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Abstract

Distribution Power Flow analysis is one of the main features of power system studies

and design. It is required for monitoring, contingency analysis, economic scheduling, plan-

ning, exchange of power between utilities, stability analysis, and expansion of Distribution

Power System. Conventionally, the power flow problem is determined by numerical tech-

niques such as Newton-Raphson (NR) and their variants Fast Decoupled Method. Such

methods fail to provide the power flow solutions in some conditions, like ill-conditioned

systems, distribution systems having large r/x ratio, islanded microgrids, etc. This thesis

studies these aspects of Distribution Power Flow Analysis and investigates some new ideas

and approaches to solve them in an effective and efficient ways.

This thesis thoroughly explores the distribution power flow problem and originates

significant contributions. We investigate various numerical techniques and evolutionary

algorithms in order to solve the different class of power flow problem of modern distri-

bution systems. Using these approaches, we have been able to resolve some of the open

issues regarding power flow of modern distribution systems, such as ill-conditioning, a

high value of r/x ratio, issues related to islanding of distribution system. The thesis pro-

poses 11 algorithms addressing the problem such as: (i) Ill-conditioned test systems, (ii)

High r/x ratio of lines, (iii) Unbalanced test systems, (iv) Absence of slack bus in islanded

microgrids, and (v) Variable system frequency in islanded microgrids.

In five algorithms, modifications is proposed in conventional power flow algorithms to

overcome the above said problems. In addition, six nature-inspired optimization technique

are proposed to solve power flow problems.

In grid connected distribution, systems are usually ill-conditioned and conventional

algorithms poorly performs or even diverges. This thesis introduces a novel Current

Injection based Newton-Raphson (CINR) power flow algorithm with new PV bus repre-

sentation for improving the convergence characteristics. Moreover, an algorithm based
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on fourth-order Levenberg-Marquardt algorithm with a non-monotone line search is in-

troduced for solving power flow problem of ill-conditioned unbalanced and balanced grid-

connected systems. We also propose a fourth-order Runge-Kutta algorithm in order to

solve ill-conditioned grid-connected systems. The proposed approaches are validated for

several ill- and well-conditioned cases. Results show that the proposed approaches have

better efficiency than the conventional load flow algorithms.

In this work, a new optimization algorithm called Spherical Search (SS) is proposed

to solve the bound-constrained non-linear global optimization problems. In addition,

an extension of a newly proposed optimization technique, Butterfly Optimizer (BO) for

constrained optimization problems (called as Butterfly Constrained Optimizer (BCO)) has

been proposed to solve load flow problem. Results show that the BCO and SS perform

competitively and more effectively with respect to well-known algorithms.

The existing methods of power flow problem are intricate and hard to realize due

to the absence of reference bus (slack bus) in the islanded microgrids. To address this

issue, an iterative power flow based technique is proposed to obtain the operating point

of Droop Controlled Islanded Microgrid (DCIMG). To solve these set of equations, a

nested-iterative Newton-Rapshon based algorithm is proposed. A modified version of

well-known Backward/Forward Sweep (BFS) algorithm is also proposed to solve the load

flow problem for droop-regulated AC microgrids operated in islanded mode. To solve this

problem, a novel formulation as a constrained optimization problem is proposed. Two

global optimization algorithm, Differential Evolution with Gauss-Newton based muta-

tion (εDE-GN) and Matrix Adaptation Evolution Strategy (MAES), are utilized to solve

this optimization problem. The performance of the proposed algorithms is compared

with the Newton-trust, Interior-point and time domain methods. The proposed algo-

rithms are employed on several test systems and results are compared with that obtained

from other Jacobian-free based, Jacobian based algorithms and time-domain simulator

PSCAD/EMTDC. The proposed algorithms for droop-regulated AC microgrid exhibit

faster convergence, simple, accurate and easy to realize.

Effective Butterfly Optimizer with Covariance Matrix Adapted Retreat Phase (EBOwith-

CMAR) is a self-adaptive Butterfly Optimizer which uses covariance matrix to generate a

new solution and thus improves the local search capability of EBO. Optimal Power Flow

(OPF) of grid-connected microgrids is a highly non-linear complex optimization problem.
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This work utilizes EBOwithCMAR as an optimization algorithm and CINR as a power

flow tool to solve the OPF of grid-connected microgrids effectively and efficiently. The

proposed approach has been validated on the standard test systems for several OPF ob-

jectives. Simulation outcomes have been compared and analyzed with the recent studies.

In this thesis, an optimization approach to determine the optimal droop settings of

Droop-Controlled Islanded Microgrid (DCIMG) is proposed. The objective functions are

minimization of system losses in DCIMG while meeting all the power flow constraints.

Therefore, this approach requires a powerful power flow tool to determine objective func-

tion values. The resultant single-objective optimization problem is solved using a powerful

variant of Differential Evolution, named as ESHADE. The proposed approach is tested

on a several DCIMG test system. The obtained outcomes show the superior performance

of the proposed algorithm.
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Chapter 1

Introduction

1.1 General

The current electric utilities include central power generation units connected to High

Voltage (HV) lines. At the central generation units, electric power is generated and

transferred to the distribution centers through HV lines. The transferred electric power

is then distribution to the consumers through medium and low voltage lines. Generally,

the distribution network is supplied power unidirectionally, as the structure of the distri-

bution network is radial. Power conservation has been the major issue in the distribution

networks. In the distribution system, minimization of power loss improves the efficiency

and effectiveness of the power distribution. Generally, as compared to HV lines, distri-

bution system power loss is higher because of the high r/x ratio in the distribution lines

and due to low voltage operations of the systems.

The electric utility industry has been developing rapidly after creation of competitive

market for power supply. In the current scenario, the most important concern of utilities is

to address the increased demand for electricity without disturbing the existing networks.

Besides, the profile of bus voltages needs to be maintained within a prescribed limit. Under

the deregulated environment, the Optimal Power Flow (OPF) and Power Flow (PF) in

general play an important role in power system planning and operation. PF analysis is

essential before power system planning and operation can be taken up. The main objective

of PF analysis is to minimize the power mismatches at all the system buses. The results

from PF analysis provide solution for steady-state conditions. The major aim of OPF

is minimizing the operating cost of the power utility while meeting the load demand by
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satisfying all the security constraints for the power networks. For the last two decades,

research has been carried out to propose different kinds of numerical techniques to solve

the PF and OPF problems of power networks. A detailed description of three-phase

modeling of the network components for PF analysis have been provided in [3–7].

Several non-conventional and conventional techniques have been employed to solve

these problems of PF because these problems are non-linear and/or non-convex. Due to

the non-convexity of the PF and OPF problems, conventional optimization algorithms

may be stuck on a local minimum. To address this issue, many population-based meta-

heuristics have been utilized in the area of PF and OPF tool.

1.2 Existing Algorithms used in Power Flow Analysis

In [8], numerous challenges of modern power system analysis have been discussed. One

of such challenges is that the current flow becomes bi-directional in many branches due

to the inclusion of Distributed Generations (DGs) and sometimes applied PF techniques

of distribution systems may diverge as a result of high penetrations of DGs. The new

challenges have also evolved due to change in the system topology as a result of islanded

Microgrids (MGs) and network reconfiguration [9]. Conventional PF techniques experi-

ence convergence issues when applied to a distribution system. The main reason behind

this issue is the radial or weakly meshed structure of the distribution network with a high

r/x ratio which leads to ill-conditioning of system of non-linear equations of PF prob-

lems [10, 11]. Consequently, algorithms such as Gauss-Seidel, Newton-Raphson (NR) or

fixed-point-type algorithms have poor convergence. For such cases, a robust and efficient

PF algorithms is required. Algorithms used to solve the PF problem of distribution sys-

tems can be categorized into three classes: Deterministic, Probabilistic, and Evolutionary

power flow methods.

1.2.1 Deterministic Power Flow Methods

Backward/forward sweep methods

For distribution PF analysis, backward/forward sweep based algorithms are the most

popular tool to obtain the steady-state solution of distribution networks. The first variant
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of this class of algorithm was introduced in [12], where only PQ nodes were considered

in the radial structure of the network. Since this version, numerous improved versions

have been proposed to solve weakly meshed distribution networks [13,14], networks with

DGs [15], three-phase distribution network [16, 17], and voltage-dependent loads [18]. A

detailed review and comparison of this class of algorithms are presented in [19].

Newton-Raphson type methods

In [20], one of the first attempts to address the convergence issues of conventional NR for

ill-conditioned test systems is proposed in an optimal sizing problem of capacitors. In [21],

three algorithms based on work discussed in [20] were proposed to solve the PF problem

of ill-conditioned systems. Based on the nodal current injection, a PF method, called the

current injection method, is proposed for balanced and unbalanced distribution systems

with voltage-dependent loads in [22–24], respectively. A detailed comparison between the

backward/forward sweep algorithm and the current injection method is reported in [25].

Fixed-Point type methods (or Gauss-Seidel)

Some algorithms based on Gauss-Seidel technique are proposed to solve three-phase distri-

bution systems in [26–28]. Some other algorithms based on the above-mentioned Gauss-

like approach are proposed in [29] in which loop frame of reference and Grid Lab-D are

utilized.

1.2.2 Probabilistic Power Flow Methods

Deterministic models cannot consider uncertainties of the different aspects of power sys-

tems. Therefore, different numerical approaches are need in existing systems for consider-

ing uncertainties. The first algorithm of this class, probabilistic PF, was proposed in 1974

and thereafter many improved algorithms have been proposed and utilized in the steady-

state analysis of power system [30–35]. In [35, 36], an extensive review on probabilistic

PF is presented. The probabilistic PF algorithms are usually classified into analytical

approaches and numerical approaches. In numerical solution approaches, probabilistic

PF uses deterministic PF to solve nonlinear equations for numerous times with different

combinations of inputs [34]. The different combination of inputs are generated as per
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the requirement of probabilistic parameter considered. Results obtained from probabilis-

tic PF are considered as a reference solution to investigate the accuracy of the other

probabilistic PF solutions [37]. The primary purpose of the analytical technique is to

determine the density functions of the random variables applying the density functions

of random inputs and by dealing with arithmetic computations. Two difficulties usually

occur in dealing with probabilistic PF equations. The first one is the high non-linearity of

equations and the second one is that of correlation between output and input power vari-

ables. To address these difficulties, some simplifications have been suggested to determine

probabilistic PF by an analytical technique. The simplest approach is to implement prob-

abilistic PF by linearizing the PF equations employing first-order Taylor series expansion

around the predicted mean of the PF variables [30]. Besides this technique, the density

function of load and generation can be assumed as a normal distribution for simplicity.

Different approaches have been established to deal with the linearization error introduced

in PF equations by utilizing quadratic probabilistic PF in [31, 32]. The utilization of

point estimation method in probabilistic PF was initiated in [34]. Thereafter, several

works based on the point estimation method to overcome the issues of probabilistic PF

have been suggested in [38,39].

In [33], a merger of Gram-Charlier and cumulants expansion theory is introduced

to increase the capability of a probabilistic PF method. Similarly, in [40], the Cornish-

Fisher expansion is recommended as a substitute for different distribution than the normal

distribution to reduce convergence issues.

1.2.3 Power Flow Methods based on Slack Bus

Several algorithms have been proposed to solve non-linear simultaneous equations which

are based on numerical computation. PF problem is also a type of non-linear simulta-

neous equation. Therefore, several numerical techniques have utilized to solve the PF

problem. In this thesis, those algorithms which uses the conventional numerical compu-

tation approach to solve PF is referred as numerical PF methods. A numerical technique

is introduced to determine the PF solution in [41]. Another numerical technique based

approach to deal with the PF problems is suggested in [42]. Some of these approaches

are based on the NR approach to solve non-linear simultaneous equations [23, 43], while

other alternatives are based on the Gauss-Seidel approach [26, 28]. To enhance the con-

4



vergence aspects of the Gauss-Siedel method for ill-conditions and large systems, some

techniques based on iterative design have been established [44, 45]. Several decoupled

versions of NR have also been introduced to improve the computing time and speed of

convergence [46–48]. Among all the proposed numerical techniques, NR based techniques

have became the de facto industry models due to its simplicity and higher speed of con-

vergence.

PF algorithms based on NR and its decoupled versions fail to provide solutions for

the PF problems of Distribution Systems and microgrids due to the presence of high value

of r/x in lines [49, 50].

In [51], an iterative method based on primitive electric circuit rules is presented for

solving the PF problems in radial distribution systems. Using the NR-based technique,

an optimal multiplier based technique for solving for PF problem is designed in [52]. A

revised algorithm, named backward/forward sweep algorithm, is proposed in [52]. An

implicit Z-Bus algorithm is designed in [27] to deal with the PF equations by using a

superposition rule where only one source is considered at a time.

In [28], an implicit Z-Bus method integrated with the Gauss-Siedel approach is in-

troduced to cut down the computational burden of the PF study. A three-phase PF

algorithm based on the backward/forward method is proposed in [53] that is suitable

only for a system with one power source. Consequently, this method does not provide

solutions for the PF problem of distribution systems with DGs or droop control based

islanded microgrids.

The quadratic equations of the PF equations are used to solve for the voltage mag-

nitude in [54, 55]. However, the voltage angle is ignored in the calculation process of the

PF solution to reduce computational time. In [56], a three-phase PF analysis is proposed

addressing characteristics of islanded microgrids with decentralized droop controlled dis-

tributed generations.

In [57], a second-order PF algorithm has been presented using current injection equa-

tions represented in rectangular form instead of classical polar form.In [58], an iterative

procedure is proposed to solve the PF problem that improves the computation complexity

(number of iterations and CPU time). In this approach, or impedance matrix is utilized

in place of the admittance matrix.

To solve the PF problem, high-order NR algorithms have been proposed in [59]. The
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foremost advantages of these algorithms as compared to NR are their simple structures,

faster and significant reduction of CPU time.

Iwamoto et al. proposed a NR-based algorithm for ill-conditioned PF solution [60].

In this approach, an optimal multiplier is calculated at each iteration to minimize the

power mismatches (4P and 4Q). In literature, several algorithms have been proposed

to address the PF problem of ill-conditioned power systems [10,61–66]. In [67], concavity

theory is utilized to calculate an optimal multiplier at each iteration and polar coordinates

are used instead of rectangular coordinates. In [68], the quadratic discriminant index

is employed to improve the performance of optimal multiplier based PF techniques for

evaluating solutions at the maximum loading conditions.

In [69], the Levenberg-Marquardt (LM) algorithm is proposed to solve the PF prob-

lem in ill-conditioned systems. In such cases, this approach is a reliable and efficient

technique. In [70], a Continuous variant of Newton-Raphson (CN) method is developed

to solve the PF problem in ill-conditioned systems. Additionally, several algorithms based

on LM and CN have been proposed in [71, 72]. In large-scale test systems, algorithms

based on CN provide fast convergence and are more robust than other numerical tech-

niques.

Authors of [73] have presented a variant of LM to solve the PF problem in case of

ill-conditioned as well as well-conditioned power systems. However, LM-based algorithms

have several issues such as dependence of convergence rate on λ, and inaccuracy in final

solution. To address this issue, the authors of [74] have proposed High-Order Levenberg-

Marquardt (HOLM). In this approach, good performance is obtained in the case of

ill-conditioned test systems.

Authors of [70] have proposed a Fourth-order Runge-Kutte (RK4) algorithm to solve

the PF problem. However, RK4 requires four matrix inversions of the Jacobian matrix at

each iteration. Moreover, the number of required iterations to solve the problem is also

higher than NR-based algorithms. Nevertheless, the performance of RK4 is better than

NR-based algorithms in case of ill-conditioned power systems [70].
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1.2.4 Power Flow Methods for Droop Controlled Islanded Mi-

crogrids

In [2, 75–82], few PF tools have been introduced to deal with the PF problem of an is-

landed microgrids with decentralized droop controlled DGs and the shortcomings of the

traditional PF tools have also been discussed. The concept of droop controlled DGs has

been applied to control the power distribution among the DGs without employing the

inter-communication among them. The decentralized droop control approach gives way

to centrally controlled microgrids having low costs, low complexity, expandability, and en-

hanced reliability. Thus, such an arrangement can waive the need of inter-communication

networks and cut down the investment costs [83–93].

To determine the PF solution for DCIMG, new algorithms have been introduced.

These techniques have considered linear equations of the droop characteristics of DGs.

In [94], a new PF method that employs particle swarm optimizer is introduced to solve

the PF problem of Droop Controlled Islanded Microgrids (DCIMGs).

A revised technique based on the traditional NR approach is presented in [2] for PF

evaluation in the presence of decentralized droop controlled DGs. However, this method

does not consider unbalanced systems. The power-sharing among the DGs has been

examined in [78] but, the voltage angles are not evaluated in this approach. Also the

approach, does not consider the PV and PQ models of DGs in their study.

In [95,96], NR based PF study has been introduced that employs virtual impedance in

the model of droop controlled DGs. Limited case studies have been conducted in this work

where voltage-dependent and frequency-dependent loads are not modeled. Consequently,

dependance of the bus admittance matrix on the frequency is ignored in the computation

process. A PF analysis of balanced islanded microgrids is performed in [97] by employing

power injection equations in polar form. Nevertheless, droop equations and islanded

operations for DGs units have not been studied.

References [98], [99] and [100] address the PF problem of a DCIMG. However, these

PF techniques cannot be applied to the PF problem of DCIMG because a DG unit is

considered as a slack bus. These algorithms assume this DG unit as an infinite bus,

but this assumption cannot work for the DCIMG system. In [98], a direct backward-

forward sweep technique is proposed to solve the PF problem of DCIMGs. In [101], a
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new methodology based on Nested-iterative NR is proposed for DCIMGs. However, this

approach does not provide convergence for a system having high r/x ratio and thus is not

applicable for distribution systems having high r/x ratio.

In [100], to solve the three-phase PF problem, a model based on sequence compo-

nents is introduced for voltage source inverter and synchronous generators. This model is

improved in [102] by considering constraint of DGs and operational limits. However, the

model discussed in [102] does not consider the behavior of DCIMGs.

The Newton-Trust Region (NTR) method has been proposed [56] to solve equations

obtained after consolidating (i) linear droop bus equations, and (ii) power-flow equation.

To solve this optimization problem using NTR algorithm, gradient and Hessian of the

objective function are required in the optimization procedure. Therefore, as concluded

in [103], the solution of such a transformed problem is not acceptable as the solution is

non-trivial.

In NR-based PF algorithm, there is requirement of calculation of the Jacobian ma-

trix at each iteration. System frequency has been considered as a PF variable in Modi-

fied Newton-Raphson (MNR) and NTR. Therefore, elements of Jacobian matrix contain

derivatives of bus admittance matrix with respect to system frequency. To calculate the

gradient of the admittance matrix, the coupling of line parameters have not been consid-

ered [2]. Therefore, the gradient of the admittance matrix cannot be accurate in the case

of coupling of lines. In the case of coupling of lines, the gradient of the bus admittance

matrix cannot be calculated directly. Therefore, a finite difference approximation of the

gradient of the bus admittance matrix has been done in [56]. Use of finite difference

approximate Jacobian matrix in place of analytic Jacobian matrix affects the convergence

property of NR-based algorithms [100]. In addition, finite difference approximation of

gradient of the bus admittance matrix increases the time and space complexity of the

algorithm. In present thesis, this issue of MNR and NTR has been fixed in the algorithm

proposed in this thesis where the gradient of the bus admittance matrix is not required

in the PF process.

In [104, 105], three types of droop characteristic are reported on the basis of out-

put impedance of the DG. The NTR algorithm can accommodate only inductive droop

characteristics. On the other hand, MNR can perform PF incorporating any particular

droop characteristics out of three options but is not able to perform PF for a system
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having a mix of droop characteristics. This issue is also addressed in present thesis and

the algorithm proposed in this thesis is able to perform PF for a system having a mix of

droop characteristics.

1.2.5 Power Flow Methods based on Evolutionary Algorithm

During the last three decades, comprehensive research works have been published and a

substantial number of numerical techniques have been developed. Since PF analysis has

been used in range of applications, several types of approaches have been proposed. In

few situations, PF equations must be solved with their non-linearity. Similarly, in other

situations, PF equations may be solved by using their linearized models with different

levels of approximations. PF solutions have been established for unbalanced as well as

balanced power systems. PF algorithms have also been proposed for low voltage radial

systems.

Conventional PF algorithms encounter bottlenecks in dealing with systems having

lines with high r/x ratios or when the loading condition approach maximum loadability

limit of the system. PF problems have multiple solutions i.e. total 2N−1 for a N -bus test

system. However, among all possible solutions, only one is the operating point solution

which is generally calculated by iterative numerical techniques. The main reason behind

the use of iterative numerical techniques is the local search capability around the starting

point solution of system. In general, 1 p.u. is considered as the initial seed for bus voltages

because the power system is operated close to predefined rated voltage levels. Solutions

other than operating point solution are low voltage solutions which have little physical

significance in many applications. However, they may provide information related to the

voltage stability study of the system. Hence, the determination of such solutions are also

required in the power system analysis. To address this issue, the PF problem has been

formulated as an optimization problem and solved by using special search procedures to

find multiple solutions.

In such circumstances, PF analysis can also be expressed as an optimization problem

in which active and reactive power mismatches and voltage mismatches at buses are to be

minimized. Several conventional optimization algorithms have been utilized to solve the

PF problem and the maximum loadability problem in the literature. However, most of the

non-linear programming techniques may converge to local optimum solutions. The opti-
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mization algorithm (especially search based) inherently have high chance of convergence

due to their formulations and techniques. The above advantages though were obvious at

all times, however their practical implementation were subject to contemporary compu-

tational advancements. In the present times the computational resources have improved

quite significantly (or exponentially increased). This has lead to several successful imple-

mentations of computationally demanding algorithms as apparent from literature. Thus it

is imperative to revisit and explore the performance of algorithms vis-a-vis contemporary

computational resource scenario.

Nature-Inspired algorithms are prevalent for solving non-smooth/non-convex opti-

mization problems from different engineering fields. The algorithms such as Genetic Algo-

rithm (GA), Particle Swarm Optimization (PSO), and Differential Evolution (DE) have

been introduced as a PF solver for balanced power systems and for computing maximum

loadability limit for a system.

DE is a simple yet powerful technique for the global optimization problem. It pro-

vides better convergence property and it requires only a few parameters to be tuned.

Similar to other evolutionary algorithms, it involves three basic operators, i.e., mutation,

crossover, and selection.

GA was first proposed in [106]. It is a population-based search algorithm based on

the Darwinian theory of evolution which contains three basic operators such as mutation,

recombination, and selection. The initial population of solutions is initialized randomly

throughout the search-space. These solutions are called chromosomes which are updated

iteratively by using the above-mentioned operators. The fitness of the individuals is

evaluated on the basis of their objective function value. The fittest chromosomes are

selected as parents to generate offsprings for the next generation. Generations of offspring

comprises of recombination and mutation operations. The maximum number of function

evaluations is considered as a termination criterion for the optimization process.

Besides the above-mentioned numerical models, numerous studies that analyze PF

analysis based on nature-inspired optimization algorithms have been approached in the

literature. The best feature of these algorithms is that they are independent of the initial

seed of the decision variables. Elrayyah et al., [94] introduced a method based on PSO

algorithm to solve the PF problem of DCIMGs. In this method, PSO is employed to

calculate the optimum droop parameters for sharing the reactive power. However, this
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method did not consider the sharing of active power among the DGs. An algorithm

based on PSO solves the PF problem for DCIMGs in [107]. In this method, PSO is

utilized to find the droop parameters to optimize the reactive power sharing among the

DGs. However, this algorithm does not achieve optimized active power sharing among

DGs. GA has also been used as an optimization tool to minimize the voltage and power

mismatches at the buses [108,109].

A GA based PF technique is proposed in [108]. This method includes a voltage

differential technique and a gradient technique. In [109], a hybrid of PSO and GA based

algorithm is proposed to solve the PF problem of islanded microgrids. In this algorithm,

two different steps of GA and PSO are employed to find unknown parameters. To solve

the optimal PF problem, an algorithm based on DE is proposed in [110]. However, the

main drawback of this method is that solution quality is dependent on initial population.

1.3 Objectives of the Thesis

PF evaluation of distribution systems is a prerequisite for any kind of investigation and

analysis of the system. However under certain circumstances PF of a distribution system

may not be possible due to following reasons.

1. Due to high r/x ratio and unbalanced loading in distribution system, the ill-conditioning

of PF equations may appears. Conventional algorithms either cannot provide solu-

tion or poorly converge in such situations. In order to resolve this issue, topology

based algorithms have been proposed, but these algorithms perform poorly in case

of multi-source distribution systems. Thus, it is required to introduce new robust

algorithms which perform effectively in case of ill-conditioned distribution systems.

2. Presence of PV buses in a distribution system can be considered as a problem of

modern system due to adoption of renewable generations at distribution level. The

renewable generations are power converter based interconnection to distribution

systems which have a capability to provide voltage control at the interconnection

behaving as PV buses. Thus, it is required to revisit the PF algorithms which

were developed with PQ buses only so that modifications and improvements can be

incorporated in the PF algorithms.

11



3. Nowadays, MGs have come up as a reality which may be operated either in an

autonomous mode or in a grid connected mode. Further, the autonomous MGs

can also get into arrangements of power sharing among them. In MGs, unlike

transmission system or distribution system, there is no concept of swing bus or root

node, respectively.

4. Also, in autonomously operated MGs, the excursion in frequency can be tolerated

which may lead to wide variations in frequency dependent loads and line impedance

apart from voltage dependency of loads. Thus, the above scenario of MGs requires

a fresh approach and perceptive in relation to PF solutions of MG systems.

The problem statement of this thesis is as follows. Development and formulation of new

algorithms to solve PF and optimal PF problems efficiently, accurately and in robust

manner for distribution system having ill-conditioned equations, large number of PV

buses and autonomous/islanded and grid connected microgrid mode of operations.

The main objectives of the thesis are as follows.

1. To develop new robust and efficient algorithms to solve the PF problem for grid-

connected and islanded microgrids.

2. To investigate the performance of evolutionary algorithms in solving the above-

mentioned PF problems.

3. To determine the maximum loadability limit of power system using evolutionary

algorithm.

4. To formulate an optimization problem to solve the optimal PF problem of grid-

connected and islanded microgrids.

1.4 Outline of the Thesis

• Chapter 1: This chapter describes the background and motivation for the thesis

and provides an overview of the research work and objectives of the thesis.

• Chapter 2: This chapter presents robust and efficient PF algorithms to obtain

fast and accurate PF solution for ill-conditioned unbalanced distribution systems or

grid-connected microgrids.
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• Chapter 3: This chapter discusses evolutionary algorithm based approaches to

find out the maximum loadability limit of unbalanced distribution systems or grid-

connected microgrids.

• Chapter 4: This chapter describes and proposes new robust and efficient numeri-

cal algorithms to solve the PF problem for decentralized droop controlled islanded

microgrids.

• Chapter 5: This chapter presents an evolutionary algorithm based approach to

solve the PF problem for decentralized droop controlled islanded microgrids.

• Chapter 6: This chapter describes application of different PF tools to find the

optimum value of power system variables for operating robustly with minimum

cost.

• Chapter 7: This chapter proposes an approach to minimize the system losses by

calculating optimal setting of droop using evolutionary computation.

• Chapter 8: This chapter concludes the works done in this thesis and also proposes

future scope of work.
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Chapter 2

Power Flow Algorithms for

Ill-conditioned Unbalanced

Distribution Systems

2.1 Introduction

Most of the power systems are well-conditioned and their PF problem can be easily eval-

uated using NR-based algorithms. Nevertheless, in certain circumstances, the conditions

of the system may become ill-conditioned. Consequently, the aforementioned algorithms

can diverge or have poor convergence characteristics. This chapter addresses the issue of

solving PF for ill-conditioned distribution system and proposes some numerical techniques

to solve these kind of problems.

For the steady-state analysis, solving the PF problem has been one of the major

area of investigation in the power systems since mid 1950s [111]. Different methods have

been proposed to solve the PF problem in the literature. Different metrics are utilized to

compare these algorithms on the basis of basic requirements of PF calculations. These

metrics are as follows: (i) The memory requirements and CPU time (computing efficiency).

(ii) The reliability and flexibility of algorithms. (iii) The convergence characteristics of

algorithms.

In a power system, determining the voltage magnitude and phase of each bus, as well

as the flow of active and reactive power through each bus, are the main objectives of the

PF problem. In some circumstances, the Jacobian matrix may get near singular or may
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become singular during the evaluation process when using NR-like algorithms [59]. When

the Jacobian matrix is non-singular during the evaluation of solutions, the PF solution

can be obtained using a flat initial start. This system is said to be well-conditioned and

PF solution can be easily evaluated using conventional NR-based algorithms within a

small number of iterations [59]. In some cases, the PF solution of the system exists, but

conventional NR-based algorithms cannot provide the solution due to the near-singularity

or singularity of the Jacobian matrix. In this situation, the power system is termed

as ill-conditioned or bad-conditioned [112, 113]. In ill-conditioned power systems, the

PF solution is very sensitive to small variations of the elements of the Jacobian matrix

[70,114]. There are several reasons which may lead to deterioration of the condition of the

system to ill-condition such as, high ratio of r/x, installation of some types of equipment,

and location of the swing bus, etc. To solve the PF problem, one of the most popular

numerical methods is the NR algorithm. Some of the popular algorithms are second-order

NR-based algorithms which are utilized to solve ill-conditioned test systems. In [115], a

fast-decoupled version was proposed to solve the PF problem of systems with high r/x ratio

lines. In [57], a second-order PF algorithm has been proposed to deal with PF problem

of distribution systems. Iwamoto et.al. propose a most popular NR-based algorithm

for ill-conditioned PF solution [60]. In literature, several algorithms have been proposed

to address the PF problem of ill-conditioned power systems [10, 61–66]. In [69], the LM

algorithm has been proposed to solve the PF problem in ill-conditioned systems. In [70], a

CN method is developed to solve the PF problem in ill-conditioned systems. Additionally,

several algorithms based on LM and CN have been proposed in [71, 72]. Authors of [73]

have presented a variant of LM to solve the PF problem in case of ill-conditioned as well

as well-conditioned power systems. Authors of [70] have proposed a RK4 algorithm to

solve the PF problem. To solve the PF problem, high-order NR-based algorithms have

been proposed in [59].

The above-mentioned works have been studied on the transmission system which is

ill-conditioned due to high loading conditions. However, in the distribution system, some

features that are distinct from the transmission system make the system ill-conditioned

[15]. There features are (i) weakly meshed or radial topology, (ii) having high r/x ra-

tio, and (iii) having unbalanced system load. To address these issues, topology based

algorithms have been proposed but these algorithms are only applicable to single source

16



systems.

Due to the increase of penetration of DGs in the distribution systems, many algo-

rithms have been proposed to solve the PF problem of distribution system having DGs.

Authors of [116,117] have proposed different models of various equipment of distribution

system (i.e. DGs and voltage regulators) to solve the distribution PF problem. In these

approaches, DGs can be modeled as PV bus or as PQ bus. In [118], three different math-

ematical models of DGs have been proposed and these models are (1) constant voltage

model, (2) variable reactive power model, and (3) constant power factor model.

Earlier, the PV buses were rare in the distribution system, but in the modern dis-

tribution systems, substantial number of PV buses can be present. Regular PF routines

based on NR have limitations of convergence when applied to distribution systems due

to large number of PV buses which makes the system ill-conditioned. The development

of backward/forward sweep method mitigated this problem of convergence. However,

forward/backward methods have limitations in handling PV buses.

In this chapter, simplified, generalized and efficient algorithms are proposed to solve

the PF problem of the ill-conditioned unbalanced three-phase distribution system. Dif-

ferent models of DGs are also incorporated in this algorithms. These algorithms are

based on LM and CN which are simple because these approaches depend mainly on the

Jacobian matrix similar to NR-based algorithms. A strategy to control the step-size or

the acceleration factor of LM and CN has been proposed to avoid ill-conditioning of the

Jacobian. Further the problem of determining the step-size has been considered as an

optimization sub-problem within the framework of CN and LM algorithm. The proposed

modifications provide good convergence rate in different operating conditions. Moreover,

they are generalized because they incorporate more accurate load modeling, unbalanced

loads, three-phase modeling of feeders and different DG modeling. These algorithms are

benchmarked on several unbalanced radial distribution systems (some of them are avail-

able in [119] ). Different case studies have been performed to demonstrate the robustness

and efficiency of these algorithms.

The outline of this chapter is as follows. In Section 2.2, PF formulations based on

current injection and power injection are discussed with the calculation procedure of the

Jacobian matrix. Section 2.3 presents the procedure of proposed algorithms for solving the

PF problems. In Section 2.4, different numerical examples are performed to demonstrate
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the robustness and validity of the proposed algorithm on different operating cases.

2.2 Problem Formulation

In this section, the PF formulation based on power injection and current injection is briefly

discussed. Moreover, the calculation procedure of the Jacobian matrix is also included.

2.2.1 Formulation based on Power Injection

The PF problem can be represented by the power balance equation at each bus. Reactive

and active powers are specified at each PQ buses (load buses) and only active power is

specified at PV buses (generator buses). These active and reactive power can also be

calculated using bus voltages and system Admittance Matrix (Ybus), which are termed

as calculated power. The solution to PF problem is bus voltages (magnitude and phase

angle) where the difference of specified power and calculated power at each bus become

zero or within the specified tolerance limit. Consequently, the main objective of PF is to

calculate the voltage magnitude and angles of the system buses that equals the specified

power and the calculated power at each bus of the system. Hence, the PF problem can

be treated as a system of non-linear equations.

In polar co-ordinates, the power balance equation at k-th bus can be represented by

the following equations.

Pk −
N∑
i=1

|Vk||Vi||Yki|cos(δk − δi − θki) = 0, (2.1)

Qk −
N∑
i=1

|Vk||Vi||Yki|sin(δk − δi − θki) = 0, (2.2)

where Pk(= Pg,k−Pl,k) and Qk(= Qg,k−Ql,k) are total active and reactive power injected

at the k-th bus, respectively, Vk(|Vk|6 δk) represents the bus voltage at the k-th bus, and

Yki(|Yki|6 θki) represents the ij-th element of admittance matrix. Here, Pg,k and Qg,k

are total generated active and reactive power at the k-th bus, respectively, Pl,k and Ql,k

represent total required active and reactive load at the k-th bus.
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Formation of Jacobian matrix:

To derive the elements of the Jacobian matrix,

Pk−
N∑
i=1

|Vk||Vi||Yki|cos(δk−δi−θki) = Pk−|Vk|2Gkk−
N∑

i=1,i 6=k

|Vk||Vi||Yki|cos(δk−δi−θki) = 0,

(2.3)

Qk−
N∑
i=1

|Vk||Vi||Yki|sin(δk−δi−θki) = Qk−|Vk|2Bkk−
N∑

i=1,i 6=k

|Vk||Vi||Yki|sin(δk−δi−θki) = 0,

(2.4)

where Gkk = |Ykk|cos(θkk) and Bkk = |Ykk|sin(θkk).

The elements of Jacobian matrix can be calculated as follows.

∂Pi
∂δj

= −
N∑

k=1,k 6=i

|Vi||Vk||Yik|sin(δi − δk − θik); j = i, (2.5)

∂Pi
∂δj

= |Vi||Vj||Yij|sin(δi − δj − θij); j 6= i, (2.6)

∂Pi
∂|Vj|

= 2|Vi|Gii +
N∑

k=1,k 6=i

|Vk||Yik|cos(δi − δk − θik); j = i, (2.7)

∂Pi
∂|Vi|

= |Vi||Yij|cos(δi − δj − θij); j 6= i, (2.8)

∂Qi

∂δj
=

N∑
k=1,k 6=i

|Vi||Vk||Yik|cos(δi − δk − θik); j = i, (2.9)

∂Qi

∂δj
= −2ViBii +

N∑
k=1,k 6=i

|Vk||Yik|sin(δi − δk − θik); j = i, and (2.10)

∂Qi

∂|Vj|
= |Vi||Yij|sin(δi − δj − θij); j 6= i (2.11)

Taylor’s expansion of Equations 2.3 and 2.4 can be written as follows in compact form.

∂P2

∂δ2
:: ∂P2

∂δN

∂P2

V2
:: ∂P2

∂VN

:: :: :: :: :: ::

∂PN
∂δ2

:: ∂PN
∂δN

∂PN
V2

:: ∂PN
∂VN

∂Q2

∂δ2
:: ∂Q2

∂δN

∂Q2

V2
:: ∂Q2

∂VN

:: :: :: :: :: ::

∂QN
∂δ2

:: ∂QN
∂δN

∂QN
V2

:: ∂QN
∂VN





4δ2

::

4δN
4V2

::

4VN


=



P sp
2 − P2(δδδ(0),VVV (0))

::

P sp
N − PN(δδδ(0),VVV (0))

Qsp
2 −Q2(δδδ(0),VVV (0))

::

Qsp
N −QN(δδδ(0),VVV (0))


(2.12)
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where Pi(δδδ
(0),VVV (0)) and Qi(δδδ

(0),VVV (0)) are the calculated injected active and reactive power,

respectively, at i-th bus. With new notation, the Equation 2.12 can be written asJ1J1J1 J2J2J2

J3J3J3 J4J4J4

4δδδ
4VVV

 =

4PPP
4QQQ

 (2.13)

where,

J1J1J1 =
∂PPP

∂δδδ
=


∂P2

∂δ2
:: ∂P2

∂δN

:: :: ::

∂PN
∂δ2

:: ∂PN
∂δN

 , (2.14)

J2J2J2 =
∂PPP

∂VVV
=


∂P2

∂V2
:: ∂P2

∂VN

:: :: ::

∂PN
∂V2

:: ∂PN
∂VN

 , (2.15)

J3J3J3 =
∂QQQ

∂δδδ
=


∂Q2

∂δ2
:: ∂Q2

∂δN

:: :: ::

∂QN
∂δ2

:: ∂QN
∂δN

 , and (2.16)

J4J4J4 =
∂QQQ

∂VVV
=


∂Q2

∂V2
:: ∂Q2

∂VN

:: :: ::

∂QN
∂V2

:: ∂QN
∂VN

 . (2.17)

Equation 2.13 creates a basis for the NR-based algorithms. In this work, two power

injection based algorithm are proposed which utilize the Jacobian matrix (explained in

Equation 2.13) for updating the solution.

2.2.2 Formulation based on Current Injection

Power injection based PF formulation has been dealth in the above section. In this sub-

section, the current injection based PF formulation for power systems is proposed which

is more accurate than the conventional power injection based formulation. Conventional

power injection based formulation does not account for the voltage dependency of the

loads which should not be ignored in distribution systems. The PF equation are ex-

pressed in rectangular coordinates i.e, elements of nodal admittance matrix, bus voltages,

injected powers, and current injections are represented in rectangular coordinates.
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The active and reactive current mismatch, for a given bus k, is given by the following

relation.

∆Irk =
n∑
i=1

(GkiVri −BkiVmi)−
PkVrk +QkVmk
(Vrk)2 + (Vmk)2

, (2.18)

∆Imk =
n∑
i=1

(BkiVri +GkiVmi)−
PkVmk −QkVrk
(Vrk)2 + (Vmk)2

. (2.19)

Total injected active and reactive powers can be calculated by following equations.

Pk = Pg,k − Pl,k, (2.20)

Qk = Qg,k −Ql,k. (2.21)

The voltage dependency of loads are represented by the following polynomial equations.

Plk = P0k{αp + βpVk + γpVk
2}, (2.22)

Qlk = Q0k{αq + βqVk + γqVk
2}. (2.23)

Where,

αp + βp + γp = 1

and,

Vk = (V 2
rk + V 2

mk)
1
2 .

Similarly,

αq + βq + γq = 1.

Taylor’s series expansion of equations (2.18) and (2.19) after neglecting the higher order

terms, gives the following equations.∆Irk

∆Imk

 =
n∑
i=1,
i 6=k

Gki −Bki

Bki Gki

∆Vri

∆Vmi



+

G′kk B
′

kk

B
′′

kk G
′′

kk

∆Vrk

∆Vmk


− 1

V 2
k

Vrk Vmk

Vmk −Vrk

∆Pk

∆Qk

 .
(2.24)

Where, the values of G
′

kk, B
′

kk, G
′′

kk and B
′′

kk depend on the type of kth bus (PQ/PV ).
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Representation of PQ buses:

In case of PQ buses, injected real and reactive powers are specified on the buses, i.e.

Pk = P sp
k and Qk = Qsp

k , where ‘k’ is the PQ bus.

G
′

kk, B
′

kk, G
′′

kk and B
′′

kk can be expressed as follows.

G
′

kk = Gkk −
1

V 4
k

{(V 2
mk − V 2

rk)P
sp
k − 2VmkVrkQ

sp
k }, (2.25)

B
′

kk = −Bkk −
1

V 4
k

{(V 2
rk − V 2

mk)Q
sp
k − 2VmkVrkP

sp
k }, (2.26)

B
′′

kk = Bkk −
1

V 4
k

{(V 2
rk − V 2

mk)Q
sp
k − 2VmkVrkP

sp
k }, (2.27)

G
′′

kk = Gkk +
1

V 4
k

{(V 2
mk − V 2

rk)P
sp
k − 2VmkVrkQ

sp
k }. (2.28)

Where,

P sp
k = Pg − P0k{αp + βpVk + γpVk

2},

Qsp
k = Qg −Q0k{αq + βqVk + γqVk

2}.

The values of ∆Pk and ∆Qk are calculated as follows.

∆Pk = ∆Pg − P0kβp∆Vk − 2Vkγp∆Vk. (2.29)

Similarly,

∆Qk = ∆Qg −Q0kβq∆Vk − 2Vkγq∆Vk. (2.30)

Substituting ∆Pg = 0 and ∆Qg = 0 at PQ buses,

∆Pk = −P0k (βp + 2Vkγp) ∆Vk,

∆Qk = −Q0k (βq + 2Vkγq) ∆Vk

and,

∆Vk =
1

Vk
(Vrk∆Vrk + Vmk∆Vmk) . (2.31)

This yields,

∆Pk = −Pok
Vk

(βp + 2Vkγp) (Vrk∆Vrk + Vmk∆Vmk) ,

∆Qk = −Qok

Vk
(βq + 2Vkγq) (Vrk∆Vrk + Vmk∆Vmk) .
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Substituting the expressions of ∆Pk and ∆Qk in equation (2.24), yields,∆Irk

∆Imk

 =
n∑
i=1,
i 6=k

Gki −Bki

Bki Gki

∆Vri

∆Vmi



+

G′kk B
′

kk

B”
kk G”

kk

∆Vrk

∆Vmk


−

A B

C D

∆Vrk

∆Vmk

 .
(2.32)

Where,

A =
−P0kV

2
rk (βp + 2γpVk)−Q0kVrkVmk (βq + 2γqVk)

V 3
k

,

B =
−P0kVrkVmk (βp + 2γpVk)−Q0kV

2
mk (βq + 2γqVk)

V 3
k

,

C =
−P0kVrkVmk (βp + 2γpVk) +Q0kV

2
rk (βq + 2γqVk)

V 3
k

,

D =
−P0kV

2
mk (βp + 2γpVk) +Q0kVrkVmk (βq + 2γqVk)

V 3
k

.

Representation of PV bus:

In case of PV bus ‘k′, Qk is not specified. For a PV bus, Qk is calculated in every iteration

by using the following equation.

Qk = VmkI
cal
rk − VrkIcalmk. (2.33)

Substituting the values of Qk in equation (2.25), (2.26), (2.27) and (2.28) following ex-

pressions of G
′

kk, B
′

kk, G
′′

kk and B
′′

kk are obtained.

G
′

kk =Gkk −
1

V 4
k

(V 2
mk{P

sp
k − 2VrkI

cal
rk } − V 2

rk{P
sp
k +

2VmkI
cal
mk}),

(2.34)

B
′

kk =−Bkk −
1

V 4
k

(Vmk{(V 2
rk − V 2

mk)I
cal
rk − VrkP

sp
k }

− Vrk{(V 2
rk − V 2

mk)I
cal
mk − VmkP

sp
k }),

(2.35)

B
′′

kk = Bkk −
1

V 4
k

(Vmk{(V 2
rk − V 2

mk)I
cal
rk − VrkP

sp
k }

− Vrk{(V 2
rk − V 2

mk)I
cal
mk − VmkP

sp
k }),

(2.36)
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G
′′

kk =Gkk +
1

V 4
k

(V 2
mk(P

sp
k − 2VrkI

cal
rk )− V 2

rk(P
sp
k +

2VmkI
cal
mk)).

(2.37)

Since, for a PV bus, ∆Pg and ∆Vk = 0, equations (2.29) and (7.18) get reduced as follows,

∆Pk = ∆Pg = 0,

∆Qk = ∆Qgk.

Substituting ∆Vk = 0 in equation (2.31) yields,

∆Vrk = −Vmk
Vrk

∆Vmk.

Substituting expressions of ∆Qk and ∆Vrk in equation (2.24) yields following expressions.∆Irk

∆Imk

 =
n∑
i=1,
i 6=k

Gki −Bki

Bki Gki

∆Vri

∆Vmi



+

G′kk B
′

kk

G”
kk B”

kk

−Vmk
Vrk

∆Vmk

∆Vmk


− 1

V 2
k

Vrk Vmk

Vmk −Vrk

 0

∆Qg

 .
(2.38)

Simplification of equation (2.38) yields,∆Irk

∆Imk

 =
n∑
i=1,
i 6=k

Gki −Bki

Bki Gki

∆Vri

∆Vmi

+

[
B
′

kk −
Vmk
Vrk

G
′

kk −
Vmk
V 2
k

G”
kk −

Vmk
Vrk

B”
kk

Vrk
V 2
k

]
∆Vmk

∆Qg

 .
(2.39)

After simplifying the equation (2.39), expressions for B′kk, G
′
kk, B

′′
kk, and G′′kk becomes as

follows.

B′kk = −Bkk −
VmkI

calc
rk − VrkIcalcmk

V 2
k

, (2.40)

G′kk = Gkk −
P sp
k

V 2
k

, (2.41)

G′′kk = Gkk +
P sp
k

V 2
k

, (2.42)

B′′kk = Bkk −
VmkI

calc
rk − VrkIcalcmk

V 2
k

. (2.43)
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Jacobian structure:

The proposed current injection based NR PF equation can be compactly expressed as,

∆Ipqrm

∆Ipvrm

 =

Jpq−pq Jpq−pv

Jpv−pq Jpv−pv

∆V pq
rm

∆V pv
mQ

 . (2.44)

Where,

∆Ipqrm =
[
∆Ir1,∆Ir2, . . . ,∆Irn,∆Im1,∆Im2, . . . ,∆Imn

]T
,

∆Ipvrm =
[
∆Ir(n+1),∆Ir(n+2), . . . ,∆IrN ,∆Im(n+1),∆Im(n+2), . . . ,∆ImN

]T
,

∆V pq
rm =

[
∆Vr1,∆Vr2, . . . ,∆Vrn,∆Vm1,∆Vm2, . . . ,∆Vmn

]T
,

∆V pv
mQ =

[
∆Vm(n+1),∆Vm(n+2), . . . ,∆VmN ,∆Q(n+1),∆Q(n+2), . . . ,∆QN

]T
,

Jpq−pq =

[
G′ B′

B′′ G′′

]
,

Jpq−pv =

[
−B− Vm

Vr
G 0

G− Vm
Vr

B 0

]
,

Jpv−pv =

[
B∗′ − Vm

Vr
G∗′ −Vm

V 2

G∗′′ − Vm
Vr

B∗′′ Vr
V 2

]
and,

Jpv−pq =

[
G −B

B G

]
.

The above-described formulation of PF is more accurate for the distribution systems

because it gives more accurate modeling of PV buses as compared to model suggested

in [57] . Modeling of voltage dependency is incorporated with other models of components.

2.3 Proposed Algorithms

Three different PF algorithms are described in this section. These techniques are based on

the system of non-linear equations and ordinary differential equations. This section is di-

vided into three subsections: algorithms based on Conventional NR technique, algorithms

based on the LM technique, and algorithms based on the Runge-Kutte technique.
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2.3.1 Modified Newton-Raphson Method

Let us assume a nonlinear equation, f(x) = 0, where x represents a variable. If x0 be an

initial predicated solution, then f(x) can be extended around x0 using Taylor series.

(2.45)
f(x) = 0, and f(x)

= f(x0) + f ′(x0)(x− x0) +
1

2!
f ′′(x0)(x− x0)2 + ...+

1

n!
fn(x0)(x− x0)n + .....,

where, fn(x0) is n−th derivative of f(x) at x = x0.

By neglecting the higher order derivatives (second and higher order) of f(x) from

Equation 2.45 yields

f(x) ' f(x0) + f ′(x0)(x− x0) = 0 (2.46)

From Equation 2.46, x∗ can be calculated as follows.

x∗ = x0 −
f(x0)

f ′(x0)
, (2.47)

where x∗ is a predicated value of x.

Therefore, at k−th iteration, the predicated value of x, xk+1, can be calculated by

following equation.

xk+1 = xk −4xk, (2.48)

where,

4xk =
f(xk)

f ′(xk)
(2.49)

Equations 2.48 and 2.49 can be generalized for system of non-linear equations by following

Equations.

4xk = Jx(xk)−1F(xk), (2.50)

xk+1 = xk −4xk, (2.51)

where xk = [xk1, x
k
2, ...., x

k
n]t, F(xk) = [f1(xk), f2(xk), ..., fn(xk)]t, and Jx represents the

Jacobian matrix at xk.

The main steps of Newton’s method are summarized in Algorithm 1.

In this work, one algorithm, named CINR, based on Algorithm 1 is proposed where

the current injection based PF formulation are employed in NR method. In CINR, the

Jacobian matrix is calculated by using Equation 2.44. To deal with the ill-conditioning of

the system, an optimal multiplier is calculated in each iterations using following equation.

m∗ ← minimize(||Fx−m4x||), (2.52)
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Algorithm 1: Newton’s Method

Data: x0 ← initial predicated solution

Result: x∗

1 Fx ← F(x0);

2 TolF ← ||Fx||;

3 J← Jx(x0);

4 k ← 0;

5 while TolF ≤ 10−06 do

6 4xk ← J−1Fx;

7 xk+1 ← xk+ −4xk;

8 Fx ← F(xk+1);

9 TolF ← ||Fx||;

10 J← Jx(xk+1);

11 k ← k + 1;

12 end

13 x∗ ← xk

where

4xk = J−1Fx. (2.53)

Then, the solution is updated using following equation.

xk+1 = xk −m∗4x. (2.54)

Thus, the above modifications relate to finding the optimal value of step-size, m, such

that the mismatch vector F (x) is minimized.

2.3.2 Fourth-order Levenberg-Marquardt Method

The LM algorithm belongs to the class of conventional methods that solves the ill-

conditioned system of nonlinear equations. At k−th iteration, the solution xk can be

estimated using LM algorithm by following Equations.

4xk = (Jx(xk)tJx(xk) + λkI)−1F(xk), (2.55)

xk+1 = xk −4xk, (2.56)
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where I represents identity matrix and λk can be calculated by Equation (2.57).

λk = µ||F(xk)||σ, (2.57)

where µ and σ are parameters used in LM. A suitable parameter setting is needed to

achieve the convergence.

Bi-quadratic Levenberg-Marquardt

High order LM techniques are proficient in lessening the number of Jacobian calculations

with better convergence rate as compared to LM. A bi-quadratic LM is introduced in [120].

The steps of bi-quadratic LM are shown in Algorithm 2. A PF algorithm based on

Algorithm 2, named LMPF, is proposed in this chapter.

2.3.3 Modified Runge-Kutta Method

In this section, Runge-Kutta algorithm is briefly described. Formulation of system of

non-linear equations problem based on conventional NR is discussed in the following

paragraph.

Conventional Newton-Raphson

A set of ordinary differential equations can be presented by following equations.

ẋ = f(x) (2.58)

The following steps are used in explicit Euler method to integrate the Equation 2.58.

4xk = 4tf(xk), (2.59)

xk+1 = xk +4xk, (2.60)

where 4t represents the time step.

An analogy between system of non-linear equations and ordinary differential equa-

tions can be easily established using Equations 2.50, 2.51, 2.59, and 2.60 by defining

following relation.

f(xk) = Jx(xk)−1F(xk), at 4t = 1 (2.61)

From above relation, it can be established that any numerical technique, used to solve

ordinary differential equations, can be applied on the system of non-linear equations [70].
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Algorithm 2: Bi-quadratic LM Method

Data: x0 ← initial predicated solution;

Initial parameter for µ and σ

Result: x∗

1 Fx ← F(x0);

2 TolF ← ||Fx||;

3 J← Jx(x0);

4 k ← 0;

5 while TolF ≤ 10−06 do

6 λk ← µk||Fx||σ;

7 dk ← −(JtJ + λkI)−1JtFx;

8 yk ← xk + dk;

9 Fy ← F(yk);

10 ddk ← −(JtJ + λkI)−1JtFy;

11 zk ← yk+ + ddk;

12 Fz ← F(zk);

13 dddk ← −(JtJ + λkI)−1JtFz;

14 Aredk ← ||Fx||2−||F(xk + dk + ddk + dddk)||2;

15 Predk ←

||Fx||2−||Fx||+J(dk)2 + ||Fy||2−||Fy||+J(ddk)2 + ||Fz||2−||Fz||+J(dddk)2;

16 rk ← Aredk

Predk
;

17 if rk ≥ p0 then

18 xk+1 ← xk + dk + ddk + dddk;

19 Fx ← F(xk+1);

20 TolF ← ||Fx||;

21 J← Jx(xk+1);

22 end

23 k ← k + 1;

24 end

25 x∗ ← xk
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Fourth-order Runge-Kutta method

In this work, the RK4 algorithm is adopted to solve the PF problem of the ill-conditioned

three-phase power system. The main steps of the Runge-Kutta algorithm are depicted in

Algorithm 3.

A PF algorithm based on Algorithm 3, named RK4PF, is used here to solve PF

problem of ill-conditioned unbalanced distribution systems. In algorithm 3, steps at

statement numbers, 20 − 25, are the modifications in the existing Runge-kutta method

towards adjustment of h, the step-size.

2.4 Results and Discussion

In this section of the chapter, the four proposed PF techniques are validated over the

small, medium, large and very large test cases.

2.4.1 Test Systems

The following test systems are utilized to demonstrate the performance of proposed algo-

rithms.

• CASE13 test system: This system is radial unbalanced type with 9 branches and

12 PQ buses.

• CASE25 test system: This system is radial unbalanced type with 24 branches

and 24 PQ buses.

• CASE37 test system: This system is radial unbalanced type with 34 branches

and 34 PQ buses.

• CASE28 test system: This system is radial unbalanced type with 27 branches,

24 PQ buses, and 3 PV buses.

• CASE56 test system: This system is radial unbalanced type with 55 branches,

49 PQ buses, and 6 PV buses.

• CASE84 test system: This system is radial unbalanced type with 83 branches,

74 PQ buses, and 9 PV buses.
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Algorithm 3: RK4PF algorithm

Data: x0 ← initial predicated solution; h← 1

Result: x∗

1 Fx ← F(x0);

2 TolF ← ||Fx||;

3 Jx ← Jx(x0);

4 k ← 0;

5 while TolF ≤ 10−06 do

6 k1
k ← −(Jx)−1Fx;

7 yk ← xk + h
2
k1

k;

8 Fy ← F(yk);

9 k2
k ← −(Jx(yk))−1Fy;

10 zk ← xk+ + h
2
k2

k;

11 Fz ← F(zk);

12 k3
k ← −(Jx(zk))−1Fz;

13 uk ← xk + hk3
k;

14 Fu ← Fuk;

15 k4
k ← −(Jx(uk))−1Fu;

16 xk+1 ← xk + h
6
(k1

k + 2k2
k + 2k3

k + k4);

17 Fx ← F(xk+1);

18 TolF ← ||Fx||;

19 J← Jx(xk+1);

20 χ← ||k2
k − xk+1||∞;

21 if χ ≥ 001 then

22 h← max{0.985h, 0.75};

23 else

24 h← max{1.015h, 0.75};

25 end

26 k ← k + 1;

27 end

28 x∗ ← xk
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• CASE112 test system: This system is radial unbalanced type with 111 branches,

99 PQ buses, and 12 PV buses.

• CASE392 test system: This system is radial unbalanced type with 391 branches,

349 PQ buses, and 42 PV buses.

• CASE784 test system: This system is radial unbalanced type with 783 branches,

699 PQ buses, and 84 PV buses.

• CASE1176 test system: This system is radial unbalanced type with 1175 branches,

1049 PQ buses, and 126 PV buses.

The above-mentioned test systems are well-conditioned at normal operating point.

