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Abstract

The distribution system plays a key role in power system as it provides energy to the
consumers safely, reliably, and economically. However, due to high R/X ratio, and low
operating voltages, most of the losses occur in the distribution system. Moreover,
distribution systems are generally unbalanced due to unequal single phase loads at the
three phases of the system, and also additional unbalancing is introduced due to non
equilateral conductor spacing. This, causes the voltage, the current, and the power
unbalance in the system. Further, the total neutral current of the system increases causing
unwanted tripping of the relay. Hence, the service quality and the reliability of the
distribution system reduces. Therefore, a suitable phase balancing strategy is required to
mitigate the phase unbalancing in the unbalanced distribution systems. Also, apart from
reducing the phase unbalancing in the unbalanced distribution systems, a suitable strategy
IS required to minimize the system power loss. In this regard, it is necessary for the
distribution engineers to plan the unbalanced distribution systems in order to reduce the
losses, voltage unbalances, and neutral current of the system for safe and reliable
operation. Most of the approaches for the planning of the unbalanced distribution systems
are based upon metaheuristic algorithms. Moreover, the recent research has focused only
on either phase balancing or simultaneous phase balancing and conductor sizing
optimization in unbalanced distribution systems using metaheuristic algorithms. However
no work has been carried out to study the impact of the simultaneous optimization of the
phase balancing, the conductor sizing, the capacitor location and sizing, the DG location
and sizing, DSTATCOM location, and rating on system power loss, voltage unbalance,
etc. utilizing these algorithms. As the metaheuristic algorithms are random in nature, the
convergence is not guaranteed in a single simulation run. Hence, it is necessary to perform
a statistical comparison among them in order to understand their relative merits and
demerits for multiple simulation runs.

In this thesis, the impact of the simultaneous optimization of the phase balancing and
the conductor sizing on the planning problems/objective functions of the unbalanced
distribution system such as; the power loss, the voltage unbalance, the total neutral

current, and the complex power unbalance studied using various metaheuristic algorithms



such as the DE, the CSA, the PSO, and the GA. In the first step, these objective functions
are optimized separately; then they are aggregated with weights into a multi-objective
optimization problem. Further, a performance comparison in terms of the mean value of
the objective functions and standard deviation (SD) carried out.

The reactive power compensating devices, such as the Capacitor, and the DSTATCOM
has been integrated into the planning problem for the power loss minimization, the voltage
profile improvement, and the voltage unbalance mitigation of the unbalanced distribution
systems. Moreover, a three phase unbalanced modelling of the DSTATCOM has been
developed. In this thesis, the effect of the simultaneous optimization of the phase
balancing, the conductor sizing, the capacitor sizing, and the simultaneous optimization of
the phase balancing, the conductor sizing, and the DSTATCOM sizing on the planning
problem investigated. Both, single and multi-objective optimization approach are used in
order to solve this problem. Also, statistical performance among the metaheuristic
algorithms such as; the DE, the CSA, the PSO, and the GA in terms of the mean value of
the objective function and SD carried out.

Further, the renewable sources such as the DG and a combined DG and DSTATCOM
has been incorporated into the unbalanced system in order to study their impact on various

planning problems.

Keywords: Unbalanced Distribution System; Phase Balancing; Conductor Sizing;
Capacitor; Distribution Static Compensator; Distributed Generation; Evolutionary
Computing Algorithms.
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Chapter 1

Introduction and Literature Survey

1.1 Introduction

The main attributes of power systems are generating system, transmission system, and
distribution system. Among these systems, the distribution system plays a pivotal role in
power system as it provides energy to the consumers safely, reliably, and economically.
However, due to high R/X ratio, and low operating voltages, most of the losses occur in
the distribution system. Moreover, distribution systems are generally unbalanced due to
unequal single phase loads at the three phases of the system, and also additional
unbalancing is introduced due to nonequilateral conductor spacing. This, initiates voltage
and current unbalance in the system and increases the total neutral current of the system
causing unnecessary tripping of the relay. So, service quality and reliability of the
distribution system reduces. Therefore, a suitable phase balancing strategy is required to
mitigate the phase unbalancing in the unbalanced distribution systems. Also, apart from
reducing the phase unbalancing in the unbalanced distribution systems, a suitable strategy
is required to minimize the system power loss. In this regard, it is imperative for the
distribution engineers to plan the unbalanced distribution systems in order to reduce the
losses, voltage unbalances, and neutral current of the system for safe and reliable

operation.

This chapter is organized as follows: An Overview of Unbalanced Distribution
Networks Planning is presented in section 1.2. In Section 1.3, the approaches for the
Unbalanced Distribution Networks Planning is discussed. In Section 1.4, the literature

Survey is explained, Whereas Section 1.5 bring out the motivation points of the present
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work. The dissertation objectives are presented in section 1.6. Finally, dissertation outline

is presented in Section 1.8.

1.2  An Overview of Unbalanced Distribution Networks

Planning

The distribution system is defined as the part of the power system, which distributes
power to consumers [1]. In the present scenario alternating current (a.c.) distribution
systems are widely used for power distribution due to it’s simplicity and cost effectiveness
in comparison to direct current (d.c.) distribution system. Further, the a.c. distribution are
classified in view of load sharing as 1) Balanced distribution system, 2) Unbalanced
distribution system. A schematic layout of a sample two bus unbalanced distribution

system is shown in Fig. 1.1.

aa a

: 5 " 37
ca 212
217 bb b

b’ 77
L e |
> 255 > C
Bus 1 112 H BUS 2
P3 + jQ3 . P+ ics
P>+ Q7

Fig. 1.1. A schematic layout of a sample two bus unbalanced distribution system

Where, 222, 2%, and z5 denotes self-impedance [2] of phase a, phase b, and phase ¢
respectively; z¥, 25 ,and z% denotes mutual impedance [carson] between phases; 17,
, 15, and 15, represents current vector flowing in phase a, phase b, and phase c in between

bus 1 and 2 respectively; P, and Qjdenotes active load demand and reactive load
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demand for phase a, at bus 2. For the two bus distribution network, the unbalanced

condition can be derived from Fig. 1.1 as follows:

P2 = PP =P} (1.21)
Q=R =S (12)
However, for the conventional balanced distribution system; the necessary conditions are
as follows:
P =P =Ff (1.3)
Q= =05 (1.4)
iy =25 =25 =0 (1.5)
25 =75 =2, (1.6)

So, the balanced distribution system doesn’t encounter the voltage, and current unbalance
problem due to equal load sharing, and zero mutual impedance values.
Now, the load current vector (in phasor form; where xca,b,c) at phase a, b, and ¢ can

be computed for Fig. 1.1 as follows:

o Poio (1.7)
2

o b :~b

i =P 1% (1.8)
72

-2 (L9)

%)

Next, applying Kirchhoff’s current law at bus 2 for Fig. 1.1, the branch currents are

obtained as:
12 =105 (1.10)
1 = ILs (1.11)
12 = 1L5 (1.12)
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Replacing the conditions of Egs. (1.1)-(1-2) in Egs. (1-7)-(1.9), it is clear that the load
current vector is different for each of the phases. Thus, the neutral current vector (not

shown in Fig. 1.1) is computed as:

N2 =15 + 15 + 152 (1.13)

From Eq. (1.13) it can be concluded the neutral current is high due to unequal branch

currents. Further, the bus 2 voltage is calculated using Kirchhoff’s voltage law as follows:

—a —a —a

Vo V1 l12

—b —b —b

Va2 |=|V1 —[Zp]12 l12 (1.14)
—C —C —C

Vo V1 l12

Where, [Zp], is the phase impedance matrix for branch connected between bus 1 and 2

for Fig. 1.1. and is given as:

aa ac

L I L

_| 5ba bb bc
[2p],=|z2 z; )
ca ch cc

oAz (1.15)
It is noted from Eq. (1.11) as:

22 = 2 (1.16)

2% = 22 (1.17)

23 = 25 (1.18)

The detail formulation of the phase impedance matrix can be obtained from [2].
From Eq. (1.14), it is evident that the voltage also becomes unbalance due to unequal
branch currents in phases. Moreover, the power loss and complex power unbalance
increases due to unbalances in the voltage and the current; as power depends upon voltage
and current. Thus, these issues in unbalanced distribution systems have enforced the

planner to develop an appropriate planning strategy.
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The distribution system planning is defined as the process that ensures safe and
reliable operation of distribution systems; while satisfying various constraints [3]. The
planning proposes a new distribution network/system with a different set of conductors
and phase loading.

As discussed, the key technical issues for the unbalanced distribution systems
planning are the high power loss, the voltage unbalance, the neutral current, and the power
unbalance. Thus, there is need and scope to plan unbalanced distribution systems or
propose a new/alternative distribution systems with low power loss, voltage, current, and

power unbalance for safe and reliable operation.
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1.3 Unbalanced Distribution Networks planning problem

The unbalanced distribution networks planning problem can be formulated as shown
in Fig. 1.2.

Planning Problem

Single objective Multi-objective
v A 4
Only power loss Only voltage Simultaneous power loss and voltage
minimization unbalance unbalance minimization
minimization

Fig. 1.2. Classification of planning problem

The unbalanced distribution networks planning problem can be categorized into two

types; 1) Single objective, 2) Multi-objective.

In single objective problem, the goal is to either minimize or maximize a single (only
one) objective function. Whereas, in multi-objective problem multiple objectives (more
than one) objective functions are simultaneously minimized or maximized. The objectives
are aggregated with some weighting coefficients into a single objective value. However,

the weight assignment can be done depending upon the preference set by the operator.
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1.3 Approaches for the Unbalanced Distribution Networks
Planning

The planning approaches/solution strategies [4] of distribution system can be broadly
classified as shown in Fig. 1.3.

Solution strategy

A 4

Deterministic algorithms Metaheuristic algorithms
v v \4 A4 l v v
Branch- Benders Transpor- GA || PSO || DE || CSA
and- decompo- tation
bound sition model

Fig. 1.3. Classification of solution strategies

The solution methodologies can be categorized into two types; 1) deterministic
algorithms based, 2) metaheuristic algorithm based.

The salient features of the deterministic algorithms are:
e Suffer from the curse of dimensionality
e Difficulty in handling nonlinearity and nonconvexity

e Mostly, derivative based

The salient features of metaheuristic algorithms are:
e Multi-point search ability
e Efficient in handling nonlinearity and nonconvexity

e Derivative-free based
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In recent times, the metaheuristic algorithms such as the DE, the CSA, the PSO, the
GA, etc. are gaining popularity for solving complex real world problem in engineering,

industry, power sector, etc. due to simplicity and easy calculation procedures.

1.5 Review of Literature

In this section, a literature survey corresponding to unbalanced distribution systems
planning is presented. In the field of unbalanced distribution system planning, the three
phase unbalanced load flow algorithm acts as a subroutine for the computation of the
power loss, and the voltage magnitude of buses and its importance is discussed in [5-12].
The unbalanced load flow algorithm can be classified into two approaches; the Newton-
Raphson based [5, 6] and the forward-backward based (FBS) approaches [6-12]. The NR-
based approaches require the formation of the Jacobian matrix and the power flow
mismatch calculation for obtaining load flow solutions. The FBS approach consists of two
steps. In the first step, the current in each line/branch is calculated by Kirchhoff’s current
law (KCL). Then, the voltage at each bus is computed using the Kirchhoff’s voltage law
(KVL). Over the years the FBS based algorithm has gained popularity, due to its simple,
easy, and efficient calculation procedure.

The phase balancing plays an important role in unbalanced distribution system
planning, as it reduces the phase unbalancing among the three phases of the system. The
numerous phase balancing strategy have been discussed in [13-25]. The solution strategies
used in the literature are mostly based on metaheuristic algorithms. This includes single-
point search based metaheuristic algorithms, such as the tabu search [13] and the
simulated annealing [14] and population-based, i.e.,, multi-point search based
metaheuristic algorithms, such as the genetic algorithm (GA) [15-17], artificial immune
algorithm [18], differential evolution [19], and modified particle swarm optimization [20].
The authors in [21] have used the expert system for phase balancing. In [22], a mixed
integer programming has been utilized in order to obtain optimal loading among the
phases. The authors in [23] have developed a phase balancer for minimization of phase
unbalancing. A current based index [24] has been used for the phase balancing. The

8
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authors in [25] have utilized a mixed integer linear programming in order to obtain
optimal phase balancing. Most of the researchers have used metaheuristic based
algorithms as they provide a feasible solution in less time compared to the conventional

algorithm such as mixed integer programming.

The selection of the proper conductor sizes is regarded as one of the key aspects in
distribution system planning, as it improves the power loss and voltage profile of the
system. Several works have been reported in the area of conductor size optimization [26-
39]. The authors in [26] have proposed a two-step approach for minimizing the total cost,
In [27], a heuristic approach was developed in order to minimize the system power loss
and maximize the total saving, a mixed-integer linear programming method [28] was used
to minimize the network power loss and investment cost. The PSO was used in [29] for
the real power loss minimization, The authors in [30], have utilized evolutionary strategies
for minimization of sum of the capital and the energy loss cost, In [31], a harmony search
algorithm with differential operator was implemented for loss minimization and voltage
profile improvement, a load flow method was employed in [32, 33] for the minimization
of capital investment and real power loss cost. The authors in [34] have developed a fast
algorithm for the determination of optimal conductor sizes. In [35], an evolutionary
algorithm has been proposed in order to minimize the sum of capital investment and
capitalized energy loss cost. The authors in [36] have obtained the optimal distribution
planning through conductor grading. A simple method for conductor size selection has
been developed in [37]. Khalil and Gorpinich [38] have used selective PSO for the optimal
conductor sizing. The author in [39] has employed harmony search algorithm for the
determination of optimal conductor sizing so as to minimize the system power loss. From
the literature it can be observed that the metaheuristic algorithms work efficiently than

other conventional approaches.

The integration of the reactive power compensating devices such as capacitor can
reduce the power loss, improve the voltage profile, and the voltage unbalance of the
distribution systems. Several works on the capacitor allocation and sizing have been
discussed in [40-57]. The solution methodologies used for the capacitor allocation

problem can be categorized into two types such as the heuristic based [40, 41] and the
9
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artificial intelligence-based (Al) [42-57]. The Al-based techniques are genetic algorithm
[42], the bat algorithm and the cuckoo search [43], the particle swarm optimization (PSO)
[44], the multi-objective PSO [45], the non-dominated genetic algorithm version — 1l [46],
the honeybee mating optimization [47], the modified cultural algorithm [48], the penalty
free GA [49], the improved harmony search algorithm [50], the whale optimization
algorithm [51], cuckoo search algorithm [52], the biography based optimization algorithm
[53], the GA and sensitivity based analysis [54], the mine blast algorithm [55], limacon
inspired spider monkey algorithm [56], and PSO [57]. The authors in [57] have explained
the benefits of the Al-based techniques over heuristic-based techniques.

Another compensating device, such as the distribution static compensator
(DSTATCOM) has gained importance for the planning problem as they can reduce power
loss, voltage profile, and voltage unbalance of the unbalanced distribution systems.
Further, this device can inject continuous variable reactive power into the system. The
literature survey in this regard is discussed in [58-82]. In [58] the authors have
implemented a neural network based controller for reducing the rating of DSTATCOM.
The authors in [59] have proposed a controller for reducing the current harmonics. Fujita
and Akagi [60] have utilized the DSTATCOM as an active shunt filter for improving
voltage stability of the distribution systems. In [61] a multi-level DSTATCOM is
employed for reducing the voltage sag and swell. A control algorithm for the unbalanced
load compensation is derived in [62]. A controller based on DSTATCOM for mitigation of
voltage dips in low and medium voltage system is devised in [63]. The authors in [64]
have implemented the DSTATCOM for the phase current balancing and load
compensation. The power factor improvement in a power distribution system is explained
in [65]. In [66] a new control algorithm for the reactive power compensation in
unbalanced loading conditions is developed. The authors in [67] have proposed different
control algorithms for minimizing the total harmonic distortions and improving the load
balancing. A current control strategy is implemented in [68] for the current and the
harmonic compensation. The main drawback of these works [58-68] is that the modelling
of DSTATCOM has been carried out considering a source and a single sensitive load and
without considering multiple sensitive loads. The particle swarm based optimization was

employed in order to obtain the optimal location and the size of distributed generations
10
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and DSTATCOM for minimizing the system power loss [69]. Jazebi et. al. [70]
implemented differential evolution algorithm considering network reconfiguration so as to
minimize the power loss distribution networks. The authors in [71] utilized bacterial
foraging algorithm in order to reduce the power loss, the total operational cost, and the
voltage profile index of distribution systems. Salman et. al [72] have proposed a binary
gravitation search algorithm in order to minimize the voltage sag in a distribution system.
In [73], an analytic method was applied in minimizing the total system power loss and
minimum voltage magnitude. Farhoodnea et. al [74] have employed firefly algorithm for
optimizing the average voltage total harmonic distortion, average voltage deviation, and
total investment cost. Tolabi et. al [75] have proposed fuzzy ant colony optimization for
minimizing the system loss, increasing load balancing index, and the voltage profile of a
system by simultaneous reconfiguration, optimal allocation of DSTATCOM and a
photovoltaic array. The impact of the distributed generator on the allocation and size of
DSTATCOM was investigated in [76]. Here, the total cost of DSTATCOM was
considered the objective function to be minimized. Jain et. al. [77] have applied the
voltage stability index method in order to obtain the optimal location of the DSTATCOM.
The minimization of real power loss was chosen as the objective function. In [78], a fuzzy
shuffled frog-leaping algorithm was developed so as to reduce the total power loss, the
equal load balancing index, and voltage deviation by reconfiguring the network in the
presence of capacitors, and DSTATCOM. Taher and Afsari have implemented [79] an
optimization algorithm called the immune algorithm in order to minimize the power loss
and the size of the DSTATCOM. Xiaoguang et. al. [80] have used a genetic algorithm in
order to obtain the optimal network configuration for minimizing the total cost of the
system with the help of DSTATCOM and dynamic voltage restorer. In [81], a meta-
heuristic algorithm called the bat algorithm was applied to minimize the system power
loss. It is an established fact that [80], the metaheuristic algorithms give better results than

other conventional algorithms.

In recent times, the distributed generations (DG) sources such as the solar (PV) and
the wind turbines are gaining popularity due to clean and green energy. Further, it helps in
reducing the network power loss, and the voltage profile improvement of the system. The

contributions of the DGs have been presented in [82-101]. Classifying the solution
11
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strategies for the DG allocation and sizing problem as: genetic algorithm [82,83], the
location of the DG was determined by using multi-objective voltage index analysis and
size of DG was obtained using fast approach [84], Load Flow Analysis [85], Firefly
algorithm [86], global harmony search algorithm, improved particle swarm optimization
(improved PSO), and loss sensitivity factors simulated annealing [87], accelerated PSO,
principal component analysis method [88], PSO [89], real power flow sensitivity and real
power loss sensitivity [90], modified artificial bee colony algorithm [91], Hybrid big-bang
big crunch algorithm [92], supervised big-bang big crunch algorithm [93], GA based tabu
search [94], modified artificial bee-colony algorithm [95], analytical method [96], voltage
index analysis [97-98], an efficient analytical method [99], a combined genetic and

analytical approach [100], and gravitational search based optimization algorithm [101].

From the above literature, it has been observed that the evolutionary algorithms
such as the DE, the CSA, the PSO, the GA, etc. are found to be efficient in comparison to
analytical approaches for unbalanced distribution system planning. Further, the system
power loss, the voltage unbalance, and other parameters are reduced by separately
optimizing the individual phase loading, conductor sizing, the capacitor, the DSTATCOM,
and the DG location, and rating respectively. Moreover, a three phase unbalanced
modelling of DSTATCOM for unbalanced distribution networks is developed. Apart from
this, the research reveals that the metaheuristic algorithms tend to entrap in local optima.
Also, due to the probabilistic nature of metaheuristic algorithms, it is not possible to obtain
the optimal results in a single run. Thus, all these factors motivated to plan the unbalanced
distribution networks integrating the reactive power compensating devices such as the
capacitor, the DSTATCOM, and the renewable energy sources such as the solar, the wind
turbine. The verification of the performance of some popular optimization algorithms such
as DE, CSA, PSO, and GA, has been carried out both quantitatively and qualitatively for

multiple computer simulations runs.

12
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1.6 Motivation

The distribution systems are traditionally unbalanced due to unequal single phase
loads at the buses of the unbalanced distribution systems. Additional unbalancing is
introduced due to the asymmetrical orientation of conductors. Thus, the load current at
each phase such as phase a, b, and ¢ become unequal. This causes unequal voltages among
the phases of the system, causing disruptions in the consumer equipment. Hence, service
quality is reduced. Also, due to the high resistance of the conductors and the low
operational voltage maximum losses occur in the distribution system. It has been observed
from the literature that individual optimization of various decision variables like, phase
balancing, conductor sizing, reactive power compensation devices such as capacitors,
DSTATCOM and renewable devices such as solar and wind turbine can provide or plan a
network with reduced objective functions such as; the power loss, complex power
unbalance, voltage unbalance, and neutral current. However, no work has been carried out
in the literature to investigate the impact of;

1) Simultaneous optimization of phase balancing, conductor sizing, capacitor location, and
sizing,

2) Simultaneous optimization of phase balancing, conductor sizing, DG location, and
sizing,

3) Simultaneous optimization of phase balancing, conductor sizing, DSTATCOM
location, and rating,

4) Simultaneous optimization of phase balancing, conductor sizing, DG location and
sizing, DSTATCOM location, and rating for the planning of unbalanced distribution
systems. Therefore, there is a scope to plan the unbalanced distribution networks so as to
overcome the high unbalance, the power loss, and other system problems considering the
simultaneous optimization of these decision variables.

The traditional planning method for the unbalanced distribution system is
linear/nonlinear mixed integer programming algorithms. However, the main drawback of
this algorithm is the inefficient handling of nonlinearity in planning problem [4]. Thus, an
efficient algorithm/solution strategy is required for this planning problem. The recent trend

in distribution system planning indicates that the population-based metaheuristic
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algorithms are increasingly used, as they overcome most of the deficiencies of the
traditional algorithms. However, as metaheuristic algorithms are random in nature, so
convergence is not guaranteed in a single simulation run. Hence, it is necessary to perform
a statistical comparison among them in order to understand their relative merits and

demerits for multiple simulation runs.

From, the above discussions it is clear that for unbalanced distribution system
planning, there is a need and scope to perform a statistical performance comparison among
some of the metaheuristic algorithms in order to identify the best algorithm. Thus, the
statistical performance of the metaheuristic algorithms for the planning of unbalanced
distribution systems including the capacitor, the DSTATCOM, and the DG is the main

source of motivation for the planning of unbalanced distribution system.

1.7 Research Objectives and Scope

From the discussion above, the dissertation objectives are as follows:

» To develop and implement a forward-backward based three-phase unbalanced load
flow algorithm for unbalanced distribution systems.

» To implement metaheuristic algorithms for the planning of unbalanced distribution
systems without capacitors, DG, and DSTATCOM.

» To implement metaheuristic algorithms for the planning of unbalanced
distribution systems with capacitors.

» To model a three-phase unbalanced DSTATCOM and integrate it in unbalanced
distribution systems for the planning using metaheuristic algorithms.

» To implement metaheuristic algorithms for the planning of unbalanced
distribution systems with DG and DSTATCOM.

The scope of the present work is limited to the planning of the unbalanced distribution
system using metaheuristic algorithms with the aim of minimizing several objective

functions. The planning considers peak load and DG power generation condition.
14
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1.8 Dissertation Outline

The remaining chapters of this thesis are organized as follows:

The Chapter 2 presents the development of a three phase unbalanced load flow
algorithm for the unbalanced distribution systems, which is used as a subroutine for the
planning. In this chapter, six objective functions are formulated. In the first approach they
are optimized separately according to single objective optimization. Then, they are
aggregated with weights similar to a multi-objective approach. Four metaheuristic
algorithm such as the DE, the CSA, the PSO, and the GA are used as the solution strategy
for determination of the optimal loading and the conductor sizes of the four unbalanced
test systems. Further, the results obtained with these algorithms are compared among

themselves.

The chapter 3 presents the development and incorporation of the single phase capacitor
model for the unbalanced distribution systems for its planning. The six objective functions
as discussed in chapter 2 are considered. Firstly, these objective functions are optimized
separately as per the single objective optimization approach. Next, they are aggregated
with weights as per the multi-objective approach for simultaneous phase balancing,
conductor sizing, and capacitor allocation and rating. The same optimization algorithms as
mentioned in chapter 2 are implemented and compared with each other for the planning of

unbalanced distribution systems integrating the capacitor.

The chapter 4 presents planning approaches to determine the optimal phase balancing,
conductor sizes, and DSTATCOM location, and rating for the unbalanced distribution
systems by optimizing the six objective as discussed in Chapter 2. A three phase forward
backward sweep load flow algorithm including the DSTATCOM model is developed in
order to evaluate the objective functions. The optimization results of the different
evolutionary algorithms such as DE, CSA, PSO, and GA are compared with each other.

15
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The chapter 5 presents the development and incorporation of the three single phase DG
model for unbalanced distribution systems for its planning. Here, both the single and the
multi-objective optimization approach are carried out for simultaneous phase balancing,
conductor sizing, and DG allocation and rating. The metaheuristic optimization algorithms
as mentioned in chapter 2 are implemented and compared with each other including the
DG with the four test systems.

The chapter 6 presents the development and incorporation of the single phase DG and a
three phase DSTATCOM maodel for unbalanced distribution systems for its planning. The
optimal phase balancing, conductor sizing, DG allocation and rating, and DSTATCOM
allocation and rating are determined by minimizing several objective functions as
discussed in chapter 2. The optimization results of the DE, CSA, PSO, and GA algorithms
are compared with each other for both the DG and the DSTATCOM integration in the test

systems.

Finally, the chapter 7 presents the conclusions and future scope of this work. In this
chapter, the entire work has been summarized and concluded in a lucid manner. This
chapter explains the efficacy of the proposed methodologies for the unbalanced
distribution system planning. Further, the possible future directions of this planning work
have been pointed out.
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Chapter 2

Planning of Unbalanced Radial
Distribution Systems Using Evolutionary
Computing Algorithms in the Absence of
DG, Capacitor, and DSTATCOM

2.1 Introduction

In chapter 1, the planning of unbalanced radial distribution systems has been presented. It
discusses about the importance of the planning of unbalanced distribution systems
(URDS). It also focuses on different approaches for the planning of URDS. Further, a
detailed literature review is discussed.

As discussed in chapter 1, no work has been reported in the literature for the
simultaneous optimization of the phase balancing and the conductor size for URDS.
Although different types of metaheuristic algorithm are used as the solution strategy for
this planning problem, there is no qualitative and/or quantitative performance comparison
among them or some of them on the results of this planning problem. Thus, a qualitative
performance on the comparison of the results of these algorithms can be an interesting
study. This is discussed in this Chapter. Since the convergence is not guaranteed in
metaheuristic algorithms, multiple simulation runs are taken. The results of multiple

simulation runs indicate the ability of the metaheuristic algorithms in replicating the
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results. The mean and standard deviation of the results obtained with 50 independent
simulation runs are used in the quantitative comparison.

The objective functions formulated in the proposed approach are total power loss,
average voltage drop, total complex power unbalance, total neutral current, and voltage
unbalance factor [15]. The Differential evolution (DE) [102, 103], Particle swarm
optimization (PSO), Cuckoo search algorithm (CSA), and Genetic algorithm (GA) is used
as the solution strategy for minimizing these objective functions in order to obtain optimal
loading among the phases and conductor sizes. DE, PSO, CSA, and GA are population
based metaheuristic algorithm. For the evaluation of each objective, a forward-backward
sweep load flow algorithm is developed. The proposed approach is demonstrated on the
19-bus, the 25-bus, the Indian 19-bus, and the 34-bus unbalanced radial distribution
systems. A quantitative performance comparison of DE with three popular metaheuristic
algorithms, such as cuckoo search algorithm (CSA) [104], particle swarm optimization
(PSO) [105], and GA [16] is provided and discussed. The performance of DE is found to
be better among them.

This chapter is organized as follows: Problem Formulation is presented in section 2.2. In
Section 2.3, the proposed planning approach using DE, PSO, CSA, and GA is described.
The proposed three phase forward-backward sweep algorithm is provided in section 2.4.
The simulation results are presented in section 2.5 and discussed. Section 2.6 concludes
the paper.

2.2 Problem Formulation
The objective of this planning problem is the minimization of the various objective

functions subject to some technical constraints. These objective functions are described

below.

1) Total Complex Power Unbalance: The complex power unbalance can be evaluated as

follows.

(2.1)
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In which, the 9 stands for an ideal per phase loading, and

= (2.2)

The s/=0 means the complex power of j feeder segment is perfectly balanced.

a gb

$7, S and $; are individual phase loading. The dot above the labels s denotes the variables
having a complex value, the superscripts a, b and ¢ stand for the corresponding phases and
j denotes the specified number of the feeder segment. The total complex power unbalance

of a feeder is evaluated as:

NBR

TS, =8 (2.3)

In which, the NBR is the total number of feeder segments.

2) Total Power Loss: Power loss reduction can improve system voltage profile and
operational efficiency of a distribution system. A three phase line/branch section model is

shown in Fig. 2.1.

a
Ven SNy My > aa

a

B sn,m, A
be

sn, M, c
m,

'«

ca
sn,m,

“ MM 2 m,
b sn,m,)
b sn,m, bb y b
Ven i Vin
z

1<
VSCn ey, cc
o sn,m,

Sending end node (sn) for line a Reciving end node (rn) for line a

Fig. 2.1. A three-phase line section model

Where, 222 o ,and & denote self-impedances for phases a, b, and c, respectively

z
Ll ]
sn,m, sn,m,

in Kron’s reduction form; 22 22¢ and :2 denote mutual impedance between

sn,m, ' “sn,m, ! sn,, M,
phases in Kron’s reduction form.
From Fig. 1, the real power loss of the three phase line section is obtained by computing
the difference between the sending and the receiving end bus power as given below.

