyt)]
h=1

(3-2a)

=A© 4 Z C™ sin(hwot + ™)
n=1

(3-2b)

Where f(t) is the periodical function at frequency f,. Its angular frequency is
wq = 21f,, with period T = 1/f, = 21m/w,. Clsin(wyt + @) is the fundamental
component. And € Msin(hwgt + ¢") is the h'" harmonic component. ¢ is

amplitude, frequency is hf,, phase angle is ™.

A, B, C and ¢" are the Fourier coefficients which are shown in the following

equations.

1 T 1 2T
A = fo Ftyde = fo FOdE) (= wod)

(3-3)
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A = ;fo f(t)cos(hwgt) dt = %JO 7rf(t)cos(hx) d(t)

(3-4)
BM = ;fo f(@®)sin(hw,t) dt = %JO 7rf(t)sin(hx) d(t)
(3-5)
ch = J(A(h))z + (B(h))z
(3-6)
n
M = arctan(%)
(3-7)

Figure 3-3 are the decomposed four harmonic waveforms which are analysed by

Fourier series.
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Figure 3-3 The harmonic components of the non-sinusoidal waveform

3.2.3 Power system harmonic characteristics[16].

The characteristics of harmonic in the power system can simplify the harmonic

analysis. So, harmonic characteristics are introduced below.

(@) Inthe balanced three-phase power system, voltage and current waveform have
half-wave symmetry. The half-wave symmetry is that system harmonic has no
Direct-Current component and the even harmonic components can be offset.
So, normally, all even harmonic components in the power system can be

ignored.

(b) In a balanced three-phase system, the single-frequency harmonic component
can only be single positive sequence, single negative sequence or single zero

sequence. This feature can be seen from the Fourier series equation of phase
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(©)

voltage. Moreover, according to reference [16], the fundamental harmonic, 4",
7t ...are positive-sequence, the 2", 51 8" are negative-sequence and the
3 6™ 9 . .are zero-sequence. In addition, in a balanced 3-phase power
system, triple harmonic current components are zero-sequence. Zero-sequence
currents could flow in the star winding if there is a neutral connection and
corresponding zero-sequence currents circulate in the delta winding. However,
no zero-sequence currents can enter or leave the star winding without neutral
connection or delta winding [17]. Thus, triple harmonic orders can be ignored
in those systems which have the circuit with the delta winding connection or

star winding without the neutral connection.

In a balanced power system, the linear network has independent effects on
different harmonics. This feature allows us to analyse all the harmonic
component respectively. That means we can simulate system equivalent circuit
on each harmonic order in the frequency domains and calculate harmonic
voltage and current. The overall response can be obtained by the sum of all

harmonic components in the time domains.

3.2.4 Harmonic Measures [5, 6, 18-20].

In order to analyse and calculate power system harmonic, the measures and

formulations of the harmonic are necessary. Thus, they are introduced in the

following section.

3.24.1 Harmonic Node Voltage and Branch Current

In power system harmonic analysis, the two harmonic elements of bus voltages

and branch currents are the primary targets. By using Fourier series expansion in
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general, the mathematical equations of harmonic node voltage and branch current

can be expressed as follows:

oo

v(t) = z VW cos(hwot + M)

h=1
(3-8)
i(t) = z IMcos(hwyt + ™)
h=1
(3-9)

In the above equation,

VM _maximum value of the ht* harmonic node voltage
1™ _maximum value of the A" harmonic branch current
6™ _value of the ht" harmonic node voltage phase angle
o™ —value of the h™" harmonic branch current phase angle
wo — fundamental angular frequency, and w, = 271 f,.

fo — fundamental frequency, and f, = 50Hz or 60Hz.

3.24.2 Root Mean Square (rms) Value of Node Voltage and Branch

Current

For the Fourier series,

2 1 r 2 1 2 2
Frms = ? f (t) dt - E Fh = Fh rms
0 h=1 h=1

(3-10)

So, the root mean square value of node voltage and branch current can be expressed

by equation (3-11) and (3-12) respectively.
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h 2
Vs = | Y @2 = (202 + @22 4+ ()2

h=1
(3-11)
e = | G0 = OB+ @20+t G
h=1
(3-12)

Where vr(fn)s and Lf},{s is the h™ harmonic rms value of node voltage and branch

current respectively.
3.24.3 Total Harmonic Distortion (THD)

Total harmonic distortion (THD) is defined as the summation of all harmonic
components of the voltage or current waveform compared against the fundamental
component of the voltage or current wave [21]. The value of THD is a percentage
comparing the harmonic components to the fundamental component of a non-
sinusoidal signal. The mathematical expressions of total harmonic voltage and

current distortion are shown below.

Total harmonic voltage distortion:

S v
Ekmmy:j%é?sy—1
™m.

h=2 S

THD, =

y@

(3-13)

Total harmonic current distortion:
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- I
> ey = J (-1
rms

h=2

(3-14)
Where V) s the fundamental voltage and IV is the fundamental current.
3.244 Harmonic Active Power and Reactive Power

The instantaneous active power is defined that p(t) = v(t)i(t) . So, the

mathematical equation of total harmonic active power is:

1 T
P:TJ;) p(t)dt

(3-15 a)
_1 i ) [®) cos(9M) — ™)
2
(3-15 b)
n=co
= V(h)rmsl(h)rms Cos(H(h) — (p(h))
h=1
(3-15 ¢)
The harmonic reactive power is defined as follow:
= 1 i y M Sin(g(h) _ (p(h))
2
h=1
(3-16 a)
Z y®_ I sin(8® — ™)
h=1
(3-16 b)
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3.245 Harmonic Apparent Power

According to the root mean square value of harmonic node voltage and branch
current shown in equation 3-11 and 3-12, the harmonic apparent power S can be

expressed by:

S = Vimslims

(3-17 a)
2 2
= Z v® rmsl(h) rms
h=1

(3-17 b)
=Iqmwhme1+77Hb?J1+THDf

(3-17 ¢)
=gJ1+THmﬁJ1+THm2

(3-17 d)

Where S, is the fundamental apparent power.
3.2.4.6 Distortion Power

Power system apparent power S is defined as S? = P? + Q2. However, if voltage
and current are non-sinusoidal waveforms, the apparent power should redefine
under harmonic condition. Two vector graphics of apparent power under
fundamental and harmonic condition are shown in Figure 3-4 and Figure 3-5
respectively. A parameter D named distortion power is included to redefine the
harmonic apparent power. According to Figure 3-5, the new equation for harmonic

apparent power can be presented by:

§% = P2 + Q% + D?
(3-18)
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Figure 3-4 Power vector graphic under fundamental condition

Q=§:Q(")

P= ZP(h)

Figure 3-5 Power vector gfaphic under harmonic condition

Thus, the distortion power D can be calculated by equation 3-19.
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D2=SZ—P2—Q2

= [§2— () PMY2_ () Q)2

(3-19)
3.24.7 Total Power Factor

Normally, power factor is the value of active power divided by the apparent power.
Under the harmonic condition, distortion power D is included in the apparent
power. So, the equation of total power factor of a non-sinusoidal waveform is
P P P
pf=§= P2+Q2+D2: 2 2
S, |1+ THD,?*\J1 + THD,

(3-20)

3.2.5 Harmonic Distortion Limit Standards

Power system harmonic cannot be completely avoided. Hence, limitations for
power system harmonic are necessary. Harmonic distortion limit standard is a
standard to limit the system harmonic to an acceptable limit. After doing the system
harmonic analysis, a comparison of system bus harmonic voltage, branch harmonic
current and their total harmonic distortion with the harmonic distortion limit
standard can help the system operator to check the system and maintain the system

harmonic to an acceptable level.

The following part will introduce the harmonic distortion limit standard which is
determined by IEEE (Institute of Electrical and Electronics Engineers), IEC
(International Electrotechnical Commission) and EN (European Norms). Due to
different countries have different harmonic distortion limit standard, the limited
values in this section are references and should not be considered binding in all

cases. In this thesis, distribution feeder reconfiguration only considers harmonic
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voltage and current at the point of common coupling at the low voltage level. Thus,

the limitation for others will not be illustrated.
a) |EEE Harmonic Distortion Limit Standard

According to reference [9, 22], IEEE 519 standard provides a limitation for system

harmonic bus voltage at the point of common coupling which is shown in Table 3-
1.

Table 3-1: IEEE-519 Harmonic voltage limits for public power systems[9, 22]

\oltage at PCC Single harmonic THDv(%)
Harmonic \oltage(%)
V < 69kV 3.0 5.0
69 < V < 161kV 15 2.5
V > 161kV 1.0 15

b) 1EC Harmonic Distortion Limit Standard

IEC gives a detailed limitation for harmonic voltage distortion at the point of
common coupling in low voltage level [15, 16]. Table 3-2 is the details about the

IEC harmonic distortion limit standard.
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Table 3-2: IEC 61000-2-2 Harmonic voltage distortion compatibility levels for
public LV power systems[15, 16]

Odd harmonics Even harmonics Odd harmonics
(Non-multiple of three) (Multiple of three)
Harmonic | Harmonic | Harmonic | Harmonic | Harmonic | Harmonic

order‘h’ | voltage(%) | order‘h” | voltage(%) | order‘h’ | voltage(%)

5 6 2 2 3 5

7 5 4 1 9 1.5

11 3.5 6 0.5 15 0.3

13 3 8 0.5 > 21 0.2

17 2 10 0.5

19 1.5 > 12 0.2

23 1.5

25 1.5

> 29 X
The total harmonic voltage distortion level is THD, < 8%
x = 0.2+12.5/h. For h = 29, 31, 35, 37, VW =0:63%,0.6%,0.56%,0.54%.

¢) EN Harmonic Distortion Limit Standard

EN standard is approved by the European Committee for Electro Technical

Standardization[9, 22]. And its limitation is illustrated in Table 3-3.
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Table 3-3: EN50160 Harmonic voltage distortion compatibility levels for public
LV power systems[9, 22]

Odd harmonics Even harmonics Odd harmonics
(Non-multiple of three) (Multiple of three)
Harmonic | Harmonic | Harmonic | Harmonic | Harmonic | Harmonic
order‘h’ | voltage(%) | order‘h’ | voltage(%) | order'h’ | voltage(%)

5 6 2 2 3 5

7 5 4 1 9 15

11 3.5 6...24 0.5 15 0.5

13 3 21 0.5

17 2

19 15

23 1.5

25 15

The values of system harmonic which order are larger than 25 are too small and it
is hard to estimate their resonance. Thus, the limitation for them is not provided in

this table.

3.3 Distribution System Component Models Considering

Harmonic

Distribution network is composed of distribution line, load, transformer, switch
and affiliated facilities. These system component models show different
performance between fundamental and harmonic condition. Simulating the system
models correctly is important to ensure a relatively accurate analysis results when

analysing system harmonic.

For the feeder reconfiguration problem at one voltage level, the system network
normally contains power cables, buses and loads. In such a network, harmonic
sources also need to be involved. So, network components models which may

involve are introduced in this section.
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3.3.1 Network component models considering harmonic [16, 23-26]

a) Distribution network component model in this thesis.

Impedance Z which contains resistant R and inductance reactance X; = 2rfL can
be expressed by equation Z = R + jX; in the fundamental condition. But, if the
harmonic condition is considered, the equation of such a system component would

change to

Z(h) = R + jhX,
(3-21)

Where h is the harmonic order.

On the other hand, if the system component is capacitance, such a capacitive

reactance which is X, = 1/2nfC would change to

Xc(h) = Xc/h
(3-22)

In section 2.3.1, it has introduced that the distribution line can be simply
represented by R + jX. If the skin effect is ignored, the distribution line could be
expressed by equation 3-21 under the harmonic condition in distribution network
feeder reconfiguration. (Skin effect is the tendency of an alternating electric current
to become distributed within a conductor such that the current density is largest
near the surface of the conductor, and decreases with greater depths in the

conductor.[27])

In distribution network, the source node of the whole network normally considers
as one transformer substation of the transmission network. In this thesis, sources

node of the distribution network is assumed as an ideal constant voltage source
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without harmonic. So, the model of the main generator is not used in the

distribution network feeder reconfiguration problem.

In the distribution network feeder reconfiguration problem, all system buses and
branches are at the same voltage level, so there is no transformer in the

reconfiguration network.

The load in the distribution network feeder reconfiguration can be divided into two
types — linear load and nonlinear load. All load active and reactive power are
known elements. The linear load model can be expressed by resistance and
reactance (or inductance) and the nonlinear load model can be expressed by an
ideal harmonic current source which injects harmonic current into the distribution

network. The harmonic source will be introduced in section 3.2.5.

b) Common network component models considering harmonics in the power

system

Commonly, the harmonic system models were more complex than mentioned
above. The details of these models can be found in the following reference. And

skin effect is not ignored on these models.
In references [25, 26, 28], the model of the generator is defined as equation 3-23.
Zeq(h) = VhR; + jhX;
(3-23)

Where R and X, is the fundamental resistance and impedance
respectively. Z.,(h) is the equivalent internal impedance of the generator at the

h' harmonic order.

In the model for transformer, it can be expressed by [26, 28, 29]
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Zoq(h) = VhR; + jhX;
(3-24)
Where Z,,(h) is the equivalent internal impedance of the transformer at the hth

harmonic order.

After taking account skin effect into the power system, the resistance of the power
cable will become bigger with the increasing of the harmonic order. For common
specification transmission line, the resistance model of the transmission line can

be defined as following equation [30]:

Req(h) = 0.288R; +0.138 [hR;
(3-25)

Where R,,(h) is the equivalent resistance of the transmission line at the ht"
harmonic order.
Thus, the model of the power cable is formulated as:
Z(h) = Req + jhX;
(3-26)

In reference [16], the load is divided into two types. One is the series load which
normally suitable for the single load. The other is the parallel load which
commonly represents the concentrated load. And they are defined by the following

equations respectively.

Zseries(h) = R + jhX
(3-27)
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1 1
Zparallal(h) = 1/(E _]h)_()

(3-28)
3.3.2 Harmonic Source

Nonlinear equipment and components are the main harmonic sources in the power
system. Reference [6] specifies those nonlinear equipment or components into
three types: saturated devices which include transformers, motors and generators;
arcing equipment which contains arc furnaces, fluorescent as well as mercury
lights; and power electronic equipment which involves inverters, rectifiers, and

switched mode power supplies.

The inverter based generator inject more harmonic to power network than the
traditional generator. Moreover, electric vehicle is another important renewable
energy application in the daily life. Although electric vehicle brings benefit to the
environment, its charger injects more harmonic to the power network. As
important harmonic sources for the distribution network, two common types of
renewable generators and the charger of the electric vehicle is introduced as
follows. These generators and the charger of the electric vehicle will also be used

as the harmonic source models in this thesis.
a) Wind generator

According to the wind turbine speed control, wind generators can be classified into
two types. One is fixed speed wind turbine and the other is variable speed wind
turbines. Due to the simple, cheap and reliable performance, the fixed speed wind
turbine is commonly used wind generator model in the past. Nowadays,
disadvantages overshadow advantages that the wind speed and reactive power
consumption are not controllable and the controlling of power quality has
limitation so as to the power quality of this type of wind turbine cannot satisfy the

modern power system. Variable speed wind turbines overcome these disadvantages
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of the fixed speed wind turbine and improve the power quality produced by the
wind generators. However, on the other hand, variable speed wind turbines needs
more electrical equipment which is the main harmonic source provider. Two types

of variable speed wind turbines are shown in the following figure.

Partial scale power
converter

Y
A%

P

\/)

Grid
Type A

Full scale power
converter

Gear I N v

WRIG/WRSG/PMSG
Type B Grid

Figure 3-6 Configuration of variable speed wind turbine

Power converter isolates the generators from the grid to some extent in type A
generator and completely isolates the generators from the grid in type B generator.
According to references [1, 32, 33], harmonics are generated by the grid-side

power electrical converters.

Harmonic emissions measurement for the wind turbine has published in many
references, such as references [1, 4, 34, 35]. References [1] and [4] publish the
harmonic emissions spectra of the wind farm consisted by 72 SWT-2.3-93 wind
turbines and the wind farm with a total of 54 permanent magnet synchronous

generators (PMSG) respectively. And two harmonic emissions spectra are shown
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in Table 3-4 and Table 3-5, and the data of these two tables will be cited as wind

turbine harmonic sources in the testing cases of this thesis.

Table 3-4: Harmonic currents generated by the wind farm with 72

SWT-2.3-93 wind turbines [1]

Harmonic | ™ Harmonic | [ Harmonic | |®
Order “h” | "j1° %) | Order “h” e %) | Order “h” 1_1(%)
1 100 11 1.46 22 0.33
2 0.34 13 1.58 23 0.37
4 0.20 14 0.48 25 0.24
5 0.44 16 0.37 26 0.20
7 0.47 17 0.76 28 0.13
8 0.40 19 0.42 29 0.27

10 0.55 20 0.32

Table 3-5: Harmonic currents generated by the wind farm with 54

PMSGs [4]

Harmonic | ™ Harmonic | |® Harmonic | j(®

Order “h” | 1 (%) | Order “n” e (%) | Order “n” e (%)
1 100 11 1.40 21 0.04
2 1.12 12 0.09 22 0.03
3 0.65 13 0.60 23 0.09
4 0.52 14 0.06 24 0.03
5 1.83 15 0.06 25 0.09
6 0.27 16 0.05 26 0.04
7 0.60 17 0.09 27 0.03
8 0.17 18 0.03 28 0.04
9 0.14 19 0.09 29 0.07
10 0.12 20 0.03

b) Photovoltaic Generator

Photovoltaic energy is an alternative renewable energy for wind turbine. The
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photovoltaic generator is relatively small, cheap and simple to install. The
installation scale of the rooftop photovoltaic generator increases rapidly in the low
voltage distribution network. The block diagram of a typical grid connected 3-
phase photovoltaic system is shown in Figure 3-7 [36]. Electrical equipment
transforms the direct current power which generator by the photovoltaic array to
alternating current power and injects to the grid. In the meantime, these electrical

equipment (boost converter and DC/AC converter) also generator harmonics.

I Isolation

H A - Transformer
PV Boost J_ Three Phase
Array L DC/DC DC/AC q’»
L Converter ‘TEd: Inverter

pulses [ [
MEPT PWM Control

circuit

Figure 3-7 Block diagram of grid connected three phase PV system

The author of reference [37] proposes that the harmonic current emission spectra
of photovoltaic strongly depends on the type of technology used. But, the
photovoltaic generator is only treated as known constant harmonic current source
in this thesis. Thus, a reference harmonic current emission spectra is cited and

shown in Table 3-6 [3].

Table 3-6: Harmonic currents generated by 2 kW PG inverter [3]

Harmonic W Harmonic L,
Order “h” e (%) Order “h” e (%)
1 100 9 0.4
3 15 11 0.21
5 0.6 13 0.2
7 0.3

The harmonic current above 13" order is ignored for its small value.
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c) Electric Vehicle Chargers

Vehicle emission is one of the primary air pollution sources. With the increasing
level of the environment protection, the electric vehicle has a rapid development
in recent years. Because of the electric energy, the emission of the electric vehicle
is zero for the environment. But, in the power system environment, the chargers of
the electric vehicle will emit harmonics. Due to the electric vehicles are normally
charged at residential provides, it becomes an important new harmonic source in

the distribution network.

The schematic diagram of the on-broad charger is shown in Figure 3-8 [38]. In this
figure, not only the DC to DC inverter, but also the rectifier will emit harmonics.

Two filters are used to reduce the harmonics in this system.

I, 1,
e ___Z—7 —
|
| [ 1
j |
L. N N A : :
u, |
u, :l , UIJ | )| 3] z‘g Filter an Battery
c | I
N N : |
|
] l
Rectifier Low pass filter DC/DC

Figure 3-8 The schematic diagram of the on-broad charger

Reference [39] indicates that the installation of electric vehicle charger point
commonly has several on-board chargers in charging. The real situation cannot
only considers one on-boarder charger. Many factors will have significantly
influenced on the harmonic emission of the on-boarder charger. Such as the starting
time of the charging and the initial battery state-of-charge. After considering

several possible influential factors, reference [2] gives a reliable harmonic
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emission of a cluster of on-boarder chargers which is shown in Table 3-7.

Table 3-7: Harmonic currents generated by a cluster of 10 EV battery chargers

[2]
Harmonic (W Harmonic Q.
Order “h” e %) Order “h” e (%)
1 100 9 14.3
3 31.9 11 9.5
5 24.7 13 4.5
7 174 15 3.3

The harmonic current above 15" order is ignored for its small value.

The specifications of the EV battery charger studied are designed under following

conditions.

a) For leaded acid battery pack of 20 kwWh (@ 5-hour rate), which is equivalent

to a battery pack of about 160 Ahr @ 5-hour rate.

b) Overall voltage of battery: 120 Vdc.

c) Input voltage: 220 Vac, 50 Hz.

d) Input current at the initial charging: about 36 A.

e) Charging time about 6 hours.

3.4 Harmonic

LLoad

Reconfiguration

Flow Method

for

Feeder

Harmonic load flow evaluation method is the base of harmonic analysis.

Researchers have already proposed many harmonic load flow evaluation methods

in the past decades. For example: Newton-Raphson based harmonic power flow
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method [5, 40], decoupled harmonic power flow method [24, 41-44], fast
decoupled harmonic power flow method [45-48], fuzzy harmonic power flow
method [49], probabilistic harmonic power flow method [50-53], and modular
harmonic power flow method [54-56]. Similar to the load flow evaluation method
in fundamental, a large part of these harmonic load flow evaluation methods is
proposed base on the transmission network. A special harmonic load flow

evaluation method for the distribution network is necessary.

In Chapter 2, the backward/forward sweep algorithm is suggested as one of the
best load flow evaluation methods for feeder reconfiguration problem. It is because
that not only the backward/forward sweep algorithm is a special load flow
evaluation method for the distribution network but also its improved version can
avoid the recode problem in the feeder reconfiguration problem. If system node
and branch codes must recode at every iteration when the network structure change,
it may have a large negative effect on the efficiency of the load flow method when
it is applied to the feeder reconfiguration problem. Thus, a special harmonic load
flow evaluation method for feeder reconfiguration should be proposed which is

based on the layered backward/forward sweep method.

T. Jen-Hao and C. Chuo-Yean proposed a fast harmonic power flow method [57-
59] based on the basic backward/forward sweep method. Backward/forward sweep
method is a powerful method in the distribution network. Base on the network
structure of the distribution network, equivalent injection current and
backward/forward sweep method, it can evaluate the bus voltages, branch currents

with less computing time by simple backward/forward sweep.

The equivalent current injections are widely used for the application of the
distribution network. Reference [60] gives the details that the harmonic injection

currents are calculated by equation 3-29.
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[l _ PP +jQ;*
i = W)

L

(3-29)

Where v, represents the voltage of linear bus i at the k™ iteration. P°" and

Qispis the specified active and reactive powers at bus i respectively. The symbol

“*’ represents the conjugate value.

In the fundamental load flow calculation, the bus voltage V' will be updated after
each forward sweep. It causes that the injection current I} will be modified after
each backward sweep iteration. A relatively accurate value will be calculated when
the tolerance fulfils the requirement. In reference [57, 60], it is said that the
harmonic injection current does not need to be updated at each end of iterations.

Because they are already obtained based on the harmonic analysis. But, there are
normally no value of the P°? andthe Q;(the specified active and reactive powers

at bus i) in the given data of the distribution network. Thus, measurement of the
harmonic injection current which proposed in reference needs to modify in these

test systems.

In section 3.3.2, the harmonic emission spectra of wind turbine generator,
photovoltaic generator and electric vehicle are provided by the harmonic analysis
of the equipment. It means that the harmonic injection current at each harmonic
order of bus i can be calculated according to the harmonic emission spectra when
the fundamental injection current and the harmonic emission spectra at bus i are
known. Then the total harmonic injection current can be explained by equation 3-

30:

= (U024 D2+ 02+ + (12

(3-30)
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Where [ is root mean square value of the harmonic injection current at bus i and

n iIs the maximum required harmonic order at bus i.

So, if the special data for harmonic equivalent current injections was not provided,
the first step of backward/forward sweep based harmonic load flow method is to
solve the fundamental load flow and calculate the value of the harmonic injection
currents at each harmonic order according to the harmonic emission spectra of

nonlinear loads.

Backward/forward sweep method is prepared for calculating the harmonic
injection current and bus voltage at a single harmonic order. The total response of
system harmonic branch currents and harmonic bus voltages are calculated by
summing of the fundamental component and all harmonic components in the time
domain or calculate the root mean square value by using equation 3-11 and

equation 3-12.

Bus k V;‘:(h)

(n)
II

Figure 3-9 Parts of a distribution system

Figure 3-9 is a graph of parts of a distribution system which is used to illustrate the
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backward/forward sweep method in harmonic load flow analysis. In this figure,
fj(h), I™ and I™ is harmonic injection currents at bus j, k and I respectively.

After analyzing the fundamental load flow, the fundamental injection currents at
these buses are calculated. The value of harmonic injection current components of

these buses can be easily calculated according to the harmonic emission spectra of
its corresponding harmonic source. 7, Iz(h), 7™ and 7% is the bus voltages

atbus i, j, k and [ respectively. Ei(jh), Ej(,:‘) and Bj(lh) are branch currents on the

distribution lines. All of these elements are the value at the A™ harmonic order.
According to Kirchhoft’s Law, the relationship between branch currents and
harmonic injection currents in backward sweep process can be described by

equations 3-31[57]:

( s _ 70
Bjk - _Ik

s _ _5h)
! sz - _Il

) _ p) | sty _ 7(A)
LBU’ - Bjk + le IJ

(3-31)
Where h isequalto 2, 3,4 -+ hygx-

And its general equation of harmonic injection current in backward sweep can be
represented by equation 3-32 [57]as long as the bus j is the receiving bus of the

branches.

n
p(M _ _ (M) B ()
Bij =—[" + Z Bjn
n=j
(3-32)
Where n in equation 3-32 is the number of buses which is connected to bus j.

Similar to the harmonic injection currents backward sweep, the relationship

between harmonic bus voltages and branch currents can be represented by equation
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3-33 [57] in the forward sweep process.

) _ I7i(h) _ Ei(]fl) . Zl(jh)

h o B

&

jf
l

M _ gt _ g 50
=5 - B2

1

W _ g _ 51 | 50
=V =Bz

~

(3-33)

Where Z®

g Z~j(,?) and Zvj(lh) are the equivalent branch impedance of the ‘h’

harmonic order.

And its general equation of harmonic bus voltage in forward sweep can be
expressed as [57]:
7 _ g _ ) )
‘6 =V _Zij Bij
(3-34)
The harmonic bus voltages and branch currents at each harmonic order can be

obtained by the above steps. Then, the harmonic branch current on each branch

and harmonic bus voltage on each bus can be obtained by equation 3-35.

=(1 2 3
Ibranch(ij) = \/(Bi(j ))2 + (Bi(j ))2 + (Bi(j ))2 Tt (Bi(jn))2

| Vouso = {2 + D)2 4 G2 4+ ()2
(3-35)
The basic theory of the backward/forward sweep method is the same as its
fundamental version. The key difference was the equation for calculating the

equivalent injection current if the special active and reactive power which shows

in equation 3-29 are not given.

In fundamental, the equation for calculation equivalent injection current is [60]:
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o (Pi +jQi>*
A yn

(3-36)
Where n is the number of iterations.

In equation 3-36, the bus voltage V;* is assumed to be the same value as the
reference voltage at the first iteration. Thus, the value of system branch currents
and bus voltages needs to be updated at each iteration for reducing the tolerance.
However, under the harmonic condition, injection currents are calculated
according to the fundamental injection currents and harmonic emission spectra of
the equipment. Both of them are known and constant system parameters. Hence,
update for branch currents and bus voltages is absent and the iteration process in

the harmonic backward/forward sweep method is unnecessary.

The flow chart of the harmonic backward/forward sweep method can be illustrated

as follow:
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Input data of
the system

L Solve the fundamental load flow problem ]

Calculate harmonic injection current by
harmonic emission spectra

\ 4

Obtain branch currents by equation 3-32 for the
h™ harmonic order

A

Obtain bus voltages by equation 3-32 for the h"
harmonic order

Figure 3-10 The flow chart of harmonic backward/forward sweep method.
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3.5 Power Loss in Cables Considering Harmonics.

Normally the power cable will be transformed to m equivalent diagram and
analyse the power loss. However, the power cable is simulated as a simple
impedance in distribution network in this thesis. Its reason has been introduced in

section 2.3.1. Thus, the measurement of power loss calculation will be different.
a) Cable loss in normal condition[60].

The m equivalent diagram of a power cable is shown in Figure 3-11.

p q
T . (h) o 1
l Is(h) Yoq ITEh) T
77 (h)
V ~(h)
P | — i Vq
p T(h) q

Pq
(h) (h)
£ o |

Figure 3-11 m equivalent diagram of power cable

According to the law of conservation of energy, the active power loss on power

cable can be defined as:

p — pt _ p®

loss

(3-37)

Where Plgé)s is the active power loss on power cable pg at the A" harmonic

order. Ps(h) and Pr(h) is the active power at the sending end and receiving end at

the h harmonic order respectively.
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The active power of sending end and receiving end at the A harmonic order can

be calculated by the following equation:

S0 = RO = P + ol

(3-38)
0 = APy = b + ol

(3-39)

Where Ss(h) and Sr(h) is the apparent power of sending end and receiving end at

the h*" harmonic order respectively. Qs(h) and Qﬁh) denotes the reactive power
of sending end and receiving end at the A" harmonic order respectively.

In this model of the transmission line, the bus voltage and cable impedance are

known elements. From equation 3-38 and equation 3-39, it can find that if Ts(h) and

iﬁh) are calculated, Ps(h) and Pr(h) would be obtained easily. In Figure 3-11, the

relationship between bus voltage, current and admittance can be shown as follows:
i — ppm v |<h>49<h)y(h)
14 14 p 14 p 14
= |]/2'D|(h) (cosezgh) + jsinezgh))Yp(h)
(3-40)

#h) _ (g h) _ (OBNGYIE())
Ig” =Vq 'Y, A 26,7Y,

h
= |Vq|( )(cosé?cgh) +jsin95h))Yq(h)

(3-41)

and
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(h) — (V(h) (h))yp(‘l;)
(3-42)

Then, according to the Kirchhoff's current law, the current at sending end and

receiving end can be expressed by:
I = [® 4 [®
(3-43)
=1 -1
(3-44)

After the value of fs(h) and I}(h) calculated and ignoring skin effect, the active

power loss at power cable can be obtained according to equation 3-37, equation 3-

38 and equation 3-309.
b) Cable loss in feeder reconfiguration problem for network loss reduction.

Similar to the loss in the common situation, the skin effect of the harmonic is also
ignored in this model. For the reason that short cable length and low system voltage
which explain in section 2.3.1, the power cable in the distribution system normally
expressed by R + jX. Figure 3-12 is the diagram of the power cable in the
distribution system. The phase to ground impedance is ignored so that the power

loss on cable can be defined as:

P(h) — (I(h))ZR

loss —

(3-45)
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Figure 3-12 equivalent diagram of power cable in feeder reconfiguration
In feeder reconfiguration problem, the known elements have introduced in section

3.4 and they are the cable impedance Zg,;), sending harmonic current fs(g)and

i

injection harmonic current Iy, %, .o,

atbus g. Thus, the active power loss on cable

pq at h*" harmonic order can be expressed by:

) _ () _ 70
Ploss - (ISq - Iinjection)zRPq

(3-46)

3.6 Summary

With the application of the electrical technology based equipment, the harmonic
analysis in the power system is more and more important for the accuracy of
system load flow analysis. Renewable generators and electric vehicles may be
large-scale applied in the future in the distribution network. Thus, the basic
knowledge about harmonic analysis has been introduced in this chapter so that the
program which proposed in this thesis can solve the feeder reconfiguration

problem considering harmonic.

The difference of the backward/forward sweep method in fundamental and

harmonic is the calculation of equivalent injection current at each bus. The basic
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theory of this method is the same no matter it is applied to analyse the fundamental
or harmonic load flow. Thus, the layered method can also be used in system
harmonic analysis to avoid the recode problem. Then a fast harmonic analysis
method especially for the distribution network feeder reconfiguration problem is

ready.

Harmonic sources involve not only loads but also generators. A distribution
network with the PV type distribution generators cannot be analysed directly by
the layered backward/forward sweep algorithm. However, the wind and solar
generator which are important for future energy supplement are PV type
distribution generators. These two type of generator may also be parts of the main
harmonic sources in the distribution network in future. To improve the harmonic
backward/forward sweep method, the method for solving the PV type distribution

generators in load flow analysis are introduced in next chapter.

87



3.7 Reference

(1]

(2]

3]

[4]

5]

(6]

[7]

(8]

K. K. Munji and R. Bhimasingu, "Mitigation of harmonics in grid
integrated wind farms," in Power and Energy Systems (ICPS), 2011

International Conference on, 2011, pp. 1-5.

Fok, Chun-cheong, "Electric vehicle battery chargers: harmonics,

modeling and charging strategies," Master’s thesis, The Hong Kong

Polytechnic University, 2001.

A. Celebi and M. Colak, "The effects of harmonics produced by grid
connected photovoltaic systems on electrical networks,"

http://www.emo.orq.tr/ekler/0172ea66506f59c ek.pdf, last date of

access, 25.02.2016.

H. P. G. Mendonc,a, and S. Silva,, "Wind farm and system modelling
evaluation in harmonic propagation studies," International Conference

on Renewable Energies and Power Quality (ICREPQ12), 2012.

E. Fuchs and M. Masoum,, Power Quality in Power Systemsand Electrical

Machines: Elsevier, 2008.

G. K. Singh, "Power system harmonics research: a survey," European

Transactions on Electrical Power, vol. 19, pp. 151-172, 2009.

W. M. Grady and S. Santoso, "Understanding Power System Hannonics,"

Power Engineering Review, IEEE, vol. 21, pp. 8-11, 2001.

G. Mahesh, R. Ganesan, and S. K. Das, "Effects of power harmonics and
its control techniques," in Electromagnetic Interference and
Compatibility '99. Proceedings of the International Conference on, 1999,

pp. 400-405.

88


http://ira.lib.polyu.edu.hk/browse?type=author&value=Fok%2C+Chun-cheong&value_lang=en_US
http://www.emo.org.tr/ekler/0172ea66506f59c_ek.pdf

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

"IEEE Recommended Practice and Requirements for Harmonic Control in
Electric Power Systems," IEEE Std 519-2014 (Revision of IEEE Std 519-

1992), pp. 1-29, 2014,

Wikipedia, "Utility frequency,"

https://en.wikipedia.org/wiki/Utility frequency, last date of access,

27.02.2016.

M. H. J. Bollen, Y. Liangzhong, S. K. Ronnberg, and M. Wahlberg,
"Harmonic and interharmonic distortion due to a windpark," in Power

and Energy Society General Meeting, 2010 IEEE, 2010, pp. 1-6.

Z. Leonowicz, "Analysis of sub-harmonics in power systems," in
Environment and Electrical Engineering (EEEIC), 2010 9th International

Conference on, 2010, pp. 125-127.

L. Hsiung Cheng, "Inter-Harmonic Identification Using Group-Harmonic
Weighting Approach Based on the FFT," Power Electronics, IEEE

Transactions on, vol. 23, pp. 1309-1319, 2008.

B. Rehman, M. Ahmad, and J. Hussain, "Analysis of power system
harmonics using singular value decomposition, least square estimation
and FFT," in Energy Systems and Policies (ICESP), 2014 International

Conference on, 2014, pp. 1-5.

E. Fuchs and M. Masoum, Power quality in power systems and electrical

machines: Academic Press, 2008.

G. J. Wakileh, Power systems Harmonics: Fundamentals, Analysis and

Filter Design: China machine press, 2003.

M. S. S. J.Duncan Glover, Thomas J.Overbye, Power System Analysis and

Design. USA: Westgroup, 2009.

89


https://en.wikipedia.org/wiki/Utility_frequency

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

M. M. S. Chattopadhyay, and S. Sengupta, Electric power quality: Springer,
2011.

R. G. Ellis, "Power system harmonics: a reference guide to causes, effects
and corrective measures," Allen-Bradley, Tech.

Rep.http.//literature.rockwellautomation.com/idc/qroups/literature/do

cuments/wp/mvb-wp011-en-p.pdf, last date of access, 27.03.2016.

J. Lundquist, "On harmonic distortion in power systems," Ph.D.
dissertation, Chalmers University of Technology ,

http://webfiles.portal.chalmers.se/et/Lic/LundquistJohanLic.pdf, 2001.

A. P. Technologies, "Total Harmonic Distortion and Effects in Electrical
Power Systems,"

http://www.aptsources.com/resources/pdf/Total%20Harmonic%20Disto

rtion.pdf, last date of access, 15.03.2016.

C. K. Duffey and R. P. Stratford, "Update of harmonic standard IEEE-519:
IEEE Recommended Practices and Requirements for Harmonic Control in
Electric Power Systems," in Petroleum and Chemical Industry Conference,
1988, Record of Conference Papers., Industrial Applications Society 35th

Annual, 1988, pp. 249-255.