Since the performance of algorithms are to be analyzed on ill-conditioned systems, the

condition of the test systems are deteriorated by increasing the loading levels at the PQ

buses and r/x ratios of the branches. In addition, the flat initial start is applied in each

algorithm to solve the PF problem of these test cases. The details of the above test cases

and their modification are described in Appendix-I.

2.4.2 Parameter Settings of Algorithms

In this work, three robust PF techniques, named CINR, LMPF, and RK4PF, are pro-

posed to solve the PF problem of ill-conditioned distribution test systems. The following

parameter setting is adopted in the algorithms.

• CINR: TolF = 10−06, m0 = 1, and Max iter = 100.

• LMPF: TolF = 10−06, µ = 1.3, σ = 1, ρ0 = 0.5, and Max iter = 100.

• RK4PF: TolF = 10−06, h = 1, and Max iter = 300.

All algorithms have been tested out on PC Intel Core i7-7700 3.60 GHz using MAT-

LAB R2017b.

2.4.3 Validation of Proposed Algorithms

In this section, the accuracy of the proposed algorithms are validated on ill-conditioned

version of CASE13 and CASE28 test systems. These test systems cannot be solved by
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using conventional algorithms, TCIM, iTCIM, and BFS due to their ill-conditioning.

Very few works based on the Newton-Raphson algorithm have been done on power flow

problem of ill-conditioned distribution systems. The backward-forward sweep algorithm

is a popular algorithm for the distribution system, but this algorithm do not converge on

true solution of the power flow problem. Hence, there is no solution obtained which can be

compared with our converged solution. Therefore, candidate could not validate the result

of proposed algorithms with the result of other algorithms from the literature. However,

the power flow problem of power system is a type of system of non-linear equations,

where power flow equations are treated as system and solution of this system is power

flow solution. As far as validation of power flow methods are concerned, they get validated

when the solution of non-linear equations get solved accurately.

The precise idea behind taking the scenario of heavily loaded and ill-conditioned

system was to investigate whether the proposed method can handle such scenarios. It

is obvious that in the said scenarios, the system may have low system voltages. The

load flow is planning tool which computes system voltages under full spectrum of loading

to plan the operational strategies. A similar approach for investigating the unbalanced

load scenario was also adopted. The severe system situations were deliberately adopted

to show the enhanced capability of the proposed methods and approaches in terms of

convergence and accuracy.

CASE13 test system

The structure of this test system is similar to the standard CASE13 test system. The

PF solution of this test system is worked out using proposed algorithms and is depicted

in Tables 2.1, 2.2, and 2.3. From these Tables, it can be concluded that the PF solution

obtained from all the solutions is similar to each other with minor variations. Note that

the optimal values of the step-size in case of CINR are calculated as 0.9811, 1.2457, and

0.5734. The system used here is an unbalanced test system. When we increase the loads

on all buses such that the system operates in an ill-conditioned zone, the loads will be more

unbalanced in the system. Therefore, in this case voltages are expected to be low at buses

7, 8, 9, and 10 in respective phases. Nose curve of case13 has been drawn in Figure 2.1.

From Figure 2.1, it is verified that the obtained voltages for the given loading condition

are quite low as expected. However, they are not intended as operational voltages for a
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Figure 2.1: Nose curve (PV curve) of bus 7c, 8c, 9c, and 10c.

system. These are in fact the solutions obtained in planning scenario.

Table 2.1: PF solution of ill-conditioned version of CASE13 system using CINR

CINR

Bus No. |Va| 6 a |Vb| 6 b |Vc| 6 c

1 1.00 0.00 1.00 -120.00 1.00 120.00

2 0.99 -0.22 0.99 -120.16 0.99 119.98

3 – – – – 0.55 99.10

4 – – 0.95 -120.65 1.01 119.63

5 – – 0.93 -120.94 1.02 119.52

6 0.96 -13.42 – – – –

7 0.98 -13.57 1.04 -117.21 0.58 101.56

8 0.97 -14.67 1.05 -117.44 0.56 101.05

9 0.98 -13.57 1.04 -117.21 0.58 101.56

10 0.98 -13.69 – – 0.57 100.49

The convergence characteristics of all proposed algorithms on CASE13 ill-conditioned

test system are depicted in Figure 2.2. From this figure, it can be concluded that the

convergence characteristics of the proposed algorithm are different from each other. In

the case of CINR, the convergence rate is faster than the other algorithms. RK4PF
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Table 2.2: PF solution of ill-conditioned version of CASE13 test system using LMPF

LMPF

Bus No. |Va| 6 a |Vb| 6 b |Vc| 6 c

1 1.00 0.00 1.00 -120.00 1.00 120.00

2 0.99 -0.22 0.99 -120.16 0.99 119.98

3 – – – – 0.55 99.10

4 – – 0.95 -120.65 1.01 119.63

5 – – 0.93 -120.94 1.02 119.52

6 0.96 -13.43 – – – –

7 0.98 -13.59 1.04 -117.24 0.58 101.56

8 0.96 -14.70 1.05 -117.47 0.56 101.04

9 0.98 -13.58 1.04 -117.26 0.58 101.58

10 0.98 -13.70 – – 0.57 100.49

Table 2.3: PF solution of ill-conditioned version of CASE13 system using RK4PF

RK4PF

Bus No. |Va| 6 a |Vb| 6 b |Vc| 6 c

1 1.00 0.00 1.00 -120.00 1.00 120.00

2 0.99 -0.22 0.99 -120.16 0.99 119.98

3 – – – – 0.55 99.10

4 – – 0.95 -120.65 1.01 119.63

5 – – 0.93 -120.93 1.02 119.52

6 0.96 -13.47 – – – –

7 0.99 -13.61 1.04 -117.13 0.58 101.55

8 0.97 -14.72 1.05 -117.36 0.56 101.05

9 0.99 -13.61 1.04 -117.13 0.58 101.55

10 0.98 -13.74 – – 0.56 100.49

algorithm has a low convergence rate. Furthermore, the value of tolerance is least in the

case of LMPF.

The above discussion concludes that the all the proposed algorithms are robust PF

tool for ill-conditioned unbalanced test systems. CINR is a faster algorithm than others

and LMPF has provided most accurate PF solution than other algorithms.

CASE28 test system

To explore the acceptance of the proposed algorithms for multi-source three-phase unbal-

anced radial networks, proposed algorithms are tested on an ill-conditioned CASE28 test

system.

CASE28 represents an ill-conditioned unbalanced distribution system which in-

cludes 28-buses with four power sources (1-slack and 3-PV bus). This system can serve
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Figure 2.2: Convergence characteristics of CASE13( ill-conditioned case) using CINR,

LMPF, and RK4PF.

as a benchmark test system to investigate the robustness of the algorithm over the ill-

conditioned system because conventional methods fail to converge on the PF solution.

PF solution obtained from all proposed algorithms are reported in Tables 2.4, 2.5,

and 2.6. These tables show that all the algorithms provide a similar solution with minor

variations because all the algorithm stop solving at different accuracy level after fulfilling

the specified tolerance.

To show the convergence characteristics of these algorithms, convergence curve of

these algorithms is depicted in Figure 2.3. On the contrary to accuracy, the convergence

characteristics of these algorithms are different from each other. CINR has the fastest

convergence speed among all algorithms, but initially the convergence is slower than

LMPF and RK4PF because of linear convergence rate. RK4PF has shown the least

convergence speed among all of them. LMPF has provided the most accurate results with

moderate convergence speed.
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Table 2.4: PF solution of ill-conditioned version of CASE28 test system using CINR

CINR

Bus No. |Va| 6 a |Vb| 6 b |Vc| 6 c

1 1.00 0.00 1.00 -120.00 1.00 120.00

2 0.93 -15.53 0.95 -129.59 0.97 111.49

3 0.93 -18.67 0.95 -131.78 0.97 109.68

4 0.94 -20.22 0.95 -132.86 0.97 108.84

5 0.93 -20.21 0.95 -132.84 0.96 108.83

6 0.85 -24.03 0.90 -134.42 0.92 106.97

7 0.81 -33.81 0.87 -139.71 0.89 102.09

8 0.84 -24.01 0.89 -134.39 0.91 106.96

9 0.77 -33.82 0.83 -139.67 0.86 102.05

10 0.73 -33.82 0.80 -139.65 0.84 102.02

11 0.72 -33.83 0.79 -139.65 0.83 102.02

12 0.71 -33.82 0.78 -139.64 0.82 102.05

13 0.71 -33.82 0.78 -139.65 0.82 102.03

14 0.84 -43.69 0.89 -145.10 0.91 97.17

15 0.83 -43.67 0.88 -145.09 0.90 97.16

16 0.80 -33.80 0.86 -139.70 0.89 102.08

17 0.83 -43.67 0.89 -145.09 0.90 97.18

18 0.93 -21.38 0.94 -133.78 0.95 108.03

19 0.93 -24.05 0.94 -135.82 0.95 106.47

20 0.94 -24.08 0.95 -135.83 0.96 106.41

21 0.91 -21.34 0.92 -133.74 0.93 108.10

22 0.90 -21.32 0.91 -133.71 0.92 108.15

23 0.92 -20.21 0.94 -132.86 0.95 108.81

24 0.91 -20.21 0.93 -132.88 0.94 108.80

25 0.89 -20.17 0.92 -132.93 0.93 108.82

26 0.99 -22.47 0.99 -134.24 0.99 107.98

27 0.98 -50.96 0.98 -148.59 0.99 94.21

28 0.99 -26.17 0.99 -137.27 0.99 105.46

2.4.4 Comparison of Algorithms

The proposed algorithms are compared with the following standard PF technique of dis-

tribution systems:

• TCIM [24]: NR-based three phase PF algorithm using current injection equations.

• iTCIM [57]: A second order NR-based three phase PF algorithm using current

injection equations.

• BFS [121]: A three phase PF algorithm based on backward/forward sweep algo-

rithm.
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Table 2.5: PF solution of ill-conditioned version of CASE28 test system using LMPF

LMPF

Bus No. |Va| 6 a |Vb| 6 b |Vc| 6 c

1 1.00 0.00 1.00 -120.00 1.00 120.00

2 0.93 -15.64 0.95 -129.67 0.97 111.33

3 0.93 -18.83 0.95 -131.88 0.97 109.49

4 0.94 -20.40 0.95 -132.98 0.97 108.64

5 0.93 -20.39 0.95 -132.96 0.96 108.63

6 0.85 -24.18 0.90 -134.52 0.92 106.72

7 0.81 -34.02 0.87 -139.84 0.89 101.73

8 0.83 -24.16 0.89 -134.49 0.91 106.71

9 0.76 -33.99 0.83 -139.78 0.86 101.69

10 0.73 -33.97 0.80 -139.75 0.83 101.65

11 0.72 -33.96 0.79 -139.74 0.82 101.65

12 0.71 -33.95 0.78 -139.72 0.82 101.69

13 0.71 -33.95 0.78 -139.73 0.82 101.67

14 0.84 -44.04 0.89 -145.30 0.91 96.71

15 0.82 -44.01 0.88 -145.29 0.90 96.69

16 0.80 -34.01 0.86 -139.83 0.89 101.73

17 0.83 -44.01 0.88 -145.29 0.90 96.72

18 0.93 -21.58 0.94 -133.91 0.95 107.82

19 0.93 -24.28 0.94 -135.99 0.95 106.23

20 0.94 -24.32 0.95 -135.99 0.96 106.17

21 0.91 -21.53 0.92 -133.87 0.93 107.88

22 0.89 -21.51 0.91 -133.84 0.92 107.93

23 0.92 -20.39 0.94 -132.98 0.95 108.61

24 0.91 -20.38 0.93 -133.00 0.94 108.60

25 0.89 -20.35 0.92 -133.05 0.93 108.62

26 0.99 -22.67 0.99 -134.41 0.99 107.78

27 0.98 -51.22 0.98 -148.94 0.99 93.93

28 0.99 -26.42 0.99 -137.49 0.99 105.23

The above-mentioned algorithms have been implemented on MATLAB environment to

perform the experiments.

Well-conditioned Systems

The PF analysis of well-conditioned test systems is performed by applying proposed al-

gorithms and other popular conventional techniques: TCIM, iTCIM, and BFS. For this

investigation, the following test systems are considered: CASE13, CASE25, CASE37,

CASE28, CASE56, CASE84, CASE112, CASE140, CASE168, and CASE196. The sys-

tem data of these test systems is available at https://github.com/abhisheka456.

The total number of iterations of all algorithms for converging on all these test
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Table 2.6: PF solution of ill-conditioned version of CASE28 test system using RK4PF

RK4PF

Bus No. |Va| 6 a |Vb| 6 b |Vc| 6 c

1 1.00 0.00 1.00 -120.00 1.00 120.00

2 0.93 -15.57 0.95 -129.68 0.97 111.40

3 0.93 -18.73 0.95 -131.88 0.97 109.58

4 0.94 -20.30 0.95 -132.97 0.97 108.74

5 0.93 -20.29 0.95 -132.96 0.96 108.73

6 0.85 -24.07 0.90 -134.55 0.92 106.81

7 0.81 -33.88 0.87 -139.90 0.89 101.84

8 0.84 -24.05 0.89 -134.53 0.91 106.80

9 0.76 -33.87 0.83 -139.86 0.86 101.81

10 0.73 -33.86 0.80 -139.84 0.84 101.78

11 0.72 -33.86 0.79 -139.84 0.82 101.78

12 0.71 -33.84 0.78 -139.82 0.82 101.82

13 0.71 -33.84 0.78 -139.84 0.82 101.80

14 0.84 -43.83 0.89 -145.35 0.91 96.83

15 0.82 -43.81 0.88 -145.34 0.90 96.82

16 0.80 -33.87 0.86 -139.89 0.89 101.84

17 0.83 -43.81 0.88 -145.35 0.90 96.85

18 0.93 -21.46 0.94 -133.90 0.95 107.93

19 0.93 -24.15 0.94 -135.96 0.95 106.35

20 0.94 -24.19 0.95 -135.97 0.96 106.29

21 0.91 -21.42 0.92 -133.86 0.93 107.99

22 0.89 -21.40 0.91 -133.83 0.92 108.04

23 0.92 -20.29 0.94 -132.97 0.95 108.71

24 0.91 -20.28 0.93 -132.99 0.94 108.70

25 0.89 -20.24 0.92 -133.04 0.93 108.72

26 0.99 -22.56 0.99 -134.39 0.99 107.89

27 0.98 -50.97 0.98 -148.94 0.99 94.05

28 0.99 -26.28 0.99 -137.45 0.99 105.37
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Figure 2.3: Convergence characteristics of CASE28 ( ill-conditioned case) using CINR,

LMPF, and RK4PF.

systems are illustrated in Table 2.7. It can be observed from Table 2.7 that the proposed

algorithm NICR and LMPF have presented the fastest convergence rate among all the

methods considered, in all the test cases and RK4PF has yielded the least convergence

rate. BFS does not converge on multi-source test cases.

The performance of the proposed algorithms is further examined on multi-source

large test systems: CASE392, CASE784, and CASE1176. The system data of these test

systems is available at https://github.com/abhisheka456. The obtained outcomes are

presented in Table 2.8. From Table 2.8, it can be observed that the proposed algorithms

are more robust than other algorithms on large test systems. In addition, CINR and

LMP exhibit the fastest convergence speed among all algorithms while RK4PF shows

the least convergence speed. Moreover, the execution time consumed by all algorithms

is also calculated and reported in Table 2.9. From Table 2.9, CINR is the most efficient

algorithm while RK4PF is consuming more time than the other algorithms. However, the
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robustness of RK4PF is better than the other algorithms.

From the above evaluation, it can be concluded that the proposed algorithms, CINR

and LMPF are the fastest algorithms among all the methods considered, on well-conditioned

test systems. However, the RK4PF demands a large number of iterations for convergence.

Table 2.7: Obtained results of CINR, LMPF, RK4PF, BFS, TCIM, and iTCIM over

several test systems. (NC: Not Converged)

Test System CINR LMPF RK4PF BFS TCIM iTCIM

CASE13 2 2 17 6 3 3

CASE25 1 2 15 7 3 3

CASE37 1 2 15 9 2 2

CASE28 2 2 25 NC 3 3

CASE56 3 2 26 NC 6 4

CASE84 3 2 26 NC 6 4

CASE112 3 3 26 NC 6 4

CASE140 3 3 26 NC 6 4

CASE168 3 3 26 NC 7 4

CASE196 3 3 26 NC 7 4

Table 2.8: Obtained results of CINR, LMPF, RK4PF, BFS, TCIM, and iTCIM over large

test systems. (NC: Not Converged)

Test System CINR LMPF RK4PF BFS TCIM iTCIM

CASE392 4 4 30 NC 19 5

CASE784 5 5 30 NC NC 5

CASE1176 5 5 30 NC NC 5

Table 2.9: Execuation time (in sec) of CINR, LMPF, RK4PF, BFS, TCIM, and iTCIM.

(NC: Not Converged)

Test System CINR LMPF RK4PF BFS TCIM iTCIM

CASE13 0.0628 0.1790 0.3313 0.1032 0.0815 0.1048

CASE25 0.0997 0.2691 0.4235 0.1882 0.1206 0.1483

CASE37 0.1392 0.3530 0.4509 0.2610 0.2021 0.2615

Ill-conditioned systems

In section 2.4.3, two ill-conditioned test systems were already utilized to validate the ro-

bustness and accuracy of the proposed algorithms. Furthermore, the proposed algorithms
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are evaluated on the test systems with high loading conditions and a high r/x ratio. These

conditions make the PF equations of the test systems ill-conditioned. Conventional NR

algorithms and conventional techniques may diverge on test systems with these conditions

or take large number of iterations to converge.

Table 2.10: Total Number of iterations required for different PF algorithms in heavily

loaded ill-conditioned systems.(LF: Loading Factor, NC: Not Converged)

CASE37

LF(%) CINR LMPF RK4PF BFS TCIM iTCIM

200 2 3 16 6 3 3

600 2 3 17 7 3 3

1000 2 3 18 8 3 3

1400 3 4 18 9 4 4

1800 4 21 59 NC NC NC

2200 4 24 87 NC NC NC

2400 NC 26 88 NC NC NC

2500 NC 37 91 NC NC NC

CASE84

LF(%) CINR LMPF RK4PF BFS TCIM iTCIM

100 3 2 26 NC 6 4

200 4 4 28 NC 13 7

300 6 5 29 NC 20 9

400 9 6 29 NC 33 11

500 17 9 29 NC 69 15

600 NC 40 43 NC NC NC

700 99 38 63 NC NC NC

800 31 35 87 NC NC NC

Test systems with high loading conditions

In this section, the stability of proposed algorithms is evaluated on various test systems

with different loading conditions. The loading level at the buses of the different test sys-

tems is gradually increased to their maximum loading limit. Two test systems, CASE37

and CASE84, are considered for this analysis. Total number of iterations required by

different algorithms for CASE37 and CASE84 are reported in Table 2.10.

It is observed from this table that the performance of proposed algorithms is better

than the other conventional algorithms. In CASE37, CINR is the most robust algorithm

among the other algorithms while LMPF is more efficient in CASE84. However, the

RK4PF algorithm requires a high number of iterations to converge but the robustness of

this algorithm is better than CINR.
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Table 2.11: Total Number of iterations required for different PF algorithms in ill-

conditioned systems with high r/x ratios.(NC: Not Converged)

CASE37

r/x CINR LMPF RK4PF BFS TCIM iTCIM

2 2 3 15 6 3 3

6 2 4 15 7 3 3

10 2 5 15 8 3 3

14 3 6 15 9 4 4

18 3 18 50 NC NC NC

22 3 29 77 NC NC NC

24 4 22 78 NC NC NC

25 8 38 77 NC NC NC

CASE84

r/x CINR LMPF RK4PF BFS TCIM iTCIM

1 3 2 26 NC 6 4

4 4 4 28 NC 14 6

7 5 5 27 NC 26 8

10 6 7 27 NC 48 10

13 16 16 27 NC NC 20

14 21 43 59 NC NC NC

15 21 57 87 NC NC NC

16 21 39 94 NC NC NC
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Test systems with high r/x ratio

The sensitivity of proposed algorithms is validated over different r/x ratios of the lines of

test systems and the performance of proposed algorithms is compared with other algo-

rithms. In this study, CASE37 and CASE84 are considered with different r/x ratios.

Number of iterations required to converge by the proposed algorithms with other

algorithms are reported in Table 2.11. It can be observed that the proposed algorithms

outperform the other conventional algorithms. CINR and LMPF are more efficient than

RK4PF and other conventional algorithms.

2.5 Summary

In this chapter, the PF problem of the well and the ill-conditioned unbalanced distribution

systems have been solved using the proposed algorithms. Three algorithms using different

strategies are proposed. The first algorithm, CINR, is based on conventional NR method

with optimal calculation of step-size, m. Other two algorithm, LMPF and RK4PF, con-

sider PF problem as least-square optimization problem and ordinary differential equations

problem, respectively. The step-size of these algorithms are adapted to improve their ef-

ficiency and robustness. These proposed algorithms are robust and efficient as compared

to conventional PF algorithms. The proposed algorithms have been validated over several

small, medium and large ill-conditioned unbalanced distribution test systems. The ob-

tained outcomes reveal the superiority and effectiveness of the proposed PF methodology

as compared to conventional techniques.

The maximum loadability limit of an unbalanced distribution system is also required

to study the power system stability. Proposed algorithms can also be utilized to find the

maximum loadability limit. However, the robustness of the algorithms is deteriorated

as the system reaches the maximum loadability. In order to address these issues, the

application of evolutionary algorithms is analyzeds in the next chapter.
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Chapter 3

Spherical Search and Butterfly

Constrained Optimizer for Power

Flow of Unbalanced Distribution

System

3.1 Introduction

In this chapter, general-purpose PF tools are developed which are handy and robust for

all possible applications of power system analysis. Recently, evolutionary algorithms have

emerged as robust optimization tools because of their potentials and versatile qualities.

These search techniques are adequate to deal with a large collection of problems of various

characteristics because they do not constrain the variable types and search-space.

In the traditional Jacobian based methods of PF, the solution proceeds as per the

direction gradient (Jacobian or partial derivative). This direction gradient is a kind of

static formulation to decide the step direction and step size. In this gradient direction

procedure, the step direction and the step size can not be decided as per quality of solution

achieved so far. In fact, during the iterations, we do not evaluate any metric related to

the quality of solution.

In any optimization based formulation, this is not the case. In general, in an opti-

mization based formulation, step direction and step size are decided based on the quality

of the solution. There are two broad classifications of optimization: Conventional Opti-
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mization, and Evolutionary (population based) optimization. Conventional optimization

proceeds with one solution whereas evolutionaly optimization proceeds, iteration by it-

eration, with multiple solutions. This population of solution enhances the procedure of

evaluation of the quality of solutions and consequently step direction and step size in a

better way. This results in a dynamic formulation to decide the step direction and step

size. Due to the above fundamental difference in the procedure to evaluate solutions,

evolutionary optimization based PF formulation does not succumb to the ill-conditioning

of the Jacobian matrix and is able to keep sailing in the search of solution and ultimately

provides PF solution.

Traditional Jacobian based correction of solution does not consider the quality of

solution in terms of present solution and solution expected in the next iteration. Whereas,

conventional optimization based correction of solution considers the quality of solution

in terms of present solution and the solution expected in the next iteration considering

active and reactive power mismatch as objective function.

Almost all conventional (Jacobian and optimization based) PF algorithms reported

in the literature utilize the following structure. The first iteration starts with the initial

seed, and mismatches in reactive and active power at all buses are evaluated. Power

injection equations or current injection equations at buses with their derivatives are used

to calculate a correction for the variables to update the system variables. PF algorithms

diverge when the required corrections are determined incorrectly. Thus, the cause of

divergence exists in the procedures of an algorithm applied to determine the solutions.

To address this issue, two robust algorithms are developed in this chapter. In these al-

gorithms, rather than determining the corrections vectors, a population of solutions is

perturbed around the distribution of population on search-space. Only those perturba-

tions are utilized which facilitates the population to converge on the optimum solution.

This step-by-step scheme avoids divergence, however, this makes the algorithm slower.

Consequently, these proposed algorithms are only valuable when the conventional meth-

ods are not able to produce a solution for the PF problem.

The need and rationale of using optimization techniques for solving power flow prob-

lem can be appreciated in the following two ways.

• The optimization techniques have advantages of finding all the possible multiple

solution accurately required in power system analysis. The optimization algorithm
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(especially search based) inherently have high chance of convergence due to their

formulations and techniques.

• The optimization techniques have also over the times resolved in several theoreti-

cal bottlenecks thereby easing out their implementation but also improving perfor-

mance.

• The above advantages though were obvious at all times, however their practical

implementation were subject to contemporary computational advancements. In

the present times the computational resources have improved quite significantly

(or exponentially increased). This has lead to several successful implementations

of computationally demanding algorithms as apparent from literature. Thus it is

imperative to revisit and explore the performance of algorithmss vis-a-vis contem-

porary computational resource scenario.

With advent of new technologies, the modern distribution systems and tools to examine

them are updating themselves. Conventional algorithms of power flow problems fail to

provide a solution. As an alternative, optimization algorithms are becoming popular in

this area.

In this chapter, two different optimization methods are designed to deal with the PF

problem of ill-conditional test systems. The first one, referred to as Butterfly Constrained

Optimizer (BCO), is a constrained optimization algorithm which employs the multi-order

LM based mutation with υ-constrained handling routine to deal with the constraints of

PF problems. The other one, named as Spherical Search (SS), is a bound-constrained

optimization algorithm which can be utilized to calculate initial seed for conventional PF

algorithms.

The major contributions of this work are summarized as follows:

1. It introduces two novel evolutionary-based PF algorithms, SS and BCO, to address

the PF problem of ill-conditioned test systems.

2. It includes an evolutionary-based method to determine the initial seed for the con-

ventional PF algorithm whose performance is dependent on the initial seed.

3. It presents a powerful methods to determine the maximum loadability limit for

distribution test systems. This can be applied to investigate the voltage stability of
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the system buses of distribution test systems.

4. It provides an authentic PF algorithm for the distribution test systems by estab-

lishing two optimization algorithms which diminish the active and reactive power

discrepancies. The optimization algorithms have been validated on the distribution

test systems to establish that these algorithms can reduce the active and reactive

power mismatch.

3.2 Power Flow Formulation as a Constrained Opti-

mization Problem

In this section, the PF problem is formulated as Constrained Optimization Problem

(COP) based on power injection.

3.2.1 Formulation based on Power Injection.

The PF problem can be represented by the power balance equation at each bus. Reactive

and active power are specified at each PQ buses (load buses) and active power is only

specified at PV buses (generator buses). These active and reactive powers can also be

calculated using bus voltages and Ybus, which are termed as calculated power. The

solution to this PF problem is bus voltages where the difference of specified power and

calculated power at each bus becomes zero or within the tolerance limit. Consequently,

the main objective of PF is to calculate the voltage magnitude and angles of the system

buses which reduce the differences between the specified power and the calculated power

at each bus of the system. Hence, the PF problem can be treated as a system of non-linear

equations.

In polar co-ordinates, the power balance equation at k-th bus can be represented by

the following equations.

Pk −
N∑
i=1

|Vk||Vi||Yki|cos(δk − δi − θki) = 0, (3.1)

Qk −
N∑
i=1

|Vk||Vi||Yki|sin(δk − δi − θki) = 0, (3.2)
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where Pk(= Pg,k−Pl,k) andQk(= Qg,k−Ql,k) are total active and reactive power injected at

k-th bus, respectively, Vk(|Vk|6 δk) represents the bus voltage at k-th bus, and Yki(|Yki|6 θki)

represents the ki-th element of admittance matrix. Here, Pg,k and Qg,k are total generated

active and reactive power at k-th bus, respectively, Pl,k and Ql,k represent total active

and reactive load at k-th bus.

3.2.2 Formulation as a Constrained Optimization Problem

In this section, PF problem of ill-conditioned test system has been formulated as a COP

which is proposed to be solved using the evolutionary algorithms.

A PF problem can be formulated as a COP:

Minimize f =
∑

(i∈Spq∪Spv)

(Pi − Pi,g)2 +
∑

(j∈Spq)

(Qi −Qi,l)
2 +

∑
(k∈Spv)

(
|Vk|−

√
V 2
rk + V 2

mk

)2

(3.3)

subject to.

Vri

N∑
j=1

(VrjGij − VmjBij) + Vmi

N∑
j=1

(VrjBij + VmjGij)− Pi = 0,

Vmi

N∑
j=1

(VrjGij − VmjBij)− Vri
N∑
j=1

(VrjBij + VmjGij)−Qi = 0, (3.4)

V rlb < Vrj < V rub, V mlb < Vmj < Vmub

Plb < Pi < Pub, Qlb < Qi < Qub,

where, Spq and Spv are set of PQ and PV buses, respectively. Pi,g and Qi,g are generated

real and reactive power at i-th bus and Pi,l and Qi,l are real and reactive load at i-th bus.

Gij and Bij are active and reactive part of ijth element of Ybus matrix and N is the total

number of buses in the system. In this problem, the variables are Vrj, Vmj, Pj, and Qj

where j = 2, ..., N . Therefore, total number of variables are 4× (N − 1).

3.3 Spherical Search

In this section, the mathematical modeling of the SS algorithm is discussed and developed.

SS algorithm is a swarm based meta-heuristics proposed to solve the non-linear

bound-constrained global optimization problems. It shows some properties similar to
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other popular meta-heuristics, particularly PSO and DE. In the SS algorithm, the search

space is represented in the form of vector space where the location of each individual in

space is a position vector representing a candidate solution to the problem.

In a D-dimension search space, for each individual, (D − 1)-spherical boundary is

prepared towards the target direction in every iteration before generating the trial location

of the individual. Here the target direction is the main axis of the spherical boundary

and the individual lies on the surface of the spherical boundary. Trial solutions appear on

the 1-spherical boundary. Thus, in every iteration, the trial location for each individual

is generated on the surface of (D − 1)-spherical boundary. An objective function value

determines the fitness value of a location. On the basis of the fitness value of the trial

locations, better locations pass on into the next iteration as individual locations.

In the SS algorithm, solution update procedure and spherical search movement bal-

ance the ability of exploration and exploitation. When the (D− 1)-spherical boundary is

small, exploitation of search-space is emphasized in the algorithm. On the other hand, in

case of larger (D− 1)-spherical boundary, exploration of the space gets emphasized. It is

evident that when the target location of a respective individual is far-off, the individual

has a tendency to explore, as the spherical boundary is large. This is advantageous as

in such conditions it is better to explore the larger search space. On the contrary, when

the target locations of a respective individual are nearby, the individual has a tendency

to exploit as the spherical boundary becomes small. This is advantageous as in such

situations it is better to exploit in a small search space.

At the end of every iteration, the location having the best fitness value is saved as

the best solution. Stopping criteria is achieved when the number of function evaluations

reaches to a specified number or when the value of the best solution reaches near to the

predefined solution within a specified tolerance. For the reported experimental work of

this chapter, both the stopping criteria have been used.

3.3.1 Initialization of Population

At the kth iteration, population Px is represented as follows.

P (k)
x = [x̄1

(k), x̄2
(k), .....x̄N

(k)] (3.5)
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where

x̄i
(k) = [x

(k)
i1 , x

(k)
i2 , .....x

(k)
iD ]T (3.6)

here, xij is the value of jth element (parameter) of ith solution and D is the total number of

elements (parameters). So, x̄i is actually representing a point on D−dimensional search

space. Here, x0
ij is initialized using random uniform distribution between pre-specified

lower and upper bounds of jth element as follows:

x0
ij = (xhj − xlj) ∗ rand(0, 1] + xlj, (3.7)

where xhj and xlj represent the upper and lower bounds of jth element respectively. Also,

rand(0, 1] generates random number from uniform distribution within the limit (0, 1].

3.3.2 Spherical Surface and Trial Solutions

In the case of population-based optimization algorithms, in every iteration, there will be

a need to calculate potential new solutions that compete with the old solution to become

a part of the population for the next iteration. In this algorithm, the name, trial solution,

is used to represent these potential new solutions. In SS algorithm, for each solution, a

(D−1)-spherical boundary is prepared where the search direction passes through the main

axis of boundary i.e. search direction crosses the center of (D − 1)-spherical boundary.

In SS algorithm, following equation is used to generate a trial solutions for i−th

solution.

ȳi
(k) = x̄i

(k) + c
(k)
i P

(k)
i z̄i

(k), (3.8)

where, Pi is a projection matrix, which decides the value of ȳi
k on the (D − 1)-spherical

boundary. For a particular solution,
¯
x

(k)
i , different possible values of P

(k)
i yield different

values of ȳ
(k)
i . Locus of ȳ

(k)
i gives (D − 1) spherical boundary.

To define all the iterative steps of the SS algorithm, the calculation procedure of

z̄i
(k), c

(k)
i and P

(k)
i are discussed in following sections.

Calculation of search direction, z̄i
(k)

In optimization algorithms, quality of new solution highly depends upon the balance be-

tween exploration and exploitation of search space. Emphasis on exploration of search

space increases the diversity of candidate solutions but slows the optimization process
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resulting in delayed or no convergence. Whereas, emphasis on exploitation may acceler-

ate the optimization process which may lead to premature convergence trapped in local

minima.

Search direction, z̄i
(k), should be generated in such a way that it guides the i−th

solution towards the better solutions. Points x̄t, r1 and r2 are needed to calculate the

search direction as follows.

z̄i
(k) = (x̄t

(k) + r
(k)
1 − r

(k)
2 )− x̄i(k), (3.9)

where, x̄t is the target point. In equation (3.9), two random solutions r1 and r2 are

selected from the current set of solutions (population). So, the actual search direction

deviates by some angle from target direction.

In this chapter, two methods are introduced to calculate the search direction, namely

towards-rand and towards-best. Method towards-rand has a better exploration capability

and towards-best improves the exploitation capability. So, to provide a good balance

between the exploration and exploitation of search space, for the half population of better

solution, calculation of search direction can be done by towards-rand and for the rest half

of the population, towards-best is used to calculate the search direction thereby forcing

diversity in the set of better solutions and forcing the inferior solutions to strive for

improved fitness.

In towards-rand, the search direction, z̄i
(k), for ith solution at kth iteration is calcu-

lated using following equation.

z̄
(k)
i = x̄(k)

pi
+ x̄(k)

qi
− x̄(k)

ri
− x̄(k)

i , (3.10)

where

pi, qi, and ri are randomly selected indices from among 1 to N such that pi 6= qi 6= ri 6= i.

In towards-best, the search direction, z̄i
(k), for ith solution at kth iteration is calculated

using following equation.

z̄
(k)
i = x̄

(k)
pbesti

+ x̄(k)
qi
− x̄(k)

ri
− x̄(k)

i , (3.11)

where x
(k)
pbesti

represents the randomly selected individual from among the top p solutions

searched so far.

Here, x̄pi and x̄pbesti represent the target points in towards-rand and towards-best

respectively. Difference term (x̄q − x̄r) is common in both towards-rand and towards-

best which represents r̄1 − r̄2 (equation 3.9), which is an approximation of distribution of
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difference of solutions in a population. In calculation of new search direction, difference

term (x̄q−x̄r) makes the population to evolve maintaining the diversity of solution thereby

avoiding convergence to local minima.

Projection matrix, P is a symmetrical matrix which is used for linear transformation

from search space to itself such that P 2 = P i.e. whenever P transforms a point twice, it

provides the same point. Projection matrix, P = A′diag(b̄i)A, has been used in equation

(3.8) to linearly transform ciz̄i+x̄i to generate trial solution ȳi on the circular (1-spherical)

boundary. Here, A and b̄i are the orthogonal matrix and binary vector respectively. The

total number of combinations of possible binary vectors is finite but in case of orthogonal

matrix, A, the possible combinations are infinite. Therefore, all the possible projections

of ciz̄i + x̄i create a (D − 1)-spherical boundary on search space.

Method to compute elements of P along with c has been illustrated as follows.

Orthogonal matrix, A

At the start of kth iteration, an orthogonal matrix, A, is generated randomly such that

AA′ = I. (3.12)

Binary diagonal matrix, diag(b̄i)

Binary diagonal matrix, diag(b̄i), are calculated randomly in such a way that,

0 < rank(diag(b̄i)) < D (3.13)

Step-size control vector, c̄

A step-size control vector, c̄(k) = [c
(k)
1 , c

(k)
2 , ....c

(k)
N ], consists of step-size control parameter

used for generation of all the possible trial-solutions where c
(k)
i represents the step-size

control parameter for ith trial-solution at kth iteration.

At the start of kth iteration, the elements of c̄(k) are calculated randomly in range of

[0.5 0.7], arrived by experiments.
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3.3.3 Selection of New Population for Next Iteration

Greedy selection procedure is applied to select new set of population for next iteration.

To update the ith solution of the population, following criteria is applied. If the objective

function value of trial solution, f(ȳi
(k)), is lower than the objective function value of

solution, f(x̄i
(k)) then yi replaces xi.

Mathematically,

x̄i
(k+1) =

ȳi
(k), if f(ȳi

(k)) ≤ f(x̄i
(k))

x̄i
(k), otherwise

(3.14)

3.3.4 Stopping Criteria

Termination of iterations depends upon two criteria: i) the maximum number of function

evaluations and ii) convergence of solution i.e solution is not getting updated for specified

number of consecutive iterations.

3.3.5 Steps of Spherical Search Algorithm

The main steps of the proposed algorithm are summarized as follows:

• Step 1: Initialize the population P .

• Step 2: Calculate the objective function of each solution of P .

• Step 3: The best solution of population is selected as best solution.

• Step 4: Calculate the search direction for each solution of population P .

• Step 5: Calculate the orthogonal matrix, A.

• Step 6: Calculate parameters: ci and rank of projection matrix.

• Step 7: Calculate trial solution for each solution of population P .

• Step 8: Update the population using greedy selection operator.

• Step 9: If the stopping criterion is satisfied then the algorithm will be stopped,

otherwise it will return to Step 3.

• Step 10: Return the best optimal solutions, after stopping criteria is satisfied.
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3.3.6 Validation of Spherical Search on Benchmark Problems

In this section, to analyze the performance, SS are benchmarked on 30 real-parameter

single objective bound-constrained optimization problems used in a special session of

IEEE CEC-2014 [122]. Detailed information and characteristics of these problems are

available in [122]. To evaluate the performance of SS on the CEC 2014 problem suite, the

results are compared with other state-of-the-art algorithms. State-of-the-art algorithms

are divided into four groups:

1. Group-I:- Variants of PSO: Basic PSO [123], BB-PSO [124], CLPSO [125], APSO

[126], OLPSO [127].

2. Group-II:- Variants of DE: CoBiDE [128], FCDE [129], RSDE [130], POBLADE

[131], DE-best [132].

3. Group-III:- Variants of CMA-ES: Basic CMA-ES [133], I-POP-CMAES [134], LS-

CMAES [135], CMSAES [136], (1+1)cholesky-CMAES [137].

4. Group-IV:- Recently proposed optimization algorithms: GWO [138], GOA [139],

MVO [140], SCA [141], SHO [142], SSA [143], SOA [144], WOA [145].

PSO, DE, and CMA-ES are the popular classical Meta-heuristics. Popular variants

of classical algorithms are also taken from the literature to show the effectiveness of the

SS.

In this experiment, the population size, N, is set to 80, the dimension of search space

for all problems, D, is fixed to 30, and allowed maximum function evaluation, MaxFES,

is fixed to 300,000 for 51 independent runs. The parameters of other algorithms are set

to their default values as reported in their referred paper.

Tables 3.1-3.9 summarize the mean and standard deviation (SD) of the error values

obtained by the algorithms over 51 independent runs for each problem. We also performed

the Wilcoxon Signed Ranks Test in this experiment. The statistical results are also

summarized in Tables 3.1-3.9, where ‘+’ denotes the performance of the SS is better

than other algorithms, ‘-’ denotes the performance of other method is better than the

SS, and ‘=’ denotes that there is no significant difference in performance. We also rank

all algorithms along with the SS using Friedman ranking test based on the mean of error
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values obtained by the algorithms over 51 independent runs. The statistical results of the

Friedman test are reported in Table 3.10.

1. SS vs Group-I’s algorithms: Table 3.1 summarizes the results obtained by algorithms

SS, and Group-I’s algorithms: PSO, BB-PSO, CLPSO, APSO, and OLPSO on the

CEC-2014 problem suite. It is seen from Table 3.1 that the SS is showing better

performance than PSO, BB-PSO, CLPSO, APSO and OLPSO on 23, 21, 20, 23,

and 18 problems out of 30, respectively, performance of SS worse than PSO, BB-

PSO, CLPSO, APSO and OLPSO on five, eight, eight, seven, and seven problems

respectively, and SS is significantly equal to the PSO, BB-PSO, CLPSO, and OLPSO

for 2, 1, 2, and 5 problems of CEC-2014 problem suite respectively.

2. SS vs Group-II’s algorithms: Table 3.2 summarizes the results of the algorithms

SS, and Group-II’s algorithms: CoBiDE, FCDE, RSDE, POBL ADE, and DE best.

As shown in Table 3.2, SS have better performance than CoBiDE, FCDE, RSDE,

POBL ADE, and DE best on 14, 23, 15, 19, and 21 problems out of 30 respectively,

performance of SS worse than CoBiDE, FCDE, RSDE, POBL ADE, and DE best

on 14, five, 10, nine, and five problems respectively, and SS provides performance

similar to the CoBiDE, FCDE, RSDE, POBL ADE, and DE best for two, two, five,

two and seven problems of CEC-2014 problem suite respectively.

3. SS vs Group-III’s algorithms: Table 3.3 presents the results of the algorithms SS,

and Group-III’s algorithms: CMA-ES, I-POP-CMAES, LS-CMAES, CMSAES, and

(1+1)cholesky-CMAES. when examined the last column of Table 3.3, SS shows bet-

ter performs then CMA-ES, I-POP-CMAES, LS-CMAES, CMSAES, and (1+1)Cholesky-

CMAES on 25, 18, 22, 30, and 23 problems out of 30 respectively, performance

of SSO worse than CMA-ES, I-POP-CMAES, LS-CMAES, and (1+1)Cholesky-

CMAES on five, nine, eight, and six problems respectively, and SSO is significantly

similar to the I-POP-CMAES, and (1+1)Cholesky-CMAES for three, and one prob-

lems of CEC-2014 problem suite respectively.

4. SS vs Group-IV’s algorithms: In Tables 3.4 and 3.9, the outcomes of SS and Group-

IV’s algorithms are presented. The last rows of Tables 3.4 and 3.9 summarizes the

results of WT. It is seen from Tables 3.4 and 3.9 that the performance of SS is
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better than GWO, GOA, MVO, SCA, SHO, SSA, SOA, and WOA on 22, 28, 21,

23, 22, 21, 21, and 23 out of 30 problems, respectively. The performance of SS is

outperformed by GWO, GOA, MVO, SCA, SHO, SSA, SOA, and WOA on seven,

zero, eight, three, six, eight, seven, and seven out of 30 problems , respectively.

In addition, the Friedman Test (FT) is also used to detect the significant differences

between SS and the other 23 algorithms on all 30 problems of CEC-2014 problem suite.

The detailed results of the FT for all 24 algorithms are shown in Table 3.10. From Table

3.10, it can be found that SS is ranked first by FT among all 24 algorithms. Variants

of PSO: BB-PSO, CLPSO, OLPSO, and Variants of DE: CoBiDE, RSDE, POBL-ADE,

and DE-best are very competitive with the SS but the performance of SS is slightly

better than them. Similarly, variants of CMA-ES: I-POP-CMAES and LS-CMAES are

also well performed on the CEC-2014 problem suite, but they could not outperforms the

performance of SS. In the case of recently proposed algorithms, MVO, SOA, WOA, SSA,

and GWO perform very well, but the performance of SS is significantly better than them.

Compared with the rest of other algorithms, SS is significantly outperformed them.

3.3.7 Application of SS Algorithm for Initial Seed for Power

Flow

SS Algorithm can be utilized (by minimizing the objective function described in Equation

3.3) to calculate the initial seed for conventional PF algorithm. In ill-conditioned test

systems or heavily loaded systems, the steady-state PF solution is far from flat start.

Consequently, the conventional algorithms diverges or converges at a very low rate on

these problems because of flat start.

In this section, SS algorithm is used to calculate the initial seed for conventional

NR algorithm. This approach is named as Spherical Search with Three Phase Current

Injection Method (SSTCIM) for further reference. Test systems and algorithms described

in Chapter 2 are considered for analyzing the performance of SSTCIM.

Validation of Algorithm

CASE25 is considered to validate the accuracy of the algorithm. The loading condition

of this test system is increased to a level (700%) where TCIM diverges.
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Table 3.5: Initial seed obtained by SS for CASE25 test system

Bus |Va| 6 a |Vb| 6 b |Vc| 6 c

1 1.0000 0.0000 1.0000 -120.0000 1.0000 120.0000

2 0.9627 -0.2581 0.9634 -120.2113 0.9617 119.7596

3 0.9510 -0.2880 0.9503 -120.2504 0.9503 119.7224

4 0.9454 -0.2769 0.9440 -120.2889 0.9454 119.7125

5 0.9440 -0.2422 0.9421 -120.2575 0.9440 119.7595

6 0.9492 -0.1879 0.9519 -120.1742 0.9465 119.8961

7 0.9382 -0.1416 0.9430 -120.1587 0.9333 119.9966

8 0.9468 -0.1644 0.9495 -120.1403 0.9443 119.9356

9 0.9346 -0.1146 0.9402 -120.1761 0.9285 120.0467

10 0.9328 -0.0914 0.9384 -120.2034 0.9250 120.0902

11 0.9318 -0.0814 0.9375 -120.2194 0.9235 120.1141

12 0.9311 -0.0763 0.9364 -120.2247 0.9225 120.1296

13 0.9318 -0.0741 0.9371 -120.2304 0.9230 120.1223

14 0.9298 -0.1317 0.9356 -120.1310 0.9243 120.0071

15 0.9258 -0.1250 0.9319 -120.1207 0.9207 120.0080

16 0.9374 -0.1362 0.9425 -120.1518 0.9323 120.0185

17 0.9291 -0.1279 0.9354 -120.1407 0.9232 120.0141

18 0.9413 -0.1632 0.9397 -120.0547 0.9404 119.9511

19 0.9326 -0.0640 0.9318 -119.9427 0.9327 120.1612

20 0.9370 -0.1131 0.9355 -119.9851 0.9363 120.0538

21 0.9355 -0.0805 0.9325 -119.9294 0.9336 120.1154

22 0.9322 -0.0403 0.9277 -119.8592 0.9299 120.2074

23 0.9405 -0.1736 0.9386 -120.2086 0.9409 119.8227

24 0.9377 -0.1045 0.9352 -120.1619 0.9380 119.9003

25 0.9340 -0.0334 0.9318 -120.1282 0.9346 119.9908

62



Table 3.6: Power Flow solution obtained using SSTCIM for CASE25 test system

Bus |Va| 6 a |Vb| 6 b |Vc| 6 c

1 1.0000 0.0000 1.0000 -120.0000 1.0000 120.0000

2 0.9227 -1.4532 0.9262 -121.0821 0.9378 118.3006

3 0.9051 -1.8118 0.9096 -121.3556 0.9240 117.8898

4 0.8964 -1.9860 0.9017 -121.5027 0.9179 117.7016

5 0.8937 -1.9832 0.8992 -121.4928 0.9156 117.6988

6 0.8827 -1.4361 0.8865 -120.9406 0.9020 118.2451

7 0.8481 -1.4268 0.8523 -120.7969 0.8704 118.1928

8 0.8773 -1.4304 0.8813 -120.9200 0.8972 118.2392

9 0.8321 -1.4260 0.8361 -120.7363 0.8563 118.1686

10 0.8204 -1.4268 0.8234 -120.6928 0.8453 118.1519

11 0.8148 -1.4282 0.8175 -120.6759 0.8403 118.1495

12 0.8121 -1.4243 0.8142 -120.6664 0.8376 118.1635

13 0.8129 -1.4239 0.8150 -120.6730 0.8382 118.1554

14 0.8324 -1.4208 0.8371 -120.7164 0.8553 118.1648

15 0.8266 -1.4144 0.8316 -120.6936 0.8503 118.1588

16 0.8453 -1.4237 0.8496 -120.7859 0.8679 118.1898

17 0.8292 -1.4124 0.8344 -120.7105 0.8518 118.1695

18 0.8902 -1.8089 0.8950 -121.3038 0.9103 117.8768

19 0.8777 -1.7954 0.8844 -121.2805 0.8995 117.9027

20 0.8838 -1.8098 0.8893 -121.2838 0.9045 117.8736

21 0.8812 -1.7924 0.8855 -121.2807 0.9008 117.9060

22 0.8763 -1.7857 0.8794 -121.2644 0.8958 117.9301

23 0.8880 -1.9842 0.8945 -121.4938 0.9115 117.6906

24 0.8829 -1.9836 0.8898 -121.4983 0.9073 117.6852

25 0.8768 -1.9690 0.8852 -121.5176 0.9025 117.6946

The obtained initial seed using SS is reported in Table 3.5. TCIM algorithm uses

this initial seed to solve the PF problem of CASE25. Consequently, TCIM converges

within 4 iterations. The obtained PF solution is reported in Table 3.6.

From the outcomes, it can be concluded that the proposed approach improves the

performance of conventional algorithms. For further analysis, this approach is also an-

alyzed on the test systems with different loading condition with different R/X ratio of

lines.

Test systems with high loading conditions

In this section, the stability of the proposed approach is evaluated on various test systems

with different loading conditions. The loading level at the buses of the different test

systems is gradually increased to their maximum loading limit. Two test systems, CASE37
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Table 3.7: Total Number of iterations required for different Power Flow algorithms in

heavily loaded ill-conditioned systems.(LF: Loading Factor, NC: Not Converged)

CASE37

LF(%) CINR LMPF RK4PF SSTCIM TCIM iTCIM

200 2 3 16 3 3 3

600 2 3 17 3 3 3

1000 2 3 18 3 3 3

1400 3 4 18 3 4 4

1800 4 21 59 4 NC NC

2200 4 24 87 4 NC NC

2400 NC 26 88 4 NC NC

2500 NC 37 91 4 NC NC

CASE84

LF(%) CINR LMPF RK4PF SSTCIM TCIM iTCIM

100 3 2 26 3 6 4

200 4 4 28 3 13 7

300 6 5 29 3 20 9

400 9 6 29 3 33 11

500 17 9 29 4 69 15

600 NC 40 43 4 NC NC

700 99 38 63 4 NC NC

800 31 35 87 4 NC NC

and CASE84, are considered for this analysis. A total number of iterations required by

different algorithms for CASE37 and CASE84 are reported in Table 3.7.

It is observed from this table that the proposed approach improves the performance

of TCIM. In CASE37, the performance of SSTCIM is better or at least competitive with

the algorithms discussed in chapter 2.

Test systems with high R/X ratio

The sensitivity of the proposed approach is validated for different R/X ratios of the lines

of test systems and the performance of the proposed approach is compared with other

algorithms. In this study, CASE37 and CASE84 are considered with different R/X ratios.

Number of iterations required to converge by proposed algorithms with other algo-

rithms are reported in Table 3.8. It can be observed that the proposed approach improves

the performance of TCIM.

64



Table 3.8: Total Number of iterations required for different Power Flow algorithms in

ill-conditioned systems with high R/X ratios.(NC: Not Converged)

CASE37

R/X CINR LMPF RK4PF SSTCIM TCIM iTCIM

2 2 3 15 3 3 3

6 2 4 15 3 3 3

10 2 5 15 3 3 3

14 3 6 15 4 4 4

18 3 18 50 4 NC NC

22 3 29 77 4 NC NC

24 4 22 78 4 NC NC

25 8 38 77 4 NC NC

CASE84

R/X CINR LMPF RK4PF SSTCIM TCIM iTCIM

1 3 2 26 3 6 4

4 4 4 28 3 14 6

7 5 5 27 4 26 8

10 6 7 27 4 48 10

13 16 16 27 3 NC 20

14 21 43 59 4 NC NC

15 21 57 87 4 NC NC

16 21 39 94 4 NC NC
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3.4 Butterfly Constrained Optimizer

BCO is a dual population based method for solving constrained optimization problems.

BCO uses υ-Constrained method for handling constraints of the problem. In this section,

details of different processes of BCO are described. Afterwards, the complete process of

BCO is presented.

3.4.1 Dual-population of BCO

In BCO, there are two populations based on their feasibility. First population, Type-I,

contains solutions to minimize the constraint violation and second population, Type-II,

contains solution to minimize the constraint violation and optimize the objective function

value. Type-I population is defined as a N , D-dimensional vector. If k denotes the

iteration, the type-I population, P1, at kth iteration consist of :

P k
1 = [x̄k1, x̄

k
2....x̄

k
N ] (3.15)

x̄ki = [xki1, x
k
i2, x

k
i3....x

k
iD]T , i = 1, 2, ...N (3.16)

The Type-II population is defined as N , D-dimensional vector. If k denotes the iteration,

the Type-II population, P2 at kth iteration consist of :

P k
2 = [m̄xk1, m̄x

k
2....m̄x

k
N ] (3.17)

m̄xki = [mxki1,mx
k
i2,mx

k
i3....mx

k
iD]T , i = 1, 2, ...N (3.18)

where N is the size of population.

The idea behind the BCO is to take advantage of perching and patrolling modes to

search new solution for each x̄ki and m̄xki . The set of solution m̄xki and x̄ki is associated

with ith individual at kth iteration. Initial dual solutions of each individual are randomly

generated with in the search space. At every iteration, before perching or patrolling, a

cris-cross neighbor vector c̄c of length N is calculated by reshuffling the integers from 1

to N . The vector c̄c consists of :

c̄c = {cc1, cc2, ....cci}, i = 1, 2, N (3.19)
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Table 3.10: Ranking of Algorithm according to Friedman ranking based on mean error

value. (FR: Friedman Ranking)

S.N. Algorithm FR Rank S.N. Algorithm FR Rank

1 SS 5.4667 1 13 I-POP-CMAES 11.4000 10

2 PSO 15.5667 19 14 LS-CMAES 10.6500 9

3 BB-PSO 8.4833 6 15 CMSAES 21.4333 23

4 CLPSO 7.4167 4 16 (1+1)cholesky CMAES 14.0167 18

5 APSO 18.2333 21 17 GWO 14.0000 16

6 OLPSO 7.1000 3 18 GOA 22.5500 24

7 CoBiDE 8.7833 7 19 MVO 12.4500 12

8 FCDE 11.6667 11 20 SCA 18.3167 22

9 RSDE 5.6500 2 21 SHO 14.0000 17

10 POBL ADE 7.4833 5 22 SSA 13.8333 15

11 DE best 9.7000 8 23 SOA 12.6500 13

12 CMA-ES 15.8333 20 24 WOA 13.3167 14

3.4.2 Perching

Perching can be explained by dividing its functions into five processes: Cris-cross Modi-

fication, Exponential Crossover, Solution Repair, Selection-I and Selection-II.

Cris-cross modification

Cris-cross modification process generates the initial form of perching trial positions vector,

¯txi
k+1.

¯txi
k+1 = ¯mxcci

k + F ( ¯mxqi
k −R(x̄ri

k, ¯mxri
k)) (3.20)

where F is the scaling factor which controls the amplitude of the search direction, cci is

the cris-cross neighbour of ith butterfly. Index qi and ri are randomly selected neighbour

for ith butterfly. Random selection of indices qi and ri are done in such a manner that it

satisfies equation 3.21

i 6= cci 6= qi 6= ri (3.21)

R(a, b) is random selection operator, where probability of selection of a and b is equal.

F ∈ [0, 1] is a real constant.

Exponential recombination

Exponential recombination process generates the final form of perching trial position vec-

tor, ¯txi
k+1. For exponential recombination, the starting recombination point is selected
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randomly from 1 to D, and l circular consecutive elements are not changed in ¯txi and

other elements are taken from m̄xi and replaced to ¯txi. The pseudo code to generate l is

l = 0

while((rand(0, 1) ≤ Cr)&&(l ≤ D))

Do{l = l + 1}

where Cr is recombination probability, D is the problem dimension rand(0, 1) is a uni-

formly distributed random number generator. Final form of ¯txi is generated as

¯txi
k+1 =

t̄x
k+1
i , for j = r, r + 1, r + 2.....r + l − 1

m̄xki , for otherjε[1, D]

(3.22)

Solution Repair

In solution repair, firstly the feasibility of the perching trial solution, t̄xi is checked. If

the solution, t̄xi, is feasible then solution repair is not required and it switches to next

process. If solution, t̄xi, is infeasible, then generate a random number in range of [0, 1]

and compare with pr. If random number is less than Pr, then this solution is repaired by

multi-order Levenberg Marquardt method. Otherwise, it switches to next process without

repairing the solution.