ELARAR) o4

pefa,b,c}

Where, V? and V? represent the sending end bus and receiving end bus voltage (in

P@:R%

phasor form) for line/branch section « and phase p, respectively; TS’;“ represents phasor
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sum of total branch/line current entering at the sending end bus and 1? represents the

branch current leaving at the receiving end bus for phase p for line/branch «. These two
current are related according to the Eq. (2.5).
(2.5)

Where, IL? represents load current for the sending end bus for phase p for line/branch
section a. The total real power loss for a system having NBR number of line/branch
sections can be obtained as:

NBR

PL=) > PL)

a=1 pefa,b,c} (26)

3) Average Voltage Drop: Better load balance can reduce the voltage drop formulated
according to Egs. (2.7)-(2.8).

l NB
AV, =— > VD 2.7
d NBE k (2.7)
_\/ b
VD, == > Viaed ~ViC | 10006 (2.8)
3 pea’byc rated

In theses equations v

rated

represents the rated phase voltage, v denotes the magnitude of the
phase voltage of phase p at load point k. vD, denotes the average of three phase voltage

drops at load point k and NB is total number of buses.

4) Total Voltage Unbalance Factors: The total zero-sequence voltage unbalance factor
(ZSUF), and total negative-sequence voltage unbalance factor (NSUF) are defined as

below.

LS (d ) {Wh v 2.9
= |— ere =—— .
ZSUF NB kzz;(do,k) { ’ dO,k Vk(l) } ( )

N Z {Wh V"(Z) 2.10
- = ere,d,, =k _ .
NSUF = [~ k§=l(d2,k) { dy Vk(l)} (2.10)
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Wherev,? | v®and v,? denote the zero, positive and negative-sequence voltages at load
point k, respectively and d,,and d,, denote the zero and negative-sequence voltage

unbalance factors at load point k, respectively.

5) Total Neutral Current: The neutral current is the summation of three phase currents of

all branches.

NBR
Iy :z z 1P (2.11)
j=1 pea,b,c
Where, the 17 represents the current in phase p of the branch of a given system, In is the

total neutral current.

Two approaches are used to optimize these objectives. In the first approach, these
objectives are separately optimized as follows:

Maximize FTS =1/ fs (2.12)
Where FTS is the single objective fitness function, and fs is the objective function from
Eq. (2.3), Egs. (2.6-2.7), Egs. (2.9-2.11). Out of these objective functions, each objective
function is optimized only one at a time.

In the second approach, they are aggregated with weights as a multi-objective optimization

problem as given below.

TS, — TS PL—PL™"
" rgmax pgmin 2 pymac _ppmin
AV, — AV min ZSUF —ZSUF™"
+ W,

f=|w, — + W, — 4 (2.13)
AV™ — AV ZSUF™* —zSUF ™"
NSUF — NSUF ™" Iy — 10
Ws max min * W6 “hax —ymin
NSUF ™ — NSUF R
Where, W1+W2+ W3+W4+Ws+We=1.0 (2.14)

In multi-objective optimization approach, the fitness function (FT) for DE is assigned as
follows:
Maximize FT =1/ f (2.15)
These objective functions are minimized under the following constraints:
i. Voltage Constraint

Voltage at each bus must remain within the permissible range.
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Vi e <y max (2.16)
ii. Thermal Constraint

The current flowing through each branch must be within the maximum current carrying
capacity of the conductor.

I]'_;\bc < I;nax (217)

2.3Proposed Approach

DE is used as the solution methodology for planning problem of unbalanced radial

distribution systems. A brief overview on DE is provided in the following subsection.

2.3.1 Differential Evolution (DE) Algorithm: An Overview

DE is a population-based multi-point search algorithm [102]. There are several variants
of DE algorithm, and a state-of-art review can be obtained in [103]. The different variants
of DE are classified using the notation: DE/a/f/5; where o indicates the method for
selecting the parent chromosome, £ indicates the number of difference vectors used to
perturb the base chromosome, and  indicates the crossover mechanism used to create the
offspring population. In this work, DE/rand/1/bin variant is used. The acronym bin
indicates crossover operation is controlled by a series of binomial experiments. The search
starts with a randomly chosen initial population of n-dimensional chromosomes which are
iteratively evolved using three operations, i.e., mutation, crossover, and selection. The i
population member in iteration t is given by:

% (t) = (Xig (1), X2 (), -, X (1)) (2.18)

In each iteration, also called generation, a mutation vector is created, which is a vector
difference of two randomly selected chromosomes. Then, crossover and selection
operations are performed to generate trial vectors. The better chromosomes are selected by

using selection operation. These processes are briefly discussed below.

2.3.1.1 Mutation

For each target individualx(t), a mutant vectorh)is generated according to
h(t+2) =X (£) + F(X o () = X3(t) rl=r2#r3=i (2.19)
Where, indices rl, r2, r3 <[1, npop] are generated randomly, F <[0,2]is a scale factor

which controls the mutation size.
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2.3.1.2 Crossover

The trial vector is generated as follows:

Vi (1) = (Via (1), Vi (1), -, Vin (D) (2.20)
B hj (t+1) rand;[0,]] <CRor j = jrang
vy (t+1) = x; (t) rand;[0,1]> CR oF  # jrang (2.21)

Where, CR is a crossover constant in the range [0, 1] specified by user, and jrand IS @
randomly chosen integer in the range [1, #pop] t0 ensure that the trial vector v; gets at least
one element from the mutation vector, rand;j [0, 1] is a uniformly distributed random

number for each j" component of the i" parameter vector.

2.3.1.3 Selection

The selection operation generates better offspring (vectors) from the target (parent)
individual and the trial (child) vector:

3 vi(t+1) FT(vi(t+1)>FT(x(1)
K+ {xi(t) FT (v (t+1)) < FT (4 () (2.22)

Where, FT (.) is the fitness function to be maximized.

2.3.1.4 Encoding Strategy

A chromosome for DE representing a candidate solution in this planning problem
consists of two segments as shown in Fig. 2.2 They are:
(i) The first segment represents complex power demand for each phase for each bus except

the substation bus. s, ,s; S, represent complex power demand for bus i for phases a, b,

and c, respectively and NB is the number of buses.
(ii) The second segment represents types of conductor used in each branch, where NBR is

the total number of branches.

S2 Sy Sy, SNB

. \ . . | Sns, SnB, | ¢t | ... | Cuer

> ¢—>
Complex power demands conductor type
Fig. 2.2: Encoding strategy for a chromosome in DE

d
<
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2.3.1.5 Flow Chart of the Proposed Approach using DE
The flowchart for the planning approach using DE is shown in Fig. 2.3. The proposed
three phase forward-backward sweep load flow algorithm, one of the important

subroutines used in the planning, is described in the following section.

Generate initial population of #,0p individuals as shown in Fig. 2.2, Set 1T=1,
set the DE parameters and maximum iteration (I1Tmax)

*‘

Run 3-phase unbalanced load flow program and evaluate the objective
function correspondina to the IT" population

| Apply mutation and crossover operators to generate trial vectors |

Run 3-phase unbalanced load flow and evaluate the objective function for trial
vectors

Perform selection to produce better offspring | IT=1T+1

No

IS 1T > ITmax

Print the best member with maximum fitness value

Fig. 2.3: Flow chart of the planning approach using DE

2.3.2 Overview of cuckoo search algorithm

Cuckoo search algorithm (CSA) was developed by Xin-She Yang and Suash Deb by
observing the intelligent egg laying strategy of cuckoos. They lay their eggs in a randomly
chosen host nest for their survival. If the host nest identifies cuckoo eggs, it will either
throw away their eggs or build a new nest somewhere else. The nest in the CSA algorithm
is same as the population, which is used in particle swarm optimization. Each egg in the
nest represents the possible solution or decision variable for the optimization problem. The
CSA follows three rules [104] as:
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e Each cuckoo lays one egg at a time, and abandons in a random nest;

e The better quality eggs (good solutions) moves to next generations;

e A host bird can discover an alien egg with a probability, pa = [0, 1] and builds a

new nest at a new location or completely abandons its own nest or throw away

the eggs.
CSA generates random host nest using levy flight for new solution x** as:

X =x +axLevy(l)

Where >0, denotes the step size
1

TxA

2
144 A-1
Ay ax2
2

)
T+ A)xsin( )

Levy(A) =

(

2.3.2.1 Flow chart of the planning approach using the cuckoo search algorithm

The flowchart of the planning approach using CSA is shown in Fig. 2.4.

Generate initial population of 7,0 host nests according to Fig 2.2, Set IT=1,
set the CSA parameters [104] and maximum iteration (I1Tmax)

P
<

Randomly generate cuckoos using levy flights Eq. (2.23)|
v
Perform 3-phase unbalanced load flow and evaluate the
objective function for cuckoos
v

|Rep|ace better cuckoos to a randomly chosen nest|

Build new nests at new locations using levy flights Eq.
(2.23), while abandoning a fraction of worst nests

-
Perform 3-phase unbalanced load flow and evaluate the |LIT=1T +1
objective function for new nests

v

Select the best nest from new nest and initial random nest

No

IS 1T > 1Tmax

The nest with maximum fitness value represents the optimal solution

Fig. 2.4. Flow chart of the planning approach using CSA
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2.3.3 Overview of particle swarm optimization algorithm

Eberhart and Kennedy developed particle swarm optimization (PSO) by observing the

movement of birds and fishes [105]. It is basically a population based metaheuristic

algorithm. In this algorithm, each particle is initialized with a random velocity. The

particle changes its position and velocity by own observation and other particles

movement. The initial position and velocity of the particle is computed as follows:

VR =WVR) +CR(P R+ CRGI-R) o1 5 NPij=12......NG)

I+l _ pr r+1
Ry =Ry VA (i=12,.....NP;j=12,.....NG)

Where,

VP! is the velocity of the j™ member of i particle at r'™ iteration;
Vi<V <V

P is the current position of the j™ member of i particle at r'" iteration;
w is the weighing function or inertia weight factor

c,and c, are the acceleration constants

R: and Rz is a random number between 0 and 1

NP is the number of particles in a group

NG is the number of members in a particle

The particles then change their movements using the following equations:

VR = wVRy + CIR (R — Ry) + CoRo (G ~ Fy)

The inertia weight w is calculated as:

max _,,.min
w=wmx_ W W qER
ITERMX

Where

ITER™ js the maximum number of iterations(generation) and

ITER is the current number of iterations.

(i=12,.....NP;j=1,2,.....
P =P, + VP (i=12,.....NP;j=1.2,....

(2.25)

(2.26)

NG) (2.27)

.NG) (2.28)

(2.29)

The maximum and minimum velocity limit in the j'" dimension is computed as:
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ijax _ ijin ) P_max _ P_min
Sl L A

@ and a (2.30)
Where « is the chosen number of intervals in j™ dimension [105].

max __
Vi =

2.3.3.1 Flow chart of the planning approach using the PSO algorithm
The flowchart of the planning approach using PSO algorithm is shown in Fig. 2.5.

v

Define the parameters of PSO constants C1, C2,
Particle (P), Dimension (D), 1Tmax, Wmax, and Wmin

v

Initialize particles of Fig. 2.2 with random position
(P) and velocity vector (V)

Calculate objective function for each initial population using the 3- phase
unbalanced load flow algorithm

F

Update the population local best

Update best of local bests as gbest

v
Update particles velocity and position

IT=IT+1

A

Calculate objective function for the updated population using the 3-phase
unbalanced load flow algorithm

v

Select the best population from updated population and initial population

No

IS 1T > ITmax

The population with maximum fitness value represents the optimal solution

Fig. 2.5. Flow chart of the planning approach using PSO algorithm
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2.3.4 Overview of genetic algorithm

Genetic algorithm (GA) [106] is a popular evolutionary computing algorithm that operates
on the Darwinian survival of the fittest principle. In this algorithm, the best solution or
chromosome is obtained iteratively using selection, crossover, and mutation operation for

either minimization or maximization of the fitness function.
2.3.4.1 The flowchart for the planning approach using GA

The flow chart of the planning approach using GA is provided in Fig. 2.6.

Generate initial population of 7,0, Chromosomes, Set
IT=1, set the GA parameters and maximum iteration
[P™
*‘

Randomly generate the initial population

v

Perform 3-phase unbalanced load flow and evaluate the
objective function for the initial population

Perform selection, mutation, and crossover operation to
generate offspring population

v
Perform 3-phase unbalanced load flow and evaluate the objective
function for the offspring population

Select best population from offspring and initial population

No

IS 1T > ITmax

The chromosome with maximum fitness value represents the
optimal solution

Fig. 2.6. Flow chart of the planning approach
usina GA
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2.4 Three Phase Forward-Backward Sweep Load Flow Algorithm

In this algorithm, three matrices A, B, and C are developed to obtain load flow
solutions. Here, the load flow solutions are obtained by utilizing these matrices. Matrix A
is formed to know the downstream buses connected to a particular bus. Matrix B is formed
to identify the end buses. Matrix C is formed to obtain the branch currents. In a multiphase
system to know the type of branch such as 3-phase (ABCN, BACN, or CABN), 2-phase
(ABN, BCN, or CAN) or 1-phase (AN, BN or CN) a phase identification data table is
formulated in this algorithm. It contains the branch number, the conductor code {CC (k)},
and phase type. The phase identification data table for an 8-bus system shown in Fig. 2.7

is given below:

Table 2.1: Phase identification data
Branch number | Conductor code {CC (k)} | Phase type

1 abcn

bcn
bn

cn

cn

an

~N| o O B W N P
o BB WD

cn

In the above table each branch is assigned a specific phase type with the help of {CC (k)}.
If {CC (k)} is 1, then branch 1 is treated as three-phase with phase sequence ABCN.
Similarly the phasing of other branches can be defined. The Table 1 is basically needed for
calculating branch and load currents in the three phase load flow algorithm.

For any radial distribution system, the relation between number of branches (NBR) and
number of buses (NB) is given by

NBR =NB-1 (2.31)
The relation between branch current and load current at a bus is explained using a segment

of radial distribution system shown in Fig. 2.7.
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Busi Bus i+1 Bus i+2

X Inet®

: |
4>—|7 Zn > Zyn >

Branch n Branch n+1

1L
i+1 “—i+2x

v
Pist* +j Qi Pis2* +j Qi

Fig.2.7: A section of radial distribution system

If bus i+2 is an end bus, then the relation between branch current and load current is given

by
1%, =1L, (2.32)

n+l =

For intermediate bus i+1, the relation between branch current and load current is given by
Iy =l + 1L (2.33)
Where In*, In+1", ILi+2%, ILi+2%, Pis1®, Qi+1*, Pi+2*,Qi+2", Zn, Zn+1 are current in branch n, load
current at bus i+1, real load at bus i+1, reactive load at bus i+1 for phase x (x may be a or b

or ¢) and impedance of branch n.

Bus7
(6) I v
Bus 2
Bus 1 (1) Bus 3 75 kVA 1-¢
s/S (a) ) (3) | Bus4
(b) ] ﬁ I *
© v 150 kVANSOKVA2-¢ 100 kVA 1-¢
3¢ Bus 8
) Bus 5

_¢ 50kVA 1 Bus6
5
50 kVA 1-¢ ©

Fig. 2.8: An 8-bus unbalanced radial distribution system 25 kVA 1-¢

For an 8-bus system, shown in Fig. 2.8, the algorithmic steps for power flow solutions
using these matrices are explained below:

Step 1: Read input data

Step 2: Set the voltage at all buses to be 1, -0.5-j0.866, 0.5+j0.866 in p.u. for phase-a,
phase-b and phase-c respectively.

Step 3: Form matrix A
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The pseudocode is given in Fig. 2.9

Begin
/I N = Number of buses
// SN =Sending end bus
/I RN =Receiving end bus
Initialize A=0
Fori=1,....,N
For j=1,...,N-1
If i =sNg(j);
A1, RN(j)) =1,
End If
End For
End For

End
Fig. 2.9: Pseudocodes for formation of matrix A

Step 4: Form matrix B from matrix A to know the end buses; for the given 8-bus system, it
is found as:
B=[13201000] (2.34)
B (4) =0 means bus 4 is an end bus. If B (i) =0, branch current is equal to the load current.
Fori=8,B(8)=0
17° =ILg" (2.35)
Step 5: Set iteration count IT=1;
Step 6: Calculate load current at all buses starting from bus k=2 to k=NB.
Step 7: Perform backward sweep to calculate branch current from bus k=NB to k=2; this is
done as follows:
e Check for end bus using B matrix, if end bus, use Eq. (2.32) to calculate branch
current.
e Else use Eq. (2.33) to calculate branch currents.
For example, for bus 3 in the given 8-bus system, the current in branch 2 is calculated
by an iterative process. The immediate downstream bus is to be searched iteratively,

and it is found to be bus 4. The currents in branch 2 for phases b and c are:
1D =15 +15 (2.36)

15 =I5 +ILg +1LE + LG (2.37)
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Next downstream bus connected to bus 3 is found to be bus 8, the current in branch 2

for phase b and ¢ becomes
12 =215 + 113 (2.38)
15 =210 + LG + IL§ + 1L (2.39)

So extra load current (1L3?, IL5°) is added for calculating current in branch 2

e Phase checking is to be done with the help of conductor code {CC (k)} while

executing step 1, 2 for calculation of respective phases. Depending upon the
conductor code, each branch (feeder segment) is assigned to a particular phase. CC (1)
=3 means branch 1 is assigned as three phase (ABCN) conductors and CC (6) =1
means branch 6 is assigned as single phase conductor.

The branch currents at the end of this step are

12 =315 +I1L5 (2.40)
12 =318 + 2115 + 15 (2.41)
If =315 + 2115 + ILG + 1LE + 1§ (2.42)
12 =218 + 18 (2.43)
15 = 2105 + ILG + ILE + IL§ (2.44)
12 =15 (2.45)
1§ =15+ ILg (2.46)
15 =1Lg (2.47)
1@ =128 (2.48)
1 =118 (2.49)

Step 8: Form matrix C from matrix AT

Matrix C is formed to remove the extra load current added in branch 1 due to downstream

bus loads in step 7. The pseudo code is given below:

32



Chapter 2 Planning of Unbalanced Radial Distribution Systems Using Evolutionary
Computing Algorithms in the Absence of DG, Capacitor, and DSTATCOM

Begin
Initialize C=@
Fori=1,...,N
Forj=1,...,N-1
If AT, j)=1
C(,)=C(j,2);
C(, j)=%
End If
End For
End For
End

Fig. 2.10: Pseudocodes for formation of matrix C
This computation of branch currents in all branches using matrix C is obtained using

pseudocodes shown in Fig. 2.10.

Begin

/I 1, =Branch current

/I L= Load current

For t=2: N
If Bt)>1
InGt=)=In(t-2—(B(t) —DIL(,t);
tz = (B(t) ~ 1) IL(: b);

For j =N-1:-1:2
If cj=1
InG.i-D=InCj-D-tz
End If
End For
End If
End For
End

Fig. 2.11: Pseudocodes for deletion of extra load current

Now extra load current added (21L2% 2IL2° 2IL:°, ILs%, 1L5°) is to be deleted using the
pseudocodes given in Fig. 2.11.

When t=2, B (2) =3,

Now

1n (D) =1,()—{BQ)-BIL(;2)

IhGD =1,GD)-21L(,2)

Where  1n (5,1) = 123, 1%, 116, IL (5,2)= 123, ILP, 1L

(2.50)
(2.51)
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12 =113 + 113 (2.52)
12 =18+ 218 + 113 (2.53)
If =I5 + 2105 + ILG + ILE + IL§ (2.54)
tz ={B(2) -T}IL(;2) (2.55)
tz =2IL(;2) (2.56)

Now inner loop (j) continues from N-1 to 2, that means 7, 6,..., 2 to check whether C (2, j)
=1

C(2,7), C(2,6), C(2,5), C(2,4), C(2,3), C(2,2) isnot equal to 1

So In (:, 1) = [12%, 11, 11° ] doesn’t change.

When t=3, B (3) =2, now

1,G2) =152 —{B(3)-TIL(:3) (2.57)
1h(2) = 1,(:,2) - 2IL(;3) (2.58)
Now branch 2 currents becomes

19 =18 + 18 (2.59)
15 = IL§ + ILG + ILE + IS (2.60)
tz = IL(;,3) (2.61)

Now inner loop (j) continues from N-1 to 2, that means 7, 6,..., 2 to check whether C (3, j)
=1
Inside inner loop C (3, 2) =1 for j=2

Equation 1,(,j-1)=1,(, j—1) -tz becomes

(D=1, -tz (2.62)
I,GD=1,GD—IL(.3) (2.63)
I,(:2) becomes

I3 =15 +15 (2.64)
1=+ 18+ 18 (2.65)
I£ =I5 + 1§ + 1L + 1€ + IL§ (2.66)

Where IL (;, 3) = ILs, IL5®
For end buses, the pseudocodes need not to be executed.
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Step 9: Perform forward sweep to update bus voltage and magnitudes for corresponding
phases using CC (k).
Step 10: If max (v,"** -v,™) <0.0001 then execute step 12; otherwise step 11 is executed.

Step 11: IT=IT+1, go to Step 6;
Step 12: Print the complex voltage at all buses.

2.5 Simulation results and discussions

The proposed algorithm is implemented using MATLAB 2012b [108]. In order to validate
the effectiveness of the proposed algorithm, four test systems consisting of 19-bus, 25-bus,
Indian 19-bus, and 34-bus unbalanced radial distribution systems are used. The base
values for the 19-bus and Indian 19-bus system are taken as 11 kV and 1 MVA. For the
25-bus system, they are considered to be 4.16 kV and 30 MVA. For, the 34- bus system
the base kV and MVA are taken as 24.9 kV, and 2.5 MVA. The base case load and line
data are given in the appendix. The power loss, complex power unbalance, neutral current,
ZSUF, and NSUF for the base case network of the 19- and 25-bus and Indian 19- and 34-
bus systems are given in Table 2.2. The DE parameters are optimized with repetitive runs,
and the optimal parameters are shown in Table 2.3. Table 2.4 shows that the proposed
three-phase load flow algorithm is found to converge in fewer iterations as compared to
[9]. Two different planning optimization cases are used. They are:

e Case A: planning for optimal phase balancing

e Case B: simultaneous planning for optimal phase balancing and conductor sizes

Firstly, different objective functions formulated are separately optimized as per single

objective optimization approach, and the simulation results for all the four test systems

are discussed in section 2.5.1. Then, they are aggregated according to Eq. (2.13) similar

to a multi-objective optimization approach and results are discussed in section 2.5.2.

Table 2.2: Base case values for the 19-, 25-, Indian 19-, and 34-bus systems

Objective [{19-bus system[25-bus system|indian 19-bus system{34-bus system
PL (kW) 13.283 149.81 50.1072 578.3774
TS, (MVA) 0.0218 0.0927 0.0727 0.0773
AVy (%) 3.3083 4.7866 3.9784 7.0538
ZSUF (%) 0.0715 0.1835 0.0743 0.3344
NSUF (%)| 0.0298 0.4059 0.0316 0.3898
In (p.u.) 2.3840 0.6370 7.9849 53.3436
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Table 2.3: Optimal parameters used in DE, PSO, CSA, and GA

CSA PSO GA
Parameters DE [104] [105] [106]
Hpop 150 150 150 150
I Tmax 150 150 150 150
C1=2.
CR=0 | ,(consta 0, CR
.8 nt)=1 C=2. | =0.8
L 0
Individual I MuEg
parameters Winaoe
0.9 on
F=15 ' | probabi
Wenin | ity
04 | =0.005

Table 2.4: Comparison of method proposed by J.H.Teng and proposed method

Number of iterations to get convergence

Methods 19-bus system 25-bus system
J.H.Teng [9] 3 4
Proposed Method 2 3

Table 2.5: Comparison of results of 50 runs as obtained with DE, GA, PSO, and CSA for Case A

planning for 19-bus systems

19-bus system
Objective DE CSA PSO GA
Mean SD Mean SD Mean SD Mean SD

PL (kW) 12.536 0 12.651 | 0.0002 | 12.7630 | 0.0003 | 12.7950 | 0.005
TSy (MVA) | 0.0003 | 0.0002 | 0.0124 | 0.0006 | 0.0136 | 0.0007 | 0.0164 | 0.0010
AV4 (%) 1.9385 | 0.0004 | 1.9556 | 0.0005 | 1.9603 | 0.005 | 1.9627 | 0.007
ZSUF (%) | 0.0020 | 0.0014 | 0.0114 | 0.014 | 0.0214 | 0.017 | 0.0323 | 0.020
NSUF (%) | 0.0014 | 0.0012 | 0.0057 | 0.0081 | 0.0078 | 0.0088 | 0.0145 | 0.007
In (p.u.) 2.2906 0 2.2907 0 2.2907 0 2.2907 0
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Table 2.6: Comparison of results of 50 runs as obtained with DE, GA, PSO, and CSA for Case A

planning for 25-bus systems

25-bus system
Objective DE CSA PSO GA
Mean SD Mean SD Mean SD Mean SD

PL (kW) | 135.92 0 136.215| 0.167 | 136.73 | 0.234 | 137.025 | 0.773
TSy (MVA)| 0.0857 0.007 0.0895 | 0.008 | 0.0902 | 0.012 | 0.0905 | 0.013
AVq (%) | 4.4538 0.003 45185 | 0.007 | 4.5206 | 0.009 | 4.5253 | 0.009
ZSUF (%) | 0.0714 0.010 0.0750 | 0.018 | 0.0816 | 0.026 | 0.0917 | 0.038
NSUF (%) | 0.1586 0.007 0.1683 | 0.010 | 0.1720 | 0.016 | 0.1805 | 0.023
In (p.u.) |0.6031 0 0.6032 0 0.6032 0 0.6060 | 0.001

Table 2.7: Comparison of the solutions obtained with planning Cases A and B using DE for 19-bus
and 25-bus systems

19-bus system 25-bus system

Obijective Case A Case B Case A Case B

Mean SD Mean SD Mean | SD Mean SD
PL (kW) | 12.536 0 17801 | 0.0214 | 13592 | 0 | 109.312 | 0.006
TSy (MVA) | 0.0003 | 0.0002 | 0.0003 | 0.0023 | 0.0857 | 0.007 | 0.0857 | 0.014
AVq (%) | 1.9385 | 0.0004 | 0.7418 | 0.0039 | 4.4538 | 0.003 | 3.7645 | 0.038
ZSUF (%) | 0.0020 | 0.0014 | 0.0027 | 0.0006 | 0.0714 | 0.010 | 0.0947 | 0.045
NSUF (%) | 0.0014 | 0.0012 | 0.0011 | 0.0005 | 0.1586 | 0.007 | 0.1148 | 0.070
In (pu.) | 2.2906 0 2.2906 0 0.6031| O 0.6031 0

Table 2.8: Comparison of results of planning Case B of 50 runs as obtained with DE, and CSA, for
19- and 25-bus systems

19-bus system 25-bus system

Obijective DE CSA DE CSA

Mean SD Mean SD Mean SD Mean SD
PL (kw) |1.7801 | 0.0214 | 1.8942 | 0.0214 | 109.312 | 0.006 | 110.452 | 0.007
TSy (MVA) | 0.0003 | 0.0023 | 0.0004 | 0.0028 | 0.0857 | 0.014 | 0.0858 | 0.019
AVq (%) |0.7418 | 0.0039 | 0.8562 | 0.0041 | 3.7645 | 0.038 | 3.8152 | 0.045
ZSUF (%) | 0.0027 | 0.0006 | 0.0031 | 0.0007 | 0.0947 | 0.045 | 0.0949 | 0.060
NSUF (%) | 0.0011 | 0.0005 | 0.0018 | 0.0007 | 0.1148 | 0.070 | 0.1161 | 0.081
In (p.u.) | 2.2906 0 2.2907 0 0.6031 0 0.6032 0
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Table 2.9: Comparison of results of 50 runs as obtained with DE, GA, PSO, and CSA for Case A

planning for the Indian 19-bus systems

Indian 19-bus system

Objective

DE

CSA

PSO

GA

Mean

SD

Mean

SD

Mean

SD

Mean

SD

45.6142

PL (kW)

0

45.8238

0.0003

45.9142

0.0004

45.9845

0.0006

TS, (MVA)

0.0091

0.0050

0.0095

0.0110

0.0113

0.0145

0.0215

0.158

AVy (%)

3.3967

0.0248

3.4156

0.0310

3.5217

0.0325

3.6421

0.0341

ZSUF (%)

0.0120

0.0039

0.0215

0.0045

0.0267

0.0051

0.0280

0.0065

NSUF (%)

0.0048

0.0016

0.0055

0.0018

0.0068

0.0021

0.0075

0.0025

In (p.u.)