K. M. Goh, "Harmonic analysis for electrical power systems," Master’s

thesis , University of Strathclyde, pp. 64-88, December 1984.

A. Ulinuha, M. A. S. Masoum, and S. M. Islam, "Harmonic power flow
calculations for a large power system with multiple nonlinear loads using
decoupled approach," in Power Engineering Conference, 2007. AUPEC

2007. Australasian Universities, 2007, pp. 1-6.

"Modeling and simulation of the propagation of harmonics in electric

90


http://literature.rockwellautomation.com/idc/groups/literature/documents/wp/mvb-wp011-en-p.pdf
http://literature.rockwellautomation.com/idc/groups/literature/documents/wp/mvb-wp011-en-p.pdf
http://webfiles.portal.chalmers.se/et/Lic/LundquistJohanLic.pdf
http://www.aptsources.com/resources/pdf/Total%20Harmonic%20Distortion.pdf
http://www.aptsources.com/resources/pdf/Total%20Harmonic%20Distortion.pdf

[26]

[27]

[28]

[29]

(30]

[31]

(32]

power networks. I. Concepts, models, and simulation techniques," IEEE

Transactions on Power Delivery, vol. 11, pp. 452-465, 1996.

S. Ranade and W. Xu, "An Overview of Harmonics Modeling and
Simulation,"

http://calvin.edu/~pribeiro/IEEE/ieee cd/chapters/pdffiles/c1pdf.pdf,

last date of access, 26.03.2016.

Wikipedia, "Skin effect," https.//en.wikipedia.org/wiki/Skin effect, last

data of access 12.07.2016.

S. A. Papathanassiou and M. P. Papadopoulos, "Harmonic analysis in a
power system with wind generation," IEEE Transactions on Power

Delivery, vol. 21, pp. 2006-2016, 2006.

G. Li, C. Xu, G. Liu, and C. Zhao, "Calculation of three-phase harmonic
power flow in power systems with traction loads," in Power System
Technology, 1998. Proceedings. POWERCON '98. 1998 International

Conference on, 1998, pp. 1565-1570 vol.2.

X. C. L. Gengyin, L. Guangi, and Z. Chengyong, "Calculation of threephase
harmonic power flow in power systems with traction loads," in Power
System Technology, 1998. Proceedings. POWERCON’98. 1998

International Conference on, vol. 2, pp. 1565-1570, 1998.

D. L. Tennenhouse, J. M. Smith, W. D. Sincoskie, D. J. Wetherall, and G. J.
Minden, "A survey of active network research," IEEE Communications

Magazine, vol. 35, pp. 80-86, 1997.

H. Abniki, S. Nateghi, R. Ghandehari, and M. N. Razavi, "Harmonic
analyzing of wind farm based on harmonic modeling of power system

components," in Environment and Electrical Engineering (EEEIC), 2012

91


http://calvin.edu/~pribeiro/IEEE/ieee_cd/chapters/pdffiles/c1pdf.pdf
https://en.wikipedia.org/wiki/Skin_effect

[33]

[34]

[35]

[36]

[37]

(38]

[39]

11th International Conference on, 2012, pp. 667-672.

S. Tentzerakis, N. Paraskevopoulou, S. Papathanassiou, and P.
Papadopoulos, "Measurement of wind farm harmonic emissions," in
Power Electronics Specialists Conference, 2008. PESC 2008. IEEE, 2008,

pp. 1769-1775.

F. Medeiros, D. C. Brasil, C. A. G. Marques, C. A. Duque, and P. F. Ribeiro,
"Considerations on the aggregation of harmonics produced by large wind
farms," in Harmonics and Quality of Power (ICHQP), 2012 IEEE 15th

International Conference on, 2012, pp. 364-369.

H. Novanda, P. Regulski, V. Stanojevic, and V. Terzija, "Assessment of
Frequency and Harmonic Distortions During Wind Farm Rejection Test,"

IEEE Transactions on Sustainable Energy, vol. 4, pp. 698-705, 2013.

A. Chidurala, T. K. Saha, N. Mithulananthan, and R. C. Bansal, "Harmonic
emissions in grid connected PV systems: A case study on a large scale
rooftop PV site," in PES General Meeting | Conference & Exposition, 2014

IEEE, 2014, pp. 1-5.

J. Schlabbach, "Harmonic current emission of photovoltaic installations
under system conditions," in Electricity Market, 2008. EEM 2008. 5th

International Conference on European, 2008, pp. 1-5.

X. Yan, R. En, and Y. Li, "Research on Power Supply Mode for Electric
Vehicle Charging Devices in Residential Community," in Vehicle Power

and Propulsion Conference (VPPC), 2013 IEEE, 2013, pp. 1-4.

P. T. Staats, W. M. Grady, A. Arapostathis, and R. S. Thallam, "A statistical
method for predicting the net harmonic currents generated by a

concentration of electric vehicle battery chargers," IEEE Transactions on

92



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Power Delivery, vol. 12, pp. 1258-1266, 1997.

D. Xia and G. T. Heydt, "Harmonic Power Flow Studies Part | - Formulation
and Solution," IEEE Transactions on Power Apparatus and Systems, vol.

PAS-101, pp. 1257-1265, 1982.

K. L. Lian and T. Noda, "A Time-Domain Harmonic Power-Flow Algorithm
for Obtaining Nonsinusoidal Steady-State Solutions," IEEE Transactions

on Power Delivery, vol. 25, pp. 1888-1898, 2010.

Y. Baghzouz, "Effects of nonlinear loads on optimal capacitor placement
in radial feeders," IEEE Transactions on Power Delivery, vol. 6, pp. 245-

251, 1991.

Z. A. Marinos, J. L. R. Pereira, and S. Carneiro, "Fast harmonic power flow
calculation using parallel processing," IEE Proceedings - Generation,

Transmission and Distribution, vol. 141, pp. 27-32, 1994.

V. Sharma, R. I. Fleming, and L. Niekamp, "An iterative approach for
analysis of harmonic penetration in the power transmission networks,"

IEEE Transactions on Power Delivery, vol. 6, pp. 1698-1706, 1991.

B. Stott, "Decoupled Newton Load Flow," IEEE Transactions on Power

Apparatus and Systems, vol. PAS-91, pp. 1955-1959, 1972.

B. Stott and O. Alsac, "Fast Decoupled Load Flow," IEEE Transactions on

Power Apparatus and Systems, vol. PAS-93, pp. 859-869, 1974.

R. D. Zimmerman and C. Hsiao-Dong, "Fast decoupled power flow for
unbalanced radial distribution systems," IEEE Transactions on Power

Systems, vol. 10, pp. 2045-2052, 1995.

J. Arrillaga and B. J. Harker, "Fast-decoupled three-phase load flow,"

Electrical Engineers, Proceedings of the Institution of, vol. 125, pp. 734-

93



[49]

(50]

[51]

[52]

(53]

[54]

[55]

740, 1978.

H. Ying-Yi, L. Jun-Shin, and L. Chien-Hsun, "Fuzzy harmonic power flow
analyses," in Power System Technology, 2000. Proceedings. PowerCon

2000. International Conference on, 2000, pp. 121-125 vol.1.

P. Chen, Z. Chen, and B. Bak-Jensen, "Probabilistic load flow: A review,"
in Electric Utility Deregulation and Restructuring and Power Technologies,
2008. DRPT 2008. Third International Conference on, 2008, pp. 1586-

1591.

A. A. Romero, H. C. Zini, G. Ratta, and R. Dib, "Harmonic load-flow
approach based on the possibility theory," IET Generation, Transmission

& Distribution, vol. 5, pp. 393-404, 2011.

P. Caramia, G. Carpinelli, T. Esposito, P. Varilone, |I. Mastandrea, and F.
Tarsia, "Probabilistic harmonic power flow for assessing waveform
distortions in distribution systems with wind embedded generation," in
Power Electronics, Electrical Drives, Automation and Motion, 2006.

SPEEDAM 2006. International Symposium on, 2006, pp. 818-823.

T. Esposito, G. Carpinelli, P. Varilone, and P. Verde, "Probabilistic harmonic
power flow for percentile evaluation," in Electrical and Computer

Engineering, 2001. Canadian Conference on, 2001, pp. 831-838 vol.2.

A. Semlyen and M. Shtash, "Principles of modular harmonic power flow
methodology," IEE Proceedings - Generation, Transmission and

Distribution, vol. 147, pp. 1-6, 2000.

G. N. Bathurst, B. C. Smith, N. R. Watson, and J. Arillaga, "A modular
approach to the solution of the three-phase harmonic power-flow," in

Harmonics and Quality of Power Proceedings, 1998. Proceedings. 8th

94



[56]

[57]

(58]

[59]

[60]

[61]

International Conference On, 1998, pp. 653-659 vol.2.

M. Shlash and A. Semlyen, "Efficiency issues of modular harmonic power
flow," IEE Proceedings - Generation, Transmission and Distribution, vol.

148, pp. 123-127, 2001.

T. Jen-Hao and C. Chuo-Yean, "A fast harmonic load flow method for
industrial distribution systems," in Power System Technology, 2000.
Proceedings. PowerCon 2000. International Conference on, 2000, pp.

1149-1154 vol.3.

T. Jen-Hao and C. Chuo-Yean, "Fast harmonic analysis method for
unbalanced distribution systems," in Power Engineering Society General

Meeting, 2003, IEEE, 2003, pp. 1-1249 Vol. 2.

J. H. Teng and C. Y. Chang, "Backward/Forward Sweep-Based Harmonic
Analysis Method for Distribution Systems," IEEE Transactions on Power

Delivery, vol. 22, pp. 1665-1672, 2007.

J. Lv, "A New Method for Harmonic Penetration Study in Power Networks
with Renewable Generation," PhD thesis at the University of Strathclyde,

2014.

J. Desmet, G. Vanalme, R. Belmans, and D. V. Dommelen, "Simulation of
losses in LV cables due to nonlinear loads," in Power Electronics

Specialists Conference, 2008. PESC 2008. |IEEE, 2008, pp. 785-790.

95



Chapter 4 Impact of Harmonic Sources on

Distribution Network Load Flow Analysis

4.1 Introduction

New harmonic sources that have appeared in recent years, have been introduced in
Chapter 3. Among them, the wind turbine and the photovoltaic are not only
harmonic sources, but are also the electricity generators. Large scale wind or
photovoltaic generators can provide electrical energy as the main power source in
the transmission network. However, they can also generate electrical energy as

distributed generators.

Because of the need for more flexible electrical systems, energy saving and
environmental protection, distributed generation has become an important part of
electricity generation and its significance will continue to increase. Distributed
generator is the application of small power generation technologies, which are
normally installed within consumers' premises and are connected at the distribution
level. Proper installation of the distribution network in the power systems can
produce many benefits, such as reducing power loss and on-peak operating costs,
improving voltage profiles, as well as deferring or eliminating for system upgrades
[2-4]. However, with the emergence of DG units, distribution level has had a
profound impact on grid security, operation and planning [5, 6]. Thus, the impact
and analysis method of the distributed generators on load flow analysis cannot be

ignored when solving the distribution network feeder reconfiguration problem.

More and more distributed generators are utilised as renewable generators, such as
wind turbines and photovoltaic generators. The converter based generator is not
only a distributed generator but also a harmonic source. After considering the

power system harmonics, issues about converter based distributed generators in
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harmonic conditions are discussed in this chapter.

Firstly, the impact of distributed generators on distribution networks is introduced
in Section 4.2. Section 4.3 discusses the simulation of all types of distributed
generators in harmonic load flow analysis, as well as the four bus types; all
distributed generators are normally classified into three bus types. Following on,
how they can be simulated is illustrated in Section 4.4. The PV type of distributed
generators is a special one. Thus, a sensitive matrix-based method for solving these
PV type distributed generators is introduced in Section 4.5. In order to verify the
accuracy of the harmonic backward/forward sweep method, a 12-bus system is
used to test in two scenarios in Section 4.6. After comparing the results with results
obtained by using other harmonic analysis method, a deficiency of the harmonic
backward/forward sweep method was discovered in scenario two. An improved
version to avoid this deficiency is proposed in Section 4.7. Finally, two case studies
are analysed in Section 4.8. One case demonstrates the accuracy of the proposed
method for harmonic load analysis in the distribution network. The other case

investigates the impact of the distributed generators.

4.2 Impact of the Distributed Generators on the

Distribution Network

With the rapid development of distributed generators, it has become clear that
distributed generators have significant advantages in modern power systems. Its

main advantages can be highlighted in the following four points: [1]

The first point to note is that, whereas traditional large power stations can take
years to complete the installation, distributed generators can begin to provide

electrical energy within a few weeks. This rapid installation characteristic of
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distributed generators can be extremely useful when there is a sudden rise in energy
demand. Distributed generators can be utilised when fast power restoration is

required, for example, in the wake of any natural disasters.

Secondly, due to their capacity, distributed power stations can be expanded or
reduced according to the demand. This scalability is superior than with traditional
large power stations. The costs of installation, operation and maintenance of the
distributed power stations are lower than the traditional large power stations. An
expended distributed power station can be built easily in regions where there is a

high demand for critical power infrastructure.

Thirdly, the installation of traditional large power stations needs large amounts of
investment. However, the demand for the energy in some remote areas cannot be
sustained to the same level as that generated by traditional large power stations.
Due to their relatively small size and low investment of distributed power stations,
the power energy demand of any remote areas can be satisfied with an appropriate

distributed power station.

Finally, distributed power stations can be located close to demand areas. They can
facilitate the controls, operations and maintenance of the distributed power station.
The advantage is that specific needs of any remote area can be satisfied, whilst

enabling system operators to monitor and customise distributed power solutions.

However, every coin has two sides. Distributed generators provide many benefits,
but they also bring many challenges. All of these challenges come from the power

system and can be divided into four aspects:
I.  Challenge of power system bus voltage [7, 8]:

Distributed generators are mostly connected to the distribution network. After
distributed generators connected to the distribution network, the framework of

distribution network transforms from a radial network to a multi-power source
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network. The loads which close to the distributed generators may not supply by the
transmission network anymore. The direction and quantity of the load flow in the
distribution network could change substantially. This may be followed by a change
in the stable system bus voltages. The original voltage regulator strategy may not
satisfy the requirements of the system voltage, after connecting the distributed
generators to the distribution network. Thus, an assessment of the impact of
distributed generators on the distribution network is necessary. Load flow analysis
is the primary method for a quantitative analysis of this impact, although a majority
of the distribution network power flow method ignores this impact. Large tolerance
cannot be avoided when any distribution network with distributed generators is

analysed using these methods.

In the steady state, a compensation algorithm based on the sensitivity matrix, which
takes into account the impact of the distributed generators, is mentioned in
Reference [7, 8]. This compensation algorithm can also be used in the
backward/forward sweep technology, and so it will be introduced in Section 4.5.
This thesis will also use this algorithm in order to analyse the distribution network

with distributed generators.

Il.  Challenge on power quality[9]:

Almost all renewable electrical power generators are based on power electronics
technology. The amount of non-linear load is significantly increased by the
application of the power electronic converters. The converter is the main harmonic
source in the power system. Therefore, the adverse impact of the power system
harmonic is brought to the distribution network for the distributed generator, such

as harmonic voltage, current distortion and harmonic resonance.

I11.  Challenge on power system protection [10, 11]:
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At one time, the topology of the distribution network was radial. The main purpose
of this topology is the simplicity of operations and the economy of the over-current
protection. When a distributed generator is connected to a distribution network, its
radial network nature will become a multi-source network. The direction of the
power flow is no longer only from the substation to the loads. Then, the distribution
of the branch currents is also changed. Due to the changing on branch currents, the
device of power protection may not operate correctly. Therefore, distributed

generators have a large impact on the original power protection method.
IV.  Challenge on electricity market [12]:

If the owners of the distributed generators are the consumers in the conventional
electrical market, these owners would have three choices within the electricity

market:
e Dbuy electrical energy from the grid,
e generate their own electrical energy to the level of self-sufficiency,
o sell the surplus electrical energy to the market.

The regulations of the electricity market would be greatly transformed if

consumers selling electrical energy to the market is accepted.

4.3 The Bus Type in the Distribution Network

If the power station setup is divided into the traditional large power station and the
distributed power station, many kinds of generators could be installed at the
distributed level. To simplify the simulation during the load flow calculation,
different types of distributed generators and loads are categorised into different

types of buses. In the same type of bus, the difference in distributed generator and
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loads is that the generator generates power energy, however the load absorbs power
energy. Therefore, the simulation of all kinds of distributed generators and loads
can be transformed to the simulation of the bus type. Similar to the transmission

network, the buses are categorised into four types:
1. slack bus or swing bus,
2. PQ bus or linear bus,
3. PV bus or voltage control bus,
4. PS bus or nonlinear bus.
A brief introduction of the bus types are shown as follows: [7, 13, 14]:
a) Slack bus

Normally, there is only one balance node in one power system. Before beginning
the load flow analysis, the total power consumption including loss of the system is
unknown. Thus, the active and reactive power on at least one node cannot be fully
specified in the system. Additionally, one node with zero voltage phase angle and
known node voltage must exist within the system. The voltage phase angle of this
node will be the reference point for all the other nodes in the system. Normally,
this can simplify the calculation process where these two types of combinations
are set on one bus. This bus is called the slack bus or swing bus. Because the active
and reactive is unknown, the slack bus is chosen as one directly connected to a
main power plant or substation. In this thesis, only one bus with known voltage
magnitude in the distribution network is the source node (main substation).

Therefore, the voltage phase angle on the source bus is assumed to be zero.
b) PQ bus

Both the active and reactive power are specified on this bus type. The bus voltage

magnitude and phase angle of this bus type are unknown in the power flow
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calculation. Linear loads or the generator with known active and reactive power

belong to this bus type.
c) PV hbus

For this bus type, the active power and voltage magnitude are the given parameters.
Therefore, the reactive power and voltage phase angle on this bus are the unknown
variables. Because the bus voltage magnitude is specified, the adjustable range of
the reactive power must be large. Thus, this bus type is normally a generator bus.
In the distribution network, the bus that normally connects to the distributed

generator is a typical PV bus.
d) PSbus

There is no PS bus in the classification for the fundamental power system. The PS
bus is defined according to the power system harmonic. Due to the active and
apparent power of harmonic source is known, the bus that is connected to the
nonlinear loads can be classified as the PS bus. Normally, depending on the
characteristic of the nonlinear loads, this bus type can transform to PQ bus or PV
bus. When nonlinear loads with the known active and reactive power connect to
the bus, these loads are converted to PQ bus with the fundamental load flow
calculation, such as an electric vehicle battery charger. If convertor-based
generators are connected to the bus, these generators will be treated as PV bus in
fundamental load flow calculations. Examples of these are wind turbine generators
and photovoltaic arrays. In the harmonic load flow calculation, the PS bus is

regarded as the harmonic source.

4.4 Analysis Methods for Different Types of Distributed

Generators

In Section 4.3, all generators are considered to be one of the four types of system
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bus. This classification allows the analysis method of the various types of
distributed generators be allocated as one of the four types of the system bus. It

greatly simplifies the process of distribution system simulation.

As mentioned previously in this thesis, both the fundamental and harmonic load
flow analysis is determined by the backward/forward sweep-based algorithm.
Because the given power distribution in the distribution network is the fundamental
values, back-forward sweep method can only calculate the power flow of the
distribution network without PV type of distributed generators. But if the generator
is converter-based, the reactive power output of this generator could not be
determined in advance. In order to analyse the distribution network by using
backward/forward sweep technology, the unknown element of the PV type
generator must be obtained. Thus, the analysis method of four types of system bus

types will be illustrated as follows.

4.4.1 PQ type of generator

In a typical distribution network, a large number of the buses are PQ type. Because
the active and reactive power are known, these loads can be simulated simply. In
the simulation of the distribution network, nodes with known active and reactive
power are simulated as PQ type load. Comparing with the PQ type loads, the only
difference between PQ type distributed generators is that the direction of power
flow is opposite. Thus, the PQ type distributed generator can be assumed as the

minus PQ type load. It can be mathematically expressed as the following:

{Pnode = _Rq
Qnode = _Qg

(4-1)

where P,oqe and Quoge are active and reactive power on one node of the

distribution network. P, and Qg are active and reactive power of PQ type
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distributed generator.
4.4.2 PV type of generator

In PV type of distributed generators, the active power P, and voltage magnitude

V, are known elements. However, the reactive power Q is unknown. The PQ type

bus connected to a distributed generator can be simply treated as load. Following
this rule, if the PV type bus connected to a distributed generator is also treated as

the minus load, its mathematical expression can be [8]:

{Pnode = _Pg
|Vnode| = |Vg|

(4-2)

With the backward/forward sweep method, the required known system parameters
are the active power (P) and reactive power (Q) of the bus. Consequently, this

equation cannot be used directly.
According to the theoretical analysis and practice, reference [15] indicates that:

a) The value of a reactive power on any system node will relate to the node
voltage magnitude.

b) If the active power of a distributed generator is unchanged, the output voltage
of this distributed generator would grow with the increase of its reactive

power.

Thus, the reactive power of the distributed generator can be modified, based on the

node voltage deviation. It can be expressed as:
Qg=0Qg ' +AQg=0Qg " + f(Ang)

(4-3)
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where ¢ is the number of iteration, f(AV) is the expression of AQ,.

Generators normally have limitations on their output of reactive power. If the
calculated reactive power was over or below its limiting value, the output value of
the generator should be fixed at its maximum or minimum value. Thus, the

equation 4-3 can be modified as [8]:

(0571 +80,)  —QF < —(Qf™ +8Q5) < Qg™
QE — _ gnax Qg—l + AQ < _Q.gnax
_lein Qé—l + AQ > _Q;nin

(4-4)
where Qg'** and Qg”'" are the upper and lower limitations of the PV type

generator respectively.

4.4.3 PS type of generator

There are two categories of PS type generators; one with known active and reactive
power that converts to PQ type generation in fundamental load flow analysis; the
other with known active power and voltage magnitude that is converted to PV type
generator, in fundamental load flow analysis. In the harmonic load flow analysis,
both of them are regarded as the harmonic source. Their simulation and analysis

methods are already introduced in Chapter 3.

4.5 Sensitive Matrix-based Method for Compensative

Reactive Power on the PV Type Distributed Generator

All kinds of generators are classified and their simulation method is provided in

Section 4.4. The issue of reactive power compensation of PV type generators has
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still not been resolved however. It is only known that there is a relationship
between the reactive power compensation of PV type generator and its voltage
magnitude. In references[7, 8, 16], a sensitive matrix-based method for solving this

problem is provided.

Assuming that there are several PV type generators in a distribution network and
the injection current on its connection bus is positive. Then, the relationship
between injection current increment vector Al and bus voltage increment vector

AV can express by the following equation[8]
ZAI = AV
(4-5)

where Z is the node impedance matrix AI and AV is the injection current and bus

voltage increment vector respectively.

Normally in the distribution network, the per unit value of the voltage magnitude
on each bus is approximately equal to 1, and the voltage phase angle is small. Thus,
the per unit value of rated bus voltage can be approximately as 120°. Then, the

equation 4-5 can be modified as:

VR*ZAI_:VR*AV

(4-6a)
Z % VAl = 1% AV
(4-6b)
Z * AS* = AV
(4-6¢)
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i(R })?( [ﬁg] - [AAlgl
(4-6d)

where Vy is the rated bus voltage in per unit, AS, AP, AQ is the incremental
matrix of apparent, active and reactive power respectively. A|V| and AS is the
incremental matrix of voltage magnitude and the voltage phase angle respectively.

* is the symbol of the conjugate.
Ignoring the relationship of voltage phase angle Ad, equation 4-6d shows that:
XAQ + RAP = A|V|
(4-7)

Because the active power of PV type generator is constant, the value of the active

power increment AP is equal to 0. Thus, equation (4-7) can be updated as:
AQ = X1+ A|V|
(4-8)

where X is the reactance matrix which is constituted by the imaginary part of the
Z matrix. It is defined as the node reactance matrix of the PV type distributed

generator.

It is clear from equation 4-8 that the reactive power compensation AQ of the PV
type distributed generator, not only has relations between the magnitude of the bus
voltage and its deviation A|V| of itself, but also relates to the magnitude of the bus
voltage and voltage deviation of all other PV type distributed generators in the
distribution network. Therefore, the reactive power compensation AQ of a PV
type distributed generator mainly depends on bus voltage deviation A|V| of each

distributed generator, as well as the node reactance matrix, X.
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AQi1  [X11 X1z = Xic]™- [AIVI,
AQZ _ X21X11 XZC * A|V|2

AQC Xcl X11 ch A|V|C
(4-9)

where c is the total number of distributed generators in the distribution network.

The equation 4-9 is the expansion of equation 4-8. In this equation, reactive
compensation AQ is the required value. If matrixes of A|V| and X are known,
the matrix of AQ can be determined. Then, the reactive power @, in equation 4-
4 will be obtained, so that the PV type distributed generators can be converted to

PQ type distributed generator.

Bus voltage deviation A|V| can be calculated from equation 4-10. The node

reactance matrix can be obtained using the method shown in reference [8].
AV = AlVIE = AV
(4-10)

where i is the code of the bus and k is the number of iteration in the process of

the backward/forward sweep algorithm.

It is assumed that there are n PV type distributed generators in the network. Then,
the node reactance matrix should be a matrix with n x n elements, which is
illustrated in equation 4-9. The diagonal element x;; is the self-reactance of the
PV type distributed generator on bus i. Its value is equal to the sum of the branch
reactance from resource bus to bus i. The non-diagonal element x;; is the mutual
reactance of these PV type distributed generators and its value is equal to the sum
of the reactance of the common branches, between the source node and all PV type

generators. An example showing the method schematic is illustrated in Figure 4-1.
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Figure 4-1 A simple distributed network with two distributed generators

In Figure 4-1, G is the source bus. D is the bus with distributed generators. The
rest are general buses. The numbers are the code of the branches. Two PV type
distributed generators are installed at the end of the branch 12 and 13 respectively.
Therefore, the size of the node reactance matrix is 2 x 2 with mathematical
expression shown in equation 4-11.

X X
X=[ 11 12]

X21 X22
(4-11)
In equation 4-11, the equation for obtaining the self-reactance x;; and x,, and

the mutual reactance x,, and x,,are shown as follows:

sz == xl +x2 +x10 +x13

{ X11=xl+x2 +x3+x12
X12 = X21 = X1t X,

(4-12)
where x4, x,,X3,X10,X12 and x;3 is reactance of branches 1,2,3,10,12 and 13

respectively.
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The reactive power compensation of a PV type distributed generator is calculated
after obtaining the node reactance matrix. According to equation 4-4, the value of
the reactive power of the PV type bus can be determined easily. Thus, the PV type
distributed generators can transform to PQ type by using this reactive power. The
backward/forward sweep algorithm can then analyse the distribution network with
distributed generators in fundamental frequency. In harmonic analyses, the
equivalent harmonic injection currents of all kinds of harmonic sources are
determined by harmonic current spectrum. After solving all issues on distribution
generators and harmonics, the special harmonic load flow analysis for the

distribution network reconfiguration with distributed generator can be determined.

4.6 Case Study for the Original Harmonic
Forward/Backward Sweep Method

Case studies for harmonic backward/forward sweep method are divided into two
parts. In order to investigate the accuracy of this method, a 12-bus system without
any distributed generator, which is similar to the network in reference [17] is tested
first. The harmonic backward/forward sweep method is proposed in reference [17].
Following on, the case studies investigating the impact of a distributed generator

in a 12-bus system will be tested in Section 4.8.

One of the assumptions for the feeder reconfiguration problem is that the
distribution system is a three-phase balanced system. Thus, all the test systems in
this thesis are three-phase balanced distribution systems. In Section 3.2.3, it is
explained that all even harmonic components in the power system can be ignored,
as well as the triple harmonic orders in the three-balanced system, which has the

circuit with delta winding connection or star winding, without the neutral
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connection. Accordingly, with these harmonic characteristics, the even and triple
times system harmonic orders can be set to ignore in all case studies in this thesis.
If needed, an analysis of the even and triple times system harmonic orders could
be done by simply adding the even and triple times harmonic spectra into the

system input data.

4.6.1 Scenario one

a) Test system

In order to illustrate the harmonic backward/forward sweep method, the test system
Is the 12-bus system. The system data of the 12-bus is shown in Appendix A.4. It
is assumed that the main power source for this 12-bus system is an ideal voltage
source. The voltage magnitude is 1 per unit. The phase angle is 0. The code for the
main source is number 5. All loads in this scenario are set to be nonlinear load,
which is the same as in reference [17]. Nonlinear load model is the electrical
vehicle charger clusters and its harmonic emission spectra, as shown in Table 3-7.

The network structure is shown in Figure 4-2.

7 Q Linear Load
A . Nonlinear Load
6 3 5
9 11*8

Figure 4-2 12-buses system with all nonlinear loads
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b) Results of Scenario One

The fundamental distribution load flow analysed by the backward/forward sweep
algorithm, is introduced in Chapter 2. By using the results of fundamental load
flow analysis and the harmonic backward/forward sweep method, which is
introduced in Chapter 3, the scenario results of bus voltages magnitude are shown

in Table 4-1 in per unit.

Table 4-1 The fundamental and the higher harmonic bus voltage magnitudes in
per unit in a 12-bus power system with all nonlinear loads

BUS 1st 5th 7th 11th 13th
No.
5 1 0 0 0 0
2 0.9972 0.0197 0.0194 0.0166 0.0093
11 0.9964 0.0210 0.0207 0.0177 0.0099
1 0.9949 0.0311 0.0307 0.0263 0.0147
7 0.9956 0.0207 0.0204 0.0175 0.0098
10 0.9957 0.0217 0.0214 0.0183 0.0103
4 0.9942 0.0318 0.0314 0.0269 0.0151
3 0.9940 0.0348 0.0343 0.0294 0.0165
12 0.9935 0.0335 0.0330 0.0283 0.0158
6 0.9930 0.0356 0.0351 0.0301 0.0169
9 0.9919 0.0361 0.0356 0.0305 0.0171
8 0.9922 0.0347 0.0342 0.0293 0.0164

The curves in Figure 4-3 and Figure 4-4 show the fundamental voltage magnitude,
as well as the harmonic voltage magnitude components in per unit respectively.
The curve in Figure 4-3 is the fundamental bus voltage magnitude in per unit. Its
harmonic components are shown in Figure 4-4, which is a three-dimensional
diagram. The harmonic order increases from inside to outside. From this three-
dimensional diagram, the harmonic voltages on the 5, 7" and 11" harmonic order
are much larger than the 13" harmonic order. This implies that the higher harmonic

order components have less influence on the harmonic voltage distortion.
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Figure 4-3 The fundamental bus voltage magnitude
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Figure 4-4 The harmonic bus voltage magnitude of scenario one

Figure 4-5 shows a histogram for the total harmonic voltage distortion. The
histogram displays the rate of change between the total harmonic voltage and the
fundamental voltage. The highest total harmonic voltage distortion in this

distribution system is at bus 9 and its value is 6.2089%.
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Figure 4-5 The total harmonic voltage distortion on buses of scenario one

According to the IEEE 519 standard limitation, the harmonic voltage distortion of
a single harmonic order cannot be larger than 3% and the total harmonic voltage
distortion should be below 5%. From Figure 4-5, it can be seen that over half of
the total harmonic voltage distortion is over 5% limitation. In Table 4-1, the largest
single harmonic voltage component is the 5" harmonic order on bus 9. Its’
harmonic voltage magnitude is 0.0361, as seen in Table 4-1 with red ink. The
percentage of highest harmonic voltage distortion on the signal harmonic order in
this scenario is 0.0361/0.9930*100 = 3.64%. This shows that this system cannot

allow electrical vehicles with the use of scale charges at the same time.

The system active power loss is 14.074kW according to the fundamental load flow
analysis. If all buses have the electrical vehicle charger clusters, the system active
power loss would increase to 22.600kW. This result shows that system harmonics
can increase the system loss during the electric energy transmission. The large
scale of the nonlinear loads without the harmonic filter will highly increase the
system active power loss. In this scenario, the active power loss increased by 60.58%

with electrical vehicle charger clusters.
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¢) Comparison and discussion on scenario one

Equation 4-13 is a widely used conventional method for the analysis of the
harmonic load flow. The accuracy of this conventional method is approved by
many searchers, such as in reference [8]. However, the admittance matrix Y inthe
distribution network is a singular matrix. Therefore, Y~1 in the distribution
network cannot be calculated. Although Y~ is equal to the impedance matrix Z,
it is still difficult to ascertain the value of the impedance matrix Z. This
conventional method also cannot solving the recode problem, when trying to
resolve the feeder reconfiguration problem. To investigate the accuracy of the
harmonic backward/forward sweep method, the 12-buses test system is analysed

using the conventional harmonic method which is mentioned above.

(M = yy®)
(4-13)

Figure 4-6 shows the results of the comparison of total harmonic voltage distortion
on each bus. The results obtained from the harmonic backward/forward sweep
method are shown with the blue bar. The results calculated by the conventional
method are shown with the orange bar. All values of the total harmonic voltage
distortion on each bus, which are calculated by two different methods, are almost
the same. The maximum gap between the value of blue bars and orange bars are
approximately 0.2% on bus 3. Its means that the biggest tolerance of these two
methods is about 3%. Although tolerance exists between these two methods, such
a difference is within acceptable limits. Thus, the accepted accuracy of the

harmonic backward/forward sweep method is proved by scenario one.

115



0.07

0.06

0.0
0.0
0.0
0.0
0.0
0
5 2 11 1 7 10 4 3 12 6 9 8

Bus Number

N w IS (93]

Total Harmonic Distortion (%)

=

Figure 4-6 The results of the comparison of total harmonic voltage distortion on
buses in scenario one

4.6.2 Scenario two

a) Test system

Virtually all settings in scenario two are the same as scenario one, with one
exception: the settings of the nonlinear loads. In this scenario, only the loads on
bus 6, 8 and 9 are set to be nonlinear loads. The rest of the loads in the system are

linear. The network structure is shown in Figure 4-7.
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Figure 4-7 12-buses system with 3 nonlinear loads

b) Results of scenario two

The results of the fundamental load flow analysis are the same as in scenario one.
This is expected since the test system for both scenarios are the same. One main
difference with scenario one, is that only 3 of the loads are set to the electrical
vehicle charger cluster, in accordance with the harmonic backward/forward sweep
method. The results of the system harmonic voltage components on each bus are

shown in Table 4-2.
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Table 4-2 The fundamental and the higher harmonic bus voltage magnitudes,
in per unit in a 12-bus power system with 3 nonlinear loads

BUS 1st 5th 7th 11th 13th
No.
5 1 0 0 0 0
2 0.9972 0.0028 0.0027 0.0024 0.0013
11 0.9964 0.0028 0.0027 0.0024 0.0013
1 0.9949 0.0056 0.0055 0.0047 0.0026
7 0.9956 0.0028 0.0027 0.0024 0.0013
10 0.9957 0.0028 0.0027 0.0024 0.0013
4 0.9942 0.0063 0.0062 0.0053 0.0030
3 0.9940 0.0063 0.0062 0.0053 0.0030
12 0.9935 0.0068 0.0067 0.0057 0.0032
6 0.9930 0.0071 0.0070 0.0060 0.0034
9 0.9919 0.0063 0.0062 0.0053 0.0030
8 0.9922 0.0068 0.0067 0.0057 0.0032

Again similar to the scenario one, most parts of the conclusions are the same. The

general shape of the harmonic voltage magnitude curve is the same in Figure 4-8.

There were only three nonlinear loads in the system in scenario two. As a result,

the maximum value of the harmonic voltage magnitude in single harmonic order

is smaller than in scenario one. The largest single harmonic voltage magnitude

component is the 5" harmonic voltage at bus 6, which is marked in red.
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Figure 4-8 The harmonic bus voltage magnitude of scenario two

The total harmonic voltage distortion in scenario two is shown in the bar chart in
Figure 4-9. The highest total harmonic voltage distortion in this scenario is 1.2272%
on bus 6. From this figure, the total harmonic voltage distortion on each bus is less
than 5%. The largest single harmonic voltage value is 0.0071 per unit on bus 6.
Therefore, the percentage of highest harmonic voltage distortion on the signal
harmonic order in scenario two is 0.0071/0.9930*100 = 0.72%. Comparing with
the results of the IEEE limitation standard, this system can allow more electrical

vehicle clusters to be connected and charged at the same time.
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Figure 4-9 The total harmonic voltage distortion on the buses

The system’s active power loss is 14.468kW, according to the harmonic
backward/forward sweep method. If buses 6, 8 and 9 were not the electrical vehicle
chargers, the system’s active power loss would be 14.074kW. In this scenario, the
active power loss is increased by 2.8% due to the connection of the three electrical

vehicle charger clusters.
c) Comparison and discussion of scenario two

In order to further confirm the accuracy of the harmonic backward/forward sweep
method, scenario two is tested. The results of the comparison of total harmonic
voltage distortion on each bus in scenario two is provided in Figure 4-10. The
results from the fast harmonic method is shown by the blue bar. The results
calculated by the conventional method (I = VY) are shown with the orange bar.
Clearly, almost all of the total harmonic voltage distortions have a large tolerance,
expect bus 8. With the bus 7 in particular, the tolerance between the two methods
is over 95%. Such tolerance is not in the allowable range. Consequently, there must

have been some deficiency in the harmonic backward/forward sweep method.