Selection-I

Selection-I process generates the Type-I population, P1, of next iteration. Selection of

¯txi
k in place of x̄i

k at kth iteration is decided by the constraint violation. In selection-I,

individual having lower constraint violation is selected for the next iteration. Procedure

of selection-I is given by equation 3.23

x̄k+1
i =

t̄x
k
i , if φ(v)(t̄xki ) ≤ φ(v)(x̄ki )

x̄ki , otherwise.

(3.23)

Selection-II

Selection-II is the last process of the perching. It generates the the type-II population,

P2, of next iteration. Selection of t̄xki in place of m̄xki at kth iteration is decided by v-level
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comparison. It is done by equation 3.24

m̄xk+1
i =

t̄x
k
i , if (f(t̄xki ), φ

(υ)(t̄xki )) ≤υ (f(x̄ki ), φ
(υ)(x̄ki ))

m̄xki , otherwise.

(3.24)

3.4.3 Patrolling

Patrolling can be explained by its function into four processes: Towards-best modifica-

tion, exponential recombination, Selection-I, Selection-III.

Exponential recombination and selection-I is same as perching. So, Towards-best modifi-

cation and Selection-III are discussed below.

Towards-best modification

This process generates initial form of patrolling trial position vectors, ūxk+1
i .

ūxk+1
i = m̄xki + F (m̄vki + m̄xkmaxuvi − m̄x

k
i ) (3.25)

where F is scaling factor, maxuvi is the most attractive neighbour of ith butterfly.

Selection-III

Selection-III is same as selection-II, but only difference is selection-III also update the

velocity vector, m̄vki . Velocity vector updating is done by equation 3.26

m̄vk+1
i =



ūxki − m̄xki ,

if (f(t̄xki ), φ
(υ)(t̄xki )) ≤υ (f(x̄ki ), φ

(υ)(x̄ki ))

F (m̄vki + m̄xcci − m̄xki ),

otherwise.

(3.26)

3.4.4 Selection of Perching and Patrolling Operator

Selection of Perching and Patrolling operator depends upon the probability vector of

operator selection, Prob.

Probk = [probk1, prob
k
2.........prob

k
N ] (3.27)
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where probki is the probability of operator selection of ith individual at kth iteration. it is

the ratio of total number of successful Selection-II run, suc1ki , and sum of total number

of successful selection-II run, suc1ki and selection-III run, suc2ki . It is given by:

probki =
suc1ki

suc1ki + suc2ki
(3.28)

For every individual, a uniformly distributed random number of range [0, 1] is generated.

If this number is less than probki , then ith individual selects Perching operator. Otherwise,

ith individual selects Patrolling operator.

3.4.5 Selection of Maximum Attractive Butterfly, maxuvi

Selection of max attractive butterfly, maxuvi is done in patrolling. Three different neigh-

bour is selected for every individual after every 10 patrolling attempts. Their ranking

is done by according to objective function values and constraint violation. Best rank of

them is selected as the maxuvi of ith iteration.

3.4.6 Controlling of the υ-level

A simple way of controlling of the ε-level is described in [146]. A similar procedure is used

in this study to control the υ-level. The initial υ-level is the ratio of constraint violation

of top θth individual and total number of constraint.

υ(0) =
φ(m̄xθ)

nh + ng
(3.29)

where nh and ng are total number of equality and inequality constraint of problem re-

spectively.

The υ-level is decreasing with increase of the iterations and become zero after current

iteration Tc. The υ-level updating is done by equation 3.30

υ(k) =

υ(0)(1− k
Tc

)cp, if 0 ≤ k ≤ Tc

0, otherwise.

(3.30)

where θ = 0.2N , cp is the parameter to control the speed of decreasing of value, υ(k).
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3.4.7 Reflecting Back and Cutting-off

If an individual moves outside the search space, there is need to apply operations like

reflecting back and cutting off. Reflecting back and cutting off generate new solution

inside the search space. In this study both methods are used.

Reflecting back operation

xkij =


lj + (lj − xkij)− b

lj−xkij
uj−lj c(uj − lj), if xkij ≤ lj

uj + (xkij − uj) + bx
k
ij−uj
uj−lj c(uj − lj), if xij ≥ uj

xkij, otherwise.

(3.31)

where bzc is a floor function. Reflecting back operations used in Perching.

Cutting off

xkij =


lj, if xkij ≤ lj

uj, if xkij ≥ uj

xkij, otherwise.

(3.32)

This operation is applied to Patrolling.

3.4.8 Validation of Butterfly Constrained Optimizer on Bench-

mark Problems

In this section, BCO is used to solve the problems presented in CEC 2006 [147] to verify

the performance of BCO on different type of constrained problems. Results obtained from

experiments are compared with the results of other state of arts constrained optimization

techniques for comparative analysis. Constrained variant of other meta-heuristics are

grouped based on their underlying techniques: PSO, GA, ES, CMA-ES, and DE etc.

In the experiments, parameter tuning of BCO is done by preliminary parameter

analysis and parameter setting of BCO is given in Discussion section.

Experimental Settings

The properties of the benchmark problems given in CEC 2006 are given in Table 3.11.

Table 3.11 shows that the benchmark problems containing different types of problems:
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g10, g20, g21, g22, g23, and g24 are linear, g02, g08, g13, g14, g16, g17, and g19 are non-

linear, g03, and g09 are polynomial, g05, and g06 are cubic, and g01, g04, g07, g11, g12, g15,

and g18 are quadratic. In the Table 3.11, ρ represent the estimated feasible region in

search space and it is calculated by the 1000000 solution samples. Most of the bench-

mark problems have very low feasible region and also hard to locate the even feasible

region. Benchmark problems have different type of constraints which includes linear in-

equality(LI), non-linear inequality(NI), linear equality(LE), and non-linear equality(NE)

constraint. The number of constraint is also very from 1 to 38.

For test function g20, an improved best known infeasible solution has been reported

in this paper. The best known infeasible solution reported in [147] for test function g20

is x∗ = [1.285823e − 18, 4.834603e − 34, 0, 0, 6.304599e − 18, 7.571925e − 34, 5.033507e −

34, 9.282681e−34, 0, 1.767234e−17, 3.556861e−34, 2.994139e−34, 0.158143, 2.296018e−

19, 1.061069e18, 1.319683e−18, 0.530903, 0, 2.891483e−18, 3.348921e−18, 0, 0.311000, 5.412446e−

05, 4.849931e− 16] with f(x∗) = 0.2049794002. This solution violates the 11 (10 equality

and 1 inequality) constraints with total constraint violation 3.975737e14. The improved

solution found in this paper for test function g20 is x∗ = [1.29089e − 01, 6.009131e −

14, 1.448197e−11, 1.856528e−12, 1.512278e−01, 3.056017e−11, 3.664426e−12, 8.944519e−

13, 4.294914e−13, 3.773682e−12, 1.367320e−11, 1.085285e−11, 3.992256e−01, 2.428499e−

05, 2.428468e−05, 5.741080e−05, 3.202754e−01, 7.140807e−05, 2.611374e−05, 1.1993356e−

10, 1.426029e−11, 3.447475e−05, 1.925004e−05, 2.511113e−05] with f(x∗) = 0.1592683574.

This solution violates only 1 inequality constraint with total constraint violation 0.481498.

General performance of BCO

Twenty five independent runs were performed for each test problems using 5×105 FES at

most, and the tolerance value δ for the equality constraint was set to 0.0001 as suggested

by Liang [147]. The best, median, worst, mean and standard deviation of the error value

(f(x)− f(x∗)) for the best so far solution after 5× 103, 5× 104, and 5× 105 FEs in each

run are recorded in Tables 4.7-3.15.

Tables 4.7-3.15 show that the 3 out of 24 test problems (i.e.g08, g12, and g24) are

converged on the feasible optimum solution in every independent run by using 5 × 103

FEs. In 5 × 104 FEs, 12 out of 24 test problems (i.e. g01, g04, g06, g08, g10, g11, g12,

g13, g15, g16, g17, and g24) are converged on the feasible optimum solution in every run.
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Table 3.11: Properties of benchmark problems given in

CEC 2006 [147]

prob D Type of Problem ρ(%) LI NI LE NE a

g01 13 quadratic 0.0111 9 0 0 0 6

g02 20 nonlinear 99.9971 0 2 0 0 1

g03 10 polynomial 0.0000 0 0 0 1 1

g04 5 quadratic 51.1230 0 6 0 0 2

g05 4 cubic 0.0000 2 0 0 3 3

g06 2 cubic 0.0066 0 2 0 0 2

g07 10 quadratic 0.0003 3 5 0 0 6

g08 2 nonlinear 0.8560 0 2 0 0 0

g09 7 polynomial 0.5121 0 4 0 0 2

g10 8 linear 0.0010 3 3 0 0 0

g11 2 quadratic 0.0000 0 0 0 1 1

g12 3 quadratic 4.7713 0 1 0 0 0

g13 5 nonlinear 0.0000 0 0 0 3 3

g14 10 nonlinear 0.0000 0 0 3 0 3

g15 3 quadratic 0.0000 0 0 1 1 2

g16 5 nonlinear 0.0204 4 34 0 0 4

g17 6 nonlinear 0.0000 0 0 0 4 4

g18 9 quadratic 0.0000 0 13 0 0 0

g19 15 nonlinear 33.4761 0 5 0 0 0

g20 24 linear 0.0000 0 6 2 12 16

g21 7 linear 0.0000 0 1 0 5 6

g22 22 linear 0.0000 0 1 8 11 19

g23 9 linear 0.0000 0 2 3 1 6

g24 2 linear 79.6556 0 2 0 0 2

prob: Benchmark Problem.

D: Number of dimension of problem.

ρ: Feasibility ratio.

LI: Number of linear inequality constraint.

NI: Number of non-linear inequality constraint.

LE: Number of linear equality constraint.

NE: Number of non-linear equality constraint.

a: Number of active inequality constarint.

Rest of the problems are converged on feasible optimum solution with in 5× 105 FEs for

every independent run except g20 and g22.

To test problem g20, the best known solution is slightly infeasible i.e. feasible opti-

mum solution is not available. Proposed method, BCO, is converged on improved solution.

For test problem g22, 3 runs out of 25 converged on the best known feasible solution by
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Table 3.12: Error Values achieved when FEs are 5000, 50000, and 500000 for test function

g01− g06

FES g01 g02 g03 g04 g05 g06

5.0E+03

Min 1.9674E+00 2.0521E-01 4.3547E-01 3.5106E+01 5.1546E+00 9.0900E-13

Median 5.7809E+00 3.1561E-01 7.8524E-01 1.1499E+02 7.6736E+01 7.2760E-12

Worst 8.7350E+00 3.8456E-01 1.0004E+00 2.0169E+02 6.1227E+02 5.7557E+03

Mean 5.9698E+00 3.0886E-01 7.5429E-01 1.1587E+02 1.3059E+02 1.0047E+03

Std 1.7661E+00 3.7480E-02 1.7647E-01 4.5865E+01 1.6333E+02 2.1447E+03

5.0E+04

Min 9.2000E-14 1.4730E-02 4.5313E-03 8.4971E-07 2.1418E-04 9.0900E-13

Median 9.8400E-13 3.1546E-02 1.0079E-02 1.5282E-05 1.1020E-03 5.4570E-12

Worst 1.7494E-11 9.5223E-02 4.0296E-02 2.3949E-04 2.2037E+01 1.9099E-11

Mean 3.4191E-12 3.6746E-02 1.2963E-02 3.6582E-05 1.3000E+00 4.6564E-12

Std 4.9143E-12 2.1116E-02 7.8858E-03 5.5316E-05 4.7936E+00 3.9673E-12

5.0E+05

Min 0.0000E+00 3.7372E-09 0.0000E+00 0.0000E+00 0.0000E+00 9.0900E-13

Median 0.0000E+00 1.9797E-08 0.0000E+00 0.0000E+00 0.0000E+00 5.4570E-12

Worst 0.0000E+00 6.4743E-08 0.0000E+00 0.0000E+00 0.0000E+00 1.9099E-11

Mean 0.0000E+00 2.6136E-08 0.0000E+00 0.0000E+00 0.0000E+00 4.6564E-12

Std 0.0000E+00 1.7600E-08 0.0000E+00 0.0000E+00 0.0000E+00 3.9673E-12

Table 3.13: Error Values achieved when FEs are 5000, 50000, and 500000 for test function

g07− g12

FES g07 g08 g09 g10— g11— g12—

5.0E+03

Min 3.0814E+01 3.4510E-12 1.4601E+01 4.1756E+01 3.3075E-05 1.9717E-08

Median 8.5137E+01 3.9054E-07 1.2292E+02 2.6334E+03 2.0188E-04 6.4211E-07

Worst 5.6623E+02 7.5612E-04 5.5246E+04 9.8834E+03 1.2911E-01 4.6084E-06

Mean 1.3221E+02 4.6842E-05 2.3881E+03 3.2797E+03 8.6365E-03 9.8570E-07

Std 1.2725E+02 1.6050E-04 1.1014E+04 2.9060E+03 2.8965E-02 1.0977E-06

5.0E+04

Min 9.1488E-02 0.0000E+00 1.1040E-03 3.5108E-08 0.0000E+00 0.0000E+00

Median 3.4234E-01 0.0000E+00 4.3227E-03 1.5823E-05 0.0000E+00 0.0000E+00

Worst 6.5021E-01 0.0000E+00 7.9238E-03 1.2318E-02 2.0000E-15 0.0000E+00

Mean 3.6243E-01 0.0000E+00 4.1607E-03 6.2102E-04 1.6000E-16 0.0000E+00

Std 1.2355E-01 0.0000E+00 1.9215E-03 2.4589E-03 4.7258E-16 0.0000E+00

5.0E+05

Min 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00

Median 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00

Worst 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 2.0000E-15 0.0000E+00

Mean 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 1.6000E-16 0.0000E+00

Std 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 4.7258E-16 0.0000E+00

using 5× 105 FEs.

The result achived by the BCO are very close to or even equal to feasible optimal
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Table 3.14: Error Values achieved when FEs are 5000, 50000, and 500000 for test function

g13− g18

FES g13 g14 g15 g16 g17 g18

5.0E+03

Min 1.0850E-02 2.0450E+00 5.9225E-04 8.1472E-02 4.0694E+00 1.1620E-01

Median 1.2786E-01 5.8555E+00 4.4350E-02 3.0432E-01 5.3215E+01 4.1838E-01

Worst 9.4729E-01 7.7918E+00 2.2955E+00 7.8726E-01 2.7754E+02 8.5155E-01

Mean 3.9709E-01 5.6844E+00 3.0686E-01 3.4297E-01 7.4573E+01 4.5509E-01

Std 3.7967E-01 1.5406E+00 6.3742E-01 2.1835E-01 6.9016E+01 2.3651E-01

5.0E+04

Min 4.1100E-13 2.7052E-04 0.0000E+00 3.4311E-06 5.2751E-11 3.2056E-03

Median 3.9797E-11 8.0241E-04 0.0000E+00 1.1654E-05 8.5856E-10 9.3977E-03

Worst 2.2570E-08 2.5207E-03 9.0900E-13 3.7942E-05 8.4520E-07 4.7111E-01

Mean 1.3131E-09 9.1837E-04 1.4540E-13 1.5270E-05 5.3349E-08 2.9085E-02

Std 4.6360E-09 5.8709E-04 2.2128E-13 1.0031E-05 1.8432E-07 9.2273E-02

5.0E+05

Min 0.0000E+00 1.4000E-14 0.0000E+00 4.0000E-15 3.6380E-12 0.0000E+00

Median 0.0000E+00 1.4000E-14 0.0000E+00 4.0000E-15 3.6380E-12 0.0000E+00

Worst 0.0000E+00 7.1000E-14 9.0900E-13 4.0000E-15 3.6380E-12 0.0000E+00

Mean 0.0000E+00 1.8240E-14 1.4540E-13 4.0000E-15 3.6380E-12 0.0000E+00

Std 0.0000E+00 1.1443E-14 2.2128E-13 1.6103E-30 8.2445E-28 0.0000E+00

Table 3.15: Error Values achieved when FEs are 5000, 50000, and 500000 for test function

g19− g24

FES g19 g20 g21 g22 g23 g24

5.0E+03

Min 4.6250E+01 3.3233E-01 4.5408E+01 2.3643E+02 5.0931E+01 3.3000E-14

Median 7.5536E+01 8.7700E-01 1.1814E+02 1.1161E+04 1.7079E+02 3.5000E-14

Worst 1.4028E+02 2.7133E+00 4.7765E+02 1.9764E+04 3.3621E+02 6.3000E-14

Mean 7.9671E+01 9.5601E-01 1.9748E+02 1.0220E+04 1.8187E+02 4.0160E-14

Std 2.3452E+01 4.6699E-01 1.4443E+02 6.1985E+03 7.0989E+01 1.0499E-14

5.0E+04

Min 8.8876E-01 5.2239E-03 1.0848E-02 2.7760E+01 1.1941E+01 3.3000E-14

Median 1.9566E+00 3.0857E-02 2.3503E-02 5.6483E+02 9.3792E+01 3.3000E-14

Worst 3.6198E+00 6.5630E-02 7.5191E-02 4.7803E+03 4.2806E+02 6.3000E-14

Mean 2.0812E+00 2.9412E-02 2.7678E-02 1.0215E+03 1.2093E+02 3.4200E-14

Std 7.4010E-01 1.7922E-02 1.6356E-02 1.2441E+03 9.7208E+01 6.0000E-15

5.0E+05

Min 1.2800E-13 1.3662E-10 0.0000E+00 0.0000E+00 0.0000E+00 3.3000E-14

Median 4.1254E-11 1.4826E-08 0.0000E+00 3.6988E+03 0.0000E+00 3.3000E-14

Worst 4.0478E-08 9.7700E-06 0.0000E+00 1.8277E+04 2.1237E-10 6.3000E-14

Mean 4.6628E-09 7.7288E-07 0.0000E+00 6.1451E+03 1.1155E-11 3.4200E-14

Std 1.0834E-08 2.1255E-06 0.0000E+00 5.6814E+03 4.3122E-11 6.0000E-15

solution for 23 test problem in all run, except test problem g22 (only 3 out of 25 run,

result is equal to known feasible optimal solution).
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Table 3.16: Best, Median, worst, mean, and standard devi-

ation of NFES to achieve the fixed accuracy level. ((f(x) −

f(x∗)) ≤ 0.0001), feasibility rate, success rate and successful

performance over 25 runs of BCO on the CEC 2006 [147]

Prob. Min Max median Mean STD FR SR SP

g01 19758 24259 22245 22034 1088 100 100 22034

g02 120145 183451 158284 158293 14441 100 100 158293

g03 65224 89439 81640 80632 5769 100 100 80632

g04 39213 48906 44509 44488 2015 100 100 44488

g05 47230 59218 53852 54437 3287 100 100 54437

g06 258 6166 4050 3784 1425 100 100 3784

g07 179375 206245 197446 196558 7325 100 100 196558

g08 1412 4514 3617 3492 759 100 100 3492

g09 67591 81014 75322 74973 4100 100 100 74973

g10 22443 45100 34998 34192 5103 100 100 34192

g11 468 5902 4083 3705 1381 100 100 3705

g12 120 279 173 198 53 100 100 198

g13 879 18118 14178 13345 4039 100 100 13345

g14 55595 66731 62183 62221 2710 100 100 62221

g15 5415 15677 12365 11761 2911 100 100 11761

g16 34337 41579 38472 38373 2008 100 100 38373

g17 23173 31630 27209 27450 1873 100 100 27450

g18 106449 150370 129525 129224 12341 100 100 129224

g19 212636 265169 245241 241430 14914 100 100 241430

g20 22323 210350 172071 152074 59050 0 100 152074

g21 104454 119499 111879 112507 3858 100 100 112507

g22 250708 297360 284473 277514 92303 32 12 2312617

g23 142823 400000 222973 253267 78025 100 100 253267

g24 132 561 403 360 146 100 100 360

Comparison with other state-of-the-art on CEC 2006 test problems

The NFES required for reaching the optimum value is reported in Table 6.11. Table 6.11

shows the best, worst, median, mean, and standard deviation of NFES to achieve the

fixed accuracy level, (f(x̄) − f(x̄∗))≤ 0.0001), Feasible Rate (FR), Success Rate (SR),

and Success Performance (SP) over 25 runs of BCO on the cec 2006 [147]. FR denotes

the percentage of runs where atleast one feasible solution is found in 5×105 by algorithm.

SR denotes percentage of run where atleast one solution satisfies success condition. SP

denotes the ratio of mean of NFES required to find optimal feasible solution and SR.

As shown in table 6.11, FR of BCO for every test cases is 100% except problems

g20, and g22. In case of problem g20, the optimal solution is slightly infeasible. Problem

g22 is hard to solve, so in case of BCO only 32% FR is recorded. Regarding SR of BCO,
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Table 3.17: Mean NFES to achieve the accuracy level (f(x)− f(x∗))≤ 0.0001 and SR over 25 runs on the CEC 2006 [147]

Proposed Work DE

Prob.
BCO EPS-DE [146] MPDE [132] GDE [148] MDE [149] jDE-2 [150] DPDE [151] ICDE [152] (mu+lm)CDE [153]

NFES SR NFES SR NFES SR NFES SR NFES SR NFES SR NFES SR NFES SR NFES SR

g01 22034 100 59308 100 43430 100 40519 100 75373 100 50386 100 42180 100 105776 100 89000 100

g02 158293 100 149825 100 280573 92 107684 72 96222 16 123490 92 95102 94 283528 100 277379 96

g03 80632 100 89407 100 209298 84 143086 4 44988 100 – 0 88260 100 212657 100 111025 100

g04 44488 100 26216 100 20883 100 15281 100 41562 100 40728 100 25160 100 36770 100 30620 100

g05 54437 100 97431 100 216469 100 178023 92 21306 100 206620 68 100506 100 27933 100 165079 100

g06 3784 100 7381 100 10574 100 6503 100 5202 100 29488 100 13400 100 13040 100 11032 100

g07 196558 100 74303 100 57400 100 123996 100 194202 100 127740 100 99060 100 134789 100 141038 100

g08 3492 100 1139 100 1515 100 1469 100 918 100 3236 100 1960 100 1943 100 2010 100

g09 74973 100 23121 100 21044 100 30230 100 16152 100 54919 100 31820 100 37929 100 39953 100

g10 34192 100 105234 100 48628 100 82604 100 164160 100 146150 100 143300 100 325007 100 188725 100

g11 3705 100 16420 100 22422 96 8460 100 3000 100 49700 96 90310 100 4404 100 79475 100

g12 198 100 4124 100 4238 100 3149 100 1308 100 6356 100 5626 100 6488 100 4908 100

g13 13345 100 34738 100 356433 48 336306 40 21732 100 0 81980 100 34325 100 148237 100

g14 62221 100 113439 100 42715 100 220921 96 291642 100 97845 100 107480 100 85758 100 176671 100

g15 11761 100 84216 100 200174 100 71889 96 10458 100 222460 96 94600 100 10074 100 130622 100

g16 38373 100 12986 100 13063 100 13224 100 8730 100 31695 100 18650 100 25001 100 19154 100

g17 27450 100 98861 100 204791 28 343740 16 26364 100 17971 4 128690 100 103230 100 183962 100

g18 129224 100 59153 100 44045 100 364861 76 103482 100 104460 100 80280 100 138998 100 215068 100

g19 241430 100 35635 100 118274 100 202648 88 – 0 199850 100 163080 100 296145 100 268374 100

g20 152074 100 – 0 0 – 0 – 0 – 0 – 0 – 0 148506 100

g21 112507 100 135143 100 142159 68 347653 60 112566 100 107080 92 164068 92 317447 100 209896 92

g22 277514 12 – 0 – 0 – 0 – 0 – 0 – 0 – 0 – 0

g23 253267 100 200765 100 210661 100 425342 40 360420 100 302550 92 204450 94 364806 100 263695 100

g24 360 100 2952 100 4342 100 3059 100 1794 100 10196 100 5860 100 574 100 5059 100

Proposed Work PSO Others

Prob.
BCO PSO COPSO [154] PESO [155] AP-CMA-ES [156] ASR-ES [157] PCX [158] Shade [159]

NFES SR NFES SR NFES SR NFES SR NFES SR NFES SR NFES SR NFES SR

g01 22034 100 73314 100 95397 100 101532 100 181110 52 35406 100 55204 100 50386 100

g02 158293 100 – 0 179395 73 231193 56 – 0 – 0 87900 64 123490 92

g03 80632 100 – 0 315123 100 450644 100 18302 100 – 0 34937 100 – 0

g04 44488 100 37802 100 65087 100 79876 100 4992 100 15104 100 30989 100 40728 100

g05 54437 100 366824 100 315257 100 452256 100 82365 100 19281 100 94765 100 206620 68

g06 3784 100 37802 100 53410 100 56508 100 3269 100 9603 100 33821 100 29488 100

g07 196558 100 405156 100 233400 100 352592 96 14445 100 76782 8 117121 100 127740 100

g08 3492 100 3656 100 6470 100 6124 100 1661 100 1027 100 2826 100 3236 100

g09 74973 100 103677 100 79570 100 97544 100 5882 100 30618 100 46527 100 54919 100

g10 34192 100 487525 100 224740 100 452575 16 24891 100 – 0 89028 100 146150 100

g11 3705 100 33073 100 315000 100 450100 100 25803 100 2792 100 38688 100 49700 96

g12 198 100 6906 100 6447 100 8088 100 31247 100 2996 100 8960 100 6356 100

g13 13345 100 – 0 315547 100 450420 100 – 0 11292 84 53735 100 – 0

g14 62221 100 – 0 326900 3 – 0 14477 100 92820 8 59237 100 97845 100

g15 11761 100 267821 100 315100 100 450100 100 131822 100 8519 100 46936 100 222460 96

g16 38373 100 56612 100 40960 100 49040 100 6106 100 16179 100 30395 100 31695 100

g17 27450 100 – 0 316609 76 – 0 – 0 21491 76 136110 100 17971 4

g18 129224 100 238706 100 167089 90 214322 92 68741 100 40840 92 70027 100 104460 100

g19 241430 100 426101 100 264414 47 – 0 75669 100 – 0 129676 100 199850 100

g20 152074 100 – 0 – 0 – 0 – 0 – 0 – 0 – 0

g21 112507 100 – 0 – 0 – 0 184302 56 – 0 38217 100 107080 92

g22 277514 12 – 0 – 0 – 0 – 0 – 0 – 0 – 0

g23 253267 100 – 0 – 0 – 0 200158 84 – 0 167119 100 302550 92

g24 360 100 1986 100 19157 100 19980 100 1663 100 3638 100 11646 100 10196 100

All the results are taken from their corresponding papers.

−: NFES is not available.
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Table 3.18: Ranking based on the SP of all algorithm over 25 runs on the CEC 2006 [147]

Prob. BCO EPS-DE MPDE GDE MDE jDE-2 DPDE ICDE (mu+lm)CDE PSO COPSO PESO AP-CMA-ES ASR-ES PCX Shade

g01 1 9 5 3 11 6 4 15 12 10 13 14 16 2 8 6

g02 7 6 11 5 13 2 1 9 10 14 8 12 14 14 4 3

g03 4 6 9 12 3 13 5 8 7 13 10 11 1 13 2 13

g04 6 14 4 3 13 11 5 9 7 10 15 16 1 2 8 11

g05 4 7 11 10 2 12 8 3 9 15 14 16 5 1 6 13

g06 2 5 7 4 3 11 10 9 8 14 15 16 1 6 13 11

g07 12 3 2 6 11 7 4 9 10 15 13 14 1 16 5 7

g08 13 3 5 4 1 11 8 7 9 14 16 15 6 2 10 11

g09 13 4 3 5 2 11 7 8 9 16 14 15 1 6 10 11

g10 2 6 3 4 10 8 7 13 11 14 12 15 1 16 5 8

g11 3 6 7 5 2 12 14 4 13 9 15 16 8 1 10 11

g12 1 5 6 4 2 9 8 12 7 13 11 14 16 3 15 9

g13 1 5 11 12 3 13 7 4 8 13 9 10 13 2 6 13

g14 4 9 2 11 12 6 8 5 10 15 14 15 1 13 3 6

g15 4 7 11 6 3 12 8 2 9 14 15 16 10 1 5 13

g16 13 3 4 5 2 11 7 9 8 16 14 15 1 6 10 11

g17 2 4 12 13 1 10 6 5 8 14 9 14 14 3 7 10

g18 10 3 1 16 7 8 6 11 13 15 12 14 4 2 5 8

g19 9 1 3 8 14 6 5 11 10 12 13 14 2 14 4 6

g20 2 3 3 3 3 3 3 3 1 3 3 3 3 3 3 3

g21 2 6 8 12 3 5 7 10 9 13 13 13 11 13 1 4

g22 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

g23 6 2 3 12 10 8 4 11 7 13 13 13 5 13 1 9

g24 1 6 9 7 4 12 11 2 10 5 15 16 3 8 14 12

sum 123 125 142 172 137 209 155 181 207 292 288 319 140 162 157 211

rank 1 2 5 9 3 12 6 10 11 15 14 16 4 8 7 13

BCO is capable to provide 100% SR in every test cases except problem g22. In problem

g22, BCO only provide 12% SR. In Table 6.11, SP indicates that the BCO requires less

than 4× 103 FEs for 5 problems, 1× 105 FES for 16 problems, 2.6× 105 for 23 problems,

to achieve the success condition of optimum.

SR and Mean FEs of BCO required to solve CEC 2006 problems against state-of-the-

art that do not use the traditional techniques to solve constrained problems are compared.

For convenience, we grouped all the state-of-the-art in three groups: DE-based, PSO-

based, and other metaheuristic which is based on CMA-ES and hybrid variant of DE. Most

of the state-of-art methods, has taken for comparison, are DE and PSO based because

perching and patrolling follows the similar procedure to DE and PSO respectively. Be-

sides metaheuristics, these state-of-the- arts also use different type of constraint-handling

techniques to solve COP. Most of the state-of-arts use ε-constraint handling, three feasi-

bility rules, and penalty function to handle the constraint. So, effectiveness of proposed

constraint handling techniques is also analysed as compared to other constraint handling

technique.

Table-3.17 shows the comparison of performance of BCO with other state-of-arts in
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Table 3.19: Average rank-

ing of the Friedman test

Algorithm Average Ranking

BCO 5.4375

EPS-DE 5.8333

MPDE 6.4375

GDE 7.6875

MDE 6.3125

jDE-2 9.6875

DPDE 6.9792

ICDE 8.0625

(µ+λ)CDE 8.875

PSO 13.0833

COPSO 12.6875

PESO 14.0833

AP-CMA-ES 6.5

ASR-ES 7.5833

PCX 7.0625

Shade 9.6875

χ2− distribution : 114.64614.

P-value : 0.

terms of NFES and SR. In table-3.17, the bold face in NFES shows the best performance

in terms of NFES. Table-3.18 shows the ranking basad on the SP of all algorithms. In

Table-3.19, result of Friedman ranking test is reported. Average ranking of the Friedman

test is done based on the SP of all the algorithms on every problem of CEC 2006 [147].

Comparison with DE-based state-of-arts

To compare the performance of BCO with respect to the popular DE-based state-of-

arts, eight different algorithms EPS-DE, MPDE, GDE, MDE, jDE-2, DPDE, ICDE, and

(mu+lm)-CDE are chosen. The results of these algorithms are used in comparison is same

as reported in their original paper.

A closer examination of Table-3.17 at the first sub-table, reveals that the perfor-

mance of BCO in terms of NFES and SR is better than the DE-based state-of-art design.

Performance of BCO as compared to other DE-based state-of-arts are summarized below:

• Comparison based on NFES: In case of seven problems g01, g06, g10, g12, g13,

g22, and g24, BCO are converged fastly on feasible optimum value i.e. takes less
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number of NFES to achieve the accuracy level (f(x)−f(x∗)) ≤ 0.0001, as compared

to others algorithms. Other algorithms like EPS-DE, MPDE, GDE, MDE, jDE-2,

DPDE, ICDE and (mu+lm)-CDE take less number of NFES in case of 2 (g19, g23),

3 (g07, g14, g18), 1 (g04), 6 (g03, g05, g08, g09, g11, g16), 2 (g17, g21), 1 (g02), 1

(g15) and 1 (g20) problems respectively.

• Comparison based on SR: In case of all test problems except g22 (12%), BCO

achieve 100% SR. It can seen from Table- 3.17, BCO outperforms all the DE-based

state-of-arts in terms of SR. It is interesting to note that only BCO can found

feasible optimal solution for test problem g22. Owing to its special characteristic,

test problem g22 is very hard to solve for different DE-based state-of-arts.

Through this comprehensive comparison with chosen DE-based state-of-art designs,

BCO can be considered very competitive with respect to the chosen DE-based state-of-art

in case of COPs.

Comparison with PSO-based state-of-art designs

Three PSO-based state-of-the-art design PSO, COPSO, and PESO, are chosen to compare

the performance of BCO. The results of these algorithm is directly taken from their original

paper. All the chosen PSO-based algorithms use the three feasibility rule as a constraint

handling technique.

Second sub-table of Table-3.17, shows that the BCO performs better than chosen

PSO-based state-of-art design in terms of NFES and SR. Performance of BCO as com-

pared to chosen PSO-based state-of-the-arts are summarized below:

• Comparison based on NFES: In case of test problem except g04, BCO are converged

fastly i.e. takes less number of NFES to find feasible optimal value. In case of test

problem g04, PSO converges fastly than BCO.

• Comparison based on SR: As shown in second sub-table of Table-3.17, for test prob-

lems g20, g21, g22, and g23, PSO-based algorithms did not converge on feasible

optimum value for any run out of 25 independent run i.e. SR is zero. The perfor-

mance of BCO is effectively much better than PSO-based algorithms in terms of SR

is case of test problems g02, g03, g13, g14, g17, g19, g20, g21, g22, and g23.
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Based on the above comparison result, we conclude that the performance of BCO is far

better than the performance of PSO-based state-of-art designs in case of COPs.

Table 3.20: Multiple solution obtained using BCO for ill-conditioned CASE13

solution-1 solution-2

Bus Va 6 a Vb 6 b Vc 6 c Bus Va 6 a Vb 6 b Vc 6 c

1 1.00 0.00 1.00 -120.00 1.00 120.00 1 1.00 0.00 1.00 -120.00 1.00 120.00

2 0.99 -0.25 0.99 -120.18 0.99 119.98 2 0.99 -0.25 0.99 -120.18 0.99 119.98

3 0.62 102.02 3 0.92 122.58

4 0.94 -120.73 1.01 119.59 4 0.94 -120.73 1.01 119.59

5 0.92 -121.05 1.02 119.46 5 0.92 -121.05 1.02 119.46

6 0.93 -13.74 6 0.27 -33.10

7 0.96 -13.96 1.07 -118.37 0.64 104.44 7 0.39 -34.92 1.21 -131.26 0.93 123.30

8 0.93 -15.18 1.08 -118.95 0.63 104.21 8 0.31 -41.56 1.22 -132.73 0.94 123.20

9 0.96 -13.96 1.07 -118.37 0.64 104.44 9 0.39 -34.92 1.21 -131.26 0.93 123.30

10 0.95 -14.05 0.63 103.39 10 0.35 -35.99 0.93 123.21

solution-3 solution-4

Bus Va 6 a Vb 6 b Vc 6 c Bus Va 6 a Vb 6 b Vc 6 c

1 1.00 0.00 1.00 -120.00 1.00 120.00 1 1.00 0.00 1.00 -120.00 1.00 120.00

2 0.99 -0.25 0.99 -120.18 0.99 119.98 2 0.99 -0.25 0.99 -120.18 0.99 119.98

3 0.97 96.51 3 0.26 90.58

4 0.94 -120.73 1.01 119.59 4 0.94 -120.73 1.01 119.59

5 0.92 -121.05 1.02 119.46 5 0.92 -121.05 1.02 119.46

6 1.14 9.45 6 0.09 -39.62

7 1.16 9.39 0.15 -164.30 0.98 97.52 7 0.42 -44.17 1.28 -124.24 0.32 97.82

8 1.15 9.41 0.15 -183.44 0.99 96.91 8 0.37 -50.61 1.29 -125.05 0.29 95.65

9 1.16 9.39 0.15 -164.30 0.98 97.52 9 0.42 -44.17 1.28 -124.24 0.32 97.82

10 1.16 9.23 0.97 97.08 10 0.32 -48.98 0.29 97.47

Comparison with Other State-of-Art Designs

To broaden our comparative analysis, we considered some other state-of-art designs AP-

CMA-ES, ASR-ES, and PCX and SHADE that combine a population-based algorithm

(DE, PSO, and GA) with other programming techniques for example SQP. The perfor-

mance of BCO as compared to other state-of-art designs are summarized below.

• Comparison based on NFES: In the case of five problems g01, g12, g20, g22, and

g24, BCO has provided optimum feasible solutions with minimum Mean NFES as

compared to other algorithms. The performance of AP-CMA-ES and ASR-ES on

the basis of Mean NFES is better than the performance of BCO. Mean NFES of

AP-CMA-ES and ASR-ES is better than BCO for 9 (g03, g04, g06, g07, g09, g10,
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g14, g16, and g19) and 6 (g05, g08, g11, g13, g15, and g18) problems respectively.

BCO outperforms the PCX and Shade on the basis of Mean NFES.

• Comparison based on SR: It can seen from Table-3.17, BCO outperform all the

state-of-art designs on the basis of SR. AP-CMA-ES and ASR-ES, PCX, and Shade

provides 100% SR on 16, 11, 21, and 13 problems respectively.

Based on the above discussion, we can conclude that the ASR-ES and AP-CMA-ES are

having better convergence speed as compared to BCO, but the problem-solving capability

of these algorithms are poorer than the BCO. PCX algorithm has the better problem-

solving capability with good convergence speed, but BCO outperforms this algorithm on

the basis of both property. The BCO also outperforms the performance of Shade.

Ranking of all the selected state-of-art algorithms along with BCO on the

basis of Success Performance

Rank based on SP of all competitive algorithms are reported in Table 3.18. It is clear

from the Table 3.18, the overall normalized rank of BCO is 1, and the performance of

the BCO is better than all other competitive algorithms. In the table 3.18, the number

in boldface represents the normalized rank of all ranks. From Table 3.18, Performance

of BCO on test problems g01, g12, g13, g22, and g24 based on SP, is better than all

another state of art designs and takes the top position in the ranking table 3.18 of these

test problems.

ε-DE is obvious at the second rank in Ranking Table 3.18, because it is the winner of

CEC-2006. In support of Ranking, non-parameter Friedman test is reported in Table 3.18.

In Table 3.18, BCO is globally at the first rank with the minimum value. P-value and χ2

distribution of Friedman test are also reported at the bottom of Table 3.19. It is clear

from these values; there is a significant difference in the performance of all competitive

algorithm and Ranking is valid.

3.4.9 BCO based Power Flow for Loadability Evaluation

BCO can be used to obtain multiple solution of PF problems. Multiple PF solutions

can be useful in voltage stability analysis of power system. In this section, validation of

performance of BCO is done on CASE13 test system.
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Four different PF solutions of CASE13 are obtained using BCO and are reported in

Table 3.20. It can be seen from Table 3.20 that the solutions are low voltage solutions of

PF problem which can be used in voltage stability analysis.

For further analysis of performance of BCO, voltage profile of less stable buses of the

system at different loading condition is obtained. In this analysis, CASE11 and CASE25

are considered as test systems. In CASE13, bus 7c, 8c, 9c, and 10c are the least stable

buses in which voltage level reduces rapidly with increase of load. Similarly, bus 7a, 9a,

10a, 11a, 12a, 13a, 14a, 15a, 16a, and 17a are least stable buses in CASE25. Voltage

profile of these buses with different loading condition are depicted in Figure 3.1, 3.2 and

3.3.

It can be seen from Figure 3.1 that after the loading factor of 10, bus voltage start

decreasing due to insufficient power generation. After loading factor of 11.291, the voltage

collapses because this point is critical point of CASE13 under defined operating conditions.
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Figure 3.1: Voltage profile of Bus 7c, 8c, 9c, and 10c of CASE13 for different loading

condition.

From Figures 3.2 and 3.3, it can be seen that the voltages start reducing rapidly
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after loading factor of 11 and voltage collapses at loading factor of 12.612. Therefore,

loading factor of 12.612 is the critical point of CASE25 under given operating condition.

3.5 Summary

The SS algorithm has been proposed in this chapter. The SS algorithm is an unconstrained

optimization algorithm that can be used to calculate initial seed for the conventional PF

algorithms. SS based initial seed can not be the competitor to the flat start used in

conventional algorithms but it becomes necessary to use this in the situations where flat

start does not converge. From the extensive analysis of the proposed approach, it can be

concluded that this approach improves the performance of the conventional algorithm on

the heavily loaded and ill-conditioned test systems.

In this chapter, a PF problem is also formulated as a COP to compute the PF

solutions of the system at critical points (notch points). To solve this non-convex and

highly non-linear COP, the BCO algorithm is proposed for PF. BCO is able to provide

multiple solutions specially low voltage solutions for the PF problems. From the extensive

study of the performance of BCO as a PF tool, it can be concluded that the BCO can

provide continuation PF solutions for the distribution networks.

In the case of the islanded operation of microgrids, the system frequency and power

generations at a distribution generation are not pre-defined before PF analysis. Therefore,

the proposed algorithms of this chapter cannot be applicable to the PF problems of

islanded microgrids. In the next chapter, novel algorithms are proposed to solve the PF

problems of islanded microgrids.
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Figure 3.2: Voltage profile of Bus 7a, 9a, 10a, 11c, 12a and 14c of CASE25 for different

loading condition.
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Figure 3.3: Voltage profile of Bus 13a, 15a, 16a, and 17a of CASE25 for different loading

condition.
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Chapter 4

Power Flow Algorithms for Islanded

Microgrids

4.1 Introduction

The PF analysis of DCIMGs is a growing research area. Several algorithm have been

proposed to solve the PF problem of the DCIMG. The conventional PF techniques have

issues in handling DCIMG due to the nonexistence of reference bus (slack bus) in the

system. To address this issue, different novel algorithms are proposed in this chapter for

solving the PF problem of DCIMG.

The smart grid architecture based electrical distribution systems are mainly distin-

guished by higher penetration of DGs. In microgrids, this increasing penetration of DGs

with adequate generation can bear the active and reactive power requirement for all or

most of its local loads. According to US Department of Energy definition of a microgrid

“A group of interconnected loads and distributed energy resource within clearly defined

electrical boundaries that acts as a single controllers entity with respect to the grid and

that connects [to] and disconnects from such [a] grid to enable it to operate in both

grid-connected and island mode” [160].

For the operational analysis of microgrid, there is a requirement of suitable PF tool.

In islanded microgrid system, operating frequency value is not constant thus frequency

is also a PF variable and Ybus is also not constant due to the reactance of the lines

being frequency dependent [93, 161–163]. In a conventional grid-connected system, DGs

buses are working as a PQ or PV buses and the excess power is fed from the slack
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bus [56,94,95,164]. But such phenomena are not applicable in the islanded system because

there is no slack bus in the system. Thus, conventional PF method is not applicable in

islanded microgrid [165,166].

To determine the PF solution for DCIMG, new algorithms have been introduced.

These techniques have considered linear equations of the droop characteristics of DGs.

The NTR method has been proposed [56] to solve equations obtained after consolidating

(i) linear droop bus equations, and (ii) PF equation. In [94], a new PF method that

employs PSO is introduced to solve the PF problem of DCIMG. The modified NR method

has been used in [2] to solve the power flow problem of DCIMG.

In literature, several works address the power flow problem of a DCIMG. However,

these works cannot be applied effectively to the PF problem of DCIMG.

This chapter proposes new algorithms for solving the PF problem of DCIMG us-

ing different approaches. In these approaches, any droop bus is considered as an Angle

Reference (AR) bus and voltage magnitude of this AR bus and operating system fre-

quency are updated according to the droop characteristics of DGs in the outer loop of

the algorithms. Voltages of all buses except AR bus are updated in every iteration by

solving the non-linear current-injection based power flow equations. To verify the exe-

cution of the proposed power flow approaches on power flow problem of a DCIMG, the

outcomes have been compared with the outcomes of optimization algorithm NTR [56],

PSCAD [167], MNR algorithm, Direct Backward/Forward Sweep (DBFS) algorithm , and

Modified Backward/Forward Sweep (MBFS) algorithm [2].

To sum up, the major contributions of the present work are as follows:

1. This chapter proposes current-injection based NR algorithm, and Nested Back-

ward/Forward Sweep (NBFS) algorithm to solve the PF problem of DCIMG.

2. The proposed algorithms overcome the issues and limitations of NR-based algo-

rithms MNR and NTR, and the need for a gradient of the Ybus with respect to

frequency in the Jacobian matrix. The proposed algorithm updates the system fre-

quency in every loop without using the gradient of the Ybus or any other variable

with respect to frequency.

3. A closed loop formulation is proposed to evaluate the values of voltage magnitude

of AR bus and system frequency, which results in fast convergence in the algorithm.
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4. In this chapter, approach of closed loop design has been investigated for convergence

through various tests, designed for the purpose.

5. This chapter also investigates the robustness and efficacy of the proposed algorithm

for ill-conditional test systems having higher loading conditions and r/x ratios.

4.2 Modeling of Distributed Generations and Differ-

ent Loads

The modeling of the system components influences the PF solutions. The models of DG

and loads are presented in the following subsection.

4.2.1 Modeling of Distributed Generation

The penetration of DGs has been increasing commonly in the distribution systems. A

wide category of technologies viz. wind turbines, photovoltaic systems, energy storage

systems, fuel cells, and micro-turbines have been incorporated as types of DGs. Conse-

quently, there is a requirement of modeling schemes to handle these DGs in the power flow

analysis of DCIMG systems. The electrical characteristics of DGs are based on energy

converter utilized in them. The different models for DG are proposed in literature based on

electrical characteristics such as constant voltage model (PV), voltage-dependent power

factor model (PQ(v)), constant current model (PI), and constant power factor model

(PQ), as shown in Table 4.1. In a DCIMG operating mode, these DG units with battery

energy storage systems and droop controllers are designed to control the system frequency

and voltage while sharing the load demand [168]. In DCIMGs, droop-controlled DG units

are designed to imitate the droop characteristics of synchronous generators operating in

parallel. Generally, conventional droop settings are capable of providing accurate power-

sharing among DG units in DCIMGs.

To model the DGs, based on the output impedance seen by the DGs and r/x ratio

of the line, three different droop equations (conventional droop, inverse droop and mixed

droop) are considered [104,105]. For the inductive network, DGs operating in conventional

droop [163,169] can be modelled as:

|Vk|= |V0,k|−nk(QG,k −Q0,k) (4.1)
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Table 4.1: Component modelling of microgrid in Power Flow algorithm

Primary Energy Resource Energy Conv.
Model

Grid Connected Islanded

Wind turbine
Double feed induc. gen. PQ droop

Syn. Gen. (Slip control) PQ droop

Photo-voltaic system Current/voltage controlled inverter PV droop

Fuel cell St. pwr. conv. (voltage controlled) PV droop

CHP
St. pwr. conv. (power factor controlled) PQ droop

St. pwr. conv. (voltage controlled) PV droop

Energy storage St. pwr. conv. (voltage controlled) PV droop

Gas Turbine St. pwr. conv. (voltage controlled) PV droop

Microturbine Induc. Gen. + St. pwr. conv. PQ droop

Geothermal/Ocean Energy/ I.C Engine Syn. Gen. (Constant Excit. Voltage) PQ droop

ω = ω0 −mk(PG,k − P0,k) (4.2)

where,

PG,k and QG,k are the active and reactive power output of kth DG respectively. nk and

mk are the voltage and frequency droop coefficients of kth DG respectively. Q0,k and P0,k

are the power set points at kth DG respectively.

For the resistive network, DGs operating in inverse droop [170,171] can be modelled as:

|Vk|= |V0,k|−nk(PG,k − P0,k) (4.3)

ω = ω0 −mk(QG,k −Q0,k) (4.4)

In practical applications, different DGs can be located a little far from each other

and can be paralleled through lines, which contain significant line impedances. The per-

formance of above-mentioned droop characteristics (for fully resistive and fully inductive

case) is not satisfactory in case complex impedance and power-sharing among the DGs is

not efficient due to active and reactive power coupling. Hence, a mixed droop character-

istics [104,105] is considered. Modelling of DG operating in mixed droop can be expresses

as;

|Vk|= |V0,k|−nk(PG,k +QG,k) (4.5)

ω = ω0 −mk(PG,k −QG,k) (4.6)

A dominant DG (typically synchronous generator based DGs ) can be operated in

isochronous mode, thereby functioning as a non-ideal slack bus i.e., providing constant
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frequency and voltage at its terminals regardless of the connected load. Other DGs can

operate according to their droop settings. To model isochronously controlled DG, the same

droop equations can be adopted by setting droop coefficients to zero, i.e., |Vk|= |V0,k| and

ω = ω0.

In this chapter, two parameter x and y are considered to obtain all above-mentioned

four droop equation of DGs in single composite droop equation. This single composite

droop equation can be written as follows:

ω = ω0 −mk(xk(PG,k − P0,k)− yk(QG,k −Q0,k)) (4.7)

|Vk|= |V0,k|−nk(yk(xk(PG,k − P0,k) + xk(QG,k −Q0,k)) (4.8)

In equations (4.7) and (4.8), values of x and y are considered to be either 1 or 0. Hence,

there are four possible combination of x and y and each combination represents different

droop operation of DGs. If x = 1 and y = 0, the droop equations are reduced to

equations 4.1 and 4.2 i.e. the conventional droop. While {x, y} = {0, 1} and {x, y} =

{1, 1} represents the inverse droop and mixed droop operation respectively. The last

combination, {x, y} = {0, 0}, represents that the DG is acting either as a isochronously

controlled or it is operating in grid connected system.

4.2.2 Load Modelling

In static load model, active and reactive power absorbed by the load depends upon the

bus voltage and system frequency. Voltage and frequency based active and reactive loads

can be represented as given in equations (4.9) and (4.10) respectively.

Pl,k = P0,l,k(ap + bp|Vk|+cp|Vk|2+dp|Vk|α)(1 + ep(ω − ω0)) (4.9)

Ql,k = Q0,l,k(aq + bq|Vk|+cq|Vk|2+dq|Vk|β)(1 + eq(ω − ω0)) (4.10)

where, ap+bp+cp+dp = 1 and aq+bq+cq+dq = 1; ω0 is the nominal system frequency; ep

and eq are the frequency dependability coefficient for active and reactive load respectively;

ω is the operating system frequency; P0,l,k and Q0,l,k are active and reactive load demand

at bus k, when system is operating at nominal frequency and bus voltage; α and β are

the active and reactive power exponents respectively.

93



Nowadays, a large number of Plug-in Hybrid Electric Vehicles (PHEVs) are con-

nected to the modern distribution system. The influence of PHEV loads can be esti-

mated by using different models based on their electrical characteristics which are mainly

depended on their different charging operations of the chargers. In this chapter, three

different voltage-dependent load models of PHEVs are considered for power flow analysis

of DCIMG.

The first type of PHEV load model is represented by a polynomial load (PHEVI)

model. In PHEVI, active and reactive power are represented by the following equations.

PEV I,k = P0,EV I,k(ap + bp|Vk|+cp|Vk|2), (4.11)

and

QEV I,k = Q0,EV I,k(aq + bq|Vk|+cq|Vk|2). (4.12)

PHEVI has coefficients aq, bq, and cq for the reactive power and ap, bp, and cp for the

active power.

In case of the second type of PHEV load model, active power and reactive power

are represented by using equations 4.13 and 4.14, respectively considering fast charging

station as defined in [172].

PEV II,k = P0,EV II,k(ap + bp|Vk|α), and (4.13)

QEV II,k = PEV II,ktan(θ), (4.14)

where, a, b, and α represent power constant, exponent constant, and exponent of the

voltage magnitude, respectively.Parameter θ is power factor which is equal to 0.97 [172].

The third type of PHEV load model, PHEVIII, is represented by the constant current

load. In this case, reactive power and active power are obtained by using polynomial load

model, where PEV III,k of PHEVIII is calculated as follows.

PEV III,k = P0,EV III,k|Vk|2, and (4.15)

reactive power,

QEV III,k = 0. (4.16)

The above defined PHEV load models can be handled by using equations (4.9) and (4.10).
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4.3 Current Injection Newton-Raphson Algorithm for

DCIMG

In this section, a novel algorithm, called CINR, is introduced to solve the PF problem of

DCIMG.

In the case of DCIMGs, conventional PF techniques cannot solve the PF problem to

provide the steady-state value of system variables for further investigation. In MNR and

NTR, some elements of the Jacobian matrix contain the derivative of elements of the bus

admittance matrix with respect to the frequency. Reference [2] (where MNR is proposed)

provides a brief description of the calculation procedure of the Jacobian matrix. However,

in [2], the mutual coupling of the line parameter has not been addressed in the computation

procedure of derivative of elements of the bus admittance matrix. In the case of DCIMG

having a mutual coupling of the line parameter, we cannot calculate the derivative of

the admittance matrix analytically. In such cases, finite difference approximation of the

derivatives can be used in place of the analytical derivative, but finite difference step size is

to be chosen properly so that the convergence property of Newton-based algorithms [173]

is maintained. Various methods have been proposed to select the value of finite difference

step-size [173], but these methods increase the time and space complexity of the algorithm

and it may also be impractical to solve the power flow problem of a large DCIMG system

using these algorithms.

It is interesting to note that non-derivative based PF techniques, DBFS [98] and

MBFS [174], are also proposed to solve the power flow problem of DCIMG and they use

inner and outer loop approach to update the frequency and voltage magnitude of the slack

bus. A similar approach, loop-based frequency update technique, is also given with NR

algorithm in [101] to solve the PF problem of DCIMG, but this approach cannot handle

the high r/x ratio of the lines.

It is observed that an update of the system frequency separately outside the structure

of NR-based algorithms provides better performance on PF problem for DCIMG system

having mutually coupled line as compared to the finite difference based approaches. How-

ever, a robust and efficient approach for updating the system frequency has not been

investigated for existing NR-based algorithms for PF problem of DCIMG system having

mutually coupled line impedances. So a new NR-based algorithm, called CINR, with a
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loop-based approach to update the frequency is proposed in this work to address this

issue.

4.3.1 Classification of Bus-Types

In order to formulate the PF formulation of DCIMG, the primary step is to classify the

buses operating in the system. In proposed formulation, classification of buses as follows.

1. Droop bus: The buses where droop controlled DGs are connected.

2. AR bus: One of the droop buses is selected as AR bus.

3. PQ bus: The buses where active and reactive powers are known.

4. PV bus: The buses where voltage magnitude and active power are known.

It is to be noted that an AR bus is needed to provide a reference for the voltage angles

of the other buses; voltage angle of AR bus is assummed zero.

4.3.2 Current-injection based Power Flow Formulation

The current mismatch equations are given as follows.

4Ir,i =
Nbus∑
i=1

(GijVr,j −BijVm,j)−
Vr,iP

sp
k + Vm,iQ

sp
k

V 2
r,i + V 2

m,i

= 0 (4.17)

4Im,i =
Nbus∑
i=1

(BijVr,j +GijVm,j)−
Vm,iP

sp
k − Vr,iQ

sp
k

V 2
r,i + V 2

m,i

= 0 (4.18)

where P sp
k and Qsp

k are the specified real and reactive power injection at bus k respectively.

Gij and Bij are the real and imaginary part of the {i, j}th element of bus admittance

matrix (Y − bus). While, Vr,j and Vm,j are respectively the real and imaginary part of

voltage of the jth bus . Assuming the slack bus as an AR bus, the current mismatches

are calculated for the remaining buses as follows:

4 = [4ITr 4ITm]T (4.19)

Calculation procedure of 4Ir and 4Im for different types of buses is given in [22]. To

calculate the Jacobian matrix, equations (4.17) and (4.18) are differentiated with respect
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to real and imaginary part of all the bus voltages. For system having all four type of

buses, the Jacobian matrix, J , is represented as follows.