7.6206

0

7.6206

0

7.6206

0

7.6206

Table 2.10: Comparison of results of 50 runs as obtained with DE, GA, PSO, and CSA for Case A

planning for 34-bus systems

34-bus system
Obijective DE CSA PSO GA
Mean SD Mean SD Mean SD Mean SD
PL (kw) [577.3367| 0.0001 |577.5142|0.0002 |577.6141| 0.0003 |577.7613| 0.0004
TSy (MVA)| 0.0183 | 0.0063 | 0.0195 | 0.0071 | 0.0213 | 0.0090 | 0.0243 | 0.0105
AVq (%) | 6.9142 | 0.0040 | 6.9243 | 0.0052 | 6.9351 | 0.0070 | 6.9415 | 0.0085
ZSUF (%) | 0.1082 | 0.0064 | 0.1257 |0.0085| 0.1321 |0.0095| 0.1357 |0.0112
NSUF (%) | 0.0366 | 0.0075 | 0.0412 | 0.0090 | 0.0451 | 0.0103 | 0.0498 | 0.0121
In (p.u.) |53.3187 | 0.0002 |53.3245|0.0003 | 53.3316 | 0.0004 | 53.3367 | 0.0005

Table 2.11: Comparison of the solutions obtained with planning Cases A and B using DE for the

Indian 19-bus and 34-bus systems

Indian19-bus system 34-bus system

Objective Case A Case B Case A Case B
Mean | SD Mean | SD Mean SD Mean SD
PL (kW) |45.6142| 0 [18.9127|0.0214|577.3367|0.0001|565.4610|0.0081
TSy (MVA)| 0.0091 |0.0050| 0.0092 [0.0064| 0.0183 |0.0063| 0.0184 |0.0071
AV (%) | 3.3967 |0.0248| 1.8470 [0.1939| 6.9142 |0.0040| 6.9013 |0.0158
ZSUF (%) | 0.0120 [0.0039| 0.0130 |0.0043| 0.1082 |0.0064| 0.1095 |0.1091
NSUF (%) | 0.0048 |0.0016| 0.0053 [0.0018| 0.0366 |0.0075| 0.0378 |0.0041
In (p.u.) | 7.6206 0 76206 | O 53.3187 |0.0002| 53.3187 |0.0002
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Table 2.12: Comparison of results of planning Case B of 50 runs as obtained with DE, and CSA,
for Indian 19- and 34- bus systems

Indian19-bus system 34-bus system
Objective DE CSA DE CSA
Mean SD Mean SD Mean SD Mean SD
PL (kW) |18.9127/0.0214|19.0132|0.0315|565.4610{0.0081|566.3212|0.0091
TSy (MVA)| 0.0092 |0.0064 | 0.0095 [0.0075| 0.0184 |0.0071| 0.0192 |0.0081
AV (%) | 1.8470 {0.1939| 1.9132 (0.2342| 6.9013 |0.0158| 6.9234 |0.0169
ZSUF (%) | 0.0130 [0.0043| 0.0141 |0.0055| 0.1095 |0.1091| 0.1121 | 0.201
NSUF (%) | 0.0053 |0.0018| 0.0062 {0.0029| 0.0378 [0.0041| 0.0384 |0.0045
In (p.u.) | 7.6206 0 7.6206 {0.0001| 53.3187 |0.0002 | 53.3188 |0.0003

2.5.1 Results of Single Objective Optimization

The results of single objective optimization considering each objective separately for
planning Case A are given in Table 2.5 and 2.6, and Table 2.9 and 2.10 respectively for
the 19-, and 25-bus and Indian 19- and 34-bus system. The results of 50 runs as obtained
with DE are compared with those of GA, PSO, and CSA. The results clearly indicate that
the performance of DE is better and consistent according to the mean objective function
and standard deviation (SD), respectively as compared to the other three algorithms. A
performance comparison between planning Cases A and B using DE is provided in Table
2.7 and 2.11 for 19- and 25-bus system and Indian 19- and 34-bus system respectively.
Table 2.8 shows the Comparison of results of planning Case B of 50 runs as obtained with
DE, and CSA, for 19- bus, and 25 bus. Table 2.12 shows the Comparison of results of
planning Case B of 50 runs as obtained with DE, and CSA, for Indian 19- and 34- bus
systems. It is observed that the solutions are significantly improved in view of power loss
and average voltage drop in planning Case B. It is expected because the optimization of
conductor sizes improves these two objectives. However, the conductor size optimization
does not have any positive impact on the optimization of other objectives. Thus, the
solutions obtained with the optimization of the other objectives either remain same or
slightly differ than Case A.

2.5.2 Results of Multi-Objective Optimization
In this subsection, all the objective functions are aggregated with equal weights to give
equal priority to each of them to optimize. However, unequal weights can be assigned if

one objective is to be given more priority over the other. The results of 50 runs for Case A
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planning as obtained with DE, are provided and compared with those obtained with GA,
PSO, and CSA in Table 2.13, 2.14, 2.17, 2.18, for 19- 25-, Indian 19-, 34- bus systems
respectively. The results again indicate the superiority of DE to the other three algorithms.
The solutions obtained with the multi-objective optimization are found to have a slightly
higher power loss, average voltage drop, and complex power unbalance as compared to
the solutions obtained with the results of the respective single objective optimization. The
reason may be the simultaneous optimization of many objectives may lead to a slightly
inferior solution as compared to the solutions obtained with the respective single objective
optimization. The improvements in power loss, power unbalance, and voltage magnitude
as obtained with the DE-based planning optimization for the 19-bus, and Indian 19- bus
system are found to be much higher as compared to the 25- bus, and 34- bus system. The
reason may be the base case network of the 25-bus, and 34- bus system are relatively
balanced. To have a pictorial view, the complex power unbalance of all the systems before
and after optimization is plotted in Fig. 2.12 and 2.13. It is observed that the complex
power unbalance is improved with this planning optimization in both systems. The
performance comparison between planning Cases A and B, for 19-, and 25-bus and Indian
19- and 34-bus systems are given in Table 2.15 and 2.19 respectively, shows that the
solutions are significantly improved in view of power loss and average voltage drop in
planning Case B. Comparison of the results as obtained with Case B planning using DE
and CSA for 19 -bus and 25- bus system are given in Table 2.16. Table 2.20 shows the
Comparison of the results as obtained with Case B planning using DE and CSA for Indian
19- bus and 34- bus system. The complex power demand and conductor sizes as obtained

with Case B planning in a sample run for all the systems are shown in Appendix (Table

3 x 10
8 x 10 3
—o&— Results of Single objective optimization —©S— Results of Single objective optimization
70 —&— Results of Multi-objective optimization 250 —#— Results of Multi-objective optimization
—<— Base case value —<J— Base case value

Complex power unbalance (MVA)

S . e
(0] 5 10 15 20 25
Bus number Bus number

(a) (b)
Fig. 2.12: Complex power unbalance for: (a) 19-bus and (b) 25-bus system
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Table 2.13: Comparison of results of multi-objective optimization (Case A) of 50 runs as obtained
with DE, CSA, PSO, and GA for 19-bus systems

19-bus system

Obijective DE CSA

PSO

GA

Mean SD Mean

SD Mean SD

Mean SD

PL (kW) | 12.561 | 0.0002 | 12.693 | 0.0007

12.788 | 0.0058

12.817 | 0.0072

TSy (MVA)| 0.0008 | 0.0011 | 0.0131 | 0.0016

0.0141 | 0.0019

0.0178 | 0.0022

AVq (%) | 1.9717 | 0.0003 | 1.9888 | 0.0003

1.9936 | 0.0006

2.0156 | 0.0017

ZSUF (%) | 0.0025 | 0.0009 | 0.0113 | 0.0015

0.0130 | 0.0018

0.0180 | 0.0196

NSUF (%) | 0.0055 | 0.0019 | 0.0077 | 0.0030

0.0109 | 0.0065

0.0188 | 0.0073

In(p.U) | 22906 | O | 2.2909 | 0.0002

2.3064 | 0.0016

2.3086 | 0.0019

Table 2.14: Comparison of results of multi-objective optimization (Case A) of 50 runs as obtained
with DE, CSA, PSO, and GA for 25-bus systems

25-bus system

Objective DE CSA

PSO

GA

Mean SD Mean

SD Mean SD

Mean SD

PL (kW) | 136.25 | 0.0560 | 137.34 | 0.1442

140.93 | 0.7932

142.95 | 0.8435

TSy (MVA)| 0.0869 | 0.0023 | 0.0904 | 0.0031

0.0908 | 0.0048

0.0913 | 0.0056

AVq (%) | 4.4631 | 0.0013 | 4.5188 | 0.0124

45213 | 0.0136

4.5261 | 0.0123

ZSUF (%) | 0.0726 | 0.0019 | 0.0772 | 0.0021 | 0.0848 | 0.0024

0.0947 | 0.0027

NSUF (%) | 0.2135 | 0.0041 | 0.2415 | 0.0049 | 0.2746 | 0.0055

0.2878 | 0.0069

In (p.u.) | 0.6031 0 0.6032 | 0.0003 | 0.6052 | 0.0004

0.6054 | 0.0010
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Table 2.15: Results of the multi-objective optimization of 50 runs obtained with DE

19-bus system 25-bus system

Objective Case A Case B Case A Case B

Mean SD Mean SD Mean SD Mean SD
PL (kW) | 12.561 | 0.0002 | 2.2358 | 0.0593 | 136.25 | 0.0560 | 110.16 | 0.1745
TSy (MVA) | 0.0008 | 0.0011 | 0.0008 | 0.0008 | 0.0869 | 0.0023 | 0.0869 | 0.0145
AVq (%) |1.9717 | 0.0003 | 1.4196 | 0.0220 | 4.4631 | 0.0013 | 4.0230 | 0.0945
ZSUF (%) | 0.0025 | 0.0009 | 0.0054 | 0.0013 | 0.0726 | 0.0019 | 0.1754 | 0.0177
NSUF (%) | 0.0055 | 0.0019 | 0.0204 | 0.0064 | 0.2135 | 0.0041 | 0.3881 | 0.0165
In (p.u.) | 2.2906 0 2.2906 0 0.6031 0 0.6031 0

Table 2.16: Comparison of the results as obtained with Case B planning using DE and CSA

19-bus system 25-bus system

Objective DE CSA DE CSA

Mean SD Mean SD Mean SD Mean SD
PL (kw) |2.2358 | 0.0593 | 2.3456 | 0.0645 | 110.16 | 0.1745 | 111.04 | 0.1943
TSy (MVA) | 0.0008 | 0.0008 | 0.0009 | 0.0011 | 0.0869 | 0.0145 | 0.0872 | 0.0152
AVq (%) | 1.4196 | 0.0220 | 1.5764 | 0.0345 | 4.0230 | 0.0945 | 4.3124 | 0.1231
ZSUF (%) | 0.0054 | 0.0013 | 0.0061 | 0.0025 | 0.1754 | 0.0177 | 0.1832 | 0.0195
NSUF (%) | 0.0204 | 0.0064 | 0.0215 | 0.0074 | 0.3881 | 0.0165 | 0.3942 | 0.0171
In (p.u.) | 2.2906 0 2.2907 | 0.002 | 0.6031 0 0.6032 | 0.0001

Table 2.17: Comparison of results of multi-objective optimization (Case A) of 50 runs as obtained
with DE, CSA, PSO, and GA for the Indian 19-bus systems

19-bus system

Obijective

DE

CSA

PSO

GA

Mean

SD

Mean

SD

Mean

SD

Mean

SD

PL (kW)

46.2827

0.0158

46.3415

0.0169

46.4178

0.0178

46.6245

0.0192

TS, (MVA)

0.0095

0.0055

0.0108

0.0131

0.0121

0.0145

0.0198

0.0176

AVy (%)

3.7945

0.0598

3.8010

0.0617

3.8142

0.0734

3.9008

0.0845

ZSUF (%)

0.0245

0.0098

0.0278

0.0105

0.0295

0.0212

0.0310

0.0315

NSUF (%)

0.0125

0.0064

0.0148

0.0086

0.0175

0.0198

0.0202

0.0267

In (p.u.)

7.6206

7.6206

0.0001

7.6206

0.0003

7.6206

0.0005
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Table 2.18: Comparison of results of multi-objective optimization (Case A) of 50 runs as obtained
with DE, CSA, PSO, and GA for 34-bus systems

34-bus system

Objective

DE

CSA

PSO

GA

Mean

SD

Mean

SD

Mean

SD

Mean

SD

PL (kW)

577.6140

0.0002

577.7482

0.0005

577.8296

0.0005

577.9135

0.0006

TSy (MVA)

0.0191

0.0068

0.0208

0.0081

0.0254

0.0095

0.0298

0.0110

AV (%)

6.9567

0.0052

6.9612

0.0092

6.9732

0.0104

6.9843

0.0123

ZSUF (%)

0.1561

0.0078

0.1612

0.0087

0.1675

0.0094

0.1705

0.0115

NSUF (%)

0.0415

0.0083

0.0497

0.0095

0.0512

0.0102

0.0561

0.0143

53.3189

In (p.u.)

0.0002

53.3261

0.0003

53.3354

0.0004

53.3378

0.0005

Table 2.19: Results of the multi-objective optimization of 50 runs obtained with DE

Indian 19-bus system 34-bus system

Obijective Case A Case B Case A Case B
Mean | SD Mean SD Mean SD Mean SD
PL (kW) |46.2827|0.0158| 20.2161 | 0.0266 |577.6140|0.0002|566.0124|0.0093
TSy (MVA)| 0.0095 |0.0055| 0.0110 | 0.0014 | 0.0191 |0.0068| 0.0190 |0.0082
AV (%) | 3.5945 |0.0598| 1.8795 | 0.1939 | 6.9567 |0.0052| 6.9145 |0.0172
ZSUF (%) | 0.0245 |0.0098| 0.0281 | 0.0292 | 0.1561 [0.0078| 0.1143 |0.1123
NSUF (%) | 0.0125 [0.0064| 0.0169 | 0.0078 | 0.0412 |0.0083| 0.0385 |0.0065
In(pu.) | 76206 | O 7.6206 0 53.3189 |0.0002| 53.3189 |0.0003

Table 2.20: Comparison of the results as obtained with Case B planning using DE and CSA

Indian 19-bus system 34-bus system

Obijective DE CSA DE CSA
Mean SD Mean SD Mean SD Mean SD
PL (kw) [20.2161]0.0266| 21.3245 | 0.0325 |566.0124|0.0093|567.321|0.0122
TSy (MVA)| 0.0110 {0.0014| 0.0143 | 0.0024 | 0.0190 |0.0082| 0.0232 |0.0091
AVq (%) | 1.8795 |0.1939| 1.9432 | 0.2134 | 6.9145 |0.0172| 6.9856 |0.0214
ZSUF (%) | 0.0281 |0.0292| 0.0295 | 0.0333 | 0.1143 |0.1123| 0.1598 |0.1456
NSUF (%) | 0.0169 |0.0078| 0.0172 | 0.0090 | 0.0385 |0.0065| 0.0497 |0.0071
In (p.u.) | 7.6206 0 7.6207 | 0.002 | 53.3189 [0.0003|53.3190|0.0005
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2.6 Summary

In this chapter, a planning approach has been developed to determine the optimal
phase balancing and the conductor sizes of four unbalanced radial distribution systems by
optimizing the power loss, the complex power unbalance, the average voltage drop, the
positive and the zero sequence unbalance factors, and the neutral current. A three phase
forward-backward sweep load flow algorithm is developed and used in the planning
approach. The DE and CSA are used as the solution strategy. The simultaneous
optimization for the phase balancing and conductor size provides a network with better
power loss and voltage profile. The performance of the DE is found to be better and
consistent as compared to GA, PSO, and CSA.

However, the reduction in the power loss, the average voltage drop, and the neutral
current are found to be less in comparison to their base case values by simultaneously
optimizing the phase balancing and the conductor sizes for the 34- bus system. From
Chapter 1, it is found that capacitors can reduce the system power loss in URDS by
compensating reactive power. Thus, the next chapter focuses on the impact of the
capacitors allocation on the power loss, the neutral current, and other objectives in the
planning of URDS.
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Chapter 3

Planning of Unbalanced Radial
Distribution Systems with Capacitor
Using Evolutionary Computing

Algorithms

3.1 Introduction

In chapter 2, the planning of the URDS has been presented using differental evolution
algorithms (DE) and CSA in the absence of capacitors. Several objective functions such as
the total power loss, average voltage drop, total neutral current and total voltage unbalance
have been minimized using these algorithms. However, the reduction in the power loss,
the average voltage drop, and the neutral current are found to be less in comparison to
their base case values by simultaneously optimizing the phase balancing and the conductor
sizes for the 34- bus system.

From chapter 1, it is observed that capacitor can reduce power loss and improve
voltage profile of distribution systems. Thus, in this chapter the planning of four URDS
has been carried by integrating capacitors with the system. The objective functions
considered are the total power loss, the average voltage drop, total neutral current and total
voltage unbalance. The DE and CSA are employed as the solution strategy for minimizing
these objective functions to obtain optimal capacitor location, rating, conductor sizing and
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phase balancing. For the evaluation of each objective, a forward-backward load flow
algorithm is developed. The proposed approach is demonstrated on the 19-bus, 25-bus,
Indian 19-bus and 34-bus URDS.

This chapter is organized as follows: the Problem Formulation is presented in Section
3.2. In Section 3.3, the implementation of proposed planning approach using the DE is
described. The simulation results are presented in Section 3.4. Section 3.5 concludes the

chapter.

3.2 Problem Formulation

The aim of this planning problem is the minimization of the numerous objective
functions subject to some technical constraints. The objective functions are discussed in
Chapter 2. The technical constraints are as follows:

i. Voltage constraint: The voltage at each bus must lie between the lower and upper bound
limit to avoid under voltage and over voltage problem.

Vsmin < Vsabc < Vsmax (3 1)

ii. Thermal constraint: The current flowing through each branch shouldn’t exceed the
maximum current-carrying capacity of the conductor for all the phases.
1200 < e (3.2)

iii. Capacitor size constraint
The capacitor size should be an integral multiple of the smallest capacitor size available
QC, <LxQC, L=1,2,...,N (3.3)

Where QC, denotes, the smallest capacitor size available, the maximum value of N is
taken as 27 [107].

3.3 Implementation of DE and CSA for the planning

problem

The proposed planning approach with DE and CSA utilizes a three-phase load flow

algorithm as a supplementary program in order to obtain the bus voltage magnitudes and
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power loss of a system. The load flow algorithm including the capacitors is explained in
Section 3.3.1 and application of the DE and CSA are described in Section 3.3.2.

3.3.1 Three phase forward-backward sweep load flow algorithm
Incorporating capacitor

The proposed algorithm utilizes three matrices A, B, and C in order to obtain power
flow solutions. The downstream buses connected to a particular bus are determined using
matrix A. The end buses are identified with the help of matrix B and matrix C is developed
in order to obtain the branch currents. The load flow algorithm consists of two steps. In
the first step, the backward sweep is executed in order to find out the branch currents as

follows:
e PX _iQ¥
o) 0
Vi
Where, T?ea‘b’c V), P, and Qjare the load current and the voltage conjugate (in phasor

form), active and reactive power demand at bus j for phase x
Then, the forward sweep is executed to obtain the bus voltages. More details of the

algorithm have been discussed in Chapter 2.

3.3.1.1 Incorporation of Capacitor model in the distribution load flow

This subsection describes the incorporation of the capacitors in the unbalanced
distribution systems. Fig. 3.1 shows the connection diagram for three shunt capacitors
having rating QC1, QC2, and QC3 kVAR placed at bus j, in a sample line section of the
unbalanced distribution system.

> 5 a
ab
> zﬁb b
hc
[ \
» ¢c C

» Z” >
Busi H Bus j

QCL [, | QC3

Fig. 3.1. Connection diagram of capacitors in a sample distribution system

47



Chapter 3 Planning of Unbalanced Radial Distribution Systems With Capacitor
Using Evolutionary Computing Algorithms

Where, Zﬁa,zik}b and zf denotes the self-impedance of phase a, phase b, and phase ¢

ab
Zij

respectively; zi-, zﬁc ,and 7 denotes the mutual impedance between phases. The capacitor

ratings are considered to be discrete in value. The smallest and maximum size of the
capacitor is taken as 150 and 4050 kVAR [107] respectively.

In order to incorporate the capacitor model, the reactive power demand at the bus at which
a Capacitor unit is placed, say, at bus i, the Egs. (3.4) is modified by:

Q5, = Qo ~Qf (3.5)
Where, ngp are the reactive power demand for p!" phase of j bus with a Capacitor unit
and ng%je is the reactive power demand for p™ phase of j bus of the base-case network;
Q5 is the reactive power generated by the capacitor unit placed at p'" phase of j™ bus.

3.3.2 Proposed Planning Approach Using DE and CSA
In this chapter, DE and CSA are employed as the solution strategy for the planning

problem of the unbalanced radial distribution networks. The detail description of this

algorithm has been discussed in chapter 2.

3.3.2.1 Decision variable representation
The parameters (decision variables) for the DE and CSA in this planning problem

consists of five decision variables and are represented as a vector D as follows:

D= [NC, QC, ¢, APD, ctz] (3.6)
$=[91,¢2.. fn] 3.7)
APD= [APDap,c, APDapy, .., APDN] (3.8)
ctz=[cty, cty,.., Ctner] (3.9)

Where ¢ denotes the vector of capacitor locations; QC denotes capacitor rating, APD
vector represents the active and reactive power load in the phases a, b, and ¢ for the bus N,
NC represents the number of capacitors, and ctz represents a vector of different conductor

types for NBR number of branches.
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3.3.3 Flow chart of the planning approaches using DE and CSA

The flow chart of the solution strategies for the planning problem are provided in Fig. 3.2.

Generate initial population of #pep individuals according to Eq.
(3.6), Set IT=1, set the DE parameters and maximum iteration

and Fig. 3.3. respectively.

v
Execute 3-phase unbalanced load flow program including the capacitor model
and evaluate the fitness value corresponding to the IT" population

Do mutation and crossover operations so as to generate trial vectors

v
Execute 3-phase unbalanced load flow in including the capacitor
model in order to compute the fitness value for the trial vectors IT=1T+1

v

Do selection operations in order to produce better offspring

No

IS 1T > 1Tmax

Yes

The vector with the maximum fitness value gives the optimal solution

'

Fig. 3.2. Flow chart of the proposed planning approach using DE
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Generate initial population of 7pop host nests according to Eq. (3.6),
Set IT=1, set the CSA parameters and maximum iteration (ITmax)
5
Randomly generate cuckoos using levy flights
Eq. (2.23)

Perform 3-phase unbalanced load flow including the Capacitor
model and evaluate the fitness function for cuckoos

v

Replace better cuckoos to a randomly chosen nest

v

Build new nests at new locations using levy flights Eq.
(2.23), while abandoning a fraction of worst nests

v

Perform 3-phase unbalanced load flow including the
capacitor model and evaluate the fitness function

‘

Select best nest from new nest and initial nest

IT=1T+1

IS IT > ITmax

No

The nest with maximum fitness represents the optimal solution

Fig. 3.3. Flow chart of the proposed planning approach using CSA
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3.4 Simulation Results and discussions

The simulations are carried out with MATLAB R2012b software. The effectiveness
of the proposed algorithm is verified on four unbalanced radial distribution networks, i.e.
19-bus, 25-bus, Indian 19-bus and 34-bus system. The base case results of these systems
are provided in Table 2.2 of Chapter 2. The parameters of the DE are taken from Table 2.3
of Chapter 2. In this, Chapter, three different planning cases have been studied such as:

e Case A: planning for optimal phase balancing

e Case B: Simultaneous planning for optimal phase balancing and conductor sizing.

e Case C: Simultaneous planning for optimal phase balancing, conductor sizing, and

capacitor allocation and sizing
Table 3.1: Comparison of the solutions obtained with planning for Cases A using DE for
the 19-bus and 25-bus systems

19-bus system | 25-bus system
Obijective Case A Case A

Mean SD Mean | SD
PL (kW) | 12.536 0 13592 | O
TSy (MVA) | 0.0003 | 0.0002 | 0.0857 | 0.007
AVq (%) | 1.9385 | 0.0004 | 4.4538 | 0.003
ZSUF (%) | 0.0020 | 0.0014 | 0.0714 | 0.010
NSUF (%) | 0.0014 | 0.0012 | 0.1586 | 0.007
In (p.u.) | 2.2906 0 0.6031| O

Table 3.2: Comparison of the solutions obtained with planning Cases B and C using DE

for 19-bus and 25-bus systems

19-bus system 25-bus system
Objective Case B Case C Case B Case C
Mean SD Mean SD Mean SD Mean SD
PL (kW) |1.7801 | 0.0214 | 2.5431 | 0.0321 | 109.312 | 0.006 | 108.861 | 0.005
TSy (MVA) | 0.0003 | 0.0023 | 0.0023 | 0.0043 | 0.0857 | 0.014 | 0.0856 | 0.012
AVq (%) | 0.7418 | 0.0039 | 0.8453 | 0.0056 | 3.7645 | 0.038 | 3.5432 | 0.036
ZSUF (%) | 0.0027 | 0.0006 | 0.0058 | 0.0022 | 0.0947 | 0.045 | 0.0957 | 0.034
NSUF (%) | 0.0011 | 0.0005 | 0.0045 | 0.0018 | 0.1148 | 0.070 | 0.1151 | 0.067
In (p.u.) | 2.2906 0 2.3061 | 0.0026 | 0.6031 0 0.5987 0
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Table 3.3: Comparison of the results as obtained with Case C planning using DE and CSA
for 19-bus and 25-bus systems

19-bus system 25-bus system
Objective DE CSA DE CSA
Mean SD Mean SD Mean SD Mean SD
PL (kw) | 2.5431 | 0.0321 | 2.5631 | 0.0435 | 108.861 | 0.005 | 109.512 | 0.006
TSu (MVA) | 0.0023 | 0.0043 | 0.0031 | 0.0056 | 0.0856 | 0.012 | 0.0860 | 0.021
AVq (%) | 0.8453 | 0.0056 | 0.9134 | 0.0061 | 3.5432 | 0.036 | 3.6721 | 0.045
ZSUF (%) | 0.0058 | 0.0022 | 0.0061 | 0.0031 | 0.0957 | 0.034 | 0.0961 | 0.042
NSUF (%) | 0.0045 | 0.0018 | 0.0054 | 0.0021 | 0.1151 | 0.067 | 0.1267 | 0.075
In (p.u.) | 2.3061 | 0.0026 | 2.3062 | 0.0030 | 0.5987 0 0.5989 | 0.002

Table 3.4: Comparison of the solutions obtained with planning Cases A using DE for the Indian

19-bus and 34-bus systems

Indian19-bus system |  34-bus system
Objective Case A Case A
Mean SD Mean SD
PL (kW) 45.6142 0 577.3367 | 0.0001
TSy (MVA) | 0.0091 | 0.0050 | 0.0183 |0.0063
AV (%) 3.3967 0.0248 6.9142 | 0.0040
ZSUF (%) 0.0120 0.0039 | 0.1082 | 0.0064
NSUF (%) | 0.0048 | 0.0016 | 0.0366 | 0.0075
In (p.u.) 7.6206 0 53.3187 | 0.0002
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Table 3.5: Comparison of the solutions obtained with planning Cases B and C using DE for the

Indian 19-bus and 34-bus systems

Indian19-bus system 34-bus system
Objective Case B Case C Case B Case C
Mean | SD | Mean | SD Mean SD Mean SD
PL (kW) |18.9127|0.0214|17.3845|0.0203|565.4610(0.0081|564.2358 |0.0072
TSy (MVA)| 0.0092 |0.0064| 0.0091 |0.0062| 0.0184 [0.0071| 0.0183 |0.0063
AVq (%) | 1.8470 {0.1939| 1.5432 |0.2145| 6.9013 |0.0158| 6.8021 [0.0149
ZSUF (%) | 0.0130 {0.0043| 0.0131 |0.0048| 0.1095 |0.1091| 0.1103 |0.1023
NSUF (%) | 0.0053 |0.0018| 0.0056 [0.0017| 0.0378 [0.0041| 0.0385 |0.0039
In(p.u) | 76206 | O |7.5125| O |53.3187 |0.0002| 52.7165 |0.0001

Table 3.6: Comparison of the results as obtained with Case C planning using DE and CSA
for Indian 19-bus and 34-bus systems

Indian19-bus system 34-bus system
Objective DE CSA DE CSA
Mean | SD | Mean | SD Mean SD Mean SD
PL (kW) |17.3845|0.0203|18.0123|0.0312|564.2358(0.0072|565.5432|0.0075
TSu (MVA)|0.0091 |0.0062| 0.0094 |0.0071| 0.0183 |0.0063| 0.0191 |0.0071
AVq (%) [1.5432 |0.2145| 1.6132 |0.2241| 6.8021 [0.0149| 6.9132 |0.0155
ZSUF (%) [0.0131 {0.0048| 0.0161 |0.0051| 0.1103 |0.1023| 0.1243 |0.1121
NSUF (%) |0.0056 |0.0017| 0.0061 {0.0018| 0.0385 |0.0039| 0.0401 [0.0045
In (p.u.) |7.5125 0 |7.5126 | 0.002 | 52.7165 [0.0001| 52.7165 |0.0003

3.4.1 Results of Single Objective Optimization

The single objective optimization is carried out as discussed in Chapter 2. The results
of single objective optimization considering each objective separately for planning Case A
are given in Table 3.1 and 3.4 respectively for the 19-, and 25-bus and Indian 19- and 34-
bus system. Comparison of the results as obtained with Case C planning using DE and
CSA for 19-bus and 25-bus systems is given in Table 3.3. From chapter 2, it is observed
that the performance of DE is better and consistent according to the mean objective
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function and the standard deviation (SD), respectively as compared to the other three
algorithms. A performance comparison between planning Cases B and C using DE is
provided in Table 3.2 and 3.5 for 19- and 25-bus system and Indian 19- and 34-bus system
respectively. Table 3.6 shows the comparison of the results as obtained with Case C
planning using DE and CSA for Indian 19-bus and 34-bus systems. It shows that the
solutions are improved in view of the power loss the average voltage drop, and the neutral
current in planning Case C for the Indian 19-bus, the 25- bus, and the 34-bus system. It is
expected because the optimization of the conductor sizes and the capacitor placement and
sizing improve these three objectives. However, the capacitor size and the conductor size
optimization does not have any positive impact on the optimization of other objectives.
Thus, the solutions obtained with the optimization of the other objectives either remain

same or slightly different than Case B.