120



Total Harmonic Voltage Distortion
(%)

14

1.2

[ERY

0.

00

0.

[e)]

0.

D

0.

N

0 |I |I ‘l |_ |I ‘| ‘l h h ‘l “
5 2 11 1 7 10 4 3 12 6 9 8

Bus Number

Figure 4-10 The results comparison of total harmonic voltage distortion on buses

In order to discover the deficiency in the harmonic backward/forward sweep

method, as well as to improve this method, the results of the harmonic branch

currents should be analysed. Table 4-3 shows the details of the harmonic injection

currents on each branch in the system.

Table 4-3 The fundamental and the higher harmonic branch current magnitudes
in per unit in a 12-bus power system with 3 nonlinear loads

Branch 1% 5 7t 11t 13t
Number
7 0.2679 0.0299 0.0211 0.0115 0.0054
6 0.0254 0 0 0 0
3 0.2057 0.0299 0.0211 0.0115 0.0054
5 0.0368 0 0 0 0
9 0.0254 0 0 0 0
11 0.0445 0.011 0.0077 0.0042 0.002
1 0.0797 0.0079 0.0055 0.003 0.0014
8 0.0446 0.011 0.0078 0.0042 0.002
2 0.0318 0.0079 0.0055 0.003 0.0014
10 0.0478 0 0 0 0
4 0.0446 0 0 0 0
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Table 4-3 shows that all the harmonic branch current of branches 6, 5, 9, 10 and 4
are zero. This cannot be correct. Kirchhoff's current law states that at any node
(junction) in an electrical circuit, the sum of currents flowing into that node is equal
to the sum of the currents flowing out of that node or equivalently. Since all the
branches are connected to the test system, each branch should have its own

fundamental and harmonic currents.

In the test system of reference [17], all buses are assumed to have nonlinear loads.
Under such a supposition, each branch has its backward harmonic injection current.
However, not all branches can have injection harmonic current under all conditions,
according to the harmonic backward/forward sweep method, such as the test
system in scenario two. The harmonic load flow diagram shown in Figure 4-11
illustrates the details of the harmonic load flow, when not all loads have the

nonlinear load.

Q Linear Load

. Nonlinear Load

Currnet
Backward

<____

Voltage
Forward

Figure 4-11 System current flow diagram using harmonic backward/forward sweep
method

In Figure 4-11, according to the theory of harmonic backward/forward sweep

122



method, which is proposed by reference [17-19], the branch current flow in the
current backward sweep is represented by the red dash line. The branch current
flow in the voltage forward sweep is expressed by the blue dotted line. Comparing
the blue dotted line with the red dash line, it is determined that the calculation of

the branch harmonic current component is incorrect in the backward current sweep.

For example, the backward current flow at node 1 is 1{” = I + I However,
Kirchhoff's current law indicates that the current flow at node 1 should be 155") +
1M =™ 4,

The current flows on the tributaries that are without nonlinear load are ignored in
the harmonic backward/forward sweep method. This is why the results of the total
harmonic voltage distortion have a large tolerance with the results which are
calculated by the conventional method. An improvement is needed in the
harmonic backward/forward sweep method in order to obtain a more accurate

result by using the harmonic backward/forward sweep method.

4.7 Improvement of the Harmonic Backward/Forward

Sweep Method

In Section 4.6, after comparing the results of the harmonic backward/forward
sweep method with the conventional method, the reason why there is a tolerance
in the result of total harmonic voltage distortion has been discovered. The test
system results show that parts of the system harmonic injection currents are equal
to zero. When comparing the differences between the two scenarios, it is clear that

the primary reason why the harmonic backward/forward sweep method has a
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different accuracy is the different location of the harmonic sources.

Reference [20] is the follow-up paper by the same author for the harmonic
backward/forward sweep method for an unbalanced three-phase distribution
system. Figure 4-12 shows the test system in this reference. In Figure 4-12, nodes,
which are located at bus 3 and bus 6, are the ending nodes of one tributary. They
do not connect to harmonic sources. Their upper buses are bus 2 and bus 4
respectively. According to the discussion about scenario two in Section 4.6, the
node voltages in the same tributary, without connecting to the harmonic source,
will be the same on each harmonic order. Table 4-4 shows the test results of this
system, which is taken from the reference. The results of the node voltages on these
two tributaries are shown in red and blue respectively. The value is the same in
each harmonic order in the same tributary. It can thus be concluded that the
harmonic backward/forward sweep method has a deficiency, which is caused by

the location of harmonic sources.
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To eliminate this deficiency, an improvement is suggested on the harmonic

backward/forward sweep method.

According to Figure 4-13 (A), the deficiency appears at the injection current
backward sweep. The harmonic branch currents of the tributaries, without
harmonic source, are ignored by the harmonic backward/forward method. If these
harmonic currents are calculated and participate in the voltage forward sweep

calculation, the deficiency would be overcome.
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Figure 4-13 System current flow diagram during fast harmonic method

Following this rule, the flow diagram of the injection current backward sweep
should be the same with Figure 4-13 (B). In this figure, the red dash line is the
complete injection harmonic current, which is generated by the harmonic sources.
The ignored harmonic branch current is represented by the yellow dash line. Its
direction is from the source bus to the ending bus of each tributary that does not
connect to harmonic sources. For easy to distinguish different branch currents, this
kind of harmonic branch currents is defined as ‘forward harmonic branch current’
in this thesis. The true backward harmonic branch current flow to the source bus is
represented by the black dash line. Tributaries without harmonic sources will not
produce a harmonic injection current. However, it cannot ignore the existence of

the harmonic current on these tributaries. Kirchhoff's Current Law states that the
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sum value of current, represented by the red line in Figure 4-13 (B), should equal
to the summation value of the yellow and black lines. Thus, the basic theory for
improving the harmonic backward/forward method is that the forward harmonic
branch current on those tributaries, which have no connection with the harmonic

source, must be calculated in the current backward sweep.

In general, location conditions of the harmonic source in the tributaries can be
divided into three types. The first is all ending buses connect to harmonic source
in the tributary. The yellow area in Figure 4-14 illustrates this status. The second
condition is that part of the ending buses connect to harmonic source in the
tributary. The buses in the green triangle in Figure 4-14 illustrate this situation. The
third condition is that the tributary is without any harmonic source, which is the

grey part in Figure 4-14. These three cases need to be solved respectively.

() Linear Load

Nonlinear
Load

Figure 4-14 12-bus system with harmonic sources

a) Yellow type tributary

In the yellow area, due to all the ending buses that connect to harmonic sources,

all branches in this tributary have their harmonic branch currents. This is the same
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with the case in the reference [17] and scenario one in Section 4.6. The original
method already proves its accuracy. Thus, the analysis method for this type is

unchanged.
b) Green type tributary

In the situation as indicated in the green triangle appears, the forward harmonic
branch current needs to be calculated. In Figure 4-14, the system is split into three
parts by the bus 3, with the harmonic source (bus 6) and an ending bus without
harmonic source (bus 9), as well as the rest of the whole distributed network. If
higher accuracy is required, the equivalent branch impedance of the rest of the
whole distributed network needs to be calculated. Kirchhoff's Current Law states
that the harmonic current on branch 1, 2 and 10 can then be obtained. Nonetheless,
the calculation of the equivalent branch impedance of the rest of the whole
distributed network is not simple. If many green type tributaries exist in the
distribution network, the calculation for equivalent branch impedance needs to be
done several times. In the distribution network feeder reconfiguration, iterations
for reconfiguration may need to be done perhaps hundreds of times. If the
computing time for the equivalent branch impedance is too long, the cost would be
too much for even one iteration. As a result, the whole efficiency of the feeder
reconfiguration would be severely reduced. Thus, according to the engineering
experience, the equivalent branch impedance is taken instead of the impedance of
the branch which connects to the split bus. In the green triangle of Figure 4-14, this
branch is branch 1, which connects to the split bus 3. Therefore, the real forward

current I; can be calculated easily, as well as the ignored harmonic current ;.
c) Grey type tributary

The grey type tributary is the tributary that is without any harmonic source.
Because the harmonic sources do not exist in the grey tributary, the harmonic

current on this tributary is equal to zero in the current backward sweep. According
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to the method for green type in part b), the harmonic current backward sweep can
only obtain the harmonic current on the branches which connect directly to the
split bus. Branches which are far from the split bus will be ignored, under the above
rule. The grey part in Figure 4-14 represents these branches. Harmonic branch
currents on the grey tributary are the forward harmonic branch current, which
comes from the others tributary in the same network. Therefore, in the backward
sweep, the grey tributary will be recorded first. When the injection current
backward sweep is finished, the branch in the grey type area, which connects to
the split bus, will obtain its harmonic branch current. Then, a current forward
sweep is added to calculate these recorded branches in the grey tributary, before
the voltage backward sweep. The rules for calculating these branch currents is the

same as with part a) and part b).

The layered backward/forward sweep algorithm will divide the network into
several levels. It is defined that the first level, level 1, is consider as the lowest
level. And the greater the numerical value is, the higher the level is. The sequence
of classification for the three types tributaries above also follows these network
levels. This means that the classification will only happen at the highest level first.
When the classification and the parallel injection current calculation at the highest
level are done, the green and yellow type need to convert to an equivalent harmonic
source and the three type tributaries need to be classified again at the upper level.
This conversion is clearly illustrated in Figure 4-15. Figure 4-15 (B) shows that
the yellow part does not exist and a new green triangle appears. The above
classification for the three type tributaries and calculations for the forward

harmonic branch current need to be done at each network level.
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Figure 4-15 conversion processes of equivalent harmonic sources

The calculations for the branch current on the grey type tributary is not the same.
When the branch backward sweep is finished, the branch currents on those
branches, which are connected to the split buses, are obtained. Then, the branch
currents on the grey type tributary can be calculated following the sequence of the
system levels. The difference is that this sequence begins from level 1 to the highest

level, and the conversion for the equivalent harmonic source is unnecessary.

When all branch harmonic currents have been calculated, the rest of the process is
the same as with the harmonic backward/forward sweep method. Then, the
calculation for harmonic branch currents and harmonic bus voltages on one

harmonic order is finished.

The steps for the improved harmonic backward/forward sweep method are
introduced as follows. Compare with the commonly used harmonic
backward/forward sweep method, step 3, step 4, step 5 and step 8 are new steps
for the proposed method. Due to these additional steps, the ignored harmonic

branch current can be calculated.

e Step 1- analyse the fundamental load flow base on the backward/forward

sweep algorithm.
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e Step 2 - begin calculations from the smallest harmonic order, which has

not yet been calculated.

e Step 3 - find all harmonic sources and classify them into three types of

tributary, within the highest network level.
e Step 4 - record the branches which belong to the grey type.

e Step 5 - start harmonic branch current calculations at the highest network

level.

e Step 6 - convert green and yellow type to the equivalent harmonic source

and remove the level temporarily.
e Step 7 - go back to Step 3 until the first level is calculated.

e Step 8 — calculate the harmonic currents for the recorded branch in the

current forward sweep, from the first network level to the highest level.
e Step 9 - calculate the harmonic bus voltages in the voltage forward sweep.

e Step 10 - go back to step 2 until the required largest harmonic order has

been calculated.

e Step 11 - calculate the required information, dependent on the results at

each harmonic order.

The flow chart of the improved harmonic backward/forward sweep method is

shown in Figure 4-16.
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Figure 4-16 Flow chart of improved fast harmonic evaluation method
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4.8 Case Study and Discussion for the Improved Harmonic

Backward/Forward Sweep Method

After the improved harmonic backward/forward sweep method is introduced, the
same system used in the scenario in Section 4.6 is used in scenario one, in order to
compare the accuracy of the improved method. Two different types of the
distributed generators are connected to the system in scenario two to investigate
the impact of the distributed generator. The model for distributed generators and
nonlinear loads are assumed as wind generator, photovoltaic array and electrical
vehicle chargers, which are introduced in Section 3.3.2. The method used for
modelling the distributed generators in the distribution network is the same as with

the reference [8].

4.8.1 Scenario one

a) Details of the distribution network

Figure 4-7 illustrates the diagram of the test system. In order to make an accurate
comparison between the original and the improved harmonic backward/forward
sweep method, it is ensured here that this test system is completely identical to the

test system in scenario two in Section 4.6.
b) Results and discussion

In order to compare the differences in results between the original method and the
improved method, details of the fundamental and higher harmonic bus voltage
magnitudes in per unit are provided in Table 4-5. The largest single harmonic
voltage magnitude component is the 5" harmonic voltage at bus 9, which is
highlighted in the red colour. Although both largest single harmonic voltage
magnitude appeared at the 5" harmonic order, this largest harmonic voltage is on

bus 6, when the original method is used and on the bus 9 when the improved
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method is used.

Table 4-5 The fundamental and the higher harmonic bus voltage magnitudes in

per unit in a 12-bus power system, with 3 nonlinear loads by improved fast
harmonic evaluation method

BUS 1st 5th 7th 11th 13th
No.
5 1 0 0 0 0
2 0.9972 0.0005 0.0005 0.0004 0.0002
11 0.9964 0.0010 0.0010 0.0008 0.0005
1 0.9949 0.0018 0.0018 0.0015 0.0009
7 0.9956 0.0010 0.0010 0.0008 0.0005
10 0.9957 0.0015 0.0015 0.0012 0.0007
4 0.9942 0.0032 0.0031 0.0027 0.0015
3 0.9940 0.0040 0.0040 0.0034 0.0019
12 0.9935 0.0031 0.0031 0.0026 0.0015
6 0.9930 0.0053 0.0052 0.0045 0.0025
9 0.9919 0.0054 0.0053 0.0045 0.0025
8 0.9922 0.0044 0.0043 0.0037 0.0021

Figure 4-17 shows the general shape of the harmonic voltage magnitude curves in

each harmonic order. The same can be seen with the general shape in Figure 4-9

using the original method. These curves are also shown in a three-dimensional

diagram. The curve of the bus voltage magnitudes in Figure 4-8 shows a significant

fluctuation on bus 1. In contrast, the curve in Figure 4-17 is smoother. Due to the

fact that branch 11 cannot obtain the harmonic current from bus 1, all harmonic

voltage increments caused by the harmonic currents have an effect on bus 1.

Consequently, the value of bus voltage magnitude on bus 1 is much larger than its

value in Figure 4-17.
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Figure 4-17 The harmonic bus voltage magnitude of scenario one with the proposed
method

Figure 4-18 shows the results of the total harmonic voltage distortion obtained by

three different methods. In this figure:
e  blue bar represents results of the original method,
e orange bar represents results of the improved method,
e grey bar represents results of the conventional method.

The results of the original harmonic backward/forward sweep method have large
tolerance with other methods. The results of the improved method are almost the
same as the results obtained by the conventional method (I = VY). The largest

tolerance between the improved method and the conventional method is on bus 4.

From the theory of the improved method, it can be discovered that the tolerance is
caused by using the impedance of one branch, instead of the impedance of the
equivalent network, in order to analyse the forward harmonic branch current which
is defined in Section 4.7. In Figure 4-7, the impedance of branch 3 may be smaller

than the equivalent network of branch 3, branch 5, branch 6, branch 7 and branch
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9. Thus, when the impedance on branch 11 is constant and in the equivalent
network, it is on branch 3, the equivalent impedance becomes smaller, so that the
forward harmonic branch current will increase on branch 3. The larger harmonic
current on branch 3 will bring about the increment on all branch currents of the
equivalent network. Thus, the total harmonic voltage distortion obtained by the
improved method will be a little larger than the results of the conventional method,
except on bus 4. In addition, the largest tolerance between the improved method

and the conventional method is smaller than 10%. This tolerance is acceptable.
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Figure 4-18 The results comparison of total harmonic voltage distortion by

different methods

The highest total harmonic voltage distortion by the improved method is 0.92% on
bus 9. This value, which was calculated by the original fast harmonic evaluation
method, is 1.46%. The result of the original method is 58.7% higher on bus 9.
According to the IEEE limitation standard, the 5% limitation for total harmonic
voltage distortion will reduce to 3.15% by using original harmonic
backward/forward sweep method. The highest harmonic voltage distortion on the

signal harmonic order in this scenario is 0.0054/0.9919*100 = 0.54%. The result
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obtained by the original method is also 59.3% higher. Therefore, to fulfil the
requirements of the total harmonic voltage distortion limitation, more equipment
cost on the harmonic filter needed to be installed by using the original method in

Some cases.

The total active power loss calculated by the improved method is 14.767kW.
Comparing the system loss obtained by the original method in Section 4.6, the
difference is 0.85% larger. This tolerance is small when compared with the
tolerance in the total harmonic voltage distortion limitation. However, this could
still lead to an inaccurate final solution to the distribution feeder reconfiguration

problem.

4.8.2 Scenario two

a) Details of the distribution network

The system structure for scenario two is illustrated in Figure 4-19. This scenario is
composed of one wind turbine, one photovoltaic array and the same distribution
system which is used in scenario one. Almost all parts of the network in Figure 4-
19 match the network in Figure 4-7, with the exception of the bus 3 and the bus 4.
A500kW 72 SWT 2.3-93 wind turbine connects to bus 3 and its harmonic emission
spectra is shown in Table 3-4. A photovoltaic array composed of one hundred, 2kW
photovoltaic generators, is connected to bus 4 and its harmonic emission spectra is
given in Table 3-7. These two distributed generators are directly connected to the
buses, and the impedance of the distribution line between bus and distributed
generator is ignored. The rated voltage of both distributed generators is the same,

with the system reference voltage.
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b) Results and discussion

There are two distributed generators that connect to the network. To make a
comparison, the fundamental result which calculated without considering system
harmonics will be shown in details in this part. The blue curve in Figure 4-20 is
the result of the test system only, which is considered fundamental component
without harmonic. The results which are considered both fundamental and
harmonic are expressed as the orange curve. The maximum harmonic voltage
component is 0.0081 per unit at the 5" harmonic order on bus 9, and its
fundamental value is 0.9979. The largest gap between the fundamental and
harmonic bus voltage magnitude in per unit at the same bus is about 1%. Thus, the
two curves in Figure 4-20 are almost superimposed on each other. In this scenario,
it can be seen that the impact of harmonic sources on bus voltage is very small.
Furthermore, under the effect of the system harmonic, the real bus voltage of PV

bus 4 and bus 3 is a little higher than its rated voltage.
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Figure 4-20 Bus voltage magnitudes comparison between fundamental and harmonic

Both curves in Figure 4-21 consider harmonic. The orange curve is the value when
the distributed generators are connected to the system; the yellow one is the results
of the same system without any distribution generators. The PV type distributed
generators are connected to bus 3 and bus 4 respectively. Therefore, the bus voltage
magnitude in the orange curve is approximately equal to 1. All the bus voltage
magnitudes are increased after the distributed generators are connected to the test
system, which can be seen when comparing the orange curve with the yellow one.
The system maximum voltage drop reduces from 0.81% to 0.29%. The reduction
of voltage drop is 64.2%. The positive impact of the distributed generators on

system bus voltage drop can be proved by these results.
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Figure 4-21 Impact of the distributed generators on bus voltage magnitudes

The comparison of the impact of the distributed generators on total harmonic
voltage distortion is illustrated in Figure 4-22. Although distributed generators
have a significant impact on reducing the drop in system voltage, the PV type
distributed generators can increase the system harmonic level. The maximum
increment of the total harmonic voltage distortion is 151.78% on bus 2, bus 11 and
bus 7 respectively in this scenario. Thus, a harmonic load flow analysis is
necessary when the new distributed generators are connected to a high harmonic

penetration distribution network.
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Figure 4-22 Impact of the distributed generators on total harmonic voltage distortion

The network power loss of the test system is 10.757kW, when system harmonics
is considered. If the distributed generators are removed from the test system, the
new system power loss increased to 14.379kW. The reduction in system power loss
IS 33.67%, by installing the distributed generator in this scenario. According to the
results of the voltage drop and the power loss reduction, distributed generators
connected to the distribution network may have a great positive impact on power

quality and network loss reduction.
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4.9 Summary

PV type generators can be analysed by using backward/forward sweep algorithm,
which is introduced in this chapter. This method can analyse the harmonic load

flow in any distribution network with distributed generators.

With the simulation of the harmonic backward/forward sweep method for the
distribution network, it is found that this method can successfully analyse the
system well, when all loads are nonlinear loads. However, if only parts of the
system loads are nonlinear load, the tolerance of the harmonic backward/forward
sweep method is not acceptable. Therefore, an improvement for calculating the
correct harmonic branch currents, that are based on the harmonic
backward/forward sweep method is necessary before applying this method to

resolve all possible situations within the distribution network.

After analysing the results in detail, the shortcomings of the original harmonic
backward/forward sweep method will enlarge the real system harmonic level. By
using this method, the permissible level of harmonic limitation is actually smaller
than the standard value. There is a higher cost involved, for more equipment, in
order to suppress system harmonics. Also, the original harmonic
backward/forward sweep method will cause inconsistencies in the network loss.
Although these inconsistencies may be small in value, less than a percent, they
may still lead to larger monetary losses when it comes to power system
management on an industrial scale. Furthermore, these small tolerances will bring
an inaccurate optimal solution in the distribution feeder reconfiguration problem.
This study has shown that these discrepancies can be avoided using the improved

version of analysis.

To overcome the shortcomings of the original harmonic backward/forward sweep

method, the location conditions of the harmonic source in the tributaries are
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divided into three types by the proposed method in this chapter. Then, parts of the
ignored forward harmonic branch currents can be calculated according to these
harmonic source types. The rest of ignored harmonic branch currents are obtained
by an additional current forward sweep. For these improvements, the proposed
method can analyse distribution network with harmonic sources at any position

accurately.

Distributed generators performance significantly well on reducing the voltage drop
and system power loss in any power distribution network. However, the PV type
distributed generator will also increase the system harmonic penetration. Thus, a
harmonic load flow analysis is vitally necessary before connecting these

distributed generators to a distribution network.
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Chapter 5 Feeder Reconfiguration Based on Ant
Colony System and Discrete Particle

Swarm Optimization

5.1 Introduction

Feeder reconfiguration is a common method to improve network reliability and to
reduce the network power loss. An optimization method is used to decide on how
to operate the switches in the distribution network. A suitable optimization method
can calculate a better solution of the objective in a less computing time.
Furthermore, the suitable optimization method for feeder reconfiguration may
make programming easier. However, the optimization program may not

convergence by using an unsuitable optimization method.

As a typical optimization problem, most optimization methods are tested in the
travelling salesman problem [1]. Ant colony optimization and particles swarm
optimization show their good performance in this test problem so that they are used
in the thesis to solve the feeder reconfiguration problem. In this chapter, the theory
of these two methods for feeder reconfiguration will be introduced in details. Ant
colony system and discrete particle swarm optimization is the improved version of
the ant colony optimization and particle swarm optimization respectively. These
two methods are also introduced for their good performance in the feeder

reconfiguration problem.

Two IEEE standard distribution systems (33-bus and 69-bus) are used in the test
system in this chapter. For the objective of minimizing network power loss, the
searching performance of ant colony system and particles swarm optimization is

tested in these two systems. A comparison of these two methods is also made.
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In ant colony system, the value of the pheromone trail parameter and the heuristic
information parameter is set according to the experience. After doing tests on the
travelling salesman problem, the Reference [1] get a conclusion on these two
parameters and make a suggestion. However, a suitable value of the pheromone
trail parameter and the heuristic information parameter may change in a different
optimization problem. In order to obtain better performance of ant colony system,
two parameters are tested in this chapter for searching suitable values. For the same
reason, the value of the acceleration constants in particle swarm optimization is

also needed to test.

Firstly, the review of main optimization technology for feeder reconfiguration is
introduced in section 5.2. The system constraints described in section 5.3 are from
the topology part of the power system. Section 5.4 introduces the ant colony system
and its theory for feeder reconfiguration. The particle swarm optimization and its
distinct improvement for feeder reconfiguration are shown in section 5.5. In
section 5.6, the search performance of both ant colony system and particle swarm
optimization is discussed. Comparisons for tested results and the results in
reference are made to verify the correctness of the simulation in this thesis. Finally,

simulations for deciding the system parameters of both methods are executed.

5.2 Review of Main Optimization Technology for Feeder

Reconfiguration

The concept of feeder reconfiguration was first proposed by Merlin et al[3] in 1975.
A blend of optimization techniques and heuristics were used to determine the best

structure of the distribution network for reducing the active power loss. Comparing
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with installing the capacitor bank in the distribution network to reduce the active
power loss, feeder reconfiguration can maximize usage of the existing resource to
reduce the active power loss with the minimum cost. Mathematically, feeder
reconfiguration is a complex, combinatorial optimization problem. Many types of
research have been done in recent 30 years for making the method for feeder
reconfiguration accurately and efficiently. Feeder reconfiguration is done in
references [4-7] based on heuristic search techniques. However, as distribution
system becomes larger and larger, heuristic search techniques become too involved
and inefficiency. With the development of computer technology, more and more
approaches are based on artificial intelligence. Genetic algorithm is also used for
solving feeder reconfiguration problem firstly. References [8, 9] introduce how
genetic methodology works on feeder reconfiguration. Recently, the optimization
algorithm based on animals’ behaviour had proposed. With the same purpose of
optimizing, these swarm optimization algorithms are applied to the feeder
reconfiguration problem and have got some achievements. Such as, particle swarm
optimization and ant colony system. References [10, 11] introduce the basic theory
of particle swarm optimization used in feeder reconfiguration. References [12-14]

solve the feeder reconfiguration problem with ant colony system.

The objective of a heuristic method is to produce a solution in a reasonable time
frame that is good enough for solving the problem at hand. A reasonable time
means that the maximum required computing time for a feeder reconfiguration
problem. This solution may not be the best of all the actual solutions to this
problem, or it may simply approximate the exact solution. But it is still valuable
because finding it does not require a prohibitively long time [15]. However,
computing time is normally not a critical target for the feeder reconfiguration
problem. Most of the feeder reconfiguration problem is not the real time problem
so that it has enough time to obtain the solution. The optimal solution for

minimizing the network loss or other objectives are the primary purpose of the
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feeder reconfiguration. Thus, the artificial intelligent based optimization method is
a best choice to solve the feeder reconfiguration problem. According to reference
[2], ant colony system and particle swarm optimization have better performance in
all artificial intelligent optimization method. Therefore, both of them are analysed
in this chapter. The attempt of improving these two methods is also provided in

this thesis.

Ant colony optimization (ACO) is a metaheuristic approach in which a colony of
artificial ants cooperates to find good solution to difficult discrete optimization
problem[1]. The first successful ant colony optimization model is called ant system
which was developed by Dorigo, Maniezza and Colorni in 1991[16]. Then, more
success improved models show better performance in references [17-23]. Due to
ant colony optimization shows good performance in the optimization field,
researchers try to solve the feed reconfiguration problem using this algorithm.
References [12, 24-26] demonstrate the theory on how to use ant system for
resolving the feeder reconfiguration problem. Searching efficiency between
different optimization methods is compared in Reference [27] and the results seem
to indicate that ant system has better performance. A modification on the choice of
the probability of the ants was made in Reference [28] to increase the searching
efficiency. References [29-31] show that according to the special system structure
of the distribution network, the ant colony system can be improved by the use of
graph theory. The feeder reconfiguration problem in a distribution network with
distribution generators is illustrated in reference [32]. And reference [33] expand
the ant colony system to solve the multi-region objective in distribution network
reconfiguration. References [34-38] find that ant colony system can combine with
other optimization methods to overcome its defect and increasing the searching

efficiency.

As a mimicking swarm intelligent optimization algorithm, particle swarm
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optimization (PSO) was proposed by Kennedy and Eberhart in 1995[39, 40]. This
is another common used optimization method for feeder reconfiguration in recent
years. The original particle swarm optimization is used to solve the discontinuous
function optimization problems. So, it cannot use to address the reconfiguration of
feeder problem as it is a discrete function optimization problem. References [41-
43] modified the original particle swarm optimization in discrete function
optimization area. After that, the feeder reconfiguration problem is also solved by
discrete particle swarm optimization [44-48]. In the process of solving feeder
reconfiguration by discrete particle swarm optimization, the system structure in
parts of the solutions which are not radial can significantly affect the search
efficiency. Reference [49] indicates the use of tear circuit theory can overcome the
difficulty. In graph theory, a minimum spanning tree can be created with special
rules by tearing all circuits in the graph. After all circuits are broken, the graph
must be a tree structure. Then, each system structure of the solution established by
tear circuit theory is radial so that all infeasible solutions are avoided. For
increasing the efficiency of finding the global best solution, Reference [50] added
a new mechanism for updating the local best solution. A new function for
accelerating constants has applied in reference [51] to increase the searching
efficiency. Reference [52] using particle swarm to solve the problem that combines
capacitor placement and minimizes the active power loss. Reference [53] finds the
best size and location for distributed generators to minimize the active power loss
by particle swarm optimization. In Reference [54], a comparison between selective
particle swarm optimization and binary particle swarm optimization has been made.
References [55, 56] combine particle swarm optimization with other optimization

methods to improve the searching efficiency.
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5.3 System Constraints in Feeder Reconfiguration

Optimization methods are commonly applied and tested in Traveling Salesmen
Problem[1]. In this problem, the position and the distance between each city are
known. The objective is to determine the shortest total travel distance. The only
one constraint is that each city can be visited only once. Although feeder
reconfiguration is also an optimization problem, it is more complicated than the
Traveling Salesmen Problem as there are more constraints in feeder

reconfiguration.

5.3.1 Network Topology Constraints

The distribution network is an open circle network. It contains two types of
switches: tie switch (normally open) and sectionalizing switch (normally closed).
They are designed for both protection and configuration management in the
system[57]. By changing the status of these switches, the structure of the
distribution network will be changed for balancing the load and reducing the power
losses to improve the power supply capability and power quality. Open circle
network means that there is no loop in the system. Even if the system may operate
in the weak-mesh condition in the special period, such a circuit will be converted
into two branches with two breaking points[58]. Radial topology is the most
important feature of the distribution network. Widely used load flow analysis
methods in the distribution system (backward/forward sweep algorithm) are
proposed based on this feature. So, one important constraint condition is the system

network is a radial network topology.

Feeder reconfiguration achieves by changing the status of tie switches and

sectionalizing switches in the distribution system. Unlike the Traveling Salesmen
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Problem, the connection between buses in the system is fixed, which means new
connections between buses in the system are forbidden. So, when every tie switch
and sectionalizing switch in the system are closed, the system structure is constant.
Furthermore, electric power usually must supply every single consumer in the

distribution network. So, islanding model is not allowed.

5.3.2 Power System Parameter Constraints

The system voltage is divided into several levels in the power system. Each level
has its acceptable maximum and minimum voltage value. It has a voltage range
limitation on any bus in the power system. Equation 5-1 expresses the bus voltage

constraint.

Vi,min < Vi < Vi,max

(5-1)

Where, V; in and V; 4, is the allowed minimum and maximum bus voltage

value on bus i respectively.

Due to the materials and marketing factor, there is a maximum current limitation

on each power line. So, equation 5-2 shows the line current constraint.

Ii < Ii,max

(5-2)

Where, ; 1,45 is the allowed maximum line current value of branch i

5.4 Ant Colony Optimization

Typically, artificial intelligence algorithms are applied to solve the travelling
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salesman problem [16]. It is hard to choose a single method as the best one. Each
method has its advantages and disadvantages. However, in the feeder
reconfiguration problem, the following feeders on every single bus are usually
connected to no more than three. This special structure will significantly reduce
the choice when ants make their decision. So that, ant colony optimization may
have a better performance in feeder reconfiguration when comparing with other
artificial intelligence algorithms. This part introduces how ant colony system is

working on feeder reconfiguration problems in details.

5.4.1 Basic Theory of Ant Colony Optimization

Ant colony optimization (ACO) [1]is an artificial intelligence optimize algorithm.
It is proposed by Marco Dorigo in his Ph.D. thesis in 1992. It comes from the
behaviours that ants find the food. Ant colony optimization is a method which
simulates the process of finding food by ant. When ants go to locate the food, they
will release some signals along the path. This signal is called pheromone. The
following ants prefer to choose the way with the strongest signal. So, the strength
of the signal will decide which way will be selected by most of the ants. This signal

is called pheromone. The process of ant foraging is shown in Figure 5-1.

Figure 5-1 Process of ant foraging

In the beginning, ants choose its way randomly. It is assumed that the total quantity
of pheromone released by each ant is the same; there is no pheromone on two paths

at the beginning; ants must choose the same way back and do not release
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pheromone when they return. Ants who choose the shorter path will come back
faster so that the aggregation of the pheromone trails on the short path will be faster.
With more and more ants pass two different paths, the strength of pheromone trails
on the shorter path will further strengthen than the longer path. When ants are
making their decision between shorter and longer path again, the strong pheromone
trails on the shorter path will impact on the choice of ants. Due to aggregation
speed of the pheromone on the short path is faster, all the ants will finally choose

the shorter path. This is the basic theory of ant colony optimization.

5.4.2 Versions of Ant Colony Optimization

Ant system is the first successful version of the ant colony optimization and this
method can be divided into two parts. The first part is using a probability equation
to decide which point should be chosen in each construction step. After every
single point has been determined, a possible solution will be found. In the second
part, the existing pheromone trails in the system evaporates with a set rate and new
pheromone will be released on the footprints which belong to the ant in the first
part. Then, the following ants do the same process until ants are requested to stop.
Normally, if path A was chosen by ants and the total length of all the chosen paths
which contain path A was small, the pheromone trails on this path would get
stronger and stronger so as to more and more ants would choose this path in the
following iteration process. The shortest path between nest and food source will
be chosen in such a mechanism. With the growth of the system size, the
performance of ant system may suffer. So, many researchers focus on how to

improve the ant system.

The first improved version of ant system is the elitist strategy for ant system
(EAS)[17]. In this version, only the pheromone trails in the latest global best
solution which is found by previous ants can be reinforced. Comparing with the

ant system, the mechanism that only feedback to the latest global best solution can
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find the same final solution in the same system with fewer iterations.

Rank-based ant system (ASrank) [18] is similar to the elitist strategy for ant system.
Both of them reinforce the pheromone trails on the latest global best solution.
Furthermore, ASrank model ranks the solutions by the total length of the structure
built by ants. The quantity of pheromone which deposits by an ant is decided
according to the rank of the solution. If the total length of the solutions is the same,

the solutions can be ranked randomly.

Best-worst ant system (BWAS) is not only focused on the latest global best solution
but also pay attention to the current worst solution [19]. The current worst solution
will be penalized to reduce the probability of being chosen by ant while the latest
global best solution reinforces the probability of being chosen on each iteration.
When the latest global best solution cannot improve anymore, a significant
improvement of BWAS s the reinitialize mechanism for the system parameters.
Furthermore, a new pheromone trails update rule is applied to the pheromone trails
update. To do so, each row of the pheromone matrix is changed with a probability
by adding or subtracting the same amount of pheromone to the selected trail(a

value which depends on the current iteration) [20].

Max-min ant system (MMAS) reinforce the pheromone trails on the latest global
best solution [21, 22]. In this version, only the iteration-best ant can be allowed to
release pheromone. Unfortunately, this strategy will make all ants focus on the
iteration-best solution. Although the convergence speed to find the candidate of
the best solution increases, it may miss out other candidates with better
performance. To avoid such omission, MMAS limits the possible range of the
pheromone trail value within a certain range. So that the MMAS can find more
possible solutions in the beginning. MMAS also reinitialize the pheromone trails

and other parameters when no better solutions can be found after some iterations.
In order to find a better solution to a complex optimization problem, the main
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improvements of ant system are focus on the strength of pheromone trails.
However, ant colony system(ACS)[23] applies a new mechanism. The reinitialize
mechanism for the system parameters is the same with a mutation for finding more
solutions, but there is no difference between re-do the searching process again. In
the ant colony system, pseudorandom proportional action provides alternative
update rule for the ants when ants make their choice rather than only decide by an
equation. More options mean more probable solutions so that better solutions may
be found. Furthermore, the pheromone trails on each path would evaporate
immediately after passing by the ant. Such steps will reduce the probability that
ants make the same choice. Ant colony system also considers the useful
improvement in previous models. The pheromone updating will only apply on the
iteration-best ant. As a typical representative of ant system theory, ant colony
system is chosen to solve the feeder reconfiguration problem in this thesis and

introduced in details in the following section.