J =


Jdr−dr Jdr−pq Jdr−pv

Jpq−dr Jpq−pq Jpq−pv

Jpv−dr Jpv−pq Jpv−pv

 (4.20)

The elements of sub-matrices of the Jacobian matrix are given in Table (4.2). After

Table 4.2: Representation of elements of Jacobian Matrix

Diagonal Element

Jdr−dr

J1 = Gkk −
Pg,k(V 2

m,k−V
2
r,k)−2Vr,kVm,kQg,k

V 4
k

− Vr,k
V 3
k

(
ykVr,k

mkx
2
k+nky

2
k

+ xkVm.k
nkx

2
k−mky

2
k

)
J2 = −Bkk −

Qg,k(V 2
r,k−V

2
m,k−2Vr,kVm,kPg,k)

V 4
k

− Vm,k
V 3
k

(
ykVr,k

mkx
2
k+nky

2
k

+
xkVm,k

nkx
2
k−mky

2
k

)
J3 = Bkk −

Qg,k(V 2
r,k−V

2
m,k)−2Vr,kVm,kPg,k

V 4
k

− Vm,k
V 3
k

(
ykVm,k

mkx
2
k+xky

2
k
− xkVr,k

nkx
2
k−mky

2
k

)
J4 = Gkk −

Pg,k(V 2
r,k−V

2
m,k)+2Vr,kVm,kQg,k

V 4
k

− Vr,k
V 3
k

(
ykVm,k

mkx
2
k+nky

2
k
− xkVr,k

nkx
2
k−mky

2
k

)

Jpq−pq

J1 = Gkk −
(P spk )(V 2

mk−V
2
rk)−2VrkVmk(Qspk )

V 4
k

+
−P0kV

2
rk(βp+2γpVk)−Q0kVrkVmk(βq+2γqVk)

V 3
k

J2 = −Bkk −
(Qspk )(V 2

rk−V
2
mk)−2VmkVrk(P spk )

V 4
k

+
−P0kVrkVmk(βp+2γpVk)−Q0kV

2
mk(βq+2γqVk)

V 3
k

J3 = Bkk −
(Qspk )(V 2

rk−V
2
mk)−2VmkVrk(P spk )

V 4
k

+
−P0kV

2
mk(βp+2γpVk)+Q0kVrkVmk(βq+2γqVk)

V 3
k

J4 = Gkk −
(P spk )(V 2

rk−V
2
mk)+2VrkVmk(Qspk )

V 4
k

+
−P0kV

2
mk(βp+2γpVk)+Q0kVrkVmk(βq+2γqVk)

V 3
k

Jpv−pv

J1 = −Bkk −
VmkI

calc
rk −VrkI

calc
mk

V 2
k

− Vmk
Vrk

(
Gkk −

P spk
V 2
k

)
J2 = −Vmk

V 2
k

J3 = Gkk +
P spk
V 2
k
− Vmk

Vrk

(
Bkk −

VmkI
calc
rk −VrkI

calc
mk

V 2
k

)
J4 = Vrk

V 2
k

Off-diagonal Elements

Jdr−dr, Jdr−pq, J1 = Gkm Jdr−pv J1 = −Bkm − Vm,k
Vr,k

Gkm

Jpq−dr, Jpq−pq, J2 = −Bkm Jpq−pv J2 = 0

Jpv−dr, Jpv−pq, J3 = Bkm Jpv−pv J3 = Gkm − Vm,k
Vr,k

Bkm

J4 = Gkm J4 = 0

calculating the Jacobian Matrix in (i+ 1)th iteration, the real and imaginary part of bus

voltages can be calculated by using following equation.

vi+1 = vi + J−14, (4.21)
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where

v = [V T
r V

T
m ]T , (4.22)

and Vr and Vm are the vectors of real and imaginary parts of voltages of all the system

buses except the AR bus.

It is worth mentioning that the NR algorithm can be utilized to solve the PF of

DCIMG as proposed in [2, 56, 99, 100] and [101]. For CINR to be able to solve the PF of

islanded microgrid implemented with the droop control, few aspects need to be discussed.

Firstly, the voltage magnitude of the AR bus is not fixed. Secondly, the system frequency

is variable. To resolve these issues, this chapter introduces an iterative approach to update

the system frequency and voltage magnitude of AR bus.

4.3.3 Update of the System Frequency and AR Bus Voltage

To determine the PF of DCIMG using CINR algorithm, AR bus is assumed as slack bus.

So, the operating states (voltage magnitude) of the AR bus and system frequency must

be fixed prior to applying the CINR for performing PF analysis. To address this issue, a

loop of operations is proposed in this paper. The objective of this loop is to regulate the

voltage of the AR bus and system frequency in order to satisfy the droop characteristics

of DCIMG.

The proposed loop-based methodology is shown in figure 4.1 and following steps

are performed to solve the PF problem of droop control based islanded microgrids using

CINR.

1. At the first step, the initial operating condition is determined. In this step, one

droop bus is selected as an AR bus. Variables ωgrid and Vs are initialized on their

nominal value, ω0 and V0,s respectively.

2. Afterward, calculate the bus admittance matrix at the system frequency ωgrid. In

addition, the scheduled generation of active and reactive power at droop buses are

calculated using equations (4.7) and (4.8)

3. In this step, PF analysis is done using the CINR algorithm. The main aim of this

step is to determine the total injected real and reactive powers in all droop buses

including AR bus. These injected real and reactive powers will be further used to

update the system frequency and voltage magnitude at AR bus.
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Figure 4.1: Flow chart of CINR

4. In this approach, the system frequency is updated using following equation.

wi+1
grid = w0 −

(∑
k=1

1

mk(xkPG,k − ykQG,k)

)−1

(4.23)

5. The magnitude of voltage at AR bus is updated as follows.

V i+1
s = (1− α)(V i

s ) + α(|V0,s|−ns(ysPG,s + xsQG,s)) (4.24)

6. After updating the system frequency and voltage magnitude of AR bus, a variable

del is calculated using equation (4.25) to check the termination criteria.

del = max{|wi+1
grid − w

i
grid|, |V i+1

s − V i
s |} (4.25)

7. If the value of del is smaller than the pre-specified tolerance, the iterative loop is

terminated and the previous PF results are selected as the final PF solution.

8. While, if the value of del is not smaller than tolerance, the next loop is performed

with updated values and this procedure continues until the value of del becomes

smaller than the tolerance.
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Table 4.3: Data required for modeling of the six bus test system in time-domain

mp nq w∗ V ∗

(rad/s/W) (V/VAR) (rad/sec) (V)

9.4E − 05 1.3E − 03 377 127

Line parameters

From bus To bus Rline(Ω) Lline(mH)

1 2 0.43 0.32

1 4 0.30 0.35

2 5 0.20 0.25

2 3 0.15 1.84

3 6 0.05 0.05

Load parameter

bus number Rload(Ω) Lload(mH)

1 6.95 12.20

3 5.01 9.40

4.3.4 Validation of CINR

To confirm the applicability and accuracy of the proposed power flow algorithm, the

obtained results are compared with the time-domain model of a droop control based

islanded microgrid. For algorithm validation, a six-bus test system (shown in Fig. (4.5))

is considered. The detailed time domain model of this system has been simulated in

PSCAD/EMTDC, a time-domain simulation environment as discussed in [163] and [169].

The data used to model this system in time-domain is presented in Table-4.3 . This

system has three droop control based DG which are working in an islanded mode.

To solve the power flow of this test system using CINR, the algorithm has been

developed in MATLAB. The result obtained from PSCAD and CINR are depicted in

Table-4.4. As shown in Table-4.4, the maximum errors in voltage magnitude and angle

are 0.0081% and 0.26% respectively. This good agreement within the obtained results

validates the accuracy of the CINR in solving the power flow of droop control based

islanded MG. Moreover, PSCAD requires approximately 172s to attain the steady-state,

while the CINR requires 0.04s.
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Table 4.4: Validation of results obtained for six-bus test system.

Bus
Voltage magnitude (V) Angle (rad) Active Power (kw) Reactive Power (kvr)

PSCAD CINR PSCAD CINR PSCAD CINR PSCAD CINR

1 121.92 121.92 0.0078 0.0078 -0.0189 -0.0189 -0.0125 -0.0125

2 123.51 123.51 -0.0013 -0.0013 0 0.000 0 0.0000

3 122.42 122.42 -0.0388 -0.0389 -0.0253 -0.0253 -0.0179 -0.0179

4 125.37 125.37 0.0065 0.0065 0.0151 0.0151 0.0075 0.0075

5 125.74 125.74 0∗ 0∗ 0.0151 0.0151 0.0058 0.0058

6 123.11 123.10 -0.0420 -0.0421 0.0151 0.0151 0.0179 0.0179

err 0.0081% 0.26% 0.0005% 0.0003%

freq 376.6645 376.6645

Time 172s 0.04s

4.3.5 Performance Analysis of CINR

Comparison of CINR with MNR and NTR

In this section, four radial (CASE6, CASE22, CASE38, and CASE69) and one meshed

(CASE160) distribution systems are considered to compare the results obtained from

CINR with the results obtained from MNR and NTR. The extensive data of these test

systems are reported in Appendix-II. Four different cases including: 1) conventional droop,

2) inverse droop, 3) mixed droop, and 4) isochronous mode of operation are studied to

demonstrate the robustness of the proposed algorithm for the different operating modes

of droop-based DGs.

All the algorithms are executed on MATLAB R2017b in PC with an INTEL Core

i7 @ 3.2 GHz, 8 GB of RAM. The flat start is considered as an initial solution in all

algorithms (for operating frequency the flat start is 1.0 p.u.). The stopping criteria for

all the algorithms are same and selected in a way that either the gradient norm or the

total number of iterations does not exceed the specified value. The solutions for CASE22,

CASE38, and CASE69 including bus powers have been given in appendix IV.

It is to be noted that the NTR algorithm is implemented only for case 1 and MNR

is not implemented for case 4 (isochronous operation). Therefore, the power flow results

for these cases are not available. For case 1 (conventional droop), all the algorithms are

applicable and the power flow results obtained from the algorithms are similar except

MNR which fails to provide a solution in case of CASE69 and CASE160. Similarly, in

cases 2, 3, and 4, CINR and MNR provide similar power flow results for CASE22, and

CASE38 but MNR fails to provide a solution for CASE69 and CASE160. For case 5, only
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Table 4.5: Computation time required to solve power flow for different cases consider-

ing CINR, MNR and NTR algorithm. (NC: Not Converged, NA: Not Applicable, CT:

Computation Time, %: Percentage improvement in computation time.)

System Cases
CINR MNR NTR

CT(s) CT(s) % CT(s) %

CASE22

1 4.96E-03 6.35E-02 1180.16 1.77E-02 256.63

2 5.58E-03 4.84E-02 767.82 NA NA

3 4.22E-03 4.98E-02 1080.50 NA NA

4 3.81E-03 NA NA NA NA

CASE38

1 2.22E-02 1.46E-01 556.68 3.48E-02 56.83

2 1.42E-02 1.59E-01 1020.27 NA NA

3 2.28E-02 1.64E-01 621.31 NA NA

4 2.36E-02 NA NA NA NA

CASE69

1 1.33E-02 NC NC 1.43E-01 970.79

2 1.72E-02 NC NC NA NA

3 1.82E-02 NC NC NA NA

4 1.81E-02 NA NA NA NA

CASE160

1 6.08E-02 NC NC 5.10E-01 738.64

2 4.99E-02 NC NC NA NA

3 4.47E-02 NC NC NA NA

4 6.03E-02 NA NA NA NA

CINR can provide the power flow solutions because MNR and NTR are not defined for

an isochronous mode of operation.

To analyze the performance of MNR, NTR, and CINR in terms of computation

time, the time required to obtain the power flow solution is recorded for all the cases and

reported in Table 4.9. It is found that expected execution time for the cases CASE22 and

CASE38, CINR is almost 10 times faster than MNR. Similarly, CINR is approximately 3,

2, and 9 times faster than NTR for the cases CASE22, CASE38, and CASE69, respectively.

From the above analysis, it can be concluded that the solutions obtained by CINR

converges faster in comparison to MNR and NTR without compromising the accuracy.

Additionally, CINR can also be used to perform power flow analysis for the systems
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having DGs with several types of droop characteristics including the isochronous mode of

operation.

Robustness of CINR

The performance of power flow algorithms depends on the r/x ratio of lines and the

loading condition of the system. Hence, it is also desired to investigate the robustness

of the proposed algorithm for different system loading conditions and various r/x ratio

of lines. The CASE38 is considered for the study which has a radial structure with lines

having a high r/x ratio and zone wise voltage dependent loads. The performance of CINR,

MNR, and NTR in terms of computation time for different r/x ratios of line and system

loading condition is shown in Figures (4.2) and (4.3) respectively. It is clear from Figures

(4.2) and (4.3) that the CINR requires less computation time to obtain the power flow

solution of CASE38 for different cases, while MNR requires more computation time as

MNR is not designed to deal with the voltage dependent loads.
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Figure 4.2: r/x ratio vs computation time (sec) for CASE38 test systems.
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Figure 4.3: Loading factor vs computation time (sec) for CASE38 test systems.

4.4 Nested Backward/Forward Sweep Algorithm for

DCIMG

In this section, the main steps of the NBFS algorithm is discussed in detailed. The pro-

posed algorithm is divided into three steps: modified backward sweep, modified forward

sweep, and system frequency & reference voltage update. To calculate the initial value of

the power flow variables, initialization of parameters including system frequency and node

voltages are required. Initialization, modified backward sweep, modified forward sweep

and the system frequency & reference voltage update procedure are as follows:

4.4.1 Initialization

The first step of initialization is to select one of the droop buses as a AR bus. Then, the

system frequency and voltage of every bus are initialized at 1 pu. Tolerance value for

both (voltage and frequency) loops are set to 10−8.

4.4.2 Modified Backward Sweep

The backward sweep is the first sweep applied in conventional BFS algorithm. In this

sweep, the branch current is calculated based on the assumption that the voltage of all
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the buses are known. Therefore, the branch currents are calculated using the apparent

power injected to the buses and the bus voltages. In the case of PQ buses, the apparent

injected power is calculated as:

Si = Pi + jQi = (Pg,i − Pl,i) + j(Qg,i −Ql,i) (4.26)

Since, in the case of droop buses, the generation depends on the bus voltage and the

system frequency. To calculate the apparent power at each droop buses equation (4.27)

is formulated using equations (4.7), (4.8), and (4.26) which is given as:

Si = (P o
g,i +mP,i(wo − w)− Pl,i) + j(Qo

g,i + nQ,i(|Vo|−

|Vi|)−Ql,i)
(4.27)

The apparent power (calculated as per equation 4.27) is applied to calculate the bus

current which is as follows:

Ii =

(
Si
Vi

)∗
(4.28)

These bus currents (equation 4.28) are summed in the backward direction from the farthest

buses towards the reference bus to calculate the branch currents and this procedure is

described using the following equation:

[Iij] = [BIBC][Ii] (4.29)

where, the transformation matrix BIBC is defined in subsection 4.4.4.

4.4.3 Modified Forward Sweep

In conventional algorithm, the forward sweep is applied to update the bus voltages using

the calculated branch current of the backward sweep. This step includes the calculation

of voltages from the AR bus to lower stream buses using branch impedances and branch

currents. In other words, the bus voltages can be also calculated using the reference

voltage, branch impedance, and branch current which is represented as:

[V] = [Vref ]− [BCBV][Iij] (4.30)

where, the transformation matrix BCBV is used to calculate voltages using branch cur-

rents and the computation of this matrix is described in detail in subsection 4.4.4. [Vref ]

and [V] represent the voltage of AR bus and rest other buses in the system respectively.
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As we know that in the conventional droop control technique, reactive power sharing

among the sources are not proportional as per their rating. Due to disproportional reactive

power sharing among the sources, there may be a chance that the obtained current reaches

very high value in some cases. This may cause a larger deviation in voltage from the

operating point. This larger deviation in voltage may diverge the solution. To overcome

this issue, a decelerating factor (β) in the voltage update equation is proposed in this

paper which is given in equation (4.31).

[V]k+1 = (1− β)[V]k + β([Vref ]− [BCBV][Iij]) (4.31)

where, the value of β must be in range of 0 to 1. The role of β is to adjust the length of

voltage correction vector ([4V]k+1 = [V]k− [Vref ]+ [BCBV][Iij]) to overcome the larger

deviation in the voltage correction vector. In the manuscript, the value of β is set to 0.5

for all the cases. It is to be noted that the value β is not optimal at 0.5 for every test

system. Although, it performs very well on a wide range of problems.

4.4.4 Calculation of BIBC and BCBV

The first step is to calculate the node incidence matrix, A. Upon calculation of A, the

matrices BIBC and BCBV are calculated. The size of matrix A is (Nb × N) where, Nb

and N indicate the number of branches and nodes of the system respectively. The (i-j)th

element of A, aij, is:

1. aij = +1 when current leaves the node j from branch i

2. aij = −1 when current flows towards the node j from branch i

3. aij = 0 when there is no connection between the node j and branch i

According to the network theory, branch and node currents are associated as:

[Ii] = At[Iij] (4.32)

where, [Ii] and [Iij] represent the node and branch current vectors respectively and super-

script t indicates the transpose of the matrix.

However, in the backward sweep, the branch currents are required to calculate from

the bus injected currents. Therefore, from equation (4.32).

[Iij] = (At)−1[Ii] (4.33)
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where (. . .)−1 indicates the inverse of a matrix.

In general, Nb 6= N , so the matrix A is non-invertible. However, in the case of a

radial system (Nb = N − 1), by eliminating the first column from A, corresponding to

AR bus, the branch currents can be directly computed from the node currents. It may

be noted that the first column of A (corresponding reference node) can be eliminated

because this node is not a participant of the backward process of BFS.

After comparing the equations (4.29) and (4.33), the specific procedure to build

BIBC on the basis of network theory indicates that BIBC = (At)−1.

For the special case of a square incidence matrix A graph theory shows that:

[Vi] = (A)−1[Vij] (4.34)

where, [Vi] and Vij indicate the node and branch voltage vector respectively.

[Vij] can be obtained as:

[Vij] = diag([Zij])[Iij] (4.35)

where, diag([Zij]) indicates the diagonal matrix of the branch impedances. Accordingly,

the bus voltages in the forward sweep is calculated as:

[Vi] = [Vref ]− (A)−1diag([Zij])[Iij] (4.36)

From equations (4.30) and (4.36), it can be found that BCBV = (A)−1diag([Zij]). The

detailed description about the formation of the matrices BIBC and BCBV can be found

in [36-37].

4.4.5 Frequency and AR Bus Voltage Update

This step is basically a correction step of system frequency and the reference voltage.

The system frequency and voltage of AR bus is a global variable in the case of DCIMGs.

Therefore, these values must be adjusted after each iteration until the convergence is

reached. The AR bus is also the droop bus but it behaves like the upstream bus. Hence,

the droop characteristics of AR bus is also satisfied at the equilibrium state. Based on the

mismatch of droop characteristics of AR bus, the value of system frequency and voltage

of AR bus is updated. In droop controlled MGs, the system frequency depends on the

total active power-sharing of the DGs, where all the DGs behave as a single source with
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equivalent frequency droop . The equivalent droop (mP,equ) of the system is calculated

as:

mP,equ =
1∑

kεDB
1

mP,k

where, DB is a set of all droop buses and mP,k is a droop coefficient corresponding to

P − ω droop for kth bus. The new system frequency is obtained as:

wm+1 = wo −
1

mP,equ

(∑
kεDB

(P o
g,k − Pm+1

g,k )

)
(4.37)

where, m indicates the loop index.

The change in system frequency causes the change in the line reactance which is

modified as:

Xm+1
ij = wm+1Lij (4.38)

In addition, the net imbalance of voltage droop, 4V , at the AR bus is used to update

the voltage of the AR bus. The 4V is calculated using equation (4.39) and the voltage

of AR bus is updated using equation (4.40).

4V m+1 = (Vo − |VAR|m) +
1

nQ,AR

(
Qo
g,AR −Qm+1

g,AR

)
(4.39)

V m+1
ref = V m

ref + α4V m+1 (4.40)

where, Vo is a nominal voltage of AR bus and α is declaration factor whose value lies

between 0.3 to 1.5. The flow chart of the proposed algorithm is shown in Fig. (4.4).

4.4.6 Validation of NBFS

In this section, the proposed algorithm NBFS is validated on a small 6-bus test system

(Fig. 4.5). Details of the system including droop parameters, line and load data, rated

voltage and system frequency is given in Table 4.3. To illustrate its effectiveness and

accuracy, the result obtained from the proposed algorithm is compared with the result

obtained from the time-domain model of the test system. The NBFS is implemented to

obtain the load flow solution of the network. The time-domain model of the test system

is simulated in the PSCAD/EMTDC and results are presented in Table 4.6.

The result shows that the NBFS provides a similar corresponding value of voltage

and angle in comparison to the solution obtained from PSCAD/EMTDC which shows the
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Figure 4.4: Flow chart of NBFS

accuracy of the proposed algorithm. It is to be noted that to achieve the converged solu-

tion, NBFS takes execution time approximately 0.008 sec which is very less as compared

to the required simulation time of PSCAD.

Figure 4.5: 6-bus MG [2].
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Table 4.6: Validation of obtained result of the six-bus test system

Bus
Voltage magnitude (V) Angle (rad)

PSCAD NBSF PSCAD NBSF

1 121.92 121.92 0.0078 0.0078

2 123.51 123.51 -0.0013 -0.0013

3 122.42 122.42 -0.0388 -0.0389

4 125.37 125.37 0.0065 0.0065

5 125.74 125.74 0∗ 0∗

6 123.11 123.10 -0.0420 -0.0421

err 0.0081% 0.26%

freq 376.6645 376.6645

Time 172s 0.009s

4.4.7 Performance Analysis of NBFS

Comparison of NBFS with DBFS and MBFS
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Figure 4.6: Convergence of the solution with respect to computation time for CASE33

system

In this section, a detailed comparison among the load flow solutions (obtained

for droop based islanded microgrid) applying NBFS, DBFS, and MBFS are presented.
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CASE33 radial distribution test system is adopted to compare result of the proposed

algorithm with the DBFS [98] and MBFS [174]. The droop parameter and test set-

tings are directly adopted from [174] and [98] for fair comparison. Additionally, results

of PSCAD/EMTDC are also included for validation. Table 4.7 shows the results given

Table 4.7: NBFS algorithm versus DBFS, MBFS, and PSCAD/EMTDC results for

CASE33 system. (1* represents the AR bus)

Bus
Voltage Magnitude (pu) Active Load (pu) Reactive Load (pu)

DBFS MBFS PSCAD NBFS DBFS MBFS PSCAD NBFS DBFS MBFS PSCAD NBFS

1* 0.996 0.997 0.997 0.997 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2 0.996 0.996 0.996 0.996 0.20 0.20 0.20 0.20 0.12 0.12 0.12 0.12

3 0.993 0.993 0.993 0.993 0.18 0.18 0.18 0.18 0.08 0.08 0.08 0.08

4 0.992 0.992 0.992 0.992 0.24 0.24 0.24 0.24 0.16 0.16 0.16 0.16

5 0.991 0.992 0.992 0.992 0.12 0.12 0.12 0.12 0.06 0.06 0.06 0.06

6 0.991 0.991 0.991 0.991 0.12 0.12 0.12 0.12 0.04 0.04 0.04 0.04

7 0.990 0.990 0.990 0.990 0.40 0.40 0.40 0.40 0.20 0.20 0.20 0.20

8 0.990 0.990 0.990 0.990 0.40 0.40 0.40 0.40 0.20 0.20 0.20 0.20

9 0.992 0.992 0.992 0.992 0.12 0.12 0.12 0.12 0.04 0.04 0.04 0.04

10 0.994 0.994 0.994 0.994 0.12 0.12 0.12 0.12 0.04 0.04 0.04 0.04

11 0.995 0.995 0.995 0.995 0.09 0.09 0.09 0.09 0.06 0.06 0.06 0.06

12 0.996 0.995 0.995 0.995 0.12 0.12 0.12 0.12 0.07 0.07 0.07 0.07

13 1.001 1.001 1.001 1.001 0.12 0.12 0.12 0.12 0.07 0.07 0.07 0.07

14 0.999 0.999 0.999 0.999 0.24 0.24 0.24 0.24 0.16 0.16 0.16 0.16

15 0.998 0.997 0.997 0.997 0.12 0.12 0.12 0.12 0.02 0.02 0.02 0.02

16 0.997 0.996 0.996 0.996 0.12 0.12 0.12 0.12 0.04 0.04 0.04 0.04

17 0.995 0.994 0.994 0.994 0.12 0.12 0.12 0.12 0.04 0.04 0.04 0.04

18 0.994 0.994 0.994 0.994 0.18 0.18 0.18 0.18 0.08 0.08 0.08 0.08

19 0.995 0.995 0.995 0.995 0.18 0.18 0.18 0.18 0.08 0.08 0.08 0.08

20 0.992 0.992 0.992 0.992 0.18 0.18 0.18 0.18 0.08 0.08 0.08 0.08

21 0.991 0.991 0.991 0.991 0.18 0.18 0.18 0.18 0.08 0.08 0.08 0.08

22 0.990 0.991 0.990 0.990 0.18 0.18 0.18 0.18 0.08 0.08 0.08 0.08

23 0.992 0.992 0.992 0.992 0.18 0.18 0.18 0.18 0.10 0.10 0.10 0.10

24 0.990 0.990 0.990 0.990 0.84 0.84 0.84 0.84 0.40 0.40 0.40 0.40

25 0.991 0.991 0.991 0.991 0.84 0.84 0.84 0.84 0.40 0.40 0.40 0.40

26 0.990 0.990 0.990 0.990 0.12 0.12 0.12 0.12 0.05 0.05 0.05 0.05

27 0.989 0.990 0.989 0.989 0.12 0.12 0.12 0.12 0.05 0.05 0.05 0.05

28 0.985 0.986 0.986 0.986 0.12 0.12 0.12 0.12 0.04 0.04 0.04 0.04

29 0.983 0.984 0.984 0.984 0.24 0.24 0.24 0.24 0.14 0.14 0.14 0.14

30 0.983 0.984 0.983 0.983 0.40 0.40 0.40 0.40 1.20 1.20 1.20 1.20

31 0.985 0.986 0.986 0.986 0.30 0.30 0.30 0.30 0.14 0.14 0.14 0.14

32 0.987 0.988 0.988 0.988 0.42 0.42 0.42 0.42 0.20 0.20 0.20 0.20

33 0.990 0.990 0.990 0.990 0.12 0.12 0.12 0.12 0.08 0.08 0.08 0.08

Max Error 0.001 0.001 – 0.000 0.00 0.00 – 0.00 0.00 0.00 – 0.00

Active Generation (pu) Reactive Generation (pu)

1 0.996 0.997 0.997 0.997 2.494 2.502 2.502 2.502 0.978 0.967 0.967 0.967

6 0.991 0.991 0.991 0.991 0.981 0.980 0.980 0.980 0.904 0.909 0.909 0.909

13 1.001 1.001 1.000 1.000 1.707 1.701 1.701 1.701 0.931 0.893 0.893 0.893

25 0.991 0.991 0.991 0.991 0.981 0.980 0.980 0.980 0.904 0.909 0.909 0.909

33 0.990 0.990 0.990 0.990 1.304 1.301 1.301 1.300 0.916 0.948 0.948 0.948

Max Error 0.001 0.001 0.000 0.008 0.000 0.000 0.038 0.000 0.000 0.000

Pg Qg Pl Ql Ploss Qloss freq CT(s)

DBFS 7.467 4.633 7.430 4.600 0.037 0.033 0.919 0.521

MBFS 7.464 4.626 7.430 4.600 0.034 0.026 0.920 0.165

PSCAD 7.463 4.625 7.430 4.600 0.035 0.027 0.920 462.142

NBFS 7.463 4.626 7.430 4.600 0.035 0.026 0.920 0.018

in [98] and [174] in addition to the results obtained from NBFS and PSCAD/EMTDC.
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For a fair comparison, the nominal power of all DGs is set at 0.9 + j0.9 pu and bus 1

is considered as the AR bus. Therefore, the power reported in Table 4.7 is an appar-

ent power which is the sum of nominal power and the power generated due to drop in

frequency and voltage. It is clearly seen from Table 4.7, the obtained system frequency

is similar for all the algorithms, while there is some difference in the magnitude of bus

voltages. The maximum mismatch of voltage magnitude, real power, and reactive power

are also reported in Table 4.7. This maximum mismatch is calculated after considering

the result of PSCAD/EMTDC as a standard solution of PF problem. From Table 4.7,

it can say that the solution of NBFS is nearer to the solution of PSCAD/EMTDC as

compared to other solutions obtained with application of other algorithms. Hence, the

obtained solution of NBFS is more accurate than the solution of MBFS and NBFS.

In DBFS, the obtained reactive power generation of DGs is slightly different from

the result obtained from MBFS and NBFS. DBFS uses an inner and outer loop update

schemes in such a way that the voltage of DG is updated in the inner loop using BFS

while the voltage magnitude of reference bus remains constant [98]. When the inner

loop converges, the voltage magnitude of AR bus is updated based on the reactive power

mismatch and the voltages of other buses according to the droop law. On the other hand,

MBFS and NBFS are governed by the droop law of the DGs, so their output reactive power

are closer to the results obtained in the time domain simulation in PSCAD/EMTDC.

To further analyze difference between the performance of NBFS, MBFS, and DBFS;

the dynamics of system frequency and voltage magnitude of AR bus (Bus 1) with respect

to time is depicted in Fig 4.6. It is clearly seen from Fig. 4.6 that in comparison to MBFS

and DBFS, the required computation time is very less in NBFS to achieve the converged

power flow solution. The main reason behind this difference in computation time and

dynamics is the variations in the basic structure of the algorithms. In NBFS, there is one

loop where the system frequency and voltage magnitude of reference bus are updated to

satisfy the droop characteristics of DG connected to the reference bus. For the other DGs,

the generated power is updated in backward sweep step of BFS according to their droop

characteristics. This structure of NBFS reduces the computational burden and increases

the convergence speed as compared to MBFS and NBFS. Since the generated power of all

the droop controlled DGs are updated outside the loop of BFS in MBFS and DBFS, in

DBFS, different loops are utilized to update the real and reactive power separately which
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Figure 4.7: Divergence of MBFS for 33-bus test system

increases the computation burden which ultimately increases the convergence time to

achieve the solution. It can be seen in the Fig. 4.6 that the deviation in system frequency

and voltage magnitude of reference bus before the convergence is higher in DBFS while

in the case of NBFS deviation is very less. This oscillatory behavior of MBFS and DBFS

delays the convergence and also makes the algorithm unstable for hard PF problems.

According to the discussed points, we can say that the efficiency and robustness of NBFS

is better than the MBFS and DBFS.

Comparison of NBFS with NTR and MNR

In this section, to examine the robustness of the proposed algorithm to achieve the power

flow solution, a comparative study among the proposed algorithm and Jacobian based

algorithms (NTR and MNR) is performed.

Three test systems including CASE22, CASE38, and CASE69 are chosen to analyze

the performance of DBFS, MBFS, NTR, MNR, and NBFS. The data for the droop con-

trolled DGs are given in Table 4.8. The convergence time to achieve the PF solution for
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Figure 4.8: Divergence of DBFS for 33-bus test system
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Figure 4.9: Convergence of NBFS for 33-bus test system
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Table 4.8: Droop gains, nominal values and operative mode of DGs and Qmax limit for

the 22-bus, 38-bus, and 69-bus test system.

Test System Bus Number m n w0 |V0| Qmax

22-bus

5 0.005102 0.05 1 1 0.2

13 0.001502 0.03 1 1 0.3

15 0.004506 0.01 1 1 0.4

21 0.001502 0.02 1 1 0.4

38-bus

34 0.005102 0.02 1 1.01 0.9

35 0.001502 0.03333 1 1.01 0.6

36 0.004506 0.02 1 1.01 0.9

37 0.002253 0.05 1 1.01 0.3

38 0.002253 0.05 1 1.01 0.3

69-bus

1 0.005102 0.05 1 1.01 0.35

25 0.004506 0.05 1 1.01 0.45

29 0.002253 0.01 1 1.01 0.9

50 0.002253 0.1 1 1.01 0.6

60 0.005102 0.1 1 1.01 1.5

65 0.001502 0.03 1 1.01 0.9

Table 4.9: Computation time (in second) required to solve power flow for 22-bus, 38-bus,

and 69-bus systems considering NBFS, MNR, NTR, MBFS, and NBFS algorithm. (NC:

Not Converged)

System NBFS MNR NTR MBFS DBFS

22-bus 4.96E-03 6.35E-02 1.77E-02 NC NC

38-bus 3.01E-02 1.46E-01 3.48E-02 NC NC

69-bus 4.33E-02 NC 1.43E-01 NC NC

all the three systems are obtained for each algorithm (MBFS, DBFS, MNR, NTR, and

NBFS) which are given in Table 4.9. It is clearly seen from the Table 5 that the MBFS

and DBFS did not converge on a single test system due to their dynamics characteris-

tic which is discussed in the previous section. In all test systems, the required time to
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converge is lesser in case of NBFS as compared to MNR and NTR because:

• NBFS does not require calculation of the Jacobian matrix to achieve the PF solution.

• In MNR and NTR, bus admittance matrix is calculated at every iteration due to

change in frequency, while NBFS does not require bus admittance matrix.

• In the case of MNR, CASE69 system does not reach convergence because MNR

operates at the boundary of the solvable and unsolvable region in this case.

Discussion

The performance of the proposed algorithm NBFS is compared fairly with the performance

of algorithms MBFS, DBFS, MNR, and NTR on three test system. It is found that

among three test system, the MBFS and DBFS achieve the PF solution for only one test

system. Hence, the performance of NBFS is only analyzed for the CASE33 test system

in comparison with MBFS and DBFS and it is found that the NBFS is more efficient and

robust than the MBFS and NBFS.

It is already discussed that the main reason behind the diversion of MBFS and

DBFS is the oscillatory dynamics of system frequency and voltage magnitude of the

reference bus. To show this behavior, MBFS and DBFS are applied on a CASE33 radial

test system with droop parameter {0.005, 0.1, 0.01, 0.1, 0.02}. The resultant dynamics of

reactive power generation of droop based DGs are shown in Figs. 4.7, 4.8 and 4.9 for

MBFS, DBFS and NBFS respectively. It is clearly seen from the Figs. 4.7 and 4.8 that

the generated reactive power of all droop controlled DGs are increased beyond the limit

of the solvable region which leads the divergence in case of MBFS and DBFS. On the

other hand, NBFS uses the deceleration factors α and β which behaves as a damper to

the oscillation of system variables. This is the main reason behind the convergence of the

NBFS algorithm in case of hard problems.

Both the MNR and NTR algorithms are Jacobian-based algorithm, in which the

admittance matrix is also calculated to achieve the solution. The inverse of Jacobian

Matrix is computationally bulky and increases with the increase of the size of the system.

The effect of this computational burden is also shown in Table 4.9 where computation time

for the convergence increases with the increase of the size of the system. Besides inverse

of a Jacobian matrix, calculation of admittance matrix at every iteration also increases
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the computational burden and complexity. In NBFS, these complex calculations are not

required, so the algorithm requires less time to converge as compared to Jacobian based

algorithms. Additionally, the system size does not affect the computation time much in

the case of NBFS which is also seen from Table 4.9.

Performance of NBFS on weakly meshed islanded microgrid

In this sub-section, to show the robustness of the proposed algorithm for achieving the

power flow solution of weakly meshed islanded microgrids, a comparative study among

the algorithms NBFS, NTR, and MNR has been performed.

Table 4.10: The computation time (in second) required to solve power flow problem of

CASE160 test system for NBFS, MNR, and NTR

System NBFS MNR NTR

CASE160 6.08E-02 8.36E-01 5.10E-01

A 160-bus test system is selected to analyze the performance of NBFS, NTR, and

MNR. The system data of this test system is adapted from [175]. In NBFS, the calculation

procedure of matrices BIBC and BCBV are modified for weakly-meshed islanded system.

The convergence time required to achieve the solutions are obtained for each algorithm

(NBFS, NTR, and MNR) and are reported in Table 4.10. It is clearly seen from the Table

4.10 that the NBFS requires least time to converge in comparison to the MNR and NTR.

Comparison with conventional BFS on grid-connected microgrid

In this section, to examine the robustness of the proposed step of BFS of NBFS (pBFS)

algorithm to achieve the PF solution of grid-connected microgrid, a comparative study

between pBFS and conventional BFS (cBFS) algorithm is performed.

The CASE38 test system is selected to analyze the performance of pBFS and cBFS.

The line and load data of the test system are adapted from [176]. System loads are

increased from its base value (reported in [176]) by a different factor (λ) to analyze

the robustness of the proposed pBFS algorithm in comparison to cBFS. The number of

iterations and convergence time required to achieve the PF solution for the test system

under different loading conditions is obtained for both the algorithms (pBFS and cBFS)
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Figure 4.10: Effect of the value of β on the convergence of voltage magnitude of bus 35

of CASE38 test system in the case of λ = 4.

which are given in Table 4.11. It is clearly seen from Table 4.11 that the pBFS requires

less number of iteration and less convergence time in comparison to cBFS for every loading

condition. In addition, cBFS did not converge for the cases when λ > 3 due to the large

variations of bus voltages in the initial iterations, while pBFS successfully converge for

all the cases because the modified forward sweep uses a decelerating factor β to overcome

the issue of the large variation in bus voltages in the initial few iterations. In the next

subsection, the role of the parameter β is discussed.

Significance of the parameter β

The robustness of the proposed pBFS (step of NBFS) is highly improved as compared to

the cBFS (conventional BFS) due to the parameter β which is used in equation (4.31) of

the modified forward sweep. It is to be noted that the pBFS is reduced to cBFS for the

value of β = 1. In this subsection, we have discussed the impact of β on the convergence

behavior of the pBFS.
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Table 4.11: Number of iteration and computation time (in second) required to solve power

flow problem of CASE38 test system for different value of λ considering pB-FS and cBFS.

(fail: fail to supply solution within 50 iteration, NC: Not Converged, NA: Not Available,

It: Number of iteration, CT: Computation Time (in second))

λ
pBFS cBFS

It CT It CT

1.0 8 3.24E-03 11 4.72E-03

1.5 10 4.02E-03 15 7.03E-03

2.0 12 4.72E-03 20 8.12E-03

2.5 13 5.01E-03 26 1.12E-02

3.0 15 6.01E-03 35 1.52E-02

3.5 17 6.24E-03 fail NA

4.0 19 7.35E-03 fail NA

4.5 20 8.01E-03 fail NA

5.0 21 8.23E-03 NC NA

CASE38 test system with λ = 4 is considered to analyze the effect of β. In con-

ventional BFS algorithm, the variation in the magnitude of bus voltages of the system

is highly oscillating in initial iterations and this oscillation is gradually damped out in

later iterations as shown in figure 4.10-(a). It is clearly seen from the figure 4.10-(a)

that the voltage magnitude of bus 35 highly oscillates in the initial iterations and as

iteration increases, this oscillation damps out gradually. The parameter β is used to ad-

just the length of voltage correction vector ([4V]k+1 = [V]k − [Vref ] + [BCBV][Iij]) to

damp out the oscillation in voltage magnitude. The convergence of the voltage magni-

tude of bus 35 of the CASE38 test system is shown in figure 4.10 for different values of

β (β = 0.5, 0.6, 0.7, 0.8, 0.9). It is clearly seen from the figure 4.10 that the oscillation in

voltage magnitude can be damped out quickly by taking the value of β smaller than 1. As

the value of β decreases, the damping in oscillation in the voltage magnitude increases.

However, the very low value of β increases the convergence time (settling time). There-

fore, the value of β must be set carefully to provide the trade-off between the oscillation

and convergence time. In this work, the value of β is chosen 0.5, which provides the

balance between oscillation and convergence time in most of the case studies.
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4.5 Application of Proposed Approach for DG Mod-

eling and Frequency Update in NTR and MNR

As discussed in the previous subsection, the robustness of NTR and CINR is similar but

the NTR algorithm cannot be applied to the systems having (i) DGs with mixed droop

characteristics, (ii) DG with isochronous mode of operation and (iii) coupling between the

lines. In this work, these issues of NTR are addressed and a new DG model and procedure

for updating operating frequency are proposed. These procedures are in general structure

and can also be employed with NTR to improve the versatility of the algorithm. In this

section, to observe the versatility of the NTR, the modified algorithm is implemented on

different types of DCIMGs.

4.5.1 Significance of Proposed DG Model in NTR

The proposed DG model is implemented in NTR by modifying the non-linear equations

used in [56]. These non-linear equations are modified in line with the equations proposed in

this work. The modified NTR, named NTR-pDMm, can perform the power flow analysis

for different cases (discussed in section 4.3.5). The accuracy of the obtained solution

of NTR-pDMm is similar to the obtained solution of CINR for all the cases. However,

computation time is still the issue in the NTR-pDMm due to the high complexity of

the steps of the conventional Newton-Trust algorithm. The results obtained using the

proposed DG model in NTR (NTR-pDGm) and CINR in terms of execution time are

shown in Table 4.12. It is found that the computation time to converge on a steady-state

value in CINR is less than the NTR-pDGm due to the low complexity of the steps required

in CINR.

It can be concluded from the above result and discussion that the proposed DG model

can be implemented on other Newton-based algorithms to improve their versatility. Also,

the convergence rate of CINR is better than modified NTR (NTR-pDGm) due to its

simple steps.
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Table 4.12: Computation time required to solve power flow for different cases consider-

ing CINR, NTR-pDGm algorithm. (NC: Not Converged, CT: Computation Time, %:

Percentage improvement in computation time.)

System Cases
CINR NTR-pDGm

CT(s) CT(s) %

CASE22

2 5.58E-03 1.79E-02 220.84

3 4.22E-03 1.97E-02 365.86

4 3.81E-03 1.73E-02 353.31

CASE38

2 1.42E-02 3.50E-02 147.17

3 2.28E-02 3.53E-02 54.77

4 2.36E-02 4.41E-02 87.21

CASE69

2 1.72E-02 1.40E-01 716.45

3 1.82E-02 1.38E-01 658.41

4 1.81E-02 1.50E-01 729.12

CASE160

2 4.99E-02 6.39E-01 1178.58

3 4.47E-02 5.27E-01 1078.50

4 6.03E-02 5.20E-01 763.13

4.5.2 Significance of Proposed Frequency Update Procedure in

NTR and MNR

The approach taken in the present work is further reinforces its superiority by applying

modification in MNR and NTR (MNR-mod and NTR-mod). The modifications made are

in line with the approach considered in this paper. For the systems with coupling between

the lines, the derivative of admittance matrix cannot be calculated analytically as there is

no explicit expression. However, the derivatives of the elements of admittance matrix can

be calculated using finite differences method. The frequency terms which are embedded in

the elements of the admittance matrix are removed (assuming frequency to be constant).

However, the updation of frequency is performed in the outer loop as shown in figure

(4.1). The results obtained using proposed modifications in MNR and NTR (MNR-mod

and NTR-mod) are shown in table (4.13). The table (4.13) also depicts the results when

the elements of Jacobian are calculated using finite differences method (MNR-fd and
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NTR-fd). The table (4.13) indicates that significant reduction in computation time can

be achieved when the modification are done as per the proposed approach as compared to

those obtained using their corresponding finite difference version viz MNR-fd and NTR-

fd. further, Table 4.13 also shows that CINR is faster than MNR-mod and NTR-mod,

establishing that even if MNR, NTR is adopted for the framework proposed in this work,

the CINR outperforms.

Table 4.13: Computational effort of MNR-mod, MNR-fd, NTR-pr, NTR-fd, and CINR

for solving different test cases. (iter: number of iterations, CT: Computation Time)

Test Cases
MNR-mod MNR-fd NTR-mod NTR-fd CINR

iter CT(s) iter CT(s) iter CT(s) iter CT(s) iter CT(s)

CASE22 33 0.0205 3 0.3246 37 0.0198 4 0.2932 27 0.0049

CASE33 39 0.0372 3 0.6091 34 0.0297 4 0.5682 24 0.0063

CASE69 37 0.1666 4 0.9351 39 0.1433 5 0.8702 28 0.0133

CASE160 34 0.577 4 3.0717 32 0.5482 4 2.8126 25 0.0608

CASE1458 35 3.656 5 8.2825 37 3.2735 6 7.6835 27 0.3852

CASE3139 38 7.9334 5 17.9729 35 7.1374 6 16.673 29 0.8257

4.6 Summary

In this chapter, a nested-iterative approach, CINR and NBFS are proposed to obtain

the power flow solution of droop-based islanded microgrid. A loop-based approach is

employed to update the system frequency and voltage of the angle reference bus after

every iteration. To analyze the effectiveness of CINR and NBFS, the algorithms are

implemented on several test systems including CASE6, CASE22, CASE38, CASE69 and

CASE160. In each case study, the load dependency and droop characteristics of DGs are

considered. The solutions obtained from the proposed CINR and NBFS are analysed and

compared with the solutions obtained from MNR, NTR, DBFS, MBFS and PSCAD. It

is found that the solutions obtained from CINR and NBFS show superior convergence in

comparison to MNR, NTR, DBFS, MBFS and PSCAD.

Furthermore, the efficacy and robustness of the proposed technique are also ana-

lyzed by modifying the operational conditions of DCIMG from well-conditioned to ill-
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conditioned by changing the r/x ratio of the lines and the loading conditions. The pro-

posed algorithms converge under various ill-conditions. The proposed techniques also

show superior performance in terms of computational time and accuracy in comparison

to the performance of NTR and MNR methods of PF analysis.

The effectiveness of the proposed algorithm is also analyzed for the PF analysis of

more complicated DCIMG system after considering the isochronous operation of one of the

DG in the system. The proposed algorithms also converge for the isochronous operation

of the DCIMG. Since, CINR and NBFS are conventional techniques to solve power flow

of distribution system, so modeling of different type of droop buses is also considered.

The main contributions of proposed approach are as follows:

1. The proposed algorithms, CINR and NBFS, deal with the issues and limitations

related to the Newton-based algorithms including MNR and NTR. It also deals

with the need of a gradient of the bus admittance matrix with respect to the system

frequency in the Jacobian matrix.

2. The proposed algorithms update the system frequency in every loop without using

the gradient of the bus admittance matrix or any other variable with respect to the

system frequency.

3. A closed loop formulation is proposed to evaluate the values of voltage magnitude of

the AR bus and system frequency, which results in fast convergence in the algorithm.

4. The proposed algorithms also converge for the isochronous mode of operation of

DCIMG systems.

5. In the proposed approach, DG model and procedure for updating the system fre-

quency is utilized in NTR and MNR to improve its versatility.

The algorithms show rigid convergence characteristics for various conditions of DCIMG.

The performance of the proposed algorithms are better in comparison to NTR and MNR

approach in terms of computation time and applicability under various operating condi-

tions. Testing of the proposed algorithms on unbalanced DCIMG systems may be the

scope of future work.
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Chapter 5

Differential Evolution and MAES for

Power Flow Problem of Droop

Controlled Islanded Microgrids

5.1 Introduction

Conventional PF algorithms are not effective in analyzing the of islanded microgrid as

the system frequency and voltage of the slack bus is assumed to be constant. Such

assumptions are not applicable in the operation of islanded microgrid as DGs provide

the real and reactive power to adjust the load demands as well as maintain the voltage

magnitude and system frequency in the absense of the main grid. To solve the power

flow of islanded microgrid, a novel formulation as a constrained optimization problem is

proposed in this thesis.

A MG has been recognized as a collection of DGs which are interconnected with

thermal and electrical loads, and energy storage units. In addition, it functions as a

single small scale low-voltage distribution system. Due to the use of power electronic

controls and interfaces in MGs, system reliability, security, and power electronic controls

can be enhanced [177, 178]. An MG may run in islanded or grid-connected mode. In an

islanded mode, controllers of DGs are capable of voltage and frequency regulation along

with controlling active and reactive power. While in a grid-connected mode the frequency

and voltages of MGs are managed by the main grid.

In practice, different type of control strategies for MGs have been proposed such as
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distributed, decentralized, and centralized; any hybrid structure of these models is also

feasible. Strategies based on centralized control need to transfer data using stable com-

munication environment. In the case of large MGs, these strategies are not suitable where

DGs are placed far from each other [179–181]. Large MGs are usually controlled using de-

centralized strategies, such as DCIMGs, where communication of significant information

is not needed [178]. In droop controller based strategies, local variables can be utilized

for effective sharing of loads of loads among DGs. Here, the frequency and magnitude of

the voltage of MGs are used as local variables [182].

In DCIMGs, DGs are connected to MGs using suitable control approach using power

electronic converters [183–186]. For designing the effective and efficient control strategy,

a power flow analysis model is required to calculate the steady-state variables, especially

for an islanded MGs. Design of droop control strategies use power flow solutions to test

its efficacy. This is more so in the case of MGs operated in islanded mode.

To address the characteristics of MGs and distribution systems, a number of methods

have been introduced for PF analysis. Some of such algorithms are derived from the

NR approach [23, 43], while others are based on the basic electric circuit laws [51]. In

[187], a modified algorithm, called BFS method, has been proposed for solving the power

mismatches equations of radial power systems. In [27], an implicit ZBus algorithm based

on the superposition principle of electric circuits is proposed to solve the power flow

problem.

In [56], a model of three-phase PF problem is proposed which adopt the real char-

acteristics of islanded MGs similar to three-phase distribution systems. In the model

proposed in [56], the problem is formulated as a non-linear optimization problem and this

problem is solved by NTR technique. But, it is highly sensitive to the initial solutions of

variables of the PF problem. In addition, a number of studies of PF analysis for droop

controlled islanded MGs based on a nature-inspired optimization algorithm have been

developed.

In general, Jacobian based PF algorithms, such as NR, and FD may not produce

PF solution for power mismatch equations of distribution systems having a high value of

R/X. To solve this problem, a number of methods [183–186] have been introduced. In

addition, to present an adequate platform for PF analysis, modeling of distributed slack

bus has also been studied [28,53,100].

126



In current practices, DG having the highest capacity is considered as a slack bus

which operates like an infinite bus at a constant voltage to provide system frequency, and

other DGs are treated as either PV or PQ buses. However, this assumption cannot be

considered feasible in the case of islanded MGs. For example, the generation capacity

of DGs in MGs is not usually high enough to allow them to act as an infinite bus. In

addition, voltage swelling may occur in the buses of MG when a DG is acting as a slack

bus. In such a situation, slack bus (DGs) must provide power independently for the whole

power losses of MG which is not an effective state of operation for MG [43]. Therefore,

in an islanded MG, considering a DG as a slack bus is not appropriate for PF analysis.

In order to resolve this issue, one way is to consider that all DG units operate

using droop controllers where all DGs locally tune the voltage and frequency of islanded

MG [179]. In such operation, active power generation and voltage magnitude of each DG

is required to be fixed according to droop characteristics of controllers. This operation of

MG creates a new type of bus, called droop bus, in addition to PQ and PV buses in the

system. It is worth to note here that grid-connected MG behaves like a simple distribution

system having a slack bus operating as a infinite bus. Other problems related to power flow

analysis of islanded MGs can be outlined as dealing with the reactive power scheduling

of DGs, and singularity of the Jacobian matrix which causes failure in convergence of

PF [185].

In order to resolve these issues, this thesis proposes a new PF formulation for islanded

microgrids. This formulation is expressed in form of constrained optimization problem

which models different mode of operations of DGs (such as PV, PQ, and droops opera-

tions). In order to solve this constrained optimization problem, two novel optimization

algorithms are proposed.

The main contributions of this chapter are summarized as follows.

• It introduces a novel formulation as a constrained optimization problem for PF

analysis of islanded MGs.

• It proposes PF constraint based on the droop characteristics of distributed slack

buses to deal with the droop buses in power flow analysis. In addition, system

frequency is also considered as an extra variable of the PF problem.

• It provides an adequate method to share reactive and active power among DGs
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based on the droop characteristics in the PF analysis.

• It provides the PF solutions for the islanded MGs using the proposed optimization

algorithms.

This chapter is organized as follows. In the second section, the microgrid system and

load are modeled. This is followed by formulating the constrained optimization problem

for power flow analysis of islanded MGs. In the fourth section, the main steps of the

optimization algorithm are proposed. Finally, the validation of the proposed algorithm

on the power flow problem of islanded MGs is discussed.

5.2 Modelling of Droop Controlled Microgrid

5.2.1 Modeling of Frequency and Voltage Dependent Loads

Generally, loads are assumed to be independent of the value of voltage and therefore, the

active and reactive power demands of loads are treated as constant parameters. However,

such premises are not true in practice, especially in MGs where power demand of some

loads are depended on the values of frequency and voltages. Mathematically, voltage-

dependent loads can be defined as

Pl = Pl,0

(
V

V0

)α
, (5.1)

and

Ql = Ql,0

(
V

V0

)β
(5.2)

where Ql,0 and Pl,0 represent the reactive and active power, respectively, at nominal

voltage; Ql and Pl represent reactive and active power respectively, at operating voltage; V

and V0 represent the magnitude of voltage and nominal voltage, respectively, at load buses;

β and α represent the exponent parameters for reactive and active powers, respectively,

for the model [188].

In similar way, frequency dependent load can be defined as

Pl = Pl,0

(
V

V0

)α
(1 + kpf4f) (5.3)

and

Ql = Ql,0

(
V

V0

)β
(1 + kqf4f) (5.4)
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where 4f is the deviation in system frequency with respect to the nominal frequency;

kqf and kpf represent frequency dependent parameter, where their values are defined in

range (−2, 0) and (0, 3), respectively [189].

5.2.2 Modeling of Lines in Islanded MGs

Line impedance of islanded MGs can be defined as, z = r+jx(w) where, r and x represent

the resistance and reactance of the line, respectively. Here, the value of reactance, x,

depends on the operating frequency. Therefore, small deviation in frequency can change

the reactance of the lines.

5.2.3 Modeling of DGs in Islanded MGs

In grid-connected MGs, DGs can operate to provide pre-specified active and reactive

generation to satisfy the power demands of system loads. In such operation, the difference

in total load demand and power generated by DGs are supplied or absorbed by the

main grid to keep the system frequency and voltages of the buses constant. Similar to

conventional power systems, in grid-connected MGs, DGs can be modeled as a PV and

PQ bus [190, 191]. However, this cannot be valid in the case of islanded MGs, as shown

below:

1. There is no slack bus in islanded MGs.

2. System frequency is not consant.

3. Reference voltage does not exist in islanded MGs to calculate the voltage of all

system buses.

4. In an islanded mode, the deviation between power generation and demands may be

fixed by changing the system frequency and magnitude of the voltage using droop

controllers.

Therefore, the power flow problem of islanded MGs will be solved without considering

the slack bus in the system. In order to formulate the PF problem of islanded MGs, in

place of a slack bus, multiple droop buses are modeled based on the droop characteristics

to share the power demand among the DGs. According to the droop characteristics of
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the controllers, an increment in reactive power and active power demand follows from a

decrement in magnitude of the voltage and operating frequency, respectively. So, in the

case of droop bus, reactive and active power generation of a DG can be calculated using

the following equations.

Pi =
1

npi
(w∗i − w) (5.5)

Qi =
1

mqi
(V ∗i − Vi) (5.6)

where V ∗i and w∗i represent the nominal values of voltage magnitude and frequency, respec-

tively; mqi and npi represent the reactive and active power static droop gains, respectively.

Based on the IEEE Standard 1547.7 [184], equations (5.5) and (5.6) are valid for

islanded MGs where the output impedance of converter is assumed inductive. Figures

(5.2) and (5.4) show the sharing of active and reactive power among the DGs.

5.3 Power Flow Formulation

In general, four variables are involved in a conventional power flow viz. active power,

reactive power, voltage magnitude, and voltage angle. In the case of PQ bus, the value of

voltage angle and voltage magnitude are unknown. In case of PV bus, voltage magnitude

and reactive power are unknown. But, in the case of droop bus, all these variables are un-

known. Conventional techniques cannot be applied to the power flow problem of islanded

MGs as a frequency is not considered constant. In islanded MGs, the operating frequency

is also an unknown variable for the power flow problem. Therefore, new equations should

be derived for the PV, PQ, and droop buses are presented in the following section.