3.4.2 Results of Multi-Objective Optimization

The multi-objective optimization is carried out as discussed in Chapter 2. In this
subsection, all the objective functions are aggregated with equal weights so as to get
simultaneous optimization of all of them. The results of 50 runs for Case A planning as
obtained with DE, are provided in Table 3.7 for 19- and 25-bus systems and in Table 3.10
for the Indian 19- bus and the 34- bus system. Comparison of the multi-objective
optimization results as obtained with Case C planning using DE and CSA for 19-bus and
25-bus systems, and Indian 19- bus and 34- bus system are shown in Table 3.9 and 3.12
respectively. From Chapter 2, it can be seen that the DE provides a better solution in
comparison to other metaheuristic algorithms such as the CSA, the PSO, and the GA.
Hence, a performance comparison between planning Cases B and C using DE, for the 19-,
and 25-bus and Indian 19- and 34-bus systems are given in Table 3.8 and 3.11
respectively. It shows that the solutions are improved in view of the power loss and the
average voltage drop, and the neutral current in planning Case C. This can be due to
simultaneous phase balancing, conductor sizing, and capacitor allocation and sizing
optimization. The optimal location and sizing of capacitors are found to be 9, 11, and 12,
and 150, 600, and 1350 kVAR at phase a, b, and c¢ for the Indian 19, 25, and 34- bus
system respectively. However, the inferior solutions are obtained in the 19- bus system

with capacitors having rating 150 kVAR allocated at bus 9 for phase a, b, and ¢
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respectively. This can be due to reactive power compensation of the capacitor. The

average voltage drop (AVD) in % vs. bus number for different planning cases obtained
with the DE for the 19-, 25-, Indian 19-, and 34- bus systems are shown in Figs. (3.4- 3.7).

The complex power demand and the conductor sizes as obtained with Case C planning in

a sample run for all the systems are shown in Appendix (Table F.1-F.4).

Table 3.7: Results of the multi-objective optimization of 50 runs obtained with DE for the

19- bus and 25- bus system

19-bus system | 25-bus system
Obijective Case A Case A
Mean SD Mean SD
PL (kW) | 12.561 | 0.0002 | 136.25 | 0.0560
TSy (MVA) | 0.0008 | 0.0011 | 0.0869 | 0.0023
AVq (%) | 1.9717 | 0.0003 | 4.4631 | 0.0013
ZSUF (%) | 0.0025 | 0.0009 | 0.0726 | 0.0019
NSUF (%) | 0.0055 | 0.0019 | 0.2135 | 0.0041
In(pu) |22906| 0 [0.6031] 0O

Table 3.8: Results of the multi-objective optimization of 50 runs obtained with DE for the

19- bus and 25- bus system

19-bus system 25-bus system
Obijective Case B Case C Case B Case C
Mean SD Mean SD Mean SD Mean SD

PL (kw) | 2.2358 | 0.0593 | 2.5641 | 0.0324 | 110.16 | 0.1745 | 109.756 | 0.006
TSy (MVA) | 0.0008 | 0.0008 | 0.0025 | 0.0047 | 0.0869 | 0.0145 | 0.0870 | 0.014

AVq (%) | 0.7469 | 0.0220 | 1.8476 | 0.0059 | 4.0230 | 0.0945 | 3.5442 | 0.038
ZSUF (%) | 0.0054 | 0.0013 | 0.0060 | 0.0024 | 0.1754 | 0.0177 | 0.1755 | 0.036
NSUF (%) | 0.0204 | 0.0064 | 0.0205 | 0.0020 | 0.3881 | 0.0165 | 0.3892 | 0.077

In (p.u.) | 2.2906 0 2.3062 | 0.0028 | 0.6031 0 0.5990 0
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Table 3.9: Comparison of the multi-objective optimization results as obtained with Case C

planning using DE and CSA for 19-bus and 25-bus systems

19-bus system

25-bus system

Objective DE CSA DE CSA
Mean SD Mean SD Mean SD Mean SD

PL (kw) |2.5641 | 0.0324 | 2.5732 | 0.0412 | 109.756 | 0.006 | 110.121 | 0.009
TSu (MVA) | 0.0025 | 0.0047 | 0.0035 | 0.0051 | 0.0870 | 0.014 | 0.0875 | 0.021
AVq (%) | 1.8476 | 0.0059 | 1.9231 | 0.0061 | 3.5442 | 0.038 | 3.6932 | 0.054
ZSUF (%) | 0.0060 | 0.0024 | 0.0071 | 0.0031 | 0.1756 | 0.036 | 0.1768 | 0.043
NSUF (%) | 0.0205 | 0.0020 | 0.0261 | 0.0031 | 0.3892 | 0.077 | 0.3897 | 0.087
In (pu.) | 2.3062 | 0.0028 | 2.3063 | 0.0031 | 0.5990 0 0.5991 | 0.001

Table 3.10: Results of the multi-objective optimization of 50 runs obtained with DE for

the Indian 19- bus and 34- bus system

Indian19-bus system

34-bus system

Obijective Case A

Case A

Mean SD

Mean SD

PL (kW) | 46.2827 | 0.0158

577.6140 | 0.0002

TSu (MVA) | 0.0095 0.0055

0.0191 | 0.0068

AVq (%) | 3.7945 | 0.0598

6.9567 | 0.0052

ZSUF (%) | 0.0245 | 0.0098

0.1561 | 0.0078

NSUF (%) | 0.0125 0.0064

0.0412 | 0.0083

In(pu) | 7.6206 0

53.3189 | 0.0002

56



Chapter 3 Planning of Unbalanced Radial Distribution Systems With Capacitor
Using Evolutionary Computing Algorithms

Table 3.11: Results of the multi-objective optimization of 50 runs obtained with DE for

the Indian 19- bus and 34- bus system

Indian 19-bus system 34-bus system

Obijective Case B Case C Case B Case C

Mean | SD Mean SD Mean SD Mean SD
PL (kW) |20.2161|0.0266| 17.3912 | 0.0243 |566.0124|0.0093 |564.3961|0.0074

TSy (MVA)| 0.0110 |0.0014| 0.0109 | 0.0015 | 0.0190 [0.0082| 0.0189 |0.0066
AVq (%) | 1.8795 |0.1939| 1.5450 | 0.1663 | 6.9145 |0.0172| 6.8045 |0.0152
ZSUF (%) | 0.0281 |0.0292| 0.0280 | 0.0250 | 0.1143 |0.1123| 0.1198 |0.1025
NSUF (%) | 0.0169 |0.0078| 0.0170 | 0.0057 | 0.0385 [0.0065| 0.0397 |0.0041
In (p.u.) | 7.6206 0 7.5134 0 53.3189 |0.0003| 52.8945 |0.0003

Table 3.12: Comparison of the multi-objective optimization results as obtained with Case

C planning using DE and CSA for Indian 19- bus and 34- bus systems

Indian 19-bus system 34-bus system
Objective DE CSA DE CSA
Mean | SD Mean SD Mean SD Mean SD
PL (kW) |17.3912|0.0243| 18.4531 | 0.0345 |564.3961|0.0074|565.9132|0.0085
TSu (MVA)| 0.0109 |0.0015| 0.0160 | 0.0032 | 0.0189 [0.0066| 0.0195 |0.0075
AVy (%) | 1.5450 |0.1663| 1.6321 | 0.1861 | 6.8045 [0.0152| 6.9542 |0.0161
ZSUF (%) | 0.0280 |0.0250| 0.0301 | 0.0331 | 0.1198 |0.1025| 0.1289 |0.1125
NSUF (%) | 0.0170 [0.0057| 0.0264 | 0.0075 | 0.0397 [0.0041| 0.0425 |0.0051
In(pu) | 75134 | O 7.5140 | 0.002 | 52.8945 |0.0003| 52.9121 |0.0005
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3.5 Summary

In this chapter, a planning approach has been developed in order to determine the
optimal phase balancing the conductor sizes, and the capacitor location and the sizing of
unbalanced radial distribution systems by optimizing the power loss, the complex power
unbalance, the average voltage drop, the positive and zero sequence unbalance factors and
the neutral current integrating capacitors. A three phase forward-backward sweep load
flow algorithm is developed and used in the planning approach. The DE and CSA are
employed as the solution methodology.

The simultaneous optimization for the phase balancing, the conductor sizing, the
capacitor location and the sizing provides a network with lower power loss, average
voltage drop, and neutral current for the Indian 19- bus, the 25- bus, and the 34- bus
system. However, the simultaneous optimization for the phase balancing, the conductor
sizing, the capacitor location and the sizing gives inferior solutions as obtained with DE in
case of the 19- bus system for both single and multi-objective optimization. This can be
due to the high discrete rating of the capacitor. From Chapter 1, it is found that the
distribution static compensators can provide continuously variable reactive power into the
system. Thus, the next chapter focuses on the planning of URDS considering the

integration of distribution static compensators (DSTATCOM).
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Planning of Unbalanced Radial
Distribution Systems with
DSTATCOM Using Evolutionary
Computing Algorithms

4.1 Introduction

In chapter 3, the planning of URDS has been presented using differential evolution
algorithm (DE) and CSA in the presence of the capacitors. Several objective functions
such as the total power loss, the average voltage drop, the total neutral current and the total
voltage unbalance have been minimized using these algorithms. However, the
simultaneous optimization for phase balancing, conductor sizing, capacitor location, and
sizing gives inferior solutions in case of the 19- bus system.

From chapter 1, it is observed that distribution static compensators (DSTATCOM) can
reduce power loss and improve voltage profile of distribution systems. Thus, in this
chapter planning of four URDS has been carried integrating DSTATCOM with the
system. A three-phase unbalanced modelling of DSTATCOM has been devised. The
objective functions considered are the total power loss, the average voltage drop, the total
neutral current and total voltage unbalance. The DE and CSA are employed as the solution
strategy for minimizing these objective functions in order to obtain optimal DSTATCOM
location, rating, conductor sizing and phase balancing. For the evaluation of each
objective, a forward-backward sweep load flow algorithm including the DSTATCOM
model is developed. The proposed approaches are demonstrated on the 19-bus, 25-bus,
Indian 19-bus and 34-bus URDS.
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This chapter is organized as follows: A three-phase unbalanced modelling of
DSTATCOM is presented in Section 4.2. Problem Formulation is presented in Section 4.3.
In Section 4.4, the implementation of the proposed planning approach using the DE and
CSA are described. The simulation results are presented in Section 4.5. Section 4.6

concludes the chapter.

4.2 A three-phase unbalanced modelling of DSTATCOM

This section provides a brief description about the DSTATCOM modelling. Figure 4.1.
depicts a three phase three wire line section model including a DSTATCOM between bus i

and bus j.

a

»

' le
23D ID§
b Zicja ij
|..
U > zitj?b " b
z_bc IDj
ij
0y cc
> Zj C
R ID‘J-: ‘ Bus

Bus i

DSTATCOM

Fig. 4.1. DSTATCOM installation in bus j in a three-phase three wire line section
model

Where, 232, 2P,

fa, and zcdenotes self impedance of phase a, phase b, and phase c

respectively; z2, ¢, and z{* denotes mutual impedance between phases.

Applying Kirchhoff’s voltage law (KVL) equation in between bus i and bus j when
DSTATCOM is connected at bus j in Fig.4.1. We obtain the equation as follows:

b b
V(o) vess | |28 7z |Wze, | |zt P Zi¢|| DY ey+nl2)
VP £(A120° +ay) | =| VP26, || 20 2z (|52, || 2tz Z9 || ID) L(ey + 71 2-120°) | (4.1)
ViU vay) | (V40| [z Z M Sz0, | (28 Z 7 || DS Ly + i 2+120°)

Where, 1D%,1D?, and ID§ are the current injected by DSTATCOM at phase a, b, and ¢
respectively.

62



Chapter 4 Planning of Unbalanced Radial Distribution Systems With DSTATCOM
Using Evolutionary Computing Algorithms

Simplifying the equation (4.1) as follows:
Vide) | [vize| |ZFIGL0,+Z005 L6, + ZFIC L0, | | 21D} Loy + 712)+ Z01D0 Ly + 712-100")+ 21D (e + 71 2+120)
VOLAR +a) |=| VP26, || 218 26, + 208 £, + 2815 26, |-| 21D Loy +712)4 2201D1 Ly +212-120°)+ 20105 Ly + 71 24120) | (4:2)

VIO vay) | W40 || I8 L0,+ 20026, + IS L6, | | 201D} ey + 1 )+ 2 DD Ly + 7 12-1007)+ ZFIDE L + 71 24120°)

Simplifying eq. (4.2) for phase a, we obtain:

V} cosoy =Real(V;*£8;) - Real(Z 1L 26, + Z3° 15 26, + Z3° 1L £6,) - Real 22 IDF Ly + 7/ 2)+ Z51D° Loty + 7/ 2-120°) + (4.3)
Z3IDS (o + 1 2+120%))

V7sina, = Imag(Vi? £6,) - Imag(Zi 1L 26, + Zi 12 26, + 20" 1L5.£6,) - Tmag(Z; 1D} (g + 7/ )+ 251D} Ly + 71/ 2-120°) +

(4.4)
Zi°ID5 Loy + 712+120°))

al=Real(V*£8,) - Real(Z3* 15 20, + Z3° 1L 26, + Z:°1L5 2 6,)
a2 =Imag(V;"£68)) — Imag(Z3 15 26, + Zi° 15 26, + Z°1LS 26,)

Let,

Let,b=V}, bi=V},and b2=V/

bcosa, =al+ D3 (klcosay +k2sinay) + ID? (kScos(—120° + aty) + k6sin(—=120° +a,)) + IDf (k7 cos(120° + ag) +

(4.5)
k8sin(120° + a3))
bsina, =a2+ 1D} (k3cos o —k4sinay) + D) (k9cos(~120° +a,) — k10sin(~120° + a1,)) + IDS (k11cos(120° + a) - 4.6)
K12sin(120° + o)) '
Adding equation (4.5) and (4.6)
bcosa, +bsina, =al+a2+ ID?(klcos o, +Kk2sinoy) + ID?(kScos(—lZOO +0,)+ k6sin(-120° + ay))+ IDJ?(k7 cos(120° +0g)+
k8sin(120° +a,)) + IDF (k3cos a, —k4sinay )+ 1D° (K9 cos(~120° +a,) —k10sin(-120° + 01y)) + 1)

DS (k11c0s(120° + a) — k12sin(120° + 013))
Simplifying equation (4.7)

b(cosa, +sina,) =al+a2+[ID? (cos ay (K1+k3)+sina, (k2 —k4)) + 1D} (cos(—120° + 1) * (k5 +k9) +sin(-120° + ) * (k2 —K8)) + (4.8)
ID (cos(120° + atg) * (K7 +k11) +sin(120° + ) * (k8 —k12)]

Again simplifying Eq. (4.8)

b(cosay +sinoy) = al +a2+[1D? (cos oy.(ka) +sin ay. (kb)) + 1DP (cos(—120° +a,).(ke) +sin(-120° + a1y ).(kd)) + 1D5 (cos(120° + at5).(ke) + (4_9)
sin(120° + ay)).(kf )]

Similarly for phase b

bA(cos(~120"+a,) +sin(~120°+0,)) = a3+ a4 +[ID? (cos oy (kg) +sin ay.(ki)) + D} (c08(~120° + 0 ).(k]) +sin(~120° + 1) (km)) + 1D (cos(120° + ). (kn) (4_ 10)
+5in(120° + a3)).(ko)]

Similarly for phase ¢

b2(cos(120°+a1,) +sin(120°+01,)) = 3+ a4 +[1D? (cos ay.(kp) +sin oy (kr)) + 1DP (cos(~120° + a, ).(ks) + sin(—120° + a1,).(kt)) + 1D (cos(120° +azg).(ku) (4_ 1 1)
+5in(120° + 013)).(kv)]
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Solving Eq. (4.9)-eq. (4.11) simultaneously for different values of o, ,0,, o3 We can obtain
the values of DSTATCOM current magnitudes 103, 10?, and 10§ respectively.

The range of o, a,, a5 are taken as:

-1<ey <1 (4.12)
-1<a, <1 (4.13)
A<y <1 (4.14)

The reactive power that must be injected by the DSTATCOM at phase a, b, and c is
expressed below:

iQPstar = (Vjal%)-(lD?l(aﬂ_ +712) (4.15)
iQbsrar = (V{ £a,).(1D} et + 71 2))’ (4.16)
iQbstar = (\/j°4a3).(IDJ?4(a3 +712)) (4.17)

It can be observed that DSTATCOM injects current in quadrature with the bus voltage
where it is connected so as to compensate the reactive power only. This is explained in a
phasor diagram as shown in Fig. 4.2.

I a
DSTATCOM

C
IBsTATCOM

b
IDsTATCOM

Fig. 4.2. Phasor diagram of dstatcom currents with respect to voltages at phase a, b, and c, respectively
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4.3 Problem Formulation

The aim of this planning problem is the minimization of the numerous objective
functions as discussed in Chapter 2; subject to some technical constraints as follows:
I. Voltage constraint: The voltage at each bus must lie between the lower and upper bound

limit in order to avoid under voltage and over voltage problem.

Vsmin < Vsabc < Vsmax (4 18)

ii. Thermal constraint: The current flowing through each branch shouldn’t exceed the

maximum current-carrying capacity of the conductor for all the phases.
e < e (4.19)
iii. DSTATCOM rating constraint
The DSTATCOM rating should be less than or equal to the maximum value of the
DSTATCOM rating.
Qdsat, <Qdstat_ (4.20)
Where Qdsat, denotes, the allowable DSTATCOM size, the maximum value of

DSTATCOM rating is represented as Qdstat, ., .

4.4 Implementation of DE and CSA for the planning

problem

The proposed planning approach with DE and CSA utilizes a three-phase load flow
algorithm as an auxiliary program in order to obtain bus voltage magnitudes and power
loss of a system. The load flow algorithm including the DSTATCOM is explained in
Section 4.4.1 and application of the DE is described in Section 4.4.2.

4.4.1 Three phase forward-backward sweep load flow algorithm
incorporating DSTATCOM

To compute the power flow solutions in URDS, the three-phase unbalanced DSTATCOM
model is incorporated in the three-phase load flow algorithm. In this algorithm, two simple
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steps called backward sweep step, and forward sweep step are utilized for the evaluation
of power flow solutions. The load currents in unbalanced radial distribution systems are

calculated using the backward sweep as follows:

_ P2 —j0?
”_"]_‘:[ J_a*QJ}
Vi

(4.21)
i} - {—P"b B J
-
Vi (4.22)
i {"f: iQ?J
Vi (4.23)

Where, E? ,\7? , P?, Q] are the load current and voltage conjugate (in phasor form),

active and reactive power demand at bus j for phase a
When, DSTATCOM is placed at bus, j, the modified reactive power demand is given by:

QJ"a = Qja _QSSTAT]- (4.24)
QP =Q} - Qsrar, (4.25)

The modified load current, when DSTATCOM is placed at bus j, is computed using the

modified reactive power demand as obtained from Eq. (4.24)-(4.26) and is expressed as:

Vi (4.27)
b /_b
- {ﬁ]
Vi (4.28)
Vi (4.29)

Then the branch currents are computed as follows:

Ta(jk):fa(k)+2ﬁ
it (4.30)

1°(jk) =Tb(k)+ZEt}
it (4.31)
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1°(jk) :T°(k)+ZE°j
i (4.32)

Where I_a(jk) denotes the current flowing (in phasor form) in branch jk for phase- a and

the set T consists of all buses connected to jk™ branch.
Then, the forward sweep is executed in order to obtain the bus voltages. This step is
performed in order to obtain the voltage at each bus of an unbalanced distribution system
as follows:

Vk Vj Zjaka Z?kb Zac Ijk

P Vi ba bb be || TP

Vi |=|Vi|-|Zx Zy Zy || i

—c —c ca ch cc —c

Vi V Zyo Ly L Ik

(4.33)

Where, bus j and k denote the sending end bus and the receiving end bus, respectively for
branch jk.
The modelling of the three-phase DSTATCOM for the unbalanced distribution systems

have three unknown parameters namely «,, «,, and «,. Where, «,is defined as the

angular displacement of the voltage at phase a at the location where a DSTATCOM is

connected. Similarly, «,and «, can be defined. Fig. 4.3. shows the flow chart of the load

flow algorithm for the determination of reactive power injection by DSTATCOM for

Run base case three phase unbalanced load flow and store the
voltage and current magnitudes and angles

!

Insert randomly generated o, , «,, and «, values for
location j

Compute ID?, ID;, ID using Egs. (4.9)- (4.11) and base case load flow
results for DSTATCOM placed at location j

v

Compute the reactive power injected by DSTATCOM at bus j using
Eq. (4.15)-(4.17)

random location, and angle values

Fig. 4.3. Flow chart for the determination of reactive power injection by
DSTATCOM for random location, and angle values
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4.4.2 Proposed Planning Approach Using DE and CSA

In this chapter, DE and CSA are employed as the solution strategy for the planning
problem of unbalanced radial distribution networks. The detail description of this
algorithm can be found in chapter 2.

4.4.2.1 Decision variable representation

The parameters (decision variables) for the DE and CSA in this planning problem

consists of three decision variables and are represented as a vector D as follows:

D= [ANG, ¢, DR , APD, ctz] (4.34)
ANG=[ay 0y, 05,0 @y ay (4.35)
¢=[d1,d2.,0\] (4.36)
APD= [APDajc, APDape, ..., APDA] (4.37)
ctz=[cty, Cta,.., Ctngr] (4.38)

Where ANG represents vector of DSTATCOM angles (ey,, @, .5 ) and are generated

within the lower and the upper bound for number of population (nop), ¢ denotes the vector of
DSTATCOM locations; APD vector represents the active and reactive power load for the
phases a, b, and ¢ for bus N, DR represents the rating of the DSTATCOM, and ctz
represents a vector of different conductor types for the NBR number of branches. The
flowchart of the proposed methods using DE and CSA are provided in Fig. 4.4 and Fig.
4.5 respectively.
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Generate initial population of #pop individuals according to Eq. (4.34), the DR value is
computed using Fig. 4.3, Set IT=1, set the DE parameters and maximum iteration
(ITmax)

<

A
Execute 3-phase unbalanced load flow program including the DSTATCOM and
evaluate the fitness value corresponding to the IT" population

Do mutation and crossover operations so as to generate trial vectors

!

Execute 3-phase unbalanced load flow program for the trial vectors and
evaluate their fitness value

!

Do selection operations in order to produce better offspring IT=

IT+1

No
IS IT > I Tmax

The vector with the maximum fitness value gives the optimal solution

Fig. 4.4. Flow chart of the proposed planning approach using DE
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Generate initial population of #pop individuals according to Eq. (4.34), the DR value
Is computed using Fig. 4.3, Set IT=1, set the DE parameters and maximum iteration
( Tmax)

'
Randomly generate cuckoos using levy flights

Eq. (2.23)

Execute 3-phase unbalanced load flow program including the DSTATCOM
and evaluate the fitness value corresponding to the IT" population

v

Replace better cuckoos to a randomly chosen nest

v

Build new nests at new locations using levy flights Eq.
(2.23), while abandoning a fraction of worst nests

'

Execute 3-phase unbalanced load flow program for the new nests and evaluate
their fitness value

|

Select best nest from new nest and initial host nest

IT=I1T+1

ISIT > ITmax

No

The nest with maximum fitness value represents the optimal solution

Fig. 4.5. Flow chart of the proposed planning approach using CSA

4.5 Simulation Results and discussions

The simulations are carried out with MATLAB R2012b software. The effectiveness of
the proposed algorithm is verified on four unbalanced radial distribution networks, i.e. the
19-bus, 25-bus, Indian 19-bus and 34-bus system. The base case results of these systems

are provided in Table 2.2 of Chapter 2. The maximum value of DSTATCOM rating is
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considered as 10,000 kVAR [79].The parameters of the DE are taken from Table 2.3 of
Chapter 2. In this, chapter, three different planning cases are studied such as:
e Case A: planning for optimal phase balancing
e Case B: Simultaneous planning for the optimal phase balancing and the conductor
sizing.
e Case C: Simultaneous planning for the optimal phase balancing, the conductor
sizing, and the DSTATCOM allocation and sizing

Table 4.1: Comparison of the solutions obtained with planning Cases B and C using DE
for 19-bus and 25-bus systems

19-bus system 25-bus system
Objective Case B Case C Case B Case C
Mean SD Mean SD Mean SD | Mean | SD
PL (kw) |1.7801 | 0.0214 | 2.3212 | 0.0381 | 109.312 | 0.006 | 85.642 | 0.004
TSy (MVA) | 0.0003 | 0.0023 | 0.0050 | 0.0041 | 0.0857 | 0.014 | 0.0860 | 0.013
AVq (%) | 0.7418 | 0.0039 | 2.8623 | 0.0057 | 3.7645 | 0.038 | 3.4142 | 0.028
ZSUF (%) | 0.0027 | 0.0006 | 0.0556 | 0.0023 | 0.0947 | 0.045 | 0.0951 | 0.029
NSUF (%) | 0.0011 | 0.0005 | 0.0188 | 0.0019 | 0.1148 | 0.070 | 0.1152 | 0.058
In (p.u.) | 2.2906 0 2.3134 | 0.0029 | 0.6031 0 |0578| O

Table 4.2: Comparison of the results as obtained with Case C planning using DE and CSA
for 19-bus and 25-bus systems

19-bus system 25-bus system
Obijective DE CSA DE CSA
Mean SD Mean SD Mean | SD | Mean | SD
PL (kW) |2.3212 | 0.0381 | 2.5143 | 0.0412 | 85.642 | 0.004 | 86.345 | 0.009
TSu (MVA) | 0.0050 | 0.0041 | 0.0060 | 0.0051 | 0.0860 | 0.013 | 0.0875 | 0.021
AVq (%) | 2.8623 | 0.0057 | 2.9569 | 0.0061 | 3.4142 | 0.028 | 3.7645 | 0.031
ZSUF (%) | 0.0556 | 0.0023 | 0.0632 | 0.0031 | 0.0951 | 0.029 | 0.0991 | 0.035
NSUF (%) | 0.0188 | 0.0019 | 0.0192 | 0.0023 | 0.1152 | 0.058 | 0.1230 | 0.065
In (p.u) | 2.3134 | 0.0029 | 2.3142 | 0.0031 [ 0.5785| 0 |0.5787 | 0.002
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Table 4.3: Comparison of the solutions obtained with planning Cases B and C using DE for the

Indian 19-bus and 34-bus systems

Indian19-bus system 34-bus system

Objective Case B Case C Case B Case C

Mean | SD | Mean | SD Mean SD Mean SD
PL (kW) |18.91270.0214|16.312|0.0200|565.46100.0081|436.2706|0.0072

TSy (MVA)| 0.0092 |0.0064|0.0093(0.0011| 0.0184 |0.0071| 0.0183 |0.0063
AVq (%) | 1.8470 [0.1939(1.4421|0.1135| 6.9013 |0.0158| 4.1705 [0.0149
ZSUF (%) | 0.0130 [0.0043|0.0131|0.0014| 0.1095 [0.1091| 0.1103 [0.1023
NSUF (%) | 0.0053 |0.0018|0.0054|0.0006| 0.0378 |0.0041| 0.0385 |0.0039
INn (p.u.) | 7.6206 0 (74123 O 53.3187 |0.0002| 47.2024 |0.0001

Table 4.4: Comparison of the results as obtained with Case C planning using DE and CSA

for Indian 19-bus and 34-bus systems

Indian19-bus system 34-bus system

Obijective DE CSA DE CSA

Mean | SD | Mean | SD Mean SD Mean SD
PL (kW) |16.312|0.0200(17.412|0.0312|436.2706|0.0072|437.5142|0.0081

TSy (MVA)|0.0093|0.0011|0.0097|0.0021| 0.0183 |0.0063| 0.0195 |0.0073
AVq (%) |1.4421]0.1135|1.5132|0.1581| 4.1705 |0.0149| 4.5143 |0.0161
ZSUF (%) 0.0131(0.0014|0.0161{0.0151| 0.1103 [0.1023| 0.1823 |0.1134
NSUF (%) |0.0054 |0.0006|0.0071|0.0069| 0.0385 |0.0039| 0.0412 |0.0045
In(p.u.) |7.4123| 0 |7.5462| 0.002 | 47.2024 |0.0001| 47.3145 |0.0003

4.5.1 Results of Single Objective Optimization

The single objective optimization is performed as described in Chapter 2. The results
of the single objective optimization considering each objective separately for planning
Case A are given in Table 3.1 and 3.3 respectively for the 19-, and the 25-bus and Indian
19- and 34-bus system in chapter 3. From chapter 2, it is observed that the performance of
DE is better and consistent according to the mean objective function and the standard

deviation (SD), respectively as compared to the other three algorithms. A performance
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comparison between the planning Cases B and C using the DE is provided in Table 4.1
and 4.3 for the 19- and the 25-bus system and the Indian 19- and 34-bus system
respectively. Comparison of the results as obtained with Case C planning using DE and
CSA for 19- bus and 25- bus are shown in Table 4.2. Table 4.4 shows these results for
Indian 19-bus and 34-bus systems. It is observed that the solutions are improved in view
of the power loss and the average voltage drop, and the neutral current in planning Case C
for Indian 19-bus, 25- bus, and 34-bus system. It is expected because the optimization of
the conductor sizes and the DSTATCOM placement and the sizing improves these three
objectives. However, the DSTATCOM size and conductor size optimization does not have
any positive impact on the optimization of other objectives. Thus, the solutions obtained
with the optimization of the other objectives either remain same or slightly different than
the Case B.