5.4.3 Feeder Reconfiguration Based on Ant Colony System

In feeder reconfiguration, random radial structures which satisfy the constraints
will be built at the beginning. Random radial structures can be treated as the routes
of the ants. Moreover, the active power loss for each built structures is treated as
the total length of the route. To find more possible solutions, the ants must have
more choices. Due to the strength of pheromone trails impact on the choice of ants,
the initial strength of pheromone trails is set to the same value to prevent a biased
searching at beginning. Artificial ants will release their pheromone on the branches
which they chose. After the first group of ants built their structure, the strength of
pheromone trails in the system becomes different. The system power loss of each
structure cannot be the same, so the strength of pheromone trails will also differ on
each branch in the system. With the evaporation of the pheromone trails, more and

more pheromone concentrate on those branches which built structures with small
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system power loss. When one structure has an overwhelming strength of

pheromone trails, it will be the final choice for most ants.

Processes that finding a final solution of feeder reconfiguration is introduced in
following parts. Before starting the method, system parameters which appear in

the following section a), b) and c¢) must be set in advance.
a) Build a radial structure

In the distribution system, each branch is connected with two buses. One bus sends
power energy and the other receives power energy. It is defined that the sending
end is the bus which sends power energy and the receiving end is the bus which
receives power energy. The reference bus in the distribution system is normally
defined as the main power plant in the distribution system or the connecting point

between the transmission system and distribution system.

Electric power sends from the reference bus to each bus in the system through
branches. In the distribution system, the direction of the power energy is
unidirectional and the structure of the network is radial. If a bus receives power
energy from two different branches, this means there are two different connecting
paths from one bus to the other buses. In another word, there is a loop between two
buses. But, the mesh structure is normally not acceptable in the distribution system.
And, in order to avoid islanding condition, each bus must be connected to the
distribution system. So, it can be seen that, apart from the reference bus, each bus
can become the receiving bus only once. This is an important rule to build a radial
network. A feasible solution for feeder reconfiguration is that it must satisfies the
topology constraints. Which means when a sending end is decided, the available
receiving buses are also decided. Following the above rules, satisfactory radial

structure network can be built.

Due to the structure and power lines are constructed in advance. So, the possible
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connections between buses in a distribution system are fixed. The IEEE 33-bus
system shows in Figure 5-2 is used as an example to illustrate the process of
building a radial network. In this figure, the dotted line expresses all possible

connection between buses.

19 20 21 22
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@ 6.0 0000000000900 -0-0-0
1 2 34 56 7 8 910 11 12 13 14 15 .16 17 18

o 000 0 -0 0 0
26 27.28 29 30 31 32 33
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23 24 25

Figure 5-2 All possible connecting between buses in IEEE 33-bus system

In this network, node 1 is the reference bus. The building process by ants starts at
the reference bus. When the reference bus is the sending end, it is easy to find from
Figure 5-2 that the available receiving end can only be the node 2. Because there
is only one bus connects with bus 1 in the system and it is bus 2. When node 2 is
the sending end, the available receiving end has two choices---node 3 and node 19.
But, if it is assumed that an ant has already built part of the system such as the
structure show in Figure 5-3, the available sending end could be nodes 21, 4 and
24 and the receiving end could be nodes 7, 22, 5 and 25 respectively. Where the
solid lines represent branches already built by the ant and the dotted lines represent
the remaining available connections. Which sending end and its corresponding
receiving end should be chosen is the key point of building a radial structure. The
sending end and receiving end are two ends of the branches so that by choosing a
branch instead of choosing the sending end and the receiving end can simplify the

building process. Then, the available connections at this time are branches 21-8,
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21-22, 4-5 and 24-25.
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Figure 5-3 Part built 33-bus system

The optimization problem is a complex choice problem. So, ant colony system is
used to decide which branches should be chosen. In the real ant world, the strength
of pheromone trails is the decisive factor of which path should be chosen. However,
in the artificial ant world of ant colony system, some other factors can also

influence the decision of ant. Equation 5-3 shows the decision mechanism[23].

arg, ek max{Ti;[n;1°}  ifg < qo
pi; = [7:j1%[n:1°

else
ZleNik[Tij]a[nij]ﬁ

(5-3)

Where p{‘j is the probability of ant k chooses branch ij. t;; is the strength of

pheromone trails on feeder ij. n;; means the reciprocal value of the resistance of
branch ij. « and B are two system parameters which determine the relative
influence of the pheromone trail and the heuristic information. N is the feasible
connections when ant k is at sending end i. which means the set of distribution
lines connect to the bus i which ant k has not chosen yet(the probability of

choosing a transmission line outside N is zero). q is a random value between 0

160



and 1. And q, is a value between 0 and 1 and is set in advance. Arg_max means

to choose the maximum value.

In the ant system, the decision mechanism only contains the lower part of equation
5-3. Depending on such a mechanism, all ants will focus on the branches with
strong pheromone trails. Branches which have little pheromone trails may be
ignored by ants with a great chance at the beginning of the search. However, part
of these branches may be the key to build a better system structure. In order to
increase the chosen probability of the branches with little pheromone trails, the
upper part of equation 5-3 are added by using a different choosing mechanism in
the ant colony system. The equation q < q, represents the probability of
performing this different choosing mechanism. For example, it is assumed the
value of the g, is 0.3. Then, If the value of the random number g < 0.3, the upper

part of equation (5-3) is performed and the branch with the maximum value of
Tij [nl-j]/” will be chosen. Otherwise, if g > 0.3, the lower part of the equation (5-

3) is performed and the chosen probability of all available branches will be
calculated. Then, the roulette wheel mechanism would be applied to choose one

branch from those available branches base on their chosen probability.

It is assumed that the chosen probability of branches 21-8, 21-22, 4-5 and 24-25 is
4.42%, 28.11%, 42.17% and 25.30% respectively. And q > q,. A circle as
illustrated in Figure 5-4 is treated as a roulette wheel and the value at 12 o’clock
position is set to be zero. The circumference of the circle is 1. There are four
available lines so that the circle is divided into 4 pieces. And the area of each part
of the circle is equal to the probability of each line. If a random value between 0
and 1 is 0.64, its position will locate at part line 4-5 or if the random value is 0.8,
its position will locate at part line 24-25. The part which is located by the random
value will be the choice of the artificial ant. This is the roulette wheel mechanism

in the ant colony system.
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Figure 5-4 roulette wheel selection

After finishing the calculation of equation 5-3, the chosen branches can be decided.
If branch 21-8 is chosen, the available feeders for the next step are branch 21-22,
8-7, 8-9, 4-5 and 24-25. Once a node is chosen as the receiving end, the ant will
mark it. In Figure 5-5, all ends of the dotted lines have become the receiving end
of the other chosen distribution line. So, the ant colony system will prevent these
receiving ends from creating a new connection. Until all nodes marked as the
receiving end apart from the reference node, the random radial network will be

built and the structure may be built as shown in Figure 5-5.
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Figure 5-5 Feasible network structure of the 33-bus system

b) Update the pheromone trails

In real ants’ world, ants will release pheromone to help the following ants to choose
the shorter path. Similar to the real ants, artificial ants also release pheromone.
Different from the ant system, the rules of pheromone trails update in the ant
colony system will be divided into two part. One is the global pheromone update;

the other is local pheromone update.

In the process of global pheromone update, both pheromone releasing and
pheromone evaporation will only apply to the current best route in the ant colony
system. This is to reduce the calculation complexity in pheromone update and
emphasize the influence of iteration best solution. Equation 5-4 shows the rules to
update the global pheromone in ant colony system[23]. New pheromone trails on
each branch will be calculated according to this equation. This new pheromone
trails distribution will be used as the initial z;; in equation 5-3 when a new ant

colony do they search.

‘ti-‘j“ =(1- p)rﬁ‘j + pArf’js v(i,j) € TPs

(5-4)
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Where 0 < p < 1 isthe pheromone evaporation rate for global pheromone update.
At}? isequalto 1/CPS. CPS and TP are the current smallest total network power

loss and the current best network structure find by ant in the search process. Then
v(i,j) € T?S means all pheromone can only update on those distribution lines

which belong to the latest global best solution in the search process.

Local pheromone trails update is a new mechanism in the ant colony system. To
prevent that ants concentrate too rapidly on a certain solution, the local update rule
is created. The local pheromone update will apply on every single ant. And the rule
of local pheromone update expresses in equation 5-5[23]. New pheromone trails
on each branch will be calculated according to this equation. This new pheromone
trails distribution will be used as the initial z;; in equation 5-3 when the next ant

colony in the same colony do they search.

T =1 -1 +4T

(5-5)
Where 0 < & < 1 is pheromone evaporation rate for local pheromone update.
According to reference [1], & is normally set to 0.1 and 7, is set to be the same
as the initial value for the pheromone trails. The value of 7, is equal to 1/nC™".
n is the total number of nodes. If the system structure is built following the rules

that ants must choose the power line with the smallest resistance as its next choice,

C™ is then the total system power loss of such a system.

At the beginning of the ant colony search, t;; is equal to 7, which means all
feasible power lines have an equal chance to be chosen by the first ants. When the
first ant creates its own structure. The strength of pheromone trails on each feeder
becomes different. According to the equation 5-5, pheromone start to evaporate
after the ant release the new pheromones on the chosen power line. The value of

pheromone trails on the chosen distribution line will reduce so that the probability
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of choosing the same distribution line by the following ants is also reduced. Thus,
ants have more chance to choose all distribution lines in the system and so that

more feasible solutions may be built.
c) The final solution of ant colony algorithm in feeder reconfiguration

In the artificial intelligent world, the population size of the ants is one artificial ant
group in each iteration. When the first iteration finishes which contains above part
(@) and (b), the best solution in this iteration is recorded as the latest global best
solution. The pheromone trails distribution in all feasible connections is inherited
by ants in the next iteration as the initial value of the system pheromone trails.
Thus, the searching experience of the previous ants will guide the following ants
to find a better solution. Normally, there are two scenarios of defining the final
solution. In common iteration method, the terminated condition of the iterations is
an acceptable difference in tolerance between two connecting iteration results. In
feeder reconfiguration, when the system structure is built, the system power 10ss is
a fixed value. So, the first scenario of the final solution can be defined that when
the current minimum system power loss does not change in a given number of
iteration, it can be considered that the solution is the best solution in this
optimization process. However, due to the pseudorandom proportional mechanism
and the big system size, it is hard to decide this given number. A smaller network
power loss may be found after selecting the final solution by using the normal
criterions. So, a maximum number of iteration is set as the termination condition.
This is the second scenario for deciding the final solution. The pseudorandom
proportional mechanism is applied in this thesis so that the second scenario is
chosen as the criteria for the final solution. The final solution in feeder
reconfiguration contains the system structure, the bus voltage, branch current and

the active power loss of the distribution system.

The flow chart of ant colony system in feeder reconfiguration shows in Figure 5-
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Figure 5-6 Flow chart of ACS in feeder reconfiguration
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5.5 Particle Swarm Optimization

Similar to ant system, particle swarm optimization is also simulating the behaviour
of a swarm of birds searching for food. In a flock of birds, they track the paths of
its neighbors. But, the whole group of birds seems to move around a center point.
Particle swarm optimization is proposed base on the research of birds foraging. It
Is assumed that there is only one food source in the area. The best way to find the
food source is that searching nearby locations of bird which is considered as the
nearest position to the food source. The bird will finally find the food by updating
its position and velocity. Due to the characteristic of simple logic and easy
programming, particle swarm optimization is also a common used artificial
intelligent optimization method. However, particle swarm optimization is used to
solve the in continuous function optimization problems. Before applying this
method to solve the feeder reconfiguration problem, modifications and
improvements are necessary. The theory of particle swarm optimization and its

application in feeder reconfiguration is introduced in the following section.

5.5.1 Basic Theory of Particle Swarm Optimization[39,40]

In particle swarm optimization, there is no nest for birds and no path needs to be
chosen. Artificial birds are called particles. Instead of the nest, the position of all
particles locates randomly in the searching area and the particles have an initial
speed. The food for particles is usually the possible maximum or minimum value
of the objective function. The searching direction of particles is controlled by two
values. One is the best searching experience of individual particles in each

searching iteration (the local best position). And the other is the best solution
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searching by any particles until now (the global best position). Figure 5-7 shows

the searching diagram of one particle.

In Figure 5-7. The position of the particle locates at x;, local best position, global
best position, and possible food position is shown with blue dot respectively. The
arrowed blue line expresses the initial particle velocity. The update of new position

and velocity is according to equation (5-6) and (5-7) [39,40].

k+

vt = w * vf + ¢y * random() * (Pbest; — xF) + ¢, * random()

* (Gbest; — xF)
(5-6)

k+1

=xF + v}

x5+1

(5-7)

Where k means the k™" iteration. i is the particle code. w is the inertia weight, c,
and c, is the acceleration constants of local best position and global best position
respectively. Random() is a random value between zero and one. x; is the position

of the particle i. v; is the speed of particle i.

According to equation (5-6), in the update of the particle position and velocity, the
local best and the global best position are the main reference which helps particles
concentrate around the food position. Two random values in equation (5-6) are the
random mechanism for enlarging the searching area and trying to find a better
result. The new velocity contains part of the old velocity which is determined by
inertia weight and influence factor of local and global best position. Then, the new
position can be calculation by equation (5-7). The new velocity is the red arrowed
line in Figure 5-7. The gray arrowed dotted line expressed update process of the

new velocity and position.
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Figure 5-7 Searching diagram of particle swarm optimization

Each particle has its fitness value which is evaluated by the fitness function. The
fitness function normally is the objection function of the optimization. Such as the
shortest journey in travelling salesman problem or the minimum system power loss
in feeder reconfiguration. In Figure 5-7, the fitness value is the distance between
particle position and food position. The fitness value is the evaluation criteria for

the local best and global best position.

The searching process will end when the solution is found or the termination
condition is satisfied. With the same reasoning of ant colony system, searching
process of particle swarm optimization normally stops when the termination

condition satisfied.

5.5.2 Feeder Reconfiguration Based on Discrete Particle Swarm
Optimization

Feeder reconfiguration is achieved by changing the status of tie switch and

sectionalizing switch. Normally open and normally closed are the only two statuses
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of the switches. So, it is suitable that using binary code zero and one to express the
status of the switches which are shown in Figure 5-8. It is normally assumed that
one expresses normally close switch and zero expresses normally open switch in
the power system and the same assumption applies in this thesis. Then, the problem
transfers from building a radial structure for the distribution system to decide the

status value of all switches in the distribution system.

Figure 5-8 Simple distribution network

For applying the real engineer problems, the discrete particle swarm optimization
is proposed in 1997[43]. In the discrete particle swarm optimization, the positions
of each particle only contain zero and one. But, there is no limitation on the particle
velocity. The position of the particles is decided by the value of particle velocity in

the sigmoid function.

1
1+e™?

S(v) = sigmoid(v) =
(5-8)

From the equation (5-8), the sigmoid value of larger velocity is closer to one which
means the bigger velocity means the position may have more opportunity to be one.
Relatively, the smaller velocity means the position is more likely to be zero. Then,
equation (5-7) provided in section 5.5.1 modified for the discrete problem as shown

below.

{xl-d =1 if random() < S(v)
Xig =0 else

(5-9)
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To avoid saturation of sigmoid function, the maximum and minimum velocity are
limited between [—v,,ax, Umax]- 1N this thesis, the sigmoid function is modified as

equation (5-10).

0.98 v>4
1

S(v) = —

(v) Tr o 4<v<4
0.2 v<—4

(5-10)

The main improvements of the particle swarm optimization are described above.
This is the theory of the discrete particle swarm optimization. If all status of
switches were decided by this theory, it could not satisfy the topology condition
limitation. For example, in IEEE 33-bus system, the total number of tie switches
must equal to five. But, new tie switches in results which calculated by the discrete
particle swarm optimization may not equal to five. So, final modified equations for
feeder reconfiguration are shown in (5-11), (5-12) and (5-13)[44]. By such an

improvement, the number of new tie switches will satisfy the requirement.

vt = w x v + ¢y * random() * (Pbestl- — xlk) + ¢, * random()

* (Gbesti — xlk)

(5-11)
r; = S(v;) — random()
(5-12)
{xid =1 if r; < the qth smallest value of all r;
Xig =0 else
(5-13)

Where q is equal to the number of the tie switches in the distribution system.

First of all, the sigmoid function will give a value to each switch based on the

particle velocity. Then, the branches will be ranked based on these values. The
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equation 5-13 means that the switches which have the smallest values need to open.
The value of random() in equation 5-12 is between 0 and 1. This random() function
Is used to disturb the rank of the switches so that the network structure will be built
with accident. It may give a new framework of the network. Similar to the original
particle swarm optimization, the velocity update will be applied by equation 5-11

after the status of switches are changed.
The final result will be calculated when the termination condition is satisfied.

Above theory is the basic application of particle swarm optimization in feeder
reconfiguration. But, there is another issue to be considered. Different from the ant
colony system, discrete particle swarm optimization cannot ensure that all the built
structure is radial. It can only ensure there are a number of tie switches in the
distribution. Normally, a program to filter the radial structure is added in the
particle swarm optimization. If the candidate structure is not radial, particle swarm

optimization will rebuild a new structure until a radial structure is obtained.

With increasing of system size, it is more and more difficult to build a radial system
structure. The number of infeasible structures increases quickly. Computing time
of discrete particle swarm optimization then grows exponentially. For increasing
the efficiency of discrete particle swarm optimization and avoid redundant
calculation, the primary target is to ensure that every single network structure is

radial.

In the following section, the tear circuit method for minimal spanning tree in graph
theory is combined with discrete particle swarm optimization to ensure that 100%

of built structures are radial.

5.5.3 Tear Circuit Method for Feeder Reconfiguration

Because of the random variable elements in the initialization and updating process

of discrete particle swarm optimization, a large number of infeasible solutions will
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be produced. An infeasible solution is one with mesh or islanding situation. Such
a system cannot satisfy the distributed system topology constraint. So, normally, if
such an infeasible system network is built, this solution is abandoned and a new
solution is required in this iteration by the same particle. With the increasing
system size, larger and larger part of the calculation time is spent on building a
radial system. Thus, the tear circuit method applies to discrete particle swarm
optimization to avoid building infeasible network. The IEEE 33-bus system in

Figure 5-9 is used here to explain the tear circuit method in feeder reconfiguration.

19 20 21 22

26 27.2829 30 31 32 33
23 24 25

Figure 5-9 original IEEE 33-bus system

In Figure 5-9, the solid line expresses the sectionalizing switch and the dotted line
expresses the tie switch. Any tie switch close in this system will create a mesh. If
all tie switches closed in the 33-bus system, five meshes would be created which
shows in Figure 5-10. A radial structure can be created by opening switches in its
corresponding meshes. This is the basic theory of the tear circuit method in feeder

reconfiguration.
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28 29
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23 24

Figure 5-10 All switches closed in 33-bus system

19 20 21

30 31 32

23 24

Figure 5-11 Radial 33-bus system

For example, switches 12, 18, 21, 22 and 29 in Figure 5-12 are chosen to be opened
by discrete particle swarm optimization. Then, new 33-bus distribution system is
illustrated in Figure 5-11 and its network structure is radial. However, a special
circumstance needs to be mentioned. Parts of the tributaries in the network belong
to two different circuits at the same time. Such as, the tributary which contains
switch 3 and switch 4 belong to not only mesh A but also mesh B. If two opened
switches are both chosen from one common tributary, islanding bus will be created
in the new system. For instance, switch 3 is chosen to open for mesh A and switch

4 is chosen to open for mesh B. The new distribution system structure will contain
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an islanding bus (bus 4) which is illustrated in Figure 5-12 within the red circuit.

This situation cannot satisfy the structure constraint of the distribution network.

19 20 21

18
12 13 14 15 16

30 31 32

23 24

Figure 5-12 Infeasible solution for the 33-bus system

In order to avoid the appearance of the islanding bus in the process of tearing circuit,
when a switch in common tributary is opened, all switches belong to this tributary
are prohibited from opening again. Thus, before opening the next switch, remove
the common tributary which contains the opened switch in the network and re-
trace the circuits in the network. Repeat this process until the number of the opened
switch satisfies the requirement. It is assumed that the switches which are
determined to be opened by the discrete particle swarm are the following the
sequence as 3, 25, 33, 9 and 36. The process of tearing five circuits in the 33-bus
system is illustrated in Figure 5-13 (a-d). Its final network structure is shown in 5-
11 (e) and this network is radial. By following the rules of the above process, the

new network built by discrete particle swarm optimization must be radial.
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28 29 30 31 32
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13 14 15 16 17

23 24
Figure 5-13 The remaining system structure in the process of tear circuit method (b)

19 20 21
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12 13 14 15 16 17

29

30 31 32

23 24

Figure 5-13 The remaining system structure in the process of tear circuit method

(©)
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19 20 21

18

12 13 14 15 16 17

23 24

Figure 5-13 The remaining system structure in the process of tear circuit method (d)

19 20 21

17

30 31 32

23 24

Figure 5-13 The remaining system structure in the process of tear circuit method (e)

Steps of discrete particle swarm optimization in feeder reconfiguration are divided
into two parts. Firstly is built a radial structure and then secondly is the update of
the particle velocity and the fitness value. The complete steps of tear circuit method

in particle swarm optimization for feeder reconfiguration are described below.

1) Initialize the original location and velocity of particles. The initial location is
the original test system structure. But the initial velocity is a random value

between [-4, 4]. Calculate the original system active power loss.

2) Determine all meshes in the system and put them in a mesh set.
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3) Calculating r; on every switch by equation 5-12 and rank them.
4) Record the switch with the smallest r; and check the belonging mesh.

5) Open one switch in each mesh according to the tear circuit method and the

rank of the r;
6) Go back to step 4) until the mesh set is empty.

7) Update the velocity of the particle by equation 5-11 bases on the built network

structure.

8) Compare the active power loss with the current minimum value and replace it

if the new active power loss is smaller.
9) Go back to step 3) if the pre-set condition is not satisfied.

10) Terminate calculation and output the results when the per-set condition is

satisfied.

5.6 Case Study of Feeder Reconfiguration

The above two common used artificial intelligence optimization algorithms are
programmed using Matlab. The tested systems are IEEE 33-bus distribution
system [59]and IEEE 69-bus distribution system[60]. The coding of the nodes and
branches of this distribution system is shown in Figure 5-14 and Figure 5-15
respectively. The number in black is node code and the number in red is the branch

code.

There are five tie switches represented by the dotted line and 32 sectionalizing
switches represented by the solid line in the 33-bus system which is shown in
Figure 5-14. Total fundamental demand to be supplied is 5084.26 kW and 2547.32
kVAr. The voltage of the only power source at node 1 is 12.66 kV. System data for

this system are given in Appendix A.1.
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Figure 5-14 Coding situation in IEEE 33-bus system

The five tie switches in dotted line and the 68 sectionalizing switches in solid line
of the 69-bus system are shown in Figure 5-15. The total fundamental demand to
be supplied is 3802.19 kW and 2694.6 kVVAr. The voltage of the only power source

atnode 1is 12.66 kV. The system data for this system are given in Appendix A.2.
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Figure 5-15 Coding situation in IEEE 69-bus system
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5.6.1 Feeder Reconfiguration for Loss Reduction by Using Ant

Colony System

Both the 33-bus and the 69-bus system are tested. The settings of system
parameters are as follows: the population of ant is 10; pseudorandom proportional
rate g, isequal to 0.3; global pheromone evaporation rate p is set to be 0.3; local
pheromone evaporation rate ¢ is set to be 0.1; maximum number of iteration is set
to be 100; influence coefficient « and S are suggested set to be 1 and 2~5
respectively in reference [1], but this suggestion is for the traveling salesman
problem. So, the values of these two influence coefficients are obtained by

experiment.
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The results obtained using different influence coefficients by repeating 100 times
ant colony system are shown in Figure 5-16. All the results are the best solution
when both a and £ are equal to 1 which is represented by the red curve. This red
curve is a straight line with value of the minimum system power loss in Figure 5-
16. Other results curve cannot always find the best solution in 100 times repeating.
When a« =1 and f =5, ant colony system cannot even find the best solution.
Thus, both @ and S should set to 1 when using the ant colony system for feeder
reconfiguration problem. This indicates that the setting of the influence coefficient

a and B has an important effect on searching efficiency.

The best solution of each iteration is the minimum network loss in one iteration
which is not the same as the latest global best solution. The latest global best
solution is the latest minimum network loss find by all ants. The change rate of the
best solution of each iteration can show the search performance to some extent. If
this rate is small, it reveals that the optimization method focuses their attention on
the local best solution and ignores other possible solutions. If this rate is big,
although the solutions find by optimization method are not the best right now, the

new attempt provides more possibility to find a better solution.
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Figure 5-17 Minimum network loss of each iteration by using ant colony algorithm
in 33-bus system with 100 maximum iteration

Due to the random and pseudorandom proportional mechanism of the optimization
method, curves of the minimum network loss in each iteration is always different.
It cannot show all curves in one figure. Thus, two curves are randomly selected
from all kinds of curves to represent the characteristic of the minimum network
loss in each iteration by using ant colony system and they are shown in Figure 5-
17. In this figure, the vertical axis means the network loss and the horizontal axis
shows the iteration number. The orange curve shows that the best solution of each
iteration is the same with the latest global best solution. The searching mechanism
cannot find a new system structure even if the result is worse. It indicates that the
pheromone trails on the latest global best solution are too strong to let ant find a
new route. This may cause all ant trapped at a local solution. The system power
loss continued to reduce until the final solution has been found at the 26™ iteration.
Comparing with the orange curve, the blue curve has some disturbance around the
10™ iteration. It shows that searching mechanism tries to find other different

structure. Although this structure is worse than the latest global best solution, the
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new attempt contains different framework which was not found before. So, ant
colony obtains the final solution at the 11" iteration which is faster than the orange
curve. Both curves keep stable after the 26" iteration which means this result

should be the possible best solution for the 33-bus system.
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Figure 5-18 Minimum network loss of each iteration by using ant colony algorithm
in 69-bus system with 100 maximum iteration

The best solution of each iteration in the 69-bus system is shown in Figure 5-18.
These two curves are also two randomly selected results of the same system with
the same system parameters. Due to the gap between two smallest solution is
0.001 = 105, it is difficult to determine which curve find the final solution first by
looking at Figure 5-18. In the data of the test results, the minimum network loss
had been found by the blue curve at the 20" iteration and the orange curve found
it in the 89" iteration. In this test, due to the number of iteration is big enough,
even though ants trapped at a local solution, the pseudorandom proportional
mechanism has enough chance to choose different searching mechanism and finds

a new framework for ants. In Figure 5-18, Ants which represented by the blue

184



curve find the latest global best solution without trapped, so blue curve reach the
known global best solution at 20" iteration. Ants which represent by orange curve
seem to trap at a local solution. Then, the pseudorandom proportional mechanism
cost additional iterations to help the ant escape the trap. Finally, both curves are

found the latest minimum network loss.
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Figure 5-19 Minimum network loss of each iteration by using ant colony algorithm
in 69-bus system with 1000 maximum iteration

The 69 bus system is tested again, but this time, the maximum number of iteration
is increased to 1000. From the curve in Figure 5-19, it shows that the minimum
power loss of each iteration is unstable until the end. This shows that the orange
curve in Figure 5-17 is a special case. Alternatively, due to the small number of the
possible solutions, the stable curve of the minimum power loss of each iteration

can only appear in the small system.
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Figure 5-20 Convergence characteristic of ant colony algorithm in 33-bus system
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Figure 5-21 Convergence characteristic of ant colony algorithm in 69-bus system

Figure 5-20 and Figure 5-21 shows the convergence characteristic of the ant colony
algorithm in above two test system. The curve in Figure 5-20 shows a fast
reduction in the current minimum value. It illustrates a good convergence of the

ant colony system in the 33-bus system. However, the curve in Figure 5-21 remains
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at pseudo minimum value for about 80 iterations. Because of such a characteristic,
the final solution found may not be the global best solution. Also due to this
characteristic, artificial intelligence based optimization algorithm normally set a
maximum iteration as the terminated condition instead of setting the stable time of
the latest global best solution in several iterations. Comparing Figure 5-20 with
Figure 5-21, 100 as the maximum iteration is sufficient for the 33-bus system. But

the maximum iteration should be larger to the 69-bus and the larger systems.

5.6.2 Feeder Reconfiguration for Loss Reduction by Using Discrete

Particle Swarm Optimization

Discrete particle swarm optimization for feeder reconfiguration is tested in both
IEEE 33-bus and 69-bus system. The settings of system parameters are as follows:
the population of particles is 10; influence coefficient of particle speed w is 0.8;
the maximum number of iteration is set to be 100; both the acceleration constants
c; and c, are suggested equal to 2 in references [48, 61]. But the value of these
two parameters is set to 0.5 and 1.5 in its improved particle swarm optimization in
reference [62]. So, it is necessary to test the best value of the two acceleration
constants. The test results of different value of acceleration constants c¢; and c,

are shown in Figure 5-22.
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The curves are results of repeating 100 times discrete particle swarm optimization
in each setting of acceleration constants. It is not easy to determine out which one
has better performance from the curves. This shows that small difference settings
on the value of two acceleration constants will not have a big effect on the final
result. In this case study, the average value of minimum system power loss is
smallest when ¢; =1 and ¢, = 5. Thus, the value of acceleration constants for
local best position ¢; and global best position ¢, is 1 and 5 respectively and is

tested in this thesis for particle swarm optimization with tear circuit method.

Minimum Network Loss on Single Iteration
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Figure 5-23 Minimum network loss of each iteration by using discrete particle swarm
optimization in 33-bus system with 100 maximum iteration

Search performance is tested again in the discrete particle swarm optimization for
feeder reconfiguration in the 33-bus system. With the same setting of system
parameters, two curves are chosen from two random test and shown in Figure 5-
23. Blue curve finds the final solution at the 44" iteration and the red curve finds
the final solution at the 95" iteration. In this figure, the minimum network loss of
both curves in each iteration is continuing to reduce. Due to the unique particle

velocity, each particle has its own solution. The usefulness of the local and global
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best position of the particles is to update the particle velocity. All solutions found
by each particle may be entirely different. The 33-bus system and its possible
number of the solution are both small. Thus, two curves in Figure 5-23 may be
considered as the results of one particle and this particle can always find the latest

global best solution.

Minimum Network Loss on Single Iteration
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Figure 5-24 Minimum network loss of each iteration by using discrete particle swarm
optimization in 69-bus system with 100 maximum iteration

For the 69-bus system, the possible number of solutions of this system is much
more than the 33-bus system. One particle cannot always find the current global
best solution again. Thus, the curves in Figure 5-24 cannot keep reducing. The
minimum network loss of each iteration may be the same in some iterations in
Figure 5-18 while they are totally different in Figure 5-24. The orange curve finds
the known best solution at the 72" iteration. The blue curve cannot find the known
best solution. Such a result represents that, for the discrete particle swarm
optimization, when particles find a better solution than the latest global best

solution, more search should be done base on this latest global solution rather than
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just treat it as a reference and continues the search in their own way. Thus, the

inertia weight w can be reduced with the iterations.
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Figure 5-25 Convergence characteristics of the discrete particle swarm optimization
in 33-bus system
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Figure 5-26 Convergence characteristics of the discrete particle swarm optimization
in 69-bus system

The convergence characteristic of the discrete particle swarm optimization in the
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33-bus system and the 69-bus system is shown in Figure 5-25 and Figure 5-26
respectively. The minimum system power loss in Figure 5-26 is not the known
global best solution for this system. The curve in above figures is one randomly
selected result of all tests using the discrete particle swarm optimization. These
two figures show that the local search ability of the discrete particle swarm

optimization is weak.

5.6.3 Comparison and Discussion.

In order to compare the two optimization methods for more details, results are put
together in this section. The system setting of both methods is provided in Table 5-
1. The same population and maximum iteration number provide a relatively fair

test environment.

Table 5-1 Setting of the system parameters

System a B p & Q P,
parameters
Ant colony 1 1 0.3 0.1 1 0.3
system
SyStem CLocal CGlobal w
parameters
Particle swarm 1 5 0.8

The results statistics of repeating 100 times on the ant colony system and the
discrete particle swarm optimization in feeder reconfiguration are shown in Table
5-2. The population of the ant is set to 10 which is suggested by reference[1]. The
population of the particle is set to 20 which is normally approximately equal to the
total search points. Maximum iteration of both methods is 50. Both methods find
a same best system structure. The worst result of the latest global best solution
determines by the ant colony system is better in both two different systems. All
results of two systems using both methods are shown as curves in Figure 5-27 and

Figure 5-28 respectively. It can be seen that the result curve amplitude of ant colony

192



system is much smaller than the discrete particle swarm optimization. Thus, the
average system power loss of discrete particle swarm optimization is larger than
the value obtained by the ant colony system. This shows that in feeder
reconfiguration problem, ant colony system has a better searching performance. In
the statistics of computing time, ant colony system complete the reconfiguration in
both the 33-bus system and the 69-bus system with less computing time. It can
consider that the ant colony system may have better performance in the feeder
reconfiguration problem. Due to the maximum number of iteration of both methods
are not the same, the computing time may be impacted by the personal program
skill and the variable frequency skill of CPU, more tests need to be done in a fair

situation to compare which method is better.

Table 5-2 Comparisons of ACS and DPSO for IEEE distribution system

Method System System Power Loss(kW) Computing
Best Worst | Averag Time (unit)
e
Ant 33-bus | 139.28 | 139.70 | 139.29 0.22
Colony 69-bus 99.36 | 100.32 | 99.77 0.54
Particle 33-bus | 139.28 | 145.68 | 139.47 0.28
Swarm 69-bus 99.36 | 105.78 | 100.37 0.58
New Tie 33-bus 7,9,14,32,37
Switches in
Global Best 69-bus 14,45,50,69,70
Solution

Results obtained by 100 repeat of execution. The population of ant and
particles are 10 and 20 respectively. Both maximum number of iteration are

50.
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Figure 5-27 Comparison of ACS and PSO in 100 repeat executions in the 33-bus
system
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Figure 5-28 Comparison of ACS and PSO in 100 repeat executions in the 69-bus

system
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Table 5-3 is the comparisons of the results of three artificial intelligence based
optimization algorithm which shows in reference [2]. Comparing with the results
in Table 5-2, the new tie switches for the best solution is the same. Due to the use
of different load flow analysis method, there is tolerance in the minimum system
power loss between test results and reference. The computing time depends on the
computer performance and personal programming skill. Thus, there is no
comparability on the computing time between two tables. The computing time of
the particle swarm in the 69-bus system is longer than ant colony system in Table
5-3 which is not the same obtained in Table 5-2. It may be caused by the application

of tear circuit method which is used in this thesis.

Table 5-3 Comparisons of the results for IEEE distribution system[2]

Method System System Power Loss(kW) Computing
Best Worst | Averag Time (s/per
e iteration)
Genetic 33-bus | 139.55 | 140.24 | 140.24 0.30
Algorithm 69-bus 99.58 | 100.64 | 100.30 3.30
Adaptation 33-bus | 139.55 | 140.24 | 140.13 0.21
Ant Colony 69-bus 99.58 | 100.64 | 100.29 3.12
Adaptation 33-bus | 139.55 | 140.24 | 140.04 0.49
Particle Swarm | 69-bus 99.58 | 100.64 | 100.38 5.34
New Tie 33-bus 7,9,14,32,37
Switches in
Global Best 69-bus 14,45,50,69,70
Solution

Even though the minimum system power losses after feeder reconfiguration in the
33-bus and the 69-bus system are not the same, the new tie switches are the same
in references [2, 63, 64]. So, the possible global best solutions of feeder

reconfiguration for this two system can be determined.
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The initial system power loss in the 33-bus and the 69-bus system is 3.98% and
6.00% respectively. After doing feeder reconfiguration, the new system power loss
IS 2.74% and 2.64% respectively. The reduction rate of system power loss is 31.16%
and 56.05% respectively. Lots of system power loss can be reduced only by

changing the status of switches. This shows that feeder reconfiguration analysis

for loss reduction is necessary.
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Figure 5-29 Bus voltage magnitude of IEEE 33-bus system

The minimize system voltage drop is an important objective of feeder
reconfiguration and power quality enhancement[65]. The system voltage
magnitude curves of the original system and the reconfigured system are shown in
Figure 5-29. The buses voltage magnitude is shown in per unit. The orange curve
represents the voltage profile in reconfigured system and its minimum voltage
magnitude is 0.938 per unit. The blue curve is the voltage profile of the original
system and its minimum voltage magnitude is 0.914 per unit. It can be seen in

Figure 5-29 that the reconfigured bus voltage distribution curve is smoother than
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the original one. Feeder reconfiguration can improve electric power quality.
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Figure 5-30 Bus voltage magnitude of IEEE 69-bus system

Feeder reconfiguration for loss reduction also reduces the voltage drop in the IEEE
69-bus system. In Figure 5-30, the minimum bus voltage increased from 0.909 per
unit to 0.950 per unit. Both the above tests show that although the objective of this
test is the system power loss, the power quality is also improved by increasing the
minimum system bus voltage. If the objective function mainly considers only the

voltage drop, the power quality will be further improved.