5.3.1 Modeling of Droop Bus

The value of active and reactive power injection of bus i can be defined as

Pi = Pi,dg − Pi,l (5.7)

Qi = Qi,dg −Qi,l (5.8)

where, Pi,dg and Qi,dg are calculated using equations (5.5) and (5.6). Here, Pi and Qi can

be calculated using following equations.

Pi = Vri

N∑
j=1

(VrjGij − VmjBij) + Vmi

N∑
j=1

(VrjBij + VmjGij) (5.9)
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Figure 5.1: Sharing of active power among DGs using droop based controller
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Figure 5.2: Sharing of reactive power among DGs using droop based controller
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Qi = Vmi

N∑
j=1

(VrjGij − VmjBij)− Vri
N∑
j=1

(VrjBij + VmjGij) (5.10)

Power flow equations for droop bus can be derived using equations (5.5), (5.6), (5.7),

(5.8), (5.9), and (5.10), which are given below.

1

npi
(w∗i − w)− Pi,l = Vri

N∑
j=1

(VrjGij − VmjBij) + Vmi

N∑
j=1

(VrjBij + VmjGij) (5.11)

1

mqi
(V ∗i − Vi)−Qi,l = Vmi

N∑
j=1

(VrjGij − VmjBij)− Vri
N∑
j=1

(VrjBij + VmjGij) (5.12)

5.3.2 Modeling of PQ Bus

The active and reactive power injection are known in PQ buses, so PQ buses can be

defined by following equations

Pk = Vrk

N∑
j=1

(VrjGkj − VmjBkj) + Vmk

N∑
j=1

(VrjBkj + VmjGkj) (5.13)

Qk = Vmk

N∑
j=1

(VrjGkj − VmjBkj)− Vrk
N∑
j=1

(VrjBkj + VmjGkj) (5.14)

5.3.3 Modeling of PV bus

The active power and voltage magnitude are known in PV buses, so PV buses can be

defined as given below

Pk = Vrk

N∑
j=1

(VrjGkj − VmjBkj) + Vmk

N∑
j=1

(VrjBkj + VmjGkj) (5.15)

V 2
k = V 2

rk + V 2
mk (5.16)

To solve this proposed power flow formulation, a constrained optimization problem shall

be discussed later in the chapter to optimize objective function corresponding to power

flow.

5.3.4 Objective Function

The objective function can be formulated as the sum of square error of mismatch equations

of droop bus (equations (5.11) and (5.12)) i.e.

Minimize, f =
∑
kεSdr

(4P 2
k +4Q2

k) (5.17)
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where

4Pi =
1

npi
(w∗i − w)− Pi,l − Vri

N∑
j=1

(VrjGij − VmjBij)− Vmi
N∑
j=1

(VrjBij + VmjGij) (5.18)

and

4Qi =
1

mqi
(V ∗i −Vi)−Qi,l−Vmi

N∑
j=1

(VrjGij −VmjBij) +Vri

N∑
j=1

(VrjBij +VmjGij) (5.19)

The objective function, defined in equation 5.17, has (2×N +1) variables. This objective

function is to be optimized subject to following constraints.

1. Equality constraints related to k-th PQ bus:

Pk − Vrk
N∑
j=1

(VrjGkj − VmjBkj)− Vmk
N∑
j=1

(VrjBkj + VmjGkj) = 0 (5.20)

and

Qk − Vmk
N∑
j=1

(VrjGkj − VmjBkj) + Vrk

N∑
j=1

(VrjBkj + VmjGkj) = 0 (5.21)

2. Equality constraints related to k-th PV bus:

Pk − Vrk
N∑
j=1

(VrjGkj − VmjBkj)− Vmk
N∑
j=1

(VrjBkj + VmjGkj) = 0 (5.22)

and

V 2
k − V 2

rk − V 2
mk = 0 (5.23)

3. Bound constraints:

Vk,min ≤ Vk ≤ Vk,max (5.24)

and

wmin ≤ w ≤ wmax (5.25)

In the later sections, two novel constrained optimization algorithms are discussed which

have been used to solve the above-mentioned objective for corresponding to power flow

problem.
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5.4 Differential Evolution with Gauss-Newton based

Mutation

The DE [132] algorithm is a popular global optimization technique used in different prob-

lems of the power system. The DE relatively more robust and efficient technique as

compared with other evolutionary algorithms. Several latest variants of DE have been

judged as top-ranked algorithms in recent IEEE congress on evolutionary computation

competitions [122, 192]. However, DE may not be directly applied to the constrained

optimization problem. A constraint handling technique is required to evaluate the fitness

of the solutions on the basis of feasibility and objective function value. In this chapter,

epsilon-based constraint handling technique [146] has been employed with the operators

of DE to solve the constrained optimization problems. In addition, it is also challenging

for EAs to determine a feasible solution for a constrained problem with many equality

constraints. For handling the equality constraints, most of the EAs convert equality con-

straints into relaxed inequality constraints. As a result, the feasibility of the obtained

solutions is inadequate. In order to address this issue, this thesis introduces an algorithm

to solve the problem with many equality constraints by introducing a Gauss-Newton (GN)

based mutation operator that finds a feasible solution from an infeasible solution using the

GN [193] algorithm. The proposed algorithm is named as εDE-GN and main operators

of εDE-GN are summarized in the following sub-sections.

5.4.1 Differential Evolution

DE is a search-based global optimization algorithm proposed by Storn and Price [132].

DE can be applied to different type of optimization problems viz. Non-convex, non-

differentiable, non-linear and multi-modal problems. In literature, it is shown that DE

is robust and efficient on these types of problems. In DE, initial solutions are generated

randomly within the lower and upper bound of search space and these solutions form

an initial population. Each solution consists of n elements as decision parameters of

the problem. At each iteration, all solutions of the population are selected as parents.

Offspring generation for each parent is done as follows. The mutation process begins

with the random selection of 3 solutions (different from the parent) from the population.

The first solution out of 3 is considered as base vector. Other two solutions are utilized
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to generate a difference vector. The difference vectors are weighted using parameter sF

and added to the base vector. The resulting solution is then passed through a process of

crossover with parent solution. The probability of crossover is guided using a parameter

CR (Crossover Rate). The crossover scheme returns a trial solution. Finally, for selection

of solution for the next iteration, the trail solution is accepted if the trail vector is better

than the parent. In algorithm εDE-GN, an exponential crossover is implemented. Another

variant of crossover, Binomial Crossover, has been studied well in literature. However,

exponential crossover performs better in constrained optimization problem as compared

to binomial crossover. Hence, the exponential crossover is adopted in this work.

5.4.2 Gauss-Newton Mutation

The GN mutation is an operator used to calculate a feasible solution for an infeasible

solution using gradient information of constraints, ∇C(x). The constraint vector, C(x),

the constraint violation vector, 4C(x), and increment expected in point x, 4x, to satisfy

constraints are related in the following manner [193]:

4x = −∇C(x)T4C(x)

∇C(x)T∇C(x)
(5.26)

where,

4C(x) = [4g1(x)...4gn(x),4hn+1(x)...4hm(x)]T ,4gi(x) = max{0, gj(x)} (5.27)

The relation 5.26 is utilized whenever an infeasible solution, xinfea, is encountered. This

mutation operation, xfea = xinfea +4x, is executed where xinfea is an infeasible solution.

5.4.3 ε-Constrained Handling Technique

In ε-constraint handling technique establishes an ε-level comparison to compare the solu-

tions [146]. The ε-level comparison is defined using lexicographic order in which constraint

violation, φ(x)(=
∑m

i=14Ci(x)), precedes objective function value, f(x) as described in

following paragraph [146].

Let {φ1, φ2} and {f1, f2} be the constraint violation value and the function values

at points {x1, x2} respectively. Then, the ε level comparisons are defined as follows:

(f2, φ2) <ε (f1, φ1)⇔

f2 < f1, if (φ1, φ2 ≤ ε) or (φ1 == φ2)

φ2 < φ1, otherwise

(5.28)
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(f2, φ2) ≤ε (f1, φ1)⇔

f2 ≤ f1, if (φ1, φ2 ≤ ε) or (φ1 == φ2)

φ2 ≤ φ1, otherwise

(5.29)

Generally, ε level may not be controlled for most of the constrained optimization problems.

However, constrained problems with equality constraints should be solved using controlled

ε level. A simple way to control the ε-level is proposed in [146], which is defined using

following equations.

ε(t) =

φ(xθ)(1− t
Tc

)cp, 0 < t < Tc

0, Tc ≤ t

(5.30)

where xθ represents the top θ−th individuals and cp represent parameter to control the

speed of reduction of the ε-level.

5.4.4 The Algorithm: εDE-GN

The algorithm εDE-GN is based on DE/rand/1/exp [146]. The main steps of algorithm

εDE-GN are as follows.

• Step 1: Initialization- In this step, initial population, P 0, of Np solutions is initial-

ized within the bound of search-space using following equation.

x0
i = (xU − xL)rand + xL, i = 1, 2, ...N (5.31)

where xU and xL are the upper and lower bounds of search space respectively and

rand represents the random number from uniform distribution within the range

(0, 1). An initial value of ε−level, ε(0), is calculated using equation (7.18).

• Step 2: Mutation- For each solution xki , three different solution xkr1, xkr2, and xkr3

are selected from population, P k, at k-th iteration. A new mutant solution, vki , is

calculated using xkr1, xkr2, and xkr3 as follows.

vki = xkr1 + sF (xkr2 − xkr3), where (r1 6= r2 6= r3 6= i) (5.32)

where sF is a parameter called scaling factor.

• Step 3: Crossover- The mutant solution vki , is used as a donor solution in crossover

operation for solution xki to generate a trial solution, uki . A crossover point, l, is ran-

domly selected from 1 to D, where D is the dimension of the problem. The element
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corresponding l − th dimension of the trail solution uki is taken from the element

corresponding to l− th dimension of donor solution vki . Subsequent elements of trial

solution uki are taken from donor solution vki with exponentially decreasing proba-

bility (calculated using crossover rate CR). Rest of the elements of trial solution uki

are taken from the elements of solution xki .

• Step 4: Gauss-Newton Mutation- If the generated trial solution uki is infeasible (does

not satisfy the all constraint), uki is updated using GN. This process is repeated until

the number of trials of GN reaches to Ngn or solution uki becomes feasible solution.

If after Ngn number of trials, infeasible trail solution does not become feasible the

trial infeasible solutions is discarded in favor of previous feasible solution.

• Step 5: Selection- If the trial solution uki is better than solution xki on the basis

of ε− level comparison, the trial solution uki replaces the solution xki for the next

iteration.

• Step 6: ε− level control- The value of ε− level is updated using equation (7.18).

• Step 7: Termination Condition- If the total number of iteration becomes greater

than maximum allowed iteration (Tmax), the algorithm is terminated. Otherwise go

to Step 2.

The performance of εDE-GN has been validated on benchmark problems and reported in

Appendix-III.

5.5 Matrix Adaptation Evolution Strategy

The performance of Evolutionary Algorithms (EAs) can be heavily undermined in case

of COPs where several constraints limit the feasible regions. For example, CMA-ES,

one of the most efficient algorithms for unconstrained optimization, cannot readily be

extended to solve COPs. Although some attempts of adopting CMA-ES for COPs have

been made [156, 157], it is not yet competitive on these types of problems as compared

to other popular algorithms like DE, GA, and PSO. There are two main reasons behind

the relatively bleaker performance of CMA-ES on COPs: (i) conventional recombination

approach of the algorithm cannot be suitable for the search space of COPs due to the
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ranking of solutions based on the objective function value and (ii) the self-adaptation of

the parameters of the algorithm is not suitable for COPs due to lower volume of the feasible

region in search space especially in case of COPs involving several equality constraints.

To overcome these limitations of CMA-ES, we introduce here (i) a constraint han-

dling technique, called υ-level penalty function to modify the fitness value of solutions

while ranking the solutions in the algorithm and (ii) a solution repair scheme, called

Broyden-based mutation, to handle the feasibility issue of solutions during the optimiza-

tion process.

Firstly we introduce the υ-level penalty function and Broyden based mutation, then

the main steps and framework of the proposed algorithm are discussed.

To solve the COPs, a new constraint handling technique called υ-level penalty func-

tion, is proposed in this section.

5.5.1 υ-level Modification in Constraints

Although, ε-level comparison of ε-constrained method shows good performance as a con-

straint handling technique with several EAs on COPs [1,146,194], its capability of relaxing

infeasible solutions is more prominent in case the solutions violate a lower number of con-

straints as compared to the situation when several constraints are violated (as illustrated

in Figure 5.3). The relaxed feasible region can be represented using Eqn. 5.33.

φ(x) ≤ ε =⇒ φ(x)− ε ≤ 0, (5.33)

where φ(x) represents the value of constraint violation at solution x and it can be calcu-

lated as follows.

φ(x) =

q∑
j=1

(max{0, gj(x)}) +
m∑

j=q+1

(max{0, |hj(x)|}) (5.34)

It is seen from Eqn. (5.33), a fixed value of ε is used to modify the feasible region for each

constraint violation without considering the number of violated constraints. This ε value is

shared among the violated constraints. Therefore, the infeasible region with a low number

of violated constraints is getting more sharing of ε as compared to the infeasible region with

a higher number of violated constraints. This may strongly degrade the performance on

COPs with a higher number of constraints with the optimum solution at active constraints.
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To demonstrate this issue, a pictorial representation of a simple COP having five linear

constraints are shown in figure 5.3. It can be seen from figure 5.3 that the ε-level feasible

region has a very low volume of relaxed feasible region nearer to the optimum value as

compared to the volume of the relaxed feasible region of other areas. Since the main

function of this relaxed feasible region is to facilitate the population to search solutions

at the boundary of the feasible region then the very low volume of relaxed feasible region

nearer to the optimum solution cannot be the best situation. In [195] and [196], relaxed

equality and inequality constraint functions are used to create separate surrogate models

for all constraints. Further, these surrogate models are utilized to generate new solutions

for expansive COPs. The performance of these surrogate assisted algorithms is highly

improved after using relaxed equality and inequality constraint functions in place of actual

constraint functions [195].

To sum up, the separate relaxation of constraints can provide a sufficient volume of

the relaxed feasible region, which is beneficial to explore the optimum solutions nearer

to the boundaries of feasible regions. Nevertheless, this approach has been discovered

in surrogate modeling but has not been utilized in constrained handling techniques by

existing constrained optimizations EAs. To overcome the limitation of ε-level modification

without losing its core properties and to utilize the features of separate relaxation of

constraints, a υ-level modification is proposed in this study.

In υ-level modification, the boundaries of all the feasible regions are modified. It is

done by subtracting υ from all the constraints of the problem as shown below:

g
(υ)
i (x) ≤ 0 =⇒ gi(x)− υ ≤ 0, (5.35)

where υ represents the υ-level and its value must be a non-negative number. Usually,

there is no need to have υ-level modification in constraints and many problems can be

solved where the value of υ-level is set to 0 during the optimization process. However,

in case of problems with smaller feasible regions, a high number of active inequality

and equality constraints, the υ-level modification in constraint with proper controlling

of υ-level would be required to obtain the better quality solutions. The calculation and

controlling procedure of υ-level is discussed in the later section.

It is worth noting here that the υ-level modification is applicable to inequality con-

straints only. As an equality constraint, hi(x) = 0 can be replaced with two inequality

139



x

y

feasible region

3

4

2
3

1

1
1

2

2

3
2

2
ν- level feasible region at ν=5

ε- level feasible region
at ε=5

3 constraints are
violated Optimum solution

Figure 5.3: Graphical representation of main feature of υ-level modification as compared

to ε-level comparison on a simple 2-D search space. Green solid line and blue dotted line

represent the boundaries of υ-level and ε-level feasible regions respectively, at ε = υ = 5.

Numbers within the circle represent the number of violated constraints in their respective

area of search space.
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constraints hi(x) ≤ εv and −hi(x) ≤ εv, where εv is set to 10−4. Thus, equality constraints

can also be modified by υ-level modification as shown below.

|h(υ)
i (x)|≤ εv =⇒ |hi(x)|−υ ≤ εv. (5.36)

Moreover, we propose a simple procedure to control the υ-level at each iteration.

The υ-level is only controlled for the first T iterations. After that, the υ-level is set to 0.

The υ-level for each iteration is calculated as follows.

υ0 =

∑θλ
i=1 φi:θλ
θλ

,

υk =

υ0

(
1− k

T

)γ
, 0 < k ≤ T,

0 , k > T,

(5.37)

where φi:θNp represents the constraint violation of top ith individual, θ = 0.9, γ

represents a parameter to control decay of the υ-level, and λ represents the population

size. In this approach, it is presumed that the υ-level is equal to 10−5 (very small) at

k = 0.95T . Now from Eqn. (5.37), this assumption can be reflected in the following way.

υ0.95T = υ0

(
1− 0.95T

T

)γ
= 10−5. (5.38)

Thus, parameter γ can be tuned according to Eqn. (5.38) and this can be done as shown

below:

γ = max

{
3,

(−5− log(υ0))

log(0.05)

}
, (5.39)

where the minimum value of γ is set to 3 to avoid too small a value for γ.

It is worth noting here that the value of T is problem dependent. The value of T

can be fixed by using the sensitivity analysis over the wide variety of problems. From

sensitivity analysis, it was found that the value of T can be set between 20% to 50% of

the maximum allowed number of iterations.

Constraint violation and υ-level penalty function

In the υ-level penalty function, a υ-level constraint violation φ(υ)(x) is calculated by the

sum of all the modified constraints:

(5.40)φ(υ)(x) =

q∑
j=1

(max{0, g(υ)
j (x)}) +

m∑
j=q+1

(max{0, |h(υ)
j (x)|−εv}).

141



A υ-level penalty function is defined as follows.

F (x) = f(x) + α · φ(v)(x), (5.41)

where f(x) and F (x) denote the objective function value and fitness value at x respec-

tively, and α is the penalty factor.

Calculation of the penalty factor α

Solving COPs with population-based EAs requires a balance between the minimization

of the objective function and the constraint violation(s) during the optimization process.

In [197], the correlation between constraint violation and objective function is calculated

to guide the population for finding the feasible region. Although this approach performs

well on COPs, a learning stage is required to calculate the correlation between the objec-

tive function and constrained violation. However, the correlation gained from the learning

stage provides global correlation information and this correlation is not uniform over the

search space. During the optimization process, it is more beneficial to use a local corre-

lation between the objective function and constraints. In addition, no learning stage is

required to calculate the local correlation between objective function and constraint which

reduces the computational overhead. Here, we propose a simple approach to calculate the

local correlation between the objective function and constraint violation to update the

penalty factor.

Two kinds of relationship exist between constraints and the objective function.

1. The objective function f(x) decreases as the degree of constraint violation φ(v)(x)

decreases.

2. The objective function f(x) does not decreases as the degree of constraint violation

φ(v)(x) decreases.

For case (1), the objective function and constraint violation correlate with each other. In

this situation, searching for a solution using constraint violation can easily stagnate the

population in the feasible region. Therefore, the objective function value can help the

solution to jump from the infeasible region to a feasible region. In such cases, the value

of α should be equal to zero.
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In the second type of relationship, objective function and constraint violation are

not correlated to each other. Under this situation, too much weight to objective function

or constraint violation may prevent the solution from stagnating the population. In such

cases, the value of α should be tuned to provide proper weight to the objective function

and constraint violation in fitness value.

To sum up, the value of α needs to tune according to the correlation between con-

straints and the objective function to guide the solutions to find the feasible region.

However, this correlation information has not been utilized in the existing penalty func-

tions. Hence a new self-adaptive technique is proposed in this chapter to auto-tune the

value of α by using the correlation information.

At each iteration, the fitness value of the best solution should be lower than the

fitness value of the other solution of the population of current or past iterations (in

case of minimization problem). Mathematically, this relation can be represented in the

following way:

f(y) + α · φ(v)(y) > f(x∗) + α · φ(v)(x∗), (5.42)

where y represents a solution of population of the current or past generation and x∗

represents the best solution found so far. Further, Eqn. (5.42) can be reduced to

α >
f(x∗)− f(y)

φ(υ)(y)− φ(υ)(x∗)
. (5.43)

The right hand side of Eqn. (5.43) indicate the relative variation of objective function

value with respect to opposite variation of the constraint violation between the best

solution and other solutions. When we mine this variation for all solutions of population,

it provides the local correlation information between objective function and constraint in

terms of relative variation from best solution.

In order to provide better mining of the correlation, an archive of solutions Ar of

fixed size is formed which contains the solutions generated in past generations. When the

size of this archive exceeds the fixed size, randomly selected solutions are discarded from

the archive to maintain the size. From Eqn. (5.43),

αk >
f(x∗)− f(yki )

φ(v)(yki )− φ(v)(x∗)
, (5.44)

where yki represents the i−th individual of archive Ar and NAr represents the size of Ar.

This information can be utilized to tune the value of penalty factor (α) in each iteration.
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In υ-level penalty function, we use the following equation to tune the value of α.

αk = max

{
f(x∗)− f(yki )

φ(v)(yki )− φ(v)(x∗)
, 0

}
, (5.45)

where i = 1, 2, ....NAr .

5.5.2 Broyden-based Mutation

In this subsection, Broyden-based Mutation is discussed.

Motivation

COPs with non-linear equality constraints can be hard to solve using COEAs. Most

of constrained optimization EAs transform equality constraints into relaxed inequality

constraints to solve these COPs. Feasible region of the search-space becomes very low due

to the involvement of a large number of equality constraints. As a result, the performance

of MA-ES (or CMA-ES) has been mediocre on these COPs as compared to other class of

EAs. To address this issue, a gradient-based repair method is utilized in [1]. In literature,

this repair method has also been utilized with other class of EAs such as in [198] with

GA, and in [146] with DE. However, this repair method requires a large number of FEs

(multiple of the number of decision variables) to repair a single infeasible solution. The

main reason for the requirement of high function evaluations is the evaluation of gradient

information (Jacobian matrix) of constraint space in each iteration of the repair process.

In order to resolve this issue, a Broyden-based Mutation (BBM) technique is proposed in

this chapter that requires only one FE in each iteration except for the first iteration to

repair the infeasible solution. For the first iteration of the repairing process, the steps are

similar to reported in [1].

Broyden’s method

To solve a system of non-linear equations, F (x) = [f1(x), f2(x)....fn(x)]T = 0, where n

is the total number of non-linear equations and x = [x1, x2, . . . .xn]T , Newton’s method

is the computationaly inefficient due to the requirement of partial derivative of F (x) at

x (Jacobian matrix) during each iteration. This method cannot facilitate the reusing

of information gained from previous iterations and in some situations determination of
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the partial derivatives can be very costly. Finite-difference based calculation of partial

derivatives of F (x) at x requires n function evaluations (FEs) per iteration.

To overcome this issue of Newton’s method, approximate partial derivatives can be

used alternatively, since it provides slightly slower convergence due to approximation but

it improves the efficiency overall. A simple and robust way to approximate the partial

derivatives is proposed by C. G. Broyden in his seminal work on finding the solution of

system of non-linear simultaneous equations [199]. In [199], the following equations are

proposed to solve the simultaneous equations.

x(k+1) = x(k) −B−1(k)F (x(k)), (5.46)

where

B−1(k) = B−1(k−1) +
(s(k) −B−1(k−1)y(k))(s(k))TB−1(k)

(s(k))TB−1(k−1)y(k)
, (5.47)

s(k) = x(k) − x(k−1), and (5.48)

y(k) = F (x(k))− F (x(k−1)). (5.49)

It can be seen from the above equations that an approximation of the inverse of the matrix

of partial derivatives requires only one FE.

Proposed Scheme

Our proposed BBM to repair the infeasible solution is inspired by Broyden’s method. The

main steps of BBM are as follows:

1. First of all, all the constraints (Inequality, equality and bound constraints) of the

COP are transformed into a system of simultaneous equations using slack variables,

i.e.

gj(x) + s2
j = 0, j = 1, ...., q, (5.50)

hj(x) = 0, j = q + 1, .....,m, (5.51)

xi − li − lb2
i = 0, i = 1, ...., n, (5.52)

xi − ui + ub2
i = 0, i = 1, ...., n, (5.53)

where, sj, lbi, and ubi are the slack variables used to transform inequality, lower-

bound, and upper-bound constraints into non-linear equations.
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2. In second step, above mentioned system of simultaneous equations is solved using

BBM (shown in Algorithm 4).

Algorithm 4: BBM(x)

Result: x, FE

1 Set MaxFE ← (3D + 1), and TolF ← 10−15;

2 Define sj ← 0, j = 1, ..., q, lbi ←
√
xi − li, , i = 1, ...., D, and

ubi ←
√
ui − xi, , i = 1, ...., D;

3 Initialize x̂(0) ← [xT , s1, ..sq, lb1, ..lbD, ub1, ..ubD]T ;

4 J ← Calculate Jacobian using Finite-difference approximation;

5 FE ← D;

6 B−1(0) ← PsuedoInverse(J);

7 F (0) ← F (x̂(0));

8 FEs← FEs+ 1;

9 k ← 0;

10 while (FEs < MaxFE)||(‖F (k)‖> TolF ) do

11 k ← k + 1;

12 x̂(k+1) ← x̂(k) −B−1(k)F (k);

13 F (k+1) ← F (x̂(k+1));

14 FE ← FE + 1;

15 s(k+1) ← x̂(k+1) − x̂(k);

16 y(k+1) ← F (k+1)−F (k)
;

17 B−1(k+1) ← B−1(k) + (s(k+1)−B−1(k)y(k+1))(s(k+1))TB−1(k)

(s(k+1))TB−1(k)y(k+1) ;

18 end

19 x← x̂
(k)
1:D;

5.5.3 Proposed Algorithm: υMA-ESbm

The proposed algorithm, named υMA-ESbm, is described. MA-ES [200] is used as the core

optimizer. In order to deal with the constraints of the problem, υ-level penalty function

based constraint handling technique with Broyden-based mutation is consolidated in the

framework of MA-ES described in [200]. The pseudo code of υMA-ESbm is shown in

Algorithm 5.
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Algorithm 5: υMA-ESbm
Result: bestx, bestf , and bestc

1 Set λ, µ, σ0, σmax, T , kr, and θr;

2 Initialize the parameters of MA-ES at their default values as shown in Table 5.1;

3 Initialize M0 ← I, Pc ← 0, and X0 ← {x0
1, x

0
2....x

0
λ};

4 Evaluate f0, g0, and h0 at each individual of X0;

5 FEs← λ;

6 φ
(0)
i ←

∑
j max(g0

i,j , 0) +
∑
j max(|h0

i,j |−ev , 0), i ∈ {1, 2..λ};

7 Calculate υ0, γ, φ(υ0), and α0 using Eqns. (5.37), (5.39), (5.40), and (5.45) respectively ;

8 F 0 ← f0 + α0 · φ(υ0);

9 x0
m ←

∑µ
i=1 wixi:λ according to F 0;

10 bestx← x0
1:λ, and bestf ← f0

1:λ;

11 bestc←
∑
j max(g0

1:λ, 0) +
∑
j max(|h0

1:λ|−ev , 0) ;

12 k ← 0;

13 while FEs ≤ FEmax do

14 k ← k + 1;

15 M−1 ← PseudoInverse(Mk);

16 for i← 1 : λ do

17 zki ← N(0, I), dki ←Mkzki and x̄← xki + σkdki ;

18 xk+1
i ← KeepRange(x̄);

19 Evaluate fi, gi, and hi at xk+1
i ;

20 FEs← FEs+ 1;

21 Calculate φ
(υ)
i using Eqn. (5.40);

22 if (mod(k,D) == 0)||(U(0, 1) < θr) then

23 [xk+1
i , FE] ← BBM(xk+1

i );

24 FEs← FEs+ FE

25 end

26 if x̄ 6= xk+1
i then

27 dki ←
xk+1
i −x̄
σk , zki ←M−1dki ;

28 Calculate φ
(υ)
i using Eqn. (5.40);

29 end

30 end

31 Calculate α using Eqn. (5.45);

32 Fk ← fk + αk · φ(υk);

33 xk+1
m ← xkm + σk

∑µ
i=1 wid

k
1:λ according to F ;

34 Update Pk+1
c , Mk+1, σk+1, and υk+1 using Eqns. (5.56), (6.48), (5.58), and (5.37);

35 Update bestx, bestf , and bestc using Deb’s rule [201];

36 end

The main steps of υMA-ESbm are described as follows.

• Step 1 (Line 1-3): Firstly, parameters of algorithm are set to their default values

and an initial population X0 of λ solutions are randomly generated within the

bounds of the search space using following equation.

x0
i,j = lj + (uj − lj) · U(0, 1), for i = 1, 2.....λ, (5.54)
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Table 5.1: Default value of parameters of MA-ES [1]

1. wi = ln(µ+0.5)−ln(i)∑µ
j=1(ln(µ+0.5)−ln(j))

, for i ∈ {1, .., µ},

2. µeff = 1∑µ
i=1 w

2
i
, 3. c =

µeff+2

D+µeff+5
,

4. cp = 2
(D+1.3)2+µeff

, 5. cz = min

[
1− cp, 2(µeff−2+1/µeff )

(D+1)2+µeff

]
.

where, xi,j represents j−th element of x0
i and U(0, 1) a uniformly distributed random

number in (0, 1).

• Step 2 (Line 4-12): The initial population is used to determine the υ0 and γ. Then,

the initial recombinant, x0
m, is obtained using weighted recombination of the top µ

individuals of population X0.

• Step 3 (Line 17-21): By using σk and Mk, new solutions are generated for each λ

solutions in the mutation operation. If a new solution is sampled outside the bounds

of the search space, then that solution is reflected back to search space using Eqn.

(5.55) (Line 18, KeepRange function).

xi,j =


2× lj − xi,j −

⌊
lj−xi,j
vi

⌋
vi, ifx˙i,j ¡ l˙j

xi,j −
⌊
xi,j−vj
vi

⌋
i
, ifx˙i,j¿u˙j

xi,j else

(5.55)

where vi = (lj − uj).

• Step 4 (Line 22-25): If the iteration count, k, becomes multiple of dimension D,

BBM operator is used with probability θr to generate the feasible solutions to replace

the infeasible ones.

• Step 5 (Line 26-29): The corresponding vectors dki and zki of the readjusted xki are

recalculated to the correct value. Inverse of Mk is required for this process.

• Step 6 (Line 31-34): Calculates the penalty factor α by using Eqn. (5.45). Vector

P k+1
c is updated using Eqn. (5.56) and matrix Mk+1 is updated using P k+1

c , Mk, zk

as shown in Eqn (6.48), and other parameters. Finally, the mutation step-size σk+1

is updated using the value of P k+1
c as shown in Eqn. (5.58).

P k+1
c = (1− c)P k

c +
√
c(2− c)µeff

µ∑
i=1

wiz
k
i:λ, (5.56)
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Mk+1 = Mk +
cp
2
Mk(P k+1

c (P k+1
c )T − I)...

+
cz
2
Mk

(
µ∑
i=1

wiz
k
i:λ(z

k
i:λ)

T − I

)
, (5.57)

σk+1 = min

(
σkexp

[
c

2

(
||P k+1

c ||2

D
− 1

)]
, σmax

)
, (5.58)

where c, cp, and cz are learning rate parameters of MA-ES which are set to their

default values.

• Step 7 (Line 35): Best solution with its objective function and constraint violation

value are updated using Deb’s rule [201] of selection of solution.

• Step 8 (Line 15): If the inverse of M is ill-conditioned then M is reinitialized to

Identity matrix.

• Step 9 (Line 13): Go to Step 3, if the FEs is less than the maximum allowed

number of function evaluation.

• Step 10 (Line 36): Return the best solution with its objective function and con-

straint violation value.

The performance of υMAESlm has been validated on benchmark problems and reported

in Appendix-III.

5.6 Performance of Proposed Algorithm

Two novel algorithms, εDE-GN, and υMAESbm, have been implemented to optimize the

objective function corresponding to power flow problem. εDE-GN algorithm uses DE as

a search algorithm with a Gauss-Newton mutation operator. υMAESbm uses MAES as

a search algorithm with Broyden mutation operator.

To analyze the accuracy of the obtained results from the proposed algorithms, a

comparison of voltages obtained from the proposed algorithms and PSCAD/EMTDC

is performed on the 6-bus system. The results obtained from PSCAD, εDE-GN, and

υMAESbm are depicted in Table-5.2. It is clearly seen from Table-5.2 that the maxi-

mum errors in voltage magnitude and angle are 0.0081% and 0.26% respectively. This

good agreement within the obtained results validates the accuracy of the εDE-GN, and
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Table 5.2: Validation of obtained result of the six-bus test system

Bus
Voltage magnitude (V) Angle (rad)

PSCAD εDE-GN υMAESbm PSCAD εDE-GN υMAESbm

1 121.92 121.92 121.92 0.0078 0.0078 0.0078

2 123.51 123.51 123.51 -0.0013 -0.0013 -0.0013

3 122.42 122.42 122.42 -0.0388 -0.0389 -0.0389

4 125.37 125.37 125.37 0.0065 0.0065 0.0065

5 125.74 125.74 125.74 0∗ 0∗ 0∗

6 123.11 123.10 123.10 -0.0420 -0.0421 -0.0426

err 0.0081% 0.0081% 0.26% 0.26%

freq 376.6645 376.6645 376.6645

Time 172s 0.4s 0.9s

Table 5.3: Comparison of results on 33-bus system

Methods Mean Stdev CT

GA 1.48× 10−04 1.02× 10−04 4.3s

PSO 2.04× 10−06 1.83× 10−06 2.2s

Newton-trust 1.73× 10−06 1.07× 10−06 1.7s

εDE-GN 1.58× 10−09 1.43× 10−09 0.8s

υMAESbm 1.25× 10−10 1.08× 10−10 1.1s

υMAESbm in solving the power flow of droop control based islanded MG. Moreover,

PSCAD requires approximately 172s to attain the steady-state, while the εDE-GN, and

υMAESbm require 0.4s and 0.9s respectively.

Further, a comparison among different optimization algorithms, GA, PSO, Newton-

trust region, εDE-GN, and υMAESbm has also been done for a 33-bus test system. The

values of the means and standard deviations of the objective function with computation

time are depicted for each of the algorithms in Table 5.3. This Table shows that the pro-

posed algorithms outperform the other contenders in terms of accuracy and computation

time.
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5.7 Case Studies

In this section, four case studies were carried out to validate the load flow flow algorithms

on different test systems. The framework of these cases studies are as follows:

• Case study I: In this case, CASE6 test system was adopted to validate the proposed

load flow algorithms. Fig. 5.4 shows topology of CASE6 test system as an islanded

microgrid. The load data and line connectivity data used in test systems are reported

in Appendix-II. This system consist of three similar droop controlled DGs on buses

4, 5 and 6 and the system is operated in islanded mode. The detailed specifications

of droop controls are depicted in Table. 5.4. The effectuation of the proposed load

flow algorithms as well as a comparative analysis using PSCAD software [40], the

PSO method [23] are depicted in Table 5.4. Following are the observations:

1. The steady state frequency obtained by proposed algorithms are 0.99924 p.u.

2. The comparative analysis of the maximum magnitude and maximum phase

errors of above specified methods against the proposed methods are 0.0008

and 0.007, respectively .

Based on the above comparative analysis, it can be concluded that the proposed

algorithms perform with acceptable accuracy on droop controlled microgrids in is-

landed mode of operation.

Table 5.4: Droop control settings of DGs in CASE6 test system [56]

DG Location mp nq ω∗ V ∗ Smax Qmax

1 4 1.1439× 10−3 0.0591 1 1.01 1 0.7

2 5 1.1439× 10−3 0.0591 1 1.01 1 0.7

3 6 1.1439× 10−3 0.0591 1 1.01 1 0.7

• Case study II: The IEEE CASE69 distribution system shown in Fig.5.5 has been

considered for this case study as an islanded microgrid. This system is having total

active and reactive loads of 3.772 MW and 2.694 MVAr respectively. Bus numbers

50, 27, 35, 46 and 65 are considered for DGs installation. The detailed droop control

setting of DGs for the CASE69 distribution system reported in Table 5.6 are adopted
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Figure 5.4: Topology of CASE6 test system operated as an islanded microgrid.
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Table 5.5: Outcomes of proposed load flow algorithm for a CASE6 test system compared

with other methods.

Bus
Time domain Model εDE-GN υMAESbm PSO Newton-trust

|V | 6 V |V | 6 V |V | 6 V |V | 6 V |V | 6 V

1 0.9605 0 0.9606 0 0.9606 0 0.9607 0 0.9601 0

2 0.9730 -0.537 0.9729 -0.5291 0.9730 -0.5269 0.9728 -0.5292 0.9725 -0.5262

3 0.9643 -2.685 0.9647 -2.6837 0.9646 -2.6828 0.9645 2.6765 0.9638 -2.6822

4 0.9877 -0.0725 0.9875 -0.0726 0.9877 -0.0716 0.9884 -0.0727 0.9873 -0.0722

5 0.9906 -0.452 0.9903 -0.4516 0.9905 -0.4522 0.9883 -0.0454 0.9901 -0.45101

6 0.9698 -2.869 0.9689 -2.8668 0.9698 -2.8659 0.9701 -2.8608 0.9694 -2.8653

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

28 29 30 31 32 33 34 35

DG3
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Figure 5.5: Topology of CASE69 test system operated as an islanded microgrid.

for analyses purpose. Tables 5.7 and 5.8 present the detailed voltage profile obtained

using εDE-GN and υMAESbm, respectively. Following are the observations.

1. The steady state frequency obtained by εDE-GN and υMAESbm are 0.9977

p.u and 0.9977 p.u., respectively.

2. The total active power and reactive power load demand on the distribution sys-

tem are 3.7722 MW and 2.6941 MVAr respectively whereas active and reactive

power losses are 0.0868 MW and 0.0424 MVAR.

• Case study III: A CASE33 distribution system with bus voltage of 12.66 kV is used

in this case study for demonstration of proposed load flow algorithm. The single
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Table 5.6: Droop control settings of DGs in CASE69 test system [2]

DG Location mp nq ω∗ V ∗ Smax Qmax

1 60 1.501× 10−3 0.03333 1 1.04 2.0 1.4

2 27 4.504× 10−3 0.01 1 1.04 1.0 0.65

3 35 2.308× 10−3 0.05 1 1.04 1.2 0.6

4 46 2.308× 10−3 0.05 1 1.04 1 0.6

5 65 1.501× 10−3 0.03333 1 1.04 1.5 0.9

Table 5.7: Voltage profile obtained from εDE-GN for CASE69 distribution system oper-

ated as an islanded microgrid.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 – – – – – – 24 0.9711 -0.1277 -0.0280 -0.0200 0.0208 2.2516 47 0.9712 -0.0001 0.0000 0.0000 0.0061 -0.7545

2 0.9710 0.0000 0.0000 0.0000 0.0033 -0.5378 25 0.9870 -0.1356 0.0000 0.0000 0.0032 0.5156 48 0.9730 0.0039 -0.0790 -0.0564 0.0592 2.5486

3 0.9710 0.0000 0.0000 0.0000 0.0063 -0.8331 26 0.9936 -0.1388 -0.0140 -0.0100 0.0105 2.2647 49 0.9815 0.0190 -0.3847 -0.2745 0.2893 2.5477

4 0.9712 -0.0003 0.0000 0.0000 0.0057 -0.8002 27 0.9974 -0.1407 0.4940 0.6374 0.3698 -0.9093 50 0.9872 0.0254 -0.3847 -0.2745 0.6281 -0.3321

5 0.9711 -0.0037 0.0000 0.0000 0.0150 -0.9815 28 0.9706 0.0005 -0.0260 -0.0186 0.0275 2.5083 51 0.9401 -0.0825 -0.0405 -0.0283 0.0292 2.4537

6 0.9571 -0.0377 -0.0026 -0.0022 0.0225 -1.2498 29 0.9648 0.0073 -0.0260 -0.0186 0.0234 2.3300 52 0.9400 -0.0825 -0.0036 -0.0027 0.0029 2.4250

7 0.9433 -0.0737 -0.0404 -0.0300 0.0183 2.8487 30 0.9688 0.0293 0.0000 0.0000 0.0050 -0.6933 53 0.9373 -0.1039 -0.0043 -0.0035 0.0068 -0.8428

8 0.9403 -0.0826 -0.0750 -0.0540 0.0612 2.4732 31 0.9695 0.0332 0.0000 0.0000 0.0047 -0.7149 54 0.9356 -0.1232 -0.0264 -0.0190 0.0095 2.4035

9 0.9390 -0.0874 -0.0300 -0.0220 0.0128 2.4806 32 0.9732 0.0526 0.0000 0.0000 0.0130 -0.6912 55 0.9340 -0.1504 -0.0240 -0.0172 2.1961 -1.3162

10 0.9279 -0.0876 -0.0280 -0.0190 0.0189 2.5090 33 0.9828 0.0986 -0.0140 -0.0100 0.0178 -0.7815 56 0.8995 -0.1475 0.0000 0.0000 0.0503 1.0580

11 0.9256 -0.0877 -0.1450 -0.1040 0.1145 2.4455 34 1.0074 0.1901 -0.0195 -0.0140 0.0215 -0.8037 57 0.7209 -0.0983 0.0000 0.0000 0.0691 1.0531

12 0.9231 -0.0901 -0.1450 -0.1040 0.1109 2.4370 35 1.0335 0.2664 1.0099 -0.9140 0.8479 1.1568 58 0.6334 -0.0694 0.0000 0.0000 0.0415 1.1028

13 0.9295 -0.0969 -0.0080 -0.0055 0.0041 2.1597 36 0.9710 0.0003 -0.0260 -0.0186 0.0275 2.5237 59 0.5996 -0.0571 -0.1000 -0.0720 0.1140 2.2052

14 0.9362 -0.1038 -0.0080 -0.0055 0.0043 2.1304 37 0.9715 0.0051 -0.0260 -0.0186 0.0212 2.5374 60 0.5598 -0.0405 0.4486 1.3111 0.0548 -1.5506

15 0.9434 -0.1109 0.0000 0.0000 0.0018 -0.2209 38 0.9736 0.0094 0.0000 0.0000 0.0038 -0.8084 61 0.5012 -0.0292 -1.2440 -0.8880 1.3428 2.5328

16 0.9447 -0.1122 -0.0455 -0.0300 0.0338 2.4396 39 0.9741 0.0106 -0.0240 -0.0170 0.0187 2.6245 62 0.4991 -0.0287 -0.0320 -0.0230 0.0022 1.2631

17 0.9480 -0.1150 -0.0600 -0.0350 0.0429 2.4945 40 0.9742 0.0107 -0.0240 -0.0170 0.0185 2.6275 63 0.4959 -0.0281 0.0000 0.0000 0.0073 2.4883

18 0.9481 -0.1150 -0.0600 -0.0350 0.0431 2.4941 41 0.9911 0.0405 -0.0012 -0.0010 0.0051 -1.8529 64 0.4807 -0.0251 -0.2270 -0.1620 0.2435 2.5459

19 0.9528 -0.1178 0.0000 0.0000 0.0011 0.2747 42 0.9985 0.0531 0.0000 0.0000 0.0018 -1.5648 65 0.4761 -0.0242 1.4649 0.0565 0.0633 2.5506

20 0.9558 -0.1196 -0.0010 -0.0006 0.0010 0.2978 43 0.9995 0.0547 -0.0060 -0.0043 0.0058 2.6485 66 0.9252 -0.0875 -0.0180 -0.0130 0.0130 2.4392

21 0.9607 -0.1224 -0.1140 -0.0810 0.1141 2.3989 44 0.9997 0.0551 0.0000 0.0000 0.0019 -0.9064 67 0.9252 -0.0875 -0.0180 -0.0130 0.0138 2.4378

22 0.9610 -0.1226 -0.0053 -0.0035 0.0239 -0.7357 45 1.0023 0.0598 -0.0392 -0.0263 0.0442 2.8316 68 0.9210 -0.0894 -0.0280 -0.0200 0.0216 2.4428

23 0.9642 -0.1242 0.0000 0.0000 0.0013 0.7907 46 1.0023 0.0598 0.9767 0.1198 0.5296 0.1773 69 0.9210 -0.0894 -0.0280 -0.0200 0.0218 2.4425

w 0.9977

line diagram of distribution system shown in Fig. 5.6 with four DGs on bus number

26, 22, 25 and 9 and this test system is operated in islanded mode. The static droop

coefficient of DGs along with relevant specification are depicted in Table. 5.9. The

coefficients kpf and kqf (equations 5.3 and 5.4) for all DGs were assumed as 1 and

-1 respectively. In this case, analysis have been performed assuming DG1 operates

in PV mode, whereas other DGs are operating in droop controlled mode. Often

constant power load modeling is taken into load flow formulation, whereas in this

work loads are modeled to mimic real scenario in form of commercial, residential and

industrial load models which were obtained by using equations 5.3 and 5.4. The
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Table 5.8: Voltage profile obtained from υMAESbm for CASE69 distribution system

operated as an islanded microgrid.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 – – – – – – 24 0.9711 -0.1277 -0.0280 -0.0200 0.0208 2.2516 47 0.9712 -0.0001 0.0000 0.0000 0.0061 -0.7545

2 0.9710 0.0000 0.0000 0.0000 0.0033 -0.5378 25 0.9870 -0.1356 0.0000 0.0000 0.0032 0.5156 48 0.9730 0.0039 -0.0790 -0.0564 0.0592 2.5486

3 0.9710 0.0000 0.0000 0.0000 0.0063 -0.8331 26 0.9936 -0.1388 -0.0140 -0.0100 0.0105 2.2647 49 0.9815 0.0190 -0.3847 -0.2745 0.2893 2.5477

4 0.9712 -0.0003 0.0000 0.0000 0.0057 -0.8002 27 0.9974 -0.1407 0.4940 0.6374 0.3698 -0.9093 50 0.9872 0.0254 -0.3847 -0.2745 0.6281 -0.3321

5 0.9711 -0.0037 0.0000 0.0000 0.0150 -0.9815 28 0.9706 0.0005 -0.0260 -0.0186 0.0275 2.5083 51 0.9401 -0.0825 -0.0405 -0.0283 0.0292 2.4537

6 0.9571 -0.0377 -0.0026 -0.0022 0.0225 -1.2498 29 0.9648 0.0073 -0.0260 -0.0186 0.0234 2.3300 52 0.9400 -0.0825 -0.0036 -0.0027 0.0029 2.4250

7 0.9433 -0.0737 -0.0404 -0.0300 0.0183 2.8487 30 0.9688 0.0293 0.0000 0.0000 0.0050 -0.6933 53 0.9373 -0.1039 -0.0043 -0.0035 0.0068 -0.8428

8 0.9403 -0.0826 -0.0750 -0.0540 0.0612 2.4732 31 0.9695 0.0332 0.0000 0.0000 0.0047 -0.7149 54 0.9356 -0.1232 -0.0264 -0.0190 0.0095 2.4035

9 0.9390 -0.0874 -0.0300 -0.0220 0.0128 2.4806 32 0.9732 0.0526 0.0000 0.0000 0.0130 -0.6912 55 0.9340 -0.1504 -0.0240 -0.0172 2.1961 -1.3162

10 0.9279 -0.0876 -0.0280 -0.0190 0.0189 2.5090 33 0.9828 0.0986 -0.0140 -0.0100 0.0178 -0.7815 56 0.8995 -0.1475 0.0000 0.0000 0.0503 1.0580

11 0.9256 -0.0877 -0.1450 -0.1040 0.1145 2.4455 34 1.0074 0.1901 -0.0195 -0.0140 0.0215 -0.8037 57 0.7209 -0.0983 0.0000 0.0000 0.0691 1.0531

12 0.9231 -0.0901 -0.1450 -0.1040 0.1109 2.4370 35 1.0335 0.2664 1.0099 -0.9140 0.8479 1.1568 58 0.6334 -0.0694 0.0000 0.0000 0.0415 1.1028

13 0.9295 -0.0969 -0.0080 -0.0055 0.0041 2.1597 36 0.9710 0.0003 -0.0260 -0.0186 0.0275 2.5237 59 0.5996 -0.0571 -0.1000 -0.0720 0.1140 2.2052

14 0.9362 -0.1038 -0.0080 -0.0055 0.0043 2.1304 37 0.9715 0.0051 -0.0260 -0.0186 0.0212 2.5374 60 0.5598 -0.0405 0.4486 1.3111 0.0548 -1.5506

15 0.9434 -0.1109 0.0000 0.0000 0.0018 -0.2209 38 0.9736 0.0094 0.0000 0.0000 0.0038 -0.8084 61 0.5012 -0.0292 -1.2440 -0.8880 1.3428 2.5328

16 0.9447 -0.1122 -0.0455 -0.0300 0.0338 2.4396 39 0.9741 0.0106 -0.0240 -0.0170 0.0187 2.6245 62 0.4991 -0.0287 -0.0320 -0.0230 0.0022 1.2631

17 0.9480 -0.1150 -0.0600 -0.0350 0.0429 2.4945 40 0.9742 0.0107 -0.0240 -0.0170 0.0185 2.6275 63 0.4959 -0.0281 0.0000 0.0000 0.0073 2.4883

18 0.9481 -0.1150 -0.0600 -0.0350 0.0431 2.4941 41 0.9911 0.0405 -0.0012 -0.0010 0.0051 -1.8529 64 0.4807 -0.0251 -0.2270 -0.1620 0.2435 2.5459

19 0.9528 -0.1178 0.0000 0.0000 0.0011 0.2747 42 0.9985 0.0531 0.0000 0.0000 0.0018 -1.5648 65 0.4761 -0.0242 1.4649 0.0565 0.0633 2.5506

20 0.9558 -0.1196 -0.0010 -0.0006 0.0010 0.2978 43 0.9995 0.0547 -0.0060 -0.0043 0.0058 2.6485 66 0.9252 -0.0875 -0.0180 -0.0130 0.0130 2.4392

21 0.9607 -0.1224 -0.1140 -0.0810 0.1141 2.3989 44 0.9997 0.0551 0.0000 0.0000 0.0019 -0.9064 67 0.9252 -0.0875 -0.0180 -0.0130 0.0138 2.4378

22 0.9610 -0.1226 -0.0053 -0.0035 0.0239 -0.7357 45 1.0023 0.0598 -0.0392 -0.0263 0.0442 2.8316 68 0.9210 -0.0894 -0.0280 -0.0200 0.0216 2.4428

23 0.9642 -0.1242 0.0000 0.0000 0.0013 0.7907 46 1.0023 0.0598 0.9767 0.1198 0.5296 0.1773 69 0.9210 -0.0894 -0.0280 -0.0200 0.0218 2.4425

w 0.9977

load exponents for commercial, residential and industrial load are given in Table

5.10. Following are the observations:

1. The steady state frequency obtained by εDE-GN and υMAESbm for this case

are 0.9984 p.u and 0.9984 p.u, respectively.

2. The detailed voltage and load profile of the CASE33 distribution system are

presented in Table. 5.11.

3. Reactive power generation reaches maximum when the voltage of bus 22 equals

1.0075 p.u. whereas reactive power generation is fixed at its maximum value,

when the voltage of bus 22 equals to 1.01 p.u. keeping the value of reactive

power of droop controlled DGs within in their permissible range.

• Case study IV: The CASE25, a three phase unbalanced distribution operating

in isolated mode, with the rated voltage of 12.66 KV has been adopted for this

study. Fig. 5.7 shows typical topology of 25-bus distribution system as an islanded

microgrid. The load data, line connectivity and impedances for different type of

conductor used in distribution system are given in ref. [202]. Three DGs are installed
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Figure 5.6: Topology of CASE33 system operating in islanded mode
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Table 5.9: Droop control settings of DGs in CASE33 system [2]

DG Location mp nq ω∗ V ∗ Smax Qmax

1 26 0.705× 10−3 0.01667 1 1 3.5 1.8

2 22 2.252× 10−3 0.05 1 1 1.5 0.6

3 25 4.504× 10−3 0.01 1 1 1.5 1.3

4 9 3.003× 10−3 0.0667 1 1 1.5 1

Table 5.10: Load exponents of different loads

Load α β

constant 0 0

industrial 0.18 6

residential 0.92 4.04

commercial 1.51 3.4

Table 5.11: Voltage profile obtained by εDE-GN for CASE33 distribution system operated

as an islanded microgrid.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 – – – – – - 12 0.9830 0.0003 -0.1200 -0.0700 0.1413 2.6138 23 0.9906 -0.0015 -0.1800 -0.1000 0.2079 2.6330

2 0.9922 0.0000 -0.2000 -0.1200 0.2351 2.6012 13 0.9773 -0.0011 -0.1200 -0.0700 0.1422 2.6124 24 0.9908 -0.0043 -0.8400 -0.4000 0.9390 2.6929

3 0.9909 -0.0001 -0.1800 -0.0800 0.1988 2.7233 14 0.9752 -0.0023 -0.2400 -0.1600 0.2958 2.5513 25 0.9944 -0.0064 0.4205 1.0644 1.1509 -1.2010

4 0.9905 0.0009 -0.2400 -0.1600 0.2912 2.5545 15 0.9738 -0.0029 -0.1200 -0.0200 0.1249 2.9736 26 0.9912 0.0051 3.0831 1.3764 3.4062 -0.4148

5 0.9906 0.0018 -0.1200 -0.0600 0.1354 2.6798 16 0.9725 -0.0033 -0.1200 -0.0400 0.1301 2.8166 27 0.9888 0.0060 -0.1200 -0.0500 0.1315 2.7528

6 0.9906 0.0043 -0.1200 -0.0400 0.1277 2.8241 17 0.9706 -0.0044 -0.1200 -0.0400 0.1303 2.8154 28 0.9779 0.0073 -0.1200 -0.0400 0.1294 2.8271

7 0.9901 0.0029 -0.4000 -0.2000 0.4517 2.6808 18 0.9701 -0.0046 -0.1800 -0.0800 0.2031 2.7188 29 0.9701 0.0085 -0.2400 -0.1400 0.2864 2.6220

8 0.9896 0.0022 -0.4000 -0.2000 0.4519 2.6801 19 0.9928 0.0002 -0.1800 -0.0800 0.1984 2.7236 30 0.9667 0.0102 -0.4000 -1.2000 1.3085 1.9027

9 0.9907 0.0010 1.3207 0.9988 1.6713 -0.6465 20 1.0000 0.0024 -0.1800 -0.0800 0.1970 2.7258 31 0.9627 0.0089 -0.3000 -0.1400 0.3439 2.7138

10 0.9853 0.0000 -0.1200 -0.0400 0.1284 2.8199 21 1.0024 0.0036 -0.1800 -0.0800 0.1965 2.7269 32 0.9618 0.0085 -0.4200 -0.2000 0.4837 2.7057

11 0.9845 0.0001 -0.0900 -0.0600 0.1099 2.5537 22 1.01 0.0063 1.4410 0.6 1.5769 -0.4285 33 0.9616 0.0084 -0.1200 -0.0800 0.1500 2.5620

w 0.9984

at bus number 13, 19 and 25. The static droop coefficient of DGs along with

relevant specification are depicted in Table. 5.13. Tables 5.14 and 5.15 show the

power flow solution for CASE25 three phase unbalanced distribution by εDE-GN

and υMAESbm, respectively. As shown in these tables, the voltage magnitudes and

angles obtained by εDE-GN and υMAESbm are identical.