4.5.2 Results of Multi-Objective Optimization

The multi-objective optimization is executed as discussed in Chapter 2. In this
subsection, all the objective functions are aggregated with equal weights so as to get
simultaneous optimization of all of them. The results of 50 runs for the Case A planning as
obtained with DE, are provided in Table 3.5 for 19- and 25-bus systems and in Table 3.7
for Indian 19- bus and the 34- bus system. From chapter 2, it can be seen that DE provides
a better solution in comparison to other metaheuristic algorithms such as the CSA, the
PSO, and the GA. Hence, a performance comparison between planning Cases B and C
using DE, for 19-, and 25-bus and Indian 19- and 34-bus systems are given in Table 4.5
and 4.7 respectively. Comparison of the multi-objective optimization results as obtained
with Case C planning using DE and CSA for 19-bus and 25-bus systems is shown in Table
4.6. Table 4.8 depicts these results for Indian 19- bus and 34- bus system. It shows that the
solutions are improved in view of the power loss and the average voltage drop, and the
neutral current in planning Case C. This can be due to simultaneous phase balancing,
conductor sizing, and the DSTATCOM allocation and the sizing optimization. Optimal
location, angle, and KVA rating as obtained with DE for different test systems are shown
in Table 4.9. However, the inferior solutions are obtained in the 19- bus system with
DSTATCOM having rating (30.8753, 32.0323, 34.5321) kVAR allocated at bus 9 for the

phase a, b, and c respectively. This can be due to reactive power compensation by the
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DSTATCOM. The voltage profile of the Indian 19, 25, 34- bus system at phase a, b, and ¢
for the Case A, B, C, and base voltage are shown in Figs. (4.6)-(4.14) respectively. From
these figures, it can be clearly seen that voltage magnitude at all buses has improved
significantly in comparison to the base case voltage magnitude for the Case C optimization
planning. The complex power demand and the conductor sizes as obtained with Case C

planning in a sample run for the systems are shown in Appendix (Table G.1-G.4).
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cases obtained with DE for 34-bus system
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cases obtained with DE for 34-bus system

Table 4.5: Results of the multi-objective optimization of 50 runs obtained with DE

19-bus system 25-bus system
Obijective Case B Case C Case B Case C
Mean SD Mean SD Mean SD Mean | SD
PL (kw) | 2.2358 | 0.0593 | 2.3245 | 0.0397 | 110.16 | 0.1745 | 85.648 | 0.005
TSu (MVA) | 0.0008 | 0.0008 | 0.0054 | 0.0045 | 0.0869 | 0.0145 | 0.0873 | 0.013
AVq (%) | 1.4196 | 0.0220 | 1.8714 | 0.0058 | 4.0230 | 0.0945 | 3.4401 | 0.029
ZSUF (%) | 0.0054 | 0.0013 | 0.0056 | 0.0025 | 0.1754 | 0.0177 | 0.1752 | 0.032
NSUF (%) | 0.0204 | 0.0064 | 0.0205 | 0.0021 | 0.3881 | 0.0165 | 0.3882 | 0.061
In (p.u.) | 2.2906 0 2.3136 | 0.0032 | 0.6031 0 0.5688 0
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Table 4.6: Comparison of the multi-objective optimization results as obtained with Case C

planning using DE and CSA for 19-bus and 25-bus systems

19-bus system 25-bus system
Objective DE CSA DE CSA
Mean SD Mean SD Mean | SD | Mean SD
PL (kW) | 2.2358 | 0.0593 | 3.5289 | 0.0512 | 85.648 | 0.005 | 86.715 | 0.0643
TSy (MVA) | 0.0008 | 0.0008 | 0.0065 | 0.0061 | 0.0873 | 0.013 | 0.0885 | 0.023
AVq (%) | 1.4196 | 0.0220 | 2.9845 | 0.0071 | 3.4401 | 0.029 | 3.7821 | 0.035
ZSUF (%) | 0.0054 | 0.0013 | 0.0075 | 0.0057 | 0.1752 | 0.032 | 0.1860 | 0.043
NSUF (%) | 0.0204 | 0.0064 | 0.0232 | 0.0032 | 0.3882 | 0.061 | 0.3990 | 0.082
In (pu.) | 2.2906 0 2.3241 | 0.0042 | 0.5688 0 0.5791 | 0.005

Table 4.7: Results of the multi-objective optimization of 50 runs obtained with DE

Indian 19-bus system 34-bus system

Obijective Case B Case C Case B Case C

Mean | SD Mean SD Mean SD Mean SD
PL (kW) |20.2161|0.0266| 17.045 | 0.0208 |566.0124|0.0093|437.2816(0.0074

TSy (MVA)| 0.0110 |{0.0014| 0.0111 | 0.0012 | 0.0190 [0.0082| 0.0191 |0.0065
AVy (%) | 1.8795 |0.1939| 1.4532 | 0.1154 | 6.9145 [0.0172| 4.1801 |0.0151
ZSUF (%) | 0.0281 |0.0292| 0.0279 | 0.0019 | 0.1143 |0.1123| 0.1150 |0.1045
NSUF (%) | 0.0169 |0.0078| 0.0171 | 0.0007 | 0.0385 |0.0065| 0.0395 |0.0041
In(pu) | 7.6206| O 7.4331 0 53.3189 [0.0003| 47.3256 |0.0002
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Table 4.8: Comparison of the multi-objective optimization results as obtained with Case C

planning using DE and CSA for Indian 19- bus and 34- bus systems

Indian 19-bus system 34-bus system

Objective DE CSA DE CSA

Mean | SD Mean SD Mean SD Mean SD
PL (kw) |17.045/0.0208| 18.1230 | 0.0343 [437.2816|0.0074|438.0234|0.0095

TSy (MVA)|0.0111{0.0012| 0.0163 | 0.0025 | 0.0191 [0.0065| 0.0198 |0.0081
AVq (%) |1.4532(0.1154| 1.5242 | 0.1302 | 4.1801 |0.0151| 4.6132 |0.0172
ZSUF (%) (0.0279(0.0019| 0.0301 |0.0025 | 0.1150 |0.1045| 0.1932 |0.1254
NSUF (%) {0.0171|0.0007| 0.0205 | 0.0009 | 0.0395 |0.0041| 0.0452 |0.0051
In (pu.) |7.4331] O 7.5502 | 0.005 | 47.3256 {0.0002| 47.3321 |0.0004

Table 4.9: The optimal location, angle, and KVA rating as obtained with DE for
different bus systems
Optimal angle a (Degree)| Optimal KVA Rating

Bus system |Optimal Location

Phase a|Phase b |Phase c |Phase a| Phase b | Phase ¢

19- bus 9 0.5142 | 0.5321 | 0.5412 |30.8753|32.0323(34.5321
25- bus 7 0.8145 | 0.8321 | 0.8124 [569.326/571.510(569.721
Indian 19- bus 6 0.0712 1 0.0732 | 0.0743 |52 5406|67.6044|69.4877

34- bus 22 -0.2124-0.2143|-0.2156 599.432601.435 [602.414
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4.6 Summary

In this chapter, a planning approach has been developed in order to determine the
optimal phase balancing, conductor sizes, and the DSTATCOM location and the rating for
the unbalanced radial distribution systems by optimizing various objective functions such
as; the power loss, the complex power unbalance, the average voltage drop, the positive
and zero sequence unbalance factors and the neutral current integrating DSTATCOM. A
three phase forward-backward sweep load flow algorithm including the DSTATCOM
model is developed and used in the planning approach. The DE and CSA are used as the
solution strategy.

The simultaneous optimization for the phase balancing, the conductor sizing, the
DSTATCOM location and the sizing provides a network with lower power loss, average
voltage drop, neutral current, and better voltage profile for the Indian 19- bus, 25- bus, and
34- bus system. However, the simultaneous optimization for the phase balancing, the
conductor sizing, the DSTATCOM location and the sizing gives inferior solutions in case
of the 19- bus system. This can be due to reactive power compensation by DSTATCOM in
the system. From Chapter 1, it is found that distributed generation (DG) can reduce the
power loss and improve the voltage profile of a distribution system by injecting active
power into it. However, it’s impact on other objectives haven’t been investigated yet.

Thus, next chapter focuses on planning of URDS considering the integration of DGs.
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Chapter 5

Planning of Unbalanced Radial
Distribution Systems with DG Using

Evolutionary Computing Algorithms

5.1 Introduction

In chapter 4, the planning of URDS has been presented using differential evolution
algorithm (DE) and CSA in the presence of DSTATCOM. Several objective functions
such as the total power loss, average voltage drop, total neutral current and total voltage
unbalance have been minimized using this algorithm. However, the simultaneous
optimization for phase balancing, conductor sizing, capacitor location and sizing gives
inferior solutions in case of the 19- bus system.

From chapter 1, it is observed that distributed generations (DG) can reduce power loss
and improve the voltage profile of distribution systems. Thus, in this chapter the planning
of four URDS has been carried out by integrating DG with the system. The objective
functions considered are the total power loss, the average voltage drop, the total neutral
current and the total voltage unbalance. The DE and the Cuckoo search algorithm (CSA)
are employed as the solution strategy for minimizing these objective functions in order to
obtain optimal DG location, rating, the conductor sizing and the phase balancing. For the
evaluation of each objective, a forward-backward load flow algorithm including the DG
model is developed. The proposed approaches are demonstrated on the 19-bus, 25-bus,
Indian 19-bus and 34-bus URDS.
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This chapter is organized as follows: Problem Formulation is presented in section 5.2. In
Section 5.3, the implementation of proposed planning approach using the DE and the CSA
is described. The simulation results are presented in section 5.4. Section 5.5 concludes the
chapter.

5.2 Problem Formulation

The objective of this planning problem is the minimization of various objective functions
as discussed in chapter 2, subject to some technical constraints. These objective functions
are described below.

This fitness function is maximized under the following constraints:

I. Voltage constraint: VVoltage at each bus must remain within the permissible range.

Vsmin SVsabC SVsmax (5 1)

ii. Thermal constraint: The current flowing through each branch must be within the

maximum current carrying capacity of the conductor.

abc max
" < |
| i = | j

(5.2)
iii. DG active generation limits: The DG output power should remain within their
operational limits.

Pimin < R < F%max (53)

5.3 Implementation of DE and CSA for the planning problem

The proposed planning approach with DE and CSA utilizes a three-phase load flow
algorithm as an auxiliary program in order to obtain bus voltage magnitudes and power
loss of the URDS. The load flow algorithm including DGs is explained in Section 5.3.1
and application of DE and CSA is described in Section 5.3.2 and 5.3.3 respectively.

5.3.1 Three phase forward-backward sweep load flow algorithm incorporating DG

The load flow algorithm utilizes three matrices A, B, and C in order to obtain power flow
solutions. The downstream buses connected to a particular bus are determined using
matrix A. The end buses are identified with the help of matrix B and matrix C is developed
in order to obtain the branch currents. This load flow algorithm consists of two steps. In
the first step, the backward sweep is executed in order to find out the branch currents as

follows:
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_ Pb-ase _ in-ase
Iipea,b,c [ Dlp — Dlp J (54)
V P

Where, 1,7<*"¢, \ZP* are the load current and voltage conjugate (in phasor form), and Pg’f;je

base

p, are the active and reactive power demand for p™" phase of i bus of the base-case

network and at bus i for phase p.
Then, the forward sweep is executed in order to obtain the bus voltages. More details of
this algorithm are given in Chapter 2.
5.3.1.1 Incorporation of DG model in distribution load flow

This section describes the incorporation of the DGs in the unbalanced distribution
systems. Fig. 5.1 shows the connection diagram for three DGs having rating DG1, DG2,
and DG3 kW placed at bus j, in a sample line section of the unbalanced distribution
system.

aa

> 28 a
ab
Jca 4
4 bb
» Zij b
hc
[0 \
> zii¢ C

~
Busi J R Bus j

DG1 DG2 DG3

Fig. 5.1. Connection diagram of DGs in a sample unbalanced distribution system

Where, %, 2 and #° denotes self-impedance of phase a, phase b, and phase ¢

ab
Zij

respectively; 28", 2° and #* denotes mutual impedance between phases. The DG ratings

are considered to be continues in value. The minimum and maximum size of the DG is
taken as 0 and 400 kW respectively.

In order to incorporate the DG model, the active power demand at the bus at which a DG
unit is placed, say, at bus i, is modified by:

Pow =Por® = Rp” (5.5)
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Where, PEEi’pG is the active and reactive power demand for p" phase of i bus with a DG

unitand P is the active power generated by the DG unit placed at p™ phase of i" bus.

5.3.2 Proposed Planning Approach Using DE and CSA
In this chapter, the DE and the CSA are employed as the solution strategy for the planning

problem of the unbalanced radial distribution networks. The detail description of these

algorithm can be found in chapter 2.

5.3.2.1 Encoding Strategy

A chromosome for DE or nest for CSA representing a candidate solution in this planning
problem consists of three segments as shown in Fig. 5.2. They are:
(i) The first segment represents the complex power demand for each phase for each bus

except the substation bus. Where, s, S, ,S; represent complex power demand for bus i

for phases a, b, and c, respectively and NB is total number of buses.

(i1) The second segment represents types of the conductor (ct) used in each branch, and
NBR is total number of branches.

(iii) The third segment represents DG power demand in each bus.
Where, Pia°®, Pi,PC, PicP€¢ are the power generation capacity for a DG unit located at i*"
bus in phases a, b and c, respectively and NDG is the number of DGs. DGs are
considered to be operating in constant PQ mode.

The chromosome string (CST) is given as:

S2, | Sz, | Sz Sne, | SnB, | Sna, | ct ctwg | Pi® | Pu® | Pi® Pnoca” | Pnoat® | Pnoec”
. " G G G G G G
< > ¢—p ¢ >
Complex power demands conductor type Power generated by DGs

Fig. 5.2 Encoding strategy for a chromosome or nest in DE and CSA
The criteria for optimal location of DG is as follows:

PCC »0 If a DG can optimally be placed at n™ bus.
=0 Otherwise
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5.3.2.2 Flow Chart of the Proposed Approach using DE and CSA

The flowchart for the overall planning approach using the DE and the CSA are shown in

Fig. 5.3. and Fig. 5.4. respectively.

Generate initial population of #pop individuals according to Fig.
5.2., Set IT=1, set the DE parameters and maximum iteration (iT,..)

Execute 3-phase unbalanced load flow program including the DG powers
and evaluate the fitness value corresponding to the IT™" population

Carry out mutation and crossover operations so as to generate trial vectors

v
Execute 3-phase unbalanced load flow in order to compute
the fitness value for the trial vectors

IT=1IT+1

!

Do selection operations to produce better offspring

No
IS 1T > I Tmax

The vector with maximum fitness value gives the optimal solution

v

Fig. 5.3. Flow chart of the proposed planning approach using DE
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Generate initial population of 7p0p host nests according to Fig 5.2,

Set IT=1, set the CSA parameters and maximum iteration (ITmax)

5

Randomly generate cuckoos using levy flights
Eq. (2.23)

Perform 3-phase unbalanced load flow including the DG
powers and evaluate the fitness function for cuckoos

v

Replace better cuckoos to a randomly chosen nest

v

Build new nests at new locations using levy flights Eq.
(2.23), while abandoning a fraction of worst nests

v

Perform 3-phase unbalanced load flow in order to
evaluate the fitness function for new nests

‘

Select best nest from new nest and initial nest

IT=1T+1

IS IT > ITmax

No

The nest with maximum fitness value represents the optimal solution

Fig. 5.4. Flow chart of the proposed planning approach using CSA
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5.4 Simulation Results and discussions
The computer simulation study for the proposed planning approach is done in MATLAB

2012b environment using four test systems, i.e., 19-bus, 25-bus, Indian 19-bus, and 34-bus
URDS. The total active and reactive power demand for the 19-bus system are 365.94 kW
and 177.27 KVAR, respectively. For 25-bus system, these demands are 3240 kW and 2393
kVAR, respectively. For Indian 19-bus system, these demands are 1219.8 kW and 590.9
kVAR, respectively. For 34-bus system, these demands are 5850 kW and 4827.7 kVAR,
respectively. The power loss, the complex power unbalance, the neutral current, the
ZSUF, and the NSUF for the base case network of the 19-, 25-, Indian 19-, and 34-bus
systems are given in Table 2.1. The DE parameters are optimized by taking repetitive
simulation runs, and the optimal parameters are shown in Table 2.2. The DG penetration
level i.e. the ratio of total DG active powers to total active power demand is considered to
be 0.4 [92]. The DG units are assumed to be operated at unity power factor [92]. Three
different planning optimization cases are used. They are:

e Case A: planning for optimal phase balancing

¢ Case B: simultaneous planning for the optimal phase balancing and conductor sizes

e Case C: simultaneous planning for optimal phase balancing, the conductor sizes and the

DG power generation
All the objective functions are aggregated with equal weights so as to get simultaneous

optimization of all of them.

5.4.1. Results of single objective optimization

The performance comparison between planning Cases A and B using DE are provided in
Table 2.7 and 2.11 for 19- and 25-bus system and Indian 19- and 34-bus system
respectively. The results of 50 runs for planning Case C (single objective) as obtained
with DE and CSA are provided and compared with those obtained with CSA in Table 5.1
and Table 5.2 for the 19-bus, the 25-bus and the Indian 19-bus and 34-bus system. The
results show that the performance of DE is better and consistent according to the mean

objective function and the standard deviation (SD), respectively as compared to CSA.
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Table 5.1 Comparison of results of planning Case C of 50 runs as obtained with DE, and
CSA, for 19- and 25-bus systems

19-bus system 25-bus system

Objective DE CSA DE CSA

Mean SD Mean SD Mean SD Mean SD

PL (kW) |1.4258|0.0612|1.5123|0.0635|71.543|0.1821|72.058|0.1951

TSy (MVA) | 0.0008 | 0.0006 | 0.0010 | 0.0009 | 0.0866 | 0.0149 | 0.0871 | 0.0166

AVq (%) |0.6404|0.0004 |0.7152 |0.0005 | 3.2105|0.0983 | 3.3421 | 0.0991

ZSUF (%) |0.0048|0.0014 |0.0058|0.0015 |0.0932|0.0181|0.0945 | 0.0185

NSUF (%) | 0.0102|0.0071{0.0110|0.0073|0.1041|0.0172|0.1154|0.0176

In(p.u) |1.4744| 0 |1.4748/0.0015|05321| 0 [0.53280.0018

Table 5.2 Comparison of results of planning Case C of 50 runs as obtained with DE, and
CSA, for Indian 19- and 34-bus systems

Indian 19-bus system 34-bus system

Objective DE CSA DE CSA
Mean | SD Mean | SD Mean SD Mean SD
PL (kw) |14.41210.012515.2190.0128 | 310.3478 | 0.0058 | 312.1245 | 0.0061

TSu (MVA)|0.0021 | 0.0009 | 0.0025 | 0.0011 | 0.0165 |0.0055| 0.0169 |0.0058
AVy (%) |1.3241/0.1135/1.3345|0.1235| 3.1043 10.0145| 3.1561 |0.0151
ZSUF (%) 0.0045 | 0.0014 | 0.0050 | 0.0018 | 0.0983 |0.1011| 0.0992 |0.1045
NSUF (%) | 0.0018 | 0.0006 | 0.0021 | 0.0007 | 0.0295 |0.0038 | 0.0305 |0.0040
In (p.u) |6-3245 0 6.3321 | 0.005 | 46.0145 |0.0002 | 46.0247 |0.0005
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5.4.2. Results of Multi-Objective Optimization

The multi-objective performance comparison between planning Cases A and B using DE
are provided in Table 2.15 and 2.19 for 19- and 25-bus system and Indian 19- and 34-bus
system respectively. The comparative results among the solutions obtained with planning
Case C (multi-objective) are given in Table 5.3 and Table 5.4 for the 19-bus, the 25-bus
and the Indian 19-bus and the 34-bus system respectively. The reduction in power loss for
the 19-bus and the 25-bus systems with Case C planning is found to be 87.76% and
51.6%, respectively compared to their respective base case values. Similarly, the reduction
in power loss for the Indian 19-bus and the 34-bus systems with Case C planning is found
to be 70.99% and 46.33%, respectively compared to their respective base case values. The
minimum bus voltage magnitude (p.u.) is also found to be significantly improved with
planning Case C. The voltage profile for the 19- bus networks as obtained with different
planning cases are illustrated in Figs. 5.5. The optimal location and rating of DGs for the
Indian 19- bus, and 34- bus system as obtained with DE are shown in Table 5.5. The
minimum bus voltages for the solutions obtained with different planning cases are given in
Table 5.6. The power loss vs. each branch number are shown in Fig. (5.6)-(5.11), for
Indian 19-bus and 34-bus systems respectively. It can be seen that the power loss in each
branch has reduced significantly with Case C planning for these four systems. The
complex power demand and the conductor sizes as obtained with Case C planning in a

sample run for all the systems are shown in Appendix (Table H.1-H.4).

Table 5.3 Comparison of the results as obtained with Case C (multi-objective) planning
using DE and CSA for 19- and 25- bus system

19-bus system 25-bus system
Obijective DE CSA DE CSA
Mean SD Mean SD Mean SD Mean SD
PL (kW) | 1.6258 | 0.0545 | 1.7242 | 0.0641 | 72.412 | 0.1823 | 73.012 | 0.1954
TSy 0.0009 | 0.0006 | 0.0011 | 0.0007 | 0.0867 | 0.0152 | 0.0875 | 0.0168
(MVA)
AV (%) | 0.7404 | 0.0003 | 0.8404 | 0.0005 | 3.2201 | 0.0986 | 3.3425 | 0.0995
ZSUF | 0.0058 | 0.0012 | 0.0060 | 0.0013 | 0.1643 | 0.0186 | 0.1721 | 0.0195
(%)
NSUF | 0.0115 | 0.0067 | 0.0118 | 0.0070 | 0.3142 | 0.0175 | 0.3242 | 0.0181
(%)
In (p.u.) | 1.4844 0 1.4856 | 0.0015 | 0.5327 0 0.5330 | 0.0020
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Table 5.4 Comparison of the results as obtained with Case C (multi-objective) planning
using DE and CSA for Indian 19- and 34- bus system

Indian 19-bus system

DE CSA
Mean
15.312

34-bus system

DE CSA
Mean

312.1261

Obijective

SD
0.0129

SD
0.0132

SD
0.0059

SD
0.0063

Mean
310.3589

Mean
14.534

PL (KW)
TSy
(MVA)
AV (%)
ZSUF
(%)
NSUF
(%)

In (p.u.)

0.0022 | 0.0011 | 0.0028 | 0.0015 | 0.0169 | 0.0058 | 0.0171 | 0.0060

1.3251 | 0.1141 | 1.3351 | 0.1238 | 3.1051 | 0.0148 | 3.1565 | 0.0154

0.0046 | 0.0016 | 0.0052 | 0.0019 | 0.0988 | 0.1015 | 0.0995 | 0.1048

0.0020 | 0.0007 | 0.0023 | 0.0008 | 0.0299 | 0.0039 | 0.0308 | 0.0043

6.3261 0 6.3332 | 0.007 [46.0152| 0.0003 |46.0251| 0.0006

Table 5.5 The optimal location and rating of DGs for the 19- bus, 25- bus, Indian 19-
bus, and 34- bus system as obtained with DE

Bus system | DG location(s) Power generated by DG units (kW)
Phase a Phase b Phase ¢
19-bus 9 20.124 0 10.012
10 16.240 100.321 0
Indian 19- bus 6 35.482 50.452 10.432
17 100.321 291.233 0
11 0 0 96
25- bus 12 400 400 400
34- bus 19 400 390.56 385.7
22 380.865 388.039 394.836

Table 5.6 Comparison of the minimum bus voltage of the solutions obtained with
different planning cases

Minimum bus voltage (p.u.)

Planning Case

19-bus system 25-bus system

Base Case | 0.9516 | 0.9498 | 0.9505 | 0.9284 | 0.9284 | 0.9366
Case A 0.9701 | 0.9695 | 0.9698 | 0.9285 | 0.9287 | 0.9367
Case B 0.9790 | 0.9788 | 0.9804 | 0.9472 | 0.9480 | 0.9555
Case C 0.9821 | 0.9819 | 0.9835 | 0.9648 | 0.9672 | 0.9708
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Fig. 5.5 Voltage profiles for the 19-bus system as obtained

with different planning cases
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5.5 Summary

In this chapter, a planning approach for determining the optimal phase balancing,
conductor sizes, the DG power allocation and sizing of URDS has been presented by
optimizing the power loss, the complex power unbalance, the average voltage drop, the
positive and zero sequence unbalance factors, and the neutral current. A forward-
backward load flow algorithm including the DG model has been developed and used in the
planning approach. The DE and CSA are used as the solution methodology. The salient
outcomes of this chapter are:

e A simultaneous optimization approach for the phase balancing, the conductor size,
the DG allocation and sizing provides a network with reduced power loss, better
voltage profile, and lower voltage unbalance factors.

e However, the simultaneous optimization for the phase balancing, the conductor
sizing, the DG location and the sizing gives inferior results for the zero and negative
sequence voltage unbalance for the 19- bus systems in comparison to the
simultaneous optimization for the phase balancing, and the conductor sizing.

e The performance of DE is found to be better and consistent as compared to the CSA.

It can be observed from Chapter 4 that, the DSTATCOM can reduce the power loss
and improve the voltage profile of the distribution systems and also DG can reduce the
power loss, etc. However, the effect of simultaneous DG and DSTATCOM allocation on
objectives such as the power loss, the average voltage drop, and etc. in URDS haven’t
been investigated yet. Thus, the concluding chapter focuses on planning of URDS
considering the integration of DGs and DSTATCOMs.
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Chapter 6

Planning of Unbalanced Radial
Distribution Systems with DG and
DSTATCOM Using Evolutionary
Computing Algorithms

6.1 Introduction

In chapter 5, the planning of the URDS has been presented using the differential evolution
algorithm (DE) and the cuckoo search algorithm (CSA) in the presence of DG. Several
objective functions such as the total power loss, average voltage drop, total neutral current
and total voltage unbalance have been minimized using this algorithm. However, the
simultaneous optimization for the phase balancing, the conductor sizing, the DG location
and the sizing gives inferior results for the zero and negative sequence voltage unbalance
for the 19- bus system.

From chapter 1, chapter 4, and chapter 5 it is observed that distributed generations
(DG) and the DSTATCOM can reduce the power loss and improve voltage profile of
distribution systems. Thus, in this chapter planning of four URDS has been carried
integrating DG and DSTATCOM with the system. A three-phase unbalanced modelling of
the DG and the DSTATCOM has been devised. The objective functions considered are the
total power loss, the average voltage drop, the total neutral current and the total voltage
unbalance. The DE and the Cuckoo search algorithm (CSA) are employed as the solution
strategy for minimizing these objective functions in order to obtain the optimal DG and
the DSTATCOM location, rating, conductor sizing and phase balancing. For the

evaluation of each objective, a forward-backward load flow algorithm including the DG
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and DSTATCOM model is developed. The proposed approach is demonstrated on the 19-
bus, 25-bus, Indian 19-bus and 34-bus URDS.

This chapter is organized as follows: The Problem Formulation is presented in Section
6.2. In Section 6.3, the implementation of proposed planning approach using the DE and
the CSA are described. The simulation results are presented in section 6.4. Section 6.5
concludes the chapter.

6.2 Problem Formulation

The objective of this planning problem is the minimization of the various objective
functions as discussed in Chapter 2, subject to some technical constraints.

This fitness function is maximized under the following constraints:

i. Voltage constraint: VVoltage at each bus must remain within the permissible range.

Vsmin SVsabC SVsmax ( 6 1)

ii. Thermal constraint: The current flowing through each branch must be within the

maximum current carrying capacity of the conductor.

Igbc < Imax
] J

(6.2)
iii. DG active generation limits: The DG output power should remain within their
operational limits.

R™" <R <R™ 6.3)
iv. DSTATCOM rating constraint
The DSTATCOM rating should be less than equal to the maximum value of DSTATCOM
rating.

Qdsat, < Qdstat__ (6.4)

Where Qdstat, denotes, the allowable DSTATCOM size, the maximum value of

DSTATCOM rating is represented as Qdstat, ., .

6.3 Implementation of DE and CSA for the planning problem

The proposed planning approach with the DE and the CSA utilizes a three-phase load flow
algorithm as a supplementary tool to obtain the bus voltage magnitudes and power loss of
the URDS. The load flow algorithm including the DGs and DSTATCOM s explained in
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Section 6.3.1 and application of the DE and the CSA is described in Section 6.3.2 and
6.3.3 respectively.

6.3.1 Three phase forward-backward sweep load flow algorithm incorporating DG
and DSTATCOM

As discussed in chapter 2, the load flow algorithm compute the power flow solutions with
the help of three matrices A, B, and C. The downstream buses connected to a particular
bus are determined using matrix A. The end buses are identified with the help of matrix B
and matrix C is developed in order to obtain the branch currents. The load flow algorithm
consists of two steps. In the first step, the backward sweep is executed in order to find out

the branch currents as follows:

I__XEa,b,c — ij - [Q;(
J ij

-

Where, 1 =*¢ v

(6.5)

, P*,and Q are the load current and voltage conjugate (in phasor form),

]

active power and reactive power demand at bus j for phase x.

Then, the forward sweep is executed in order to obtain the bus voltages. More details of
this algorithm have been discussed in Chapter 2.

6.3.1.1 Incorporation of DG and DSTATCOM model in the distribution load flow
This section describes the incorporation of the DGs and DSTATCOM in the unbalanced
distribution systems. Fig. 6.1 shows the connection diagram for the three DGs having
rating DG1, DG2, and DG3 kW placed at bus j, in a sample line section of the unbalanced

distribution system.

» aa a

> zjj
2
Zic_a ij
) bb

» Z'J b
f iZﬁc ‘

> zi¢ o co
DG1 DG3 W

DG2
DSTATCOM

Fig. 6.1. Connection diagram of DGs and DSTATCOM in a sample distribution system
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Where, z , z’,and z° denotes the self-impedance of phase a, phase b, and phase ¢

respectively; z*,z¢,and z* denotes the mutual impedance between the phases. The DG
and DSTATCOM ratings are considered to be continuous in value. The minimum and
maximum size of the DG is taken as 0 and 400 kW respectively and the minimum and
maximum size of DSTATCOM is chosen as 0 and 10,000 kVAR [79] respectively.