5.7 Summary

As the most widely used optimization algorithm in recent years, ant colony system
and particle swarm optimization are tested in this chapter. Even though the tear
circuit method is applied in the discrete particle swarm optimization to avoid
building the infeasible system structure, ant colony system still has better
performance to solve the feeder reconfiguration problem. But, one curve of

minimum power loss in the single iteration of ant colony system in 33-bus is

197



continued to reduce without any disturbances. This may indicate that ant colony
system has some deficiency in searching new area or structure. The curves of
convergence characteristic for both methods show that optimization methods may
be trapped at a local solutions long time. Because the pseudorandom proportional
mechanism in ant colony system and the weak local search ability of particle
swarm optimization finding a new route to the global best solution. Thus, the
termination condition for the optimization method commonly depends on the

maximum number of iteration.

The settings of the system parameters for both methods are discussed in this
chapter. Although references [1] and [48] of these two methods make some
suggestions, the results in this chapter show a different case. The initial suggest
settings are based on the travelling salesman problem. New settings of system
parameters are necessary for feeder reconfiguration problem. The ant colony
system cannot even calculate the best solution when the settings system parameter
is not suitable. Thus, the system parameters of ant colony system and particle
swarm optimization need to be optimal and are different for various types of

problem to test and reset in the different problem.

The latest global best results of feeder reconfiguration for system power loss
reduction provide by both optimization methods is the same. After reconfiguration,
the system power loss has a significant reduction. Furthermore, the maximum

voltage drop in the test systems is also significantly improved.
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Chapter 6 A Hybrid Based Ant Colony System
and Discrete Particle Swarm

Optimization
6.1 Introduction

Ant colony optimization and particle swarm optimization have been proposed for
many years. Many attempts have tried to improve their performance. For the ant
colony optimization, most of the improvement focus on the update rules of the
pheromone trails. The improvement of the discrete particle swarm optimization
also focused on the update rules of particle velocity. Actually, improvement on
different parts of the update equation in both ant colony optimization and particle
swarm optimization are relatively independent. Different improvements on
different parts of the update equation can be applied at the same time. For example,
in reference [1], the new mechanism of ant colony system is a pseudorandom
proportional rule to generate more solutions. The hypercube framework of ant
system limits a scaling of the objective function values and the pheromone values
to the interval (0, 1) so that the pheromone on some path will not be too strong.
These two improvements are combined in reference [2]. This kind of combination
is more general in the particle swarm optimization, such as in references [3] and
[4]. In order to improve the search efficiency from a different angle, an adaptive
function is proposed in this chapter for changing the pseudorandom proportional
level in the ant colony system and the search area and the random mechanism level

in the discrete particle swarm optimization at different search stages.

The same with other artificial intelligent based optimization methods, both of ant
colony optimization and particle swarm optimization have its particular advantages

and disadvantages. It is difficult to avoid their disadvantages only by modifying
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the rules. However, the disadvantages may be overcome by combining two or more
artificial intelligent based algorithm together, such as in references [5-9]. In the
power system field, not many researches have been done for hybrid method based
on the ant system and the particle swarm optimization. So, parts of the experience
in other fields are introduced here. References [10-13] divide the hybrid methods
into two stages. The first stage is the particle swarm optimization which is used for
providing the initial pheromone trails of the ant colony optimization. The second
stage is searching the final solution by ant colony system. In this chapter, a hybrid
optimization method based on the ant colony system and the tear circuit based
discrete particle swarm optimization has been proposed to overcome their
disadvantages. Different from the typical hybrid strategy, the search performance
of the individual not only relies on the pheromone trails but also consider the initial
particle velocity, the local best position and the global best position. Base on the
pheromone trails, individuals can search better solutions around an existing
solution fast which mean that perfect local search ability is obtained. For the
particle velocity, individuals can quickly find feasible solutions in all possible
search areas. It is shown that the global search ability of the hybrid method is also

excellent.

The method for reducing search scale for the distribution network and the adaptive
function is introduced in section 6.2. Case studies and discussions for verifying the
search efficiency improvement by the adaptive function are shown in section 6.3.
In section 6.4, the general hybrid strategies based on the Pros and Cons of the ant
colony system and the particle swarm optimization are introduced. A novel hybrid
method is also illustrated in this section. Comparisons and discussions for the novel

hybrid method are shown in section 6.5.
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6.2 Search Efficiency Improvement for Ant Colony System

and Particle Swarm Optimization

6.2.1 Search Size Reduction in Distribution System

Distribution network consists of tie switches and sectionalizing switches. The
purpose of the distribution network feeder reconfiguration is finding the best
system structure for loss reduction or other objectives by changing the status of
each switch in the network. However, the changing on these switches is not
arbitrary. To avoid islanding the buses in the distribution network, each bus in the
network must have a connection with the system source bus. According to this
limitation, some system constraints are proposed for the distribution network
feeder reconfiguration. On the other hand, parts of the sectionalizing switches in
distribution network must keep close status or the island bus will appear. The IEEE
33-bus distribution system and IEEE 69-bus distribution system is illustrated for

such a situation in Figure 6-1 and Figure 6-2 respectively.

3 240 —_— . —. T|<=j SWIt.C.h
sectionalizing
switch

Figure 6-1 The constant close switches IEEE 33-buses system
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Figure 6-2 The constant close switches in IEEE 69-buses system

These two distribution systems are the standard test systems for distribution
network feeder reconfiguration in many papers. So, the characteristics of these two
system structures can represent most parts of the distribution network. According
to the tear circuit method for particle swarm optimization in section 5.5.3, the
network in Figure 6-1 can be divided into five circuits. By changing the status of
the switches in these five circuits, the tear circuit method can avoid the infeasible
solutions which may find by the discrete particle swarm optimization, so that the
efficiency of the discrete particle swarm optimization can be significantly
increased. The 69-bus system can also be divided into five circuits according to the
tear circuit method, such as shown in Figure 6-2. But, the switches in blue do not
belong to any system circuits. Without considering the status of these switches in
blue ink, the latest global best solution of the tear circuit based particle swarm
optimization in the case studies of Chapter 5 is the same with the ant colony system.
The same latest global best solution calculated by two different methods means
that the switches in blue in the 69-bus distribution system are meaningless for
feeder reconfiguration. From the perspective of the power system analysis,

sectionalizing switches in blue is constant closed or islanding system will appear.

For ant colony system and some of other optimization methods for distribution

network feeder reconfiguration, the status of each switch in the network will be
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decided in the search process. The status decision for constant closed switches is
also made in each search iteration. The calculation for these switches is
unnecessary. Thus, before doing the feeder reconfiguration, delete the constant
closed switches in the search process according to the tear circuit method can

reduce the search scale for all optimization method.

For different distribution system, the reduced system size may different. There are
16 constant close switches in IEEE-69 buses system. It is approximately 23% of
the whole system size. However, only one constant closed switch exists in the IEEE
33-bus system. Normally, the size of the distribution system is bigger, the number
of constant closed switches is larger and more computing time will be saved.
Overall, avoiding the calculation on the constant closed switch before doing the

optimization calculation will always improve the search efficiency.

6.2.2 Adaptive Function for Optimization Method

Particle swarm optimization is a method which simulates the process of finding
food by birds. Particles are the artificial birds. The local best position is the latest
best position find by one particle and the global best position is the latest best
position find by all particles. In order to locate the position of the food, particle
swarm optimization defines a rule to indicate where the particles should go. In the
original discrete particle swarm optimization, the update rule of the initial particle

velocity is shown in equation 6-1 which has been introduced in Chapter 5.

Vit = vk 4+ cl*random()*(Pbesti-x%‘) + cz*random()*(Gbesti-x}‘)
(6-1)

According to the equation 6-1, the speed update rules can be decided into two parts.

One is self-speed part which is w*vX. v¥ is the current direction and speed of the
particle i at k™ iteration. w limits the impact of the v on particle i at k + 1

time. The other is particles position part which includes
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¢, *random()*(Pbest;-xF) and c,*random()*(Gbest;-xX) . Pbest;-x{ is the

distance between particle i and local best position at k™ iteration. Similarly,
Gbest;-x¥ is the distance between particle i and global best position at k
iteration. The initial speed and the direction of all particles are random. If only
depended on its self-speed, particles may arrive at any position. The current global
and local best position find by other particles give suggestions to particle i that
how to find a better position. If all particles only considered the impact of the
current global and local best position, they may rapidly gather at a local best
position and miss out the better position. Thus, although particles may find a worse

position, a big value of the w to provides more chance for search some area is

better.

In order to find a nearer position to the food, particles should allow searching more
area at the beginning. Thus, each particle should search mainly rely on themselves
rather than the group information. After some search process, most of the area may
be searched substantially. A more careful search around the latest global best
position will find a better position. According to above theory, comparing with the
constant value of w, a changing w can provide better performance to the particle

swarm optimization.

In reference [3], the inertia weight w has a new definition which is represented as

equation 6-2.

Wmax~Wmin

*3 .
. . 1teration
lteratlonmax> current

Wcyrrent = wmax'(

(6-2)

Assumed that w belong to (0.1, 0.8) and the maximum number of iterations is 100,

the curve of equation 6-2 is shown in Figure 6-3.
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Figure 6-3 The curve of inertia weight.

The curve is a straight line in Figure 6-3. The value of w is reducing with the
increment of iterations linearly. As the inertia weight, this curve means that the
search range which is decided by the current particle velocity will decrease linearly
when the iteration increases. Such a curve substantially satisfies the requirement
that the search range should be enlarged at the beginning and the local search
should be enhanced at the end. However, if the search range could stay large at
first half stage of the search process and rapidly decreases to a small value at the
second half stage, the search performance should be better. To achieve this, a new
equation for adjusting the changing rate of inertia weight w is proposed in

equation 6-3.

. . 10

) *(1terat10ncurrent)
— % iteration .
Weyrrent = 7€ max T Wmin

(6-3)

214



Where a = Wmin-®min: ®max aNd Wi, 1S the maximum and minimum value of
the inertia weight w respectively. e is the important mathematical constant that is

the base of the natural logarithm. It is approximately equal to 2.71828.

The maximum and minimum value of w is also set to 0.8 and 0.1 respectively.

Then, the curve of the inertia weight w is illustrated in Figure 6-4.
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Figure 6-4 New curve of inertia weight

In Figure 6-4, 100 iterations can be seen as the 100% of the iteration process. The
drop point of the curve is at around the 40% of the total iteration process. It means
that the value of inertia weight w stay on its maximum level so that the particles
will keep their maximum search range at almost all first half stage. Then, the curve
drops from the maximum value to the minimum value within 50% of the total
search process. It satisfies the requirement of reducing the search range rapidly in
the second half stage. At last 10% search process, the particle will enhance search
behaviours around the current best position. The maximum value of inertia weight

w is generally set to 0.8. However, it can be larger if it is necessary. Similarly, the

215



minimum value of the inertia weight w is generally set to 0.1, but it cannot smaller

than zero.

The update rules for the location of particles in discrete particle swarm
optimization are given in equation 6-4 and equation 6-5. In this equation, the
-random() is the random mechanism of the discrete particle swarm optimization.
This mechanism will forcibly change the existing sequence of the r;, when the
discrete particle swarm optimization trapped at a local solution. In the experiment,

the discrete particle swarm optimization always trapped without this part.

r; = S(v;)-random()

(6-4)

{ Xjq = 1 ifr; < the qth smallest value of all r;
Xig=0 else

(6-5)

Where S() is the sigmoid function, random () is a random value between zero and

one.

In Figure 6-4, both values of the sigmoid function and the random value are
between zero and one. The value of the r; is not only decided by particle velocity
v;. According to the equation 6-5, the new tie switches are decided by the g
smallest value of all r;. If all the value of random () was almost equal to zero, the
changing on the sequence of the r; will be small or there is no changes in this
sequence. Then, the construction of network structure is based on the position of
the particles in the current iteration. If the value of some random () for each particle
is approximately equal to one and others are not, the location of the particles in the
sequence of the r; will have a big change. Then, the construction of network

structure will be built in different sequence.

Due to the maximum value of the sigmoid function is equal to 1, the same value

of the maximum random() will take a large disturbance in the sequence of r;. At
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the second stage of the search process, a large disturbance in the sequence of r;
will weaken the local search ability of the discrete particle swarm optimization.
Thus, the equation 6-3 can be used to limit the disturbance on the sequence of the
r; which is caused by the ‘random()’ element. Equation 6-3 will provide more
probability to build a solution randomly at the first stage of the search process and
limit or prevent such a random building when the search process is almost
completed. Thus, the new update rules of the discrete particle swarm which

proposed in this section is shown below.
iteration 10
20%(— —_current
Vik+1 = <a*e ( iterationmax ) + wmin) *Vik

+c;*random()*(Pbest;-xf) + c,*random()*(Gbest;-x[)

(6-6a)
_20*(iterationcurrent)1°
r; = S(vj)- (b*e iterationmax + Mmin> *random ()
(6-6b)
{ Xijq = 1 ifr; < the qth smallest value of all r;
Xig =0 else
(6-6¢)

Whereb = Mux-Mmin: Mmax and My, is the maximum and minimum value

of the allowed random() respectively.

By adding equation 6-3 in 6-6a, the impact of self-velocity on particles can then
large in the first half stage and small in the second half stage. So that the search
direction of the particle search is enlarged at the beginning and reduced at the end.
6-6b means that the disturbance at the switch rank will be reduced with the

increasing of the number of iterations.

Due to equation 6-3 can adjust the search range and random level according to the
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requirement of the discrete particle swarm optimization, it is named as the adaptive
function. After applying the adaptive function to the discrete particle swarm
optimization, the search efficiency will be improved. The results and comparisons

will be shown in section 6.2.3.

This adaptive function can also work on the ant colony system. The main

optimization rules of the ant colony system are illustrated in equation 6-7.

argjenk max{T; [T]ij]B} ifq < qo
p}(j = [Tij]a[nij]B

else
ZleNg[Tij]“[T]ij]B

(6-7)
The value of the p}‘j depends on different equations for different value of q.

According to equation 6-7, if q < q,, the value of the pﬁ- will equal to the value

of the upper equation or the lower equation. q is a random value which is between
zero and one. The value of q, is set in advance which is also between zero and

one. The reference [1] suggests that the q, should be equal to 0.1. Then, equation
6-7 means that there is a 10% chance to decide the value of the p%} by the upper

equation. The remaining 90% chance will use the lower equation of the equation
6-7. In another word, main update rule of the ant colony system is the lower
equation. The upper equation is a different update rule chosen by pseudorandom
proportional for finding a new framework to prevent that ants are trapped at a local
solution. Thus, similar to the discrete particle swarm optimization, the adaptive
function can also be applied to this pseudorandom proportional of the ant colony

system. Then, the equation 6-7 can be modified as in the following:
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iterationcurrent)10

k arg, i max{Ty[nyl’}  if A*e Cerationma )+ dmin < o
Py = [1]%[;;]°
" 5 else
kZleNF[Ti]‘] Mj;]
(6-8)

Where qupin, and qupax IS the minimum and maximum value of the allowed q,

respectively. A = qmax-9min-

6.3 Case Studies and Discussion for the Adaptive Function
in Particle Swarm Optimization and Ant Colony

System

In order to find out the improvement of the search efficiency by the adaptive
function in the particles swarm optimization and the ant colony system.
Distribution network feeder reconfiguration has been executed 100 times for both
optimization methods in two different test networks. Large maximum number of
iteration and population size may cause that all solutions obtained with or without
adaptive function are the same. Then, the difference in search efficiency improved
by the adaptive function cannot be identified. Thus, maximum number of iteration
and the population of both methods for each distribution system are adjusted to an

appropriate value. Other parameters are provided in Table 6-1.
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Table 6-1 Setting of the methods parameters

System a B p 13 Q P, P,
parameters max min
Ant colony 1 1 0.3 0.1 1 0.3 0.1

system

SyStem CLocal CGlobal Wmax Wmin
parameters

Particle swarm 1 5 0.8 0.2

6.3.1 Scenario One: IEEE 33-Bus System

The distribution network for this scenario is illustrated in Figure 6-5. The

population of both ant and particle is set to 20. Maximum number of iteration of

both optimization method is limited to 20.
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Figure 6-5 Adaptive function test in IEEE 33-bus system

The results of this scenario are presented in Table 6-2. Both ant colony system and

particle swarm optimization can find the equivalent smallest system power loss no

matter with or without the adaptive function. Due to both methods may find the

same latest global best solution, the average value of network power loss indicates
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the search performance. The average value of the network power loss obtained by
the improved ant colony system is the smallest. The average value calculated by
the original ant colony system is a little larger. Although the difference between
them is very small, the adaptive function still increased the probability of finding
the known minimum network power loss by 10 percentages. Furthermore, the
worst system loss find by the improved ant colony system is also small. Such a

result verifies the positive impact of the adaptive function in the ant colony system.

The adaptive function also brings positive impact on the particle swarm
optimization. The value of both average and worst network power loss obtained by
the improved particle swarm optimization method is much smaller than the result
calculated by the original one. The probability of finding the known minimum

network power loss is increased 36 percentages.

Table 6-2 Comparisons of adaptive function for ACS and DPSO
In IEEE 33-bus distribution system

Method 33-bus System Network Power Loss(kW) Probability of
Best Worst | Average finding the
known
minimum loss
Without Adaptive | 139.28 142.90 | 139.60 84%
Ant Function
Colony With Adaptive 139.28 140.00 | 139.31 94%
Function
Discrete | Without Adaptive | 139.28 147.64 | 141.56 20%
Particle Function
Swarm With Adaptive 139.28 144.63 | 140.35 56%
Function

Results obtained by 100 repeat of execution. The population and the maximum

number of iteration of the ant and the particle is 20 respectively.
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6.3.2 Scenario Two: IEEE 69-Bus System

The IEEE 69-bus distribution network for scenario two is illustrated in Figure 6-6.
The population of both the ant and the particle is set 20 again. Maximum number

of iteration of both optimization method is limited to 40.
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Figure 6-6 Adaptive function test in IEEE 69-bus system

Similar to the test results in IEEE 33-bus system, all methods can find the same
smallest system power loss. The methods with the adaptive function have a better
performance on searching the best structure of distribution network for minimizing
system power loss. However, the difference can also be found when comparing

Table 6-3 with Table 6-2.

First of all, the worst network power loss obtained by both ant colony system is
the same. The probability of finding the known minimum loss of the improved ant
colony system is 4 percentages higher than the original one. This 4 percentages
gap on the probability of finding the known minimum loss in the 69-bus system is
still verified that the application of the adaptive function can provide better
performance. The same situation appears in the discrete particle swarm
optimization. This gap increases from 36 percentages in the 33-bus system to 50

percentages in the 69-bus system. Such a result shows that the positive impact of
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the adaptive function in particle swarm optimization grows with the size of the test
system. Furthermore, the highest probability of finding the known minimum loss
is improved in the ant colony system in the 33-bus system. However, it also
improved the discrete particle swarm optimization in the 69-bus system. The
method with the smallest probability of finding the known minimum loss is not
changed. Apart from the test system, the only one change between two scenarios
Is the maximum number of iteration. Although it is not possible to show a
conclusion that the discrete particle swarm optimization has a better performance
after improving by the adaptive function. It is reason able to believe that the
adaptive function can significantly improve search efficiency of the discrete

particle swarm optimization.

Table 6-3 Comparisons of adaptive function for ACS and DPSO

in 69-bus distribution system

Method 69-bus System Network Power Loss(kW) Probability of
Best Worst | Average finding the
known
minimum loss
Without Adaptive | 99.36 100.32 99.87 38%
Ant Function
Colony With Adaptive 99.36 100.32 99.82 42%
Function
Discrete | Without Adaptive | 99.36 106.39 | 101.92 10%
Particle Function
Swarm With Adaptive 99.36 105.20 99.86 60%
Function

Results obtained by 100 repeat of execution. The population of both ant and
particles is 20. The maximum number of iterations of both ant and particles are

40.

From the comparison results of these two scenarios, the impact of the adaptive

function in the ant colony system and the discrete particle swarm optimization is
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positive.

6.3.3 Discussions

Comparing the results of the particle swarm optimization parts in Table 6-2 with
results in Table 6-3, the search efficiency of the discrete particle swarm
optimization has a significant improvement. The probability of finding the
minimum loss is increased 180% and 500% in the 33-bus system and the 69-bus
system respectively, however, this increment in ant colony system is 7.8% and 41%
respectively. According to the details of the adaptive function application in both
methods, the adaptive function only works on the pseudorandom proportional level
in the ant colony system. However it applies to both initial particle speed and

random mechanism part in the discrete particle swarm.

In order to find out the which part is the main improvement to the search
performance, test for the discrete particle swarm optimization which only applies
the adaptive function to the initial particle speed has been done in both the 33-bus
and 69-bus distribution network and the comparison of the results are shown in

Table 6-4.
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Table 6-4 Comparisons of adaptive function for DPSO in IEEE 33-bus and
IEEE 69-bus distribution system

Discrete Particle Network Power Loss(kW) Probability of
Swarm Best Worst | Average finding the
Optimization known
minimum loss
Without Adaptive | 139.28 | 147.64 | 141.56 20%
Function
33-bus Adaptive 139.28 | 146.21 | 141.56 20%
System Function Only on
Velocity
Adaptive 139.28 | 144.63 | 140.35 56%
Function on both
parts
Without Adaptive | 99.36 106.39 | 101.92 10%
Function
69-bus Adaptive 99.36 107.69 | 101.69 12%
System Function Only on
Velocity
Adaptive 99.36 105.20 99.86 60%
Function on both
parts

Results obtained by 100 repeat of execution. The population of particles is 20.

The maximum number of iterations are 40.

In the results of Table 6-4, the impact of the adaptive function only be applied to
the particle velocity in the 33-bus system is small. In the 69-bus system, 2
percentages increment on the probability of finding the known minimum loss
indicates that the impact of the adaptive function in the particle velocity may
perform better in a bigger system. Thus, the improvement of the search
performance is mainly contributed by applying the adaptive function to the random

mechanism of the discrete particle swarm optimization.

It is worth noting that, after applying the adaptive function, the search performance

of the discrete particle swarm optimization is closed to the ant colony system in
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the 33-bus system and much better in the 69-bus system. However, without the
adaptive function, the performance of ant colony system is always much better than

the particle swarm optimization method in both systems.

The curves in Figure 6-7 and Figure 6-8 is the typical convergence characteristic
of the ant colony system and the discrete particle swarm optimization with the
adaptive function in the 33-bus system respectively. The minimum network power
loss in each stage is included in Figure 6-7 and Figure 6-8. In the Table 6-2, ant
colony system with the adaptive function has 94% probability to find the minimum
network loss. So, the termination point of the curve in Figure 6-7 is the known
minimum network loss. On the other hand, this probability is 56% for discrete
particle swarm optimization with the adaptive function. Thus, the curve which

cannot find the minimum value is chosen in Figure 6-8.

The curve of the convergence characteristic can also show the latest global best
solution in every single iteration. Due to update rules of the global best solution
are the same in these two optimization methods, the comparison of the curves

between these two figures can represent the search range between ants and particles.
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Figure 6-7 Convergence characteristic of ant colony system with the adaptive
function in the 33-buses system

In Figure 6-7, ants trapped at the point of 147.42 for 3 iterations. Then, ants trapped
at the point of 144.49 for 4 iterations again. After that, the final solution is obtained
by ants. The 33-bus system is a small system. Thus, although ants are trapped twice,
they can still escape and find the known minimum network loss. The total number
of iteration is 20, so the pseudorandom proportional selection may not play much
of a role. This curve shows that once the ants escaped from the trap, they can find

the latest global best. Thus, strong local search ability is verified.
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Figure 6-8 Convergence characteristic of discrete particle swarm optimization with
adaptive function in 33-buses system

In Figure 6-8, particles seem never been trapped in the process of search. However,
they cannot find the same the latest global best solution with the ants at the end of
the iterations with 44% probability. This curve shows that particles can always find
a different framework to obtain a local solution. Thus, the global search ability is
strong. After obtained the local position, it hard to find the known latest global best.

So, the local search ability is weak when comparing with the ant colony system.

The curves in Figure 6-9 and Figure 6-10 are also the typical convergence
characteristic of the ant colony system and the discrete particle swarm optimization
with the adaptive function in the 69-bus system respectively. The curve to illustrate
ant colony system cannot find the known minimum loss for the 42% probability of
finding the known minimum network loss. With the 60% probability of finding the

known minimum loss, the curve reached the known minimum value is chosen in
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Figure 6-9 for the discrete particle swarm optimization.
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Figure 6-9 Convergence characteristic of ant colony system with the adaptive
function in the 69-buses system

Comparing the first value in both Figure 6-9 and Figure 6-10, ants find a very good
solution at the beginning. However, this may not be the right route to the known
minimum value. Ants are trapped at 100.32 kW for more than half of the search
process and trapped at 99.46 kW until the end. This curve shows that once the ant
is trapped, they are difficult to escape. Obviously, the pseudorandom proportional
cannot provide enough chance to apply the different choosing mechanism for the
ants in this curve. It is worth noting that the different choosing mechanism gives
ants a hand to escape from the trap in other 42% of the test. Thus, 40 iterations
may not be enough for the pseudorandom proportional to select the different

choosing mechanism in the ant colony system.
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Figure 6-10 Convergence characteristic of discrete particle swarm optimization with
the adaptive function in the 69-buses system

Different from the ants, particles are searching based on their own at the beginning
of the search. Thus, the value in first 20% search process is poor. But, more areas
are searched by particles so that they have more probability to find the known
minimum network loss instead of being trapped at a point. Without a strong local
search ability, 40% particles cannot find the known minimum network loss of the

69-bus system.
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6.4 Modular Hybrid Optimization Algorithm Base on Ant
Colony System and Particle Swarm Optimization

(MAPO)

Each artificial optimization method may have its special defects. These defects
may be caused by the theory so that it is hard to be avoided unless modifying the
method itself. Thus, researchers try to combine several optimization together to
overcome such defects. The advantages and disadvantages of the ant colony system
and the particle swarm optimization are introduced in the section to follow. And a
hybrid optimization which contains the advantages of both ant colony system and
particle swarm optimization is proposed for further enhancing the search

performance in the distribution network feeder reconfiguration.

6.4.1 Pros and Cons of Ant Colony Optimization and Particle

Swarm Optimization

A. Pros and Cons of the ant colony optimization
a) Advantages of the ant colony optimization.

According to reference [15], the first advantage of the ant colony optimization is
inherent parallelism. When ants search the food base on the ant system, all ants in
one group can start to find the food at the same time. It means that artificial ants in
one group can do the search process at the same time. This advantage can make
full use of the performance of the multicore computer. It can shorten the total

computing time.

The second is the positive feedback of the ant colony optimization. The positive

feedback mechanism provides a good search performance to ants around a local
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solution. If the way from the nest to the food was composed of several separate
paths, ants must choose one path with high pheromone trails to continue its search
when they come to a junction. Even if some ants had its special choice, the
configuration of the new route from the nest to the food would always contain most
of the paths which have high pheromone trail. All ants mainly choose their route
according to the strength of the pheromone trail. This characteristic provides the

strong search ability to find a shorter route around current shortest one.

The third is ant colony optimization have a good robustness. It means that ant
colony optimization can easily apply to a new type of optimization problem by a
simple modification. For example, the first optimization solved by ant colony
optimization is the traveling salesman problem. When ant colony optimization is
applied to the distribution network feeder reconfiguration, modification is

unnecessary.
b) Disadvantages of the ant colony optimization.

According to results in this thesis and reference [15], the disadvantages of the ant

colony optimization are shown as following:

Firstly, parameters setting of the ant colony optimization has a large impact on the
search performance. The results in section 5.6 illustrate this impact. Normally, the
setting of the system parameters is based on the experience. The unsuitable settings

will cause a rapid decrease in the search efficiency.

Secondly, computing time for convergence is uncertain. It is hard to decide when
to stop the search process. The ending condition of the basic ant system is that all

ants have chosen the same path. But, it is unrealistic in normal engineer project.

Thirdly, initial pheromone trails are deficient. The pheromone trail is released by
the ant, however, at the beginning of the search, ants do not release any pheromone

signal. The search behaviour of the ants is based on the pheromone trails. So, due
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to a lack of initial pheromone trails, the search performance of the ant colony

optimization is low in the initial stage.

Fourthly, the global search performance is weak. All search performances of the
ants mainly based on the update of the pheromone trails. Ant is always trapped at

a local solution.

c) The characteristics of the ant colony system in the distribution network

reconfiguration.

Distribution network reconfiguration is not the same as the travelling salesman
problem. Normally, there is no existing travel route for the salesman. However, the
initial network structure for the distribution network has been built. This existing

network structure can always provide the initial pheromone trails for the ant.

Ant colony system adds a new choosing mechanism when ants make their decision
at a junction. Thus, the pheromone trail is not the sole criterion which influences
the decision of the ants. Ants may choose the shortest path from all possible paths
which in front of them instead of the path with the strongest pheromone. Such a
choosing mechanism can help all ants choose the new route out of existing
pheromone trail framework. Thus, the search ability for the global best solution

has been improved.
B. Pros and Cons of the particle swarm optimization
a) Advantages of the particle swarm optimization[16].

The advantage of particle swarm optimization is not much. However, these
advantages are outstanding. One is the simple concept of the particle swarm
optimization. There are only two equations exists in the whole particle swarm

optimization theory and the theory can be understood in a short period so that
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learning and programming are also easy. The other is fast computing speed on
searching a relatively good solution. The relatively good solution is a solution
which closes to the possible global best solution. The position and velocity of the
particles are random at the beginning of the search process so that particles may
theoretically search everywhere in the possible area. No existing framework limits
the action of the particles. Thus, global search ability of the particle swarm
optimization is perfect. Particle swarm optimization can find feasible solutions

very fast. However, these feasible solutions are not the best.
b) Disadvantages of the particle swarm optimization.

In order to solve the feeder reconfiguration problem, some changes are made on
the basic theory of the particle swarm optimization. Such modifications may also
be necessary for applying particle swarm optimization to other optimization

problem.

Discrete particle swarm optimization does not have a good local search ability. So,
particle swarm optimization may have trouble to find better solutions after several

iterations in the complex optimization problem.

c) The characteristics of the tear circuit based discrete particle swarm

optimization in the distribution network feeder reconfiguration.

In the distribution network feeder reconfiguration, the new tie switches are decided
by the position of each particle so that the distribution system constraints are not
considered. Then, many solutions which are found by the discrete particle swarm
optimization cannot build a radial network. In order to avoid the infeasible solution,
tear circuit method is combined with the discrete particle swarm optimization.
According to the structure characteristic of the distribution network, only one
switch is allowed to be opened in each circuit. Then, all solutions obtained by the

tear circuit based version can build a distribution network.
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The adaptive function which introduced in section 6.2 provides a changed level of
the random mechanism for the discrete particle swarm optimization. According to
the results in section 6.3, search performance is significantly increased by applying

the adaptive function.
C. Summary of Pros and Cons

Although the ant colony system and the tear circuit based discrete particle swarm
optimization improve some disadvantages of their own, the important
disadvantages still exist. Such as, the local search ability of the discrete particle
swarm optimization is still weak and the global search performance of the ant
colony system is also not strong. The source of such weak points comes from the
basic theory when the optimization method is first proposed. Thus, it is not easy to
improve these weak points on their own. If the local search performance of the ant
colony system and the global search performance of the tear circuit based discrete
particle swarm optimization is combined, the hybrid optimization method may

consist of all advantages of both methods and avoid their disadvantages.

6.4.2 General Hybrid Strategy for Ant Colony System and Particle

Swarm Optimization

The general strategy for a hybrid method based on the ant colony optimization can

be divided into 3 points.

a) Due to the shortage of the initial pheromone trails, the first route can be
obtained by other optimization methods. Then, the initial pheromone trails

can be built according to this first solution.

b) Apply other optimizations method in each iteration of the ant colony
optimization. The route obtained by ant colony optimization at each iteration

is treated as the initial solution of other optimization methods. The better

235



solution may be calculated by other optimization methods base on the

different theory. At least, in this way, the final solution will be better.

c) System parameters a and (3 in ant colony optimization are mainly decided
by experience. The unsuitable value of a and B will weaken the search
performance significantly. Thus, the optimal value of a and B can be

calculated by other optimization methods.

The strategy for a hybrid method based on particle swarm optimization is similar
with the ant colony optimization. The acceleration constants c; and c, also have
large impact on search performance. Their value can be determined by other
optimization methods. Other optimization methods can also apply to each iteration

of the particle swarm optimization for enhancing its local search ability.

Due to the characteristic of the distribution network, initial pheromone trail exists.
The system parameters can be determined after a few tests. According to the results
in Chapter 5, subtle differences in the system parameter do not have a big impact
on searching performance. From experience, it is shown the strategy that one
optimization method is used in the iteration of another optimization method cannot
have a better performance. It is hard to decide the termination condition for the
embedded method. It is assumed that the number of iterations of the main and the
embedded optimization method is ny and ng respectively and the computing
time for the single iteration of the main and the embedded are Ty and Tg. The
total computing time for this hybrid method is ny X Ty+ny X ng X Tg. If the
number of iterations for embed method was large, the better final results were
established at very long computing time. If the number of iterations for embedding
method is small, the final results will not improve. Thus, a novel hybrid
methodology based on the ant colony system and the discrete particle swarm

optimization is necessary.
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6.4.3 Modular Hybrid Optimization Method Based on Ant Colony

System and Particle Swarm Optimization

In the ant colony system, the choice of the ants is mainly according to the
pheromone trails. Update for local pheromone trail is executed on the path
immediately after a single ant passed. After this update, the value of pheromone
trails on the chosen path will reduce so that the probability of choosing the same
path by the following ants is reduced. Update for global pheromone trail is
executed only on the latest global best solution. This latest global best solution will
indicate the search action of the following ants so that the following ants can find
a better solution based on the latest global best solution. Thus, the update of the

latest global best solution is the only key information for finding a better solution.

In the same problem, the latest global best solution of the ant colony is equivalent
to the latest global best position of the particle swarm. But, the difference is that
two more key information for finding a better position in the particle swarm
optimization are necessary. They are particle velocity and local best position. The
local best position is the current best position of one single particle. Actually, in
the ant colony system, each ant also has its local best solution, but this information
is not used in the theory of the ant colony system. The particle velocity is the unique
information in particle swarm optimization. Its initial value is random and the

following value is calculated by the local and the global best position.

According to the above analysis, the key information for finding a better solution
in the particle swarm optimization is coexisted in the ant colony system. This is
the basis of the hybrid method. In this novel method, each ant is required to have
the memory for recording the local best solution which has found. The latest global
best solution found by all ants is also recorded. When the first ant colony finishes

their search, the latest local best solution of a single ant is recorded as the latest
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local best position of a single particle. Due to this reason, the population of the ant
colony and the particle swarm must be equal. The latest global best solution of all
ants is recorded as the latest global best position of all particles. At this time, the
local and global best position have been calculated by ants. The initial particle
velocity is random and can be set at the beginning of the search. Thus, all necessary
data for the particle swarm optimization are obtained. Then, the particle swarm
optimization can be executed. Due to the strength of the particles is global search,
equation 6-9 is added as a function of selection probability to reduce the number
of executions of the discrete particle swarm optimization in the second half stage.
Such a rule can provide more time to ants for the local search when the search

process is nearing completion.
rand[0,1] < Ppso (Ppso € [0,1])
(6-9)
Where rand[0,1] is the random number between zero and one. Ppgq is a constant

number between zero and one.

The effect of the adaptive function has been introduced in section 6.2.2. The
probability of executing the particle swarm optimization in this hybrid method also
satisfies the trend of the adaptive function curve. Thus, the adaptive function can
also be used for improving searching performance in the hybrid method. Then, the

new definition of the selection probability is shown in equation 6-10.

iterationcyrrent 0

1
rand[0,1] < ap*e-zo*( ierationmax ) + Pserectionny, (Ppso € [0,1])
(6-10)

Where ap = Pgqecion, ., Pselection - Pselectionmax N0 Pselectionpyy 1S the maximum and

minimum value of the selection probability P respectively.

When the execution of the particle swarm optimization is completed, the latest
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global best solution must be decided for the next ant colony and particle swarm.
Comparing all existing value of the objective function, this latest global best
solution can be easily determined. Then the second group of the ants and particles
will start their search. The termination condition is still the maximum number of

iteration which is set by experience.

In this novel hybrid, ants obtained the characteristic of the particle by transmitting
the route information between two different optimization algorithms. The search
direction of the ant is not only based on the pheromone trails but also impacted by
the particle velocity and particle position. So, the individual ant has the probability
to explore other routes even when the pheromone concentration is extremely high.
Thus, the novel hybrid method can prevent trapping at a local solution as much as

possible and keep a fast convergence speed at the same time.

The flow chart of the hybrid optimization method (MAPO) is illustrated in Figure
6-11.
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Figure 6-11 Flow chart of MAPO in feeder reconfiguration



6.4.4 Further Possible Improvement of Modular Hybrid

Optimization Method

Word ‘M’ in MAPO is ‘modular’. From Figure 6-11, it can be seen that the key
procedure of the ant colony system and the discrete particle swarm optimization is
not changed. Local and global best information combine these two methods like a
motherboard. Further improvements of the ant colony system or the particle swarm
optimization can be applied to the corresponding part of the hybrid method which

just likes the modular upgrade on a machine.