In Tables 5.14 and 5.15, it is to be noted that for bus 1 and bus 2, voltages and angles

for all the phases are identical. This reason behind this as follows. When CASE25

system works in the grid connected mode, bus 1 acts as a root node connected to the
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Table 5.12: Voltage profile obtained by υMAESbm for CASE33 distribution system op-

erated as an islanded microgrid.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 – – – – – - 12 0.9830 0.0003 -0.1200 -0.0700 0.1413 2.6138 23 0.9906 -0.0015 -0.1800 -0.1000 0.2079 2.6330

2 0.9922 0.0000 -0.2000 -0.1200 0.2351 2.6012 13 0.9773 -0.0011 -0.1200 -0.0700 0.1422 2.6124 24 0.9908 -0.0043 -0.8400 -0.4000 0.9390 2.6929

3 0.9909 -0.0001 -0.1800 -0.0800 0.1988 2.7233 14 0.9752 -0.0023 -0.2400 -0.1600 0.2958 2.5513 25 0.9944 -0.0064 0.4205 1.0644 1.1509 -1.2010

4 0.9905 0.0009 -0.2400 -0.1600 0.2912 2.5545 15 0.9738 -0.0029 -0.1200 -0.0200 0.1249 2.9736 26 0.9912 0.0051 3.0831 1.3764 3.4062 -0.4148

5 0.9906 0.0018 -0.1200 -0.0600 0.1354 2.6798 16 0.9725 -0.0033 -0.1200 -0.0400 0.1301 2.8166 27 0.9888 0.0060 -0.1200 -0.0500 0.1315 2.7528

6 0.9906 0.0043 -0.1200 -0.0400 0.1277 2.8241 17 0.9706 -0.0044 -0.1200 -0.0400 0.1303 2.8154 28 0.9779 0.0073 -0.1200 -0.0400 0.1294 2.8271

7 0.9901 0.0029 -0.4000 -0.2000 0.4517 2.6808 18 0.9701 -0.0046 -0.1800 -0.0800 0.2031 2.7188 29 0.9701 0.0085 -0.2400 -0.1400 0.2864 2.6220

8 0.9896 0.0022 -0.4000 -0.2000 0.4519 2.6801 19 0.9928 0.0002 -0.1800 -0.0800 0.1984 2.7236 30 0.9667 0.0102 -0.4000 -1.2000 1.3085 1.9027

9 0.9907 0.0010 1.3207 0.9988 1.6713 -0.6465 20 1.0000 0.0024 -0.1800 -0.0800 0.1970 2.7258 31 0.9627 0.0089 -0.3000 -0.1400 0.3439 2.7138

10 0.9853 0.0000 -0.1200 -0.0400 0.1284 2.8199 21 1.0024 0.0036 -0.1800 -0.0800 0.1965 2.7269 32 0.9618 0.0085 -0.4200 -0.2000 0.4837 2.7057

11 0.9845 0.0001 -0.0900 -0.0600 0.1099 2.5537 22 1.01 0.0063 1.4410 0.6 1.5769 -0.4285 33 0.9616 0.0084 -0.1200 -0.0800 0.1500 2.5620

w 0.9984

grid. However, when this system is working as an islanded microgrid, bus 1 becomes

leaf node (Fig. 5.7) where as per the data specified, there are no load on bus 1 and

bus 2. Hence no current flows between these buses in all the phases and due to this

voltage magnitudes and angles for all phases at these buses shall be identical..

From the above discussion, it can be concluded that the performance of εDE-GN

and υMAESbm is satisfactory on unbalanced islanded microgrids.

Table 5.13: Droop control settings of DGs in CASE25 test system.

DG Location Sp Sq ω∗ V ∗ Smax Qmax

1 13 0.005 0.05 1 1.01 0.6 0.36

2 19 0.01 0.1 1 1.01 0.3 0.18

3 25 0.005 0.05 1 1.01 0.6 0.18

5.8 Summary

In this chapter, novel algorithms for the power flow problem of an islanded microgrid

are introduced. In proposed algorithms, the operating frequency is represented as an

additional power flow variable. Various modes of DGs, droop, PV and PQ, are modeled

as per the characteristics of islanded microgrids.

The proposed power flow problem is formulated as a constrained optimization prob-

lem which is solved by using two proposed algorithms, εDE-GN, and υMAESbm. The

proposed algorithms are applied to balanced test systems: CASE6, CASE33, CASE69,
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Figure 5.7: Topology of CASE25 test system operated as an islanded microgrid.
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Table 5.14: Power flow result obtained by εDE-GN for CASE25 unbalanced distribution

system operated as an islanded microgrid.

Bus
Phase a Phase b Phase c

|V | 6 V P Q |V | 6 V P Q |V | 6 V P Q

1 0.9894 0.0000 0.0000 0.0000 0.9893 -119.9860 0.0000 0.0000 0.9896 119.9868 0.0000 0.0000

2 0.9894 0.0000 0.0000 0.0000 0.9893 -119.9860 0.0000 0.0000 0.9896 119.9868 0.0000 0.0000

3 0.9901 0.0111 -0.0035 -0.0025 0.9899 -119.9791 -0.0040 -0.0030 0.9902 120.0002 -0.0045 -0.0032

4 0.9908 0.0320 -0.0050 -0.0040 0.9906 -119.9633 -0.0060 -0.0045 0.9908 120.0237 -0.0050 -0.0035

5 0.9904 0.0323 -0.0040 -0.0030 0.9902 -119.9621 -0.0040 -0.0030 0.9905 120.0233 -0.0040 -0.0030

6 0.9881 0.0039 -0.0040 -0.0030 0.9881 -119.9785 -0.0045 -0.0032 0.9885 119.9886 -0.0035 -0.0025

7 0.9876 0.0068 0.0000 0.0000 0.9876 -119.9723 0.0000 0.0000 0.9879 119.9913 0.0000 0.0000

8 0.9875 0.0046 -0.0040 -0.0030 0.9874 -119.9760 -0.0040 -0.0030 0.9879 119.9877 -0.0040 -0.0030

9 0.9892 0.0086 -0.0060 -0.0045 0.9893 -119.9762 -0.0050 -0.0040 0.9895 119.9981 -0.0050 -0.0035

10 0.9914 0.0101 -0.0035 -0.0025 0.9914 -119.9821 -0.0040 -0.0030 0.9914 120.0058 -0.0045 -0.0032

11 0.9929 0.0109 -0.0045 -0.0032 0.9929 -119.9867 -0.0035 -0.0025 0.9928 120.0112 -0.0040 -0.0030

12 0.9926 0.0113 -0.0050 -0.0035 0.9925 -119.9858 -0.0060 -0.0045 0.9925 120.0126 -0.0050 -0.0040

13 0.9953 0.0085 0.0393 0.0278 0.9953 -119.9915 0.0392 0.0286 0.9953 120.0085 0.0399 0.0284

14 0.9857 0.0076 -0.0050 -0.0035 0.9857 -119.9633 -0.0050 -0.0040 0.9860 119.9877 -0.0060 -0.0045

15 0.9850 0.0083 -0.0133 -0.0100 0.9850 -119.9608 -0.0133 -0.0100 0.9854 119.9869 -0.0133 -0.0100

16 0.9872 0.0072 -0.0040 -0.0030 0.9872 -119.9710 -0.0040 -0.0030 0.9876 119.9909 -0.0040 -0.0030

17 0.9853 0.0085 -0.0040 -0.0030 0.9854 -119.9627 -0.0035 -0.0025 0.9856 119.9882 -0.0045 -0.0032

18 0.9902 -0.0047 -0.0040 -0.0030 0.9900 -119.9959 -0.0040 -0.0030 0.9902 119.9881 -0.0040 -0.0030

19 0.9937 -0.0486 0.0159 0.0164 0.9937 -120.0486 0.0166 0.0178 0.9937 119.9514 0.0167 0.0168

20 0.9914 -0.0210 -0.0035 -0.0025 0.9913 -120.0168 -0.0040 -0.0030 0.9913 119.9774 -0.0045 -0.0032

21 0.9891 -0.0028 -0.0040 -0.0030 0.9888 -119.9932 -0.0035 -0.0025 0.9890 119.9915 -0.0045 -0.0032

22 0.9884 -0.0020 -0.0050 -0.0035 0.9880 -119.9912 -0.0060 -0.0045 0.9884 119.9943 -0.0050 -0.0040

23 0.9925 0.0394 -0.0060 -0.0045 0.9924 -119.9590 -0.0050 -0.0040 0.9925 120.0346 -0.0050 -0.0035

24 0.9947 0.0466 -0.0035 -0.0025 0.9945 -119.9563 -0.0045 -0.0032 0.9945 120.0462 -0.0040 -0.0030

25 0.9992 0.0527 0.0373 0.0241 0.9992 -119.9473 0.0387 0.0245 0.9992 120.0527 0.0384 0.0248

w 0.9993

and unbalanced test systems: CASE25 test systems to analyze the performance of the

algorithms. Moreover, the performance of the proposed algorithms is compared with the

performance of PSO, GA, NTR, and time-domain software. The obtained results reveal

that the performance of the proposed algorithm is superior to others.
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Table 5.15: Power flow result obtained by υMAESbm for CASE25 unbalanced distribution

system operated as an islanded microgrid.

Bus
Phase a Phase b Phase c

|V | 6 V P Q |V | 6 V P Q |V | 6 V P Q

1 0.9894 0.0000 0.0000 0.0000 0.9893 -119.9860 0.0000 0.0000 0.9896 119.9868 0.0000 0.0000

2 0.9894 0.0000 0.0000 0.0000 0.9893 -119.9860 0.0000 0.0000 0.9896 119.9868 0.0000 0.0000

3 0.9901 0.0111 -0.0035 -0.0025 0.9899 -119.9791 -0.0040 -0.0030 0.9902 120.0002 -0.0045 -0.0032

4 0.9908 0.0320 -0.0050 -0.0040 0.9906 -119.9633 -0.0060 -0.0045 0.9908 120.0237 -0.0050 -0.0035

5 0.9904 0.0323 -0.0040 -0.0030 0.9902 -119.9621 -0.0040 -0.0030 0.9905 120.0233 -0.0040 -0.0030

6 0.9881 0.0039 -0.0040 -0.0030 0.9881 -119.9785 -0.0045 -0.0032 0.9885 119.9886 -0.0035 -0.0025

7 0.9876 0.0068 0.0000 0.0000 0.9876 -119.9723 0.0000 0.0000 0.9879 119.9913 0.0000 0.0000

8 0.9875 0.0046 -0.0040 -0.0030 0.9874 -119.9760 -0.0040 -0.0030 0.9879 119.9877 -0.0040 -0.0030

9 0.9892 0.0086 -0.0060 -0.0045 0.9893 -119.9762 -0.0050 -0.0040 0.9895 119.9981 -0.0050 -0.0035

10 0.9914 0.0101 -0.0035 -0.0025 0.9914 -119.9821 -0.0040 -0.0030 0.9914 120.0058 -0.0045 -0.0032

11 0.9929 0.0109 -0.0045 -0.0032 0.9929 -119.9867 -0.0035 -0.0025 0.9928 120.0112 -0.0040 -0.0030

12 0.9926 0.0113 -0.0050 -0.0035 0.9925 -119.9858 -0.0060 -0.0045 0.9925 120.0126 -0.0050 -0.0040

13 0.9953 0.0085 0.0393 0.0278 0.9953 -119.9915 0.0392 0.0286 0.9953 120.0085 0.0399 0.0284

14 0.9857 0.0076 -0.0050 -0.0035 0.9857 -119.9633 -0.0050 -0.0040 0.9860 119.9877 -0.0060 -0.0045

15 0.9850 0.0083 -0.0133 -0.0100 0.9850 -119.9608 -0.0133 -0.0100 0.9854 119.9869 -0.0133 -0.0100

16 0.9872 0.0072 -0.0040 -0.0030 0.9872 -119.9710 -0.0040 -0.0030 0.9876 119.9909 -0.0040 -0.0030

17 0.9853 0.0085 -0.0040 -0.0030 0.9854 -119.9627 -0.0035 -0.0025 0.9856 119.9882 -0.0045 -0.0032

18 0.9902 -0.0047 -0.0040 -0.0030 0.9900 -119.9959 -0.0040 -0.0030 0.9902 119.9881 -0.0040 -0.0030

19 0.9937 -0.0486 0.0159 0.0164 0.9937 -120.0486 0.0166 0.0178 0.9937 119.9514 0.0167 0.0168

20 0.9914 -0.0210 -0.0035 -0.0025 0.9913 -120.0168 -0.0040 -0.0030 0.9913 119.9774 -0.0045 -0.0032

21 0.9891 -0.0028 -0.0040 -0.0030 0.9888 -119.9932 -0.0035 -0.0025 0.9890 119.9915 -0.0045 -0.0032

22 0.9884 -0.0020 -0.0050 -0.0035 0.9880 -119.9912 -0.0060 -0.0045 0.9884 119.9943 -0.0050 -0.0040

23 0.9925 0.0394 -0.0060 -0.0045 0.9924 -119.9590 -0.0050 -0.0040 0.9925 120.0346 -0.0050 -0.0035

24 0.9947 0.0466 -0.0035 -0.0025 0.9945 -119.9563 -0.0045 -0.0032 0.9945 120.0462 -0.0040 -0.0030

25 0.9992 0.0527 0.0373 0.0241 0.9992 -119.9473 0.0387 0.0245 0.9992 120.0527 0.0384 0.0248

w 0.9993
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Chapter 6

EBOwithCMAR in Optimization of

Grid-connected Microgrids

6.1 Introduction

In this part, a technique is proposed to reduce the active and reactive power loss with phase

balancing at the main transformer simultaneously in the system by using Single-Phase

Distributed Generators (SPDGs) with capacitors. An optimization algorithm, Effective

Butterfly Optimizer with Covariance Matrix Adapted Retreat Phase (EBOwithCMAR), is

proposed and applied to optimally size and site the SPDGs in power distribution systems

for reducing the active and reactive system losses with minimal load unbalance at the

primary transformer.

DGs with capacitor banks may be set up locally adjacent to the consumer points.

which can significantly support the extra load demand, cut down operational cost, min-

imize losses, enhance voltage profile and power capability of the system. DGs can be a

micro-turbine operated on natural gas, a light synchronous generator driven on diesel,

fuel cells, and wind turbines, etc. Several renewable sources such as wind turbine and

solar units have further added advantages of low direct emissions. In addition, the evolve-

ment of compact DGs is the principal reason to take advantage of cheaper investment

and low space requirement. Although DGs provide many improvements, there are vari-

ous challenges when these are consolidated with the power distribution system. DG can

set up a bidirectional flow of power through the line of the distribution system. If a DG

has not been accurately sited and sized, it may substantially increase system losses and
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overvoltages at the end of buses.

On the contrary, loads like high rated induction motors, system lines, transformers,

and cables are highly inductive. These kinds of loads use VAR as the primary source of

power and establish a lagging power factor at the buses which further increases losses and

degrades the behaviors of the system. Several DG technologies such as fuel and PV cells

can only deliver active power to the systems, while some alternative DG technologies such

as wind turbines can operate as a reactive and active power source. Capacitors are simple

static devices that can be utilized to provide reactive power support to the system for

compensating the lagging VAR. In several studies, it has been established that the shunt

capacitors can be utilized to reduce system losses, raise feeder strength and enhance the

reliability of the system.

Optimal siting and sizing of DGs are important in enhancing performances of the

distribution systems. Several research efforts focused on optimal siting and sizing of DGs

to reduce active power losses. Several numerical algorithms [203] and nature-inspired

meta-heuristics like GA [204], PSO [205,206], modified PSO (mPSO) [207], modified Ant

Colony Optimization and Artificial Bee Colony [208] have been investigated for different

types of DGs. While the impact of size and site of the DG has broadly been investigated,

a system containing both elements requires more consideration. Naik et al. [209] took an

analytical approach to optimally site and size both DG and capacitor. In [210], PSO is

adopted with improved results. In most recent studies, heuristic techniques such as Hybrid

Harmony Search method and Particle Artificial Bee Colony [211], Intersect Mutation

Differential Evolution [212] and Backtracking Search Algorithm [213] have all been used for

optimal size and site of both DGs and capacitors. All the above-mentioned methods aim

towards minimizeing active losses without properly addressing other system parameters,

such as voltage profile, reactive losses, etc.To reduce search space of the method and

hence the computational burden, Naik et al. [209] and Muthukumar et al. [211] approached

location optimization based on active power loss sensitivity factors of buses. The bus with

largest sensitivity of active power loss is preferred as candidate bus for DG placement.

In this chapter, an optimization method, EBOwithCMAR, is proposed and has been

applied to minimize the active and reactive power losses with minimal unbalance at the

end of the primary transformer in the distribution network. This study utilizes the un-

balanced distribution systems such as CASE11, CASE25, and CASE37 for demonstrating
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the effectiveness of the proposed approach. As an optimization algorithm, EBOwithC-

MAR has several advantages over other popular algorithms and it is the winner of IEEE

CEC 2017’s competition on bound-constrained optimization problems.

6.2 Problem Formulation

The main objective of this study is to determine the appropriate location and size of

SPDGs in the power distribution system that will provide minimal power loss with low

phase unbalance at the main transformer. Though, the placement of SPDGs and sizing

of SPDGs are long term problem which considers reliability, cost and other aspects, these

were not in the scope of the thesis.

The active and reactive power losses in the line connecting buses i and j are computed

as follows.

Ploss(i, j) = Rij
P 2
i +Q2

i

|Vi|2
, (6.1)

Qloss(i, j) = Xij
P 2
i +Q2

i

|Vi|2
, (6.2)

where Ploss and Qloss represent active and reactive power loss. Total power loss of the

system can be determined by summing up all the lines losses of the system as follows.

Ploss =
N∑
i=1

N∑
j=1

Ploss(i, j), (6.3)

and,

Qloss =
N∑
i=1

N∑
j=1

Qloss(i, j) (6.4)

where Ploss and Qloss represent the total active and reactive power loss, respectively. N

is the total number of buses in the network.

Current injection at the root node (bus connected to main transformer) can be

calculated using the following equations.

Is1 =

(
Ss1
V s

1

)∗
(6.5)

where Is1 is current injection at phase s of root node (bus 1), Ss1 is total power transformed

at phase s of main transformer, and s ∈ {a, b, c}.
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Negative-sequence and zero-sequence current injection at main transformer can be

calculated as follows.

I−1 =
Ia1 + α2Ib1 + αIc1

3
, (6.6)

I0
1 =

Ia1 + Ib1 + Ic1
3

(6.7)

where, I−1 and I0
1 are negative-sequence and zero-sequence current injections at main

transformer, respectively and α = 16 120◦.

In this study, SPDGs with capacitor bank are considered to supply single-phase

active and reactive power. When an SPDG is connected to s-th phase of i-th bus for

delivering power, Sdg, the load in that phase changes from Ssi to Ssi − Sdg. To test

proposed formulation, a representative distribution system having SPDGs of fixed size

at fixed bus locations was needed. However, to have a system with fixed SPDG sizes

(capacities) at specified bus locations, we have developed such systems considering the

loss minimization and negative- and zero-sequence current minimization for peak loading

conditions of the system. The resulting system with fixed SPDG sizes (capacities) at pre-

specified locations is considered to be a representative distribution system of the above

problem. For creating a representative distribution system, the optimization algorithm

must check all possible locations of SPDGs with a different capacity at peak loading

condition for minimum losses with minimal phase unbalance at the root node. Therefore,

this optimization problem can be defined as follows.

Minimize f(k, s,Pdg,Qdg) = w1Ploss + w2Qloss + w3

√
(I−1 )2 + (I0

1 )2 (6.8)

where k = {k1, k2..., kn} represents the bus location of SPDGs, s = {s1, s2..., sn} repre-

sents the phase location of SPDGs. Similarly, Sdg = Pdg + jQdg = {Sdg,1, Sdg,1..., Sdg,n}

represents the power capacity of SPDGs. Parameters w1, w2, and w3 (w1 +w2 +w3)are the

weighing factor for different objectives to transform multi-objective optimization problem

into single objective optimization problem. This optimization problem is a non-convex,

non-linear, and mixed integer bound-constrained optimization problem.

Once the locations and SPDG sizes (capacities) are fixed on a peak loading scenario,

then the generation scheduling of SPDG (within the said capacities) and phase switch-

ing at the pre-specified buses are determined on hourly basis. For this case, the new

optimization problem can be defined as

Minimize f(s,Pdg,Qdg) = w1Ploss + w2Qloss + w3

√
(I−1 )2 + (I0

1 )2 (6.9)
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6.3 Proposed Methodology

To solve above-discussed optimization problems, an optimization algorithm, EBOwith-

CMAR, is proposed in this section. Objective function of these problems can not be

directly calculated as bus voltages of the system are not available for different locations of

SPDGs. Therefore, power flow analysis is required for calculating bus voltages to evaluate

the objective function. In this work, CINR (proposed in chapter 2) is employed for power

flow analysis.

6.3.1 EBOwithCMAR

EBOwithCMAR is an optimization algorithm which incorporates Effective Butterfly Op-

timizer (EBO) with a powerful local search technique, Covariance Matrix Adapted Re-

treat Phase (CMAR) to improve local search capability of EBO. Before describing the

framework of EBOwithCMAR, main steps of EBO and CMAR are presented in following

subsections.

EBO

EBO is a dual population-based global optimization algorithm based on the mate-locating

behaviors of male butterflies. Two mate-locating behaviors, Perching and Patrolling, are

used in EBO to update the solutions. In EBO, the following rules are utilized to implement

mate-locating behaviors of male butterflies.

1. Male butterflies are attracted to the object with the highest UV radiation/reflection.

2. Male butterflies memorize the best perching position by using different cues of the

surrounding.

3. Population size is kept constant during the algorithmic process.

4. Position of all male butterflies is updated using one of the mate-locating behaviour

viz. Perching and Patrolling.
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Algorithm begins with randomly initialized solutions that form two populations

(X1 = {x̂11, x̂12, ...x̂1NP1}, X2 = {x̂21, x̂22, ....x̂2NP2}), where NP1 and NP2 are the

sizes of the population of the primary and secondary population, respectively. A new set

of updated solutions, Y = {ŷ1, ŷ2, ...ŷNP1}, is calculated using “towards-best” or “criss-

cross” modification operators.

Modification Operators:

In the case of criss-cross modification operator, ŷi is calculated using the following equa-

tion.

ŷi = x̂1cci + F ∗ (x̂1r1i − (X1 ∪X2)r2i), (6.10)

and in case of towards-best modification operator, ŷi is calculated using the following

equation.

ŷi = x̂1besti + F ∗ (x̂1cci − (X1 ∪X2)r2i), (6.11)

where (x̂1cci , x̂1r1i , and (X1 ∪ X2)r2i) are distinct from each other and r1i and r2i

are randomly chosen index from 1 to NP1 and 1 to (NP1 + NP2), respectively. x̂1besti

represents a best-neighbor of individual i and F is a parameter used to control the evolving

rate of solutions. X1∪X2 represents the combination of both the populations of solutions.

Here, x̂1cci is a criss-cross neighbor of the ith solution and cci is calculated using

Equation 6.12.

{cc1, cc2, ...ccNP1} = randp(1, NP1) (6.12)

where randp(1, NP1) is a random permutation of integers between 1 and NP1. To update

each solution, the selection of modification operator is decided using probabilities, Pperch

and Ppat.

Hanging Binomial Crossover:

Hanging Binomial Crossover is a modified version of Binomial Crossover. Crossover rate

of each elements j, crj, is calculated using equations (6.13) and (6.14).

nj = Rem(D + j − jrand,
D

2
) (6.13)

where D is the total number of decision variable of the problem and Rem(x, y) is a

remainder function operator which produces the remainder to the division of x and y.

Parameter jrand is randomly selected index from 1 to D.

crj = CR ∗ e−
t
D
∗nj (6.14)
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where t represents a parameter within the range of [0, 0.5]. If t = 0, then this crossover

method is reduced to binomial crossover.

Selection:

Selection of solutions in both the populations for the next iteration is done by the following

equations.

x̂1k+1
i =

ŷ1ki , if f(x̂1ki ) > f(ŷ1ki )

x̂1ki , otherwise

, (6.15)

and

x̂2k+1
i =

x̂1ki , if f(x̂1ki ) > f(ŷ1ki )

x̂2ki , otherwise

, (6.16)

where, f(x̂1i) represents the objective function value of solution x̂1i. Note that the

objective function value of solution x̂2k+1
i is not evaluated because the objective function

value of solution x̂2k+1
i is not utilized in optimization steps of EBO. Step-by-step procedure

of EBO is shown in Algorithm-6.

CMAR

CMAR is population based iterative optimization techniques which sample new solutions

from probabilistic models. For generating a new sample of the solution, it is essential

to calculate the mean and the covariance matrix of the distribution of the probabilistic

model. The parameter adaptation procedure of CMAR is adopted from [214]. A brief

description of the main steps used to generate new samples is as follows.

1. Probabilistic Model : Two probabilistic models are used in CMAR to sample the

new solution with a probability of 0.5. The distribution of these two models are

individually controlled by its mean m and covariance matrix C. The distribution of

these models can be described using the following ways.

M1(m,C) ∼ m+ C
1
2 .M1(0, I), (6.17)

M2(m,C) ∼ m+ C
1
2 .M2(0, I), (6.18)

where M1 and M2 represent the distribution of probabilistic models, I is an identity

matrix, and m and C represent the mean and covariance matrix of the distribution,

respectively.
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Algorithm 6: Effective Butterfly Optimizer

1 Initialization;

2 Fitness evaluation;

3 while stopping criteria is not met. do

4 /*Modification Operator*/;

5 {cc1, cc2, ..., ccNP1
} ← randp(1, NP1);

6 for i = 1 to NP1 do

7 r2i ← randomly selected solution from X1 ∪X2;

8 if rand < Pperch then

9 /*Generate ŷi using criss-cross modification operator8/;

10 r1i ← randomly selected solution from X1;

11 ŷi ← x̂1cci + F (x̂1r1i − (X1 ∪X2)r2i );

12 else

13 /*Generate ŷi using towards-best modification operator*/;

14 ŷi ← x̂1besti + F ∗ (x̂1cci − (X1 ∪X2)r2i );

15 end

16 end

17 /*Hanging Binomial Crossover*/;

18 for i = 1 to NP1 do

19 /*crossover between ŷi and x̂1i*/;

20 jrand ← randomly selected index from 1 to D;

21 for j = 1 to D do

22 nj ← Rem(D + j − jrand), D
2

;

23 crj ← CR× e−
t
D
nj ;

24 rand← randomly generated number from uniform distribution;

25 if (rand ≥ crj)||(j = jrand) then

26 yi,j ← x1i,j ;

27 end

28 end

29 end

30 Evaluate fitness value on newly updated positions;

31 /* Selection*/;

32 for i = 1 to NP1 do

33 if f(x̂1
k
i ) > f(ŷ1

k
i ) then

34 x̂1
k+1
i ← ŷ1

k
i ;

35 x̂2
k+1
i ← x̂1

k
i ;

36 end

37 end

38 k ← k + 1;

39 end

Result: Best Solution having lowest objective function

2. Sampling : The i-th new sample of a solution is generated at k-th iteration by using

170



following equation.

x
(k+1)
i ∼

m
(k) + σ(k)C

1
2

(k)M1(0, I), if rand ≤ 0.5

m(k) + σ(k)C
1
2

(k)M2(0, I), otherwise

(6.19)

where, σ is the step-size value and rand is the random number generated from

uniform distribution within the range (0, 1).

3. Mean Calculation: The mean, m, for the next iteration is calculated using a weighted

average of half of the best solutions from the current N samples, {x1, x2, ...., xN},

as shown in Equation 6.20.

m(k+1) =

N
2∑
i=1

wix
(k)
i:N , (6.20)

where xi:N represents the i-th best solution of N samples of solutions. Here,∑N
2
i=1wi = 1 and wi is calculated by following equation.

wi =
ln(N

2
+ 1)− ln(i)∑N

2
j=1 ln(N

2
+ 1)− ln(j)

, (6.21)

where f(∗) represents the objective function value at ∗ solution.

4. Calculation of square root of covariance matrix : In CMAR, square root of the

covariance matrix is adapted in each iteration by using the evolution path, P
(k)
c ,

and random numbers, z
(k)
i (= M1(0, I) or M2(0, I)), used to genrate samples at

k-th iteration.

P (k)
c = (1− cc)P (k−1)

c + hs(k)
√
cc(2− cc)µeff .z(k)

m , (6.22)

C
1
2

(k+1) = (1− ccov − c1(1− (1− hs(k))cc(2− cc)))C
1
2

(k) (6.23)

c1C
1
2

(k)
(
P (k)
c (P (k)

c )T
)

+ ccovC
1
2

(k)

N
2∑
i=1

wiz
(k)
i:N

(
z

(k)
i:N

)T
, (6.24)

where,

z(k)
m =

N
2∑
i=1

wiz
(k)
i:N . (6.25)

The control parameters N , cc, c1, ccov, and µeff are set by using following equations.

N = 4 + b3ln(D)c, (6.26)
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µeff =
(
∑N

2
i=1wi)

2∑N
2
i=1w

2
i

, (6.27)

cc =
4D + µeff

D2 + 4D + 2µeff
, (6.28)

c1 =
1

(D + 1.3)2 + µeff
, (6.29)

ccov = min

(
0.5− c1,

µ2
eff − 2µeff + 1

µ2
eff + µeff (D + 2)2

)
. (6.30)

5. Step-size adaptation: The adaptation of step-size are done by using following equa-

tion.

P (k+1)
s = (1− cs)P (k)

s +
√
cs(2− cs)µeff .z(k)

m , (6.31)

σ(k+1) = σ(k).exp

(
cs
ds

(
||P (k+1)

s ||
Ex

− 1

))
(6.32)

where, cs, ds, and Ex are the control parameters. These parameters can be calculated

by using following equations.

cs =
µeff + 2

µeff +D + 5
, (6.33)

ds = 1 + 2.max

(
0,

√
µeff − 1

D + 1
− 1

)
+ cs, (6.34)

Ex =
√
D

(
1− 1

4D
+

1

21D2

)
(6.35)

The parameter hs used in Equation 6.22 is updated in each iteration by using

following equation.

hs(k+1) =

1, if ||Ps||2D
(1−(1−cs)2(k+1))

< 2 + 4
D+1

,

0, otherwise

(6.36)

In the following sections, the framework of EBOwithCMAR is discussed.

Framework of EBOwithCMAR

In EBOwithCMAR, an initial population of size N is randomly generated from the uni-

form distribution within the bound of solution-space. This population is split into three

different populations, X1, X2, and X3 of sizes, N1, N2, and N3, respectively, where the
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first two populations are used in EBO and the last population is used in CMAR. Algo-

rithms EBO and CMAR are utilized to update the solutions with probabilities probEBO

and probCMAR, respectively, at a particular iteration. A cycle, cy, of a fixed number of

iteration is initialized at the beginning of the optimization process where both of the

algorithms are utilized parallelly ( probEBO and probCMAR are set to 1) for the half of the

cycle. At the end of the half cycle, the new values of probEBO and probCMAR are updated

for the next half of the cycle. The new value of probabilities probEBO and probCMAR

depends upon the following criteria.

1. Based on the superiority of the best solution obtained using EBO and CMAR, and

2. Based on the diversity of solutions of the populations, X1 and X3.

A data sharing between the populations X1 and X3 are done at the last of each cycle.

Whenever EBOwithCMAR will enter into the next cycle, and similar steps are replicated.

To improve the local search potential of EBOwithCMAR, sequential quadratic program-

ming is utilized at the later phases of the optimization process (75% of the optimization

process is completed) with a probability of probls. In case of failure of the SQP algorithm,

probability probls is reduced to a very small value.

In EBOwithCMAR, some components of EBO are modified. The modified compo-

nents of EBO are described in the following sections.

Modified component of EBO:

A brief description of the main steps of EBO is discussed earlier. In EBOwithCMAR,

modification operators are modified to improve the diversity of the populations X1 and

X2, and a self-adaptive approach is utilized for the different parameters of EBO.

1. Modified modification operators : A modified criss-cross and towards-best modifica-

tion operators used in EBOwithCMAR are shown in Equation (6.37) and Equation

(6.38), respectively.

ŷi,j =



x̂1i,j + Fi(x̂1cci,j − x̂1i,j + x̂1r1i,j − (X1 ∪X2)r2i,j),

if (randj(0, 1) ≤ cri,j or j = jrand)

x̂1i,j ,

otherwise.

(6.37)
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ŷi,j =



x̂1i,j + Fi(x̂1besti,j − x̂1i,j + x̂1cci,j − (X1 ∪X2)r2i,j),

if (randj(0, 1) ≤ cri,j or j = jrand)

x1i,j ,

otherwise.

(6.38)

where (cci, r1i, and r2i) are distinct integers.

2. Selection of besti: The besti is the best solution among the randomly selected D

solutions from population X1. When the size of the population X1 is less than the

2D, besti is randomly selected from the 10% of best solutions.

3. Calculation of Pperch and Ppat: The probabilities Pperch and Ppat are initially set to

0.5. The improvement rate of objective function values is utilized to modify the

value of these probabilities. The improvement rate is estimated using the following

equation.

I
(k+1)
i =

∑PS1

z∈Simax(0, f
(k+1)
z − f (k)

z )∑PS1

z∈Si f
(k)
z

where Si is a set of solutions updated by

perching, if i = 1

patrolling, if i = 2.

(6.39)

Now, Pperch and Ppat are modified using following equation.

Pperch = max

(
0.1,min

(
0.9,

I1

I1 + I2

))
, (6.40)

Ppat = 1− Pperch (6.41)

4. Linear Reduction of Size of N1 and N2: Reduction in the size of populations X1

and X2 at the end of each iteration is done by using a linear reduction mechanism

proposed in [215]. In this approach, the size of X1 is reduced by eliminating the

worst solutions, while the size of X2 is reduced by eliminating random solutions from

the population. The reduced sizes of populations are calculated using the following

equations.

N
(k+1)
1 = round

((
N1,min −N1,max

FEmax

)
∗ FEs

)
+ N1,max (6.42)
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N
(k+1)
2 = round

((
N2,min −N2,max

FEmax

)
∗ FEs

)
+ N2,max (6.43)

where (N1,max, N2,max) and (N1,min, N2,min) are the maximum and minimum values

allowed forN1 andN2 respectively. FEmax and FEs represent the maximum allowed

function evaluation and current function evaluation, respectively.

5. Adaptation of F , freq, CR and T : In EBOwithCMAR, a parameter adaptation

technique is utilized to auto-tune the parameters F , freq, CR, and T at each

iteration. The following steps are performed to adapt the parameters.

• A matrix of size (4×H), M, is initialized at their default values. The default

value of parameters F , CR, freq, and T are 0.7, 0.5, 0.5, and 0.1, respectively.

• The new value of parameters CRi, Fi, freqi, and Ti associated with solution

x̂1i is calculated by following equations.

CRi = M2(M3,r, 0.1), (6.44)

freqi = randci(M2,r, 0.1), (6.45)

Fi =


1
2

(
tan(π(FEs+ 1))FEmax−FE

FEmax
+ 1
)
, if FEs ≤ FEmax & rand ≤ 0.5

1
2

(
tan(2πfreqi ∗ FEs) FEs

FEmax
+ 1
)
, if FEs ≤ FEmax & rand > 0.5

randci(M1,r, 0.1), otherwise

,

(6.46)

Ti = M2(M4,r, 0.05), (6.47)

where r represents a integer from [1, H], and randci provides the random num-

ber from cauchy distribution.

• The value of Mi,d is updated by using the following equation at the end of each

iteration.

Mi,d =

∑4
γ=1 wγS

2
i,γ∑4

γ=1 wγSi,γ
, (6.48)

where, Si,1:γ = (Fi, CRi, freqi, Ti) and 1 < d < H is the index of the memory

to be updated. It is initialized to 1, and then increased by 1 whenever an

index of memory is updated and if it is greater than H, it is reset to 1. wγ is

calculated by using following equation.

w(k+1)
γ =

4f (k+1)
γ∑N1

i=14f
(k+1)
γ

(6.49)
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and 4fγ = |f (k)
γ − f (k+1)

γ |.

• CMAR: CMAR starts with a randomly generated initial population of size

N3 (X3 = {x1, x2...xN3} from uniform distribution within the solution-space.

Initial mean, m(0), is calculated by the arithmetic mean of X3.

Update of probEBO and probCMAR:

Two factors are considered to update the probabilities probEBO and probCMAR. They are

the diversity of the population and quality of solutions.

Two quality values, Q̂EBO and Q̂CMAR, are calculated at the end of half of cycle by

using the following equation.

Q̂i =
f
CS
2

best,i

f
CS
2

best,EBO + f
CS
2

best,CMAR

∀ i ∈ {EBO,CMAR}, (6.50)

where f
CS
2

best,i is the best objective function value at the end of half of cycle, CS
2

by i-th

algorithm.

At the same time, the diversity of the populations X1 and X3 are calculated using

the following equation.

d̂ivi =
divi

divX1 + divX3

∀ i ∈ {EBO,CMAR}, (6.51)

where divi is the diversity rate of population with respect to best solution at the end of

half of cycle, CS
2

by i-th algorithm.

A progress index, PIi is calculated by using equation (6.52).

PIi = (1− Q̂i) + d̂ivi, ∀ i ∈ {EBO,CMAR} (6.52)

Now, the probability, probi is calculated as shown in equation (6.53).

probi = max

(
0.1,min

(
0.9,

P Ii
PIEBO + PICMAR

))
, ∀ i ∈ {EBO,CMAR} (6.53)

If the sum of PI is equal to zero, probEBO and probCMAR are set to 1.

Data Sharing:

At the end of every cycle, CS, algorithm having a greater value of probability is considered

to be best algorithm of that cycle. If EBO is considered as the best, then population

X3 is replaced by the random solution of population X1. Parameters of CMAR is also
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Algorithm 7: EBOwithCMAR

1 Define N ← N1 +N2 +N3, cy ← 0, probEBO = probCMAR ← 1 and all other parameters required;

2 for i = 1 to N do

3 Xi ← uniformly distributed D random numbers within the bounds of search-space;

4 end

5 Randomly assign N1, N2, and N3 individuals from X to Xi, ∀i = 1, 2, 3;

6 while termination condition is not satisfied do

7 cy ← cy + 1;

8 if cy == CS
2

then

9 Calculate probEBO and probCMAR using Equation (6.53);

10 end

11 if cy == CS then

12 Share Data;

13 probEBO = 1, and probCMAR = 1;

14 cy ← 0;

15 end

16 if rand ≤ prob1 then

17 Apply EBO;

18 FEs← FEs+N1;

19 end

20 if rand ≤ prob2 then

21 Apply CMAR;

22 FEs← FEs+N3;

23 end

24 if rand ≤ probls & FEs ≥ 0.75 ∗ FEmax then

25 Apply SEQ;

26 FEs← FEs+ FEseq ;

27 if best solution is improved then

28 probls ← 0.1;

29 update X1 and X2;

30 else

31 probls ← 0.0001;

32 end

33 end

34 k ← k + 1;

35 end

Result: Best Solution having lowest objective function

reinitialized at default value except the step size, σ, where σ is calculated as σ = σinitial ∗

(1− cFE/FEmax).

On the other hand, if CMAR emerges as the best, the worst individual in X1 is

replaced by the best individual in X3. After data sharing, new cycle is again started and

process repeated. The step-by-step procedure of EBOwithCMAR is shown in Algorithm-

7. The performance of EBOwithCMAR in comparison of state-of-the-art algorithms are
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reported in the Appendix.

6.3.2 Evaluation of Objective Function

In any optimization algorithm, objective function for each generated solution needs to be

evaluated for improving the solutions. The objective function of the optimization problem

discussed in the section 6.2 cannot be evaluated directly. Power flow analysis is needed

to obtain the steady-state voltage at each bus of the system because these voltages are

used to calculate the objective function defined in Equation 7.5.

CINR algorithm is employed to calculate the steady-state voltage at each bus for

every solution of the optimization problem. Each solution contains the location (bus

and phase) and power capacity of SPDG. First of all, loads of the system are updated

according to the solution (location and capacity of SPDGs). Loads are modified by using

following equations.

P t
L,i =

P
t
L,i − Pdg,j, if i == kj & t == sj

P t
L,i, else

(6.54)

and,

Qt
L,i =

Q
t
L,i −Qdg,j, if i == kj & t == sj

Qt
L,i, else

(6.55)

where P t
L,i and Qt

L,i represent the active and reactive load at t-th phase of i-th bus.

{Kj, sj, Pdg,j, Qdg,j} represents the bus-location, phase-location, active power capacity,

and reactive power capacity of j-th SPDG.

After modifying the loads, power flow analysis is performed on this loading condition

using CINR to calculate the voltage at each bus. Further these voltages are used to

calculate the objective function values.

6.3.3 Proposed Algorithm

The above-discussed optimization problem considers location (in terms of phase and bus)

and size (in terms of active and reactive power) of SPDGs as the problem variables. Each

solution vector has 4 ∗M elements where M is the total number of SPDGs used in the

systems.
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The purpose of this problem is to find the optimum location and rating for all the

SPDGs so that the objective function is minimized. It is worth mentioning here that

the solution variables related to location must be an integer value. Therefore, during

the calculation of objective function value, these variables are rounded off to its adjacent

integer value.

The following steps are utilized to solve the optimization problem.

1. Step 1: Initialization of population of Np solutions is done as uniformly distributed

random points within the bound of each variables.

2. Step 2: Power flow Analysis is performed using each solution of current population.

3. Step 3: Objective function is evaluated using each solution of current population

4. Step 4: Solutions of population are updated using EBOwithCMAR

5. Step 5: Check the stopping criteria. If stopping criteria is met, go to Step 6,

otherwise go to Step 2

6. Step 6: Best solution on the basis of minimum objective function value is extracted

from population to locate and schedule the SPDGs within the system.

6.4 Results and Discussion

In this section, the performance of the proposed approach, as well as comparative analysis

are discussed.

In this analysis, three test systems, CASE13, CASE25, and CASE37, are considered.

The details of these systems are reported in the Appendix I. Details of the experimental

setup are given in Table 6.1. The performance of proposed algorithm has been compared

with state-of-the-art algorithms reported in literature. The algorithms chosen for com-

parative analysis are IMDE [212], Analytical Approach (AA) [209], PSO [210], BSA [213],

and IPSO [216].

Four scenario are studied in this work. In first case, only phase-balancing is done

i.e. negative-sequence and zero-sequence currents are minimized at root node. In second

scenario, minimization of active power loss is considered as objective function. Similarly,

reactive power loss is considered as objective function in third scenario. In last scenario,
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Table 6.1: The detail of experimental setup

S.N. Test System Number of SPDGs Pmax Qmax

1. CASE13 3 2 p.u. 2 p.u.

2. CASE25 5 2 p.u. 2 p.u.

3. CASE37 7 2 p.u. 2 p.u.

the weighted objective function with equal weighing factor is considered to minimize all

the objective function simultaneously.

6.4.1 Parameter Settings

For EBO, N1,max = 18D, N1,min = 4,N2,max = 46.8D, N2,min = 10 H = 6. For CMAR,

N3 = 4 + (3log(D)) [214], and σ = 0.3. CS = 100. For local search, probls = 0.1 and

FEls = 0.25 ∗ FEmax function evaluations. Here, D = 4 ∗M .

6.4.2 Case Studies

The proposed algorithm with other state-of-the-art algorithms has been run for all the

test cases.

CASE13

The best site and size of SPDGs obtained after 100 independent runs using all algorithms

are recorded for the weighted objective function. The parameters (negative-sequence cur-

rent, zero-sequence current, active loss and reactive loss) at the optimal solution obtained

from all algorithms are reported in Table 6.2. This table shows that the optimal solu-

tions obtained from all algorithms are different from each other. The proposed algorithm

provides better solutions as compared to solutions obtained from other competitive algo-

rithms. From this analysis, it can be concluded that the proposed approach is a better

option to solve the optimization problem in case of CASE13.

Further, proposed algorithm is utilized for analyzing the system for all the objective

function cases. The optimal size and site of SPDGs for different objective functions

(scenarios) are depicted in Table 6.3. From table 6.3, the site of SPDGs for scenario-2,
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Table 6.2: Simulation results for CASE13 test system.

Index EBOwithCMAR IMDE AA PSO BSA IPSO

I0
1 2.08E-09 6.72E-06 8.24E-06 7.45E-05 8.25E-06 1.87E-08

I−1 9.23E-10 2.41E-05 4.21E-05 1.06E-05 5.87E-05 6.83E-09

Ploss 7.23E-02 6.23E-02 5.34E-02 1.07E-01 8.43E-02 7.54E-02

Qloss 1.51E-01 1.48E-01 1.45E-01 1.83E-01 1.73E-01 1.76E-01

scenario-3 and scenario-4 are same, while the size of SPDGs are different to minimize

objective functions of these scenarios.

Table 6.3: Results for CASE13 for scenario-4

scenario-1

location 2-b 7-a 10-c

Pdg 3.24E-01 4.73E-01 5.48E-01

Qdg 2.26E-01 2.04E-01 2.93E-01

scenario-2

location 7-c 8-a 9-b

Pdg 1.02E+00 7.68E-01 3.24E-01

Qdg 4.28E-01 2.03E-01 3.13E-02

scenario-3

location 7-c 8-a 9-b

Pdg 1.02E+00 9.11E-01 3.16E-01

Qdg 4.03E-01 3.37E-01 7.40E-02

scenario-4

location 7-c 8-a 9-b

Pdg 7.06E-01 5.83E-01 4.75E-01

Qdg 1.18E-01 1.00E-02 4.33E-02

Table 6.4: Value of main parameters of system for different cases of CASE13

Index scenario-1 scenario-2 scenario-3 scenario-4

I0
1 4.72E-12 8.77E-02 8.87E-02 2.08E-09

I−1 2.05E-12 9.17E-02 1.52E-01 9.23E-10

Ploss 1.04E-01 4.70E-02 5.04E-02 7.23E-02

Qloss 2.10E-01 6.10E-02 5.40E-02 1.51E-01
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CASE25

From 100 independent runs, the best size and site of SPDGs are selected for comparative

analysis on CASE25. The parameters of CASE25 at the optimal solution are reported

in Table 6.5 for all algorithms. This table shows that the proposed algorithm performs

better than other algorithms for this test system. These outcomes conclude that the

proposed algorithm provides a better option for solving this optimization problem in this

test system.

Table 6.5: Simulation results for CASE25 test system for scenario-4

Index EBOwithCMAR IMDE AA PSO BSA IPSO

I0
1 2.65E-11 1.32E-06 3.56E-06 2.93E-05 2.85E-06 5.85E-06

I−1 2.69E-11 4.23E-05 3.83E-05 3.08E-05 9.75E-05 4.86E-06

Ploss 2.93E-01 3.01E-01 3.28E-01 3.18E-01 3.87E-01 2.98E-01

Qloss 3.35E-01 3.37E-01 3.85E-01 4.01E-01 4.01E-01 3.38E-01

In addition, EBOwithCMAR is employed to further analyze the CASE25 for different

scenarios having different objective function. The experimental outcomes are depicted in

Table 6.6. From this table, the site and size of SPDGs are different from each other to

minimize all objective functions. Negative-sequence current and zero-sequence current at

root node with active and reactive power loss are also reported in Table 6.7 at the optimal

solution of all cases of the objective function.

CASE37

The performance of the proposed algorithm is also analyzed on CASE37. Similarly to

CASE13 and CASE25, the best solution from 100 independent runs is selected for analysis.

Negative-sequence and zero-sequence with active and reactive power loss are reported

in Table 6.8 for all solutions obtained by all algorithms. As shown in Table 6.8, the

performance of EBOwithCMAR is superior to other algorithms. Therefore, for further

analysis only the proposed algorithm is utilized for all objective functions (scenarios).

The optimal site and size of SPDGs for all case of the objective function are reported

in Table 6.9. From this table, it can be seen that the location and size of SPDGs are

different in all cases. Obtained active and reactive loss with zero-sequence and negative-
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Table 6.6: Obtained results for CASE25

scenario-1

location 4-a 5-c 12-c 16-a 17a

Pdg 1.32E+00 1.15E+00 9.02E-01 1.36E+00 1.06E+00

Qdg 5.65E-01 6.68E-01 5.76E-01 1.03E+00 1.03E+00

scenario-2

location 9-b 10-c 11-a 14-a 15-a

Pdg 2.00E+00 2.00E+00 2.00E+00 2.00E+00 1.26E+00

Qdg 2.00E+00 2.00E+00 1.63E+00 1.76E+00 4.36E-02

scenario-3

location 11-a 13-b 14-c 23-a 25-c

Pdg 2.00E+00 1.99E+00 2.00E+00 2.00E+00 2.00E+00

Qdg 2.00E+00 1.90E+00 2.00E+00 2.00E+00 1.12E+00

scenario-4

location 5-c 8-a 10-b 11-c 13-a

Pdg 3.02E-01 2.00E+00 2.45E-01 2.00E+00 2.00E+00

Qdg 1.15E+00 2.00E+00 1.78E+00 1.86E+00 2.00E+00

Table 6.7: Value of main parameters of system for different cases of CASE25

Index scenario-1 scenario-2 scenario-3 scenario-4

I0
1 1.23E-20 9.63E-01 9.30E-01 2.65E-11

I−1 9.98E-21 2.06E+00 8.57E-01 2.69E-11

Ploss 4.00E-01 2.29E-01 2.48E-01 2.93E-01

Qloss 4.37E-01 2.82E-01 2.68E-01 3.35E-01

sequence current at root node are also shown in Table 6.8 for all cases of the objective

function.

6.4.3 24-hour loading scenario

In this loading scenario the optimal SPDG locations obtained in case studies of CASE25

have been fixed. Using these sites for SPDGs along with reactive supports, the opti-

mization for 24-hour load scenarios for objective function stated in equation 6.9 has been

considered.

For each of the 24-hour loading scenario the optimal phase and sizes of the SPDGs

have been obtained using EBOwithCMAR algorithm. In the following paragraphs the re-
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Table 6.8: Simulation results for CASE37 test system of scenario-4

Index EBOwithCMAR IMDE AA PSO BSA IPSO

I0
1 3.20E-12 6.87E-06 5.90E-06 4.88E-07 3.95E-07 3.94E-06

I−1 1.82E-12 4.56E-05 8.36E-05 3.87E-06 2.95E-06 4.69E-06

Ploss 8.98E-02 1.05E-01 9.87E-02 1.15E-01 1.13E-01 1.04E-01

Qloss 4.89E-02 8.48E-02 7.84E-02 1.09E-01 1.14E-01 9.25E-02

Table 6.9: Obtained results for CASE37

scenario-1

Location 30-c 31-a 31-b 31-c 32-a 32-b 33-a

Pdg 1.81E-01 5.06E-02 3.91E-02 1.19E-01 5.36E-02 3.73E-02 5.39E-02

Qdg 1.03E-01 4.61E-02 5.07E-02 1.07E-01 4.67E-02 4.76E-02 4.67E-02

scenario-2

Location 26-a 28-c 30-a 31-a 34-b 35-a 35-c

Pdg 6.38E-02 2.55E-01 1.37E-01 1.22E-01 1.52E-01 1.27E-01 2.19E-01

Qdg 5.48E-02 9.99E-02 9.35E-02 1.00E-02 9.87E-02 1.18E-01 7.55E-02

scenario-3

Location 5-b 8-a 10-c 12-c 24-c 25-a 34-b

Pdg 2.53E-01 4.49E-01 2.40E-01 1.94E-01 1.70E-01 1.00E-02 8.48E-02

Qdg 1.02E-01 2.41E-01 1.29E-01 1.38E-01 3.71E-02 1.00E-02 3.66E-02

scenario-4

Location 8-c 12-c 21-a 22-a 25-c 34-b 35-a

Pdg 2.99E-01 1.40E-01 3.01E-02 4.20E-02 4.20E-02 2.55E-01 2.88E-01

Qdg 1.81E-01 4.88E-02 1.68E-02 2.10E-02 2.10E-02 1.44E-01 1.61E-01

Table 6.10: Value of main parameters of system for different cases of CASE37

Index case-1 case-2 case-3 case-4

I0
1 3.94E-22 9.82E-03 1.62E-03 3.20E-12

I−1 6.26E-23 3.23E-02 2.00E-03 1.82E-12

Ploss 6.96E-02 4.67E-02 6.28E-02 8.98E-02

Qloss 4.39E-02 2.51E-02 3.08E-02 4.89E-02
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sults obtained in terms of sequence and phase currents, voltages, losses (real and reactive),

and phase utilization index are discussed.

Sequence Currents : The hourly negative- and zero-sequence currents for 24-hours

without SPDG and with SPDG are shown in Fig. 6.1. It is observed from the figure

that, without SPDG the amount of negative- and zero-sequence currents lie in the range

0.66 pu to 1.90 pu and with DG the negative- and zero-sequence currents are found to be

almost negligible.
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Figure 6.1: Hourly positive-, zero-, negative-sequence currents without and with SPDGs.

I0, I1, and I2 indicate sequence currents for the case when SPDGs are not placed. I∗0 , I∗1 ,

and I∗2 indicate sequence currents for the case when SPDGs are placed.

Phase currents : The effect of reduction in zero- and negative-sequence currents is

also reflected in the phase currents at main-substation as shown in Fig. 6.2. Fig. 6.2

shows that the SPDGs provide currents in such a manner that currents in three phases

at the main substation get balanced. An important observation made from the figure

is that the balanced phase currents of all the three phases at the main-substation are
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reduced to the minimum of three phase currents under unbalance (without SPDG). It is

to be noted that Ib (minimum of phase current) overlaps with I∗a , I
∗
b , I

∗
c . This results in

increased MVA margins on the other two phases.
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Figure 6.2: Hourly phase currents without and with SPDGs. Ia, Ib, and Ic indicate phase

currents for the case when SPDGs are not placed. I∗a , I∗b , and I∗c indicate phase currents

for the case when SPDGs are placed.

Voltages : The bus-wise phase voltages for the peak load condition are plotted in

Fig. 6.3. From this figure, it is observed that with the use of SPDGs, voltage profile

improves and voltages become more balanced as compared to the case without SPDG. It

is observed that phase voltages after scheduling SPDGs get pulled up towards the highest

phase voltage of the case when SPDGs are not used. Comparison of minimum bus voltage

before and after placing the SPDGs at every hour is shown in Fig. 6.4. From Fig. 6.4,

minimum bus voltages of the system considerably improve when SPDGs are optimally

placed in the system.

Losses : Scheduling of SPDGs in the system also affect the line losses. If SPDGs are
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Figure 6.3: Bus voltages without and with SPDGs. Va, Vb, Vc indicate bus voltages without

SPDGs. V ∗a , V
∗
b , V

∗
c indicate bus voltages with SPDGs.

not suitably placed, losses may increase dramatically. Effect of placement of single-phase

SPDGs on the active and reactive line losses is also studied. Active and reactive line losses

before and after placing SPDGs for 24-hour are shown in Fig. 6.5. It is clear from Fig.

6.5 that the active and reactive line losses also reduce. Hence, the placement of SPDGs

to balance the currents at main feeder does not increase the line losses, instead losses will

come down.

Phase Utilization Index (PUI): PUIs before and after placing the SPDGs for 24-hour

are shown in Fig. 6.6. Fig. 6.6 clearly shows that the PUIs are negligible when the SPDGs

are optimally placed.
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Figure 6.4: Minimum of the all bus Voltages without SPDGs and with SPDGs for 24

hour. Vmin and V ∗min indicate the minimum bus voltage in case of Without SPDGs and

with SPDGs respectively.

6.5 Summary

Planning of SPDGs for the purpose of phase balancing and a loss minimization is pro-

posed in this chapter. EBOwithCMAR with CINR algorithm is utilized to solve this

problem. CINR is utilized to calculate objective function at each solution. The plan-

ning is approached for different objectives. In the first objective function, the optimal

SPDG locations (phase and bus) and sizes are obtained for minimum negative-sequence

and zero-sequence current at the root node. The location and size are then evaluated for

the minimization of active and reactive loss. Also, hourly scheduling of SPDG (in term of

phase and size) for 24-hour loading scenario to obtain the phase balancing with minimum

active and reactive losses is performed. It has been established that EBOwithCMAR with

CINR is an effective algorithm for solving phase balancing and loss minimization problem.

188



5 1 0 1 5 2 0
0 . 0 1

0 . 0 2

0 . 0 3

0 . 0 4

0 . 0 5

0 . 0 6

Po
we

r L
os

s (
pu

)

2 4 - H o u r  ( h o u r )

 P l o s s
 P *l o s s
 Q l o s s
 Q *l o s s

Figure 6.5: Total active and reactive power line loses for 24-hours. Ploss and Qloss indicate

total active and reactive line losses for the case when SPDGs are not placed. P ∗loss and

Q∗loss indicate total active and reactive power line loss for the case when SPDGs are placed.
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Figure 6.6: Phase Utilization Index at main feeder for 24 hours. PUI and PUI∗ indicates

the phase utilization index in case of without SPDGs and with SPDGs respectively.
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Chapter 7

ESHADE in Optimization of

Islanded Microgrids

7.1 Introduction

This chapter presents a method to determine optimal droop settings of DGs in a DCIMG.

Minimization of system losses are considered as objective function while droop charac-

teristics and power balance is considered as operational constraints of the DCIMG. The

resultant optimization problem is solved using ESHADE and CINR. Here, ESHADE is

an enhanced version of SHADE algorithm [217]. SHADE [217] is an acronym for Success-

History based Parameter Adaption for Differential Evolution. CINR is used to calculate

the objective function and ESHADE is used to calculate the optimal droop setting for all

DGs.