In order to incorporate the DG and DSTATCOM model, the active and reactive power
demand at the bus at which a DG and DSTATCOM unit is placed, say, at bus i, is
modified by:

R =R RS

DSTAT __ ~ybase Q DSTAT

Dip - Dip ip (6. 6)

Where, P* and Qp™ are the active and reactive power demand for p" phase of i bus
with a DG and DSTATCOM unit and P and Qy* are the active and reactive power
demand for p™ phase of i bus of the base-case network; P> and Q™ is the active and

reactive power generated by the DG and DSTATCOM unit placed at p™ phase of i" bus.
6.3.2 Proposed Planning Approach Using DE and CSA

In this chapter, the DE and the CSA are employed as the solution strategy for the planning
problem of unbalanced radial distribution networks. The detail description of these
algorithm are given in chapter 2.

6.3.2.1 Parameter Representation

The parameters (decision variables) for the DE and the CSA in this planning problem

consists of three decision variables and is represented as a vector D as follows:

D= [ANG, ND, ¢, NDG, APD, ctz] (6.7)
ANG=[a,,a,,a,,..., 1 o a%p] (6.8)
$=[¢1,92., ¢ (6.9)
QD=[QD1, QDs,...,QDn] (6.10)
PDG=[PDGg, PDG,,...,PDGn] (6.11)
APD=[APDgp,c, APDapy, ..., APDN] (6.12)
ctz=[cty, cty,.., Ctner] (6.13)

Where ANG represents vector of DSTATCOM angles (e, , «, , «, ) and are generated

within the lower and the upper bound for number of population (nop), ¢ denotes the vector
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of DSTATCOM and DG locations; QD, and PDG denotes the vector of DSTATCOM and
DG rating, APD vector represents the active and reactive power load for the phases a, b,
and c for bus N, ND represents the number of DSTATCOM, NDG represents number of
DGs, and ctz represents a vector of different conductor types for the NBR number of
branches.

6.3.2.2 Flow Chart of the Proposed Approach using DE and CSA

The flowchart for the overall planning approach using DE and CSA are shown in Fig. 6.2.

Generate initial population of 7,0 individuals according to Eq. 6.7., Set
IT=1, set the DE parameters and maximum iteration (1T max)

and Fig. 6.3. respectively.

Execute 3-phase unbalanced load flow program including DGs and DSTATCOM and
evaluate the fitness value corresponding to the IT" population, the reactive power
injected by DSTATCOM is computed using base case load flow results and subroutine 1,
of+ Fig. 4.3.

Carry out mutation and crossover operations so as to generate trial vectors

v

Execute 3-phase unbalanced load flow including DGs and

DSTATCOM and compute the fitness value for the trial vectors IT=I1T +1

\ 4
Do selection operations in order to produce better offspring

No

Yes

The vector with the maximum fitness value gives the optimal solution

'

Fig. 6.2. Flow chart of the proposed planning approach using DE
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Generate initial population of #pop host nests according to Eq. 6.7.,
Set IT=1, set the CSA parameters and maximum iteration (ITmax)
v
Execute 3-phase unbalanced load flow program including DGs and DSTATCOM
and evaluate the fitness value corresponding to the IT" population, the reactive
power injected by DSTATCOM is computed using base case load flow results and
subroutine 1, of Fig. 4.3.

la
L
Randomly generate cuckoos using levy flights
Eq. (2.23)
v

Perform 3-phase unbalanced load flow including DGs and
DSTATCOM and evaluate the fitness function for the cuckoos
v

Replace better cuckoos to a randomly chosen nest
I IT=I1T+1

Build new nests at new locations using levy flights Eq.
(2.23), while abandoning a fraction of worst nests

v

Select best nest from new nest and initial nest

No
IS IT > ITmax

The nest with maximum fitness value represents the optimal solution

Fig. 6.3. Flow chart of the proposed planning approach using CSA

6.4 Simulation Results and discussions

The computer simulation for the proposed planning approach has been carried out in
MATLAB 2012b environment using four test systems, i.e., the 19-bus, 25-bus, Indian 19-
bus, and 34-bus URDS. The power loss, the complex power unbalance, the neutral current,
the ZSUF, and the NSUF for the base case network of the 19-, 25-, Indian 19-, and 34-bus
systems are given in Table 2.1. The DE parameters are optimized by taking repetitive
simulation runs, and the optimal parameters are shown in Table 2.2. The DG penetration
level i.e. the ratio of total DG active powers to total active power demand is considered to
be 0.4 as taken in Chapter 5. The DG units are assumed to be operated at unity power
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factor. The maximum rating of DSATCOM is considered as 10,000 kVAR. Three
different planning optimization cases are used. They are:
e Case A: planning for optimal phase balancing
e Case B: simultaneous planning for the optimal phase balancing and the conductor
sizes
e Case C: simultaneous planning for the optimal phase balancing, the conductor sizes,
the DG active power generation, and the DSTATCOM reactive power generation
All the objective functions are aggregated with equal weights so as to get simultaneous

optimization of all of them.

6.4.1. Results of single objective optimization

The single objective performance comparison between planning Cases A and B using DE
are provided in Table 2.7 and 2.11 for 19- and 25-bus system and Indian 19- and 34-bus
system respectively. The results of 50 runs for the planning Case C (single objective) as
obtained with the DE and the CSA are compared, and are shown in Table 6.1 and Table
6.2 for the 19-bus, the 25-bus and the Indian 19-bus and the 34-bus system. The results
show that the performance of the DE is better and consistent according to the mean

objective function and standard deviation (SD), respectively as compared to the CSA.

Table 6.1 Comparison of results of planning Case C of 50 runs as obtained with DE, and
CSA, for 19- and 25-bus systems

19-bus system 25-bus system
Obijective DE CSA DE CSA
Mean | SD | Mean | SD | Mean | SD | Mean | SD
PL (kW) |1.3266 | 0.0562 | 1.4102 | 0.0620 |45.3224| 0.1745 | 46.478 | 0.1846
TSu (MVA) | 0.0002 | 0.0007 | 0.0008 | 0.0009 | 0.0745 | 0.0135 | 0.0805 | 0.0154
AVq (%) |0.3512|0.0002 | 0.4005 | 0.0006 | 1.0067 | 0.0812 | 1.2140 | 0.0912
ZSUF (%) |0.0019 | 0.0011 | 0.0054 | 0.0014 [ 0.0034 | 0.0171 | 0.0098 | 0.0183
NSUF (%) |0.0013 | 0.0065 | 0.0254 | 0.0072 | 0.0040 | 0.0156 | 0.0087 | 0.0165
In(pu) [1.3218] 0 [1.3245|0.0014/0.4183| 0O |0.41950.0015
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Table 6.2 Comparison of results of planning Case C of 50 runs as obtained with DE, and
CSA, for Indian 19- and 34-bus systems

Indian 19-bus system 34-bus system
Objective DE CSA DE CSA
Mean | SD | Mean | SD Mean SD | Mean | SD
PL (kW) |12.213|0.0115|14.219 |0.0120 [267.3229| 0.0051 {280.452/0.0058
TSu (MVA) |0.0018 | 0.0008 | 0.0021 | 0.0012 | 0.0145 | 0.0048 | 0.0154 [0.0051
AVq (%) |1.1024 | 0.1004 | 1.2056 | 0.1132 | 2.9106 | 0.0132 | 2.9854 [0.0148
ZSUF (%) |0.0035|0.0012 | 0.0045 | 0.0016 | 0.0959 | 0.0954 | 0.0982 [0.1021
NSUF (%) |0.0012 | 0.0005 | 0.0016 | 0.0006 | 0.0280 | 0.0031 | 0.0295 [0.0041
In (p.u.) | 5.4495 0 5.5067 | 0.003 |36.8510| 0.0003 |36.9801/0.0006

6.4.2. Results of multi-objective optimization

The multi-objective performance comparison between planning Cases A and B using DE
are provided in Table 2.15 and 2.19 for 19- and 25-bus system and Indian 19- and 34-bus
system respectively. The comparative results of the solutions obtained with planning Case
C (multi-objective) are given in Table 6.3 and Table 6.4 for the 19-bus, the 25-bus and the
Indian 19-bus and the 34-bus system respectively. The power loss, the system unbalance,
and the average voltage drop, for the 19- and the 25- bus system are found to be reduced
by 90.01%, 96.78%, 88.542%, and 69.74%, 18.23%, 78.59%, respectively with respect to
base case values. Similarly, for the Indian 19- and the 34- bus system these objectives are
found to be reduced by 75.62%, 97.52%, 70.03%, and 53.78%, 80.07%, 57.67%,
respectively with respect to base case values. The ZSUF and NSUF for the 19-, 25-, Indian
-19, and 34- bus networks as obtained with different planning cases are illustrated in Figs.
(6.4)- (6.11) respectively. It can be seen these values have been reduced significantly with
Case C planning for the four test systems. The optimal location and rating of the DGs and
the DSTATCOM obtained with DE are shown in Table 6.5. The optimal DSTATCOM
angle as obtained with DE for the 19- bus, 25- bus, Indian 19- bus, and 34- bus system are
shown in Table 6.6. The complex power demand and the conductor sizes as obtained with

Case C planning in a sample run for all the systems are shown in Appendix (Table 1.1-1.4).
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Table 6.3 Comparison of the results as obtained with Case C (multi-objective) planning
using DE and CSA

19-bus system 25-bus system

Objective DE CSA DE CSA
Mean SD Mean SD Mean SD Mean SD
PL (kW) | 1.3342 | 0.0585 | 1.4245 | 0.0631 |46.4101| 0.1840 | 47.513 | 0.1905
TSu
(MVA)
AVq (%) | 0.3831 | 0.0004 | 0.4241 | 0.0007 | 1.0245 | 0.0823 | 1.2430 | 0.0995
ZSUF
(%)
NSUF
(%)
In(pu) | 1.3210 | 0 [ 1.3261|0.0017 | 04240 | 0 | 0.4251 | 0.0021

0.0007 | 0.0009 | 0.0009 | 0.0010 | 0.0758 | 0.0141 | 0.0895 | 0.0168

0.0023 | 0.0015 | 0.0061 | 0.0018 | 0.0041 | 0.0181 | 0.0105 | 0.0221

0.0032 | 0.0065 | 0.0298 | 0.0074 | 0.0048 | 0.0168 | 0.0095 | 0.0175

Table 6.4 Comparison of the results as obtained with Case C (multi-objective) planning
using DE and CSA

Indian 19-bus system 34-bus system
Obijective DE CSA DE CSA
Mean SD Mean SD Mean SD Mean SD
PL (kw)| 13.015 | 0.0121 | 15.112 | 0.0131 268.5412 0.0058 |281.114| 0.0061
TSy
(MVA)
AVy (%) | 1.1145 | 0.1145 | 1.2145 | 0.1161 | 2.9541 | 0.0137 | 3.1042 | 0.0194
ZSUF
(%)
NSUF
(%)
In (p.u.) | 5.4567 0 5.5142 | 0.006 |36.8645| 0.0004 |36.9957| 0.0007

0.0019 | 0.0009 | 0.0025 | 0.0018 | 0.0151 | 0.0055 | 0.0162 | 0.0067

0.0039 | 0.0015 | 0.0051 | 0.0018 | 0.0981 | 0.0961 | 0.0995 | 0.1324

0.0015 | 0.0007 | 0.0019 | 0.0010 | 0.0292 | 0.0035 | 0.0341 | 0.0054
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Table 6.5 The optimal location and rating of DGs and DSTATCOM for the 19- bus, 25-
bus, Indian 19- bus, and 34- bus system as obtained with DE

Power generated by DG

Reactive power injected by

Bus DG |DSTATCOM _ _
) _ units (kW) DSTATCOM unit (kVAR)
system |location(s)| location
Phase a |Phase b|Phase c| Phase a | Phase b | Phase ¢
lo-b 12 ; 24.3267| 30 [23.1483 246143
- pUs .
19 10.5250| 30 |[28.376 33.0143 ) 31.3421
. 14 3 151.061[231.822P277.389
- PUS
22 185.273294.619155.836 ' 0-22° | 683.312569.923
Indian 19-| 7 75.123 |80.432|77.812
12 68.4123 | 61.2132 | 63.5406
bus 10 82.432 (79.421|92.743
22 392.4131383.412389.912
34- bus 5 598.451 | 599.725 | 600.231
9 379.214| 400.0 [395.043

Table 6.6: The optimal DSTATCOM angle as obtained with DE for the 19- bus, 25- bus,
Indian 19- bus, and 34- bus system

Optimal angle a (Degree)
Bus system
Phase a Phase b Phase ¢
19- bus 0.5576 0.5178 0.5210
25- bus 0.8265 0.8165 0.8231
Indian 19- bus 0.0735 0.0704 0.0721
34- bus -0.2019 -0.2113 -0.2203
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Fig. 6.4. Negative sequence unbalance (NSU) vs. bus number for

different planning cases obtained with the DE for the 19-bus system
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Fig. 6.5. Zero sequence unbalance (ZSU) vs. bus number for different
planning cases obtained with the DE for the 19-bus system
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Fig. 6.6. NSU vs. bus number for different planning cases obtained with
the DE for the 25-bus system
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Fig. 6.7. ZSU vs. bus number for different planning cases obtained with
the DE for the 25-bus system
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Fig. 6.8. NSU vs. bus number for different planning cases obtained with
the DE for the Indian 19-bus system
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Fig. 6.10. NSU vs. bus number for different planning cases obtained
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6.5 Summary

In this chapter, a planning approach has been devised in order to determine the optimal
phase balancing, the conductor sizes, the DG active power allocation and sizing, and the
DSTATCOM reactive power allocation and sizing in URDS has been presented by
optimizing the power loss, the complex power unbalance, the average voltage drop, the
positive and the zero sequence unbalance factors and the neutral current. A forward-
backward load flow algorithm including the DG and the DSTATCOM model has been
developed and used in the planning approach. The DE and the CSA are utilized as the
solution strategy. The important findings of this chapter are as follows:

e The simultaneous optimization approach for the phase balancing, the conductor
size, the DG, the DSTATCOM allocation and sizing provides a network with
reduced power loss, better voltage profile, lower average voltage drop, lower
voltage unbalance factors, lower neutral current, and a lower system unbalance.

e However, the locations and ratings of the DGs and the DSTATCOM are found to
be quite different for the four test systems. This may be due to different active and
reactive power demand of the systems.

e« The DE algorithm gives better solutions in comparison to the CSA for all
objectives in terms of mean and standard deviation for both the single and the

multi-objective optimization.
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7.1 Conclusions

The main objective of this research work is, the planning of unbalanced distribution
systems integrating reactive power compensating devices such as the capacitors, the
DSTATCOM, and the renewable devices such as solar and wind turbine. The thesis work
commenced with the introduction to unbalanced distribution systems planning, and
different planning approaches. A three-phase unbalanced load flow algorithm is developed
and used for obtaining the power flow solutions. Six objective functions such as the total
power loss, the average voltage drop, the total zero sequence unbalance, the negative
sequence voltage unbalance, the total neutral current, and the total complex power
unbalance are considered in this work. These objective functions are optimized both
separately and combined into aggregated multiobjective approach so as to obtain a
distribution network with lower power loss, voltage unbalance, total neutral current, etc.
Four metaheuristic algorithms such as the DE, the CSA, the PSO, and the GA are
employed as the optimization algorithm, and comparative analysis is carried out among
them regarding Mean and standard deviation to evaluate the relative merits and demerits
of each algorithm over other. The test systems for implementation of these algorithms
considered are as 1)19 —bus, 2) Practical Indian 19-bus 3) 25-bus, 4) 34-bus. From the
simulation results, it is observed that simultaneous optimization of phase loading and
conductor sizes lower power loss, and improves the voltage magnitude of each bus.
However, no significant improvement of other objectives is observed with this
optimization.

As discussed in the literature, the reactive power compensating devices such as the
capacitors can also reduce the power loss, and the improve the voltage profile of the

systems. Hence, a simultaneous optimization of capacitor location and rating, the phase
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loading, and the conductor sizing is done to optimize the six objectives. The simulation
results show that all these objectives are reduced for Indian 19-, 25-, and 34- bus system.
But, inferior results are obtained for the 19- bus system. This, may be due to
overcompensation of the system due to discrete size and high rating of capacitors.
Therefore, another compensating device such as DSTATCOM s incorporated in the
unbalanced distribution systems. A three phase unbalanced modelling of DSATCOM s
devised for generation of the variable reactive power, which was not done earlier. But,
still, the simulation results show that simultaneous optimization phase loading, conductor
sizing, DSTATCOM location, and rating gives poor results in comparison to simultaneous
optimization of phase loading, conductor sizing for a smaller test system such as the 19-
bus.

However, the simulation results depict that the integration of the DGs and the
DSTATCOM into the unbalanced distribution system gives best results for all the six
objective functions in comparison to simultaneous optimization of phase balancing and
conductor sizing, and only phase balancing.

The DE algorithm gives better solutions in comparison to the CSA for all objectives
in terms of mean and standard deviation for both the single and the multi-objective
optimization for all planning studies.

Overall it can be summarized that the simulation results indicate the efficacy of
metaheuristic algorithms for the planning of unbalanced distribution system with the
integration of devices DG, and DSTATCOM for minimization of several objective
functions.

7.2 Future Scope

This research has shown the positive impact of integration of DG and DSTATCOM
in the unbalanced distribution system planning with the help of metaheuristic algorithms.
Based on the observations from this work, the further investigations are required in the
follow aspects:

» The planning of unbalanced distribution system can be carried out considering

uncertainties with load and power generation.

» The planning approaches can be extended with the inclusion of reliability aspects,

and other objectives.

» The investigation can be carried out with other metaheuristic approaches for the

planning problem.
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Abstract: This work presents a planning approach
for unbalanced radial distribution systems using
differential evolution (DE) algorithm so as to
determine the optimal capacitor location and phase
balancing. Four objective functions are considered in
the planning problem. They are the minimization of
(i) total system real power loss, (ii) average voltage
drop, (iii) total neutral current, and (iv) total
negative-sequence  voltage  unbalance.  These
objectives are optimized under the constraints of
minimum and maximum voltage limits for each bus
voltage and thermal limit of each line. A modified
three phase forward-backward sweep based load
flow algorithm is employed as a supplementary tool
for the evaluation of these objective functions. The
simulation results obtained with the Indian 19-bus
and 34-bus unbalanced radial distribution networks
show that significant improvement in power loss,
average voltage drop, and total neutral current can
be achieved with simultaneous optimization for
capacitor location, sizing and phase balancing.

Key words: Unbalanced radial distribution networks, three
phase load flow, capacitor, differential evolution
algorithm.

1. Introduction

The main aim of distribution system planning is to
develop a distribution network that can sustain future
demand reliably and efficiently. However,
distribution systems are inherently unbalanced due to
uneven single phase, three-phase loads. This results
in an increase in power loss, neutral current and
voltage unbalance and consequently the system
performance reduces. Therefore, an appropriate phase
balancing is required so as to reduce these effects.
Recent developments show significant phase
balancing schemes [1-12]. In [1], the authors have
used evolutionary algorithm for minimizing wire
replacement cost, transformer positioning cost, load

balancing cost, A modified particle swarm
optimization algorithm was used in [2] to minimize
phase unbalance in a radial distribution system. In
[3], a phase balancer device was developed for
mitigation of neutral current, and phase unbalance.
The authors in [4], utilised mixed integer
programming for minimization of phase swapping
cost. A population-based algorithm called immune
algorithm was employed in [5], to minimize customer
service interruption cost, labor cost, and neutral
current. The authors in [6], proposed non-dominated
sorting genetic algorithm II for minimization of
energy loss, neutral current, and number of
reconnections. In [7], the authors have reduced the
phase unbalancing by changing the transformer
winding connections. An expert system was devised
in [8], to minimize the total loss cost. A self-adaptive
differential evolution algorithm [9] was used for
phase balancing of distribution networks. The authors
in [10], utilized tabu search algorithm for
minimization of total system cost. In [11], simulated
annealing was used for minimizing phase swapping
cost. The authors in [12], have utilized differential
algorithm (DE) for minimization of complex power
unbalance, power loss, voltage unbalance, and neutral
current.

In recent years numerous works have done in the
area of capacitor allocation in distribution networks
[13-20]. In [13], the authors have used cuckoo search
algorithm for minimizing total system power loss. A
system approach was devised in [14] for profit
maximization in distribution networks. Cultural
algorithm [15] was employed for power loss
minimization and voltage profile improvement in
distribution networks. The authors in [16] utilized
particle swarm optimization for power loss
minimization. A bacteria foraging based algorithm
was used in [17] for maximizing capacitor saving
function, minimizing active power losses, and voltage
profile improvement. In [18], genetic algorithm (GA)
was employed for minimization of operating costs of
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Abstract: In this paper a three phase modelling of
DSTATCOM has been carried out for unbalanced
radial distribution systems. Further the modelled
DSTATCOM has been incorporated in the load flow
algorithm and placed at each bus of distribution
systems one at a time except the source bus. The
placement of the DSTATCOM clearly indicates that
system power loss decreases and the voltage profile
improvement takes place with respect to base case. A
25 bus system and a 19-bus unbalanced radial
distribution systems are considered as the test
systems.

Key words: Unbalanced radial distribution systems, three
phase  modelling, distribution  static ~ synchronous
compensator, load flow.

1. Introduction

The distribution system is considered to be a lossy
system due to high R/X ratio of the distribution lines,
and the low operating voltage. Moreover, the
distribution systems suffer various power quality
issues such overvoltage, undervoltage, harmonic
distortion, etc. This in turn reduces the operational
efficiency, the service quality, and the reliability of
distribution systems. In recent times, the custom
power devices such as distribution static synchronous
compensator (DSTATCOM) [1] are considered as the
best tool to alleviate all the power quality problems.
In all of the works, the DSTATCOM is allocated in
balanced radial distribution systems and its impact on
the system performance is studied [2-14]. The
particle swarm based optimization was employed to
obtain the optimal location and size of distributed
generations and DSTATCOM for minimizing the
system power loss [2]. Jazebi et. al. [3] implemented
differential evolution algorithm considering network

reconfiguration so as to minimize the power loss
distribution networks. The authors in [4] utilized

bacterial foraging algorithm in order to reduce the
power loss, the total operational cost, and the voltage
profile index of distribution systems. Salman et. al
[5] proposed binary gravitation search algorithm to
minimize the voltage sag in a distribution system. In
[6], an analytic method was applied in minimizing
the total system power loss and minimum voltage
magnitude. Farhoodnea et. al [7] employed firefly
algorithm for optimizing the average voltage total
harmonic distortion, average voltage deviation, and
total investment cost. Tolabi et. al [8] proposed fuzzy
ant colony optimization for minimizing the system
loss, increasing load balancing index, and voltage
profile of a system by simultaneous reconfiguration,
optimal allocation of DSTATCOM and photovoltaic
array. The impact of distributed generator on the
allocation and size of DSTATCOM was investigated
in [9]. Here, the total cost of DSTATCOM was
considered the objective function to be minimized.
Jain et. al. [10] applied voltage stability index method
in order to obtain the optimal location of
DSTATCOM. The minimization of real power loss
was chosen as the objective function. In [11], a fuzzy
shuffled frog-leaping algorithm was developed so as
to reduce the total power loss, equal load balancing
index, and voltage deviation by reconfiguring the
network in presence of capacitors, and DSTATCOM.
Taher and Afsari implemented [12] an optimization
algorithm called the immune algorithm in order to
minimize the power loss and size of the
DSTATCOM. Xiaoguang et. al. [13] have used
genetic algorithm for obtaining the optimal network
configuration for minimizing the total cost of the
system with the help of DSTATCOM and dynamic
voltage restorer. In [14], a meta-heuristic algorithm
called bat algorithm was applied to minimize the
system power loss. However, no works have been
reported for the optimal placement and sizing of
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Abstract This paper presents a planning approach for unbalanced radial distribution
systems using differential evolution algorithm (DE) so as to determine the optimal
phase balancing and conductor sizes. The objective functions used in the planning are
minimization of: (1) total complex power unbalance, (2) total power loss, (3) average
voltage drop, (4) voltage unbalance factor, and (5) total neutral current. The optimiza-
tion is done under the constraints of minimum and maximum voltage limits for each
bus voltage and thermal limit of each line. A three phase forward—backward sweep load
flow algorithm is developed and used for the determination of these objective func-
tions. The effectiveness of the proposed planning algorithm is corroborated on 19-bus
and IEEE 25-bus unbalanced radial distribution systems. The results show that signif-
icant improvements in power loss and voltage drop with simultaneous optimization
for phase balancing and conductor sizes. The performance of DE is found to be better
and consistent as compared to some other meta-heuristic algorithms studied here.
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Fig. A.1 A 19-bus URDS schematic diagram, (a) 1,2,3...,19 denotes bus number (b) (1), (2),(3),...,(18)

(10)

(11)

denotes branch numbers (c) All the branches are considered three phase lines

Table A.1. Different types of conductor used in the 19-bus [97] system

19 -bus system
Conductor type

Self-impedance (Q/mile) | Mutual impedance (Q/mile)

Zaa = 1.5609+j0.67155 Zah = 0.5203+j0.22385

1(3-¢) Zbb = 1.5609+j0.67155 Zbc = 0.5203+j0.22385

Zcc = 1.5609+j0.67155 Zca = 0.5203+j0.22385

Zaa =0.6074 +j0.5417 Zab =0.0104 +j0.1054

2 (3-9) Zbb =0.6117 +j0.5377 Zbc = 0.0116 +j0.1414

Zcc =0.6096 +j0.5374 Zca =0.0094 +j0.0785

Zaa =0.6871 +j1.2773 Zah =0.0315 +j0.2824

3(3-9) Zbb =0.7003 +j1.2518 Zbc = 0.0350 +j0.3862

Zcc = 0.6940 +j1.2642 Zca =0.0289 +j0.2047
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Table A.2. Load data of 19-bus system (SB=Sending end bus, RB=Receiving end bus, BN=Branch number,

LC=Line code, BL=Branch length)

SB | RB BN LC BL (km) Base case complex load demand
Phase A Phase B Phase C
1] 2 1 1 3.0 10.38+j5.01 | 5.19+j2.52 | 10.38+j5.01
2 3 2 1 5.0 11.01+j5.34 5.19+j2.52 9.72+j4.71
3 4 3 1 1.5 4.05+j1.95 5.67+j2.76 6.48+j3.15
4 |5 4 1 1.5 6.48 +j3.15 | 5.19+j2.52 | 4.53+j2.19
4 6 5 1 1.0 4,20 +j2.04 | 3.09+j1.50 | 2.91+j1.42
6 | 7 6 1 2.0 9.72+j4.71 | 8.10+j3.93 | 8.10+j3.93
6 | 8 7 1 2.5 7.44+j3.60 | 5.34+j2.58 | 3.39+j1.65
8 9 8 1 3.0 12.30 +j5.97 | 14.91 +j7.23 | 13.29 + j6.42
9 | 10 9 1 5.0 3.39+j1.65 | 4.20 +j2.04 | 2.58+1.26
10 | 11 10 1 15 7.44+§3.60 | 7.44+j3.60 | 11.01+j5.34
10 | 12 11 1 1.5 9.72+j4.71 | 8.10+j3.93 | 8.10+j3.93
11 | 13 12 1 5.0 438+j2.13 | 5.34+j2.58 | 6.48 +j3.15
11 | 14 13 1 1.0 3.09+j1.50 | 3.09 +j1.50 | 4.05+j1.95
12 | 15 14 1 5.0 4.38+j2.13 | 4.86+j2.34 | 6.96 +)3.36
12 | 16 15 1 6.0 7.77+j3.78 | 10.38 +j5.01 | 7.77 +j3.78
14 | 17 16 1 35 6.48 +j3.12 | 4.86+j2.34 | 4.86 +)2.34
14 | 18 17 1 4.0 5.34+j2.58 | 5.34+j2.58 | 5.52+j2.67
15 | 19 18 1 4.0 8.76 +j4.23 | 10.05+j4.86 | 7.14 +j3.45
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Fig. B.1 A 25-bus URDS schematic diagram

Table B.1. Different types of conductor used in the 25-bus [92] system

12

Conductor type

25-bus system

Self-impedance (Q/mile)

Mutual impedance (Q/mile)

1(3-9)

Zaa = 0.3686+j0.6852
Zbb = 0.3757+j0.6715
Zcc = 0.3723+j0.6782

Zab = 0.0169+j0.1515
Zbc = 0.0188+j0.2072
Zca = 0.0155+j0.1098

2 (3-9)

Zaa =0.9775 +j0.8717
Zbb = 0.9844 + j0.8654
Zcc = 0.9810 +j0.8648

Zab = 0.0167 + j0.1697
Zbc = 0.0186 + j0.2275
Zca =0.0152 + j0.1264

3(3-9)

Zaa=1.9280 +j1.4194
Zbb =1.9308 +j1.4215
Zcc =1.9337 +j1.4236

Zab =0.0161 +j0.1183
Zbc =0.0161 +j0.1183
Zca=0.0161 +j0.1183
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Table B.2. Load data of 25-bus system