4?[ NC=NC+1

NO

While
Probability of using PSO
Random [0,1]<P

If
Probability of using PSO
Random [0,1]<P

YES

YES ¢

l [ Execute PSO J

Execute PSO ]

YES

A

Output J [ Output J

A B

Figure 6-12 Comparison of different loop command of the selection probability

The main body the hybrid method is ant colony system however it can be changed
by using different loop command in the programming language. For example, in
Figure 6-12 A, the decision which is determined by ‘if” command can only be
executed once. If the value of the random number is small than the probability

Ppso. Particle swarm optimization cannot be executed anymore in the current loop.
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But, the number of the decision can be set to the necessary value when the ‘while’
command is used. So, if the particle swarm optimization had better search
performance than ant colony system after improvement, the particle swarm
optimization could become the main body of the hybrid method for improving the

search efficiency by simply using the while command.

6.5 Case Study and Discussion of the Modular Hybrid
Method

Section 6.4 proposed a novel hybrid optimization method based on the ant colony
system and the discrete particle swarm optimization. In this section, the proposed
method is applied to IEEE 33-bus, IEEE 69-bus and IEEE 118-bus standard
distribution system respectively. Due to the maximum number of iterations is set
in advance by experience, three different maximum number of iterations are tested
for ensuring that the possible minimum network power loss of each distribution
system can be found. Then, these results are compared to those obtained by the ant
colony system and tear circuit based discrete particle swarm optimization method
to investigate whether the proposed method can find the minimum network power
loss faster. The computer which is used for the calculation has an i5 3470 quad-

core CPU and an 8G RAM. The operation system is Windows 10.

The setting of the system parameters is shown in Table 6-5.
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Table 6-5 Setting of the system parameters

System a B p 13 Q P, P,
parameters max min
Ant colony 1 1 0.3 0.1 1 0.3 0.1

system

SyStem CLocal CGlobal Wmax Wmin
parameters

Particle 1 5 0.8 0.2

swarm

System a B p 1S Q P, P,
parameters max min

Hybrid 1 1 0.3 0.1 1 0.3 0.1

Method

SyStem Crocal | Cglobal | ®Wmax Wmin Pselection Ps . )
parameters max | “Selectionmin

Hybrid 1 5 0.8 0.2 0.9 0.5

Method

The meaning of all these system parameters has introduced in the corresponding
section of their optimization methods. The maximum number of iterations and the

population of ants and particles for three methods are the same for each test.

If it is assumed that the computing time for ant colony system is 1 unit per iteration,
the computing time of the discrete particle swarm optimization was also
appropriately 1 unit per iteration. The maximum and minimum probability of the
proposed method to execute the PSO search is set to 0.9 and 0.5 respectively. Thus,
the average computing time of the proposed method can be considered as 1.7 units.
The computing time of the optimization method is not the key factor for finding a
better solution. This time can be simply influenced by the personal programming
skill and the speed of the executing computer. The maximum number of iterations
which is set by experience is more important. Thus, optimization methods can be
compared when the difference of the computing time is not big and the number of

iterations and population size are the same.
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In addition, due to the application of the adaptive function in ant colony system
and particle swarm optimization is proposed in this chapter, adaptive function only

applies to the proposed hybrid method in the following cases.

6.5.1 Case One: IEEE 33-Bus Distribution System

IEEE 33-bus distribution system is shown in Figure 6-5. The system data is
provided in Appendix A.1. The population of both ant colony and particle swarm
is 20. Three different maximum number of iterations are tested for investigating
the final solution of all methods and they are 10, 20 and 40 respectively. The
program of all methods is repeating 100 times in these three different maximum
iterations. The minimum network power loss distribution diagrams of IEEE 33-
bus system in 10, 20 and 40 iterations which calculated by three methods are
provided in Figure 6-13, Figure 6-14 and Figure 6-15 respectively. The comparison

results are shown in Table 6-6.
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Table 6-6 Comparisons of MAPO, ACS and DPSO in IEEE 33-bus
distribution system

Method | The number Network Power Loss(kW) Probability of
of Iterations Best Worst | Average | Finding The
Minimum
Loss
Ant 10 139.28 | 150.80 141.50 22%
Colony 20 139.28 | 147.64 139.60 84%
40 139.28 | 142.90 139.29 97%
Discrete 10 139.28 | 146.43 144.13 3%
Particle 20 139.28 | 142.90 141.56 20%
Swarm 40 139.28 | 139.70 139.59 81%
Proposed 10 139.28 | 144.49 139.84 51%
Method 20 139.28 | 142.90 139.36 95%
(MAPO) 40 139.28 | 139.28 139.28 100%
New Tie Switches for the Minimum 7,9,14,32,37
Network Power Loss

Results obtained by 100 repeat of execution.

The result of the best network power loss is the same obtained by three methods.
Then, it can easily determine which method is better from the average value in
Table 6-6. Apart from the best value, all value obtained by the discrete particle
swarm optimization is the worst in three different kinds of maximum number of
iterations. Thus, according to these results, the search performance of the discrete
particle swarm optimization is the worst at least in the IEEE 33-bus distribution
system. According to the results, the proposed hybrid method has the best
performance in this system. Especially, when the maximum number of iterations
is 40, all minimum network power losses in 100 program executions are the same
by using the proposed method. The 100% probability to find the known latest
global best solution means that if the system and the parameters of the optimization
method were not changed, the proposed method could always find the latest global

best solution with only one program execution. Thus, according to the results in
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Table 6-6, 20 iterations are enough for the proposed method and the ant colony
system to solve the feeder reconfiguration problem with little program executions.
Comparing the proposed method with the ant system colony, more iterations are
necessary for the discrete particle swarm optimization. Otherwise, it may difficult
to find the same minimum value of the network power loss obtained with another

two methods.

The minimum network power loss of 33-bus distribution system in references [17,
18] is 139.55kW which is not the same as the result in Table 6-6. But, the new tie
switches for the minimum network power loss in these references are the same
with the above results. The tolerance in the value of the minimum network power
loss can be generated by using different load flow calculation method. The same
network structure is more important to represent the same results of feeder
reconfiguration. Thus, the accuracy of these methods in case one can be verified
by the same network structure with reference [17, 18]. The network structure with

the minimum network power loss is illustrated in Figure 6-13.

19 20 21 22

9\ 10 11 12 13

26 27 28 29 30 31 32 33

23 24 25

Figure 6-13 IEEE 33-bus network structure with the minimum network power loss

Figure 6-14, Figure 6-15 and Figure 6-16 is the value distribution diagram of the
final minimum network power loss in 100 repeat of execution obtained by three

optimization methods at 10, 20 and 40 iterations respectively. Blue line is the
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results calculated by the proposed hybrid method. The red line represents the
results of ant colony system. Results of the tear circuit based particle swarm
optimization are shown by the green line. The values of the final minimum network
power loss which distributes on these three figures can display the results of Table

6-6 more imagery.

247



suoIeJa)l 0T YIIM suoinoaxa welbold QT ul ssoj Jamod 3Jomlau wnwiuiw ay) Jo suostiedwo) 4T-9 anbi4

05dQ=—a— SOV = OdVIN ==

uonndax3 weidoid 1o Jaquiny ayl

66 (6 96 E6 T6 6B (8 SF EB T8 6L 44 9L B TL 69 £9 99 E8 19 65 [f5 65 £S5 TS 6F v S E¥ Ty BE LE SE EE IE 6C LT ST ET T

6T LT

a1 T IT

B

0000%FT

000ZFT

000FFT

0009+ T

$507 J8MOd YIOMIBN WNWIUIA

0008FT

000T5sT

248



SuoIeJa 0Z Yum suonndaxa welboid QOT ul $SO| Jamod J10MI1su wnwiuiw syl Jo suostiedwo) GT-9 ainbi4

05d0—a— S = OdYIN=—8—

uollndaxj weidold Jo Jaquiny ayl

66 L6 G656 €6 T 68 LB GB €8 T8 6. 4L G EL TL 69 {9 4S9 €9 T5 65 (5 G5 €5 15 oF i SF & T¥ 6 LE GSE EE TE 60 LT ST €T TZ 6T LT

8T ET 1T

5

L

S

000ZFT

0009+T

0008+T

$507 19MOd YJOMIBN WNLWIUIA

249



suoleIal O YUM Suonnaaxa welboad T Ul sSO| Jamod %Jomiau winwiuiw sy Jo suostiedwo) 9T-9 ainbi4

0OSd(Q—a— S OdvIN ——

uonindax3 weidoud Jo Jagqunpy ayl

66 L6 GS6 &6 T ©68 (B S8 €8 1B 6L LL GL €L TL 69 £9 59 €9 T9 65 (5 59 €5 TS5 6&F Li¥ SF EF

¢ BE LE GE EE

TE 6T Lf ST ET

TZ 6T LT &1 €T

TT

3}

L

—

WV

000D6ET

0000FT

000T+FT

000ZFT

000EFT

000FFT

SS07 JOMOJ JOMIBN WNWIUI

250



6.5.2 Case Two: IEEE 69-Bus Distribution System

IEEE 69-bus distribution system is shown in Figure 6-6. The system data is
provided in Appendix A.2. The population of both ant and particle is 20. Three
different maximum number of iterations are tested for investigating the final
solution of all methods and they are 20, 40 and 80 respectively. The program of all
methods is repeating 100 times in three different maximum iterations. The
minimum network power loss distribution diagrams of IEEE 69-bus system in 20,
40 and 80 iterations which calculated by three methods are provided in Figure 6-
18, Figure 6-19 and Figure 6-20 respectively. The comparison results are shown in

Table 6-7.

Table 6-7 Comparisons of MAPO, ACS and DPSO in IEEE 69-bus
distribution system

Method | The Number Network Power Loss(kW) Probability of
of Iterations Best Worst | Average | Finding The
Minimum

Loss

Ant 20 99.36 100.32 100.00 21%

Colony 40 99.36 100.32 99.87 38%

80 99.36 100.32 99.50 75%

Discrete 20 99.36 112.14 103.49 4%

Particle 40 99.36 106.39 101.92 10%

Swarm 80 99.36 105.20 99.79 59%

Proposed 20 99.36 100.41 99.84 35%

Method 40 99.36 100.32 99.52 79%

(MAPO) 80 99.36 100.32 99.39 93%
New Tie Switches for the Minimum 14, 46, 50, 69, 70

Network Power Loss

Results obtained by 100 repeat of executions.

All results of the minimum network power loss in Table 6-7 are still the same on
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the IEEE 69-bus system. So, the average value is still the standard for evaluating
the search performance of the optimization method. Similar to the IEEE 33-bus
system, the search performance of the discrete particle swarm optimization is still
the worst in the IEEE 69-bus distribution system. The proposed hybrid method
also has the best performance in this system. But, even if the maximum number of
iterations was increased from 40 to 80, it still cannot obtain 100% probability to
find the known minimum network power loss. However, the 93% is also a good
probability. It means that the complexity of the optimization is not growth linear
with the system size. Comparing above with the results with Table 6-6, the
probability of finding the minimum network loss by using the discrete particle
swarm optimization is 59% which is much better than the results in IEEE 33-bus
system. According to the results in Table 6-7, 40 iterations is only enough for the
proposed method to solve the feeder reconfiguration problem. Ant system colony
and discrete particle swarm optimization both needed more iterations to obtain a
better result. Otherwise, it may be difficult to find the same minimum value of the

network power loss obtained with the proposed method.

The minimum network power loss of 69-bus distribution system in reference [19]
IS 99.59kW, and the new tie switches for this power loss in the reference are 14,
45,52, 69 and 70. But, the results in this chapter show that the minimum network
loss is produced by new tie switches 14, 46, 50, 69 and 70. In order to determine
which solution is better, the best network structure in reference [19] is tested and
its network power loss is 100.32kW by using the same load flow method with the
proposed method. Thus, the minimum network power loss found in this section is
the latest minimum network power loss of the IEEE 69-bus distribution system.

This network structure is shown in Figure 6-17.
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Figure 6-17 IEEE 69-bus network structure with the minimum network

power loss

The value distribution diagrams of the final minimum network power loss are
illustrated in three figures and they are Figure 6-18, Figure 6-19 and Figure 6-20.
These results are also obtained by repeating 100 executions on three optimization
methods at 20, 40 and 80 iterations respectively. The color settings are the same
with case one. Although discrete particle swarm optimization has a better
performance when maximum number of iterations is 80, the gap between it and
the other two methods can also be found out easily from these distribution
diagrams. The curve of the ant colony system is at the same level of the curve
calculated by the proposed method, the difference between these two curves is
unclear in Figure 6-18 however it clearly shows that the blue curve has a small

average value in Figure 6-19 and Figure 6-20.
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6.5.3 Case Three: IEEE 118-Bus Distribution System

Tests of distribution network feeder reconfiguration are normally executed in IEEE
33-bus and IEEE 69-bus system which still cannot make sure that one method can
work perfectly in all sizes of the distribution systems. Thus, the above three
methods are tested in a bigger distribution system. The test system in this case is
the 118-bus distribution system. All buses in the distribution system are at the mid-
voltage level. Loads and equipment in lower voltage level will be treated as the
equivalent load. Thus, a distribution system with 118 buses in one voltage level is
big enough. For the convenience of programming, one virtual bus (bus 1) and one
virtual branch (branch 1) are connected to the reference bus in this distribution
system. The impedance of the branch 1 is zero. So, the virtual system has no impact
on this distribution system. Details of the 118-bus system are illustrated in Figure
6-21. The system data is provided in Appendix A.3. In case two, 40 iterations is
not enough for the ant colony system and the discrete particle swarm optimization
so that three different maximum number of iterations for investigating the final
solution are 80, 160 and 300 respectively in this case. The population of both ant
and particle is also increased to 35. One hundred program executions are also
finished in three different methods. The minimum network power loss distribution
diagram of the 118-bus system in 80, 160 and 300 iterations which calculated three
methods is provided in Figure 6-23, Figure 6-24 and Figure 6-25 respectively. The

comparison results are shown in Table 6-8.
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Figure 6-21 IEEE 118-bus distribution system with one virtual bus
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Table 6-8 Comparisons of MAPO, ACS and DPSO in 118-bus distribution

system
Method | The Number Network Power Loss(kW) Probability of
of Iterations Best Worst | Average | Finding The
Minimum
Loss
Ant 80 898.68 | 1005.84 | 941.32 0%
Colony 160 870.39 | 894.83 885.05 0%
300 869.72 | 890.26 878.64 10%
Discrete 80 931.49 | 1132.89 | 1002.15 0%
Particle 160 922.37 | 1061.78 | 975.22 0%
Swarm 300 898.68 | 1005.84 | 941.31 0%
Proposed 80 870.39 | 897.68 882.66 0%
Method 160 869.72 | 891.72 878.90 5%
(MAPO) 300 869.72 | 887.93 874.95 24%
New Tie Switches for the Minimum 24,27, 35, 40, 43,52, 59, 72, 75,
Network Power Loss 96, 98, 110, 123, 130, 131

Results obtained by 100 repeat of executions.

The biggest change in Table 6-8 when to compare with the results in Table 6-6 and
6-7 is that the six probabilities of finding the minimum network loss are zero. It
means that if the maximum number of iteration is 300 and the number of program
execution is 10, only ant colony system and the proposed method could find the
known minimum loss theoretically. Furthermore, 10% probability cannot
guarantee that the known minimum loss will be found in 10 program executions.
Thus, only the proposed method can provide a guarantee of finding the known
minimum loss in 300 iterations with 10 program executions. The search
performance of the discrete particle swarm optimization is awful in this case. It
cannot find the same minimum loss with other two methods even the maximum
number of iteration is 300. Such a result indicate that when system size becomes
large, the complexity of the feeder reconfiguration problem will increase with

geometric series. When buses number is larger than 100, the maximum number of
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iterations for above three methods should be tested rather than set by personal
experience. For this 118-bus system, 300 iterations and 10 program executions are
enough for the proposed hybrid method to find the possible best solution for

network loss reduction or other objectives.

The minimum network power loss of 118-bus distribution system in references [20,
21] is 865.86kW. The new tie switches for the minimum network power loss in
these references are 24, 27, 35, 40, 43, 52, 59, 72, 75, 96, 98, 110, 123, 130 and
131. Similar to the case one, although the value of the minimum network power
loss is not the same as the results in Table 6-8, the new tie switches are the same.
Thus, it can be decided that above latest global best solution for the feeder
reconfiguration in 118-bus distribution system is the same as the global best
solution calculated in reference [20, 21]. Figure 6-22 is the network structure after
executing the feeder reconfiguration program for network loss reduction in the

118-bus distribution system.

260



13 14 15 16 17 18

1 12
19 20 21 22 23 24 25 26 7 28

40 41 4 44 45 46 47 \48
4
29 30 3 32 33 34 35 36/ 39 49 50 51 52 53 4 55
37 38

56 57 58 59 60 61 62 63
97 98 99 100

90 91 92 93 9% 95 9%

64 65 66 /67 68 69 70 71 72 74 75 76 77 78

79 8 81 & 83 84 85 86

87 8 89

101 102 103 104 105 106 107 108 109 110 111 113 114

115 116 117 118 119 112

Figure 6-22 IEEE 118-bus network structure with the minimum network power

loss

Due to the increment of the system size, the differences of the distribution diagram
between above three optimization methods are more and more obvious. In Figure
6-23, three broken lines which composed of the minimum network power loss
results by three methods are almost separated. Thus, the proposed method in blue
has the best search performance. The searching performance of the particle swarm

optimization in green is worst. In Figure 6-24, the broken lines of the ant colony
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system and the proposed method stay at the same level. Although they stay at the
same level, the location of the blue broken line is obviously lower. Due to the worst
search performance, the broken line of the particle swarm optimization has a wide
gap with other two broken lines. In Figure 6-25, the blue line and the red line are
still at the same level and which one is better is not clear enough. But, if we focus
on the number of the dot at the lowest level, which one is better can be identified

quickly. The gap between the green broken line with other two lines is wider.
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6.5.4 Result Discussion

According to above three cases, the search performance of the discrete particle
swarm optimization is the worst. Due to almost all final solutions of the discrete
particle swarm optimization is not the same, good global search ability is proved
that it can help a method to prevent being trapped locally. But, a method is still
difficult to find the possible global best solution without a strong local search

ability in large size and complex optimization problem.

For ant colony system, due to the complexity is not high, strong local search ability
helps ants find the known global best solution in a small system (33-bus system)
fast. In the medium system (69-bus system), without the good global search ability,
the performance of the ant colony system should be worse than the particle swarm
optimization. But, the pseudorandom proportional mechanism of the ant colony
system has a similar function with the global search ability. The performance of
the pseudorandom proportional mechanism is limited by the maximum number of
iterations. Small number of iterations cannot provide enough probability to use two
different chosen mechanism. Although the maximum number of iterations is not
big in the test of case two, the pseudorandom proportional can still provide its
contribution to search the latest global best solution. Thus, the results of ant colony
system in the medium system is a little better than the discrete particle swarm
optimization. In the big system (118-bus system), the maximum number of
iteration is set to large. The pseudorandom proportional have enough chance to
help ant escape the trap. Thus, ant colony system can find the known global best

solution in case three.

For the proposed hybrid method, strong local search ability comes from the ant
module and the good global search ability is provided by the particle module. The
adaptive function also makes its contribution to search performance. Thus, all

results calculated by the proposed hybrid method are the best results in all three
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cases.

6.6 Summary

The improvements for search efficiency based on ant colony system and the
discrete particle swarm optimization are the theme of this chapter. The original
function of the adaptive equation is proposed for the initial particle velocity of the
discrete particle swarm optimization. Then, it is discovered that the adaptive
equation also has positive impact on the pseudorandom proportional level in the
ant colony system and the random level in the discrete particle swarm optimization.
This function can also be applied to the selection part of the proposed hybrid
method. Thus, this adaptive equation may have a positive impact on everywhere
that the place should enlarge the range at the first half stage and rapidly reduce to

the minimum range at the second half stage.

The proposed hybrid method applies a novel combination theory to combine the
ant colony system and the discrete particle swarm optimization together rather than
use them separately in different stages. The selection rules in the proposed hybrid
method not only based on the pheromone trails like ants but also consider the
velocity and position such as particles. In this hybrid method, the ant colony system
and particle swarm optimization can be treated as two black modular boxes. The
individuals of the hybrid method can use this two modular boxes anytime to
reinforce the search ability. The other improvements for either ant colony system
or particle swarm optimization can be applied in the black boxes without changing.
The optimization methods in these two black modular boxes are the same with the
methods which is introduced in Chapter 5.Thus, further improvements on the ant
colony system or the discrete particle swarm optimization can be applied to the
hybrid method easily. Furthermore, it can adjust the number of executions of both

ant colony or particle swarm module by setting the parameters of the selection
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function. The hybrid method obtains the strong local search ability from ants and
the perfect global search ability from particles. Comparing with the ant colony
system and the discrete particle swarm optimization, the search performance of the
hybrid method is significantly better. This conclusion is verified by three case

studies in this chapter.
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Chapter 7 Impact of Harmonic Sources in
Distribution Network Feeder

Reconfiguration

7.1 Introduction

New energy refers to the various forms of energy besides traditional energy sources.
The term incorporates solar energy, wind energy, biomass, geothermal,
hydropower and ocean energy as well as energy derived from renewable biofuels
and produced from hydrogen. New energy sources offer significant advantages
over traditional energy sources, such as lower levels of pollution and the capacity
to help solve the world’s most serious environmental issues and resource depletion
(particularly in the case of fossil fuels). Of these new forms of generation, wind

and photovoltaic energy have shown the most progress in recent years.

Gas
1,867
6.4%

Ocean
4
0.01%

Nuclear
ieothermal 100
0.01% / 0.3%

Biomass
232
0.8%

Hydro
238
0.8%

csp
370
1.3%

Figure 7-1 2015 share of new power capacity installations. Total 28948.7MW|2]

Figure 7-1 shows the share of new power capacity installations in the EU in 2015.
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Wind energy has the highest installation rate (44.2%) with 1.28 GW of new power
capacity installations and solar PV came second with 8.5 GW (29.4%). Wind and
solar capacitor installations accounted for a total 2.13GW, 73.6% of all new

capacity in the EU[2].
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Figure 7-2 EU power mix from 2000 to 2015[2]

Wind power’s share of total installed power capacity has increased six-fold since
2000, from 2.4% in 2000 to 15.6% in 2015 as shown in Figure 7-2. Solar power’s
share of total installed power capacity has also increased from slightly above 0%

to 10.5%[2].

About 7% and 3% of EU electricity demand were provided by wind power and
solar energy respectively in 2012 [5, 6]. Due to the fact that more than 95% of new
renewable energy power capacity installation in 2015 was wind power or solar
power[2], it can be said that about 10% of the total EU energy demand is provided
by renewable energy. The European Union has set a target of renewable energy
meeting 35% of the EU’s demand for electricity by 2030[7]. This target is
subdivided into 2 steps — the first one being for wind power to provide 15-17% of
the EU’s electricity demand by 2020, and this proportion to increase to 28.5% by

2030[5]. A similar target has also been set for solar power: 4-8% of the EU’s
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electricity demand should be met by solar power by 2020, increasing to 10-15%
by 2030 [6]. Figure 7-3 shows that renewable energy will supply at least 38.5% of
the EU’s total electricity demand. This will allow the EU’s 2030 electricity targets

to be satisfied.

Biomass \ ————————— Waste
232 119
1% \\ 0.5%
Hydro \ / Ocean
238 \ / a
1.1% 0.01%

CsP
370
1.7%

Geothermal
4
0.01%

Figure 7-3 2015 share of new renewable power capacity installations. Total
22267.9MW[2]

Renewable power stations are not only applied as main power sources in the
transmission network but also considered as distribution generators in the
distribution network. Compared with large, centralised grid-connected renewable
power stations, small-scale wind or solar power applications offer more advantages.
Centralised power plants require large-scale investment, entail high demand for
land and are mostly located in areas which are remote from the loads. Electricity
power is not normally consumed locally. Transporting this form of energy over
long distances entails losses and poses other problems. However, small-scale wind
and solar applications require relatively low investment, small construction sites
and the electricity generated can be consumed locally. Thus, the application of

wind and solar power plants in the distribution network is indispensable.

275


file:///C:/Users/Anson/Desktop/thesis%20determine/Zhengrui%20Peng-Chapter%207.docx%23_ENREF_6
file:///C:/Users/Anson/Desktop/thesis%20determine/Zhengrui%20Peng-Chapter%207.docx%23_ENREF_2

Although wind and solar energy bring benefits in terms of minimising
environmental pollution problems and resource depletion issues, they encounter
power quality issues which are caused by harmonic injections. This is because
inverter-based renewable generators are main harmonic sources in the power
system. The problems caused by system harmonics were introduced in Chapter 3
and Chapter 4 so it is essential to investigate the effects of harmonics on the

distribution network and the distribution network feeder reconfiguration.

One of the principal sources of air pollution is vehicle emissions. Furthermore, the
price of gasoline is forecast to increase from 4 dollars per gallon in 2012 to 21
dollars per gallon in 2050[8]. Electric vehicles have shown rapid development in
recent years, in response to the need to reduce air pollution and uptake has also
been encouraged by the financial incentive of avoiding high gasoline prices.
However, electric vehicles are also a harmonic source in the power system. A
majority of electric vehicles are charged at the low voltage level of the distribution
network. Thus, the distribution network and its reconfiguration must take into

account the harmonic effects that electric vehicles have on them.

This chapter will apply the improved harmonic backward/forward sweep method
to calculate the fundamental and harmonic load flow in the 118-bus system and
solve the feeder reconfiguration problem in different scenarios by the proposed
hybrid optimization method outlined in Chapter 6. The details of this test system
and the spectrums of the used harmonic sources are introduced in Section 7.2. The
tests’ objectives are also introduced in this section. The impacts of the harmonic
sources on feeder reconfiguration are investigated in Section 7.3 when system
harmonic capacities are changed and the distributed generators are installed.
Section 7.4 features a discussion on the impacts of the changing output of the
generators and load demands on feeder reconfiguration. Matlab 2014b is used to

program and solve power flow calculations and reconfiguration problems. The
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computer used for the calculation has an i5 3470k CPU and 8GB RAM. The

operating system is Windows 10.

7.2 Details of The Test System and Harmonic Sources

7.2.1 Test System

Because data from an actual distribution network is not easily available, a 118-bus
distribution network which is used as in reference [9] is applied in this chapter. It
contains 118 existing buses and one virtual bus (bus 1) which are shown in Figure
7-4. Hence it also contains 118 sectionalizing switches and 15 tie switches. Bus 1
is the slack bus and its rated bus voltage is 11kV. Thus, this is a mid-voltage level
distribution system. The total power loads are 22709.7kW and 17041.1kvar. Each
load in this network is a mixed load with a step-down transformer. Therefore, this
system is big enough to test the distribution network reconfiguration problem.

Appendix A.3 contains further details about the data.
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Figure 7-4 Network structure of the 118-bus distribution network[9]

7.2.2 Harmonic Sources and Load Type

Wind turbines and photovoltaic generators are regarded as harmonic sources in this
chapter. The injection harmonic current spectrums of these harmonic sources are
provided in Table 3-4, 3-5 and 3-6 respectively in Chapter 3. Furthermore, in
reference [4], the percentile of the fundamental magnitude values of two samples

collected over a week in 2012 were computed and summarised in Table 7-1.
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Table 7-1 Harmonic Spectrum of Individual Houses and Service

Transformers [4]

Harmonic House 1 House 2 Transformer
Combined
Magnitude Magnitude Magnitude
(% Fund) (% Fund) (% Fund)
1 100 100 100
3 8.8 7.9 8.6
5 5.8 4.4 4.7
7 35 2.0 2.9
9 2.8 2.8 2.9
11 1.2 0.9 1.1
13 0.9 0.7 0.9

network.

Table 7-2 Load Type in Real System [3]

In this table, the magnitudes for various harmonics in each harmonic order which
were collected from different houses are almost identical to the data collected from
the transformer point. Therefore, these three harmonic spectrums can all be used

to represent the harmonic injection current for mixed load in the distribution

In order to simulate the distribution network as realistically as possible, the main

characteristics of the load type in real systems in reference [3] are shown in Table

Load System 1 System 2
Type MVA % MVA %
Residential 20.96 38.61 47.10 32.0
Commercial 9.53 17.56 67.71 46.0
Industrial 20.54 37.84 26.49 18.0
Public 3.25 5.99 5.91 4.0
Lighting
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Due to the percentage of commercial loads being too high, the load distribution
which is represented by system 1 in Table 7.2 is more common. Thus, the
characteristics of the load type in system 1 are chosen as the load distribution in

the following test system.

In the following test, the mixed load harmonic spectrum of commercial and
residential is expressed by the data of house 1 and the transformer combined
respectively in Table 7.1. Public lighting is assumed as a linear load at present.
However, modern low power factor lighting such as light-emitting diodes may
replace current lighting in the future. Although low power factor lighting offers
better performance with less energy consumption, its harmonic emission can be
much higher. Its harmonic spectrums are shown in Table 7.3. Due to the high power
consumption and the centralised location, the harmonic filter is assumed to be
applied to the industrial loads. In such a case, industrial loads might only have a
very small effect on harmonics injections. Therefore, the industrial load is treated

as the linear load.

Table 7-3 Harmonic Spectrum of Low Power Factor Lighting [4]

Harmonic No. Low PF Harmonic No. | Low PF Lighting

Lighting
Magnitude Magnitude
(% Fund) (% Fund)

1 100 9 41

3 75 11 30

5 63 13 18

7 52
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7.2.3 Objectives

The primary objective of the distribution network reconfiguration is to achieve a
network loss reduction, as referred to in Section 2.21. Furthermore, some limitation
standards for the distribution network also need to be satisfied. In Section 3.2.5,
the IEEE harmonic distortion limit standard for the distribution network indicates
that the total harmonic voltage distortion cannot exceed 5% and the harmonic
voltage at a single harmonic order cannot exceed 3% of the rated voltage. Normally,
the lowest voltage magnitude must exceed 0.9 p.u. [3]. Due to distribution lines
generally having a maximum branch current capacity, the change of branch current

should be noted.

7.3 Distribution Network Feeder Reconfiguration with
Variable Harmonic Capacities and Distributed

Generators

7.3.1 Scenarios

The nonlinear loads can be expected to increase in future. The U.S. Energy
Information Administration’s Annual Energy Outlook 2011 forecast electricity
consumption trends for different load types for the residential and commercial
markets for the years 2010-2035 [1]. Parts of the results of this forecast are shown
in Table 7-4. This table indicates that in 2010 the proportion of the system
harmonic injection current is about 40% and 44% in commercial and residential
loads respectively. For the purposes of this forecast, it is assumed that existing
incandescent light bulbs will have been replaced by 200W electronic lighting and
twenty percent of households will own an electric vehicle. Thus, the following two

conclusions are eliminated: if existing incandescent lightbulbs are not replaced and
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the electric vehicle is not adopted, this proportion will increase to 48% and 50%
of commercial and residential loads respectively in 2030; if the forecast for
electronic lighting and electric vehicles proves to be accurate, this proportion will
increase to 60% and 60% of commercial and residential loads respectively in 2030.
Reference [1] provides a simplified way of estimating the harmonic injection
currents of the utility systems in the year 2030. This simple method is to take the
existing harmonic spectrums and multiply them by a factor to incorporate the
anticipated growth in power electronic loads. This factor is equal to the proportion
of nonlinear loads in 2030 divided by this proportion in 2010. For example, the
harmonic injection current spectrum factor in 2030, assuming the spread of

electronic lighting and electric vehicles can be calculated as being 60%/40% = 1.5.

Table 7-4 Projection of the Proportion of Power Electronics-Based Loads in
Residential and Commercial Categories [1]

Load 2010 2030

Categories Actual Projection
Excluding Including
Electronic Electronic

Lighting and Lighting and
Drives Drives
Commercial 40% 48% 60%
Residential 44% 50% 60%

According to the projection assumptions made in the reference [1], the load type

of the real system in Table 7-3 and the renewable energy power development in

section 7.1, the scenarios in this chapter can be modelled and are shown in Tables

7-5to 7-11.
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Table 7-5 Scenario One

Load Type Power Proportion of Power
Demands % of Electronics-Based Loads
Total on One Bus (2010)
Residential 39% 0
Commercial 17% 0
Industrial 38% 0
Public Lighting 6% 0
Generator Type Power Treat Generators as
Capacities % of Harmonic Source (2010)
Total
Wind Turbine 0 No
Photovoltaic Array 0 No

This scenario assumes that distributed generators cannot be connected to the
distribution system. The system harmonic is ignored. The results of this scenario
are used for comparison with others for investigating the impact of the system

harmonics or the distributed generators.

Table 7-6 Scenario Two

Load Type Power Proportion of Power
Demands % of | Electronics-Based Loads
Total on One Bus (2010)
Residential 39% 0
Commercial 17% 0
Industrial 38% 0
Public Lighting 6% 0
Generator Type Power Treat Generators as
Capacities % of | Harmonic Source (2010)
Total
Wind Turbine 7% No
Photovoltaic Array 3% No
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Table 7-7 Scenario Three

Load Type Power Proportion of Power
Demands % of | Electronics-Based Loads
Total on One Bus (2030)
Residential 39% 0
Commercial 17% 0
Industrial 38% 0
Public Lighting 6% 0
Generator Type Power Treat Generators as
Capacities % of | Harmonic Source (2030)
Total
Wind Turbine 28.5% No
Photovoltaic Array 10% No

In scenario two and three, distributed generators can be connected to the

distribution system but system harmonic is ignored. The results of these two

scenarios are used for comparison with others for investigating the impact of the

distributed generators.

Table 7-8 Scenario Four

Load Type Power Proportion of Power
Demands % of | Electronics-Based Loads
Total on One Bus (2010)
Residential 39% 44%
Commercial 17% 40%
Industrial 38% 0
Public Lighting 6% 0
Generator Type Power Treat Generators as
Capacities % of | Harmonic Source (2010)
Total
Wind Turbine 0 No
Photovoltaic Array 0 No

In scenario four, the system harmonic is considered, however the distributed
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generators are not connected to the network. The results of this scenario are used

for comparison with others for investigating the impact of the system harmonics in

a different harmonic capacity.

Table 7-9 Scenario Five

Load Type Power Proportion of Power
Demands % of | Electronics-Based Loads
Total on One Bus (2010)
Residential 39% 44%
Commercial 17% 40%
Industrial 38% 0
Public Lighting 6% 0
Generator Type Power Treat Generators as
Capacities % of | Harmonic Source (2010)
Total
Wind Turbine 7% Yes
Photovoltaic Array 3% Yes

Table 7-10 Scenario Six
Load Type Power Proportion of Power
Demands % of | Electronics-Based Loads on
Total One Bus (2030) Excluding
Electronic Lighting and
Drives
Residential 39% 50%
Commercial 17% 48%
Industrial 38% 0
Public Lighting 6% 0
Generator Type Power Treat Generators as Harmonic
Capacities % of Source (2030)
Total
Wind Turbine 28.5% Yes
Photovoltaic Array 10% Yes
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Table 7-11 Scenario Seven

Load Type Power Proportion of Power
Demands % of | Electronics-Based Loads on
Total One Bus (2030) Including
Electronic Lighting and
Drives
Residential 39% 60%
Commercial 17% 60%
Industrial 38% 0
Public Lighting 6% 100%
Generator Type Power Treat Generators as Harmonic
Capacities % of Source (2030)
Total
Wind Turbine 28.5% Yes
Photovoltaic Array 10% Yes

In scenario five, six and seven, distributed generators connect to the distribution

system and the system harmonic is considered.

The load entered in reference [3] only indicates the proportion. Thus, according to

these proportions, the load distribution in the 118-bus distribution system is

assumed and illustrated in Figure 7.5 and Table 7-12. The assumed locations of the

wind and solar power plants are also shown in Table 7-12.
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Figure 7-5 Loads distribution in the 118-bus system
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Table 7-12 Loads Distribution in the 118-Bus Distribution System

Load Type Power Demands Bus Number of the Location
(kw)
Whole System | 22709.72(100%) 1-119
Residential 8857.274(39%) 3-7,12-14,16,17,19,22,23,
25-28,30,32,34,37,41,46-49,
51,54,56-58,60-62,64,
65,67-69,71,76,77,80,82,85,
86,90,91,94,95,99,100,103,
106-108,113,115,116,118,119
Commercial 3862.95(17%) 8,10,11,15,20,29,35,40,43,50,
52,59,66,79,83,93,105,109,117
Industrial 8622.06(38%) 21,33,38,42,44,55,72,73,75,
81,87,97,98,102,104,110,112
Public 1367.436(6%) 9,18,24,31,36,45,53,63,70,74,
Lighting 78,84,89,92,96,101,111,114
Generator Type | Power Capacities | Bus Number of the Location
(kw)
Wind  Turbine 1589.68(7%) 49 (800kW),73 (789.68kW)
6472.27(28.5%) 49(3000kW),73(2000kW),
26(1472.27kW)
Photovoltaic 681.29(3%) 109(681.29kW)
Array 2271.00(10%) 109(2271kW)

All above scenarios also comply with the following assumptions:

a) All loads are assumed fully loaded.

b)

The power capacities of the wind and solar generators are defined as power

generation capacities. The locations of these generators are fixed.