An islanded MG is a low or medium voltage distribution system where electrical

boundaries are clearly defined and a group of DGs and loads are interconnected without

the support of the main grid [84,85,218]. In MG, the group of DGs supports local demands

fully or partially of electricity and heat within the electrical boundaries [84,85]. MGs can

be seen as a single controllable unit with respect to the main grid. In MGs, the system can

operate in islanded or grid-connected mode, or it can operate in a smooth transition state

between these two modes [84, 85, 219]. Islanded mode provides following benefits to the

utilities as well as customers 1) improved power quality, 2) improved the system reliability,

3) overloads prevention, 4) maintenance of components of systems without interruption

of power supply to the customers [220]. In the near future, microgrids are likely to be

191



operated in an islanded mode for longer time durations due to above-mentioned potential

benefits.

For the successful operations of a DCIMG, microgrid’s local loads must be shared

among the DGs within the limits of the bus voltages and operating frequency. Besides,

the line flows should be within acceptable limits. In the literature, several droop control

schemes are introduced for power-sharing among the DGS in DCIMG [169, 221, 222].

However, it is essential to operate the microgrids in an islanded mode not only in a stable

state but also with optimal settings. From the customer perspective, the system should

be operated at a low operating cost without compromising with its performance.

Nowadays, researchers focus on the optimal operation of DCIMG. In [223], an energy

management system is proposed for DCIMG to operate stably with low fuel consump-

tion. In [224], an optimization process is proposed to dispatch DGs and storage systems

optimally for medium -voltage DCIMG with low operating cost and low emission. In

a DCIMG, the operating frequency and bus voltages are been determined by the droop

characteristics of DGs and loading conditions of the system. Moreover, the power output

of a droop-controlled DGs are not known before the power flow analysis. In [225], a mul-

tistage algorithm is proposed to minimize fuel cost by considering constraints on voltage,

frequency, and stability for a VSC-based microgrid.

In this thesis, a multi-operator variant of DE, ESHADE, is proposed to calculate

the optimal droop settings of DGs for minimizing the operating cost and system losses in

DCIMG. The proposed approach integrates the CINR method to perform the power flow

analysis calculating the objective function values for each combination of droop settings of

DGs. In ESHADE, four mutation strategies are employed with the same self-adaptation

scheme of control parameters, but strategies are selected for individuals independently

using a probability-based selection. To update the said probability, the success rate of

each mutation strategy is utilized. Thus, the larger part of the population will get enrolled

gradually in the better performing strategy.

7.2 Problem Formulation

In this work, we presume the existence of a Microgrid Central Controller (MGCC) and a

noncritical low-bandwidth communication infrastructure to complement the droop con-
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trol scheme. In this paradigm, the optimization of the islanded microgrid operation is

performed centrally by a higher level coordinated management function at the MGCC.

Using periodic measurements of the islanded microgrid generation and loads, the MGCC

updates the DG unit droop settings (i.e., characteristics) in order to optimally dispatch

the different DG units in the Islanded microgrids.

The main objective of this chapter is to find an optimal setting for droop controllers

to minimize active power losses and reactive power losses.

The active and reactive power losses in the line connecting buses i and j can be

calculated using following equations.

Ploss(i, j) = Rij
P 2
i +Q2

i

|Vi|2
(7.1)

Qloss(i, j) = Xij
P 2
i +Q2

i

|Vi|2
(7.2)

where Ploss and Qloss are active and reactive power loss. Total power loss of the system

can be calculated by summing up all the lines losses of the system, i.e.,

Ploss =
N∑
i=1

N∑
j=1

Ploss(i, j), (7.3)

Qloss =
N∑
i=1

N∑
j=1

Qloss(i, j) (7.4)

where Ploss and Qloss represent the total active and reactive power loss, respectively. N

is the total number of buses in the network.

In this study, the optimal values of the droop setting are obtained to calculate for

minimizing the active and reactive losses. This problem can be formulated as a bound-

constrained optimization problem. During the optimization process, the algorithm must

evaluate all feasible settings of droop controllers to provide the minimum losses. For this

purpose, the following optimization problem is considered in this study.

Minimize f(mp,nq) = w1Ploss + w2Qloss (7.5)

where mp = {mp1,mp2...,mpn} and nq = {nq1, nq2..., nqn} represent the droop settings

of active and reactive power of DGs. Index n represents the number of DGs in islanded

microgrids. Parameters w1, and w2 are the weighing factor for different objectives to
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represent multi-objective optimization problem into single objective optimization prob-

lem. This optimization problem is a non-convex, and non-linear continuous unconstrained

optimization problem.

7.3 Proposed Methodology

To solve the above-discussed optimization problem, an optimization algorithm, ESHADE,

is proposed in this section. The objective function of this problem can not be directly

calculated because bus voltages of the system are not available for a different setting of

droop controllers. Therefore, power flow analysis is required for calculating bus voltages to

evaluate the objective function. In this work, CINR (proposed in chapter 4) is considered

for power flow analysis.

7.3.1 ESHADE

In this section, the procedures and steps of ESHADE are discussed in detailed form. The

self-adaptation mechanism for control parameters is also discussed which is an improved

version of success history based parameter adaptation scheme proposed in [217]. The

main step of ESHADE Algorithm is shown in Algorithm- 8. Steps, which is not described

in Algorithm -8, is discussed in following subsections:

Initialization

In order to start the optimization process, an initial population P 0 should be generated

uniformly within the upper and lower bound of the search-space. The Population, P 0 is

represented using the following equation:

P 0 = [x̄0
1, x̄

0
2.....x̄

0
Np ], where (7.6)

x̄0
i = [x0

i1, x
0
i2....x

0
iD]′

where, Np and D are the size of population and dimension of search-space respectively.

Here, x0
ij is initialized randomly as follows:

x0
ij = xLj + rand(0, 1].× (xUj − xLj) (7.7)

where xLj and xUj are the lower and upper bound of jth-dimension of search-space. Op-

erator rand(0, 1] stands for random number generator from uniform distribution.
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Algorithm 8: Framework of ESHADE
Data: Define N0

P and all other parameters required

Result: X

1 Generate an initial population, P 0 of N0
P individual;

2 Objective function evaluation at each individual of population;

3 nfes← N0
P , g ← 0;

4 µsF ← 0.5, µcr ← 0.5, µprob ← 1, k ← 1;

5 while termination condition is not satisfied do

6 g ← g + 1;

7 for i = 1:NP do

8 % calculation of parameter starts;

9 sFi ← using Equations 7.14 and 7.15;

10 cri ← using Equations 7.16;

11 prob← using Equations 7.18;

12 % Mutation;

13 if rand < 0.5 then

14 r ← rand();

15 if r < prob(1) then

16 v̄i ← using DE1;

17 else if prob(1) < r < prob(1) + prob(2) then

18 v̄i ← using DE2;

19 else

20 v̄i ← using DE3;

21 end

22 else

23 v̄i ← using DE4;

24 end

25 % Crossover;

26 ūi ← BinomialCrossover(x̄i, ūi, cri);

27 % Selection;

28 objective function evaluate at ūi;

29 nfes← nfes+ 1;

30 x̄i ← Selection(x̄i, ūi);

31 end

32 Update the kth element of µ for all parameter;

33 σ ← describe as in [226];

34 C ← describe as in [226];

35 k ← rem(k + 1, h);

36 Resize the Population and Archive using EPSR;

37 end

Mutation

For each individual, a mutant vector has been generated. In ESHADE, four mutation

strategies (modified version of mutation strategies reported in [217,226,227]) are used to

generate mutant vectors and are as follows:

195



• DE1: current-to-pbest with archive [217]:

v̄gi = x̄gi + sFi × (x̄gpbest − x̄
g
i + x̄gr1 − x̂

g
r2

) (7.8)

• DE2: current-to-φrand [226]:

v̄gi = x̄gi + sFi × (x̄grφ − x̄
g
i + x̄gφbest − x̄

g
φworst) (7.9)

• DE3: Modified DCMA-ES with archive [227]:

v̄gi = N (x̄gm, σ
2Cg) + 0.1sFi × (x̄gr1 − x̂

g
r2

) (7.10)

• DE4: φrand [226]:

v̄gi = x̄grφ + sFi × (x̄gφbest − x̄
g
φworst) (7.11)

where, r1 6= r2 6= i are integer with x̄r1 is randomly selected from population P , x̂r2 is

randomly selected from union of population and archive. While ¯pbest is selected from p%

individuals from best individuals of P . In order to select x̄rφ , x̄φbest, and x̄φworst; entire

population is divided into three clusters, φbest, φ, and φworst (best, better, and worst)

of size p%, (1 − 2p)% and p% of Np respectively. x̄rφ , x̄φbest, and x̄φworst are randomly

selected from cluster φ, φbest, and φworst respectively. The calculation procedures of σ

and C used in equation (7.10) are discussed in Section 6.3.1 in previous chapter.

In ESHADE, all mutation strategies are classified into two classes. In the first class,

the three mutation strategies: DE1, DE2, and DE3 are applied with probability prob(1),

prob(2), and prob(3) respectively to generate a mutant vector. While in the second class,

a mutant vector is generated using DE3. In every iteration, a mutant vector is calculated

for every individual of the population using one of the above-mentioned mutation class

with equal probability.

Crossover

In this chapter, binomial crossover is employed. In the binomial crossover, the target

vector, x̄i, is crossed over with the mutated vector,v̄i, using the binomial experiment

scheme, to generate the trial vector, ūi for target vector.

ugij =

x
g
ij, if (randij > cri),

vgij, if (randij < cri) or (j == jrand)

(7.12)
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Selection

After trial vector, ūi, has been calculated, a selection operator is applied to find out the

survivor for the next generation [132]. In selection operator, x̄i is compared with the ūi

on the basis of their objective function value and the better one is stored in population

for the next generation.

x̄g+1
i =

x̄
g
i , if (f(x̄gi ) < f(ūgi )),

ūgi , otherwise

(7.13)

Parameter adaptation of population size (Np), scaling factor (sF ), and crossover

rate (cr)

The performance of DE is highly influenced by the parameter setting. Parameter setting

is problem dependent and each problem has its own set of parameter values. In order to

resolve this issue, self-adaptation procedures for parameters are proposed in this subsec-

tion.

Adaptation procedure for scaling factor, sF :

In order to perform an adaptation for sF , the procedure is composed of two sections. The

first section is activated during the initial evolutionary process, while the other section is

activated later part of the evolutionary process.

Here, the first section uses the condition : nfes < 0.2 × maxnfes to activate. In

first section of adaptation of scaling factor, sFi is generated within the range of [0.45, 0.5]

using following mathematical equation:

sFi =

0.5, if (µsF (j) > 0.5),

0.45 + rand(0, 0.1], otherwise

(7.14)

where µsF (j) is the jth element of µsF . Here, µsF is a memory where Lehmer mean

of successful scaling factor’s value of previous generations are stored [217]. Index j is

randomly selected for each individual independently from the range [1, H] where H is

memory size.

During the second section, the adaptation of scaling factor is done using following

equation:

sFi = randc(µsF (j), 0.1) (7.15)
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where randc stands for random number generator from Cauchy distribution.

Adaptation procedure for crossover rate, cr:

In ESHADE, the crossover rate, cri, is adapted according following equation:

cri = randn(µcr(j), 0.1) (7.16)

where, µcr has similar function of µsF , but it stores the weighted mean of successful

crossover rate’s values of previous generations and randn stands for normal distribution

[217].

Exponential population size reduction for population size, Np:

In order to improve the performance of ESHADE, exponential population size reduction

(EPSR) technique is employed to reduce the population exponentially. In EPSR, the

following equation is used:

N g+1
p = N0

p × round
(

1− γ
N0
p −Np,min

maxnfes

)g
(7.17)

where γ is a parameter to control the exponential curve, N0
p is the initial population size

and Np,min is minimum allowed population size which is equal to 4.

The calculation and adaptation procedure of the parameters associated with DE3,

σ and C, have already been discussed in Section 6.3.1.

Calculation of prob

In order to calculate prob, an index, j, is generated randomly within the range [1, h] for

every individual. Then, jth element of the historical memory, µprob, is used to calculate

prob using following equation:

prob(k) =
µprob(j, k)∑3
n=1 µprob(j, n)

, where k = 1, 2, 3. (7.18)

Updation of historical memory, µ

Elements of the historical memory, µ, is updated using the success of the individuals at

the end of every iteration. Here at g iteration, the success of ith individual is calculated

using the following equation:

successgi = f(x̄gi )− f(x̄g+1
i ) (7.19)

where, f(.) stands for objective function value.
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For parameters cr, and sF , kth element of historical memory µcr and µsF respectively

are calculated using following equations:

µcr(k) =

∑Np
n=1w

2
ncrn∑Np

n=1wncrn
(7.20)

µsF (k) =

∑Np
n=1w

2
nsFn∑Np

n=1wnsFn
(7.21)

where,

wi =
successi∑Np
n=1 successn

(7.22)

In case of prob, kth elements of historical memory µprob are calculated using following

equation:

µprob(k,m) = (1− c)µprob(k,m) + c4m (7.23)

where c is the learning rate, and 4m is calculated using Equation-(7.24)

4m =

∑
nεSm

successn∑Np
n=1 successn

(7.24)

where Sm is the set of individuals which are selected for mth mutation strategy (here m

can be 1, 2, and 3 which are stand for for DE1, DE2, and DE3 respectively).

7.3.2 Evaluation of Objective Function

In optimization algorithms, evaluation of objective function at each iterations for all the

solutions is required for improving the solutions. The objective function considered in this

chapter cannot be evaluated directly. Power flow analysis is to be perform to obtain the

steady-state voltage at each bus of the system because these voltages are used to calculate

the objective function defined in Equation 7.5.

CINR algorithm is utilized to calculate the steady-state voltage at each bus for

every solution of the optimization process. Each solution contains the droop settings of

all DGs. First of all, power capacity of the DGs are updated according to the solution

(droop settings of DGs). Power generation are modified by using following equations.

Pdg,i =
1

npi
(w∗i − w) (7.25)

and,

Qdg,i =
1

mqi

(|Vi|∗−|Vi|) (7.26)
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where Pdg,i and Qdg,i represent the active and reactive power at i-th bus. {npi,mqi}

represent the droop characteristics of i-th DG.

After modifying the power capacity equations, power flow analysis is performed using

CINR to calculate the voltage at each bus. Further these voltages are used to calculate

the objective function values.

7.3.3 Proposed Algorithm

The above-discussed optimization problem considers droop settings (related to active and

reactive power output) of DGs as the problem variables. Each solution vector has 2 ∗M

elements where M is the total number of DGs in the systems.

The purpose of this problem is to find the optimum droop settings for all the DGs

so that the objective function is minimized.

The following steps are utilized to solve the optimization problem.

1. Step 1: Initialization of population of Np solution is done using uniformly dis-

tributed in random points within the bound of each variables.

2. Step 2: Power flow analysis is performed at each solution of current population.

3. Step 3: Objective function is evaluated at each solution of current population

4. Step 4: Solutions of population are updated using ESHADE (proposed algorithm)

5. Step 5: Check the stopping criteria. If stopping criteria is met go to Step 6,

otherwise go to Step 2

6. Step 6: Best solution on the basis of minimum objective function value is extracted

from population to set the droop controllers of DGs within the system.

7.4 Results and Discussion

In this section, the proposed optimization algorithm is applied to solve the optimal power

flow problem of droop-controlled islanded microgrids through optimal setting of droop

parameters.
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Before applying this method for optimal power flow problem, the proposed algorithm

is validated on standard benchmark problem used in 100-digit challenge at IEEE CEC

2019 [228]. The results corresponding to all problems are given in Appendix III

7.4.1 Parameter Setting

For ESHADE, the parameter are set as follows: N0
p = 18 × D, Np,min = 4, γ = 5, and

c = 0.8.

7.4.2 Case Studies

Three test systems viz. CASE6, CASE22, and CASE38, are considered to analyze the

performance of proposed algorithm. The detail of these test systems are reported in

Appendix-II.

Proposed algorithm is applied on CASE6 test system to obtained the optimal droop

settings for minimal active and reactive power losses.

Table 7.1: Results of optimal power flow problem of CASE6

Without Optimization Min of Ploss Min of Qloss Min of (0.5 ∗Ploss + 0.5 ∗Qloss)

w 0.9991 w 0.9961 w 0.9941 w 0.9945

Ploss 0.0080 Ploss 0.0063 Ploss 0.0064 Ploss 0.0063

Qloss 0.0062 Qloss 0.0026 Qloss 0.0025 Qloss 0.0025

Voltage

Bus |V | V6

Voltage

Bus |V | V6

Voltage

Bus |V | V6

Voltage

Bus |V | V 6

1 0.9600 0.0000 1 0.9481 0.0000 1 0.9495 0.0000 1 0.9505 0.0000

2 0.9725 -0.5214 2 0.9646 -0.3301 2 0.9690 -0.3961 2 0.9682 -0.3772

3 0.9639 -2.6710 3 0.9568 -0.3260 3 0.9686 -0.3515 3 0.9653 -0.3466

4 0.9872 -0.0740 4 0.9723 -0.2379 4 0.9714 -0.2098 4 0.9738 -0.2121

5 0.9901 -0.4461 5 0.9746 -0.5212 5 0.9790 -0.5033 5 0.9778 -0.5185

6 0.9693 -2.8542 6 0.9645 -0.4217 6 0.9768 -0.4736 6 0.9733 -0.4599

Power

Bus P Q

Power

Bus P Q

Power

Bus P Q

Power

Bus P Q

1 -0.1487 -0.0984 1 -0.1451 -0.0960 1 -0.1455 -0.0963 1 -0.1458 -0.0965

2 0.0000 0.0000 2 0.0000 0.0000 2 0.0000 0.0000 2 0.0000 0.0000

3 -0.1993 -0.1409 3 -0.1964 -0.1388 3 -0.2013 -0.1422 3 -0.1999 -0.1413

4 0.1187 0.0587 4 0.0985 0.0638 4 0.0894 0.0572 4 0.0957 0.0603

5 0.1187 0.0457 5 0.0546 0.0508 5 0.0591 0.0420 5 0.0548 0.0445

6 0.1187 0.1411 6 0.1946 0.1228 6 0.2046 0.1418 6 0.2015 0.1355

mp 0.0075 0.0075 0.0075 mp 0.0713 0.0200 0.0395 mp 0.1000 0.0289 0.0661 mp 0.1000 0.0272 0.0573

nq 0.2173 0.2173 0.2173 nq 0.5000 0.2888 0.4343 nq 0.5000 0.1637 0.5000 nq 0.5000 0.1971 0.4352

Table 7.1 shows the results of CASE6 after solving the optimal power problem using

ESHADE. It can be concluded from Table 7.1 that the active and reactive power losses

are reduced by 21.25% and 59.68%, respectively after using the optimal setting of droop
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coefficients. In Table 7.1, results of single objective optimal power flow is also reported

and these results show that these objectives are also able to reduce the active and reactive

power losses with sufficient margins.

The Voltage profile of system is reduced in the system after including optimal droop

settings. The main reason behind this issue is that the droop coefficient related to reactive

power are increased to minimize the losses. Similarly system operating frequency is also

reduced due to increase of droop coefficient related to active power.

Table 7.2: Results of optimal power flow problem of CASE22

Normal Min of Ploss Min of Qloss Min of (0.5 ∗Ploss + 0.5 ∗Qloss)

w 0.9996 w 0.9994 w 0.9865 w 0.9994

Ploss 0.0053 Ploss 0.0022 Ploss 0.0022 Ploss 0.0022

Qloss 0.0027 Qloss 0.0011 Qloss 0.0011 Qloss 0.0011

mp

0.0051

mp

0.0043

mp

0.1000

mp

0.0041

0.0015 0.0043 0.1000 0.0041

0.0045 0.0027 0.0623 0.0025

0.0015 0.0033 0.0766 0.0031

nq

0.0500

nq

0.0103

nq

0.0100

nq

0.0103

0.0300 0.0135 0.0132 0.0135

0.0100 0.0100 0.0100 0.0100

0.0200 0.0114 0.0112 0.0113

The outcomes of CASE22 and CASE38 are reported in Tables 7.2 and 7.3, respec-

tively. From these tables, it can be concluded that the active and reactive power losses

are reduced after implementing the optimal droop settings into the systems. It is worth-

while to note that the outcomes of all types of objective functions are almost similar in

all case studies. This outcome implies that the minimizing of active power and minimiz-

ing of reactive power are not conflicting objectives in case of droop controlled islanded

microgrids.

7.5 Summary

In this chapter, a new optimization algorithm, ESHADE, is proposed to solve the optimal

power flow problem of droop-controlled islanded microgrids where minimization of power

losses are the objectives. The proposed algorithm is validated on the standard benchmark
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Table 7.3: Results of optimal power flow problem of CASE38

Normal Min of Ploss Min of Qloss Min of (0.5 ∗Ploss + 0.5 ∗Qloss)

w 0.9982 w 0.9772 w 0.9555 w 0.9579

Ploss 0.0053 Ploss 0.0841 Ploss 0.0845 Ploss 0.0842

Qloss 0.1269 Qloss 0.0700 Qloss 0.0685 Qloss 0.0686

mp

0.0051

mp

0.0291

mp

0.0618

mp

0.0569

0.0015 0.0452 0.0994 0.0868

0.0045 0.0586 0.1000 0.1000

0.0023 0.0565 0.1000 0.1000

0.0023 0.0153 0.0295 0.0281

nq

0.0500

nq

0.0684

nq

0.0830

nq

0.0775

0.0300 0.1000 0.1000 0.1000

0.0500 0.1000 0.1000 0.1000

0.0100 0.1000 0.1000 0.1000

0.1000 0.0423 0.0405 0.0422

problems and obtained results show that the proposed algorithm is effective and robust

in comparison to state-of-the-art algorithms.

The results of the optimal power flow show that active and reactive power losses of

the system are reduced, while the voltage profile is also reduced to adjust the new setting

of droop coefficients related to reactive power generation.
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Chapter 8

Conclusions and Future Scope

8.1 Conclusions

• Three numerical power flow algorithms, CINR, LMPF, and RK4PF, are proposed

in Chapter-2. These algorithms have been validated on several ill-conditioned test

systems. Comparative analysis reveals that the proposed algorithms outperform the

other state-of-the-art algorithms viz. TCIM, iTCIM, and BFS in terms of rate of

convergence and robustness.

• In Chapter-3, an unconstrained optimization algorithm, Spherical Search, is pro-

posed. This algorithm is used to calculate the initial solution for the load flow

algorithms. From the extensive analysis, it has been established that the proposed

approach improves the performance of the load flow algorithm for the ill-conditioned

and heavily loaded systems in terms of convergence and robustness.

• In Chapter-3, a new formulation of the power flow problem as a non-convex and

non-linear constrained optimization problem is proposed to compute the steady-

state condition of the system at critical loading conditions. A constrained opti-

mization algorithm, Butterfly Constrained Optimizer (BCO), is proposed to solve

this problem. Comparative analysis established that the BCO successfully evaluates

continuation power solutions.

• In Chapter-4, nested-iterative approaches, NBFS and CINR, are proposed to solve

the power flow problem of a droop-based islanded microgrid. The loop based ap-

proach comprises of updating the voltage and system frequency of the angle reference
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bus. The algorithms have been implemented on several test systems to establish the

effectiveness of algorithms. Further, the comparative analysis shows that proposed

algorithms has superior convergence in comparison to state-of-the-art algorithms

viz. MNR, NTR, DBFS, MBFS, and PSCAD.

• In Chapter-5, two novels constrained optimization algorithms, εDE-GN and υMAESbm,

are proposed to solve the power flow problem of droop-controlled islanded micro-

grids. Further, the power flow problem is formulated as a constrained optimization

problem. The proposed algorithm is applied on balanced as well as unbalanced test

systems. The outcomes demonstrate that the proposed algorithms perform better

than other state-of-the-art algorithms viz. PSO, NTR, and GA.

• In Chapter-6, the phase balancing and loss minimization of single-phase distributed

generations has been addressed. This problem is formulated as a mixed-integer non-

linear unconstrained optimization problems. Further, a new method, EBOwithC-

MAR, has been proposed and has used with CINR to solve this problem. In this

approach, CINR is used to calculate objective function at each solution. Four differ-

ent objectives are considered in this work. From comparative analysis, it has been

established that EBOwithCMAR with CINR is an effective algorithm to solve loss

minimization and phase balancing problem.

• In Chapter-7, for solving the optimal power flow problem of droop-controlled is-

landed microgrids, a new optimization algorithm, ESHADE, has been proposed.

The minimization of power losses is considered as an objective function in optimal

power flow. Proposed formulation is validated on the several test systems and re-

sults show that active and reactive power losses are reduced. However, the voltage

profile is slightly degraded to adjust the new settings of droop controllers.

8.2 Future Scope

The proposed algorithms can be applied for the planning and analyzing distribution sys-

tems. Power flow algorithms can be extended to investigate their applicability to the

voltage-stability of the systems. Optimization algorithms can be utilized for economic
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dispatch, centralized and decentralized coordination of plug-in vehicles, optimal sizing,

and siting of the battery storage system problems of distribution systems.
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Appendix I: Data for Test Systems

CASE13, CASE25, CASE37, and

CASE28

Table I.1: General Data of CASE13

General Data

Slack 1

Vnom (kV) 4.16

InternationalSystem 0

DeltaLF 0

V slack ph A 1.000

V slack ph B 1.000

V slack ph C 1.000

Ang slack ph A 0

Ang slack ph B -120

Ang slack ph C 120

Table I.2: Topology of CASE13

Node A Node B Length (ft.) Config.

1 4 500 3

1 2 500 2

4 5 300 3

10 6 800 7

1 7 2000 1

7 10 300 4

7 9 1000 1

10 3 300 5

7 8 500 6
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Table I.3: Line Parameter of CASE13

Config R11 R12 R13 R22 R23 R33

1 0.3465 0.156 0.158 0.3375 0.1535 0.3414

2 0.7526 0.158 0.156 0.7475 0.1535 0.7436

3 – 0 0 1.3294 0.2066 1.3238

4 1.3238 0 0.2066 – 0 1.3294

5 – 0 0 – 0 1.3292

6 0.7982 0.3192 0.2849 0.7891 0.3192 0.7982

7 1.3425 0 0 – 0 –

Config X11 X12 X13 X22 X23 X33

1 1.0179 0.5017 0.4236 1.0478 0.3849 1.0348

2 1.1814 0.4236 0.5017 1.1983 0.3849 1.2112

3 0 0 0 1.3471 0.4591 1.3569

4 1.3569 0 0.4591 0 0 1.3471

5 0 0 0 0 0 1.3475

6 0.4463 0.0328 -0.0143 0.4041 0.0328 0.4463

7 0.5124 0 0 0 0 0

Config B11 B12 B13 B22 B23 B33

1 6.2998 -1.9958 -1.2595 5.9597 -0.7417 5.6386

2 5.699 -1.0817 -1.6905 5.1795 -0.6588 5.4246

3 0 0 0 4.7097 -0.8999 4.6658

4 4.6658 0 -0.8999 0 0 4.7097

5 0 0 0 0 0 4.5193

6 96.8897 0 0 96.8897 0 96.8897

7 88.9912 0 0 0 0 0

Table I.4: Load Data of CASE13

Bus
Phase-a Phase-b Phase-c

KW KVAr KW KVAr KW KVAr

2 160 110 120 90 120 90

4 0 0 170 125 0 0

5 0 0 230 132 0 0

6 128 86 0 0 0 0

7 402 230 451 258 672 439

8 485 -10 68 -140 290 12

3 0 0 0 0 170 -20
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Table I.5: Load Data of ill-conditioned CASE13

Bus
Phase-a Phase-b Phase-c

KW KVAr KW KVAr KW KVAr

2 1600 1100 1200 900 1200 900

4 0 0 1700 1250 0 0

5 0 0 2300 1320 0 0

6 1280 860 0 0 0 0

7 4886 2795 5481 3136 8007 5335

8 4850 -100 680 -140 2900 120

3 0 0 0 0 1700 -20

Table I.6: General Data of CASE25

General Data

Slack 1

Vnom (kV) 4.16

International System 0

DeltaLF 0

V slack ph A 1

V slack ph B 1

V slack ph C 1

Ang slack ph A 0

Ang slack ph B -120

Ang slack ph C 120

211



Table I.7: Topology of CASE25

Node A Node B Length (ft.) Config.

1 2 1000 1

2 3 500 1

2 6 500 2

3 4 500 1

3 18 500 2

4 5 500 2

4 23 400 2

6 7 500 2

6 8 1000 2

7 9 500 2

7 14 500 2

7 16 500 2

9 10 500 2

10 11 300 2

11 12 200 3

11 13 200 3

14 15 300 2

14 17 300 3

18 20 500 2

18 21 400 3

20 19 400 3

21 22 400 3

23 24 400 2

24 25 400 3

Table I.8: Line Parameters of CASE25

Conf R11 R12 R13 R22 R23 R33

1 0.3686 0.0169 0.0155 0.3757 0.0188 0.3723

2 0.9775 0.0167 0.0152 0.9844 0.0186 0.981

3 1.928 0.0161 0.0161 1.9308 0.0161 1.9337

Conf X11 X12 X13 X22 X23 X33

1 0.6852 0.1515 0.1098 0.6715 0.2072 0.6782

2 0.8717 0.1697 0.1264 0.8654 0.2275 0.8648

3 1.4194 0.1183 0.1183 1.4215 0.1183 1.4236

Conf B11 B12 B13 B22 B23 B33

1 0 0 0 0 0 0

2 0 0 0 0 0 0

3 0 0 0 0 0 0
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Table I.9: Load Data of CASE25

Bus Ph-1 (kW) Ph-1 (kVAr) Ph-2 (kW) Ph-2 (kWAr) Ph-3 (KW) Ph-3 (kVAr)

2 0 0 0 0 0 0

3 35 25 40 30 45 32

6 40 30 45 32 35 25

4 50 40 60 45 50 35

18 40 30 40 30 40 30

5 40 30 40 30 40 30

23 60 45 50 40 50 35

7 0 0 0 0 0 0

8 40 30 40 30 40 30

9 60 45 50 40 50 35

14 50 35 50 40 60 45

16 40 30 40 30 40 30

10 35 25 40 30 45 32

11 45 32 35 25 40 30

12 50 35 60 45 50 40

13 35 25 45 32 40 30

15 133.3 100 133.3 100 133.3 100

17 40 30 35 25 45 32

20 35 25 40 30 45 32

21 40 30 35 25 45 32

19 60 45 50 35 50 40

22 50 35 60 45 50 40

24 35 25 45 32 40 30

25 60 45 50 30 50 35

Table I.10: General Data of CASE37

General Data

Slack 701

Vnom (kV) 4.8

International System 0

DeltaLF 1

V slack ph A 1.0283

V slack ph B 1.0249

V slack ph C 1.0112

Ang slack ph A -29.5322

Ang slack ph B -150.52

Ang slack ph C 90.1923
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Table I.11: Tolology of CASE37

Node A Node B Length Config.

701 702 960 2

702 705 400 4

702 713 360 3

702 703 1320 2

703 727 240 4

703 730 600 3

704 714 80 4

704 720 800 3

705 742 320 4

705 712 240 4

706 725 280 4

707 724 760 4

707 722 120 4

708 733 320 3

708 732 320 4

709 731 600 3

709 708 320 3

710 735 200 4

710 736 1280 4

711 741 400 3

711 740 200 4

713 704 520 3

714 718 520 4

720 707 920 4

720 706 600 3

727 744 280 3

730 709 200 3

733 734 560 3

734 737 640 3

734 710 520 4

737 738 400 3

738 711 400 3

744 728 200 4

744 729 280 4
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Table I.12: Line Parameters of CASE37

Conf R11 R12 R13 R22 R23 R33

1 0.2926 0.0673 0.0337 0.2646 0.0673 0.2926

2 0.4751 0.1629 0.1234 0.4488 0.1629 0.4751

3 1.2936 0.4871 0.4585 1.3022 0.4871 1.2936

4 2.0952 0.5204 0.4926 2.1068 0.5204 2.0952

5 0 0 0 0 0 0

Conf X11 X12 X13 X22 X23 X33

1 0.1973 -0.0368 -0.0417 0.19 -0.0368 0.1973

2 0.2973 -0.0326 -0.0607 0.2678 -0.0326 0.2973

3 0.6713 0.2111 0.1521 0.6326 0.2111 0.6713

4 0.7758 0.2738 0.2123 0.7398 0.2738 0.7758

5 1 0 0 1 0 1

Conf B11 B12 B13 B22 B23 B33

1 159.7919 0 0 159.7919 0 159.7919

2 127.8306 0 0 127.8306 0 127.8306

3 74.8405 0 0 74.8405 0 74.8405

4 60.2483 0 0 60.2483 0 60.2483

5 1 0 0 1 0 1
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Table I.13: Load Data of CASE37

Node Ph-1 (kW) Ph-1 (kVAr) Ph-2 (kW) Ph-2 (kWAr) Ph-3 (KW) Ph-3 (kVAr)

701 140 70 140 70 350 175

712 0 0 0 0 85 40

713 0 0 0 0 85 40

714 17 8 21 10 0 0

718 85 40 0 0 0 0

720 0 0 0 0 85 40

722 0 0 140 70 21 10

724 0 0 42 21 0 0

725 0 0 42 21 0 0

727 0 0 0 0 42 21

728 42 21 42 21 42 21

729 42 21 0 0 0 0

730 0 0 0 0 85 40

731 0 0 85 40 0 0

732 0 0 0 0 42 21

733 85 40 0 0 0 0

734 0 0 0 0 42 21

735 0 0 0 0 85 40

736 0 0 42 21 0 0

737 140 70 0 0 0 0

738 126 62 0 0 0 0

740 0 0 0 0 85 40

741 0 0 0 0 42 21

742 8 4 85 40 0 0

744 42 21 0 0 0 0

Table I.14: General Data of CASE28

General Data

Slack 1

Vnom (kV) 4.16

International System 0

DeltaLF 0

V slack ph A 1

V slack ph B 1

V slack ph C 1

Ang slack ph A 0

Ang slack ph B -120

Ang slack ph C 120

PV bus 3
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Table I.15: Topology of CASE28

Node A Node B Length (ft.) Config.

1 2 1000 1

2 3 500 1

2 6 500 2

3 4 500 1

3 18 500 2

4 5 500 2

4 23 400 2

4 26 1000 1

6 7 500 2

6 8 1000 2

7 9 500 2

7 14 500 2

7 16 500 2

9 10 500 2

10 11 300 2

11 12 200 3

11 13 200 3

14 15 300 2

14 17 300 3

14 27 1000 1

18 20 500 2

18 21 400 3

20 19 400 3

20 28 1000 1

21 22 400 3

23 24 400 2

24 25 400 3

Table I.16: Line Parameters of CASE28

Conf R11 R12 R13 R22 R23 R33

1 0.3686 0.0169 0.0155 0.3757 0.0188 0.3723

2 0.9775 0.0167 0.0152 0.9844 0.0186 0.981

3 1.928 0.0161 0.0161 1.9308 0.0161 1.9337

Conf X11 X12 X13 X22 X23 X33

1 0.6852 0.1515 0.1098 0.6715 0.2072 0.6782

2 0.8717 0.1697 0.1264 0.8654 0.2275 0.8648

3 1.4194 0.1183 0.1183 1.4215 0.1183 1.4236

Conf B11 B12 B13 B22 B23 B33

1 0 0 0 0 0 0

2 0 0 0 0 0 0

3 0 0 0 0 0 0
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Table I.17: Load Data of CASE28

Node Ph-1 (kW) Ph-1 (kVAr) Ph-2 (kW) Ph-2 (kWAr) Ph-3 (KW) Ph-3 (kVAr)

2 0 0 0 0 0 0

3 35 25 40 30 45 32

6 40 30 45 32 35 25

4 50 40 60 45 50 35

18 40 30 40 30 40 30

5 40 30 40 30 40 30

23 60 45 50 40 50 35

7 0 0 0 0 0 0

8 40 30 40 30 40 30

9 60 45 50 40 50 35

14 50 35 50 40 60 45

16 40 30 40 30 40 30

10 35 25 40 30 45 32

11 45 32 35 25 40 30

12 50 35 60 45 50 40

13 35 25 45 32 40 30

15 133.3 100 133.3 100 133.3 100

17 40 30 35 25 45 32

20 35 25 40 30 45 32

21 40 30 35 25 45 32

19 60 45 50 35 50 40

22 50 35 60 45 50 40

24 35 25 45 32 40 30

25 60 45 50 30 50 35

Table I.18: Load and Voltage Data of CASE28

Node Ph-1 (V) Ph-1 (kW) Ph-1 (kVAr) Ph-2 (V) Ph-2 (kW) Ph-2 (kWAr) Ph-3 (V) Ph-3 (KW) Ph-3 (kVAr)

26 0.9924 145 0 0.9926 145 0 0.9938 145 0

27 0.9838 65 0 0.984 65 0 0.9854 65 0

28 0.9902 65 0 0.9905 65 0 0.9917 65 0
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Appendix II: : Data for Test

Systems CASE6, CASE23, CASE38,

and CASE33

Table II.1: Line Data of CASE6

Node A Node B R X

1 2 0.267 0.074

1 4 0.186 0.082

2 5 0.124 0.058

2 3 0.093 0.431

3 6 0.031 0.012

Table II.2: Active Load Data of CASE6

Node Load (kW) ap bp cp αp βp

1 0.161 0 0 0 1 2

2 0 0 0 0 1 0

3 0.215 0 0 0 1 2

4 0 0 0 0 1 0

5 0 0 0 0 1 0

6 0 0 0 0 1 0

Table II.3: Reactive Load Data of CASE6

Node Load (kVar) aq bq cq αq βq

1 0.107 0 0 0 1 2

2 0 0 0 0 1 0

3 0.152 0 0 0 1 2

4 0 0 0 0 1 0

5 0 0 0 0 1 0

6 0 0 0 0 1 0
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Table II.4: DG’s Data of CASE6

Node mp nq

5 0.00748 0.217323

6 0.00748 0.217323

4 0.00748 0.217323

Table II.5: Line Data of CASE22

Node A Node B R X

1 2 0.030281 0.014934

2 3 0.004521 0.002331

2 4 0.04476 0.02305

4 5 0.01595 0.008182

5 6 0.108347 0.055802

6 7 0.004942 0.002545

6 8 0.024008 0.012364

4 9 0.061413 0.031628

9 10 0.004521 0.002331

9 11 0.055785 0.028769

11 12 0.004521 0.002331

11 13 0.032579 0.016777

13 14 0.086446 0.044529

14 15 0.001818 0.000959

14 16 0.004521 0.002331

16 17 0.026545 0.013669

17 18 0.007843 0.004033

17 19 0.047438 0.024455

19 20 0.010678 0.005455

20 21 0.007198 0.003719

20 22 0.044041 0.022678
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Table II.6: Active Load Data of CASE22

Node Load (kW) ap bp cp αp βp

1 0 0 0 0 1 0

2 0.00336 0 0 0 1 0

3 0.00336 0 0 0 1 0

4 0.00676 0 0 0 1 0

5 0.00292 0 0 0 1 0

6 0.0021 0 0 0 1 0

7 0.00176 0 0 0 1 0

8 0.00288 0 0 0 1 0

9 0.00386 0 0 0 1 0

10 0.00288 0 0 0 1 0

11 0.00326 0 0 0 1 0

12 0.00326 0 0 0 1 0

13 0.01642 0 0 0 1 0

14 0.00694 0 0 0 1 0

15 0.00694 0 0 0 1 0

16 0.01606 0 0 0 1 0

17 0.00992 0 0 0 1 0

18 0.00992 0 0 0 1 0

19 0.00876 0 0 0 1 0

20 0.00746 0 0 0 1 0

21 0.00746 0 0 0 1 0

22 0.0062 0 0 0 1 0
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Table II.7: Reactive Load Data of CASE22

Node Load (kVar) aq bq cq αq βq

1 0 0 0 0 1 0

2 0.00418 0 0 0 1 0

3 0.00418 0 0 0 1 0

4 0.00746 0 0 0 1 0

5 0.0025 0 0 0 1 0

6 0.00284 0 0 0 1 0

7 0.00234 0 0 0 1 0

8 0.00372 0 0 0 1 0

9 0.00518 0 0 0 1 0

10 0.00372 0 0 0 1 0

11 0.0039 0 0 0 1 0

12 0.0039 0 0 0 1 0

13 0.01434 0 0 0 1 0

14 0.00602 0 0 0 1 0

15 0.00602 0 0 0 1 0

16 0.01402 0 0 0 1 0

17 0.00956 0 0 0 1 0

18 0.00956 0 0 0 1 0

19 0.00778 0 0 0 1 0

20 0.0072 0 0 0 1 0

21 0.0072 0 0 0 1 0

22 0.00588 0 0 0 1 0

Table II.8: DG’s Data of CASE22

Node mp nq

5 0.005102 0.05

13 0.001502 0.03

15 0.004506 0.01

21 0.001502 0.02
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Table II.9: Line Data of CASE38

Node A Node B R X

1 2 0.000574 0.000293

2 3 0.00307 0.001564

3 4 0.002279 0.001161

4 5 0.002373 0.001209

5 6 0.0051 0.004402

6 7 0.00116 0.003853

7 8 0.00443 0.001464

8 9 0.006411 0.004668

9 10 0.006501 0.004608

10 11 0.001224 0.000405

11 12 0.002331 0.000771

12 13 0.009141 0.007192

13 14 0.003372 0.004439

14 15 0.00368 0.003275

15 16 0.004647 0.003394

16 17 0.008026 0.010716

17 18 0.004558 0.003574

2 19 0.001021 0.000974

19 20 0.009366 0.00844

20 21 0.00255 0.002979

21 22 0.004414 0.005836

3 23 0.002809 0.00192

23 24 0.005592 0.004415

24 25 0.005579 0.004366

6 26 0.001264 0.000644

26 27 0.00177 0.000901

27 28 0.006594 0.005814

28 29 0.005007 0.004362

29 30 0.00316 0.00161

30 31 0.006067 0.005996

31 32 0.001933 0.002253

32 33 0.002123 0.003301

8 34 0.012453 0.012453

9 35 0.012453 0.012453

12 36 0.012453 0.012453

18 37 0.003113 0.003113

25 38 0.003113 0.003113
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Table II.10: Active Load Data of CASE38

Node Load (kW) ap bp cp αp βp

1 0 0 0 0 1 0

2 0.1 0 0 0 1 0.92

3 0.09 0 0 0 1 0.18

4 0.12 0 0 0 1 1.51

5 0.06 0 0 0 1 0.92

6 0.06 0 0 0 1 0.18

7 0.2 0 0 0 1 1.51

8 0.2 0 0 0 1 1.51

9 0.06 0 0 0 1 0.18

10 0.06 0 0 0 1 1.51

11 0.045 0 0 0 1 1.51

12 0.06 0 0 0 1 0.92

13 0.06 0 0 0 1 1.51

14 0.12 0 0 0 1 0.92

15 0.06 0 0 0 1 1.51

16 0.06 0 0 0 1 0.18

17 0.06 0 0 0 1 1.51

18 0.09 0 0 0 1 0.18

19 0.09 0 0 0 1 0.92

20 0.09 0 0 0 1 1.51

21 0.09 0 0 0 1 0.18

22 0.09 0 0 0 1 0.92

23 0.09 0 0 0 1 1.51

24 0.42 0 0 0 1 1.51

25 0.42 0 0 0 1 1.51

26 0.06 0 0 0 1 1.51

27 0.06 0 0 0 1 0.18

28 0.06 0 0 0 1 1.51

29 0.12 0 0 0 1 1.51

30 0.2 0 0 0 1 1.51

31 0.15 0 0 0 1 0.92

32 0.21 0 0 0 1 0.92

33 0.06 0 0 0 1 1.51

34 0 0 0 0 1 0

35 0 0 0 0 1 0

36 0 0 0 0 1 0

37 0 0 0 0 1 0

38 0 0 0 0 1 0
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Table II.11: Reactive Load Data of CASE38

Node Load (kVar) aq bq cq αq βq

1 0 0 0 0 1 0

2 0.06 0 0 0 1 4.04

3 0.04 0 0 0 1 6

4 0.08 0 0 0 1 3.4

5 0.03 0 0 0 1 4.04

6 0.02 0 0 0 1 6

7 0.1 0 0 0 1 3.4

8 0.1 0 0 0 1 3.4

9 0.02 0 0 0 1 6

10 0.02 0 0 0 1 3.4

11 0.03 0 0 0 1 3.4

12 0.035 0 0 0 1 4.04

13 0.035 0 0 0 1 3.4

14 0.08 0 0 0 1 4.04

15 0.01 0 0 0 1 3.4

16 0.02 0 0 0 1 6

17 0.02 0 0 0 1 3.4

18 0.04 0 0 0 1 6

19 0.04 0 0 0 1 4.04

20 0.04 0 0 0 1 3.4

21 0.04 0 0 0 1 6

22 0.04 0 0 0 1 4.04

23 0.05 0 0 0 1 3.4

24 0.2 0 0 0 1 3.4

25 0.2 0 0 0 1 3.4

26 0.025 0 0 0 1 3.4

27 0.025 0 0 0 1 6

28 0.02 0 0 0 1 3.4

29 0.07 0 0 0 1 3.4

30 0.6 0 0 0 1 3.4

31 0.07 0 0 0 1 4.04

32 0.1 0 0 0 1 4.04

33 0.04 0 0 0 1 3.4

34 0 0 0 0 1 0

35 0 0 0 0 1 0

36 0 0 0 0 1 0

37 0 0 0 0 1 0

38 0 0 0 0 1 0
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Table II.12: DG’s Data of CASE38

Node mp nq

34 0.005102 0.05

35 0.001502 0.03

36 0.004506 0.05

37 0.002253 0.01

38 0.002253 0.1

Table II.13: Line Data of CASE33

Node A Node B R X

1 2 0.000288 0.000147

2 3 0.001538 0.000783

3 4 0.001142 0.000581

4 5 0.001189 0.000606

5 6 0.002555 0.002206

6 7 0.000584 0.00193

7 8 0.002219 0.000733

8 9 0.003213 0.002309

9 10 0.003257 0.002309

10 11 0.000613 0.000203

11 12 0.001168 0.000386

12 13 0.00458 0.003603

13 14 0.00169 0.002224

14 15 0.001844 0.001641

15 16 0.002328 0.0017

16 17 0.004021 0.005369

17 18 0.002284 0.001791

2 19 0.000512 0.000488

19 20 0.004693 0.004228

20 21 0.001277 0.001492

21 22 0.002212 0.002924

3 23 0.001408 0.000962

23 24 0.002801 0.002212

24 25 0.002795 0.002187

6 26 0.000633 0.000323

26 27 0.000887 0.000451

27 28 0.003304 0.002913

28 29 0.002509 0.002186

29 30 0.001583 0.000806

30 31 0.00304 0.003004

31 32 0.000969 0.001129

32 33 0.001064 0.001654
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Table II.14: Active Load Data of CASE33

Node Load (kW) ap bp cp αp βp

1 0 0 0 0 1 0

2 0.2 0 0 0 1 0

3 0.18 0 0 0 1 0

4 0.24 0 0 0 1 0

5 0.12 0 0 0 1 0

6 0.78 0 0 0 1 0

7 0.4 0 0 0 1 0

8 0.4 0 0 0 1 0

9 0.12 0 0 0 1 0

10 0.12 0 0 0 1 0

11 0.09 0 0 0 1 0

12 0.12 0 0 0 1 0

13 0.78 0 0 0 1 0

14 0.24 0 0 0 1 0

15 0.12 0 0 0 1 0

16 0.12 0 0 0 1 0

17 0.12 0 0 0 1 0

18 0.18 0 0 0 1 0

19 0.18 0 0 0 1 0

20 0.18 0 0 0 1 0

21 0.18 0 0 0 1 0

22 0.18 0 0 0 1 0

23 0.18 0 0 0 1 0

24 0.84 0 0 0 1 0

25 0.06 0 0 0 1 0

26 0.12 0 0 0 1 0

27 0.12 0 0 0 1 0

28 0.12 0 0 0 1 0

29 0.24 0 0 0 1 0

30 0.4 0 0 0 1 0

31 0.3 0 0 0 1 0

32 0.42 0 0 0 1 0

33 0.78 0 0 0 1 0
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Table II.15: Reactive Load Data of CASE33

Node Load (kVar) aq bq cq αq βq

1 0 0 0 0 1 0

2 0.08 0 0 0 1 0

3 0.16 0 0 0 1 0

4 0.06 0 0 0 1 0

5 0.86 0 0 0 1 0

6 0.2 0 0 0 1 0

7 0.2 0 0 0 1 0

8 0.04 0 0 0 1 0

9 0.04 0 0 0 1 0

10 0.06 0 0 0 1 0

11 0.07 0 0 0 1 0

12 0.83 0 0 0 1 0

13 0.16 0 0 0 1 0

14 0.02 0 0 0 1 0

15 0.04 0 0 0 1 0

16 0.04 0 0 0 1 0

17 0.08 0 0 0 1 0

18 0.08 0 0 0 1 0

19 0.08 0 0 0 1 0

20 0.08 0 0 0 1 0

21 0.08 0 0 0 1 0

22 0.1 0 0 0 1 0

23 0.4 0 0 0 1 0

24 0.5 0 0 0 1 0

25 0.05 0 0 0 1 0

26 0.05 0 0 0 1 0

27 0.04 0 0 0 1 0

28 0.14 0 0 0 1 0

29 1.2 0 0 0 1 0

30 0.14 0 0 0 1 0

31 0.2 0 0 0 1 0

32 0.82 0 0 0 1 0

33 0.78 0 0 0 1 0

Table II.16: DG’s Data of CASE33

Node mp nq

1 0.005 0.005

6 0.1 0.1

13 0.01 0.01

25 0.1 0.1

33 0.02 0.02
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Appendix III

A. Performance of εDE-GN on Benchmark Problems

Table III.1: Experimental Results of εDE-GN on CEC-2006 Benchmark Suite.

Prob Min Median Mean Std Worst FR SR

1 32686 34385 34297 681 35362 100 100

2 107160 132320 130334 9273 144980 100 100

3 54670 87320 86264 11455 103030 100 100

4 20195 24075 23881 1559 26020 100 100

5 16712 18984 18818 751 19848 100 100

6 20022 22580 22424 1151 23932 100 100

7 124390 140200 138878 5626 145270 100 100

8 550 2350 2279 582 3030 100 100

9 50593 55988 55477 2450 58959 100 100

10 121256 132416 132164 5970 142152 100 100

11 2398 4074 3845 671 4710 100 100

12 120 123 124 2 126 100 100

13 9405 29160 28606 9632 42460 100 100

14 64010 70630 70660 3671 75390 100 100

15 7714 11589 11313 1109 12419 100 100

16 18190 22570 22409 1896 26865 100 100

17 46050 67258 69648 16313 95702 100 100

18 95624 110575 110915 6279 119776 100 100

19 181220 199515 200888 9800 217365 100 100

21 46468 50736 50655 2229 53847 100 100

23 145855 198620 199828 26450 253102 100 100

24 1244 3538 3362 617 4148 100 100
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Table III.2: Comparison of algorithms on CEC-2006 benchmark problems

Algorithms mean FR SR SP overall rank

εDE-GN 1 1 1 3 6 1

DE 8 5 9 5 27 8

DMS 4 1 4 6 15 3

e-DE 2 1 1 7 11 2

GDE 11 11 10 9 41 10

jDE-2 9 5 8 10 32 9

MDE 5 5 5 1 16 4

MPDE 6 10 5 4 25 7

PCX 3 5 3 8 19 6

PESO+ 10 9 11 11 41 10

SaDE 7 1 7 2 17 5

B. Performance of υMAESlm on Benchmark Problems
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C. Performance of ESHADE on Standard Benchmark Prob-

lem.

Table III.7: number of trials of ESHADE in a run of 50 that found correct digits

Function
Number of correct digits

Score
0 1 2 3 4 5 6 7 8 9 10

1 0 0 0 0 0 0 0 0 0 0 50 10

2 0 0 0 0 0 0 0 0 0 0 50 10

3 0 0 0 0 0 0 0 0 0 0 50 10

4 0 0 0 0 0 0 0 0 0 0 50 10

5 0 0 0 0 0 0 0 0 0 0 50 10

6 0 0 0 0 0 0 0 0 0 0 50 10

7 0 0 0 0 0 0 0 0 0 0 50 10

8 0 2 48 0 0 0 0 0 0 0 0 2

9 0 0 50 13 0 0 0 0 0 0 0 2.52

10 0 0 0 0 0 0 0 0 0 0 50 10

Total 84.52
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Table III.8: Score achieved by HSES, EBOwithCMAR and ESHADE for problem suite

of 100-Digit Challenge.