SB RB BN LC BL (feet) Base case complex load demand
Phase A Phase B Phase C
1 2 1 1 1000 0 0 0
2 3 2 1 500 35+j25 40 +j30 45 +j32
2 6 3 2 500 40 +j30 45 + {32 35+j25
3 4 4 1 500 50 + j40 60 + j45 50 +j35
3 18 5 2 500 40 +j30 40 +j30 40 +j30
4 5 6 2 500 40 +j30 40 +j30 40 +j30
4 23 7 2 400 60 + j45 50 +j40 50 +j35
6 7 8 2 500 0 0 0
6 8 9 2 1000 40 +j30 40 +j30 40 +j30
7 9 10 2 500 60 + j45 50 + j40 50 +j35
7 14 11 2 500 50 +j35 60 + j45 50 + j40
7 16 12 2 500 40 +j30 40 +j30 40 +j30
9 10 13 2 500 35+j25 40 +j30 45 +j32
10 11 14 2 300 45 +j32 35+j25 40 +j30
11 12 15 3 200 50 +j35 60 + j45 50 + j40
11 13 16 3 200 35+j25 45 + {32 40 +j30
14 15 17 2 300 133.3+j100 | 133.3+j100 | 133.3+j100
14 17 18 3 300 40 +j30 35+ 32 45 +j32
18 20 19 2 500 35+j25 40 +j30 45 +j32
18 21 20 3 400 40 +j30 35+j25 45 +j32
20 19 21 3 400 60 + j45 50 +j35 50 + j40
21 22 22 3 400 50 +j35 60 + j45 50 +j35
23 24 23 2 400 35+j25 45 + {32 40 +j30
24 25 24 3 400 60 + j45 50 +j30 50 +j35
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Table C.1. Load data of 34-bus [109] system

SB|RB|BN|LC|BL (mile) Base case complex load demand
Phase A Phase B Phase C
112 | 1| 1| 04895 | 46.67+j24.50 | 46.67+j24.50 | 46.67+j24.50
23| 2|1 03277 | 46.67+j24.50 | 46.67+j24.50 | 46.67+ j24.50
3|43 |1 11334 | 73.33+j36.82 | 73.33+j36.82 | 73.33+j36.82
45|42 11063 100+ j52.67 100 +j52.67 100+ j52.67
46|51 02672 70+ j36.87 70 +j36.87 70 +j36.87
6| 7|6 |1 09955 50+ j26.33 50+ j26.33 50+ j26.33
71817 |1 03410 50 +j26.33 50+ j26.33 50 +j26.33
8191|8 |1 0.0587 100+ j52.67 100+ j52.67 100+ j52.67
9110| 9| 2| 0.3238 150+ j79.01 150+ j79.01 150+ j79.01
10(11|10| 2 | 2.9062 150+ j79.01 150+ j79.01 150+ j79.01
1111211 | 2 | 1.9818 300+ j158.03 300+ j158.03 300+ j158.03
9113|112 | 1| 0.6911 50+ j26.33 50+ j26.33 50+ j26.33
13|14 |13 | 2 | 0.5740 90+ j47.41 90+ j47.41 90+ j47.41
13|15|14 | 1 | 0.1591 | 86.67+j45.65 | 86.67+j45.65 | 86.67+j45.65
15/16|15| 1 | 1.2430 | 83.33+j43.89 | 83.33+j43.89 | 83.33+j43.89
1617|116 | 1 | 0.7200 | 83.33+j43.89 | 83.33+j43.89 | 83.33+j43.89
17118 |17 | 2 | 1.3120 100+ j52.67 100+ j52.67 100+ j52.67
171918 | 1 | 0.1430 50+ j26.33 50+ j26.33 50+ j26.33
19120119 1 | 0.7162 76.67+j40.38 | 76.67+j40.38 | 76.67+ j40.38
20121 (20| 2 | 0.7347 140+ j73.74 140+ j73.74 140+ j73.74
21122 (21| 2 | 2.0004 180+ j94.82 180+ j94.82 180+ j94.82
20[23(22| 1| 03067 | 40+j21.07 80+ j42.14 80+ j42.14
2312423 | 2 | 0.3069 100+ j52.67 100+ j52.67 100+ j52.67
2325124 | 1| 11044 | 33.33+j17.55 | 33.33+j17.55 | 33.33+j17.55
25|26 (25| 2 | 0.0530 | 40+j21.07 40+ j47.41 90+ j47.41
26 (27126 | 2 | 0.8773 |283.33+)149.25|283.33+j149.25|283.33+j149.25
2728127 | 2 | 0.6896 | 43.33+j22.82 | 43.33+j22.82 | 43.33+j22.82
28129 (28| 2 | 0.7219 20+j10.53 70+ j36.87 70+ j36.87
25(30129| 1 | 0.1030 | 53.33+j28.09 | 53.33+j28.09 | 53.33+j28.09
3031|301 | 06215 46.67 46.67 46.67
31132(31| 2| 0.1629 130+ j68.48 130+ j68.48 130+ j68.48
31{33(32| 2| 0.0530 60+ j31.60 60+ j31.60 60+ j31.60
33(34(33| 2| 09206 60+ j31.60 60+ j31.60 60+ j31.60
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Table C.2. Different types of conductor used in the 34-bus system

Conductor typed

elf-impedance per mile (2)

Mutual impedance per mile ()

1(3-9)

Zaa=0.7443 +j 1.2106

Zah = 0.1594 +j 0.4822

Zyh = 0.7651 +j 1.1815

Zoo = 0.1624 +  0.4398

Ze=0.7482 +j 1.1970

Ze,a=0.1546 +j 0.3878

Zaa=1.3196 +j 1.3521

Zan = 0.1939 +j 0.5477

2 (3-9)

Zo, = 1.2760 + j 1.3306

Zy. = 0.1973 +j 0.5070

Zee =1.3240 +j 1.3434

Z,=0.2028 + j 0.4547
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Fig. D.1 A Indian 19-bus URDS schematic diagram
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Table D.1. Load data of the Indian 19-bus [110] system

SB | RB BN LC BL (km) Base case complex load demand
Phase A Phase B Phase C
1] 2 1 1 3.0 34.6 +j16.7 | 17.3+j8.40 | 34.6 +j16.7
2 | 3 2 2 4.0 36.7+j17.8 | 17.3+j8.4 | 32.4+j15.7
2 | 4 3 3 15 135+j6.5 | 18.9+j9.2 | 21.6+j10.5
4 |5 4 4 15 21.6+j105 | 17.3+j8.4 | 151+j7.3
4 |6 5 5 1.0 14.0 +j6.8 | 10.3+j5.0 9.7 +j4.7
6 | 7 6 5 2.0 324 +j15.7 | 27.0+j13.1 | 27.0+j13.1
6 | 8 7 2 2.5 24.8+j12.0 | 17.8+j8.6 | 11.3+j55
8| 9 8 1 3.0 41.0+j19.9 | 49.7+j24.1 | 44.3+j21.4
9 |10 9 6 5.0 11.3+j55 | 140+j6.8 | 8.6+j42
10 | 11 10 3 15 24.8+j12.0 | 24.8 +j12.0 | 36.7+j17.8
11 | 12 11 3 15 32.4+j15.7 | 27.0+j13.1 | 27.0+j13.1
11 | 13 12 2 5.0 14.6+j7.1 | 17.8+j8.6 | 21.6+j105
14 | 14 13 5 1.0 10.3+j5.0 | 103+j50 | 13.5+j6.5
14 | 15 14 6 5.0 146+j7.1 | 162+j7.8 | 23.2+j11.2
10 | 16 15 1 6.0 25.9+j12.6 | 34.6+j16.7 | 25.9+j12.6
12 | 17 16 7 3.5 21.6+j105 | 162+j7.8 | 16.2+j7.8
12 | 18 17 8 4.0 17.8+j8.6 | 17.8+j86 | 18.4+j8.9
15 | 19 18 9 4.0 29.2+j14.1 | 335+j16.2 | 23.8+j115
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Table D.2. Different types of conductor used in the 34-bus system

Conductor typed

Self-impedance (p.u.)

Mutual impedance (p.u.)

1(3-9)

Zaa = 0.0387+ j 0.0167

Zap = 0.0129+ j 0.0056

Zop = 0.0387+ j 0.0167

Zy. = 0.0129+ j 0.0056

Z.. = 0.0387+ j 0.0167

Z¢ = 0.0129+ j 0.0056

2 (3-9)

Zaa = 0.0323+ j 0.0139

Za = 0.0108+ j 0.0046

Zop = 0.0323+ j 0.0139

Zy. = 0.0108+ j 0.0046

Z. = 0.0323+j 0.0139

Z¢ = 0.0108+ j 0.0046

3 (3-9)

Zaa = 0.0193+ j 0.0083

Zan = 0.0064+ j 0.0028

Zpy = 0.0193+ j 0.0083

Znc = 0.0064+ j 0.0028

Z.. = 0.0193+j 0.0083

Zea = 0.0064+ j 0.0028

4 (3-9)

Zaa = 0.0097+ j 0.0042

Za, =0.0032+j 0.0014

Zby = 0.0097+ j 0.0042

Znc = 0.0032+ j 0.0014

Ze. = 0.0097+ j 0.0042

Zea = 0.0032+ j 0.0014

5 (3-9)

Zoa = 0.0129+ j 0.0055

Za = 0.0043+ j 0.0018

Zuo = 0.0129+ j 0.0056

Zy. = 0.0043+j 0.0018

Z.c = 0.0129+ j 0.0056

Z, = 0.0043+j 0.0018

6(3-¢)

720 = 0.0645+ ] 0.0278

Zao = 0.0215+ j 0.0093

Zbp = 0.0645+j 0.0278

Zyc = 0.0215+ j 0.0093

Z.c = 0.0645+ j 0.0278

Ze = 0.0215+ j 0.0093

7(3-9)

Z.a = 0.0451+ ] 0.0194

Za = 0.015+ j 0.0065

Zu, = 0.0451+ ] 0.0194)

Ze = 0.015+ ] 0.0065

Z.. = 0.0451+ 0.0194

Zea = 0.015+ ] 0.0065

8 (3-9)

Z:a = 0.0258+j 0.0111

Za = 0.0086+ j 0.0037

Zpp = 0.0258+ j 0.0111

Zy. = 0.0086+ j 0.0037

Z.. = 0.0258+j 0.0111

Zca = 0.0086+ j 0.0037

9(3-9)

Zaa = 0.0516+ j 0.0222

Za, =0.0172+j 0.0074

Zpy = 0.0516+ j 0.0222

Znc = 0.0172+j 0.0074

Z.. = 0.0516+ j 0.0222

Zea = 0.0172+j 0.0074
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Appendix E

Table E.1. Individual load demand of each bus obtained with Case B Multi-objective optimization

for 19-bus system

SB|RB|BN|LC| BL | Complex load demand obtained with Case| Optimal
(km) B multi-objective optimization conductor
Phase A Phase B Phase C type
1(2]1]1]|30]| 873+j4.21 | 8.68+j4.09 | 8.58+j4.24 3
2[3]2[1]50] 866+3.48 | 8.65+]4.34 | 8.61+j4.75 2
343|115/ 541+ 257 | 5.40+j2.67 | 5.39+j2.61 3
454|115/ 540+ 242 | 5.40+j2.73 | 5.40+j2.71 3
4016|5110/ 3.40+j1.63 | 3.40+j1.64 | 3.40+j1.69 3
67|6]|1|20]| 8.66+4.27 | 8.64+j4.31 | 8.62+j3.99 1
68| 7 |1]25]| 5.39+j2.62 | 5.39+j2.77 | 5.39+j2.42 3
819|8]|1]|3.0]13.14+j4.81 | 14.04+j6.96 | 13.32+j7.79 3
9110 9 | 1| 5.0 | 3.40+j1.64 | 3.40+j1.63 | 3.40+j1.68 1
10|111|10| 1| 1.5 | 8.68+j4.35 | 8.53+j4.26 | 8.69+j3.94 2
1011211 1| 1.5 | 8.65+j4.84 | 8.54+j4.11 | 8.71+j3.62 2
11|113|12| 1| 5.0 | 5.40+j2.96 | 5.40+j2.52 | 5.40+j2.42 2
11114113 1| 1.0 | 3.40+j1.71 | 3.40+j1.62 | 3.40+j1.62 2
12115114 | 1| 5.0 | 5.41+j2.62 | 5.39+j2.50 | 5.40+j2.71 2
12|116|15| 1 | 6.0 | 8.58+j4.04 | 8.74+j4.01 | 8.58+j4.52 1
14117116 | 1 | 3.5 | 5.39+j2.39 | 5.40+j2.51 | 5.41+j2.90 2
14118|17| 1| 4.0 | 5.40+j2.52 | 5.40+j2.62 | 5.40+j2.63 1
15(19(18| 1| 4.0 | 8.67+j3.70 | 8.66+j3.58 | 8.62+j5.26 1
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Table E.2. Individual load demand of each bus that obtained with Case B Multi-objective

optimization for 25-bus system

SBRBBN|LC| BL Complex load demand obtained with Case B multi-objective Optimal
(feet) optimization conductor type
Phase A Phase B Phase C
1/2|1|1| 1000 0 0 0 1
2(3]2[1] 500 39+ j29 40+ j29 41+ 31 1
2(6|3|2| 500 40+ j28 41+j30 39+ j29 1
3[4]4]1] 500 52+ j40 55+ j41 53+j39 1
318/ 5|2 | 500 40 +j30 40 +j30 40 +j30 2
415]6[2] 500 40 +j30 40 +j30 40 +j30 1
4123[7[2] 400 54+ j41 53+ j40 53+j39 1
6(7|8|2| 500 0 0 0 2
6(8|9]|2| 1000 40 +j30 40 +j30 40 +j30 1
71910[2] 500 54+ j41 53+ 40 53+j39 1
7 [14[11] 2] 500 53+ j40 53+j39 54+ j41 1
7(16]12| 2| 500 40 +j30 40 + j30 40 +j30 3
910|132 | 500 39+ )28 40+ j30 41+j29 2
10[11]14] 2| 300 41+ j29 39+j30 40+ j28 1
11[12[15[ 3] 200 53+ j40 54+ j41 53+j39 1
11[13[16] 3| 200 39+j28 41+j29 40+ j30 2
14|15|17(2| 300 133.3 +j100 133.3 +j100 133.3 +j100 1
14[17]18] 3] 300 40 +j29 39+ 28 41+ 30 1
18[20[19] 2| 500 39+ )28 40+ j29 41+j30 1
18[21[20[ 3| 400 40+ j30 39+ )28 41+ )29 3
20[19]21]3] 400 54+ j41 53+j39 53+ j40 1
21[22[22] 3| 400 52+ )39 55 + j41 53+ j40 1
23[24[23| 2| 400 39+ )28 41 +j29 40+j30 1
24(25(24| 3| 400 55+ 36 52+ )37 53+ )37 1
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Table E.3. Individual load demand of each bus that obtained with Case B Multi-objective optimization for

Indian 19-bus system

SBRBBN|LCBL (km)| Complex load demand obtained with Case B multi-objective  |Optimal conductor
optimization type
Phase A Phase B Phase C
112|111 30 27.87 +j14.28 28.25 +j13.19 30.37+j14.32 4
213122 40 29.68 +j14.92 28.54+j14.29 28.16 +j12.68 4
21413131 15 18.05 +j9.40 18.13 +j8.48 17.81 +j8.31 5
4|15|4|4] 15 17.98 +j8.90 18.09 + j8.36 17.91 +j8.93 5
4l6|5[5] 1.0 11.32+j5.52 11.34+j5.46 11.33 +j5.51 5
6/7/6|5 20 28.73 +j14.30 29.26+j15.01 28.40 +j12.57 5
68|72 25 18.05+ j8.39 17.76 + j8.44 18.08+ j9.26 5
81981 30 47.41 + j17.44 44.39 + j26.70 43.19 +j21.25 8
9/10(9|6| 50 11.28 +j5.41 11.28 + j5.52 11.33+ j5.56 3
10{11{10{3| 15 29.90 +j15.25 28.82 +j12.69 27.57 +j13.84 5
10]12/113| 15 27.80 +j12.62 29.02 +j14.21 29.56 + j15.06 2
11]13|12[ 2| 5.0 17.90 + j8.76 18.12 + j8.89 17.96 +j8.53 5
11/14/13|5| 1.0 11.35 +j5.48 11.36+ j5.47 11.37 +j5.53 6
12[15[14[6] 5.0 18.10 +8.36 17.80 +9.08 18.08 + 8.65 2
12|16[15/ 1] 6.0 28.70 + j15.85 29.03 + j12.85 28.66 +j13.19 5
14{17|16/ 7| 35 18.17 +8.35 17.97 + j8.47 17.85 +j9.27 2
14]18|17[ 8| 4.0 17.98 + j9.10 17.99 + j8.45 18.02 +j8.54 5
15[19[18[ 9| 4.0 28.57 + j14.60 29.59 +j12.92 28.32 +j14.26 8
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Table E.4. Individual load demand of each bus that obtained with Case B Multi-objective optimization for

34-bus system

SBRBBNLC| BL Complex load demand obtained with Case B multi-objective | Optimal conductor
(mile) optimization type
Phase A Phase B Phase C
112|11|1)0.4895 46.57 +j24.6 46.77 +j24.4 46.67 +j24.3 1
2(3(2]|1]0.3277 46.67 +j24.40 46.57 +j24.60 46.67 +j24.50 1
314|3(1|1.1334 73.23+j38.52 73.13+j38.72 73.33+)38.32 1
4151412 1.1063 100.1 + j52.57 100.0 + j52.47 100.0 + j52.87 1
416[5[1] 02672 | 70.0+j36.87 69.0+j35.87 71.0+j37.87 2
61716(1]09955| 50.0+j26.23 51.0 +j26.43 49.0 +]26.33 1
7181711 g3m 50.0 +j26.33 50.0 +j25.33 50.0 +j27.33 1
g|9(8[1]p0osg7 | 100.0+j52.67 101.0 + j53.67 99.0 + j51.67 1
9]10[ 92 g323g | 150.0+j79.01 150.0 +j79.01 150.0 +j79.01 1
10/11]10] 2| 2 9062 | 151.0 +j79.01 149.0 +j78.01 150.0 +j77.01 1
11/12[11] 2] 1 9818 | 301.0+j158.03 299.0+ j157.03 300.0+j159.03 1
9]13[12]1] 911 | 50.0+j25.33 50.0 +j27.33 50.0 +j26.33 1
13/14[13] 2| 95740 | 91.0+j47.31 90.0 +j47.51 89.0 +j47.41 2
13/15[14] 1] 915091 | 86.67 +j45.65 86.57 + j45.55 86.77 + j45.75 1
15/16[15] 1| 1 2430 | 83.32 +43.89 82.34 + j43.89 84.33 + j43.89 1
16/117[16] 1| 72 | 83.33+j43.89 83.32 + 43.89 83.34 + 43.89 1
17/18[17[2 | 13120 | 100.0 +j52.57 100.0 + j52.77 100.0 + j52.67 2
17/19]18] 1] 9143 | 50.0+j26.23 51.0 +)26.43 49.0 +j26.33 1
19/20[19]1 | 97162 | 76.67 +j40.38 76.57 + j40.38 76.77 + j40.38 1
20/21[20[ 1| 97057 | 140.0+j73.74 140.0+ j72.74 140.0+ j74.74 2
21122[21[ 2] 2 0goa | 180.0 +j94.82 181.0 + j94.82 179.0 + j94.82 1
20/23[22[ 2| 03067 | 40.0 +j21.07 40.0 +j21.07 80.0 +j42.14 1
23/24[23[ 1| 93069 | 100.0+j52.67 100.0+j52.77 100.0+ j52.57 1
23|25(24[ 2] 1 1044 | 33.33+j17.55 33.32 +17.56 33.34 +)17.54 1
25/26(25[ 1] (053 40.0+j21.07 40.0+ j21.07 90.0 + j47.41 1
26/127(26[ 2| 0.g773 | 283.3+j149.25 | 284.3+j149.26 | 282.3+j149.24 2
27128[27| 2] 06895 | 43.33 +j22.82 4323 +)22.72 4343 +j22.92 1
28/29[28/2] 07219 | 20.0+j10.53 20.0 +j10.63 20.0 +j10.43 1
25/30[29/ 1] 91030 | 53.23+j28.08 53.43 +28.10 53.33 +28.09 1
30/31]30[ 1| ggo15 | 46.67+j24.4 46.68 + j24.6 46.65 +j24.5 2
31/32[31]2] 01629 | 129.0+j68.48 131.0+j68.38 130.0+ j68.58 2
31(33(32| 2| 0053 59.0+j31.6 61.0+j31.6 60.0+ j31.6 1
33|34|33| 2 | 0.9206 61.0 +j31.5 60.0 +j31.4 59.0 +j31.6 3
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Appendix F

Table F.1. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

19-bus system

SBRBBN|LC| BL Complex load demand obtained with Case B multi-objective | Optimal conductor
(km) optimization type
Phase A Phase B Phase C
1{2]1]1] 30 8.72+j4.20 8.69+j4.09 8.58+j4.23 2
2(3]2[1] 5.0 8.68+] 3.43 8.63+) 4.35 8.61+j4.78 2
3[4]3[1] 15 5.42+] 2.57 5.39+j2.68 5.39+ j2.60 3
4[5(4]1] 15 5.38+j 2.41 5.41+j2.73 5.41+j2.72 3
4l6[5]1] 10 3.40+j1.63 3.40+j1.64 3.40+j1.69 3
6(7]6[1] 2.0 8.65+j4.25 8.64+j4.33 8.63+j3.99 1
6(8(7|1| 25 5.39+j2.60 5.39+j2.75 5.39+j2.42 3
8(9|8|1| 3.0 13.10+j4.71 14.00+j6.96 13.32+j7.89 3
9110/ 91| 50 3.40+j1.66 3.40+j1.63 3.40+j1.66 1
10|11|10|1| 15 8.66+j4.35 8.55+j4.26 8.69+j3.94 2
10{12|11|1| 15 8.65+j4.74 8.57+j4.11 8.68+j3.72 3
11)13[12] 1] 5.0 5.40+j2.96 5.40+j2.52 5.40+ j2.42 2
11{14[13[1] 1.0 3.40+j1.71 3.40+j1.62 3.40+j1.62 2
12[15[14|1] 5.0 5.41+j2.62 5.39+j2.50 5.40+j2.71 2
12[16[15[ 1] 6.0 8.58+j4.04 8.74+j4.01 8.58+j4.52 2
1417|116 1] 35 5.39+j2.39 5.40+j2.51 5.41+j2.90 2
14|18|17|1| 4.0 5.40+j2.52 5.40+j2.62 5.40+j2.63 3
151918 1| 4.0 8.67+j3.70 8.66+j3.58 8.62+j5.26 1
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Table F.2. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

25-bus system

SBRBBN|LC| BL Complex load demand obtained with Case B multi-objective | Optimal conductor
(feet) optimization type
Phase A Phase B Phase C
112|1|1| 1000 0 0 0 1
2(3|2|1| 500 40+ j30 39+j29 41+j29 2
2(6|3|2| 500 39+j29 41+j30 40+ j30 1
3lal4a]1] 500 53+j39 54+ j41 53+ j40 1
3|18] 52| 500 40 +j30 40 +j30 40 +j30 1
4]5(6[2] 500 40 +j30 40 +j30 40 +j30 1
4123[712] 400 53+ j41 53+ j41 54+ )38 1
6(7(8|2| 500 0 0 0 2
6(8]9[2] 1000 40 +j30 40 +j30 40 +j30 1
719]10[2] 500 54+ j40 53+ j41 53+j39 1
71411 2] 500 53+ j41 54+ )39 53+ j40 1
7116]12[ 2] 500 40 +j30 40 +j30 40 +j30 2
9[10[13[ 2] 500 39+j29 41+ j30 40+ j30 1
10[1114] 2| 300 41+ j29 39+)30 40+ j28 1
11[12[15[ 3| 200 53+ j40 54+ j40 53+ j40 3
11[13]16[ 3] 200 39+ j29 40+j30 41+j30 1
14{15|17|2| 300 133.3 +j100 133.3 +j100 133.3 +j100 1
14[17|18] 3| 300 40 +j29 39+ )28 41+ j30 1
18[20[19] 2| 500 39+ )28 40+ j29 41+ j30 1
18[21[20[ 3| 400 40+ j30 39+ )28 41+ j29 3
20{19|21 3| 400 54+ j41 53+ )39 53+ j40 1
21[22[22[ 3] 400 52+ )39 55 + j41 53+ j40 1
23[24(23[ 2] 400 39+ )29 40 +j30 41+j30 1
24[25(24] 3] 400 55+ 36 52+ )37 53+ j37 1
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Table F.3. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

Indian 19-bus system

SBRBBN|LC| BL | Complex load demand obtained with Case B multi-objective |Optimal conductor type
(km) optimization
Phase A Phase B Phase C
112|1|1| 3.0 27.85 +j14.26 28.27 +j13.20 30.37+j14.33 5
2132|240 29.66 +j14.90 28.55+j14.30 28.17 +j12.69 4
2(4[3[3] 15| 18.07+j9.42 18.12 + j8.47 17.80 +8.30 4
41544 15| 17.95+j8.90 18.11 +8.36 17.92 +j8.93 4
416|5|5| 1.0 11.33+j5.53 11.35+j5.45 11.31 +j5.51 3
676|520 28.73 +j14.30 29.26+ j15.01 28.40 +j12.57 8
687|225 18.07+ j8.39 17.75+ j8.44 18.07+j9.26 2
8(9(8|1| 3.0 47.40 +j17.42 44.39 +j26.72 43.20 +j21.25 6
9(10{9|6| 5.0 11.28 +j5.40 11.28 +j5.52 11.33+j5.55 5
10/11|10| 3| 1.5 29.90 +j15.25 28.82 +j12.69 27.57 +j13.84 5
10{12|11|3| 1.5 27.80 +j12.62 29.02 +j14.21 29.56 +j15.06 1
1113|121 2| 5.0 17.90 +j 8.76 18.12 +j8.89 17.96 +j8.53 5
11|14|13|5| 1.0 11.35+j5.48 11.36+ j5.47 11.37 +j5.53 3
12|15|14|6| 5.0 18.10 +j8.36 17.80 +j9.08 18.08 +j8.65 2
12|16|15|1| 6.0 28.72 +j15.85 29.03 +j12.85 28.64 +j13.19 5
14|17|16| 7| 3.5 18.17 +j8.32 17.97 +j8.49 17.85 +j 9.28 5
14/18|17|8| 4.0 17.98 +j9.07 17.99 +j8.48 18.02 +j8.54 4
15/19(18/9 | 4.0 | 28.57 +j14.60 29.57 +j12.92 28.34 +j14.26 2
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Table F.4. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

34-bus system

SBRBBNLC| BL Complex load demand obtained with Case B multi-objective | Optimal conductor
(mile) optimization type
Phase A Phase B Phase C
112|11|1)0.4895 46.59 +j24.5 46.76 +j24.4 46.66 +j24.4 1
2(3(2]|1]0.3277 46.69 +j24.40 46.56 +j24.60 46.66 +j24.50 1
3{4(3|1]1.1334 73.23+j38.58 73.12+j38.68 73.34+j38.34 1
415142 11063 100.1 + j52.67 100.0 + j52.67 100.0 + j52.67 1
416|5(|1]0.2672 70.0+j36.85 69.0+ j35.88 71.0+j37.88 2
67|61 0.9955 50.0 +j26.33 51.0 +j26.33 49.0 +j26.33 1
7(8(7|1| 0341 50.0 +j27.33 50.0 +j25.33 50.0 +j25.33 1
8(9(8]|1] 0.0587 100.0 + j52.67 101.0 + j53.67 99.0 +j51.67 1
9(10{9|2| 0.3238 150.0 +j79.01 150.0 +j79.01 150.0 +j79.01 1
10|11|10| 2 | 2.9062 150.0 +j78.01 149.0 +j79.01 149.0 +j77.01 1
111211} 2| 1.9818 301.0+ j158.03 299.0+ j157.03 300.0+ j159.03 1
9(13(12| 1| 0.6911 50.0 +j25.33 50.0 +j27.33 50.0 +j26.33 1
13|14|13| 2| 0.5740 91.0 +j47.31 90.0 +j47.51 89.0 +j47.41 2
13|15|14| 1| 0.1591 86.67 + j45.65 86.57 + j45.55 86.77 + j45.75 1
15(16|15| 1| 1.2430 83.32 +j43.89 82.34 +j43.89 84.33 +j43.89 1
16|17|16|1| 0.72 83.33 +j43.89 83.32 +j43.89 83.34 +j43.89 1
17|18|17| 2| 1.3120 100.0 + j52.57 100.0 + j52.77 100.0 + j52.67 2
17|19|18| 1| 0.143 50.0 +j26.23 51.0 +j26.43 49.0 +j26.33 1
19|20|19| 1| 0.7162 76.67 +j40.38 76.57 +j40.38 76.77 +j40.38 1
20|121|20| 1 | 0.7257 140.0+j73.74 140.0+j72.74 140.0+ j74.74 2
21|22|21| 2 | 2.0004 180.0 +j94.82 181.0 +j94.82 179.0 +j94.82 1
20|23|22| 2 | 0.3067 40.0 +j21.07 40.0 +j21.07 80.0 +j42.14 1
23|24|23| 1| 0.3069 100.0+ j52.67 100.0+ j52.77 100.0+ j52.57 1
23|25(24| 2 | 1.1044 33.33+j17.55 33.32 +j17.56 33.34 +j17.54 1
25|26|25| 1| 0.053 40.0+ j21.07 40.0+j21.07 90.0 +j 47.41 1
26|27|26| 2| 0.8773 | 283.33 +j149.25 284.33 +j149.26 282.33 +j149.24 2
27|28|27| 2 | 0.6896 43.33 +j22.82 43.23 +j22.72 43.43 +j22.92 1
28|29(28| 2 | 0.7219 20.0 +j10.53 20.0 +j10.63 20.0 +j10.43 1
25|30(29| 1| 0.1030 53.23 +j28.08 53.43 +j28.10 53.33 +j28.09 1
30|31(30| 1| 0.6215 46.67 + j24.4 46.68 + 24.6 46.65 +j24.5 1
31|32|31| 2| 0.1629 129.0+ j68.48 131.0+j68.38 130.0+ j68.58 2
31|33(32| 2| 0.053 59.0+j31.6 61.0+ j31.6 60.0+ j31.6 1
33|34(33| 2 | 0.9206 61.0 +j31.5 60.0 + j31.4 59.0 +j31.6 1
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Appendix G