These is no limitation on the maximum capacity of the distribution lines.

d) One 72 SWT-2.3-93 and one 54 PMSGs wind turbine connect to bus 49 and
bus 73 respectively when the capacity of the wind generators is 7% of the total

load demand. When the capacity of the wind generators is 28.5% of the total
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load demand, two 72 SWT-2.3-93 wind turbines connect to bus 49 and bus 26

respectively. And one 54 PMSGs wind turbine connects to bus 73.

7.3.2 Results of Scenarios

a) Scenario one

Harmonic and distributed generators will not be taken into consideration in
scenario one. The results of this scenario are used as a basis to make a comparison
with the results of other scenarios. The sample network loss in the 118-bus system
is 1298.1 kW, which is 5.72% of the total active power demand. This percentage
is a little higher than the average percentage of the distribution network loss in UK
(5.5%)[10]. After feeder reconfiguration, the new tie switches for the minimum
network power loss are 24, 27, 35, 40, 43, 52, 59, 72, 75, 96, 98, 110, 123, 130 and
131. The minimum network loss is 869.72kW which is 3.83% of the total active
power demand. The network loss decreased 33%. Two bus voltage magnitude

curves are shown in Figure 7-6.
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Figure 7-6 Bus voltage magnitudes comparison in per unit for scenario one
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In Figure 7-6, the blue curve is the bus voltages distribution in the sample network
and the grey one is the bus voltages distribution after feeder reconfiguration. The
lowest voltage magnitude in the blue curve is 0.8688 per unit on bus 78. Due to
the voltage magnitude limitation in the distribution network being 0.9 per unit, the
bus voltage from bus 71 to bus 78 cannot satisfy the voltage limitation. Thus, these
bus voltages should be faults in the sample network. The lowest voltage magnitude
in the grey curve is 0.9323 per unit on bus 100. The average voltage magnitude is
increased from 0.9559 per unit to 0.9673 per unit. It can therefore be seen that the
feeder reconfiguration has improved the voltage drop and the bus voltage faults in
the sample network are removed after feeder reconfiguration in this case. Two
curves which represent the branch currents magnitude before and after feeder

reconfiguration are shown in Figure 7-7.

3.5
2.5

1.5
[ ]

0.5

\ ‘
0 L-f‘ ﬁ~\‘i ’-

y
— n o mM n o MmN
— N NN oM

Branch Current Magnitude in Per Unit

QW
MmN AWM m
S Wwn oo o~

Code

s

|
[/
o
81 /J’
2 8
97 "

17
45

— —
o~ <

Branc

Figure 7-7 Branch current comparison in per unit for scenario one

In Figure 7-7, the blue curve is the branch currents magnitude distribution in the
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sample network and the grey one is the branch currents magnitude distribution
after feeder reconfiguration. Figure 7-7 demonstrates that branch currents can
experience large changes after reconfiguration. Thus, if the maximum capacity of
these branches cannot satisfy this change, additional power cables are needed or

the solution for feeder reconfiguration must be changed.
b) Scenario two

In this scenario, distributed generators are connected to the network. According to
the reference [5, 6], about 7% and 3% of EU electricity demand were provided by
wind power and solar energy respectively in 2012. Thus, the capacity of the wind
and solar distributed generators are 7% and 3% respectively in this scenario. In
light of these results, this scenario could be taken as representative of the impact

of renewable generators in the EU in 2012 across a distribution network.

When the capacity of the wind and solar generators are 7% and 3% of total load
demand, the sample network loss is 1185kW which is 5.22% of the total active
power demand. After reconfiguring the network, the new tie switches are 24, 40,
43, 53,59, 72, 75, 86, 96, 98, 108, 110, 120, 123 and 133. The minimum network
loss is 718.17kW which is 3.16% of the total active power demand. The network
loss decreased 39.4%. The two bus voltage magnitude curves are shown in Figure

7-8.
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Figure 7-8 Bus voltage magnitude comparison in per unit for scenario two

In Figure 7-8, the blue and the grey curves are the bus voltages distribution in the
sample network and the reconfigured network respectively. The lowest voltage
magnitude in the blue curve is 0.9605 per unit on bus 47. The lowest voltage
magnitude in the grey curve is 0.9022 per unit on bus 100. In this scenario, the
voltage drop is worse after the feeder reconfiguration. However, the lowest bus
voltage is still larger than 0.9 per unit. Therefore, despite the bus voltage
performing worse following the network reconfiguration, the suggested solution in
this scenario is still acceptable. The average bus voltage magnitude decreases from
0.9837 per unit to 0.9749 per unit. The feeder reconfiguration therefore has a
negative impact on the voltage drop in this case. Two curves which represent the
branch currents magnitude before and after the feeder reconfiguration for scenario

two are shown in Figure 7-9.
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Figure 7-9 Branch current comparison in per unit for scenario two

In Figure 7-9, the blue curve is the branch currents magnitude distribution in the
sample network and the grey one is the branch currents magnitude distribution
after network reconfiguration. Figure 7-9 demonstrates that branch currents
experience a reduction on most parts of the branches. If 1.0 per unit is the
maximum capacity of the normal distribution line, only two distribution lines on

branches 1 and 2 need additional power cables.
c) Scenario three

According to the reference [5, 6], the EU specifies that 28.5% and 10% of its
electricity demand must be provided by wind power and solar power respectively
by 2030. Therefore, scenario three assumes a capacity of 28.5% and 10% for wind

and solar distributed generators respectively.

When the capacity of the wind and solar generators are 28.5% and 10% of the total

load demand, the sample network loss is 484.42kW, which is 2.13% of the total
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active power demand. After finishing the feeder reconfiguration, the new tie
switches are 23, 33, 40, 47, 75, 86, 96, 107, 120, 121, 122, 124, 127, 129 and 130.
The minimum network loss is 352.6kW which is 1.55% of the total active power
demand. The network loss decreased 27.2%. Two curves of buses voltage

magnitudes are shown in Figure 7-10.
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Figure 7-10 Bus voltage magnitude comparison in per unit for scenario two

In Figure 7-10, the blue and grey curves are the bus voltages distribution in the
sample network and reconfigured network respectively. The lowest voltage
magnitude in the blue curve is 0.9608 per unit on bus 100. The lowest voltage
magnitude in the grey curve is 0.9656 per unit on bus 73. The values of the average
bus voltage magnitude and the lowest voltage magnitude on the sample system and
reconfigured system are almost the same. In this case, the feeder reconfiguration

does not have much influence on the bus voltage drop.
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Two curves which represent the branch currents magnitude before and after feeder

reconfiguration for scenario three are shown in Figure 7-11.
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Figure 7-11 Branch current comparison in per unit for scenario two

In Figure 7-1, the blue curve is the branch currents magnitude distribution in the
sample network and the grey one is the branch currents magnitude distribution
after feeder reconfiguration. Conclusions regarding branch currents in such a case

are similar to those reached for scenario two.
d) Scenario four

Harmonic analysis is considered in this scenario. It is assumed that distributed
generators are not connected to the network. In Table 7-4, the proportion of power
electronics-based loads on residential and commercial loads was about 44% and

40% respectively in 2010. Thus, the performance of a distribution network without
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distributed generators in 2010 can be represented by this case.

After considering the system harmonic, the sample network loss for this scenario
is 1309.90kW which is 5.77% of the total active power demand. After finishing
the feeder reconfiguration, the new tie switches are 24, 27, 35, 40, 43, 52, 59, 72,
75, 96, 98, 110, 123, 130 and 131. The minimum network loss is 877.36kW which
Is 3.86% of the total active power demand. The network loss decreased 33.02%.

Two bus voltage magnitude curves are shown in Figure 7-12.
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Figure 7-12 Bus voltage magnitude comparison in per unit for scenario four

In Figure 7-12, the blue and grey curves are the bus voltages distributions in the
sample network and reconfigured network respectively. The lowest voltage
magnitude in the blue curve is 0.8693 per unit on bus 78. The bus voltage faults on
bus 71 to bus 78 are still in the sample network. It demonstrates that the impact of

system harmonics on bus voltage is slight. The lowest voltage magnitude in the
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grey curve is 0.9324 per unit on bus 100. The average voltage magnitude increases
from 0.9561 per unit to 0.9674 per unit. Two curves which represent the branch
currents magnitude before and after the feeder reconfiguration in scenario four are

shown in Figure 7-13.

3.5
)
—_ [ ]
= 3
)
| -
&
.52'5
(]
o
2 2
[
oo
s
= 15
C [ J
(O] |
-
= [ J
3 1
e
(&)
[
S o5 \ (
@ - |
n
vA\ ~1 ~ 1 ‘
N o >
0 b i“ y &, Y
=N ON NN NN T OONNSN AN OOONN NN AN O MNMINS
A AN AN N OO T T NN OO ONMNOWOWODWOO OOO -
™ =~
Branch Code

Figure 7-13 Branch current comparison in per unit for scenario four

Due to the difference between this scenario and scenario one being that the
harmonic impact on residential and commercial loads is considered, the results of

bus voltages and branch currents are similar to those derived in scenario one.

Figure 7-14 shows the value of the total harmonic voltage distortion on each bus.
The blue bars and orange bars represent the sample and reconfigured networks in
scenario four respectively. The largest value of the total harmonic voltage
distortion is 4.37% on bus 55 in the sample system and 2.02% on bus 68 in the

reconfigured system respectively. The largest percentage value of the harmonic
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voltage on single harmonic order is 2.71% on bus 55 at the 5" harmonic order in
the sample system and 1.30% on bus 68 at the 5" harmonic order in the
reconfigured system respectively. The largest percentage value of the total
harmonic voltage distortion and the harmonic voltage on the single harmonic order
in both systems satisfy the IEEE-519 harmonic voltage limits for public power
systems. It can be seen that the total harmonic voltage distortion experiences a

significant reduction after feeder reconfiguration in this test.
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Figure 7-14 Total harmonic voltage distortion for scenario four

e) Scenario five

This scenario is the harmonic analysis based on the data provided for renewable
generators in 2012 and the data provided for proportion of power electronics-based
loads in 2010. The details of this data are provided in Table 7-9. The sample
network loss for this scenario is 1195.20kW which is 5.26% of the total active

power demand. After finishing the feeder reconfiguration, the new tie switches are
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23, 40, 43, 53, 59, 72, 75, 86, 96, 98, 108, 110, 120, 123 and 133. The minimum
network loss is 723.1kW which is 3.18% of the total active power demand. The
network loss decreased 39.5%. Two bus voltage magnitude curves are shown in

Figure 7-15.
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Figure 7-15 Bus voltage magnitude comparison in per unit for scenario five

In Figure 7-15, the curves convey the same meaning as set out in the previous
scenarios for bus voltage magnitude comparison. The lowest voltage magnitude in
the blue curve is 0.9605 per unit on bus 47. The lowest voltage magnitude in the
grey curve is 0.9323 per unit on bus 100. The average voltage magnitude increases
from 0.9838 per unit to 0.9750 per unit. Although the difference between this
scenario and scenario two being that the harmonic impact is considered, the
performance of the buses’ voltage drop on the reconfigured system is better than

its performance in scenario two. The branch currents in these two scenarios are
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similar. The curves which represent the branch currents magnitude before and after

feeder reconfiguration for scenario five are shown in Figure 7-16.
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Figure 7-16 Branch current comparison in per unit for scenario four

Figure 7-17 is the value of the total harmonic voltage distortion on each bus. The
blue bar and orange bar represent the sample system and the reconfigured system
in scenario five respectively. The largest value of the total harmonic voltage
distortion is 3.02% on bus 79 in the sample system and 2.00% on bus 51 in the
reconfigured system respectively. The largest percentage value of the harmonic
voltage on single harmonic order is 2.01% on bus 109 at the 5™ harmonic order in
the sample system and 1.32% on bus 46 at the 5" harmonic order in the
reconfigured system respectively. The largest percentage value of the total

harmonic voltage distortion and the harmonic voltage on the single harmonic order
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in both systems satisfy the IEEE-519 harmonic voltage limits in this test. Moreover,
the total harmonic voltage distortion is reduced following the feeder

reconfiguration in this test.
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Figure 7-17 Total harmonic voltage distortion for scenario five

f)  Scenario six

This scenario is the feeder reconfiguration taking into consideration the harmonic
based on forecast data for proportion of power electronics-based loads in 2030.
The details of this data are provided in Table 7-10. Due to electronic lighting and
electric vehicle chargers being excluded in this case, the proportion of power
electronics-based loads on residential and commercial loads is 50% and 48%
respectively. The sample network loss for this scenario is 488.58kW, which is 2.15%
of the total active power demand. After finishing the feeder reconfiguration, the
new tie switches are 33, 40, 43, 54, 75, 86, 96, 107, 120, 121, 124, 127, 129, 130
and 133. The minimum network loss experienced by this network is 352.46kW,
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which is 1.55% of the total active power demand. The network loss decreased

27.9%. Two bus voltage magnitude curves are shown in Figure 7-18.
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Figure 7-18 Bus voltage magnitude comparison in per unit for scenario six

In Figure 7-18, the curves convey the same meaning as set out in the previous
scenarios for bus voltage magnitude comparison. The lowest voltage magnitude in
the blue curve is 0.9609 per unit on bus 100. The lowest voltage magnitude in the
grey curve is 0.9657 per unit on bus 73. The average voltage magnitude increases
from 0.9854 per unit to 0.9876 per unit. In comparison with the bus voltage
magnitudes distribution curves in figure 7-10, although the system harmonics are
considered in this scenario, the bus voltage magnitudes curves and the branch

currents magnitude distribution in scenario three and this scenario are similar.

Two curves to represent the branch currents magnitude before and after feeder

reconfiguration for scenario six are shown in Figure 7-19.
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Figure 7-19 Branch current comparison in per unit for scenario four

Figure 7-20 is the value of the total harmonic voltage distortion on each bus. The
blue bar and orange bar represent the sample system and the reconfigured system
in scenario six respectively. The largest value of the total harmonic voltage
distortion is 1.51% on bus 79 in the sample system and 1.18% on bus 47 in the
reconfigured system respectively. The largest percentage value of the harmonic
voltage on single harmonic order is 1.05% on bus 55 at the 5" harmonic order in
the sample system and 0.82% on bus 46 at the 5" harmonic order in the
reconfigured system respectively. The largest percentage value of the total
harmonic voltage distortion and the harmonic voltage on the single harmonic order
in both systems satisfy the IEEE-519 harmonic voltage limits. Although the
performance of the total harmonic voltage distortion is improved, this test shows
that no significant improvement is achieved as a consequence the feeder

reconfiguration.
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Figure 7-20 Total harmonic voltage distortion for scenario six

g) Scenario seven

As with scenario six, this case is also the feeder reconfiguration taking into
consideration the harmonics based on forecast data for proportion of power
electronics-based loads in 2030. The details of this data are provided in Table 7-11.
The difference between this scenario and scenario six is that electronic lighting and
electric vehicle chargers are included in this scenario. Moreover, it is assumed that
public lighting will use low power factor lighting. Both residential and commercial
loads are subject to a 60% increase in proportion of power electronics-based loads
due to the inclusion of electronic lighting and electric vehicle chargers. Therefore,
the sample network loss for this scenario is 675.25kW which is 2.24% of the total
active power demand. After finishing the feeder reconfiguration, the new tie
switches are 17, 23, 33, 39, 42, 58, 75, 98, 107, 110, 122, 124, 126, 127 and 131.

The minimum network loss is 509.15kW which is 1.55% of the total active power
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demand. The network loss decreased 24.6%. Two bus voltage magnitude curves

are shown in Figure 7-21.
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Figure 7-21 Bus voltage magnitude comparison in per unit for scenario six

In Figure 7-21, the curves convey the same meaning as set out in the previous
scenarios for bus voltage magnitude. The lowest voltage magnitude in the blue
curve is 0.9624 per unit on bus 47. The lowest voltage magnitude in the grey curve
is 0.9335 per unit on bus 102. The average voltage magnitude increases from
0.9885 per unit to 0.9873 per unit. When Table 7-1 is compared with Table 7-3,
each harmonic value associated with low power factor electric lighting displays a
much greater percentage value than the value associated with normal residential
and commercial loads. Thus, the bus voltage distribution curves in this case differ

from the curves in Figure 7-18.

Two curves to express the branch currents magnitude before and after feeder

reconfiguration for scenario seven are shown in Figure 7-22.

305



18 ®
1.6
1.4

1.2

08 ¢

0.6 I\
02 || ‘ 4..,“. A,N ’&.B\QF lik’i\

Code

Branch Current Magni tude in Per Unit

Branc

Figure 7-22 Branch current comparison in per unit for scenario four

Figure 7-23 is the value of the total harmonic voltage distortion on each bus. The
blue bars and orange bars represent the sample system and the reconfigured system
in scenario four respectively. The largest value of the total harmonic voltage
distortion is 21.02% on bus 79 in the sample system and 9.75% on bus 93 in the
reconfigured system respectively. The largest percentage value of the harmonic
voltage on single harmonic order is 12.19% on bus 78 at the 7'" harmonic order in
the sample system and 5.46% on bus 92 at the 7" harmonic order in the
reconfigured system respectively. Even though the largest percentage value of the
total harmonic voltage distortion and the harmonic voltage on the single harmonic
order in both systems show significant improvements following the feeder
reconfiguration, results still cannot satisfy the IEEE-519 harmonic voltage limits.
Figure 7-23 provides evidence of an improvement of such significance. Hence, the
positive impact of the feeder reconfiguration for loss reduction on the total

harmonic voltage distortion can be proved by above three scenarios.
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Figure 7-23 Total harmonic voltage distortion for scenario seven

7.3.3 Results Summary and Discussions

The results of the bus voltage, branch current, minimum network loss and total
harmonic voltage distortion for seven scenarios are shown in above section. These
scenarios include the fundamental and harmonic analysis for the same distribution
network with or without renewable generators. By comparing the results between
these scenarios, the impact of renewable generators and system harmonics can be

investigated.
a) Minimum network loss

In order to facilitate comparisons, results from scenarios concerning the minimum

network loss are expressed in Table 7-13.
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Table 7-13 Comparisons of Minimum Network Loss

Scenario Network Loss(kW) New Tie Switches
Original | Reconfigured | % Loss
System System Reduction
1 1298.1 869.72 33.0% | 24,27, 35, 40, 43,52, 59,
72,75, 96, 98, 110, 123,
130, 131
2 1185 718.17 39.4% | 24,40, 43, 53,59, 72, 75,
86, 96, 98, 108, 110, 120,
123, 133
3 484.42 352.6 27.2% | 23, 33,40, 47, 75, 86, 96,
107, 120, 121, 122, 124,
127, 129, 130
4 1309.90 877.36 33.0% | 24,27, 35, 40, 43,52, 59,
72,75, 96, 98, 110, 123,
130,131
5 1195.20 723.1 39.5% | 23,40, 43,53,59, 72,75,
86, 96, 98, 108, 110, 120,
123, 133
6 488.58 352.46 27.9% | 33,40, 43, 54, 75, 86, 96,
107, 120, 121, 124, 127,
129, 130, 133
7 675.25 509.15 24.6% | 17,23, 33, 39, 42, 58, 75,
98, 107, 110, 122, 124,
126, 127, 131

In this table, scenarios 1, 2 and 3 are the results of the feeder reconfiguration with
variable renewable generator capacity. All of these scenarios ignore the system
harmonic. Thus, the impact of the distributed renewable generators on the feeder
reconfiguration problem can be determined. In scenario 2, the capacity of the
distributed generators is the 10% of the total load demand which represents an EU
distribution network in 2012. With 10% of the load demand supplied by the
distributed generators locally, the network loss in the sample network is reduced
by 8.7%, and the network loss in the reconfigured network is reduced by 44.7%.

In scenario 3, the capacity of the renewable generators is the 38.5% of the total
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load demand which represents an EU distribution network in 2030. The network
loss of the sample network and the reconfigured network is reduced by 62.7% and
72.8% respectively after the distributed generators are connected to the network.
Thus, it can be seen that the network loss is reduced by installing distributed
generators in the distribution network. Furthermore, the increase in the installed
distributed generator capacity does not lead to a linear network loss reduction. A
suitable distributed generator capacity can maximise the reduction of the network
loss at a reasonable cost. Also, the new tie switches for the reconfigured network
are totally different in these three scenarios. If the reconfigured network for
scenario 2 is used in scenario 3, the network loss will be 589.85kW. This network
loss is even larger than the network loss in the sample system (484.42kW). It
indicates that the network structure must be reconfigured to minimise the network
loss when the capacity of the distributed generators is changed. Therefore, the
network should be analysed and reconfigured again whenever the distributed

generator capacity is changed, with the goal of minimising the network loss.

According to the forecast data in the references [5, 6], the impact of the system
harmonic is taken into account in scenario 4 to scenario 7. The impacts of the
system harmonics in the scenario 1 test system are investigated in scenario 4. When
the results of these two scenarios are compared, it can be seen that the sample
network in scenario 4 experiences slightly larger network losses than is seen in
scenario 1. This suggests that the system harmonic will increase the network loss.
The new tie switches in scenario 1 and scenario 4 are identical. The results
demonstrate that when proportion of power electronics-based loads in residential
and commercial loads are subjected to 44% and 40% respectively, this has no
influence on the feeder reconfiguration solution in this test system. However, the

sample network loss is increased when taking into consideration system harmonics.

Similarly to scenario 4, scenario 5 also investigates the impact of the system
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harmonics in the same test system. When the results of scenarios 2 and 5 are
compared, the network loss reduction percentages differ slightly. Furthermore, the
new tie switches between the two scenarios are also different. If the new tie
switches in scenario two are applied in scenario 5, the network loss will be
723.30kW, which is slightly greater than the calculated minimum network loss
(723.1kW) in scenario 5. This suggests that the solution for the network loss
reduction may be changed when the influence of the system harmonics is taken
into consideration. In these two scenarios, when the impact of distributed

generators is compared, the impact of the system harmonic is slight.

Scenarios 6 and 7 investigate the impact of the system harmonic based on the test
system in scenario 3, which represents the system harmonic penetration of an EU
distribution network in 2030. Due to the harmonic injection currents of low power
factor lighting and electric vehicle chargers, which are significantly higher than
residential and commercial loads, two different scenarios are tested. In scenario 6,
the proportion of power electronics-based loads on residential and commercial
loads is 50% and 48% respectively, and public lighting loads are linear. In scenario
7, the proportion of power electronics-based loads on both residential and
commercial loads increases to 60%. In particular, low power factor bulbs are
installed in all public lighting so that the proportion of power electronics-based
loads on public lighting is 100%. Scenarios 3 and 6 exhibit similar results.
Although the new tie switches are different, the minimum network loss gap
between these two scenarios is minimal. On the other hand, large differences
between the results of scenarios 3 and 7 can be seen. Due to more harmonic
currents being injected into the distribution system, the network loss caused by the
harmonics is increased. The sample network loss is increased from 484.42kW to
675.25kW. If the new tie switches in scenario 3 are applied in scenario 7, the
network loss is 577.07kW. However, the minimum network loss in scenario 7 is

509.15kW. It can be seen that a further 12% network loss (67.92kW) can be
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reduced by considering the system harmonic in scenario 7.

When Table 7-1 is compared with Table 7-3, it can be seen that the percentage
value on each harmonic order of low power factor electric lighting is much higher
than the value of residential and commercial loads. For example, the percentage of
the 5™ harmonic order is 4.7%, 5.8% and 63% on residential, commercial and low
power factor lighting respectively. Compared with low power factor electric
lighting, the harmonic impact of residential and commercial loads is very small.
Hence, the impact of the system harmonics in scenario 6 is much lower than its
impact in scenario 7. In addition, the even and triple harmonics are ignored in these
tests. Thus, if the even and triple harmonics are taken into consideration in these
tests, the impact of the system harmonics will be greater. In cases where loads have
a large harmonic injection, the feeder reconfiguration for loss reduction will be
greatly influenced by the system harmonics. With power electronic devices
expected to be used extensively in the future, the distribution network feeder

reconfiguration problem must incorporate the impact of system harmonics.
b) \Woltage magnitudes

When the system harmonic components are not large, the difference in bus voltage
magnitudes is difficult to identify. The harmonic components of low power factor
lighting are very large. Thus, the waveform of the root mean square (RMS) value
of voltage magnitudes from the sample system in scenarios 3, 6 and 7 are illustrated
in Figure 7-24. Due to the harmonic penetration of low power factor lighting and
electric vehicle chargers being excluded in scenario 6, the voltage magnitude
curves in blue and orange from scenario 3 and 6 almost coincide with each other.
However, the parts of the waveform (grey) in scenario 7 are noticeably different.
Figure 7-24 and Table 7-12 demonstrate that the differences between these
waveforms can be explained by the buses which are present in public lighting loads.

So, when the system harmonic components are large, the influence of the harmonic
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voltage components cannot be ignored.
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Figure 7-24 The impact of system harmonics on bus voltage magnitudes from
scenarios 3, 6 and 7

Compared with the system harmonics, the impacts of the distributed generators on
bus voltage magnitudes are great. The distributed generators are assumed to be
located at the buses which are subject to heavy demand in the test distribution
network. In this context, the only way to significantly improve the voltage drop is
to install the distributed generators. The bus voltage magnitude distributions from
scenarios 1, 2 and 3 are shown in Figure 7-25. The blue, orange and grey curves
represent the bus voltage magnitude distribution in the sample test system of
scenarios 1, 2 and 3 respectively. It can be seen that the buses with low voltage
magnitude in scenario 1 are supported by the distributed generators and their value

almost increase to the rated value. Although the capacity of the renewable
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generators in scenario 3 is greater than their capacity in scenario 2, the increased
capacity does not have a big impact on the improvement of the bus voltage drop.
Thus, an appropriate location for the distributed generators can improve the voltage

drop greatly in the distribution network.
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Figure 7-25 The impact of distributed generator on bus voltage magnitudes

The limitation of the lowest voltage magnitudes in distribution is 0.9 [3]. From the
results of all scenarios, all lowest bus voltage magnitudes are greater than 0.9
except scenario 1. Feeder reconfiguration for network loss reduction significantly
improved the voltage drop in the test system without distributed generators.
However the voltage drop may be worse in those systems which contain distributed
generators. Thus, the conclusion that feeder reconfiguration for loss reduction must

also improve the voltage performance is not established when distributed

313


file:///C:/Users/Anson/Desktop/thesis%20determine/Zhengrui%20Peng-Chapter%207.docx%23_ENREF_3

generators are already connected to the network.

c) Total harmonic voltage distortion

The results of scenarios 4 to 7 demonstrate that the total harmonic voltage
distortion value is improved in the reconfigured system. When scenario 4 is
compared with the other scenarios which include harmonic, the distributed
generators changes have no significant effect on the positive influence that the
feeder reconfiguration for loss reduction exerts on the decreased value of the total
harmonic voltage distortion. It is therefore reasonable to conclude that the feeder
reconfiguration for loss reduction also improves the performance of the system

total harmonic voltage distortion.

Due to the small harmonic components of residential and commercial loads, the
total harmonic voltage distortion value in scenarios 4, 5 and 6 satisfy the IEEE-
519 harmonic voltage limits for public power systems. However, Figure 7-23
demonstrates that the value of total harmonic voltage distortion on parts of the
buses in neither the sample system nor the reconfigured system can satisfy the
limitation when low power factor lighting and electric vehicle chargers are
included in scenario 7. The maximum value of the harmonic voltage at the single

harmonic order in both systems also fails to satisfy the limitation.

In order to investigate the impact of the feeder reconfiguration for loss reduction
on total harmonic voltage distortion, the summary of bus numbers of total

harmonic voltage distortion is shown is Table 7-14.
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Table 7-14 The Summary of Numbers of Total Harmonic Voltage Distortion
in Scenario Seven

Categories Number of Buses
Original System Reconfigured System
0-5% 72 81
5-10% 22 38
> 10% 25 0

In Table 7-14, the number of buses which satisfy the IEEE harmonic distortion
limit standard is increased from 72 to 81. Following feeder reconfiguration, those
buses whose value of total harmonic voltage distortion exceeds 10% disappear.
Although 38 buses still exceed the limitation in the reconfigured system, the
positive impact of the feeder reconfiguration on controlling the value of the total
harmonic voltage distortion can be proved. It is worth noting that the objective of
the feeder reconfiguration is loss reduction rather than harmonic distortion
reduction. Results might improve if the objectives are changed to the reduction in
value of total harmonic voltage distortion. The maximum value of the harmonic
voltage at single harmonic order is also reduced from 0.122 per unit to 0.055 per

unit in the reconfigured system.
d) Branch current magnitudes

Due to the network structure being changed following the feeder reconfiguration,
the currents on each branch may also be significantly changed. It can be seen from
the results of the seven scenarios that it is hard to determine the changed rate on a
single branch. However, apart from a few branches, the maximum change in the
value of the branch currents is lower than 1 per unit of the base current. Thus, to
avoid the branch currents exceeding their limiting values, a standard maximum

current value for most parts of the branches can be determined in advance.
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7.4 Distribution  Network Feeder Reconfiguration
Considering Seasonal and Daily Generation and Load

Tracking

In the previous section, eight scenarios have been analysed to investigate the
impact of the renewable generator and system harmonic in the distribution network.
In these scenarios, all loads are assumed fully loaded and all renewable generators
are assumed to be working at their maximum level of output power all the time.
However, the peak load of all load types and the output power of the renewable
generators vary widely a lot over the course of a day. Moreover, the output power
of the photovoltaic generator exhibits significant changes according to the season.
The impact of the loads diversity and renewable generators in the distribution
network feeder reconfiguration over the course of a day is demonstrated in this

section.

With the development of power electronic technology and proposals for a smart
grid, all manual switches will be substituted with automatic switches in upcoming
years. Thus, the short-term switch operation in the distribution network can be
achieved. The feeder reconfiguration will then be able to provide effective system
backup and contingency for situations such as the main transformers overloading

[11].

The replacement of all manual switches may require many years’ work. The test
system for scenario 7 in section 7.3 is a distribution system with the same
penetration of renewable generators and system harmonic as laid out in the targets
for2030. So, this system is designed to investigate the daily influence of variable
loads and renewable generators in this section. The details of the test system for

this section are shown in Table 7-11.
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7.4.1 Scenarios

a) Peak load curves

As mentioned above, the peak load of different kinds of loads varies over 24 hours.
Figure 7-26 to Figure 7-29 are the peak load curves of residential, commercial,

industrial and public lighting respectively [3].
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Figure 7-26 Peak load curve of residential loads [3]
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Figure 7-27 Peak load curve of commercial loads [3]
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Figure 7-28 Peak load curve of industrial loads [3]
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Figure 7-29 Peak load curve of public lighting[3]

A time-interval based strategy is adopted to deconstruct these daily load forecasts.

Taking the useful life of the switches into consideration, the network cannot be
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reconfigured constantly. A day can be divided into three sections in accordance
with these four curves’ characteristic and people’s lifestyles. To ensure that voltage
and current constraints are satisfied during the time intervals, the equivalent load
is the maximum value of the corresponding segment[11]. Then, three individual
reconfiguration problems with constant loads can be used to investigate the daily

impact of the variable loads.
b) Output curves of the renewable generators

The daily generation model of wind generators which is provided in the reference
[12] is used in this section. Its output curve is shown in Figure 7-30. The details of
the data are shown in Table B-1 in Appendix B. In order to investigate the impacts
of the wind generator in feeder reconfiguration problem, the wind generator’s
output power curve in this section is assumed as same with the curve in Figure 7-

30 and its output curve is assumed as the same in every day of the year.
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Figure 7-30 Daily output power curve of wind generators [12]

The number of sunlight hours obviously varies from summer to winter. Hence, the

solar generators’ output power curve is divided into two parts and shown in Figure
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7-31. In this figure, the blue curve and the orange curve express the output power
of solar generators in summer and winter respectively. This data is shown in greater
detail in Table B1 in Appendix B [12]. In order to investigate the impacts of the
solar generator in feeder reconfiguration problem, the solar generator’s output
power curve in this section is assumed as same with the curve in Figure 7-31 its

output power curve is assumed as the same in every day in one of two seasons.
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Figure 7-31 Daily output power curve of solar generators in summer and winter[12]

As is the case with the loads, the output curves are also divided into three segments.
The time-interval for these three segments is the same as the time-interval for the
loads. The output power in each segment is the average value of the output power
in this time-interval. Then, the distribution network feeder reconfiguration with
seasonal and daily generation and load tracking can be transformed into six

individual feeder reconfiguration problems.
c) Scenarios

According to the characteristics of the curves in Figure 7-26 to Figure 7-31, the
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simplified and normalised real-time load profiles of each load type and real-time
output power of each generator are presented in Table 7-15 and Table 7-16
respectively. Using the information presented in this table, feeder reconfiguration
for loss reduction should not be seen as a uniform operation, but should instead be
carried out in three segments, with the two seasons considered separately. As the
solar generator output power does not vary in the 22:00 - 05:59 time segment
across the two seasons, the only time-interval to be tested is the one from 22:00 to

5:50.

Table 7-15 Proportion of the Real-Time Load When Comparing with Peak
Load over 24 Hours on Different Load Type

Load Type 6:00-16:59 17:00 -21:59 22:00-5:59
Residential 90% 100% 60%
Commercial 100% 50% 33%
Industrial 60% 100% 90%
Public Lighting 10% 93% 93%

Table 7-16 Proportion of the Real-Time Output When Comparing with Rated

Generator Output over 24 Hours on Different Generator Type

Generator Type 6:00-16:59 17:00 -21:59 22:00-5:59
Wind 72% 85% 91%

Solar (summer) 70% 25% 0

Solar (winter) 40% 0 0

It is assumed that the injection harmonic spectrums of the loads and generators are

constant no matter how their capacity changes.

7.4.2 Results and Discussions

Normally, feeder reconfiguration does not take system harmonics, loads tracking

and the fluctuations in the output of the renewable generators into consideration.
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However, their impacts cannot be ignored. In order to investigate these impacts on
the feeder reconfiguration problem, the sample network in scenario 3 of Section
7.3.2 is used as the test system in this section. The reconfigured network which is
determined in the scenario 3 of Section 7.3.2 is also used as a comparison sample.
Low power factor bulbs are installed in all public lighting. Due to this reconfigured
network being determined without considering system harmonics, variable load
demands and output of distributed generators, its network losses will have
tolerance when these factors are considered in three daily segments. Therefore, for
each time interval, it is necessary to re-calculate the real network loss in the test

system before comparisons are made.
a) Network loss reduction

In this section, the network losses of the reconfigured system which were
determined in scenario 3 of Section 7.3.2 are re-calculated in the three-segment by
taking impacts of the system harmonics and the fluctuations in the loads demands
and output of the renewable generators into consideration. The new minimum
network losses which consider these factors in advance are also calculated.
Comparisons of all minimum network losses and their average losses are shown in

Table 7-17.
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Table 7-17 Comparisons of Feeder Reconfiguration for Network Loss
Reduction in Different Time-Interval

Summer 6:00-16:59 | 17:00 - 21:59 | 22:00-5:59
Original 307.69kW 984.90kW 792.50kW
Include Harmonics 244.10kwW 589.09kW 338.74kW
Exclude Harmonics 296.75kW 1199.14kW | 1083.08kW
Winter 6:00-16:59 17:00-21:59 | 22:00-5:59
Original 405.33kW 1173.10kW 792.50kW
Include Harmonics 285.590kW 645.62kW 338.74kW
Exclude Harmonics 483.51kwW 1588.95kwW | 1083.08kW
Summer Average % Loss Reduction
Original 610.38kW -
Include Harmonics 347.52kW 43.06%
Exclude Harmonics 746.86kW -22.36%
Winter Average % Loss Reduction
Original 816.81kW -
Include Harmonics 378.31kW 56.10%
Exclude Harmonics 913.67kW -6.02%

In the table and following results, ‘original’ is the original network in scenario 3 of
Section 7.3.2 and will not be changed in any segment; ‘Include Harmonics’ means
the reconfigured network is calculated by feeder reconfiguration taking the system
harmonics, the fluctuations in the loads’ demands and output of the renewable
generators into consideration. Additionally, the different segments will be used as
a framework to re-determining the network structure. ‘Exclude Harmonics’ means
that the reconfigured network is constant in all segments. Moreover, system
harmonics, the fluctuations in the loads’ demands and output of the renewable
generators are not considered when determining the new tie switches in this

network.