Function HSES EBOwithCMAR ESHADE

1 10 10 10

2 0.2 10 10

3 1.72 10 10

4 4.96 10 10

5 10 10 10

6 10 10 10

7 0.28 0.28 10

8 0.16 1.12 2

9 3 3 2.52

10 10 8.64 10

Total 50.32 73.04 84.52
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Appendix IV: Power Flow results of

different Systems

Chapter-4

A. CASE22

A.1. Case 1:

Table IV.1: Power Flow solution of CASE22 test system operating in conventional droop.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9868 0.0000 0.0000 0.0000 0.0000 0.0000 12 0.9943 0.0057 -0.0163 -0.0195 0.0256 2.2728

2 0.9868 0.0000 -0.0168 -0.0209 0.0272 2.2479 13 0.9986 0.0064 0.1720 -0.0256 0.1741 0.1543

3 0.9866 0.0001 -0.0168 -0.0209 0.0272 2.2479 14 0.9959 -0.0018 -0.0347 -0.0301 0.0461 2.4253

4 0.9893 -0.0011 -0.0338 -0.0373 0.0509 2.3059 15 0.9963 -0.0023 0.0500 0.3364 0.3414 -1.4256

5 0.9907 -0.0030 0.0602 0.1725 0.1845 -1.2381 16 0.9950 -0.0008 -0.0803 -0.0701 0.1071 2.4231

6 0.9845 0.0000 -0.0105 -0.0142 0.0179 2.2075 17 0.9927 0.0039 -0.0496 -0.0478 0.0694 2.3786

7 0.9844 0.0001 -0.0088 -0.0117 0.0149 2.2157 18 0.9921 0.0041 -0.0496 -0.0478 0.0694 2.3788

8 0.9839 0.0003 -0.0144 -0.0186 0.0239 2.2299 19 0.9957 0.0102 -0.0438 -0.0389 0.0588 2.4256

9 0.9903 0.0033 -0.0193 -0.0259 0.0326 2.2145 20 0.9971 0.0115 -0.0373 -0.0360 0.0520 2.3854

10 0.9902 0.0033 -0.0144 -0.0186 0.0238 2.2329 21 0.9987 0.0121 0.2168 0.0266 0.2187 -0.1100

11 0.9945 0.0057 -0.0163 -0.0195 0.0256 2.2727 22 0.9950 0.0121 -0.0310 -0.0294 0.0429 2.3947

w 0.9996

A.2. Case 2:
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Table IV.2: Power Flow solution of CASE22 test system operating in inverse droop.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9881 0.0000 0.0000 0.0000 0.0000 3.1416 12 0.9933 -0.0123 -0.0163 -0.0195 0.0256 2.2548

2 0.9881 0.0000 -0.0168 -0.0209 0.0271 2.2479 13 0.9970 -0.0166 0.0189 0.1794 0.1809 -1.4827

3 0.9880 0.0001 -0.0168 -0.0209 0.0271 2.2479 14 0.9967 -0.0132 -0.0347 -0.0301 0.0461 2.4139

4 0.9906 -0.0011 -0.0338 -0.0373 0.0508 2.3059 15 0.9972 -0.0130 0.2453 0.0536 0.2518 -0.2281

5 0.9924 -0.0005 0.1374 0.0614 0.1516 -0.4210 16 0.9957 -0.0134 -0.0803 -0.0701 0.1071 2.4105

6 0.9862 0.0025 -0.0105 -0.0142 0.0179 2.2100 17 0.9928 -0.0154 -0.0496 -0.0478 0.0694 2.3593

7 0.9861 0.0025 -0.0088 -0.0117 0.0148 2.2182 18 0.9922 -0.0152 -0.0496 -0.0478 0.0694 2.3595

8 0.9856 0.0027 -0.0144 -0.0186 0.0239 2.2324 19 0.9947 -0.0211 -0.0438 -0.0389 0.0589 2.3943

9 0.9904 -0.0062 -0.0193 -0.0259 0.0326 2.2050 20 0.9958 -0.0225 -0.0373 -0.0360 0.0521 2.3514

10 0.9903 -0.0061 -0.0144 -0.0186 0.0238 2.2235 21 0.9973 -0.0237 0.0967 0.2151 0.2365 -1.1721

11 0.9934 -0.0123 -0.0163 -0.0195 0.0256 2.2547 22 0.9938 -0.0219 -0.0310 -0.0294 0.0430 2.3608

w 1.0004

A.3. Case 3:

Table IV.3: Power Flow solution of CASE22 test system operating in mixed droop.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9832 0.0000 0.0000 0.0000 0.0000 3.1416 12 0.9885 -0.0046 -0.0163 -0.0195 0.0257 2.2624

2 0.9832 0.0000 -0.0168 -0.0209 0.0273 2.2479 13 0.9921 -0.0069 0.0501 0.0582 0.0774 -0.8664

3 0.9831 0.0001 -0.0168 -0.0209 0.0273 2.2479 14 0.9945 -0.0098 -0.0347 -0.0301 0.0462 2.4173

4 0.9857 -0.0011 -0.0338 -0.0373 0.0511 2.3059 15 0.9951 -0.0100 0.2099 0.2137 0.3010 -0.8044

5 0.9875 -0.0016 0.1106 0.1120 0.1594 -0.7933 16 0.9934 -0.0095 -0.0803 -0.0701 0.1073 2.4144

6 0.9813 0.0014 -0.0105 -0.0142 0.0180 2.2089 17 0.9901 -0.0087 -0.0496 -0.0478 0.0696 2.3660

7 0.9812 0.0015 -0.0088 -0.0117 0.0149 2.2171 18 0.9895 -0.0085 -0.0496 -0.0478 0.0696 2.3662

8 0.9807 0.0017 -0.0144 -0.0186 0.0240 2.2313 19 0.9912 -0.0093 -0.0438 -0.0389 0.0591 2.4061

9 0.9856 -0.0022 -0.0193 -0.0259 0.0328 2.2090 20 0.9921 -0.0096 -0.0373 -0.0360 0.0522 2.3643

10 0.9854 -0.0021 -0.0144 -0.0186 0.0239 2.2275 21 0.9935 -0.0101 0.1257 0.1247 0.1782 -0.7913

11 0.9886 -0.0047 -0.0163 -0.0195 0.0257 2.2624 22 0.9901 -0.0090 -0.0310 -0.0294 0.0432 2.3736

w 1.0000

A.4. Case 4:
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Table IV.4: Power Flow solution of CASE22 test system operating in isochronous mode.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9836 0.0000 0.0000 0.0000 0.0000 0.0000 12 0.9891 -0.0062 -0.0163 -0.0195 0.0257 2.2609

2 0.9836 0.0000 -0.0168 -0.0209 0.0273 2.2479 13 0.9928 -0.0088 0.1578 -0.1243 0.2023 0.6584

3 0.9835 0.0001 -0.0168 -0.0209 0.0273 2.2479 14 0.9945 -0.0337 -0.0347 -0.0301 0.0462 2.3933

4 0.9861 -0.0011 -0.0338 -0.0373 0.0510 2.3059 15 0.9951 -0.0339 0.2200 0.2071 0.3036 -0.7890

5 0.9879 -0.0014 0.1144 0.1011 0.1545 -0.7248 16 0.9933 -0.0347 -0.0803 -0.0701 0.1073 2.3892

6 0.9816 0.0017 -0.0105 -0.0142 0.0180 2.2092 17 0.9897 -0.0409 -0.0496 -0.0478 0.0696 2.3338

7 0.9815 0.0017 -0.0088 -0.0117 0.0149 2.2174 18 0.9891 -0.0407 -0.0496 -0.0478 0.0696 2.3339

8 0.9810 0.0019 -0.0144 -0.0186 0.0240 2.2315 19 0.9905 -0.0543 -0.0438 -0.0389 0.0591 2.3611

9 0.9861 -0.0030 -0.0193 -0.0259 0.0328 2.2082 20 0.9913 -0.0574 -0.0373 -0.0360 0.0523 2.3165

10 0.9859 -0.0029 -0.0144 -0.0186 0.0239 2.2267 21 0.9927 -0.0598 0.0153 0.3305 0.3333 -1.5844

11 0.9892 -0.0062 -0.0163 -0.0195 0.0257 2.2608 22 0.9893 -0.0568 -0.0310 -0.0294 0.0432 2.3258

w 0.9999

B. CASE38

B.1. Case 1:

Table IV.5: Power Flow solution of CASE38 test system operating in conventional mode.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9322 0.0000 0.0000 0.0000 0.0000 0.0000 20 0.9284 -0.0018 -0.0804 -0.0311 0.0929 2.7712

2 0.9322 0.0000 -0.0937 -0.0452 0.1116 2.6924 21 0.9278 -0.0022 -0.0888 -0.0255 0.0996 2.8597

3 0.9339 0.0002 -0.0889 -0.0265 0.0993 2.8517 22 0.9272 -0.0026 -0.0840 -0.0295 0.0960 2.8014

4 0.9353 0.0010 -0.1085 -0.0637 0.1345 2.6114 23 0.9342 -0.0005 -0.0812 -0.0397 0.0967 2.6867

5 0.9371 0.0017 -0.0565 -0.0231 0.0651 2.7557 24 0.9355 -0.0018 -0.3798 -0.1594 0.4403 2.7423

6 0.9415 0.0049 -0.0594 -0.0139 0.0648 2.9159 25 0.9398 -0.0022 -0.3824 -0.1620 0.4419 2.7388

7 0.9469 0.0109 -0.1842 -0.0831 0.2134 2.7288 26 0.9399 0.0053 -0.0546 -0.0202 0.0620 2.7920

8 0.9569 0.0094 -0.1871 -0.0861 0.2153 2.7198 27 0.9377 0.0059 -0.0593 -0.0170 0.0658 2.8684

9 0.9703 0.0151 -0.0597 -0.0167 0.0639 2.8840 28 0.9283 0.0061 -0.0536 -0.0155 0.0601 2.8658

10 0.9748 0.0171 -0.0577 -0.0183 0.0621 2.8512 29 0.9216 0.0065 -0.1061 -0.0530 0.1287 2.6845

11 0.9756 0.0172 -0.0434 -0.0276 0.0527 2.5921 30 0.9186 0.0077 -0.1759 -0.4495 0.5255 1.9515

12 0.9774 0.0174 -0.0588 -0.0319 0.0684 2.6614 31 0.9151 0.0060 -0.1382 -0.0489 0.1602 2.8076

13 0.9801 0.0207 -0.0582 -0.0327 0.0681 2.6506 32 0.9143 0.0056 -0.1934 -0.0696 0.2248 2.8016

14 0.9813 0.0228 -0.1179 -0.0741 0.1420 2.6032 33 0.9141 0.0054 -0.0524 -0.0295 0.0658 2.6346

15 0.9834 0.0245 -0.0585 -0.0094 0.0603 3.0060 34 0.9693 0.0059 0.3562 0.6131 0.7315 -1.0385

16 0.9863 0.0263 -0.0599 -0.0184 0.0635 2.8695 35 0.9897 0.0263 1.2100 0.3422 1.2705 -0.2493

17 0.9923 0.0330 -0.0593 -0.0195 0.0629 2.8572 36 0.9860 0.0190 0.4033 0.2795 0.4977 -0.5871

18 0.9958 0.0351 -0.0899 -0.0390 0.0984 2.7675 37 0.9987 0.0373 0.8067 0.1263 0.8175 -0.1181

19 0.9317 -0.0002 -0.0843 -0.0301 0.0961 2.7989 38 0.9443 -0.0013 0.8067 0.5568 1.0380 -0.6055

w 0.9982

B.2. Case 2:
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Table IV.6: Power Flow solution of CASE38 test system operating in inverse mode.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9183 0.0000 0.0000 0.0000 0.0000 -0.4636 20 0.9145 -0.0019 -0.0786 -0.0786 0.0918 2.7807

2 0.9183 0.0000 -0.0925 -0.0925 0.1108 2.7106 21 0.9138 -0.0023 -0.0886 -0.0886 0.1002 2.8821

3 0.9199 0.0002 -0.0887 -0.0887 0.0999 2.8749 22 0.9132 -0.0028 -0.0828 -0.0828 0.0956 2.8157

4 0.9216 0.0008 -0.1061 -0.1061 0.1326 2.6233 23 0.9198 -0.0002 -0.0793 -0.0793 0.0955 2.6985

5 0.9237 0.0013 -0.0558 -0.0558 0.0648 2.7708 24 0.9202 -0.0010 -0.3704 -0.3704 0.4346 2.7542

6 0.9289 0.0042 -0.0592 -0.0592 0.0652 2.9320 25 0.9235 -0.0009 -0.3724 -0.3724 0.4358 2.7519

7 0.9348 0.0105 -0.1806 -0.1806 0.2111 2.7374 26 0.9273 0.0046 -0.0535 -0.0535 0.0614 2.7995

8 0.9452 0.0086 -0.1837 -0.1837 0.2131 2.7278 27 0.9252 0.0051 -0.0592 -0.0592 0.0662 2.8877

9 0.9582 0.0086 -0.0595 -0.0595 0.0642 2.8959 28 0.9159 0.0052 -0.0525 -0.0525 0.0596 2.8716

10 0.9635 0.0089 -0.0567 -0.0567 0.0616 2.8493 29 0.9093 0.0055 -0.1040 -0.1040 0.1272 2.6936

11 0.9644 0.0087 -0.0426 -0.0426 0.0520 2.5935 30 0.9064 0.0066 -0.1724 -0.1724 0.5106 1.9591

12 0.9663 0.0083 -0.0581 -0.0581 0.0679 2.6671 31 0.9029 0.0048 -0.1365 -0.1365 0.1597 2.8193

13 0.9700 0.0079 -0.0573 -0.0573 0.0674 2.6462 32 0.9021 0.0044 -0.1910 -0.1910 0.2240 2.8135

14 0.9720 0.0083 -0.1169 -0.1169 0.1409 2.6020 33 0.9019 0.0043 -0.0513 -0.0513 0.0649 2.6442

15 0.9746 0.0085 -0.0577 -0.0577 0.0600 2.9926 34 0.9583 0.0176 0.8334 0.8334 0.8899 -0.1966

16 0.9779 0.0085 -0.0598 -0.0598 0.0637 2.8654 35 0.9762 0.0110 0.7944 0.7944 1.0295 -0.6483

17 0.9859 0.0113 -0.0587 -0.0587 0.0626 2.8391 36 0.9752 0.0122 0.4951 0.4951 0.5495 -0.3808

18 0.9899 0.0117 -0.0898 -0.0898 0.0984 2.7565 37 0.9933 0.0125 0.6698 0.6698 0.7908 -0.5372

19 0.9178 -0.0003 -0.0832 -0.0832 0.0957 2.8136 38 0.9273 0.0003 0.7270 0.7270 0.9002 -0.5137

w 1.0009
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B.3. Case 3:

Table IV.7: Power Flow solution of CASE38 test system operating in mixed mode.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9026 0.0000 0.0000 0.0000 0.0000 0.0000 20 0.8989 -0.0020 -0.0766 -0.0278 0.0907 2.7911

2 0.9026 0.0000 -0.0910 -0.0397 0.1100 2.7305 21 0.8982 -0.0024 -0.0883 -0.0210 0.1010 2.9055

3 0.9043 0.0003 -0.0884 -0.0219 0.1007 2.8992 22 0.8977 -0.0029 -0.0815 -0.0259 0.0952 2.8314

4 0.9063 0.0006 -0.1034 -0.0572 0.1304 2.6366 23 0.9037 0.0001 -0.0772 -0.0354 0.0940 2.7116

5 0.9086 0.0009 -0.0549 -0.0204 0.0645 2.7874 24 0.9032 -0.0001 -0.3601 -0.1415 0.4284 2.7672

6 0.9147 0.0034 -0.0590 -0.0117 0.0658 2.9491 25 0.9055 0.0006 -0.3615 -0.1427 0.4292 2.7663

7 0.9210 0.0098 -0.1766 -0.0756 0.2086 2.7471 26 0.9131 0.0037 -0.0523 -0.0184 0.0607 2.8078

8 0.9318 0.0076 -0.1798 -0.0786 0.2106 2.7368 27 0.9110 0.0042 -0.0590 -0.0143 0.0666 2.9082

9 0.9455 0.0103 -0.0594 -0.0143 0.0646 2.9159 28 0.9019 0.0041 -0.0513 -0.0141 0.0590 2.8781

10 0.9518 0.0107 -0.0557 -0.0169 0.0611 2.8575 29 0.8955 0.0043 -0.1016 -0.0481 0.1255 2.7037

11 0.9529 0.0104 -0.0418 -0.0255 0.0514 2.6053 30 0.8926 0.0054 -0.1685 -0.4077 0.4942 1.9680

12 0.9551 0.0099 -0.0575 -0.0291 0.0675 2.6835 31 0.8891 0.0036 -0.1346 -0.0435 0.1591 2.8324

13 0.9602 0.0105 -0.0564 -0.0305 0.0668 2.6568 32 0.8884 0.0031 -0.1883 -0.0620 0.2232 2.8267

14 0.9628 0.0115 -0.1159 -0.0686 0.1399 2.6184 33 0.8882 0.0030 -0.0502 -0.0267 0.0640 2.6550

15 0.9659 0.0121 -0.0569 -0.0089 0.0597 2.9989 34 0.9460 0.0100 0.6262 0.4541 0.8177 -0.6174

16 0.9699 0.0126 -0.0597 -0.0167 0.0639 2.8821 35 0.9619 0.0183 0.9277 0.3429 1.0282 -0.3358

17 0.9792 0.0169 -0.0581 -0.0186 0.0623 2.8485 36 0.9643 0.0125 0.4542 0.2593 0.5424 -0.5062

18 0.9839 0.0178 -0.0897 -0.0363 0.0984 2.7752 37 0.9877 0.0190 0.8079 0.4181 0.9210 -0.4585

19 0.9022 -0.0003 -0.0819 -0.0264 0.0953 2.8295 38 0.9086 0.0021 0.6518 0.2620 0.7731 -0.3800

w 0.9991

B.4. Case 4:
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Table IV.8: Power Flow solution of CASE38 test system operating in isochronous mode.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9244 0.0000 0.0000 0.0000 0.0000 -0.4636 20 0.9206 -0.0018 -0.0794 -0.0302 0.0923 2.7766

2 0.9244 0.0000 -0.0930 -0.0437 0.1112 2.7027 21 0.9199 -0.0023 -0.0887 -0.0242 0.0999 2.8724

3 0.9261 0.0002 -0.0888 -0.0252 0.0996 2.8649 22 0.9193 -0.0027 -0.0833 -0.0285 0.0958 2.8095

4 0.9275 0.0013 -0.1071 -0.0619 0.1334 2.6186 23 0.9263 -0.0009 -0.0802 -0.0385 0.0960 2.6926

5 0.9293 0.0025 -0.0561 -0.0223 0.0650 2.7654 24 0.9276 -0.0032 -0.3750 -0.1549 0.4374 2.7466

6 0.9336 0.0065 -0.0593 -0.0132 0.0650 2.9282 25 0.9319 -0.0045 -0.3776 -0.1574 0.4390 2.7422

7 0.9387 0.0131 -0.1818 -0.0806 0.2118 2.7371 26 0.9320 0.0069 -0.0539 -0.0197 0.0616 2.7988

8 0.9488 0.0122 -0.1848 -0.0836 0.2137 2.7287 27 0.9299 0.0075 -0.0592 -0.0162 0.0660 2.8827

9 0.9624 0.0155 -0.0596 -0.0159 0.0641 2.8964 28 0.9206 0.0076 -0.0530 -0.0151 0.0598 2.8715

10 0.9667 0.0171 -0.0570 -0.0178 0.0618 2.8557 29 0.9139 0.0080 -0.1047 -0.0515 0.1277 2.6923

11 0.9675 0.0172 -0.0428 -0.0268 0.0522 2.5992 30 0.9110 0.0091 -0.1737 -0.4370 0.5162 1.9583

12 0.9692 0.0172 -0.0583 -0.0308 0.0681 2.6721 31 0.9075 0.0074 -0.1372 -0.0473 0.1599 2.8171

13 0.9730 0.0178 -0.0576 -0.0319 0.0676 2.6535 32 0.9067 0.0070 -0.1919 -0.0673 0.2243 2.8112

14 0.9751 0.0187 -0.1172 -0.0722 0.1412 2.6081 33 0.9065 0.0068 -0.0517 -0.0286 0.0652 2.6427

15 0.9776 0.0192 -0.0580 -0.0093 0.0601 3.0024 34 0.9594 0.0166 0.5672 0.2453 0.6441 -0.3915

16 0.9810 0.0197 -0.0598 -0.0178 0.0636 2.8715 35 0.9833 0.0225 1.0936 0.5574 1.2484 -0.4489

17 0.9889 0.0236 -0.0590 -0.0193 0.0628 2.8497 36 0.9755 0.0220 0.4274 0.0629 0.4429 -0.1240

18 0.9930 0.0244 -0.0899 -0.0383 0.0984 2.7627 37 0.9964 0.0255 0.7291 0.3602 0.8162 -0.4334

19 0.9239 -0.0002 -0.0837 -0.0290 0.0959 2.8072 38 0.9365 -0.0041 0.7291 0.6353 1.0326 -0.7209

w 0.9984
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C. CASE69

C.1. Case 1:

Table IV.9: Power Flow solution of CASE69 test system operating in conventional mode.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9974 0.0000 0.3745 0.2514 0.4522 -0.5913 24 0.9633 -0.0998 -0.0280 -0.0200 0.0357 2.4215 47 0.9970 -0.0001 0.0000 0.0000 0.0000 3.1416

2 0.9974 0.0000 0.0000 0.0000 0.0000 1.5708 25 0.9883 -0.1137 0.4240 0.4335 0.6136 -0.9102 48 0.9924 0.0017 -0.0790 -0.0564 0.0978 2.5233

3 0.9974 0.0000 0.0000 0.0000 0.0000 0.7854 26 0.9876 -0.1135 -0.0140 -0.0100 0.0174 2.4079 49 0.9810 0.0105 -0.3847 -0.2745 0.4817 2.5323

4 0.9972 -0.0002 0.0000 0.0000 0.0000 -2.3562 27 0.9875 -0.1134 -0.0140 -0.0100 0.0174 2.4079 50 0.9833 0.0165 0.4633 -0.0076 0.4713 0.0330

5 0.9954 -0.0016 0.0000 0.0000 0.0000 0.0000 28 0.9979 0.0004 -0.0260 -0.0186 0.0320 2.5210 51 0.9415 -0.0181 -0.0405 -0.0283 0.0525 2.5136

6 0.9718 -0.0086 -0.0026 -0.0022 0.0035 2.4307 29 1.0052 0.0062 0.8220 0.4643 0.9393 -0.5080 52 0.9414 -0.0181 -0.0036 -0.0027 0.0048 2.4800

7 0.9474 -0.0162 -0.0404 -0.0300 0.0531 2.4867 30 1.0040 0.0066 0.0000 0.0000 0.0000 -1.5708 53 0.9367 -0.0223 -0.0043 -0.0035 0.0059 2.4361

8 0.9419 -0.0182 -0.0750 -0.0540 0.0981 2.4994 31 1.0037 0.0067 0.0000 0.0000 0.0000 -0.3588 54 0.9335 -0.0259 -0.0264 -0.0190 0.0348 2.4918

9 0.9395 -0.0193 -0.0300 -0.0220 0.0396 2.4895 32 1.0027 0.0070 0.0000 0.0000 0.0000 1.5708 55 0.9298 -0.0311 -0.0240 -0.0172 0.0318 2.4887

10 0.9155 -0.0204 -0.0280 -0.0190 0.0370 2.5250 33 1.0001 0.0077 -0.0140 -0.0100 0.0172 2.5291 56 0.9268 -0.0364 0.0000 0.0000 0.0000 -1.1071

11 0.9104 -0.0208 -0.1450 -0.1040 0.1960 2.4986 34 0.9967 0.0088 -0.0195 -0.0140 0.0241 2.5277 57 0.9074 -0.0621 0.0000 0.0000 0.0000 0.4636

12 0.9022 -0.0260 -0.1450 -0.1040 0.1978 2.4933 35 0.9961 0.0090 -0.0060 -0.0040 0.0072 2.5626 58 0.8981 -0.0751 0.0000 0.0000 0.0000 2.6779

13 0.9081 -0.0398 -0.0080 -0.0055 0.0107 2.4995 36 0.9972 -0.0001 -0.0260 -0.0186 0.0321 2.5205 59 0.8946 -0.0803 -0.1000 -0.0720 0.1377 2.4373

14 0.9149 -0.0538 -0.0080 -0.0055 0.0106 2.4855 37 0.9955 -0.0013 -0.0260 -0.0186 0.0321 2.5194 60 0.8932 -0.0879 0.3745 1.1678 1.3730 -1.3484

15 0.9228 -0.0680 0.0000 0.0000 0.0000 -1.5708 38 0.9939 -0.0017 0.0000 0.0000 0.0000 -1.5708 61 0.8591 -0.0589 -1.2440 -0.8880 1.7791 2.4627

16 0.9243 -0.0706 -0.0455 -0.0300 0.0590 2.4881 39 0.9934 -0.0018 -0.0240 -0.0170 0.0296 2.5235 62 0.8646 -0.0553 -0.0320 -0.0230 0.0456 2.4631

17 0.9285 -0.0759 -0.0600 -0.0350 0.0748 2.5376 40 0.9934 -0.0018 -0.0240 -0.0170 0.0296 2.5235 63 0.8734 -0.0500 0.0000 0.0000 0.0000 -2.6779

18 0.9286 -0.0760 -0.0600 -0.0350 0.0748 2.5375 41 0.9863 -0.0038 -0.0012 -0.0010 0.0016 2.4431 64 0.9163 -0.0257 -0.2270 -0.1620 0.3043 2.4960

19 0.9355 -0.0813 0.0000 0.0000 0.0000 2.8966 42 0.9833 -0.0046 0.0000 0.0000 0.0000 0.0000 65 1.0020 0.0020 1.2130 0.2244 1.2311 -0.1809

20 0.9399 -0.0847 -0.0010 -0.0006 0.0012 2.5164 43 0.9829 -0.0047 -0.0060 -0.0043 0.0075 2.5151 66 0.9098 -0.0205 -0.0180 -0.0130 0.0244 2.4956

21 0.9471 -0.0902 -0.1140 -0.0810 0.1477 2.4337 44 0.9829 -0.0047 0.0000 0.0000 0.0000 -2.3562 67 0.9098 -0.0205 -0.0180 -0.0130 0.0244 2.4956

22 0.9476 -0.0904 -0.0053 -0.0035 0.0067 2.4675 45 0.9819 -0.0050 -0.0392 -0.0263 0.0481 2.5456 68 0.8986 -0.0248 -0.0280 -0.0200 0.0383 2.4965

23 0.9525 -0.0934 0.0000 0.0000 0.0000 0.0000 46 0.9819 -0.0050 -0.0392 -0.0263 0.0481 2.5456 69 0.8986 -0.0248 -0.0280 -0.0200 0.0383 2.4965

w 0.9981

C.2. Case 2:
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Table IV.10: Power Flow solution of CASE69 test system operating in inverse mode.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9974 0.0000 0.4210 0.2577 0.4991 -0.5492 24 0.9633 0.0123 -0.0280 -0.0200 0.0358 2.5336 47 0.9970 -0.0006 0.0000 0.0000 0.0000 1.4828

2 0.9974 0.0000 0.0000 0.0000 0.0000 1.5708 25 0.9883 0.0061 0.4700 0.2918 0.5607 -0.5495 48 0.9924 -0.0079 -0.0790 -0.0564 0.0985 2.5137

3 0.9974 0.0000 0.0000 0.0000 0.0000 1.5516 26 0.9876 0.0063 -0.0140 -0.0100 0.0175 2.5277 49 0.9810 -0.0305 -0.3847 -0.2745 0.4835 2.4913

4 0.9972 -0.0003 0.0000 0.0000 0.0000 -2.0344 27 0.9875 0.0064 -0.0140 -0.0100 0.0175 2.5277 50 0.9833 -0.0334 -0.0932 0.3090 0.3291 -1.8970

5 0.9954 -0.0006 0.0000 0.0000 0.0000 -2.7828 28 0.9979 0.0005 -0.0260 -0.0186 0.0323 2.5211 51 0.9415 0.0132 -0.0405 -0.0283 0.0529 2.5449

6 0.9718 0.0052 -0.0026 -0.0022 0.0035 2.4446 29 1.0052 0.0087 1.0837 0.5649 1.2234 -0.4719 52 0.9414 0.0132 -0.0036 -0.0027 0.0048 2.5113

7 0.9474 0.0116 -0.0404 -0.0300 0.0535 2.5144 30 1.0040 0.0090 0.0000 0.0000 0.0000 3.1416 53 0.9367 0.0154 -0.0043 -0.0035 0.0060 2.4738

8 0.9419 0.0131 -0.0750 -0.0540 0.0989 2.5307 31 1.0037 0.0091 0.0000 0.0000 0.0000 -0.1244 54 0.9335 0.0172 -0.0264 -0.0190 0.0351 2.5350

9 0.9395 0.0138 -0.0300 -0.0220 0.0399 2.5227 32 1.0027 0.0094 0.0000 0.0000 0.0000 -0.3948 55 0.9298 0.0196 -0.0240 -0.0172 0.0319 2.5394

10 0.9155 0.0222 -0.0280 -0.0190 0.0372 2.5676 33 1.0001 0.0102 -0.0140 -0.0100 0.0173 2.5316 56 0.9268 0.0220 0.0000 0.0000 0.0000 1.5708

11 0.9104 0.0240 -0.1450 -0.1040 0.1973 2.5434 34 0.9967 0.0112 -0.0195 -0.0140 0.0242 2.5302 57 0.9074 0.0361 0.0000 0.0000 0.0000 0.0000

12 0.9022 0.0273 -0.1450 -0.1040 0.1990 2.5467 35 0.9961 0.0114 -0.0060 -0.0040 0.0073 2.5650 58 0.8981 0.0432 0.0000 0.0000 0.0000 -0.2450

13 0.9081 0.0258 -0.0080 -0.0055 0.0107 2.5651 36 0.9972 -0.0001 -0.0260 -0.0186 0.0323 2.5205 59 0.8946 0.0460 -0.1000 -0.0720 0.1359 2.5636

14 0.9149 0.0241 -0.0080 -0.0055 0.0107 2.5634 37 0.9955 -0.0013 -0.0260 -0.0186 0.0324 2.5193 60 0.8932 0.0484 1.0226 0.2577 1.1617 -0.1985

15 0.9228 0.0222 0.0000 0.0000 0.0000 -1.5708 38 0.9939 -0.0017 0.0000 0.0000 0.0000 3.1416 61 0.8591 0.0415 -1.2440 -0.8880 1.7599 2.5631

16 0.9243 0.0218 -0.0455 -0.0300 0.0591 2.5805 39 0.9934 -0.0019 -0.0240 -0.0170 0.0299 2.5234 62 0.8646 0.0381 -0.0320 -0.0230 0.0452 2.5565

17 0.9285 0.0208 -0.0600 -0.0350 0.0750 2.6343 40 0.9934 -0.0019 -0.0240 -0.0170 0.0299 2.5234 63 0.8734 0.0330 0.0000 0.0000 0.0000 -0.4636

18 0.9286 0.0208 -0.0600 -0.0350 0.0750 2.6343 41 0.9863 -0.0039 -0.0012 -0.0010 0.0016 2.4430 64 0.9163 0.0092 -0.2270 -0.1620 0.3051 2.5309

19 0.9355 0.0191 0.0000 0.0000 0.0000 3.1416 42 0.9833 -0.0047 0.0000 0.0000 0.0000 0.0000 65 1.0020 -0.0252 0.6967 0.8333 1.1001 -0.8997

20 0.9399 0.0181 -0.0010 -0.0006 0.0012 2.6192 43 0.9829 -0.0048 -0.0060 -0.0043 0.0076 2.5150 66 0.9098 0.0243 -0.0180 -0.0130 0.0246 2.5404

21 0.9471 0.0164 -0.1140 -0.0810 0.1480 2.5402 44 0.9829 -0.0048 0.0000 0.0000 0.0000 -2.5536 67 0.9098 0.0243 -0.0180 -0.0130 0.0246 2.5404

22 0.9476 0.0163 -0.0053 -0.0035 0.0067 2.5742 45 0.9819 -0.0052 -0.0392 -0.0263 0.0485 2.5455 68 0.8986 0.0285 -0.0280 -0.0200 0.0385 2.5498

23 0.9525 0.0150 0.0000 0.0000 0.0000 0.2450 46 0.9819 -0.0052 -0.0392 -0.0263 0.0485 2.5455 69 0.8986 0.0285 -0.0280 -0.0200 0.0385 2.5499

w 1.0013
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C.3. Case 3:

Table IV.11: Power Flow solution of CASE69 test system operating in mixed mode.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9775 0.0000 0.3802 0.2699 0.4770 -0.6174 24 0.9450 -0.0210 -0.0280 -0.0200 0.0364 2.5003 47 0.9768 -0.0004 0.0000 0.0000 0.0000 2.4469

2 0.9775 0.0000 0.0000 0.0000 0.0000 3.1416 25 0.9706 -0.0297 0.4566 0.3317 0.5814 -0.6580 48 0.9689 -0.0036 -0.0790 -0.0564 0.1002 2.5180

3 0.9774 0.0000 0.0000 0.0000 0.0000 -1.3141 26 0.9699 -0.0295 -0.0140 -0.0100 0.0177 2.4919 49 0.9463 -0.0122 -0.3847 -0.2745 0.4994 2.5096

4 0.9771 -0.0002 0.0000 0.0000 0.0000 0.5880 27 0.9697 -0.0294 -0.0140 -0.0100 0.0177 2.4919 50 0.9456 -0.0109 0.0622 -0.0773 0.1049 0.8828

5 0.9749 -0.0010 0.0000 0.0000 0.0000 -2.5432 28 0.9782 0.0004 -0.0260 -0.0186 0.0327 2.5211 51 0.9194 0.0038 -0.0405 -0.0283 0.0537 2.5355

6 0.9507 0.0011 -0.0026 -0.0022 0.0036 2.4404 29 0.9904 0.0076 1.0796 0.8373 1.3795 -0.6521 52 0.9192 0.0039 -0.0036 -0.0027 0.0049 2.5020

7 0.9255 0.0033 -0.0404 -0.0300 0.0544 2.5061 30 0.9892 0.0080 0.0000 0.0000 0.0000 0.7854 53 0.9143 0.0041 -0.0043 -0.0035 0.0061 2.4625

8 0.9197 0.0038 -0.0750 -0.0540 0.1005 2.5213 31 0.9889 0.0080 0.0000 0.0000 0.0000 -0.3588 54 0.9110 0.0042 -0.0264 -0.0190 0.0357 2.5220

9 0.9172 0.0039 -0.0300 -0.0220 0.0406 2.5128 32 0.9878 0.0084 0.0000 0.0000 0.0000 0.1244 55 0.9071 0.0043 -0.0240 -0.0172 0.0326 2.5241

10 0.8933 0.0098 -0.0280 -0.0190 0.0379 2.5552 33 0.9852 0.0092 -0.0140 -0.0100 0.0175 2.5305 56 0.9038 0.0043 0.0000 0.0000 0.0000 -0.4636

11 0.8883 0.0111 -0.1450 -0.1040 0.2009 2.5305 34 0.9818 0.0102 -0.0195 -0.0140 0.0244 2.5291 57 0.8868 0.0070 0.0000 0.0000 0.0000 1.5708

12 0.8804 0.0119 -0.1450 -0.1040 0.2027 2.5313 35 0.9811 0.0104 -0.0060 -0.0040 0.0073 2.5640 58 0.8784 0.0084 0.0000 0.0000 0.0000 -1.5708

13 0.8872 0.0067 -0.0080 -0.0055 0.0109 2.5460 36 0.9773 -0.0001 -0.0260 -0.0186 0.0327 2.5205 59 0.8751 0.0090 -0.1000 -0.0720 0.1408 2.5265

14 0.8948 0.0013 -0.0080 -0.0055 0.0108 2.5406 37 0.9755 -0.0013 -0.0260 -0.0186 0.0328 2.5193 60 0.8744 0.0085 0.7331 0.6229 1.1002 -0.6958

15 0.9033 -0.0043 0.0000 0.0000 0.0000 0.0000 38 0.9739 -0.0018 0.0000 0.0000 0.0000 -1.5708 61 0.8355 0.0184 -1.2440 -0.8880 1.8293 2.5400

16 0.9049 -0.0053 -0.0455 -0.0300 0.0602 2.5534 39 0.9734 -0.0019 -0.0240 -0.0170 0.0302 2.5234 62 0.8404 0.0181 -0.0320 -0.0230 0.0469 2.5365

17 0.9093 -0.0077 -0.0600 -0.0350 0.0764 2.6058 40 0.9734 -0.0019 -0.0240 -0.0170 0.0302 2.5234 63 0.8481 0.0177 0.0000 0.0000 0.0000 -3.0861

18 0.9094 -0.0077 -0.0600 -0.0350 0.0764 2.6058 41 0.9661 -0.0039 -0.0012 -0.0010 0.0016 2.4429 64 0.8860 0.0157 -0.2270 -0.1620 0.3148 2.5375

19 0.9165 -0.0105 0.0000 0.0000 0.0000 -1.5708 42 0.9631 -0.0048 0.0000 0.0000 0.0000 1.5708 65 0.9643 0.0097 0.8905 0.5330 1.0763 -0.5296

20 0.9211 -0.0123 -0.0010 -0.0006 0.0013 2.5889 43 0.9627 -0.0049 -0.0060 -0.0043 0.0077 2.5149 66 0.8876 0.0113 -0.0180 -0.0130 0.0250 2.5274

21 0.9285 -0.0151 -0.1140 -0.0810 0.1506 2.5087 44 0.9626 -0.0049 0.0000 0.0000 0.0000 1.7127 67 0.8876 0.0113 -0.0180 -0.0130 0.0250 2.5274

22 0.9290 -0.0153 -0.0053 -0.0035 0.0068 2.5427 45 0.9616 -0.0053 -0.0392 -0.0263 0.0491 2.5454 68 0.8768 0.0132 -0.0280 -0.0200 0.0392 2.5346

23 0.9340 -0.0171 0.0000 0.0000 0.0000 -1.5708 46 0.9616 -0.0053 -0.0392 -0.0263 0.0491 2.5454 69 0.8767 0.0132 -0.0280 -0.0200 0.0392 2.5346

w 0.9994

C.4. Case 4:
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Table IV.12: Power Flow solution of CASE69 test system operating in isochronous mode.

Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I Bus |V | 6 V P Q |I| 6 I

1 0.9930 0.0000 0.3632 0.3396 0.5007 -0.7519 24 0.9528 0.1028 -0.0280 -0.0200 0.0361 2.6241 47 0.9925 -0.0001 0.0000 0.0000 0.0000 -1.7726

2 0.9930 0.0000 0.0000 0.0000 0.0000 3.1416 25 0.9781 0.1063 0.5250 0.1138 0.5493 -0.1072 48 0.9882 0.0012 -0.0790 -0.0564 0.0982 2.5228

3 0.9929 0.0000 0.0000 0.0000 0.0000 1.1584 26 0.9774 0.1065 -0.0140 -0.0100 0.0176 2.6279 49 0.9777 0.0083 -0.3847 -0.2745 0.4834 2.5302

4 0.9927 -0.0002 0.0000 0.0000 0.0000 1.8158 27 0.9772 0.1066 -0.0140 -0.0100 0.0176 2.6279 50 0.9803 0.0139 0.4377 0.0229 0.4471 -0.0384

5 0.9903 -0.0010 0.0000 0.0000 0.0000 -1.2315 28 0.9936 0.0003 -0.0260 -0.0186 0.0322 2.5209 51 0.9303 0.0034 -0.0405 -0.0283 0.0531 2.5351

6 0.9641 0.0009 -0.0026 -0.0022 0.0035 2.4402 29 1.0030 0.0051 0.7964 0.6855 1.0477 -0.7056 52 0.9302 0.0034 -0.0036 -0.0027 0.0048 2.5015

7 0.9369 0.0029 -0.0404 -0.0300 0.0537 2.5057 30 1.0017 0.0054 0.0000 0.0000 0.0000 2.8966 53 0.9247 0.0004 -0.0043 -0.0035 0.0060 2.4588

8 0.9307 0.0033 -0.0750 -0.0540 0.0993 2.5209 31 1.0015 0.0055 0.0000 0.0000 0.0000 -0.4636 54 0.9210 -0.0033 -0.0264 -0.0190 0.0353 2.5145

9 0.9279 0.0035 -0.0300 -0.0220 0.0401 2.5123 32 1.0005 0.0058 0.0000 0.0000 0.0000 -0.7854 55 0.9166 -0.0086 -0.0240 -0.0172 0.0322 2.5112

10 0.9033 0.0239 -0.0280 -0.0190 0.0375 2.5693 33 0.9979 0.0066 -0.0140 -0.0100 0.0172 2.5279 56 0.9129 -0.0140 0.0000 0.0000 0.0000 -1.4181

11 0.8982 0.0286 -0.1450 -0.1040 0.1987 2.5480 34 0.9945 0.0076 -0.0195 -0.0140 0.0241 2.5265 57 0.8899 -0.0400 0.0000 0.0000 0.0000 0.7854

12 0.8900 0.0427 -0.1450 -0.1040 0.2005 2.5621 35 0.9938 0.0078 -0.0060 -0.0040 0.0073 2.5614 58 0.8788 -0.0533 0.0000 0.0000 0.0000 0.0000

13 0.8962 0.0570 -0.0080 -0.0055 0.0108 2.5963 36 0.9928 -0.0001 -0.0260 -0.0186 0.0322 2.5205 59 0.8746 -0.0585 -0.1000 -0.0720 0.1409 2.4590

14 0.9034 0.0711 -0.0080 -0.0055 0.0107 2.6104 37 0.9911 -0.0013 -0.0260 -0.0186 0.0323 2.5194 60 0.8724 -0.0663 0.3632 1.3757 1.6309 -1.3790

15 0.9116 0.0848 0.0000 0.0000 0.0000 -1.5708 38 0.9894 -0.0017 0.0000 0.0000 0.0000 1.5708 61 0.8333 -0.0264 -1.2440 -0.8880 1.8342 2.4952

16 0.9132 0.0874 -0.0455 -0.0300 0.0597 2.6461 39 0.9890 -0.0018 -0.0240 -0.0170 0.0297 2.5235 62 0.8383 -0.0207 -0.0320 -0.0230 0.0470 2.4977

17 0.9176 0.0917 -0.0600 -0.0350 0.0757 2.7053 40 0.9890 -0.0018 -0.0240 -0.0170 0.0297 2.5235 63 0.8463 -0.0123 0.0000 0.0000 0.0000 -0.6435

18 0.9176 0.0918 -0.0600 -0.0350 0.0757 2.7053 41 0.9818 -0.0038 -0.0012 -0.0010 0.0016 2.4431 64 0.8861 0.0263 -0.2270 -0.1620 0.3147 2.5481

19 0.9247 0.0948 0.0000 0.0000 0.0000 0.0000 42 0.9789 -0.0046 0.0000 0.0000 0.0000 1.5708 65 0.9691 0.0722 1.2401 0.0235 1.2799 0.0533

20 0.9292 0.0968 -0.0010 -0.0006 0.0013 2.6979 43 0.9785 -0.0047 -0.0060 -0.0043 0.0075 2.5150 66 0.8976 0.0288 -0.0180 -0.0130 0.0247 2.5449

21 0.9365 0.0999 -0.1140 -0.0810 0.1493 2.6237 44 0.9784 -0.0048 0.0000 0.0000 0.0000 -0.4993 67 0.8976 0.0288 -0.0180 -0.0130 0.0247 2.5449

22 0.9370 0.0999 -0.0053 -0.0035 0.0068 2.6579 45 0.9774 -0.0051 -0.0392 -0.0263 0.0483 2.5456 68 0.8864 0.0440 -0.0280 -0.0200 0.0388 2.5653

23 0.9420 0.1008 0.0000 0.0000 0.0000 -3.0703 46 0.9774 -0.0051 -0.0392 -0.0263 0.0483 2.5456 69 0.8864 0.0440 -0.0280 -0.0200 0.0388 2.5654

w 0.9981
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Chapter-5

A. CASE6

Table IV.13: Power Flow solution of CASE6 test system operating in islanded mode.

Bus |V | 6 V P Q |I| 6 I

1 0.9600 0.0000 -0.1487 -0.0984 0.1858 2.5570

2 0.9725 -0.0091 0.0000 0.0000 0.0000 -0.8961

3 0.9639 -0.0466 -0.1993 -0.1409 0.2532 2.4797

4 0.9872 -0.0013 0.1187 0.0587 0.1341 -0.4608

5 0.9901 -0.0078 0.1187 0.0457 0.1284 -0.3751

6 0.9693 -0.0498 0.1187 0.1411 0.1902 -0.9212

w 0.9991

Chapter-7

A. CASE22

A.1. Without Optimization condition

Table IV.14: Power Flow solution of CASE22 test system in case of without optimization

condition.

Bus |V | 6 V P Q Bus |V | 6 V P Q

1 0.9868 0.0000 0.0000 0.0000 12 0.9943 0.0057 -0.0163 -0.0195

2 0.9868 0.0000 -0.0168 -0.0209 13 0.9986 0.0064 0.1720 -0.0256

3 0.9866 0.0001 -0.0168 -0.0209 14 0.9959 -0.0018 -0.0347 -0.0301

4 0.9893 -0.0011 -0.0338 -0.0373 15 0.9963 -0.0023 0.0500 0.3364

5 0.9907 -0.0030 0.0602 0.1725 16 0.9950 -0.0008 -0.0803 -0.0701

6 0.9845 0.0000 -0.0105 -0.0142 17 0.9927 0.0039 -0.0496 -0.0478

7 0.9844 0.0001 -0.0088 -0.0117 18 0.9921 0.0041 -0.0496 -0.0478

8 0.9839 0.0003 -0.0144 -0.0186 19 0.9957 0.0102 -0.0438 -0.0389

9 0.9903 0.0033 -0.0193 -0.0259 20 0.9971 0.0115 -0.0373 -0.0360

10 0.9902 0.0033 -0.0144 -0.0186 21 0.9987 0.0121 0.2168 0.0266

11 0.9945 0.0057 -0.0163 -0.0195 22 0.9950 0.0121 -0.0310 -0.0294
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A.2. Min of Ploss

Table IV.15: Power Flow solution of CASE22 test system in case of minimization of Ploss.

Bus |V | 6 V P Q Bus |V | 6 V P Q

1 0.9936 0.0000 0.0000 0.0000 12 0.9955 -0.0010 -0.0163 -0.0195

2 0.9936 0.0000 -0.0168 -0.0209 13 0.9982 -0.0022 0.0537 0.0629

3 0.9935 0.0001 -0.0168 -0.0209 14 0.9975 -0.0023 -0.0347 -0.0301

4 0.9961 -0.0011 -0.0338 -0.0373 15 0.9980 -0.0024 0.1815 0.1684

5 0.9984 -0.0020 0.1212 0.1473 16 0.9965 -0.0020 -0.0803 -0.0701

6 0.9922 0.0009 -0.0105 -0.0142 17 0.9936 -0.0011 -0.0496 -0.0478

7 0.9921 0.0010 -0.0088 -0.0117 18 0.9930 -0.0010 -0.0496 -0.0478

8 0.9916 0.0012 -0.0144 -0.0186 19 0.9955 -0.0017 -0.0438 -0.0389

9 0.9942 -0.0003 -0.0193 -0.0259 20 0.9966 -0.0020 -0.0373 -0.0360

10 0.9941 -0.0002 -0.0144 -0.0186 21 0.9981 -0.0024 0.1396 0.1298

11 0.9956 -0.0011 -0.0163 -0.0195 22 0.9946 -0.0014 -0.0310 -0.0294

A.3. Min of Qloss
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Table IV.16: Power Flow solution of CASE22 test system in case of minimization of Qloss.

Bus |V | 6 V P Q Bus |V | 6 V P Q

1 0.9937 0.0000 0.0000 0.0000 12 0.9956 -0.0009 -0.0163 -0.0195

2 0.9937 0.0000 -0.0168 -0.0209 13 0.9982 -0.0021 0.0532 0.0637

3 0.9936 0.0001 -0.0168 -0.0209 14 0.9975 -0.0020 -0.0347 -0.0301

4 0.9962 -0.0011 -0.0338 -0.0373 15 0.9980 -0.0021 0.1825 0.1662

5 0.9984 -0.0021 0.1207 0.1482 16 0.9965 -0.0017 -0.0803 -0.0701

6 0.9922 0.0009 -0.0105 -0.0142 17 0.9936 -0.0008 -0.0496 -0.0478

7 0.9922 0.0010 -0.0088 -0.0117 18 0.9931 -0.0006 -0.0496 -0.0478

8 0.9917 0.0012 -0.0144 -0.0186 19 0.9955 -0.0014 -0.0438 -0.0389

9 0.9943 -0.0002 -0.0193 -0.0259 20 0.9967 -0.0017 -0.0373 -0.0360

10 0.9941 -0.0002 -0.0144 -0.0186 21 0.9981 -0.0021 0.1394 0.1303

11 0.9957 -0.0009 -0.0163 -0.0195 22 0.9946 -0.0011 -0.0310 -0.0294

A.3. Min of (0.5 ∗Ploss + 0.5 ∗Qloss)

Table IV.17: Power Flow solution of CASE22 test system in case of minimization of

(0.5 ∗Ploss + 0.5 ∗Qloss).

Bus |V | 6 V P Q Bus |V | 6 V P Q

1 0.9936 0.0000 0.0000 0.0000 12 0.9955 -0.0005 -0.0163 -0.0195

2 0.9936 0.0000 -0.0168 -0.0209 13 0.9982 -0.0016 0.0518 0.0649

3 0.9935 0.0001 -0.0168 -0.0209 14 0.9976 -0.0010 -0.0347 -0.0301

4 0.9961 -0.0011 -0.0338 -0.0373 15 0.9981 -0.0011 0.1849 0.1638

5 0.9983 -0.0021 0.1193 0.1507 16 0.9965 -0.0007 -0.0803 -0.0701

6 0.9921 0.0009 -0.0105 -0.0142 17 0.9936 0.0002 -0.0496 -0.0478

7 0.9921 0.0009 -0.0088 -0.0117 18 0.9931 0.0004 -0.0496 -0.0478

8 0.9915 0.0011 -0.0144 -0.0186 19 0.9955 -0.0003 -0.0438 -0.0389

9 0.9942 0.0000 -0.0193 -0.0259 20 0.9966 -0.0006 -0.0373 -0.0360

10 0.9941 0.0000 -0.0144 -0.0186 21 0.9981 -0.0010 0.1398 0.1289

11 0.9956 -0.0005 -0.0163 -0.0195 22 0.9946 0.0000 -0.0310 -0.0294

B. CASE38

B.1. Without Optimization condition
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Table IV.18: Power Flow solution of CASE38 test system in without optimization condi-

tion.

Bus |V | 6 V P Q Bus |V | 6 V P Q

1 0.9322 0.0000 0.0000 0.0000 20 0.9284 -0.0018 -0.0804 -0.0311

2 0.9322 0.0000 -0.0937 -0.0452 21 0.9278 -0.0022 -0.0888 -0.0255

3 0.9339 0.0002 -0.0889 -0.0265 22 0.9272 -0.0026 -0.0840 -0.0295

4 0.9353 0.0010 -0.1085 -0.0637 23 0.9342 -0.0005 -0.0812 -0.0397

5 0.9371 0.0017 -0.0565 -0.0231 24 0.9355 -0.0018 -0.3798 -0.1594

6 0.9415 0.0049 -0.0594 -0.0139 25 0.9398 -0.0022 -0.3824 -0.1620

7 0.9469 0.0109 -0.1842 -0.0831 26 0.9399 0.0053 -0.0546 -0.0202

8 0.9569 0.0094 -0.1871 -0.0861 27 0.9377 0.0059 -0.0593 -0.0170

9 0.9703 0.0151 -0.0597 -0.0167 28 0.9283 0.0061 -0.0536 -0.0155

10 0.9748 0.0171 -0.0577 -0.0183 29 0.9216 0.0065 -0.1061 -0.0530

11 0.9756 0.0172 -0.0434 -0.0276 30 0.9186 0.0077 -0.1759 -0.4495

12 0.9774 0.0174 -0.0588 -0.0319 31 0.9151 0.0060 -0.1382 -0.0489

13 0.9801 0.0207 -0.0582 -0.0327 32 0.9143 0.0056 -0.1934 -0.0696

14 0.9813 0.0228 -0.1179 -0.0741 33 0.9141 0.0054 -0.0524 -0.0295

15 0.9834 0.0245 -0.0585 -0.0094 34 0.9693 0.0059 0.3562 0.6131

16 0.9863 0.0263 -0.0599 -0.0184 35 0.9897 0.0263 1.2100 0.3422

17 0.9923 0.0330 -0.0593 -0.0195 36 0.9860 0.0190 0.4033 0.2795

18 0.9958 0.0351 -0.0899 -0.0390 37 0.9987 0.0373 0.8067 0.1263

19 0.9317 -0.0002 -0.0843 -0.0301 38 0.9443 -0.0013 0.8067 0.5568
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B.2. Min of Ploss

Table IV.19: Power Flow solution of CASE38 test system in case of minimization of Ploss.

Bus |V | 6 V P Q Bus |V | 6 V P Q

1 0.9434 0.0000 0.0000 0.0000 20 0.9396 -0.0016 -0.0819 -0.0324

2 0.9434 0.0000 -0.0948 -0.0474 21 0.9389 -0.0021 -0.0890 -0.0274

3 0.9451 0.0002 -0.0891 -0.0285 22 0.9383 -0.0024 -0.0849 -0.0309

4 0.9448 0.0004 -0.1101 -0.0659 23 0.9475 0.0004 -0.0830 -0.0416

5 0.9448 0.0006 -0.0569 -0.0239 24 0.9532 0.0014 -0.3907 -0.1699

6 0.9452 0.0013 -0.0594 -0.0143 25 0.9619 0.0031 -0.3961 -0.1753

7 0.9492 0.0046 -0.1849 -0.0838 26 0.9435 0.0017 -0.0550 -0.0205

8 0.9560 0.0026 -0.1869 -0.0858 27 0.9414 0.0023 -0.0594 -0.0174

9 0.9625 0.0024 -0.0596 -0.0159 28 0.9320 0.0027 -0.0539 -0.0157

10 0.9649 0.0018 -0.0568 -0.0177 29 0.9253 0.0032 -0.1067 -0.0538

11 0.9653 0.0016 -0.0427 -0.0266 30 0.9224 0.0045 -0.1770 -0.4558

12 0.9662 0.0011 -0.0581 -0.0305 31 0.9188 0.0029 -0.1388 -0.0497

13 0.9662 0.0004 -0.0570 -0.0311 32 0.9181 0.0024 -0.1941 -0.0708

14 0.9666 0.0002 -0.1163 -0.0697 33 0.9179 0.0023 -0.0527 -0.0299

15 0.9676 0.0001 -0.0571 -0.0089 34 0.9713 0.0073 0.7831 0.4193

16 0.9691 0.0000 -0.0597 -0.0166 35 0.9724 0.0053 0.5042 0.2758

17 0.9730 0.0014 -0.0576 -0.0182 36 0.9744 0.0028 0.3889 0.2564

18 0.9752 0.0016 -0.0896 -0.0344 37 0.9772 0.0021 0.4033 0.2280

19 0.9429 -0.0002 -0.0853 -0.0315 38 0.9690 0.0055 1.4894 0.7325

B.3. Min of Qloss
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Table IV.20: Power Flow solution of CASE38 test system in case of minimization of Qloss.

Bus |V | 6 V P Q Bus |V | 6 V P Q

1 0.9428 0.0000 0.0000 0.0000 20 0.9390 -0.0016 -0.0818 -0.0323

2 0.9428 0.0000 -0.0947 -0.0473 21 0.9384 -0.0020 -0.0890 -0.0273

3 0.9445 0.0001 -0.0891 -0.0284 22 0.9378 -0.0024 -0.0848 -0.0309

4 0.9441 0.0004 -0.1100 -0.0658 23 0.9470 0.0003 -0.0829 -0.0416

5 0.9441 0.0007 -0.0569 -0.0238 24 0.9530 0.0011 -0.3905 -0.1698

6 0.9442 0.0015 -0.0594 -0.0142 25 0.9619 0.0026 -0.3961 -0.1752

7 0.9480 0.0047 -0.1845 -0.0834 26 0.9426 0.0019 -0.0549 -0.0204

8 0.9547 0.0028 -0.1865 -0.0854 27 0.9404 0.0025 -0.0593 -0.0173

9 0.9614 0.0027 -0.0596 -0.0158 28 0.9312 0.0030 -0.0539 -0.0157

10 0.9643 0.0026 -0.0568 -0.0177 29 0.9246 0.0036 -0.1066 -0.0536

11 0.9648 0.0024 -0.0426 -0.0266 30 0.9216 0.0048 -0.1768 -0.4546

12 0.9660 0.0021 -0.0581 -0.0304 31 0.9181 0.0033 -0.1387 -0.0496

13 0.9663 0.0018 -0.0570 -0.0311 32 0.9174 0.0029 -0.1940 -0.0706

14 0.9668 0.0018 -0.1163 -0.0698 33 0.9171 0.0028 -0.0527 -0.0298

15 0.9679 0.0018 -0.0571 -0.0090 34 0.9686 0.0070 0.7203 0.3785

16 0.9695 0.0019 -0.0597 -0.0166 35 0.9707 0.0045 0.4478 0.2926

17 0.9737 0.0037 -0.0576 -0.0183 36 0.9747 0.0044 0.4451 0.2526

18 0.9760 0.0041 -0.0896 -0.0346 37 0.9781 0.0048 0.4451 0.2191

19 0.9423 -0.0002 -0.0852 -0.0315 38 0.9691 0.0048 1.5089 0.7639
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B.4. Min of (0.5 ∗Ploss + 0.5 ∗Qloss)

Table IV.21: Power Flow solution of CASE38 test system in case of minimization of

(0.5 ∗Ploss + 0.5 ∗Qloss).

Bus |V | 6 V P Q Bus |V | 6 V P Q

1 0.9428 0.0000 0.0000 0.0000 20 0.9390 -0.0016 -0.0818 -0.0323

2 0.9428 0.0000 -0.0947 -0.0473 21 0.9383 -0.0020 -0.0890 -0.0273

3 0.9445 0.0001 -0.0891 -0.0284 22 0.9377 -0.0024 -0.0848 -0.0309

4 0.9441 0.0004 -0.1100 -0.0658 23 0.9469 0.0003 -0.0829 -0.0415

5 0.9441 0.0006 -0.0569 -0.0238 24 0.9527 0.0012 -0.3904 -0.1696

6 0.9444 0.0013 -0.0594 -0.0142 25 0.9615 0.0028 -0.3958 -0.1750

7 0.9483 0.0046 -0.1846 -0.0835 26 0.9428 0.0018 -0.0549 -0.0205

8 0.9550 0.0026 -0.1866 -0.0855 27 0.9406 0.0024 -0.0593 -0.0173

9 0.9617 0.0024 -0.0596 -0.0158 28 0.9313 0.0029 -0.0539 -0.0157

10 0.9644 0.0020 -0.0568 -0.0177 29 0.9247 0.0035 -0.1066 -0.0536

11 0.9648 0.0018 -0.0426 -0.0266 30 0.9218 0.0047 -0.1769 -0.4548

12 0.9659 0.0014 -0.0581 -0.0304 31 0.9183 0.0031 -0.1387 -0.0496

13 0.9660 0.0008 -0.0569 -0.0311 32 0.9175 0.0027 -0.1940 -0.0706

14 0.9665 0.0007 -0.1163 -0.0697 33 0.9173 0.0026 -0.0527 -0.0298

15 0.9675 0.0007 -0.0571 -0.0089 34 0.9694 0.0068 0.7402 0.3948

16 0.9691 0.0007 -0.0597 -0.0166 35 0.9714 0.0048 0.4852 0.2856

17 0.9731 0.0022 -0.0576 -0.0182 36 0.9744 0.0034 0.4212 0.2562

18 0.9753 0.0024 -0.0896 -0.0344 37 0.9774 0.0030 0.4212 0.2262

19 0.9423 -0.0002 -0.0852 -0.0315 38 0.9686 0.0051 1.4989 0.7438
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