Table G.1. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

19-bus system

SBRBBN|LC| BL Complex load demand obtained with Case B multi-objective | Optimal conductor
(km) optimization type
Phase A Phase B Phase C
1]2]1]1] 30 8.68+j4.18 8.71+j4.11 8.60+j4.23 3
2|3|2]1] 50 8.65+) 3.43 8.63+) 4.35 8.64+j4.78 2
3[4]3|1] 15 5.41+j 2.59 5.40+j2.66 5.39+ j2.60 3
415[4l1] 15 5.38+j 2.41 5.41+j2.73 5.41+j2.72 3
4l6[5[1] 1.0 3.40+j1.65 3.40+j1.64 3.40+j1.67 3
6(7]6[1] 2.0 8.63+j4.23 8.62+j4.33 8.62+j4.01 1
6(8]7[1] 25 5.39+j2.60 5.39+j2.75 5.39+j2.42 3
8(9(8|1| 3.0 13.10+j4.71 14.00+j6.96 13.32+j7.89 3
9(10[9 (1] 5.0 3.40+j1.66 3.40+j1.63 3.40+j1.66 1
10[11][10{ 1] 1.5 8.66+j4.35 8.55+j4.26 8.69+j3.94 2
10[12[11]1] 15 8.65+j4.74 8.57+j4.11 8.68+j3.72 3
11|13|12|1| 5.0 5.40+j2.96 5.40+j2.52 5.40+ j2.42 2
11|14|13|1| 1.0 3.40+j1.71 3.40+j1.62 3.40+j1.62 2
12[15[14[ 1] 5.0 5.41+j2.62 5.39+j2.50 5.40+j2.71 2
12[16[15[ 1] 6.0 8.58+j4.04 8.74+j4.01 8.58+j4.52 1
1417|116 1] 35 5.39+j2.39 5.40+j2.51 5.41+j2.90 2
14|18|17|1| 4.0 5.40+j2.52 5.40+j2.62 5.40+j2.63 3
15|19|18|1| 4.0 8.67+j3.70 8.66+j3.58 8.62+j5.26 2
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Table G.2. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

25-bus system

SBRBBNILC| BL Complex load demand obtained with Case B multi-objective | Optimal conductor
(feet) optimization type
Phase A Phase B Phase C
112|1|1| 1000 0 0 0 1
21321 500 39+ )29 40+ j29 41+ 30 2
21632 500 40+ j29 41+ 30 39+ 30 1
3[4l4]1] 500 52+ j40 54+ j40 54+ j40 1
3[18/5[2] 500 40 +j30 40 +j30 40 +j30 1
4]5(6[2] 500 40 +j30 40 +j30 40 +j30 1
4123[712] 400 52+ j40 54+ j41 54+ )39 1
6(7(8|2| 500 0 0 0 2
6(8]9[2] 1000 40 +j30 40 +j30 40 +j30 1
719]10[2] 500 54+ j40 53+ j41 53+j39 1
71411 2] 500 53+ j41 54+ 39 53+ j40 1
7116]12] 2| 500 40 +j30 40 +j30 40 +j30 2
9[10[13[ 2] 500 39+ )29 41+ 30 40+j30 1
10(11]14| 2] 300 41+ )29 39+j30 40+ )28 1
11[12[15[ 3| 200 53+ j40 54+ j40 53+ 40 3
11[13]16[ 3] 200 39+ j29 40+j30 41+j30 1
14{15|17|2| 300 133.3 +j100 133.3 +j100 133.3 +j100 1
14[17|18] 3| 300 40 +j29 39+ )28 41+j30 1
18[20[19] 2| 500 39+ )28 40+j29 41+j30 1
18[21]20[ 3| 400 40+j30 39+ )28 41+ )29 3
20[19[21[ 3| 400 54+ j41 53+j39 53+ 40 1
21[22[22] 3] 400 52+ )39 55 + j41 53+ j40 1
23[24(23[ 2] 400 39+ )29 40 +j30 41+j30 1
24[25(24] 3] 400 55+ 36 52+ )37 53+ )37 1
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Table G.3. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

Indian 19-bus system

SBRBBNILCBL (km)| Complex load demand obtained with Case B multi-objective Optimal
optimization conductor type
Phase A Phase B Phase C
112|111 30 27.82 +j14.36 28.30 +j13.20 30.37+j14.23 4
2(3(2|2| 40 29.66 +j14.90 28.55+j14.30 28.17 +j12.69 4
2(4(13|3| 15 18.08 +j9.42 18.11 +j8.47 17.80 +j8.30 3
41514(4| 15 17.95 +j8.90 18.11 +j8.36 17.92 +j8.93 4
41655 1.0 11.35+j5.53 11.33+j5.45 11.31+j5.5120 5
6(7(6|5| 20 28.73 +j14.30 29.26+ j15.01 28.40 +j12.57 8
6(8(7]|2| 25 18.07+j8.39 17.75+ j8.44 18.07+j9.26 2
glol8[1] 30 47.41 +j17.42 44.39 + j26.72 4319 +j21.25 6
9110{9|6| 5.0 11.28 +j5.40 11.28 +j5.52 11.33+j5.55 5
10|11|10{3| 15 29.90 +j15.25 28.82 +j12.69 27.57 +j13.84 5
1012[11]3] 1.5 27.80 +j12.62 29.02 +j14.21 29.56 + j15.06 1
11|13|12|2| 5.0 17.90 +j8.76 18.12 +j8.89 17.96 +j8.53 5
11|14|13|5| 1.0 11.35+j5.48 11.36+ j5.47 11.37 +j5.53 6
12|15|14|6| 5.0 18.10 +j8.36 17.80 +j9.08 18.08 +j8.65 2
12|16(15|1| 6.0 28.72 +j15.85 29.03 +j12.85 28.64 +13.19 5
1417|167 | 3.5 18.17 +j8.32 17.97 +j8.49 17.85 +j9.28 8
14|18|17|8| 4.0 17.98 +j9.07 17.99 +j8.48 18.02 +j8.54 4
15[19[18[9] 4.0 28.57 +j14.60 29.57 +j12.92 28.34 +j14.26 2
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Table G.4. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

34-bus system

SBRBBNLC| BL Complex load demand obtained with Case B multi-objective | Optimal conductor
(mile) optimization type
Phase A Phase B Phase C
112|11|1)0.4895 46.69 +j24.4 46.76 +j24.4 46.56 +j24.5 2
2(3(2]|1]0.3277 46.69 +j24.40 46.56 +j24.60 46.66 + j24.50 1
3{4(3|1]1.1334 73.23+j38.58 73.12+j38.68 73.34+)38.34 1
415142 11063 100.1 + j52.67 100.0 + j52.67 100.0 + j52.67 1
416|5(|1]0.2672 70.0+j36.85 69.0+ j35.88 71.0+j37.88 1
67|61 0.9955 50.0 +j26.33 51.0 +j26.33 49.0 +j26.33 1
7(8(7|1| 0341 50.0 +j27.33 50.0 +j25.33 50.0 +j25.33 1
8(9(8]|1] 0.0587 100.0 + j52.67 101.0 + j53.67 99.0 +j51.67 1
9(10{9|2| 0.3238 150.0 +j79.01 150.0 +j79.01 150.0 +j79.01 2
10|11|10| 2 | 2.9062 150.0 +j78.01 149.0 +j79.01 149.0 +j77.01 1
111211} 2| 1.9818 301.0+ j158.03 299.0+ j157.03 300.0+ j159.03 1
9(13(12| 1| 0.6911 50.0 +j25.33 50.0 +j27.33 50.0 +j26.33 1
13|14|13| 2| 0.5740 91.0 +j47.31 90.0 +j47.51 89.0 +j47.41 1
13|15|14| 1| 0.1591 86.67 + j45.65 86.57 + j45.55 86.77 +j45.75 1
15(16|15| 1| 1.2430 83.32 +j43.89 82.34 +j43.89 84.33 +j43.89 1
16|17|16|1| 0.72 83.33 +j43.89 83.32 +j43.89 83.34 +j43.89 1
17|18|17| 2| 1.3120 100.0 +j52.57 100.0 + j52.77 100.0 + j52.67 2
17|19|18| 1| 0.143 50.0 +j26.23 51.0 +j26.43 49.0 +j26.33 1
19|20|19| 1| 0.7162 76.67 +j40.38 76.57 +j40.38 76.77 + j40.38 1
20|121|20| 1 | 0.7257 140.0+j73.74 140.0+j72.74 140.0+ j74.74 2
21|22|21| 2 | 2.0004 180.0 +j94.82 181.0 +j94.82 179.0 + j94.82 1
20|23|22| 2 | 0.3067 40.0 +j21.07 40.0 +j21.07 80.0 +j42.14 1
23|24|23| 1| 0.3069 100.0+ j52.67 100.0+ j52.77 100.0+ j52.57 1
23|25(24| 2 | 1.1044 33.33+j17.55 33.32 +j17.56 33.34 +j17.54 1
25|26|25| 1| 0.053 40.0+ j21.07 40.0+j21.07 90.0 +j47.41 1
26|27|26| 2| 0.8773 | 283.33 +j149.25 284.33 +j149.26 282.33 +j149.24 2
27|28|27| 2 | 0.6896 43.33 +j22.82 43.23 +j22.72 43.43 +j22.92 1
28|29(28| 2 | 0.7219 20.0 +j10.53 20.0 +j10.63 20.0 +j10.43 1
25|30(29| 1| 0.1030 53.23 +j28.08 53.43 +j28.10 53.33 +j28.09 1
30|31(30| 1| 0.6215 46.67 + j24.4 46.68 + j24.6 46.65 +j24.5 1
31|32|31| 2| 0.1629 129.0+ j68.48 131.0+j68.38 130.0+ j68.58 2
31|33(32| 2| 0.053 60.0+j31.6 60.0+ j31.6 60.0+ j31.6 1
33|34(33| 2 | 0.9206 60.0 +j31.5 60.0 + j31.4 60.0 +j31.6 1
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Appendix H

Table H.1. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

19-bus system

SBRBBN|LC| BL Complex load demand obtained with Case C multi-objective | Optimal conductor
(km) optimization type
Phase A Phase B Phase C
1]2]1]1] 30 8.67+j4.16 8.70+j4.13 8.59+j4.23 2
2|3|2]1] 50 8.64+) 3.45 8.64+j 4.35 8.64+j4.76 2
3/4|3[1] 15 5.40+j 2.61 5.40+j2.64 5.40+ j2.60 2
415[4l1] 15 5.30+j 2.46 5.40+j2.68 5.41+j2.72 3
4l6[5[1] 1.0 3.39+j1.66 3.40+j1.64 3.41+j1.66 1
6(7]6[1] 2.0 8.63+j4.23 8.62+j4.33 8.62+j4.01 1
6(8]7[1] 25 5.39+j2.65 5.39+j2.70 5.39+j2.42 3
glol8[1] 3.0 13.10+j4.69 14.00+j6.98 13.32+j7.89 3
9(10[9 (1] 5.0 3.39+j1.66 3.40+j1.64 3.41+j1.65 3
10[11][10{ 1] 1.5 8.64+j4.35 8.57+j4.26 8.69+j3.94 2
10[12[11]1] 15 8.62+j4.74 8.60+j4.11 8.68+j3.72 3
11|13|12|1| 5.0 5.40+j2.94 5.40+j2.52 5.40+ j2.44 2
11[14[13[ 1] 1.0 3.40+j1.67 3.40+j1.64 3.40+j1.64 3
12[15[14[ 1] 5.0 5.41+j2.62 5.39+j2.50 5.40+j2.71 3
12[16[15[ 1] 6.0 8.58+j4.04 8.74+j4.01 8.58+j4.52 1
1417|116 1] 35 5.39+j2.39 5.40+j2.51 5.41+j2.90 2
14|18|17|1| 4.0 5.40+j2.52 5.40+j2.62 5.40+j2.63 3
15|19|18|1| 4.0 8.67+j3.70 8.66+j3.58 8.62+j5.26 2
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Table H.2. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

25-bus system

SBRBBN|LC| BL Complex load demand obtained with Case C multi-objective | Optimal conductor
(feet) optimization type
Phase A Phase B Phase C
112|1|1| 1000 0 0 0 1
2(3|2|1| 500 40+ j30 39+j29 41+j29 1
2(6|3|2| 500 40+ j30 41+j30 39+ j29 1
3441 500 53+ j40 54+ j40 53+ j40 1
3[18/5[2] 500 40 + j30 40 +j30 40 +j30 2
4]5(6[2] 500 40 +j30 40 +j30 40 +j30 1
4123[712] 400 53+j39 53+ j41 54+ j40 1
6(7(8|2| 500 0 0 0 1
6(8]9[2] 1000 40 + j30 40 +j30 40 +j30 1
719]10[2] 500 54+ j40 53+ j40 53+ j40 1
71411 2] 500 53+ j41 54+ j40 53+j39 3
7116]12[ 2] 500 40 + j30 40 +j30 40 +j30 2
9[10[13[ 2] 500 40+ j29 41+ j30 39+j30 1
10[11]14] 2| 300 41+ j29 39+j30 40+ j28 1
11[12[15] 3] 200 53+ j40 54+ j40 53+ 40 2
11[13]16[ 3] 200 39+j29 40+j30 41+j30 1
14{15|17|2| 300 133.3 +j100 133.3 +j100 133.3 +j100 1
14[17|18] 3| 300 40 + j29 39+ )28 41+ j30 2
18[20[19] 2| 500 39+ )28 40+ j28 41+ 31 1
18[21[20[ 3| 400 40+ j29 39+ )29 41+ j29 1
20{19/21 3| 400 53+ j41 54+ )39 53+ j40 1
21[22[22| 3] 400 52+ 40 55 + j41 53+ j39 1
23[24(23[ 2] 400 39+ )29 39+j30 40+j30 1
24[25(24] 3] 400 54+ )36 53+ )37 53+ )37 3
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Table H.3. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

Indian 19-bus system

SBIRBBNILCBL (km)| Complex load demand obtained with Case C multi-objective Optimal
optimization conductor type
Phase A Phase B Phase C
112(1)|1 3.0 27.81 +j14.34 28.31 +j13.21 30.37 +j14.24 3
2(312|2| 4.0 29.67 +j14.92 28.53 +14.29 28.19 +j12.68 4
2[4]3]3] 15 18.07 +j9.40 18.11 +j8.48 17.79 +j8.31 3
415|414| 15 17.95 +j8.91 18.11 +j8.35 17.92 +j8.93 4
416|5(5| 1.0 11.36+j5.53 11.32 +j5.48 11.32 +j5.48 4
6(7(6|5| 20 28.72 +j14.30 29.26+ j15.01 28.39 +j12.57 4
6(8[7(2| 25 18.05+ j8.39 17.78+j8.44 18.06+ j9.26 8
8/9(8(|1| 3.0 47.40 +j17.43 44.39 +j26.72 43.20 +j21.24 6
9(10/9 (6| 5.0 11.30 +j5.45 11.29 +j5.50 11.30+ j5.52 5
1011|103 | 15 29.88 +j15.24 28.82 +j12.69 27.59 +j13.85 2
1012|113 | 15 27.82 +j12.62 29.02 +j14.21 29.54 +j15.06 5
11|13|12|2| 5.0 17.88 +j8.76 18.12 +j8.89 17.964+ j8.53 5
1114|13|5| 1.0 11.34 +j5.48 11.37+j5.49 11.37 +j5.51 6
12|15|14|6| 5.0 18.09 +j8.33 17.81 +j9.08 18.08 + j8.68 1
12|16|15|1| 6.0 28.71 +j15.85 29.03 +j12.85 28.65 +j13.19 5
14|17|16|7| 3.5 18.17 +j8.31 17.97 +j8.50 17.85 +j9.28 5
14|18|17|8| 4.0 17.96 +j9.07 17.99 +j8.48 18.04 +j8.54 3
15[19[18[ 9| 4.0 28.55 +j14.60 29.57 +j12.92 28.36 +j14.26 2
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Table H.4. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

34-bus system

SBRBBNLC| BL Complex load demand obtained with Case C multi-objective | Optimal conductor
(mile) optimization type
Phase A Phase B Phase C
112|11|1)0.4895 46.66 +j24.4 46.76 +j24.4 46.59 +j24.5 2
2(3(2]|1]0.3277 46.65 +j24.40 46.60 + j24.60 46.66 +j24.50 1
3{4(3|1]1.1334 73.27+j38.58 73.10+ j38.68 73.32+j38.34 1
415142 11063 100.1 + j52.67 100.0 + j52.67 100.0 + j52.67 1
416|5(|1]0.2672 71.0+j36.85 69.0+ j35.88 70.0+j37.88 2
67|61 0.9955 51.0 +j26.32 50.0 +j26.34 49.0 +j26.33 1
7(8(7|1| 0341 49.0 +j27.33 51.0 +j25.33 50.0 +j25.33 1
8(9(8]|1] 0.0587 100.0 + j52.67 100.0 + j53.67 100.0 + j51.67 1
9(10{9|2| 0.3238 151.0 +j79.01 149.0 +j79.01 150.0 +j79.01 2
10|11|10| 2 | 2.9062 150.0 +j78.01 149.0 +j79.01 149.0 +j77.01 1
111211} 2| 1.9818 301.0+ j158.03 299.0+ j157.03 300.0+ j159.03 1
9(13(12| 1| 0.6911 50.0 +j25.33 50.0 +j27.33 50.0 +j26.33 1
13|14|13| 2| 0.5740 90.0 +j47.31 90.0 +j47.51 90.0 +j47.41 1
13|15|14| 1| 0.1591 86.68 + j45.65 86.57 + j45.55 86.76 + j45.75 1
15(16|15| 1| 1.2430 83.33 +j43.89 82.33 +j43.89 84.33 +j43.89 1
16|17|16|1| 0.72 83.33 +j43.89 83.32 +j43.89 83.34 +j43.89 1
17|18|17| 2| 1.3120 100.0 + j52.60 100.0 + j52.74 100.0 + j52.67 1
17|19|18| 1| 0.143 50.0 +j26.23 51.0 +j26.43 49.0 +j26.33 1
19|20|19| 1| 0.7162 76.64 +j40.38 76.60 + j40.38 76.77 +j40.38 1
20|121|20| 1 | 0.7257 140.0+j73.78 140.0+j72.70 140.0+ j74.74 2
21|22|21| 2 | 2.0004 180.0 +j94.82 180.0 + j94.82 180.0 + j94.82 1
20|23|22| 2 | 0.3067 40.0 +j21.07 40.0 +j21.07 80.0 +j42.14 1
23|24|23| 1| 0.3069 100.0+ j52.67 100.0+ j52.77 100.0+ j52.57 2
23|25(24| 2 | 1.1044 33.33+j17.55 33.32 +j17.56 33.34 +j17.54 1
25|26|25| 1| 0.053 90.0+ j47.41 40.0+j21.07 40.0 +j47.41 1
26(27(26| 2| 0.8773 | 283.33 +j 149.25 284.33 +j149.26 282.33 +j149.24 1
27|28|27| 2 | 0.6896 43.31 +j22.84 43.25 +j22.72 43.43 +j22.90 1
28|29(28| 2 | 0.7219 21.0 +j10.53 19.0 +j10.63 20.0 +j10.43 1
25|30(29| 1| 0.1030 53.25 +j28.08 53.42 +j28.10 53.33 +j28.09 1
30|31(30| 1| 0.6215 46.69 + j24.4 46.67 + j24.6 46.64 +j24.5 1
31|32|31| 2| 0.1629 129.0+ j68.48 131.0+j68.38 130.0+ j68.58 1
31|33(32| 2| 0.053 59.0+j31.6 60.0+ j31.6 61.0+ j31.6 1
33|34(33| 2 | 0.9206 60.0 +j31.5 60.0 + j31.4 60.0 +j31.6 1
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Table I.1. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

19-bus system

SB |RB| BN | LC |BL (km)| Complex load demand obtained with Case C | Optimal conductor type
multi-objective optimization
Phase A Phase B Phase C
1]2]1]1] 30 8.65+j4.15 | 8.71+j4.14 | 8.63+j4.23 3
2 [3] 2 | 1] 50 | 864+3.43 | 8.65+]4.38 | 8.64+j4.75 3
3 14| 3 1 15 5.40+j 259 | 5.40+j2.64 | 5.40+j2.62 3
4 5] 4 1] 15 | 538+241 | 5414273 | 5.41+j2.72 2
4 16|51 ] 10 | 340+1.65 | 3.40+j1.66 | 3.40+j1.65 3
6 | 7] 6 | 1 | 20 | 8.63+4.25 | 8.62+j4.31 | 8.62+j4.01 1
6 8| 7 1 25 5.39+j2.65 5.39+j2.70 | 5.39+j2.42 3
8 19|81 3.0 13.10+j4.71 | 14.00+j6.96 | 13.32+j7.89 2
9 (10| 9 1 5.0 3.40+j1.66 3.40+j1.63 | 3.40+j1.66 1
101110 1 15 8.66+j4.35 8.55+j4.26 | 8.69+j3.94 3
10112111 | 1 15 8.65+j4.74 8.57+j4.11 | 8.68+j3.72 3
11 [13] 12| 1 | 50 | 5.40+j2.96 | 5.40+j2.52 | 5.40+j2.42 2
11 (1413 1 [ 10 3.40+j1.71 | 3.40+j1.62 | 3.40+j1.62 2
12 (15[ 14| 1 | 5.0 5.41+j2.62 | 5.39+j2.50 | 5.40+j2.71 2
12[16[15| 1 | 6.0 8.65+j4.04 | 8.70+j4.01 | 8.58+j4.52 1
14 (1716 | 1 | 35 5.39+j2.39 | 5.40+j2.51 | 5.41+j2.90 3
14 (18] 17| 1 | 40 5.40+j2.52 | 5.40+j2.62 | 5.40+j2.63 3
15 (19 18| 1 | 4.0 8.65+j3.70 | 8.66+j3.58 | 8.64+]5.26 2
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Table 1.2. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

25-bus system

SB RB BN LC |BL (feet)| Complex load demand obtained with |Optimal conductor type
Case C multi-objective optimization
Phase A Phase B | Phase C
1 2 1 1 1000 0 0 0 2
2 3 2 1 500 40+ j30 40+j29 | 40+j29 1
2 6 3 2 500 41+ j29 40+j30 | 39+j30 1
3 4 4 1 500 53+ j40 54+j40 | 53+ j40 1
3 18 5 2 500 40 +j30 40 +j30 | 40+j30 2
4 5 6 2 500 40 +j30 40 +j30 | 40+j30 1
4 23 7 2 400 53+ j40 54+j40 | 53+ j40 2
6 7 8 2 500 0 0 0 1
6 8 9 2 1000 40 +j30 40 +j30 | 40+j30 1
7 9 10 2 500 53+ j40 53+j41 | 54+j39 1
7 14 | 11 2 500 53+ j41 54+j39 | 53+j40 1
7 16 | 12 2 500 40 +j30 40 +j30 | 40+j30 1
9 10 | 13 2 500 39+j29 41+j30 | 40+j30 1
10 11 | 14 2 300 41+ j29 39+j30 | 40+j28 1
11 12 | 15 3 200 53+ j40 54+j40 | 53+ j40 3
11 13 | 16 3 200 39+j29 40+j30 | 41+j30 1
14 | 15 | 17 | 2 300 | 133.3+j100 |133.3 +j100 1?3'3 i 3
j100
14 17 | 18 3 300 40 +j29 40+j29 | 40+j29 1
18 20 | 19 2 500 39+ )28 40+j29 | 41+j30 1
18 21 | 20 3 400 40+ j30 39+j28 | 41+29 1
20 19 | 21 3 400 53+ j41 53+j39 | 54+ j40 1
21 22 | 22 3 400 52+ )39 55+j41 | 53+j40 1
23 24 | 23 2 400 39+ 30 40 +j29 | 41+j30 1
24 25 | 24 3 400 54+ 36 53+j37 | 53+j37 2
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Table 1.3. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

Indian 19-bus system

SB |RB|BN| LC |BL (km)| Complex load demand obtained with Case C multi-objective Optimal
optimization conductor type
Phase A Phase B Phase C
1 21111 3.0 27.81 +j14.32 28.31 +j13.24 30.37+j14.23 3
2 312 2 4.0 29.61 +j14.84 28.55+j14.35 28.22 +j12.70 4
2 |43 3 15 18.08 +j9.42 18.11 +j8.47 17.80 +j8.30 4
4 |54 4 15 17.95 +j8.90 18.11 +j8.36 17.92 +j8.93 4
4 |6|5]| 5 1.0 11.34+j5.53 11.33+j5.45 11.33+j5.51 3
6 71615 2.0 28.72 +j14.30 29.26+ j15.01 28.39 +j12.57 5
6 8|71 2 25 18.04+ j8.39 17.78+8.44 18.07+j9.26 2
8 9181 3.0 47.41 +j17.42 44.39 +j26.72 43.19 +j21.25 8
9 |10/ 9| 6 5.0 11.30 +j5.40 11.28 +j5.52 11.35+j5.55 7
10 {11|10| 3 15 29.88 +j15.25 28.84 +j12.69 27.57 +j13.84 5
10 (12|11] 3 15 27.80 +j12.62 29.02 +j14.21 29.56 + j15.06 4
11 (13|12| 2 5.0 17.89 +j8.76 18.11 +j8.89 17.96 + j8.53 5
11 (14|13| 5 1.0 11.35+j5.48 11.36+ j5.47 11.37 +j5.53 4
12 |15|14| 6 5.0 18.10 +j8.36 17.80 +j9.08 18.08 + j8.65 2
12 |16|15| 1 6.0 28.72 +j15.85 29.03 +j12.85 28.64 +j13.19 5
14 |(17|16| 7 3.5 18.17 +j8.32 17.97 +j8.49 17.85 +j9.28 6
14 [18[17] 8 | 4.0 17.98 +j9.07 17.99 +j8.48 18.02 + j8.54 1
15 [19(18| 9 4.0 28.54 +j14.63 29.57 +j12.92 28.37 +j14.23 2
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Table 1.4. Individual load demand of each bus that obtained with Case C Multi-objective optimization for

34-bus system

SB|RB| BN | LC | BL (mile) Complex load demand obtained with Case C multi- Optimal
objective optimization conductor type
Phase A Phase B Phase C
11211 0.4895 46.67 +j24.41 46.76 + j24.42 46.58 +j24.49 1
21312 |1 0.3277 46.67 +j24.39 46.58 +j24.60 46.66 +j24.49 1
3[4 3] 1] 11334 73.23+(38.58 73.12+(38.68 73.34+(38.34 1
4 |51 4| 2 1.1063 100.1 + j52.67 100.0 + j52.67 100.0 + j52.67 2
4165 | 1| 02672 69.0+ j36.85 70.0+ j35.88 71.0+j37.88 1
6|76 |1 0.9955 50.0 +j26.33 51.0 +j26.33 49.0 +j26.33 1
7187 |1 0.341 50.0 +j27.33 50.0 +j25.33 50.0 +j25.33 1
8198 |1 0.0587 99.0 +j52.67 101.0 +j53.67 100.0 + j51.67 1
91101 9 | 2 0.3238 150.0 +j79.01 150.0 +j79.01 150.0 +j79.01 1
101110 | 2 2.9062 150.0 +j78.01 149.0 +j79.01 149.0 +j77.01 1
111211 | 2 1.9818 300.0+ j157.03 300.0+ j158.03 300.0+ j159.03 1
9113112 | 1 0.6911 50.0 +j25.33 50.0 +j27.33 50.0 +j26.33 2
13(14| 13 | 2 0.5740 91.0+j47.31 90.0 +j47.51 89.0 +j47.41 1
13|15 14 | 1 0.1591 86.67 + j45.65 86.57 + j45.55 86.77 +j45.75 1
15(16| 15 | 1 1.2430 83.32 +j43.89 82.34 +j43.89 84.33 +j43.89 1
161716 | 1 0.72 83.33 +j43.89 83.32 +j43.89 83.34 +j43.89 1
17 18| 17 | 2 1.3120 100.0 + j52.57 100.0 + j52.77 100.0 + j52.67 2
1711918 | 1 0.143 50.0 +j26.23 51.0 +j26.43 49.0 +j26.33 1
1912019 | 1 0.7162 76.67 +j40.38 76.57 +j40.38 76.77 + j40.38 1
20(21| 20| 1 0.7257 140.0+ j73.74 140.0+j72.74 140.0+ j74.74 1
21122 21| 2 2.0004 180.0 +j94.82 181.0 +j94.82 179.0 +j94.82 1
20123 22| 2 0.3067 40.0 +j21.07 40.0 +j21.07 80.0 +j42.14 2
23124123 | 1 0.3069 100.0+ j52.67 100.0+ j52.77 100.0+ j52.57 1
23125 24| 2 1.1044 33.33+j17.55 33.32 +j17.56 33.34 +j17.54 1
25126 25| 1 0.053 40.0+ j21.07 40.0+j21.07 90.0 +j47.41 1
26 (27| 26 | 2 0.8773 283.33 +j149.25 | 284.33 +j149.26 | 282.33 +j149.24 1
27128| 27| 2 0.6896 43.33 +j22.82 43.23 +j22.72 43.43 +j22.92 2
2829|128 | 2 0.7219 20.0 +j10.53 20.0 +j10.63 20.0 +j10.43 1
2513029 | 1 0.1030 53.23 +j28.08 53.43 +j28.10 53.33 +j28.09 1
30|131{30| 1 | 0.6215 46.67 + j24.4 46.66 + j24.6 46.67 +j24.5 1
31(32| 31| 2 0.1629 129.0+ j68.48 131.0+ j68.38 130.0+ j68.58 1
31133 32| 2 0.053 60.0+ j31.6 60.0+j31.6 60.0+j31.6 1
33|34 33| 2 | 0.9206 60.0 +j31.5 60.0 + j31.4 60.0 +j31.6 1
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