Due to the results of ‘exclude harmonics’ being determined without considering

the system harmonics, the fluctuations in the loads’ demands and output of the
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renewable generators, the network losses in almost all segments are greater than
the network loss in the original network. So, the average network loss over 24
hours is greater than that found in the original network. It can be concluded that if
the impact of the fluctuations in the loads’ demands and output of the renewable
generators are not considered, the results of the feeder reconfiguration may be
worse than the results of the original network in the realistic distribution network.
Therefore, it is impossible to attain the stated objective of reducing the network

loss.

In Table 7-17, all network loss results are determined taking the impact of the
system harmonics, the fluctuations in the loads demands and output of the
renewable generators into are much lower than the results of the original network.
The average reduction of the three segments for summer and winter is 43.06% and

56.10% respectively.

The results shown in Table 7-17 demonstrate that fluctuations in the loads’
demands and the renewable generators’ output both have an important impact

which cannot be ignored.
b) Bus voltage magnitudes

The comparisons of bus voltage magnitudes on the title of the network ‘original’,

‘include harmonics’ and ‘exclude harmonics’ are shown in Figure 7-32 to Figure

7-36.
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Figure 7-36 Comparison of bus voltage magnitudes from 17:00 to 21:59 in winter

In Figure 7-32 to Figure 7-36, the blue, orange and grey curves represent the bus
voltage magnitudes in per unit of the ‘including harmonics’ network, the
‘excluding harmonics’ network and the ‘original’ network respectively. For the
system harmonics, due to the bus voltage magnitudes possibly being greater than
the reference voltage, the limitation of the voltage deviation on buses replaces the
limitation of the voltage drop. According to the 0.9 per unit limitation of the
voltage drop, the limitation of the voltage deviation is assumed to be 10%. The
original system exhibits the lowest voltage deviation, as can be seen in the five
figures above. The reason for this situation may be that all renewable generators
are located at the heavy load in the test system and these distributed generator
locations are the best positions for improving the voltage drop. Although the
voltage deviation of the blue curve is worse than the grey one, it is better than the
orange one except in the 6:00 to 16:59 segment in summer. Furthermore, the lowest

voltage magnitude is 0.916 per unit in the blue curve in Figure 7-36, which satisfies
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the voltage deviation limitation. If 10% is the limitation of the voltage deviation in
the distribution network, the largest bus voltage magnitude is 1.126 per unit in the
orange curve, this does not satisfy the limitation. Hence, in this test, although it
cannot improve the voltage deviation after taking into consideration the
fluctuations in the loads demands and output of the renewable generators, the
performance of voltage deviation in the ‘include harmonics’ network is better than

the performance in the ‘exclude harmonics’ network.

The bus voltage magnitudes results show that although the performance of the bus
voltage magnitudes is worse following feeder reconfiguration, it still satisfied the
voltage deviation limitation in the distribution network. Moreover, these results are
subject to change according to the location of the distributed generators. This result
Is acceptable, as the objective of the feeder reconfiguration is not to improve the

network’s voltage magnitude deviation.
c) Total harmonic voltage distortion

The comparison of total harmonic voltage distortions on the ‘original” network, the

‘include harmonics’ network and the ‘exclude harmonics’ network are shown in

Figure 7-37 to Figure 7-41.
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In Figure 7-37 to Figure 7-41, the blue, red and green bars express the total
harmonic voltage distortion on each bus of the ‘including harmonics’ network, the
‘excluding harmonics’ network and the ‘original’ network respectively. The blue
bar on each bus is obviously lower than the others in all five figures. The value of
the highest blue bar is approximately 50% of the value of the green bar. This proves
that the feeder reconfiguration for loss reduction considering harmonics can also

reduce the value of the total harmonic distortion.

In all five figures, parts of the red bar are much higher than others. In some
segments, its total harmonic voltage distortion value is greater than 50% while all
green bars are lower than 20% and all blue bars are lower than 10%. This indicates
that the impacts of fluctuations in the loads demands and output of the renewable

generators are also important for reducing the total harmonic voltage distortion.

7.4.3 Results Summary

The results and discussions in section 7.4.2 prove that the fluctuations in the loads
demands and output of the renewable generators can significantly affect the feeder
reconfiguration solution. When the objective is a network loss reduction, the
average network loss of the reconfigured system, which is determined considering
the fluctuations in the loads demands and output of the renewable generators, is
much lower than the original network loss. On the other hand, the average network
loss of the reconfigured system which does not take these factors into consideration
is greater than the network loss produced by the original network. Thus, it is
important to consider the fluctuations in the loads demands and output of the

renewable generators when undertaking the feeder reconfiguration.

Section 7.3 proves that feeder reconfiguration for loss reduction has a positive
impact on the total harmonic voltage distortion. However, the loads demands and

the output of the generators are constant. In a realistic distribution network, such a
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conclusion may change when the impacts of the fluctuations in the loads demands
and output of the renewable generators are ignored. In order to retain the feeder
reconfiguration’s positive impact on the total harmonic voltage distortion, the
impacts of the fluctuations in loads demands and output of the renewable

generators must be considered.

In comparison with the network loss reduction and total harmonic voltage
distortion, the impacts of the fluctuations in the loads demands and output of the
renewable generators are uncertain on the bus voltage magnitudes. Different
conclusion will be drawn as a consequence of the differing location of the
distributed generators. According to the test results, it is better to consider the
fluctuations in the loads demands and output of the renewable generators rather

than ignore them.

7.5 Summary

In the results of the scenarios in Section 7.3, the impact of the system harmonics
on feeder reconfiguration are affected by the harmonic capacity and quantity.
When the harmonic capacity and quantity is small, the results of the feeder
reconfiguration may not be affected by harmonics. In other words, the difference
in results may not be large enough to have anything other than a slight impact on
how the program is engineered. In scenario 7 in Section 7.3, a further 12% network
loss is reduced after taking the system harmonics into consideration. Thus, if the
harmonic capacity and quantity in a system are large, the impact of system

harmonics on feeder reconfiguration cannot be ignored.

Renewable generators not only inject harmonics but also improve distribution
networks’ voltage drop. According to the test results, where generators are located
iIs @ more important factor than their capacity. With regards to harmonics, their

impact on voltage drop is lower than the impact of the renewable generators’
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location.

The results in section 7.4 show that the impact of the fluctuations in the loads
demands and output of the renewable generators cannot be ignored. In other words,
the network loss and total harmonic voltage distortion of the reconfigured system
are greater than the sample network loss. In section 7.4, 24 hours are divided into
three segments. Although the values of the load demands and generator power
output vary slightly in each segment, it is reasonable to suggest that more segments
over a 24-hour period will contribute to a lower average network loss for the same
network. However, the useful life of the switches is limited. Hence, a reasonable
time interval for 24 hours or 365 days will bring more profits through network loss

reduction.

The system harmonics and renewable generators data in this chapter is cited from
the forecasts available on the official EU website. So, the test systems can be
treated as a realistic model of the EU distribution network. According to the
forecast and the test results in this chapter, to reduce the network loss in the future
distribution system, the impact of the system harmonics and the fluctuations in the
loads demands and output of the renewable generators must be taken into
consideration. In other words, feeder reconfiguration will result in a distribution
system that incurs greater real network loss than that experienced by the original

system.
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Chapter 8 Conclusions and Future Work

8.1 Conclusions

To reduce carbon dioxide emissions, renewable energy generators and modern
electric devices are widely used in the distribution network. These pieces of
equipment are harmonic sources. The harmonic sources will increase the branch
currents so that transmission losses on distribution lines will increase. For this
reason, the impact of harmonics on the feeder reconfiguration problem cannot be
ignored. The widely used backward/forward sweep load flow method is a
fundamental distribution network load flow method. So, it is impossible to directly
analyse such a network with the backward/forward sweep load flow method which
is normally used. Hence, a suitable load flow method for feeder reconfiguration in
distribution network considering distributed generators and system harmonics is
proposed in this thesis. Furthermore, as one of the most important methods for
reducing network losses in the distribution network, feeder reconfiguration has
been researched for many years. With increasing distribution network sizes, the
accuracy of the currently used optimization methods (ant colony system and
discrete particle swarm optimization) for feeder reconfiguration is reduced. Thus,
a novel hybrid optimization method with higher searching accuracy is proposed
for a large distribution system in this thesis. And, better solutions of the hybrid
method than the solution obtained by ant colony system or particle swarm

optimization is proved in the results of Chapter 6.

A real-world network with the 24-hour variations in load demands and renewable
generator output do over the course of a year is used. A distribution network with
unchanged load demands and output of the renewable generators cannot produce
practical results. Thus, the impacts of the load and the generator output diversity

and alterations over 24 hours in a year on optimal configuration is investigated in
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this thesis. The test results show that these impacts have a big influence on

distribution network feeder reconfiguration and cannot be ignored.

The key findings of this thesis have been presented by following three steps: (a)
An improved harmonic backward/forward sweep method is proposed in this thesis
for analysing the distribution network with distributed generators under harmonic
conditions. (b) A hybrid optimization method is developed based on the ant colony
system and discrete particle swarm optimization for increasing the accuracy of the
optimization method in feeder reconfiguration problem. (c) The impacts of
variable load demands and output of the renewable generators on the distribution
network feeder reconfiguration have been investigated. The results obtained from

these three steps are summarised in the following three sub-sections.

8.1.1 Improved Harmonic Backward/Forward Sweep algorithm

Because of the fast calculation speed, the backward/forward sweep algorithm is a
widely used load flow analysis method in distribution networks. A layered method
is combined with the backward/forward sweep algorithm so that the sequence of
bus voltages and branch currents can be calculated based on the system levels
instead of the codes of the buses. In the course of this study, it was found that the
system structure is changed whenever the optimization method reveals a different
feasible solution. By combining the layered method with the backward/forward
sweep algorithm, the recoding process of the bus codes when the system structure
is changed is avoided. Hence, this layered backward/forward sweep method is
particularly suitable for the feeder reconfiguration problem and it is determined as
the load flow analysis method for feeder reconfiguration in the distribution
network. Before this method can be applied, two issues are resolved, which are

explained below.

a) In a modern distribution network, renewable generators will connect to the
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network as the distributed generators to supply the electric energy locally.
However, the layered backward/forward sweep method cannot address the
PV type distributed generators directly. Hence, the PV type distributed
generators are transformed to the PQ type according to the relationship
between the voltage increment vector and compensation reactive power in
this thesis. The results in Chapter 4 show that the layered backward/forward
sweep method can analyse the distribution network with PV type generators

accurately after transforming the PV type generators to PQ type generators.

b) The fast harmonic analysis method in distribution networks which is based
on backward/forward sweep algorithm is verified in a special distribution
network by the author, in which all connected loads are nonlinear. The
application of the harmonic backward/forward sweep method used in a
distribution network which includes linear and nonlinear loads and
distributed generators is not verified. Chapter 4 carries details of a case study
in which the accuracy of this method is verified. It is found that the normal
harmonic backward/forward sweep method will ignore the harmonic currents
in parts of tributary branches when these tributaries do not contain a
harmonic source. So, there is a large tolerance on the value of calculated
harmonic branch currents, harmonic bus voltages and total harmonic voltage
distortions. In this thesis, the ignored tributary harmonic branch currents are
calculated according to Kirchhoff's Current Law and an additional branch
current forward sweep based on the distribution network levels. For this
improvement, the improved harmonic backward/forward sweep method can
be used to accurately analyse a distribution network with random harmonic

Sources.

8.1.2 Hybrid Optimization Method.

In recent years, both the ant colony system and particle swarm optimization have
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gained in popularity as optimization methods. Ant colony system offers a good
local search ability which means that ants can quickly search for better solutions
based on an existing solution. The advantage of particle swarm optimization is that
it offers high-performance global search ability. This means that particles can
quickly find feasible solutions in all possible search areas. The advantages offered
by each of these methods could be integrated into a single system. Therefore, a
hybrid optimization method based on the ant colony system and discrete particle
swarm optimization is proposed to solve the optimal configuration problem in this
thesis. In the proposed hybrid method, the strong local search ability comes from
the ant module and the good global search ability is provided by the particle
module. Moreover, an adaptive function is proposed for enhancing the global

search ability at the first half stage of the search process.

The proposed hybrid method was tested on 33-bus, 69-bus and 118-bus distribution
networks in three different maximum number iterations respectively to investigate
the minimum network loss. Furthermore, the results were compared to those results
which were obtained by the ant colony system and discrete particle swarm
optimization. According to the optimal network loss comparisons in these nine
case studies, the proposed hybrid method not only always offered a greater
probability of finding the minimum network loss in any of the case studies but also
build networks with smaller network losses than the other two methods in large
size distribution network. In another word, in large size distribution system, the
proposed hybrid method must have a better searching performance than the
individual ant colony system and discrete particle swarm optimization. Therefore,
the proposed hybrid method can accomplish the distribution network feeder

reconfiguration with more accurate results.
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8.1.3 Effects of Variable Load Demands and Renewable Generators

Output

In this thesis, the impact of system harmonics and distributed generators on the
distribution network feeder reconfiguration is investigated by applying the
proposed hybrid method to the 118-bus distribution system. Four different bus
types (residential, commercial, industrial and public lighting) are included in the
case study. Their forecast harmonic emissions spectra data for the years 2010 and
2030 are quoted using the U.S. Energy Information Administration’s Annual
Energy Outlook 2011. The case study also relies on official EU renewable
generation data for the years 2012 and 2030. Seven scenarios are tested for
simulating the traditional passive distribution network, the modern distribution

network and the future distribution network in the EU.

The impacts of system harmonics and distributed generators can be divided into
four categories: network loss reduction, voltage drop, branch current changing rate
and total harmonic voltage distortion. The results are compared in Chapter 7, and
from these, it can be seen that the four categories are impacted in the following

ways:
a) Network loss reduction

Based on the feeder reconfiguration, the network loss can be further reduced
by connecting suitable capacity of the distributed generators into the network.
When harmonic injection currents from the harmonic sources are large, the
network loss will be further reduced by considering system harmonics. If the
harmonic injection currents from the harmonic sources are small, the impact

of system harmonics is slight.

b) \oltage drop
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d)

Distributed generators can improve the voltage drop significantly, especially
when the distributed generators are located on heavy loads. However, its

impact on system harmonics can be ignored.
Branch current changing rate

As a consequence of the change in system structure, the maximum current
on each branch cannot be determined before the solution is calculated.
However, according to the test results, almost all branch currents are smaller

than the base current.
Total harmonic voltage distortion

The renewable generators are harmonic sources, so the value of the total
harmonic voltage distortion on each bus will increase after the renewable
generators are connected to the network. Although the objective of the feeder
reconfiguration in this thesis is network loss reduction, the maximum value
of the total harmonic voltage distortion is reduced by about 50% in major
scenarios. Thus, it can be said that feeder reconfiguration for network loss
reduction can also improve the performance of the total harmonic voltage

distortion on buses.

The impact of variable peak demands on each type of load and the variable output

of the renewable generators over 24 hours on the feeder reconfiguration problem

considering harmonics is investigated by the proposed hybrid method in a 118-bus

distribution system in this thesis.

In the modelled scenarios, each 24-hour period is divided into three segments

following the load demand curves and wind and solar generator outputs. In

addition, the difference between the output of the solar generators in summer and

winter is also considered. According to the test results in Chapter 7, if the load

demands and output of the renewable generators are assumed to be unchanged in
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the test system, after feeder reconfiguration, the average network loss over 24
hours in this system will be larger than the network loss in the sample network
when variable load demands and output of the renewable generators are considered.
Furthermore, some buses also experience greater total harmonic voltage distortion
and voltage drops. If the difference in load demands and output of the distributed
generators are considered in advance, the average network loss will be an
approximate 50% reduction and the total harmonic voltage distortion on some
buses will also be smaller. Thus, the variable load demands and output of the
renewable generators must be considered when solving the feeder reconfiguration

problem in a practical distribution network.

8.2 Suggestions and Future Work

This thesis contributes to developing an accurate optimization method for feeder
reconfiguration on distribution networks considering system harmonics. The
impact of system harmonics, variable load demands and output of renewable
generators over 24 hours on the feeder reconfiguration problem are also
investigated. The objective of the feeder reconfiguration is network loss reduction
and the system is assumed to be a three-phase balanced system. However, there are
still several areas showing potential for expansion and improvements. The

following areas would therefore be fruitful subjects for future research.

a) The network loss reduction is the only objective in this thesis, however, in
Chapter 2, there are many other purposes for feeder reconfiguration which
can be investigated. Furthermore, economic factors should be considered for

these purposes. For example, feeder reconfiguration is a method to reduce
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b)

d)

costs during power transmission. If the cost of equipment incurred by the
feeder reconfiguration is higher than the value of the reduced network loss,
the feeder reconfiguration will be meaningless. Thus, the impact of economic

factors will be evaluated and analysed in the future.

The settings of the system elements will have a large influence on the ant
colony system and particle swarm optimization solution. All these system
elements are determined by experience. Thus, a standard or a procedural
method to determine the best values for these system elements can be

considered in future study.

The location and the capacity of the renewable generators are randomly set
by the author in this thesis. The network loss and the voltage drop may be
improved by a reasonable location and capacity of these generators. Thus, an
optimization method for determining the location and the capacity of the

increased number of renewable generators may be considered in future study.

The proposed harmonic backward/forward sweep method in this thesis is
designed in the balanced three-phased power system. However, normally, the
distribution system is an unbalanced three-phase power system. The
feasibility of this proposed method should be investigated in an unbalanced
three-phased system. Hence, the three-phase unbalanced power system

should be considered in the future.

Automatic switches might replace all manual switches in the power system
in the future. Then, the status of the switches may change in hours over 24
hours for the purpose of feeder reconfiguration. According to the results in
Chapter 7, the more time-intervals are set over 24 hours, the more network
losses will be reduced. However, the computing time for the optimal solution
in the large size distribution network may need hours, and it is difficult to

reduce the computing time from hours to minutes in the large size distribution

346



system. From the results in Chapter 6, it can be seen that the network loss
will be significantly reduced within a very short time at the beginning of the
feeder reconfiguration process. Hence, it is worth researching how to balance
the computing time and the time-interval so that the average reduced network

loss over 24 hours can be smaller.
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Appendix A Distribution System Date

A.1 IEEE 33-bus system

Table A-1 Data of IEEE 33-Bus distribution System

Sending Receiving Branch Branch Node Apparent
Node node Number Impedance(€?) Power(MVA)
1 2 1 0.0922+j*0.0047 | 0.100+j*0.060
2 3 2 0.4930+j*0.2511 | 0.090+j*0.040
3 4 3 0.3660+j*0.1864 | 0.120+j*0.080
4 5 4 0.3811+j*0.1941 | 0.060+;*0.030
5 6 5 0.8190+j*0.7070 | 0.060+j*0.020
6 7 6 0.1872+j*0.6188 | 0.200+j*0.100
7 8 7 0.7114+j*0.2351 | 0.200+j*0.100
8 9 8 1.0300+j*0.7400 | 0.060+j*0.020
9 10 9 1.0440+j*0.7400 | 0.060+j*0.020
10 11 10 0.1966+j*0.0650 | 0.045+j*0.030
11 12 11 0.3744+j*0.1238 | 0.060+j*0.035
12 13 12 1.4680+j*1.1550 | 0.060+j*0.035
13 14 13 0.5416+j*0.7129 | 0.120+j*0.080
14 15 14 0.5910+j*0.5260 | 0.060+j*0.010
15 16 15 0.7463+j*0.5450 | 0.060+j*0.020
16 17 16 1.2890+j*1.7210 | 0.060+j*0.020
17 18 17 0.3720+j*0.5740 | 0.090+j*0.040
2 19 18 0.1640+j*0.1565 | 0.090+j*0.040
19 20 19 1.5042+j*1.3554 | 0.090+j*0.040
20 21 20 0.4095+j*0.4784 | 0.090+j*0.040
21 22 21 0.7089+j*0.9373 | 0.090+j*0.040
3 23 22 0.4512+j*0.3083 | 0.090+j*0.050
23 24 23 0.8980+j*0.7091 | 0.420+j*0.200
24 25 24 0.8960+j*0.7011 | 0.420+j*0.200
6 26 25 0.2030+j*0.1034 | 0.060+j*0.025
26 27 26 0.2842+j*0.1447 | 0.060+j*0.025
27 28 27 1.0590+j*0.9337 | 0.060+j*0.020
28 29 28 0.8042+j*0.7006 | 0.120+j*0.070
29 30 29 0.5075+j*0.2585 | 0.200+j*0.600
30 31 30 0.9744+j*0.9630 | 0.150+j*0.070
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31 32 31 0.3105+j*0.3619 | 0.210+j*0.100
32 33 32 0.3410+j*0.5362 | 0.060+j*0.040
8 21 33 2.0000+j*2.0000 | Tie switch
9 15 34 2.0000+j*2.0000 |  Tie switch
12 22 35 2.0000+j*2.0000 | Tie switch
18 33 36 0.5000+j*0.5000 |  Tie switch
25 29 37 0.5000+j*0.5000 | Tie switch

System reference voltage of the IEEE 33-bus is 12.66kV

A.2 IEEE 69-bus system

Table A-2 Data of IEEE 69-Bus distribution System

Sending Receiving Branch Branch Node Apparent
Node node Number Impedance( Q) Power(MVA)
1 2 1 0.0005+j*0.0012 0
2 3 2 0.0005+j*0.0012 0
3 4 3 0.0015+j*0.0036 0
4 5 4 0.0251+j*0.0294 0
5 6 5 0.3660+j*0.1864 | 0.0026+j*0.0022
6 7 6 0.3810+j*0.1941 | 0.0404+j*0.030
7 8 7 0.0922+j*0.0470 0.075+j*0.054
8 9 8 0.0493+j*0.0251 0.030+j*0.022
9 10 9 0.8190+j*0.2707 0.028+j*0.019
10 11 10 0.1872+j*0.0619 0.145+j*0.104
11 12 11 0.7114+j*0.2351 0.145+j*0.104
12 13 12 1.0300+j*0.3400 0.008+j*0.005
13 14 13 1.0440+j*0.3450 | 0.008+j*0.0055
14 15 14 1.0580+j*0.3496 0
15 16 15 0.1966+j*0.0650 | 0.0455+j*0.030
16 17 16 0.3744+j*0.1238 0.060+j*0.035
17 18 17 0.0047+j*0.0016 0.060+j*0.035
18 19 18 0.3276+j*0.1083 0
19 20 19 0.2106+j*0.069 0.001+j*0.0006
20 21 20 0.3416+j*0.1129 0.114+j*0.081
21 22 21 0.0140+j*0.0046 0.005+j*0.035
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22 23 22 0.1591+j*0.0526 0

23 24 23 0.3463+j*0.1145 | 0.028+j*0.020

24 25 24 0.7488+j*0.2475 0

25 26 25 0.3089+j*0.1021 | 0.014+j*0.010

26 27 26 0.1732+j*0.0572 | 0.014+j*0.010

3 28 27 0.0044+j*0.0108 | 0.026+j*0.0186

28 29 28 0.0640+j*0.1565 | 0.026+j*0.0186

29 30 29 0.3978+j*0.1315 0

30 31 30 0.0702+j*0.0232 0

31 32 31 0.3510+j*0.1160 0

32 33 32 0.8390+j*0.2816 | 0.014+j*0.010

33 34 33 1.7080+j*0.5646 | 0.0195+j*0.014

34 35 34 1.4740+j*0.4873 | 0.006+j*0.004

4 36 35 0.0034+j*0.0084 0

36 37 36 0.0851+j*0.2083 | 0.079+j*0.0564

37 38 37 0.2898+j*0.7091 | 0. 3847+j*0.2745

38 39 38 0.0822+j*0.2011 | 0.3847+j*0.2745

8 40 39 0.0928+j*0.0473 | 0.0405+j*0.0283

40 41 40 0.3319+j*0.1114 | 0.0036+j*0.0027
0.00435+j*0.003

9 42 41 0.1740+j*0.0886 5

42 43 42 0.2030+j*0.1034 | 0.0264+j*0.019

43 44 43 0.2842+j*0.1447 | 0.024+j*0.0172

44 45 44 0.2813+j*0.1433 0

45 46 45 1.5900+j*0.5337 0

46 47 46 0.7837+j*0.2630 0

47 48 47 0.3042+j*0.1006 | 0.100+j*0.072

48 49 48 0.3861+j*0.1172 0

49 50 49 0.5075+j*0.2585 | 1.244+j*0.888

50 51 50 0.0974+j*0.0496 | 0.032+j*0.023

51 52 51 0.1450+j*0.0738 0

52 53 52 0.7105+j*0.3619 | 0.227+j*0.162

53 54 53 1.0410+j*0.5302 | 0.059+j*0.042

11 55 54 0.2012+j*0.0611 | 0.018+j*0.013

55 56 55 0.0047+j*0.0014 | 0.018+j*0.013

12 57 56 0.7394+j*0.2444 | 0.028+j*0.020

57 58 57 0.0047+j*0.0016 | 0.028+j*0.020

3 59 58 0.0044+j*0.0108 | 0.026+j*0.01855

59 60 59 0.0640+j*0.1565 | 0.026+*0.01855

60 61 60 0.1053+j*0.1230 0
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61 62 61 0.0304+j*0.0355 0.024+j*0.017
62 63 62 0.0018+j*0.0021 0.024+j*0.017
63 64 63 0.7283+j*0.8509 | 0.0012+j*0.001
64 65 64 0.3100+j*0.3623 0
65 66 65 0.0410+j*0.0478 | 0.006+j*0.0043
66 67 66 0.0092+j*0.0116 0
0.03922+j*0.026
67 68 67 0.1089+j*0.1373 3
0.03922+j*0.026
68 69 68 0.0009+j*0.0012 3
11 66 69 0.5000+j*0.5000 Tie switch
13 20 70 0.5000+j*0.5000 Tie switch
15 69 71 1.0000+j*0.5000 Tie switch
27 54 72 1.0000+j*0.5000 Tie switch
39 48 73 2.0000+j*1.0000 Tie switch

System reference voltage of the IEEE 69-bus is 12.66kV

A.3 IEEE 118-bus system

Table A-3 Data of IEEE 118-Bus Distribution System

Sending | Receiving Branch Branch Node Apparent
Node node Number Impedance( Q) Power(kVA)
1 2 1 0.0000 + 0.0000i 0
2 3 2 0.0360 + 0.0130i 133.84 + 101.14i
3 4 3 0.0330 + 0.0119i 16.214+ 11.292i
3 5 4 0.0450 + 0.0162i 34.315+ 21.845i
5 6 5 0.0150 + 0.0540i 73.016 + 63.602i
6 7 6 0.0150 + 0.0540i 144.2 + 68.604i
7 8 7 0.0150 + 0.0125i 104.47 + 61.725i
8 9 8 0.0180 + 0.0140i 28.547 + 11.503i
9 10 9 0.0210 + 0.0630i 87.56 + 51.073i
3 11 10 0.1660 + 0.1344i 198.2 + 106.77i
11 12 11 0.1120 + 0.0789i 146.8 + 75.995i
12 13 12 0.1870 + 0.3130i 26.04 + 18.687i
13 14 13 0.1420 + 0.1512i 52.1 + 23.22i
14 15 14 0.1800 + 0.1180i 141.9+ 117.5i
15 16 15 0.1500 + 0.0450i 21.87 + 28.79i
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16 17 16 0.1600 + 0.1800i 33.37 + 26.45i
17 18 17 0.1570 + 0.1710i 32.43 + 25.23i
12 19 18 0.2180 + 0.2850i 20.234 + 11.9060i
19 20 19 0.1180 + 0.1850i 156.94 + 78.5230i
20 21 20 0.1600 + 0.1960i 546.29 + 351.4i
21 22 21 0.1200 + 0.1890i 180.31 + 164.2i
22 23 22 0.1200 + 0.0789i 93.167 + 54.594i
23 24 23 1.4100 + 0.7230i 85.18 + 39.65i
24 25 24 0.2930 + 0.1348i 168.1 + 95.178i
25 26 25 0.1330 + 0.1040i 125.11 + 150.22i
26 27 26 0.1780 + 0.1340i 16.03 + 24.62i
27 28 27 0.1780 + 0.1340i 26.03 + 24.62i
5 29 28 0.0150 + 0.0296i 594.56 + 522.62i
29 30 29 0.0120 + 0.0276i 120.62 + 59.117i
30 31 30 0.1200 + 0.2766i 102.38 + 99.554i
31 32 31 0.2100 + 0.2430i 513.4 + 318.5i
32 33 32 0.1200 + 0.0540i 475.25 + 456.14i
33 34 33 0.1780 + 0.2340i 151.43 + 136.79i
34 35 34 0.1780 + 0.2340i 205.38 + 83.302i
35 36 35 0.1540 + 0.1620i 131.6 + 93.082i
31 37 36 0.1870 + 0.2610i 448.4 + 369.79i
37 38 37 0.1330 + 0.0990i 440.52 + 321.64i
30 40 38 0.3300 + 0.1940i 112.54 + 55.134i
40 41 39 0.3100 + 0.1940i 53.963 + 38.998i
41 42 40 0.1300 + 0.1940i 393.05 + 342.6i
42 43 41 0.2800 + 0.1500i 326.74 + 278.56i
43 44 42 1.1800 + 0.8500i 536.26 + 240.24i
44 45 43 0.4200 + 0.2436i 76.247 + 66.562i
45 46 44 0.2700 + 0.0972i 53.52 + 39.76i
46 47 45 0.3390 + 0.1221i 40.328 + 31.964i
47 48 46 0.2700 + 0.1779i 39.653 + 20.758i
36 39 47 0.2100 + 0.1383i 66.195 + 42.361i
39 49 48 0.1200 + 0.0789i 73.904 + 51.653i
49 50 49 0.1500 + 0.0987i 114.77 + 57.965i
50 51 50 0.1500 + 0.0987i 918.37 + 1205.1i
51 52 o1 0.2400 + 0.1581i 210.3 + 146.66i
52 53 52 0.1200 + 0.0789i 66.68 + 56.608i
53 54 53 0.4050 + 0.1458i 42.207 + 40.184i
54 55 54 0.4050 + 0.1458i 433.74 + 283.41i
30 56 55 0.3910 + 0.1410i 62.1 + 26.86i
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56 57 56 0.4060 + 0.1461i 92.46 + 88.38i
S7 58 57 0.4060 + 0.1461i 85.188 + 55.436i
58 59 58 0.7060 + 0.5461i 345.3 + 332.4i
59 60 59 0.3380 + 0.1218i 22.5 +16.83i
60 61 60 0.3380 + 0.1218i 80.551 + 49.156i
61 62 61 0.2070 + 0.0747i 95.86 + 90.758i
62 63 62 0.2470 + 0.8922i 62.92 + 47.7i
2 64 63 0.0280 + 0.0418i 478.8 + 463.74i
64 65 64 0.1170 + 0.2016i 120.94 + 52.006i
65 66 65 0.2550 + 0.0918i 139.11 + 100.34i
66 67 66 0.2100 + 0.0759i 391.78 + 193.5i
67 68 67 0.3830 + 0.1380i 27.741 + 26.713i
68 69 68 0.5040 + 0.3303i 52.814 + 25.257i
69 70 69 0.4060 + 0.1461i 66.89 + 38.713i
70 71 70 0.9620 + 0.7610i 467.5 + 395.14i
71 72 71 0.1650 + 0.0600i 594.85 + 239.74i
72 73 72 0.3030 + 0.1092i 132.5 + 84.363i
73 74 73 0.3030 + 0.1092i 52.699 + 22.482i
74 75 74 0.2060 + 0.1440i 869.79 + 614.775i
75 76 75 0.2330 + 0.0840i 31.349 + 29.817i
76 77 76 0.5910 + 0.1773i 192.390 + 122.43i
77 78 77 0.1260 + 0.0453i 65.75 + 45.37i
65 79 78 0.5590 + 0.3687i 238.15 + 223.22i
79 80 79 0.1860 + 0.1227i 294.55 + 162.47i
80 81 80 0.1860 + 0.1227i 485.57 + 437.92i
81 82 81 0.2600 + 0.1390i 243.53 + 183.03i
82 83 82 0.1540 + 0.1480i 243.53 + 183.03i
83 84 83 0.2300 + 0.1280i 134.25 + 119.29i
84 85 84 0.2520 + 0.1060i 22.71 + 27.96i
85 86 85 0.1800 + 0.1480i 49.513 + 26.515i
80 87 86 0.1600 + 0.1820i 383.78 + 257.16i
87 88 87 0.2000 + 0.2300i 49.64 + 20.6i
88 89 88 0.1600 + 0.3930i 22.473 + 11.806i
66 90 89 0.6690 + 0.2412i 62.93 + 42.96i
90 91 90 0.2660 + 0.1227i 30.67 + 34.93i
91 92 91 0.2660 + 0.1227i 62.53 + 66.79i
92 93 92 0.2660 + 0.1227i 114.57 + 81.748i
93 94 93 0.2660 + 0.1227i 81.292 + 66.526i
94 95 94 0.2330 + 0.1150i 31.733 + 15.96i
95 96 95 0.4960 + 0.1380i 33.32 + 60.48i
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92 97 96 0.1960 + 0.1800i 531.28 + 224.85i
97 98 97 0.1960 + 0.1800i 507.03 + 367.42i
98 99 98 0.1866 + 0.1220i 26.39 + 11.7i
99 100 99 0.0746 + 0.3180i 45.99 + 30.392i

2 101 100 0.0625 + 0.0265i 100.66 + 47.572i
101 102 101 0.1501 + 0.2340i 456.48 + 350.3i
102 103 102 0.1347 + 0.0888i 522.56 + 449.29i
103 104 103 0.2307 + 0.1203i 408.43 + 168.46i
104 105 104 0.4470 + 0.1608i 141.48 + 134.25i
105 106 105 0.1632 + 0.0588i 104.43 + 66.024i
106 107 106 0.3300 + 0.0990i 96.793 + 83.647i
107 108 107 0.1560 + 0.0561i 493.92 + 419.34i
108 109 108 0.3819 + 0.1374i 225.38 + 135.88i
109 110 109 0.1626 + 0.0585i 509.21 + 387.21i
110 111 110 0.3819 + 0.1374i 188.5 + 173.46i
111 112 111 0.2445 + 0.0879i 918.03 + 898.55i
111 113 112 0.2088 + 0.0753i 305.08 + 215.37i
113 114 113 0.2301 + 0.0828i 54.38 + 40.97i
101 115 114 0.6102 + 0.2196i 211.14 + 192.9i
115 116 115 0.1866 + 0.1270i 67.009 + 53.336i
116 117 116 0.3732 + 0.2460i 162.07 + 90.321i
117 118 117 0.4050 + 0.3670i 48.785 + 29.156i
118 119 118 0.4890 + 0.4380i 33.9 + 18.98i
48 28 119 0.5258 + 0.2925i Tie switch
18 28 120 0.5258 + 0.2916i Tie switch

9 25 121 0.4272 + 0.1539i Tie switch
55 45 122 0.4800 + 0.1728i Tie switch
63 50 123 0.3600 + 0.1296i Tie switch
38 63 124 0.5700 + 0.5720i Tie switch
10 42 125 0.5300 + 0.3348i Tie switch
59 97 126 0.3957 + 0.1425i Tie switch
74 92 127 0.6800 + 0.6480i Tie switch
89 76 128 0.4062 + 0.1464i Tie switch
100 78 129 0.4626 + 0.1674i Tie switch
109 84 130 0.6510 + 0.2340i Tie switch
106 87 131 0.8125 + 0.2925i Tie switch
111 119 132 0.7089 + 0.2553i Tie switch
26 36 133 0.5000 + 0.5000i Tie switch

System reference voltage of the IEEE 118-bus is 11kV
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A.4 12-bus system

Table A-4 12-bus system parameters

start end branch Impedance(p.u.) power(p.u.)
5 2 7 0.0048+0.0186i 0
2 11 6 0.0245+0.0213i 0
2 1 3 0.0056+0.0186i 0.0348+0.0116i
2 7 5 0.0390+0.0219i 0.0348+0.0116i
11 10 9 0.0245+0.0213i 0.024+0.008i
1 4 11 0.0126+0.0124i 0.042+0.014i
1 3 1 0.0056+0.0186i 0
1 12 8 0.0245+0.0213i 0
3 6 2 0.0245+0.0213i 0.03+0.01i
3 9 10 0.0390+0.0219i 0.045+0.015i
12 8 4 0.0245+0.0213i 0.042+0.014i

System reference voltage of the 12-bus is 12.66kV
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Appendix B Output Power Data of Wind and Solar

Generators

Table B-1 Hourly Breakdown of Renewable Resources (MW)

Hour Wind Solar (Summer) Solar (Winter)
1 4284 0 0
2 4185 0 0
3 4036 0 0
4 3780 0 0
5 3660 0 0
6 3632 0 0
7 3630 350 0
8 3361 1478 367
9 2820 2591 1402
10 2684 3312 2213
11 2766 3785 2597
12 2490 3916 2761
13 2328 3981 2748
14 2930 3981 2592
15 3447 3933 2086
16 3746 3699 1044
17 3796 3200 0
18 3736 2463 0
19 3666 1311 0
20 3636 283 0
21 3586 0 0
22 3646 0 0
23 3777 0 0
24 3801 0 0
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